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Summary

Toxin-antitoxin systems are mediators of diverse
activities in bacterial physiology. For the ParE-type
toxins, their reported role of gyrase inhibition utilized
during plasmid-segregation killing indicates they are
toxic. However, their location throughout chromo-
somes leads to questions about function, including
potential non-toxic outcomes. The current study has
characterized a ParDE system from the opportunistic
human pathogen Pseudomonas aeruginosa (Pa). We
identified a protective function for this ParE toxin,
PaParE, against effects of quinolone and other antibi-
otics. However, higher concentrations of PaParE are
themselves toxic to cells, indicating the phenotypic
outcome can vary based on its concentration. Our
assays confirmed PaParE inhibition of gyrase-medi-
ated supercoiling of DNA with an IC,, value in the low
micromolar range, a species-specificity that resulted
in more efficacious inhibition of Escherichia coli
derived gyrase versus Pa gyrase, and overexpres-
sion in the absence of antitoxin yielded an expected
filamentous morphology with multi-foci nucleic acid
material. Additional data revealed that the PaParE
toxin is monomeric and interacts with dimeric PaParD
antitoxin with a K, in the lower picomolar range,
yielding a heterotetramer. This work provides novel
insights into chromosome-encoded ParE function,
whereby its expression can impart partial protection
to cultures from selected antibiotics.
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Introduction

Type Il toxin—antitoxin (TA) systems, comprised of two
non-secreted tightly interacting proteins, are encoded
on plasmids as well as in bacterial and archaeal chro-
mosomes (Makarova et al., 2009; Yamaguchi et al., 2011;
Makarova et al., 2013). Cellular proteases carry out a
basal level of degradation of the toxin-neutralizing anti-
toxins (Brzozowska and Zielenkiewicz, 2013; Hayes and
Kedzierska, 2014; Muthuramalingam et al., 2016; Page
and Peti, 2016). For some TA systems, the degradation
is increased in response to specific classes of environ-
mental stress (Christensen-Dalsgaard et al., 2010). Toxin
proteins can mediate alterations in bacterial metabolic
activity when not neutralized by antitoxin, and the spe-
cific molecular targets underlie a classification system
for different toxin families (Makarova et al., 2009; Park
etal., 2013; Xie et al., 2018). Our studies have focused on
the ParE class of toxin, which is present throughout the
Firmicutes and alpha- and gamma-Proteobacteria phyla.

Among the most prevalent toxin families is the RelE/ParE
superfamily, which contains a conserved protein fold but,
as typical for TA systems, has low sequence conservation
(Anantharaman and Aravind, 2003; Pandey and Gerdes,
2005; Dalton and Crosson, 2010; Park et al., 2013). The
ParE toxins comprise a subfamily that has been demon-
strated to inhibit gyrase-mediated supercoiling in vitro
(Jiang et al., 2002; Yuan et al., 2010). This results in the
accumulation of DNA breaks, promoting lethality in plas-
mid segregation killing (PSK) models, and thus invoking
the SOS response in vivo (Jiang et al., 2002; Hallez et al.,
2010;Yuan et al., 2011). However, the chromosomal loca-
tion of numerous ParDE operons raises questions about
their roles in bacterial physiology (Roberts et al., 1994). In
Vibrio cholerae, three ParDE TA systems are located on
accessory chromosome Il where they maintain selection
for this non-essential genetic component, similar to PSK
(Yuan et al., 2011). Four ParDE loci in Caulobacter cres-
centus can be activated in response to specific stresses,
and it was noted that overexpression of these ParE toxins
triggered a static rather than cidal growth state (Fiebig
etal.,2010). Studies on a unique tripartite ParE TA system
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from Escherichia coli concluded that toxin activation is
bactericidal (Hallez et al., 2010; Sterckx et al., 2016). For
the ParDE2 system from Mycobacterium tuberculosis, a
modest increase in survival after exposure to oxidative
stress was noted in cells expressing the ParE toxin, indi-
cating a protective rather than toxic effect (Gupta et al.,
2016). Therefore, it remains unclear if ParE toxins are part
of a cohesive family with a unified role in cell physiology
or if there are diverse subsets of ParE toxins with unique
physiological outcomes (Sterckx et al., 2016).

Other subfamilies of the RelE superfamily include
the RelE, YoeB, and HigB toxins, which function as
ribosome-dependent ribonucleases (Christensen and
Gerdes, 2003; Christensen-Dalsgaard et al., 2008; Hurley
and Woychik, 2009; Zhang and Inouye, 2009). These
toxins mediate selective metabolic reprogramming in
response to cellular stress by altering the mRNA available
for transcription (Christensen et al., 2001; Christensen and
Gerdes, 2004; Christensen et al., 2004; Janssen et al.,
2015; Li et al., 2016; Wood and Wood, 2016). The activ-
ity of these toxins has been linked to reversible inhibition
of cellular metabolism, permitting subsequent re-growth
after removal of the environmental stress, including treat-
ment with bactericidal antibiotics (Page and Peti, 2016;
Fisher et al., 2017; Harms et al., 2018; Song and Wood,
2018).

These types of metabolic changes may be relevant for
the opportunistic human pathogen Pseudomonas aeru-
ginosa (Pa), which is uniquely hardy to a wide variety of
environmental conditions (Lutter et al., 2008; Lister et al.,
2009; Moradali et al., 2017). Adaptive survival is a known
complication in Pa infections (Mulcahy et al., 2010) and is
positively correlated with antibiotic resistance across Pa
strains (Balasoiu et al., 2014; Cabot et al., 2016; Vogwill
et al., 2016). While it remains tentative if TA systems are
involved in dormant cell generation (Moradali et al., 2017;
Harms et al., 2018), in general, TA systems are enriched
in the genomes of clinical pathogens (Georgiades and
Raoult, 2011; Fernandez-Garcia et al., 2016). For Pa,
a reliance on proteases such as Lon for survival under
some antibiotic treatments provides indirect links to toxin
effects, as toxins are expected to be activated upon pro-
teolytic degradation of antitoxins by the Lon protease
(Marr et al., 2007; Breidenstein et al., 2012; Fernandez
et al., 2012; Breidenstein and Hancock, 2013).

Despite the genetic heterogeneity of Pa clinical iso-
lates (Lee et al., 2006; Silby et al., 2011), two TA systems,
annotated as a RelBE and a HigBA, were expressed in all
tested clinical isolates while a third TA system, a ParDE
system, was present in a subset of isolates (Williams et al.,
2011). These three TA systems have also been predicted
from bioinformatics studies as the most highly conserved
TA systems in Pa strains (Pandey and Gerdes, 2005;
Shao et al, 2011). Further, a transcriptomics analysis

previously identified variable expression of this annotated
RelBE system in both clinical (fold-change between iso-
lates of 2.4) and environmental samples (fold-change
between isolates of 4.7) of Pa (Dotsch et al., 2015). It is
of note that findings of the current study indicate that this
conserved annotated RelBE system is actually a ParDE-
type TA system.

Recent studies on the HigBA system highlighted tox-
in-mediated effects on Pa cell physiology including a
reduction of pyocyanin production and biofilm formation,
as well as decreases in parameters of motility (Wood and
Wood, 2016). Further studies derived an association of
this HigBA system and the Type Il Secretion System
expression (Li et al., 2016); neither study noted an effect
on the viability or dormancy of Pa cultures. Given the
implication of TA systems in altering cell physiology, the
current study focused on the other highly conserved TA
system from Pa, previously annotated as a RelBE, with
the goal of investigating its predicted function and impact
on the cell as a ParE-related family member. This anno-
tated RelBE TA system is found at operon 0124-0125 in
the Pa PAO1 strain (Pandey and Gerdes, 2005; Williams
etal., 2011). Initial examination revealed a stronger struc-
tural similarity to the ParE-type toxin subfamily than the
RelBE system, and our reported in vitro and in vivo exper-
iments confirm this toxin is a functional chromosomally
encoded ParE toxin.

Further, our investigations for the first time demonstrate a
modest protective effect mediated by the ParE toxin when
cultures were exposed to the bactericidal quinolone antibi-
otics ciprofloxacin (CIP) and levofloxacin (LEV), as well as
to novoboicin (NOV), a different class of gyrase inhibitor. It
was reasoned that this protective activity might be the result
of interactions of both PaParE and the antibiotics with DNA
gyrase. In vitro experiments indicate that PaParE-mediated
and CIP-mediated DNA gyrase inhibition are relatively
independent, with PaParE still able to inhibit gyrase until
the concentration of CIP is above its IC,, concentration.
At higher induction concentrations, PaParE mediates tox-
icity in vivo as a result of induced DNA damage, resulting
in filamentous cell morphologies. Punctate staining for
nuclear material further corroborated the mechanism of
toxin interference with DNA topology in the cell. Therefore,
ParE-mediated modulation of gyrase activity can promote
the survival of cells exposed to gyrase-inhibiting antibiotics,
while higher concentrations of ParE result in cell death. This
is consistent with the idea of multiple cellular outcomes as
a result of ParE toxin function. These data provide a first
example of a TA-derived toxin that can exert either protec-
tive or toxic effects, depending on the amount of toxin pres-
ent. This is expected to prove useful for studies aimed at
harnessing the therapeutic potential of TA systems, as con-
trolling expression levels will allow for selective promotion of
survival or cell death.
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Results

Gene pa0124 encodes a ParE-type rather than a RelE-
type toxin based on structural homology, including a lack
of catalytic amino acids for RNA degradation

From the amino acid sequence, it is apparent that the
pa0124 gene has a predicted conserved secondary
structure consistent with the RelE superfamily (Fig. 1A).
A threading homology model was constructed using the
Swiss-Model online server (Biasini et al., 2014). This pro-
tocol identified the closest matching template as 20%
identical (31% similar) to E. coli ParE2 from a unique
chromosomal three-component ParDE module (PDB
ID 5CW?7) (Sterckx et al., 2016). Superposition of this
model with the other known ParE structures (PDB IDs
5CW?7, 3KXE, and 5CEG) (Dalton and Crosson, 2010;
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Aakre et al., 2015; Sterckx et al,, 2016) and an E. coli
RelE toxin structure (PDB ID 4FXI) (Boggild et al., 2012)
demonstrates the remarkable conservation of structure
(Fig. 1B). However, the catalytic residues used by RelE
to degrade RNA (highlighted in Fig. 1A and amino acid
side chains shown as sticks in Fig. 1B) are absent in the
pa0124 sequence (Neubauer et al., 2009; Dunican et al.,
2015; Schureck et al., 2016). Of note are the longer heli-
ces predicted for the protein encoded by pa0124, consis-
tent with other known structures of ParE toxin members
but absent from RelE members (Fig. 1B). It was recently
demonstrated that the shorter helix-turn-helix motif found
in RelE-type toxins makes contacts with RNA in the ribo-
some (Maehigashi et al, 2015), and our analysis sup-
ports that the longer helices found in ParE toxins would
sterically hinder this interaction. The limited sequence
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Fig. 1. The protein encoded by pa0124 is predicted to have a structure consistent with other gyrase-inhibiting ParE toxins.

A. Secondary structure elements, highlighted above the sequence alignment, as well as amino acids integral to the fold of the protein (blue
boxes) are conserved within the RelE/ParE super-family. However, catalytic RelE toxin residues (yellow highlights) are not conserved in ParE
toxins. B. The pa0124 sequence was threaded onto a ParE toxin from E. coli with 20% identity/31% similarity (PDB ID 5CW?7, cyan) using

the Swiss-Model online server. Superpositions are the pa0124 homology model (magenta), an E. coli RelE (PDB ID 4FXI, 5% identity/61%
similarity, green), an M. opportunism ParE (PDB ID 5CEG, 14% identity/59% similarity, blue) and a C. crescentus ParE (PDB ID 3KXE, 15%
identity/62% similarity, light blue); the RelE catalytic residue side chains are indicated as sticks.
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conservation, even among ParE-type toxins, precludes
defining regions responsible for its cellular activity, i.e.,
a surface with the potential to interact with DNA gyrase.
However, it is clear from these analyses that the pa0124
gene likely encodes a ParE-type toxin, which we herein
refer to as PaParE.

PaParE inhibits DNA gyrase in vitro, and results in
decreased cell viability and altered cell morphology

Recombinant PaParE was tested for its inhibitory effects
on the supercoiling activity carried out by DNA gyrase
from E. coli or from P. aeruginosa using an in vitro aga-
rose gel-based assay (Fig. 2) (Yuan et al., 2010; Gupta
et al., 2016). Incubation of DNA gyrase in the presence
of a topologically ‘relaxed’ plasmid substrate and with
purified PaParE toxin strongly inhibited the subsequent
gyrase-mediated accumulation of supercoiled DNA.
Additionally, upon toxin exposure, a linear form of DNA
increasingly accumulates. An IC,, value was calculated
by titrating increasing toxin and quantifying the resulting
intensity of the agarose gel band corresponding to super-
coiled DNA, which for E. coli gyrase was 3.7 + 0.8 pM,
while for gyrase from P. aeruginosa was 11.7 + 1.5 yM
(Fig. 2A and B). Control experiments utilized identical
assay conditions with ciprofloxacin in the place of the
PaParE toxin, and for both sources of gyrase the ICg,
value was 0.18 + 0.04 ug mi™" (Fig. S1). The inclusion of
the antitoxin binding partner, PaParD, with PaParE prior

A starting

relaxed Ec
plasmid +Gyr | 0.7

PaParE pM
1.4

ICq0 3.7 £ 0.8 M

-
=]
L

7]
L

% in supercoiled band
ol

0 T T T T 1
-0.5 0.0 0.5 1.0 15 2.0

log PaParE (uM)

5p|VI 5p|VI

nicked
linear
relaxed
supercoiled

to the reaction results in comparable activity of gyrase as
for PaParD alone, indicating that the PaParE interaction
is stronger with its antitoxin than with its cellular target.
To assess the effects of gyrase inhibition in vivo, con-
structs expressing either PaParE or PaParD were trans-
formed into E. coli cells. In these experiments, an E. coli
host was chosen rather than Pa cells to minimize con-
founding effects resulting from endogenous antitoxin
expression, a standard practice in studies of TA systems
(Gupta et al., 2016; Li et al., 2016; Li et al., 2016 ). PaParE
or PaParD expression was induced by the addition of
0.02% or 0.2% arabinose (to titrate the expression levels)
and monitored for growth by turbidity as well as for via-
bility based on colony-forming units (CFU) (Fig. 3A and
B). While there was no observed change in the optical
density, there was a prominent decrease in viable cells
of almost 3-log,, after 3 h expression but only at 0.2%
inductant concentration (Fig. 3A and B). The consistency
of optical density measurements between the samples
implies a lack of toxicity; however, at the higher arab-
inose concentration a concomitant drop in CFU counts
is noted. This is a hallmark of cell filamentation, wherein
filaments scatter more light than a normal cell, yielding
a single growth center but scattering more light propor-
tionally. Consistent with this observation, overexpression
of PaParE toxin promoted a filamentous phenotype and
interfered with DNA segregation, resulting in accumula-
tion of highly compact nuclear material as visualized by
DAPI staining (Fig. 3C). In contrast, PaParD antitoxin or
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Fig. 2. PaParE is an inhibitor of DNA gyrase in vitro. (A, B) PaParE toxin causes an accumulation of linear DNA as supercoiling, produced
from the starting relaxed plasmid by the action of DNA gyrase, is inhibited for both E. coliin A and P. aeruginosa gyrase B. Quantification
of supercoiled DNA was plotted as a function of PaParE concentration to calculate IC, values; data are from at least four independent
measurements. Addition of the PaParD antitoxin to the PaParE toxin before initiating the reaction results in essentially the same pattern of
gyrase activity as in the presence of PaParD alone for both E. coliand P. aeruginosa gyrase.
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Fig. 3. PaParE toxin expression causes a decrease in cell viability
and a filamentous morphology accompanied by punctate staining
of nuclear material. Overexpression of PaParE toxin has A. no
apparent effect on culture density, as measured at 600 nm, but

B. causes a decrease in colony-forming units at higher induction.
Overexpression of the PaParD antitoxin has no effect on density or
CFUs. Data in A and B are from at least two biological replicates
measured at least in duplicate. C. Overexpression of PaParE

at higher induction (0.2% arabinose) causes a change in cell
morphology, resulting in elongated filaments that exhibit punctate
staining with DAPI (colored cyan), indicating multiple foci of
accumulated nucleic acid within one elongated cell.
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the expression vector without an inserted gene retained a
normal phenotype and single spots of nucleic acid mate-
rial per cell (Fig. S2).

PaParE expression confers modest survival to cells
exposed to antibiotics

Quinolone antibiotics, particularly ciprofloxacin (CIP),
are known to induce a tolerant phenotype at doses
above the minimum inhibitory concentration (MIC)
value (Dorr et al., 2009); however, it is unknown if other
DNA gyrase inhibitors, such as ParE toxins, could also
induce a tolerant state. Based on the above results,
cultures harboring the overexpression clones in E. coli
were probed for the ability to survive in the presence of
antibiotics using a disk diffusion method (Table 1). In
addition, the experiment was performed with increasing
amounts of gyrase-inhibiting antibiotics ciprofloxacin
(CIP), levofloxacin (LEV), and the gyrase ATPase inhib-
itor novoboicin (NOV) (Table 2). In this experiment cells
were plated after one hour of induction with 0.1% arab-
inose; bacterial growth occurs in a lawn except where
zones of growth inhibition are mediated by antibiotics
diffusing from placed disk material. For the culture
overexpressing PaParE, susceptibility to the amino-
glycosides tobramycin and gentamicin was essentially
unchanged, as was susceptibility to chloramphenicol
and nitrofurantoin (Table 1, Fig. S3). Itis of note that the
pHerd20T over-expression plasmid confers resistance
to beta-lactams such as ampicillin, which was used as
a control, as was Gram-positive specific vancomycin
and water, all of which produced no differences in sus-
ceptibility (data not shown). Interestingly, the cepha-
losporin cefotaxime (30 pg), which interferes with cell
wall synthesis, and the folate pathway inhibitor combi-
nation of trimethoprim-sulfamethoxazole were also less
effective when PaParE was expressed. The protective
response toward known gyrase inhibitors was mea-
sured using analogous methods but with increasing
amounts of CIP, LEV and NOV in the disks. These stud-
ies resulted in a consistent 75-85% reduced zone of
inhibition (Table 2, Fig. S4), indicating that the PaParE

Table 1. Disk diffusion experiments, calculated from averages of area measured in mm? and presented as the percent area of the zones of

inhibition with PaParE expression relative to control samples.

Chloramphenicol (30 pg) Gentamycin (10 pg)
100+ 6 97 x5
Tobramycin (10 pg) Cefotaxime (30 pg)
92+ 10 72+ 8

Nitrofurantoin (300 pg)
100+ 8
Trimethoprim-sulfomethoxazole

78 =10

Data are from five independent biological replicates. Only changes in the area of growth in the presence of 30 pg cefotaxime and trimethoprim-

sulfamethoxazole are statistically significant at p < 0.05.
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Table 2. Dose-dependent disk diffusion experiments, calculated from averages of area measured in mm? and presented as the percent area
of the zones of inhibition with PaParE expression relative to control samples.

1png 5 g
Ciprofloxacin 81+8 81 +10
Levofloxacin 77 +3 86 +8

50 pg 100 pg
Novobiocin 80+7 79+7

10 g 25 ug

82+ 11 82+3
79+ 13 82+5
250 g 500 g
76 + 31 61 +26

Data are from at least six independent biological replicates. All measurements are statistically significant at p < 0.05, except 250 pg and 500 pg

novobiocin due to a larger variation in levels of inhibition.

toxin can diminish susceptibility to gyrase inhibitors
with different molecular mechanisms and at a consis-
tent level regardless of anti-gyrase antibiotic dose.

Combined PaParE toxin and ciprofloxacin mediated
gyrase inhibition in vitro

Because anti-gyrase antibiotics such as CIP and the ParE
toxins share a common molecular target, albeit with dis-
tinct mechanisms of target inhibition (Yuan et al., 2010), it
was reasoned that perhaps the toxin was able to directly
protect DNA gyrase from inhibition by the quinolone CIP.
To assess this, the in vitro supercoiling assay was again
performed, but this time in the presence of both PaParkE
and CIP (Figs 4 and S5). When CIP is included in the
reaction, inhibition results in the stabilization of individ-
ual topoisomers present in the starting relaxed plasmid
DNA substrate (Mustaev et al., 2014; Hooper and Jacoby,
2016). When the PaParE toxin is in the reaction, a linear
form of DNA substrate accumulates (Figs 2 and 4). CIP
or PaParE were added in the reaction at their respec-
tive IC,, values while the other inhibiting component was
titrated, the evident products of the inhibited gyrase reac-
tion are stabilized topoisomers, imparted by CIP inhibi-
tion, as well as an increase in the linear form mediated
by PaParE (Fig. 4). This indicates that both inhibitors are
able to function simultaneously. Above the IC,, value
of either inhibitor its expected pattern of resulting DNA
became the dominant species, suggesting that there was
no direct competition at the inhibitor site.

To further probe the effects of co-incubation with inhib-
itors an order-of-addition experiment was performed.
When CIP is added first very little changes are noted,
as expected since CIP is known to trap an intermedi-
ate of gyrase-DNA. Preliminary experiments indicated
that the in vitro gyrase assay is completed very quickly
(less than 4 min.) upon incubation at 37 °C. In an effort
to circumvent this and allow time for the PaParE toxin
to act on DNA gyrase prior to adding CIP, the reactions
were incubated at 23 °C for 5 min., CIP was added, and
the reactions were incubated a further 25 min at 37 °C
(Fig. 4C). While the activity of DNA gyrase is impaired by

this even brief 23 °C incubation, there is a subtle reduc-
tion in the amount of DNA in the supercoiled form, mean-
ing the inhibitors continued to demonstrate an additive
inhibition. However, a noted lack of stabilized topoisomers
when co-incubated with PaParE is also evident, highlight-
ing an effect of PaParE when it is present before CIP is
introduced. A table summarizing these findings is pre-
sented in Fig. 4D.

Monomeric PaParE toxin interacts strongly with dimeric
PaParD antitoxin to form a heterotetramer

As a means to understanding the stoichiometry of this
system, the individual PaParE toxin, PaParD antitoxin
and the PaParDE complex were analyzed for oligomeric
states in solution conditions using multi-angle light scat-
tering (MALS). This revealed that the antitoxin exists as
a dimer, the toxin molecule exists as a monomer and
the complex exists as a heterotetramer composed of
two antitoxins and two toxins (Fig. 5A). The strength of
interaction between PaParE and PaParD was measured
using Biolayer Interferometry with a 6 x His-tagged anti-
toxin immobilized and incubated with increasing con-
centrations of untagged PaParE toxin (Figs 5B and S6).
Data were fit using a 1:1 model, resulting in R? values
exceeding 0.99. The resulting values indicate a tight
interaction with an apparent K value of 152 + 12.8 pM
as calculated from an on-rate of 7.5 x + 0.3 10° M™' ™
and a slow off-rate of 1.2 + 0.1 x 107*s7".

Discussion

Given the impact of TA systems in mediating growth
changes that favor bacterial survival (Harms et al., 2018;
Song and Wood, 2018), the conserved TA systems in Pa
are ideal for probing their functional roles. The protein
encoded by pa0124 was found to be of the ParE sub-
type, allowing correction of current annotation. Based
on sequence and structural homology within the RelE
superfamily, it is increasingly clear that certain distin-
guishing features, primarily the longer helices and lack of

© 2018 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd, 111, 441-454
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effect of the inhibitors, indicating both are active in the presence of each other. However, the prominent linear product produced by PaParE
is present even at higher concentrations of CIP, while it is absent when CIP is the only inhibitor, indicating a slight dominant effect. (Also
see Fig. S5). In both assays, the PaParE toxin and CIP were added at the same time. However, even if C. CIP is added up to 5 min after
initiation of the reaction it is still able to elicit inhibition of gyrase (note the topoisomers in the + CIP samples with 5 pM toxin) until PaParE is
present at a concentration above its IC, value. While the extent of supercoiling is modestly affected by the addition of CIP, the intensity of
the linear product is proportional only to the concentration of PaParE in the reaction. Representative gels shown; two to three independent
experiments, performed in duplicate, yielded comparable results. D. Summary of the additive nature of the CIP and PaParE inhibitors as
demonstrated by the resulting topologies of DNA when present in the in vitro DNA gyrase assay.

catalytic residues used for RNA degradation, are evident
between RelE and ParE subtypes. In the future, consid-
eration of these sequence features should allow more
definitive identification of subfamily members based on
sequence alone.

The toxicity observed in vivo, with a loss of ~3-log,,
CFU mI™, in addition to microscopic observations of mor-
phological changes to cell shape, are consistent with accu-
mulating double-stranded (ds) DNA breaks. Previous reports

on ParE toxins have identified a filamented morphological
change when over-expressed in E. coli and attributed this to
a cellular response to DNA damage (Fiebig et al., 2010;Yuan
etal., 2011; Gupta et al., 2016). These studies then confirm
the identity of the pa07124 gene product as a ParE-like toxin.
This designation is also consistent with in vifro assays where
incubation of PaParE with DNA gyrase revealed a loss of
the supercoiled product and resulted in the accumulation of
ds DNA breaks. Despite the loss of viable cells with higher
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Fig. 5. The stoichiometry and strength of PaParE and PaParD interactions.
A. SEC-MALS analysis was used to determine that the complex of toxin (with no affinity tag) with antitoxin in solution, yielding a
heterotetramer of 44,490 + 1,077 Da. In addition, it was determined that the antitoxin PaParD forms a dimer of 14,740 + 1,250 Da, and the

affinity-tagged PaParE toxin exists as a monomer of 13,480 + 635 Da.

B. The affinity of interaction of PaParD and PaParE was measured using Biolayer Interferometry by measuring the association (7.5 + 0.3 x
10° M~' s7") and dissociation (1.2 + 0.1 x 107* s™") of interaction as a function of varying PaParE concentrations. The resulting apparent Kpis
152 + 12.8 pM; data shown are representative of four measurements (raw data are given in Fig. S6).

induction concentration, the culture density did not decrease.
A similar observation was noted upon exposure to a ParE
toxin from Mycobacterium tuberculosis and was interpreted
as the formation of viable but non-culturable cells (Gupta
etal., 2016). However, the observation is also consistent from
a change in the cell shape to a filamentous morphology, as
interpreted in the current study. These responses have also
been noted for other ParE toxins, as well as non-ParE toxins
MazF (Cho et al., 2017), RelE (Keren et al., 2004) and HipA
(Correia et al., 2006) via altering protein synthesis (Jiang
et al., 2002). The quinolone CIP induces similar stressed
states in E. coli both by inhibition of gyrase and also by acti-
vation of other TA systems, in particular the Type | TisB toxin
found in K strains of E. colj, that inserts in the membrane and
disrupts the proton motive force, as well as other TA systems
responsive to SOS (Dorr et al., 2010). Therefore, while ParE
toxins are able to elicit specific cellular responses, the overall
phenotypic outcome is shared among many other stressors.

The interaction strength of PaParE with PaParD is
high, as expected for toxin—antitoxin pairs. For example,
the strength of the toxin and antitoxin from the tripartite

system from E. coli was K of 70 pM, comparable to our
measurement of 152 pM for the PaParDE system. When
PaParE is incubated with PaParD the inhibitory effect on
DNA gyrase is blocked, indicating that the interaction
with antitoxin is favored. In preliminary experiments, we
have measured an interaction strength between PaParE
and E. coli gyrase to be in the ~3 to 75 pM range by both
isothermal titration calorimetry and surface plasmon res-
onance (data not shown). However, the interaction was
complex with a biphasic character indicative of multiple
binding events. Previous studies by others have identi-
fied a relatively tight interaction of a Vibrio cholera ParE
with gyrase chain A (Yuan et al, 2011), while a ParE
derived from Mycobacterium tuberculosis was specific for
gyrase chain B (Gupta et al., 2016). Further, the tripartite
ParE-containing system from E. coli, found most similar
to PaParE for homology model construction, was noted
to not interact with DNA gyrase (Sterckx et al., 2016).
Therefore, it is likely that the antitoxin would effectively
compete with DNA gyrase in vivo for interaction with the
PaParE toxin. The different potency of gyrase inhibition for
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the E. coli versus P. aeruginosa gyrase is an interesting
observation, and highlights that there may be sequence
specificity such that more toxin protein is needed to inhibit
the gyrase from its host species. This implies that the
PaParE toxin is likely a protective rather than toxic mech-
anism in its native host, and should be borne in mind for
future experiments characterizing toxin functions.

Earlier studies raised concerns about the possibility
of gyrase-specific toxins, such as ParE, causing cross-
resistance with quinolones, similar to the Qnr-type pro-
teins (Ellington and Woodford, 2006). Subsequent stud-
ies demonstrated the independent nature of Qnr proteins
from both the ParE toxin from broad host range plasmid
RP4 as well as the CcdB toxin. Further, there was no
change in the MIC of CIP when expression of the RP4
ParE toxin was induced using a low concentration of
0.005% arabinose, indicating a lack of protection (Kwak
et al., 2015). We surmise that the ParE toxin from RP4
has increased toxicity relative to PaParE, as in the pre-
vious study the RP4 ParE toxin was lethal when induced
with 0.02% arabinose, which in our assays does provide
a protective amount of PaParE. This may also be a dis-
tinguishing feature when comparing the plasmid-derived
ParE toxins with those found in bacterial chromosomes.
Our finding that lower induction of ParE toxin expres-
sion with 0.02% arabinose is not toxic is unexpected and
reveals an opportunity for this toxin family to alter bacterial
physiology. A dose-dependent toxicity, concomitant with a
measurable effect on survival in antibiotics imparted by
low toxin expression, is a unique finding that we predict
is true for other chromosomal ParE toxin family members.

The inhibition mediated by the ParE toxin and CIP on
DNA gyrase in the in vitro assay is distinct. This is con-
sistent with a previous study of a ParE toxin from Vibrio
cholerae that displayed the same activity when over-ex-
pressed in either wild-type or CIP-resistant E. coli cells
(Yuan et al., 2010). In our assays, it is also evident that
CIP-mediated gyrase inhibition stabilizes a relatively even
distribution of topoisomer species, while ParE-mediated
gyrase inhibition produces decreases in supercoiled DNA
species with concomitant increases in the nicked and lin-
ear DNA species. When both CIP and PaParE are pres-
ent, the nicked DNA species still accumulates while the
stabilized topoisomers are also still present. Therefore,
when both inhibitors are added at the same time, the
resulting pattern of inhibition appears to be additive; that
is, there appears to be no interference of either inhibitor on
the other’s respective pattern of inhibition. Further, when
PaParE is added first and CIP added 5 min into the reac-
tion, a subtle reduction in the amount of supercoiled DNA
is evident but without a dramatic stabilization of topoiso-
mers. This implies there is some low level protection of
the gyrase enzyme from CIP action that is mediated by
the ParE toxin when it is present first. This is relevant for
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the interpretation of the culture-based studies, wherein
cells can recover from lower concentrations of ParE inhi-
bition but not necessarily from higher CIP concentrations.

The disk diffusion assay provided a measure of the
protection from antibiotics afforded by PaParE expres-
sion, and this protection was consistent for each tested
CIP, LEV or NOV dose, similar to what was previously
found for other gyrase inhibiting proteins (Sengupta and
Nagaraja, 2008; Sengupta et al., 2008). This is particu-
larly interesting as it argues against the direct protection
of DNA gyrase by ParE, especially given that the quinolo-
nes and NOV have distinct and non-overlapping binding
sites. However, no protection was noted upon exposure
to the aminoglycosides tobramycin or gentamycin, or
for ribosome-inhibiting chloramphenicol or the unclassi-
fied antibiotic nitrofurantoin. Interestingly, these assays
revealed a comparable ParE-mediated protective effect
upon challenge with folate pathway inhibitors trimetho-
prim-sulfamethoxazole (SXT) and with the cephalospo-
rin class cefotaxime (CTX). SXT inhibition leads to a
depletion of DNA precursors (Sangurdekar et al., 2011;
Capasso and Supuran, 2013), which may be why gyrase
inhibition, and thus interruption of DNA replication, can
afford protective benefits to SXT’s effects. CTX inhibition
leads to disruptions in membrane, which is not an obvious
link to gyrase inhibition by ParE toxins. However, we have
noted the accumulation of lipid-staining droplets at the
poles of cells after ParE exposure (unpublished observa-
tion, manuscript in preparation), leading us to speculate
that cells have a reduced requirement for, yet unaltered
rate of, membrane synthesis when in the phenotypically
filamented state.

We cannot exclude other factors that may have been
triggered when the toxin was overexpressed, such as
recent findings concerning phage contamination in dele-
tion strains of E. coliresponsible for the generation of per-
sister cells (Harms et al., 2017). It could be argued that
the interaction of ParE toxin with gyrase could physically
prevent or exclude further inhibition; however, our in vitro
assays highlights that the CIP-mediated stabilization of
relaxed topoisomers still occurs when lower concentra-
tions of the PaParE toxin are present. Other recent studies
identified ‘density-dependent persistence’, whereby sta-
tionary phase cultures are intrinsically tolerant to antibi-
otics including CIP due to a nutrient depletion that results
in lowered metabolism (Gutierrez et al., 2017). However,
the current study investigated matched cultures, identical
except for the induction of PaParE. Collectively, our data
indicate that it is more likely that the PaParE toxin is able to
interact with DNA gyrase and afford some protection from
the effects of other inhibitors, and highlights the marked
dependence on the relative concentrations of inhibitors.
It remains unknown what concentrations would be inside
the native P. aeruginosa host, and further studies are
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needed to determine the extent of this effect in P. aeru-
ginosa. The detailed molecular basis for the switch from
protective effects at low concentrations to toxic effects
at higher concentrations thus remains an important and
active area for future study.

Experimental procedures
Construction of alignments and homology model

Percent identity and similarity were calculated using
the online Sequence Manipulation Suite: Ident and Sim
(Stothard, 2000) from secondary structure-guided sequence
alignments produced in Chimera (Pettersen et al., 2004).
Sequence alignments were formatted with ESPript 3.0
(Robert and Gouet, 2014).

Recombinant plasmid construction and transformation

The pa0125 gene and pa0124 gene were PCR amplified
(primers in Table S1), restricted and individually ligated into
the pET-15b vector (Invitrogen) and the tightly controlled
arabinose-inducible pHerd20T shuttle expression vector
(Qiu et al., 2008). Resulting constructs were verified by
DNA sequencing. Transformation into E. coli strains utilized
chemically competent cells (Table S1) and standard heat
shock protocols; resulting strains were stored as glycerol
stocks at —80 °C. Fresh inoculations from glycerol stocks
were used in all experiments; throughout experimentation,
expression plasmids from aliquots of cultures were period-
ically re-sequenced to ensure no accumulation of sponta-
neous mutations.

Toxicity assays

In order to observe phenotypic changes of the cells the plas-
mids encoding toxin and antitoxin in the pHerd20T vector
were transformed into K strain E. coli NovaBlue DE3 cells
(Novagen). The cultures were grown aerobically to an opti-
cal density of 0.2, induced with either 0.02% or 0.2% arab-
inose. After induction, optical density was monitored every
hour, and samples were collected to determine the bacterial
viability by serial dilution followed by plating on LB agar con-
taining 0.2% glucose to repress further expression. Viable
bacterial cells were counted and corrected for dilutions and
amount plated, yielding colony forming units (CFU mI™).

Protein expression and purification

Escherichia coli BL21 DE3 pLys competent cells (New
England Biolabs) containing the pET-15b:pa0124
or::pa0125 plasmid were grown in LB broth supplemented
with 100 pg mI™" carbenicillin and 0.2% glucose. Cultures
were grown aerobically at 37°C to an optical density of
0.7-0.8 before induction with 0.5 mM IPTG for 2-8 h at
18 °C.

Cells were subsequently harvested andlysedin 100 mMTris
(pH 8.5), 300 mM NaCl using an Emulsiflex-C3 homogenizer

(Avestin Inc); crude extract was centrifuged at 16000 x g,
4°C for 30 min. Clarified protein extract was applied onto a
column pre-packed with Nickel-NTA resin (GE Healthcare or
Roche) to capture the affinity tag, and eluted in 100 mM Tris
(pH 8.5), 300 mM NaCl, supplemented with imidazole. Eluted
fractions were combined and buffer exchanged into 100 mM
Tris (pH 8), 150 mM NaCl, and the affinity tag was removed,
when necessary, by incubation with thrombin (1 U mg™).
After overnight digestion at 4°C the sample was re-applied to
Nickel-NTA resin, the flow-through containing cleaved protein
was captured and applied to a HiLoad 16/60 Superdex 75 pg
column (GE Healthcare) equilibrated in 50 mM Tris (pH 8.5),
150 mM NaCl. Proteins were resolved on Tris-Tricine gels to
assess their presence and purity (Schagger, 2006).

DNA gyrase supercoiling assay

Escherichia coliDNA Gyrase A and B subunits were purified
essentially as described previously (Papillon et al., 2013).
The starting relaxed plasmid substrate was obtained by
treating supercoiled pBR322 plasmid with Topoisomerase
| (NEB) according to manufacturer’s protocol. For some
assays, commercial E. coli or P. aeruginosa DNA gyrase
and relaxed pBR322 plasmid substrate were used
(Inspirialis). The reaction mixture, which closely followed
previously published methods (Yuan et al, 2010; Gupta
et al., 2016), contained assay buffer (35 mM Tris-HCI (pH
7.5), 24 mM KCI, 4 mM MgCl,, 2mM DTT, 1.8 mM sper-
midine, 6.5% (w/v) glycerol, 0.1 mg ml~" albumin), 500 ng
relaxed pBR322 plasmid, 1 Unit of gyrase holoenzyme,
and inhibitors (as required), in a total reaction volume of
30 pl. After incubation at 37 °C for 30 min the reaction was
stopped by the addition of an equal volume of buffer con-
taining 40% (w/v) sucrose, 100 mM NaCl, 100 mM Tris—HCI
pH 8, 1 mM EDTA, 1% SDS. In experiments where CIP was
added later, the reaction was incubated up to 5 min at room
temperature prior to adding CIP, then incubated at 37 °C for
the remaining 25 min. Samples were electrophoresed at
40V (2 V/cm) for 4-5h in 1% agarose gels, 1 x TAE, and
subsequently stained with SYBR Safe (Invitrogen). Inhibition
of DNA gyrase supercoiling activity was determined using
the program Imaged to quantify the intensity of the band
for supercoiled DNA relative to the total lane intensity, and
then normalized relative to positive and negative controls
prepared and electrophoresed in the same experiment
(Schindelin et al., 2015). IC., values were obtained by
graphing the calculated percent of supercoiled DNA versus
the amount of inhibitor (CIP or PaParE toxin), which was
fitted to a four-parameter logistic equation in the program
Graphpad Prism version 6.0d.

Visualization of cultures by microscopy

Samples were collected before induction and at four hours
post-induction with 0.2% arabinose, washed twice in phos-
phate-buffered saline, and fixed with 70% ethanol. To observe
morphological changes, the fixed cells were stained with
safranin and images were captured at 100 x magnification
with a standard light microscope. Additional aliquots of cells
were applied to freshly prepared poly L-lysine coated slides,
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and after 30 min unbound cells were removed by washing
twice in phosphate-buffered saline. A coverslip containing
15 pl of 100 nM DAPI (4',6-diamidino-2-phenylindole, dihy-
drochloride, Molecular Probes) was applied on the adherent
cells and incubated for 5 min. Images were captured through
a 100 x oil-immersion objective on an Olympus BX-50
microscope using a blue/cyan fluorescence filter.

Disk diffusion assay

Escherichia coli K strain NovaBlue DES3 cells carrying the
pHerd20T constructs were grown overnight in sterile Luria-
Bertani Miller (LB) media and the following morning re-in-
oculated at a 1:20 ratio. Cultures were then grown to early
exponential phase, induced for 1 h with 0.1% arabinose, and
swabbed evenly onto an LB agar plate containing the selec-
tion antibiotic (carbenicillin) and 0.1% arabinose. Antibiotic
disks (Hardy Diagnostics) were placed using a sterile appli-
cator, including those prepared in-house by pipetting known
concentrations to ‘blank’ disks; plates were incubated at
37 °C for 1618 h. Zones of inhibition were measured from
digital images of plates using the Image Lab Touch Software
v2.2 (Bio-Rad) and AntibiogramJ (Alonso et al., 2017).

Size-exclusion chromatography coupled multi-angle
light scattering

Purified samples of PaParDE, PaParD and PaParE were
applied to a Superdex 200 Increase 10/30 GL column (GE
Healthcare) and detected using both UV absorbance at
280 nm and light-scattering signal from a Wyatt miniDAWN
Treos. Analysis of resulting signals utilized the ASTRA soft-
ware version 6.1 (Wyatt Technologies).

Biolayer interferometry

Experiments were performed with an OctetRED96 system
(ForteBio) using the manufacture’s software for kinetic data
collection, and results were processed using the manu-
facturer’s software. All solutions were prepared to yield a
final composition of 0.1 M Tris pH 8.0, 300 mM NaCl, 0.5%
bovine serum albumin and 0.05% Tween-20. Purified sam-
ples of N-terminal 6xHis-PaParD were prepared at 125 nM
and incubated with Ni-NTA Biosensors (ForteBio). These
sensors were then incubated with titrations of purified
PaParE protein following proteolytic removal of the 6xHis
affinity tag. Concentrations of PaParE were adjusted to cap-
ture the dose-dependent responses, and dissociation reac-
tions were measured for extended time points to increase
the accuracy of the calculations. Control reactions utilizing
empty biosensors were performed for each experiment
to verify the absence of nonspecific binding between the
PaParE toxin and the biosensor. Data were fit using a 1:1
Langmuir binding equation using the manufacturer-provided
BioAnalysis software, version 8.2. Initial evaluation used a
local fit protocol for each sensor; those with an R? value
less than 0.95 were rejected and the remaining curves were
used to perform a global fit with no mass transport correc-
tion. Four independent data sets (Fig. S6) were used to cal-
culate average values.
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