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1  | INTRODUC TION

Toxin–antitoxin (TA) systems are of interest because they can tailor 
bacterial physiology toward either death or survival, in effect acting 
as accessory resiliency factors (Andersen et al., 2017; Peters et al., 
2016). The mechanisms used by TA systems provide attractive new 
antibacterial strategies, but the formulation of this concept requires 

a deeper understanding of how and when their control over bac‐
terial cell growth is exerted (Hayes & Kedzierska, 2014; Williams & 
Hergenrother, 2012). For example, studies have linked bacterial‐me‐
diated TA upregulation to the formation of dormant types of cells 
in Escherichia coli (Shah et al., 2006). Persisters, such as these dor‐
mant‐type cells, have the ability to withstand external stresses, po‐
tentially including treatment regimens during an infection (Coussens 
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Abstract
Toxin–antitoxin (TA) systems are found on both chromosomes and plasmids. These 
systems are unique in that they can confer both fatal and protective effects on bacte‐
rial cells—a quality that could potentially be harnessed given further understanding 
of these TA mechanisms. The current work focuses on the ParE subfamily, which 
is found throughout proteobacteria and has a sequence identity on average of ap‐
proximately 12% (similarity at 30%–80%). Our aim is to evaluate the equivalency 
of chromosomally derived ParE toxin activity depending on its bacterial species of 
origin. Nine ParE toxins were analyzed, originating from six different bacterial spe‐
cies. Based on the resulting toxicity, three categories can be established: ParE toxins 
that do not exert toxicity under the experimental conditions, toxins that exert toxic‐
ity within the first four hours, and those that exert toxicity only after 10–12 hr of 
exposure. All tested ParE toxins produce a cellular morphologic change from rods to 
filaments, consistent with disruption of DNA topology. Analysis of the distribution of 
filamented cells within a population reveals a correlation between the extent of fila‐
mentation and toxicity. No membrane septation is visible along the length of the cell 
filaments, whereas aberrant lipid blebs are evident. Potent ParE‐mediated toxicity is 
also correlated with a hallmark signature of abortive DNA replication, consistent with 
the inhibition of DNA gyrase.
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& Daines, 2016; Harms, Maisonneuve, & Gerdes, 2016; Kedzierska & 
Hayes, 2016; Lewis, 2010). TA systems have been observed to have 
a direct protective effect on the survival of Salmonella within macro‐
phages via toxin‐mediated tRNA acetylation (Cheverton et al., 2016), 
by upregulation of multiple toxins promoting biofilm formation in 
Burkholderia species (Van Acker, Sass, Dhondt, Nelis, & Coenye, 
2014), and for the survival of extraintestinal pathogenic E. coli in a 
mouse infection model (Norton & Mulvey, 2012).

Toxin–antitoxin systems are found throughout the bacterial 
kingdom and have been categorized through bioinformatics analy‐
ses of genomic sequencing data into broadly conserved families of 
structure and toxin mechanism of action (Makarova, Wolf, & Koonin, 
2009; Pandey & Gerdes, 2005; Sevin & Barloy‐Hubler, 2007; Xie et 
al., 2018). The RelE superfamily is unique in containing toxins with 
distinctly different functions within an overall conserved structural 
scaffold (Anantharaman & Aravind, 2003; Park, Son, & Lee, 2013). 
The functional categories of RelE superfamily toxins result in mul‐
tiple subfamilies of ribosome‐dependent RNase toxins (RelE, HigB, 
YoeB, YafQ) and one large subfamily that is reported to inhibit DNA 
gyrase (ParE).

A ParDE system on the broad‐host‐range RK2 plasmid was 
among the first identified TA system and was denoted as “Par” for 
its role in plasmid partitioning via a postsegregational killing (PSK) 
system	 (Jensen,	Grohmann,	Schwab,	Diaz‐Orejas,	&	Gerdes,	1995;	
Roberts, Strom, & Helinski, 1994; Sobecky, Easter, Bear, & Helinski, 
1996). This ParE toxin was later demonstrated to inhibit E. coli DNA 
gyrase in vitro, and its expression in cells recapitulated a filamen‐
tous phenotype consistent with the identified in vitro inhibition 
(Jiang,	Pogliano,	Helinski,	&	Konieczny,	2002).	Other	 reports	have	
corroborated in vitro ParE‐mediated gyrase inhibition for chromo‐
somally encoded toxins from Pseudomonas aeruginosa (Pa), Vibrio 
cholera (Vc), and Mycobacterium tuberculosis (Mt; Gupta et al., 2016; 
Muthuramalingam, White, Murphy, Ames, & Bourne, 2018; Yuan et 
al., 2010). The filamentous phenotype arising from ParE toxin expo‐
sure is consistent with DNA gyrase inhibition, which is stalled during 
the catalytic cycle, resulting in fragmented DNA that can trigger the 
SOS and other responses (Kreuzer, 2013; Reece & Maxwell, 1991; 
Williams & Schumacher, 2017). While there are many triggers for 
SOS, the filamentous phenotype has been observed upon overex‐
pression of multiple ParE toxins for Pa, Vc, Mt, and Caulobacter cres‐
centus	 (Cc;	 Fiebig,	 Castro	 Rojas,	 Siegal‐Gaskins,	 &	Crosson,	 2010;	
Gupta et al., 2016; Muthuramalingam et al., 2018; Yuan et al., 2010), 
as well as with other gyrase‐inhibiting proteins (CcdB and Fic tox‐
ins,	SmbC;	Dao‐Thi	et	al.,	2004;	De	Jonge	et	al.,	2012;	Harms	et	al.,	
2015;	Nakanishi,	Oshida,	Matsushita,	Imajoh‐Ohmi,	&	Ohnuki,	1998;	
Sprenger et al., 2017; Van Melderen, Bernard, & Couturier, 1994) 
and	compounds	(quinolones,	novobiocin;	Handel,	Hoeksema,	Freijo	
Mata,	 Brul,	 &	 Kuile,	 2015;	 Torres‐Barcelo,	 Kojadinovic,	Moxon,	 &	
MacLean, 1816). Interestingly, a MazF toxin also induces filamen‐
tation and results in persister cells, but only when ciprofloxacin 
has also been administered to the culture (Cho, Carr, Whitworth, 
Johnson,	 &	Wilson,	 2017).	 Although	many	 factors	 can	 result	 in	 a	
filamented morphology, within a defined experimental system, the 

presence of filamentation can be a convenient marker of ParE toxin‐
mediated activity.

The sequences among TA system families are highly variable; 
conserved residues support the shared three‐dimensional fold, and, 
in the case of ribonucleases, conserved catalytic residues can also 
be delineated (Anantharaman & Aravind, 2003; Park et al., 2013; 
Schureck, Repack, Miles, Marquez, & Dunham, 2016). For some 
toxin families, such as the other gyrase‐inhibiting toxins CcdB and 
Fic, clear conservation of interacting surfaces and the Fic toxin cat‐
alytic residues for adenylation provide a basis to understand their 
in	vivo	activity	(Dao‐Thi	et	al.,	2004;	Harms	et	al.,	2015;	De	Jonge	
et al., 2012; Van Melderen et al., 1994). However, in the ParE toxin 
subfamily, sequence identity is only around 12%, while conservation 
is stronger with a range of 30%–80% (e.g., see Figure 1). Reports 
vary on which portion of the large DNA gyrase heterotetramer that 
the ParE toxins target (Gupta et al., 2016; Sterckx et al., 2016; Yuan 
et al., 2010). Therefore, despite the high prevalence of ParE toxin 
sequences in bacterial genomes, they remain one of the few toxins 
to have an unknown molecular mechanism for interaction with their 
target.

Given the high sequence variability, as well as the location of 
ParE toxins on plasmids as well as chromosomes, there increasingly 
are questions about their primary biological function. For example, 
early studies discovered that the RK2‐derived parDE locus medi‐
ates variable plasmid retention depending on the bacterial species 
(Sia, Roberts, Easter, Helinski, & Figurski, 1995; Sobecky et al., 
1996). Our group recently measured different inhibitory poten‐
cies of a Pa‐derived chromosomal ParE for DNA gyrase from E. coli 
versus that from Pa (Muthuramalingam et al., 2018). Other recent 
studies have highlighted misnomers in TA‐mediated PSK, including 
that the effect does not kill all the cells in the culture, and further, 
at longer growth times, there is robust re‐growth of plasmid‐free 
cells (Song & Wood, 2018). Each of these observations is consis‐
tent with the idea of a TA system having a balanced activity within 
cells, allowing some protection from external stressors while limit‐
ing potentially toxic mechanisms (Blower, Salmond, & Luisi, 2011; 
Muthuramalingam, White, & Bourne, 2016). This highlights that the 
context of genetic location, in addition to diversification between 
species of bacteria, can correlate to different outcomes for a given 
TA system.

Our recent work has uncovered a pleiotropic effect of a ParE 
toxin expression dependent on the strength of induction. Toxic ef‐
fects are only observed at higher induction concentrations (0.2% 
arabinose), while protective effects are noted at weaker induc‐
tion (0.02% arabinose) conditions (Muthuramalingam et al., 2018). 
Further, this toxin displayed modestly weaker inhibition activ‐
ity for gyrase from its host bacteria as compared to E. coli gyrase. 
Interestingly, this ParDE system was identified as part of the core 
genome and it was suggested to represent a “domesticated” toxin 
(Andersen et al., 2017). These results have driven the interest of the 
current work, which seeks to test the equivalency of ParE toxin ac‐
tivity from different bacterial species. Experiments were carried out 
to quantify the effect of inducible ParE toxin expression on isogenic 
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E. coli cultures by measuring the amount of cell death and the extent 
of morphological changes. These results demonstrate a surprising 
sensitivity to filamentation, even in the absence of measurable cell 
death. Microscopic evaluations highlight a nonseptated and either 
multinucleoid or noncompacted nucleoid formations in response to 
ParE expression, as well as the accumulation of aberrant lipid‐stain‐
ing material at discrete locations along the inner cell membrane. 
Finally, while there are clearly variable effects of potency, these re‐
sults do not correlate with phylogenetic grouping (data not shown); 
the specific regions or sequences mediating ParE‐specific toxicity 
remain elusive.

2  | MATERIAL S AND METHODS

DNA sequences for ParE toxins were obtained from the TA data‐
base (Shao et al., 2011), and primers were designed for amplifica‐
tion of genes from genomic DNA. Appropriate restriction sites were 

included in the primers to allow digestion and ligation into the de‐
sired expression vectors (see Appendix Table A1). Resulting clones 
were verified by DNA sequencing, transformed into BL21 DE3 pLysS 
E. coli,	and	stored	at	−80°C	in	LB	with	20%	glycerol.

Secondary structure was predicted from homology models gen‐
erated with the Swiss‐Model server (Biasini et al., 2014), except for 
the Cc1 toxin which has a known structure (PDB ID 3KXE; Dalton & 
Crosson, 2010). Alignments based on secondary structure, as well as 
the calculation of sequence similarity and identity, utilized the UCSF 
Chimera program (Pettersen et al., 2004). Figure 1a was generated 
with the online tool ESPript 3.0 (Robert & Gouet, 2014).

2.1 | Growth of cultures and 
measurements of viability

Cultures were inoculated from frozen glycerol stocks into LB media 
supplemented with appropriate selection antibiotics and 0.5% glu‐
cose,	and	grown	overnight	(16–18	hr)	at	37°C,	200	rpm.	These	dense	

F I G U R E  1   ParE toxins have conserved secondary structure elements within low sequence identity and similarity. (a) Sequences are 
aligned based on predicted secondary structure, except for the Cc1 which has an available three‐dimensional structure (3KXE, denoted by 
an *); abbreviations as in Table 1. Residue classes conserved at 65% or greater are boxed in blue, with conserved residues in red text. (b) 
Percent identity and similarity are shaded by most conserved (green) to least conserved (red). Toxins At2, At3, Vc1, and Mt1 (boxed) are 
found to exert the strongest toxicity (see Figure 2c)
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cultures were then diluted at a 1:20 ratio in fresh LB media supple‐
mented	with	0.2%	glucose,	grown	at	37°C,	200	rpm,	and	induction	
with 0.4 mM IPTG was initiated when an optical density of 0.2 was 
reached for each culture; 0.5 μg/ml of ciprofloxacin was added to a 
control culture. Aliquots of culture were taken at the defined time 
points and serial dilutions were plated for determination of the col‐
ony‐forming units (CFUs), which were then corrected for the original 
aliquot volume to calculate CFU/ml.

2.2 | Analysis of protein expression

For each time point, a volume of culture equivalent to 0.3 optical 
density units was pelleted and resuspended in 100 μl of 2× Laemmli 
loading	buffer	with	SDS	and	 reducing	agent,	 and	heated	at	95°C	
for 5 min. A 20 μl volume was loaded and electrophoresed through 
a 12% Tris–tricine gel system. Gels were washed briefly in water 
before staining with Coomassie blue R‐250 and then destained 
in warm water and visualized on a ChemiDoc imaging system 
(Bio‐Rad).

A duplicate gel was transferred to a 0.2‐μm nitrocellulose 
membrane using a semidry transfer unit (Bio‐Rad) set at 1.2 mA 
for 5 min. The membrane was subsequently blocked by incubation 
for	1	hr	at	room	temperature	or	overnight	at	4°C	in	1%	nonfat	milk	
dissolved in Tris‐buffered saline (TBS). After three washes in TBS, 
5 min. each, the blots were incubated for 1 hr with the appropriate 
primary antibody (Pent–His antibody, Qiagen, at a 1:3,000 dilution 
or anti‐CBD antibody, NEB, at 1:3,000), washed again three times, 
and then incubated with the secondary antibody (anti‐mouse IgG 
at 1:5,000) for 1 hr. After washing, the blots were developed with 
an enhanced chemiluminescent detection reagent (ECL substrate, 
Bio‐Rad) and imaged on a ChemiDoc Imaging system (Bio‐Rad).

2.3 | Imaging and measuring cell lengths

At the 4‐ and 15‐hr time points, 20 μl of culture was incubated with 
1 μl of 200 nM DAPI and 1 μl of 0.5 mg/ml Nile Red for 5 min, or alter‐
natively with 0.5–1 μl of a Live/Dead stain mixture (Biotium) accord‐
ing to the manufacturer's directions. The culture–dye mixtures were 

then applied to a poly‐lysine‐coated glass slide and allowed to adhere 
for 5 min. Excess liquid was removed and gently washed twice with 
phosphate‐buffered saline. A coverslip was then sealed into place, and 
the cells were imaged using a Zeiss Axioplan 2i Upright Fluorescent 
Microscope with appropriate settings for each fluor.

Images	 were	 opened	 in	 ImageJ	 (Schindelin,	 Rueden,	 Hiner,	 &	
Eliceiri,	 2015)	 and	 the	 contrast	 adjusted	 for	 automated	 detection	
of	individual	cells	with	the	plug‐in	MicrobeJ	(Ducret,	Quardokus,	&	
Brun, 2016). Lengths of individual cells were measured in pixels for 
at least 10 images per sample (numbers of cells in each population 
are given in Appendix Table A2) and binned into histograms normal‐
ized to the total cells in each population.

2.4 | Purification of genomic DNA, genome 
sequencing, and chromosomal copy number analysis

Using Illumina MiSeq technology, E. coli genomes from five dif‐
ferent samples were analyzed. Two samples contained the parent 
vector pRSF with no inserted open reading frame (with control 
sample treated with CIP at the time of induction), while the re‐
maining three samples contained a toxin‐encoding construct (Mt1, 
Sp1,	At3).	Aliquots	of	cultures	were	collected	just	prior	to	induc‐
tion and 4 hr after induction of ParE toxins, resulting in 10 total 
samples for analysis.

The genomic DNA was purified using the SV Wizard kit 
(Promega), and resulting DNA was dissolved in water. The se‐
quencing libraries were prepped using NEBNext® Ultra™ II DNA 
Library Prep Kit according to the manufacturer's recommenda‐
tions with 350 bp insert size. Samples were run on Illumina MiSeq 
kit version 3 with 150 cycles.

The sequences were trimmed by bbduk (Bushnell, 2014) 
and aligned using bwa (Li & Durbin, 2010). Escherichia coli BL21 
(Takara) was used as the reference genome to assemble the reads. 
The potential single‐ and double‐stranded breaks were deduced 
with an in‐house script that uses the resulting sorted bam file. This 
allowed the examination of each break within the genome context. 
The sorted bam file also provided the nucleotide coverage that 
was parsed using bedtools (Quinlan & Hall, 2010). The resulting 

TA B L E  1   ParE toxin sources, abbreviations used in text, and construct formats

Bacterial species of origin Abbreviation in text Vector and affinity tag

Agrobacterium tumefaciens At1 pRSF, N‐terminal 6×‐His affinity tag

Agrobacterium tumefaciens At2 pRSF, N‐terminal 6×‐His affinity tag

Agrobacterium tumefaciens At3 pRSF, N‐terminal 6×‐His affinity tag

Agrobacterium tumefaciens At4 pRSF (modified), C‐terminal GST with 6×‐His affinity tag

Caulobacter crescentus Cc1 pTXB, C‐terminal chitin‐binding domain fusion

Mycobacterium tuberculosis Mt1 pRSF, N‐terminal 6×‐His affinity tag

Pseudomonas aeruginosa Pa2 pTXB, C‐terminal chitin‐binding domain (CBD) fusion

Streptococcus pyogenes Sp1 pRSF, N‐terminal 6×‐His affinity tag

Vibrio cholera Vc1 pTXB, C‐terminal chitin‐binding domain fusion

Only the C‐terminal portion of the toxin is present.
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file was used to plot base coverage against its position, after fil‐
tering to remove sequences arising from the resident plasmid, and 
these values were normalized by dividing by the total number of 
reads in the sample (as in Samadpour & Merrikh, 2018).

3  | RESULTS

3.1 | ParE toxins do not have an obvious shared 
sequence motif to account for their function(s)

ParE toxins were identified based on annotations in the toxin–an‐
titoxin database (TADB; Shao et al., 2011). From the starting se‐
lected sequences, cloning was successful for nine annotated ParE 
toxins (abbreviations are given in Table 1, while sequences are 
given in Table A1).

As with other TA system toxins, the sequence conservation 
among this subfamily is low, while the similarity and thus predicted 
secondary structure are highly conserved (Figure 1). Note that 
the clone analyzed for the Vc1 toxin was inadvertently truncated 
during cloning, containing only the last 34 amino acids of the 111 
total (Figure 1, indicated with a gray box at position 76). Using pre‐
dicted secondary structure as a basis for sequence alignment im‐
proves the agreement between sequences, allowing identification 
of a few highly conserved amino acids (calculated with Stothard, 
2000). However, the conserved residues are closely associated 
with the basis for the fold rather than with a conserved surface or 
sequence cluster associated with gyrase inhibition.

3.2 | Overexpression of ParE toxins yields variable 
toxicity to Escherichia coli cells

The cloned ParE toxins were induced for expression using equiva‐
lent induction strengths and in the same host background E. coli 
cells, ensuring the presence of equivalent cell signaling and re‐
sponse pathways as well as the absolute lack of cognate antitoxin. 
The resulting turbidity of growth, as measured by the optical 
density at 600 nm, revealed essentially no impact on the basis of 
toxin expression (see Figure A1). While there does appear to be a 
modest increase in turbidity for samples overexpressing the Sp1, 
At4, Mt1, and At3 toxins, this variability is not significantly differ‐
ent from control cultures when compared over three independ‐
ent biological replicates. Similarly, a slight reduction in turbidity 
for samples treated with the gyrase inhibitor ciprofloxacin is also 
noted but not statistically significant. However, an issue with this 
analytical method is the variability in cell shape and size that is 
known to arise from gyrase inhibition. When DNA gyrase is in‐
hibited, DNA breaks accumulate and can activate an SOS‐type re‐
sponse, which then induces a filamented cell morphology in E. coli 
(Kreuzer, 2013; Reece & Maxwell, 1991; Williams & Schumacher, 
2017). The filamented morphology creates a solution of unequal 
scattering centers, calling into question the validity of comparing 
culture turbidity. To address this issue, we proceeded to measure 
the surviving cell numbers (colony‐forming units, or CFU/ml) as 

an indicator of the toxicity of each overexpressed toxin molecule. 
This analysis reveals discrete classes of toxicity among the nine 
ParE toxin molecules: those with essentially no toxicity out to 
22 hr, those with toxicity evident within 4 hr of induction, and 
those with delayed (10–12 hr after induction) toxicity (Figure 2, 
Table A2).

The control samples (Figure 2a) were comprised of each of the 
parent vectors with no toxin inserted; these samples grew as ex‐
pected. There was no impact of the encoded fusion protein (CBD in 
the pTXB vector, and GST in the p28 parent vector as well as fused 
to the At4 construct in the pRSF vector, see Table 1) on cell survival, 
indicating that the toxicity observed arises from the toxins them‐
selves and not the fusion protein(s). Additionally, a control sample 
was treated with the gyrase‐inhibiting antibiotic ciprofloxacin (CIP), 
resulting in a dramatic drop in CFU/ml; this serves as a useful com‐
parator for the ParE toxins.

Among the nine ParE toxins tested, three (Sp1, Cc1, and Pa2) 
exert essentially no toxicity (Figure 2b) and the resulting CFU val‐
ues closely match those of the parent vector controls. This result 
is in contrast with the At2, At3, Mt1, and Vc1 toxins, which exert 
a drop in CFU counts within the first 4 hr of induction (Figure 2c). 
This drop in cell survival is noteworthy for the particularly toxic 
At2 toxin, which mediates a 4‐log reduction within the first hour 
of induction, and a complete loss of recoverable colonies after 
10 hr. The At3, Vc1, and Mt1 toxins also trigger a loss of viable 
cells of approximately 2‐ to 3‐logs. The activity of the Vc1 is unex‐
pected given the truncation to essentially only the C‐terminal third 
of the protein (see Figure 1a, Table A2). The timing and extent of 
loss of viability mediated by the Mt1 toxin most closely match that 
of the control culture treated with CIP, with a gradual decline of 
approximately 3‐logs over 8 hr followed by a steady population 
at 104–105 CFU/ml. The At3 and Vc1 toxins mediate a somewhat 
quicker loss, but interestingly are followed by a partial to essen‐
tially full recovery in CFU counts between the 10‐ and 22‐hr sam‐
ples. Future studies will establish if this recovery arises from an 
acquired suppressor mutation.

The remaining two ParE toxins, At1 and At4, comprise a cate‐
gory with a delayed loss of viability after approximately 8–10 hr of 
induction (Figure 2d). The control plasmid p28 contains the same 
GST affinity tag as the At4 toxin, and it does not exhibit any toxic‐
ity. The At4 toxin appears to not affect the growth level until the 
22‐hr time point, at which point it returns to roughly an equiva‐
lent to the starting density (107–108 cells). The At1 toxin affects 
growth similarly; however, it mediates a more prominent drop in 
CFU values, with the 22‐hr sample having equivalent viability to 
the CIP control.

An obvious explanation for the varied toxicity mediated by ParE 
toxins is differences in protein expression levels. This was investi‐
gated using Western blot analyses to detect accumulation of the 
incorporated affinity tag over time (Figure A2, Table A2). ParE toxin 
expression was confirmed for each culture except the two most toxic 
ParE proteins, At2 and At3, the levels of which were apparently too 
low for detection based on our strategy (Figure A2b). The Mt1 toxin 
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also mediates noted toxicity, yet it is robustly expressed. The control 
parent vector pTXB does express the fusion protein (chitin‐binding 
domain) at comparable levels as the two constructs containing ParE 
toxins (Cc1 and Vc1, Figure A2a). The expression for the Pa2 toxin is 
very weak and limited to early time points. However, this parent con‐
struct does not cause any changes from normal viability or cell size 
(Figures 2 and 3), indicating that the observed effects are specific to 
the presence of each toxin protein. Overall, this indicates that the 
individual ParE expression levels cannot reconcile the differences 
noted in culture viability.

3.3 | All ParE toxins induce cell filamentation to 
differing extents, even in the absence of overt toxicity

Samples were analyzed by microscopy to assess whether morpho‐
logical changes occurred as a result of toxin overexpression; each 
sample	was	subjected	to	two	different	staining	protocols.	Unfixed	
cells were incubated with the nucleic acid staining dye DAPI and 
the	lipid‐specific	fluorophore	Nile	Red	(panel	a	in	Figures	3‒6).	In	
the second protocol, unfixed cells were incubated with DNA in‐
tercalating dyes in a “Live/Dead” stain, wherein one dye (green) 

is membrane‐permeable while the other (red) can only enter cells 
with	damaged	membranes	(panel	b	in	Figures	3‒6).	Finally,	popula‐
tions of cells were imaged using phase contrast visualization and 
the length of individual cells was subsequently measured using 
the	 ImageJ	 plug‐in,	MicrobeJ	 (Ducret	 et	 al.,	 2016;	 Schindelin	 et	
al., 2015). These values were then binned and plotted as histo‐
grams	(panel	c	in	Figures	3‒6),	revealing	filamentation	induced	by	
the ParE toxins (a number of cells in each population are given in 
Appendix Table A3).

For the control cultures, DAPI staining reveals generally a single 
nucleoid in the center of the cell and lipid staining at each pole. In the 
control samples treated with CIP, multiple DNA foci are visible along 
the length of the cell, as is some accumulation of additional lipidic ma‐
terial along the length of the filament. Two notable features emerge 
from the microscopic examinations of ParE toxin expressing cells with 
the lipid‐specific stain: (a) a lack of visible membrane septation in the 
resulting filamented cells and (b) the accumulation of lipidic material 
prominently at each pole as well as numerous aberrant bulges (blebs) 
along	the	length	of	filamented	cells	(panel	a,	Figures	3‒6).	This	is	par‐
ticularly the case for the toxins Sp1 and Cc1, which interestingly have 
essentially no impact on viability (Figure 2). For these two toxins, 

F I G U R E  2   Overexpression of ParE toxins yields variable toxicity to Escherichia coli cells. The colony‐forming units (CFUs) were counted at 
the indicated time points after induction of ParE toxins. Toxin abbreviations are as in Table 1. (a) Control samples are comprised of the parent 
vectors (pRSF, pTXB, p28GST) with no inserted toxin genes and with treatment of anti‐gyrase ciprofloxacin (CIP) antibiotic. (b) ParE toxins 
that do not induce toxicity, (c) ParE toxins that do induce toxicity, and (d) ParE toxins that induce delayed toxicity. Each measurement with 
standard deviation represents at least three biological replicates, typically measured in duplicate
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F I G U R E  3  Effect	of	ParE	expression	on	cell	morphology:	control	samples.	Aliquots	of	cultures	were	subjected	to	examination	at	4	hr	
postinduction (images, a, b, scale bar is equal to 1.5 μm) and at 15 hr postinduction. The distribution of cell lengths was measured and 
is presented in (c). Cells were stained using both DAPI (specific for DNA) and Nile Red (fluorescent in hydrophobic environments, e.g., 
lipidic membranes) in (a), and with a Live/Dead combination in (b). For the Live/Dead staining in (b), both dyes are DNA intercalators, 
and while the green fluorophore is membrane‐permeable, the red fluorophore can only stain intercellular contents when the membrane 
has been damaged. For the vector controls without a ParE gene inserted, cells appear healthy and normal both in morphology and in the 
distribution of lengths. However, treatment with anti‐gyrase antibacterial ciprofloxacin induces a filamented morphology and multiple foci of 
intracellular DNA material. Further, accumulation of lipidic material is found along the cell rather than only at the poles when DNA gyrase is 
inhibited
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the DAPI‐stained nuclear material appears relatively normal in dis‐
tribution, while the membrane stain clearly shows membrane blebs 
throughout the cell length (Figure 4). The ParE toxins that mediate a 
loss of CFU by 4 hr also cause the biggest changes in cell morphology 
(Figure 5). Nuclear material is seen as multiple discrete foci (Mt1, At3) 
or as a distended feature (Vc1) spanning the length of a filamented 
cell (At2). Aberrant membrane blebs are also evident in each sample 
examined. The two ParE toxins with delayed loss of viability, At1 and 
At4 (Figure 6), present the most similar staining patterns to that of the 

control samples (Figure 3), even at an 8‐hr time point. For this cate‐
gory of effects, however, the nucleoid regions appear to be doubled 
relative to control cultures, while the apparent lipid accumulation is 
not a prominent feature in these cultures.

The Live/Dead staining protocol results in essentially all cul‐
tures containing high levels of fluorescent green‐labeled cells, indi‐
cating intact cell membranes, although some isolated cultures also 
display red signals indicative of membrane disruption. In particular, 
the At1 cultures at 8 hr postinduction appear mostly as fluorescent 

F I G U R E  4   Effect of ParE expression on cell morphology: ParE toxins with no apparent impact on cell survival yet still mediate a 
filamented	morphology.	Aliquots	of	cultures	were	subjected	to	examination	at	4	hr	postinduction	(images,	a,	b,	scale	bar	is	equal	to	1.5	μm) 
and at 15 hr postinduction. The distribution of cell lengths was measured and is presented in (c). Cells were stained using both DAPI (specific 
for DNA) and Nile Red (fluorescent in hydrophobic environments, e.g., lipidic membranes) in (a), and with a Live/Dead combination in (b). For 
the Live/Dead staining in (b), both dyes are DNA intercalators, and while the green fluorophore is membrane‐permeable, the red fluorophore 
can only stain intercellular contents when the membrane has been damaged. Such membrane damage or mis‐regulation is apparent 
by punctate staining along the cells in (a) and by the entry of the red fluor in (b). Further, the cell morphology changes to a filamented 
distribution despite no impact on the CFU/ml measurements (see Figure 2)
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F I G U R E  5   Effect of ParE expression on cell morphology: ParE toxins that mediate a loss in cell viability. Aliquots of cultures were 
subjected	to	examination	at	4	hr	postinduction	(images,	a,	b,	scale	bar	is	equal	to	1.5	μm) and at 15 hr postinduction. The distribution of cell 
lengths was measured and is presented in (c). Cells were stained using both DAPI (specific for DNA) and Nile Red (fluorescent in hydrophobic 
environments, e.g., lipidic membranes) in (a), and with a Live/Dead combination in (b). For the Live/Dead staining in (b), both dyes are DNA 
intercalators, and while the green fluorophore is membrane‐permeable, the red fluorophore can only stain intercellular contents when the 
membrane has been damaged. Such membrane damage or mis‐regulation is apparent by punctate staining along the cells in (a) and by the 
entry of the red fluor in (b). Further, nucleic acid is clearly stained in (b), although not along the entire cell, indicating membrane damage in 
concert with aberrant DNA replication. The extent of filamentation is greatest with the At2 and Mt1 toxins, which also mediated the most 
dramatic drop in CFU/ml (see Figure 2)
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F I G U R E  6   Effect of ParE expression on cell morphology: ParE toxins with a delayed impact on cell survival. Aliquots of cultures were 
subjected	to	examination	at	4	hr	postinduction	(images,	a,	b,	scale	bar	is	equal	to	1.5	μm) and at 15 hr postinduction. The distribution of cell 
lengths was measured and is presented in (c). Cells were stained using both DAPI (specific for DNA) and Nile Red (fluorescent in hydrophobic 
environments, e.g., lipidic membranes) in (a), and with a Live/Dead combination in (b). For the Live/Dead staining in (b), both dyes are DNA 
intercalators, and while the green fluorophore is membrane‐permeable, the red fluorophore can only stain intercellular contents when the 
membrane has been damaged. Such membrane damage or mis‐regulation is apparent by punctate staining along the cells in (a) and by the 
entry of the red fluor in (b)
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red‐labeled cells (Figure 6b), consistent with the loss of CFU delayed 
to these later time points (Figure 2d). The At4 toxin also exhibits a 
delayed loss of CFU; however, these cells stain in an unusual pattern 
featuring compacted internal green signal and, occasionally, a halo of 
red (potentially periplasmic‐localized nucleic acid as membranes be‐
come disrupted; Figure 6b). The most notable staining pattern is for 
the potent Mt1 and At2 ParE toxins, which have a concentrated and 
compacted internal red stain with a background of green (Figure 5b). 
In the case of ParE toxin overexpression, these Live/Dead stain‐
ing indicators serve as ideal markers of membrane integrity rather 
than cell death and are consistent with the Nile Red staining results 
(above) indicating lipid accumulation along the length of cells.

When cultures are examined for the distribution of cell lengths, fil‐
amented populations are evident and remarkably stable between the 
4‐ and 15‐hr time points measured, with an overall minor broadening of 
the mean length noted in control empty vectors (Figure 3c). The toxin 
samples that do not have measurable differences in viability (category 
“No Change,” Figure 2) still cause filamentation in the case of both Sp1 
and Cc1 (Figure 4). However, Pa2 has no effect on CFU and has no 
visible morphological changes until the 15‐hr time point. Further, Pa2 
does not express well (Figure A2a) and so the lower level of morpho‐
logical changes may be explained by limited protein expression.

Overexpression of the Mt1 and At2 toxins produces prominent 
changes to the cell population's morphology over the measured time 
period, consistent with the reduction CFU (Figure 5). The At3 and 
Vc1 toxins also induce a filamented morphology (Figure 5) but are 
less potent than Mt1 and At2, consistent with the cell viability mea‐
surements (Figure 2).

Both At1 and At4 toxins, comprising the “Delayed Loss” category, 
also impart a filamented morphology (Figure 6), although the distri‐
bution of cell length is restricted to a shorter range as compared to 
other toxins. Further, while the At1 distribution of cell lengths is rel‐
atively stable at the 15‐hr measurement, the At4 toxin induces an in‐
crease in the average length of cells from 4‐ to 15‐hr measurements 
(Figure 6c). These results are of interest as they coincide with a loss 
of CFU/ml, suggesting that the more filamented cell population at 
later time points is less viable.

3.4 | ParE‐mediated effects recapitulate defects 
in replication initiation from oriC consistent with 
inhibition of DNA gyrase

The unwinding at an oriC origin of replication and the accessibility 
of the dnaA binding sequences are particularly sensitive to gyrase 
activity (as reported for novobiocin, Samadpour & Merrikh, 2018), 
such that gyrase inhibition yields multiple abortive cycles of repli‐
cation initiation. In the previous study, when novobiocin‐inhibited 
E. coli cells were analyzed using genomic DNA sequencing, the copy 
number of oriC was in excess to the termini regions. We reasoned 
that if the ParE toxins were inhibiting DNA gyrase, a similar effect 
should be evident in genomic DNA copy numbers. Cultures that pro‐
duced	prominent	 filaments,	Mt1	and	At3,	were	 subjected	 to	DNA	
sequencing, as was the Gram‐positive‐derived Sp1, the control 

vector with no inserted ParE sequence, and the same control sample 
treated with CIP. The resulting DNA sequencing copy number re‐
veals a marked increase in the oriC sequence in the Mt1‐expressing 
culture (Figure 7), with relatively equal increases also evident for the 
At3, Sp1, and CIP‐treated samples as compared to the control vector 
sample. Further analysis of these datasets was carried out to localize 
single‐stranded and double‐stranded breaks conserved throughout 
the sequencing data. This revealed multiple and extensive breaks in 
the DNA of cells treated with CIP, whereas the DNA integrity with 
overexpression of ParE toxin appeared to be maintained.

4  | DISCUSSION

This study was able to distinguish three classes of ParE toxin ef‐
fectiveness: one with no apparent toxicity, one with potent toxicity, 
and another with delayed toxicity (see summary, Table A2). Each of 
these categories of ParE toxins triggers a filamentation of cell mor‐
phology, even in the absence of toxicity. Further, there is a direct 
correlation between the extent of filamentation within the popula‐
tion and the toxic action of individual ParE toxins on cell viability. 
While none of the tags in the absence of the toxin display toxicity, 
we cannot rule out an attenuation of Cc1 and Pa2 toxicity imparted 
by C‐terminal fusions. However, we note that the Vc1 and At4 toxins 
have larger tags at their C‐termini yet still mediate toxicity, while 
the Sp1 toxin does not have a larger affinity tag and does not me‐
diate toxicity. A previous study with the Cc1 toxin noted drop in 
toxicity when a C‐terminal truncation was generated; however, this 
truncated mutant also had decreased solubility that could account 
for the observed effect (Dalton & Crosson, 2010). For the ParE toxin 
constructs, even after CFU counts decreased and in the case of At2 
were below detection, filamented cells were still visible in culture 
up to 15 hr later (Figures 2 and 6). This indicates that even when 
filamented cells are not culturable, cell lysis is not occurring in ParE‐
exposed cultures. This is consistent with the seemingly conflict‐
ing results between measures of turbidity and of viability (by CFU 
counts), wherein intact cells are still present as scattering centers 
within the solution yet is nonviable when plated in the absence of 
ParE inducer.

ParE‐induced filamented cell morphologies appear to lack 
any indications of septation, indicating that cell replication was 
interrupted	 before	 initiation	 of	 Z‐ring	 formation	 (Figures	 4‒6;	
Mukherjee,	 Cao,	 &	 Lutkenhaus,	 1998;	 Simmons,	 Foti,	 Cohen,	 &	
Walker, 2008). The finding that nucleic acid is present in multi‐
ple discrete foci is consistent with defects during DNA replication 
caused by DNA gyrase inhibition (Nakanishi et al., 1998). The blebs 
of lipidic material noted along the inside of cells could be related 
to the tethering of chromosomes to the inner membrane (Magnan 
&	Bates,	 2015;	Magnan,	 Joshi,	 Barker,	 Visser,	&	Bates,	 2015)	 or	
could arise from effects on the regulation between peptidogly‐
can biosynthesis and the timing and completion of DNA replica‐
tion (Harris & Theriot, 2018). Previous studies with the other ParE 
toxin from M. tuberculosis noted bleb formations visible on the cell 
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surface by scanning electron microscopy, consistent with the cur‐
rent observations (Gupta et al., 2016).

While viability and filamentation are directly correlated, neither 
of these appears related to the expression level of the ParE proteins 
(Figure A2). This strongly implies that within each diverse ParE se‐
quence lies a motif that imparts a level of potency. This is supported 
by the noted toxicity of both the truncated Vc1 clone and the At1 
toxin that encodes only the C‐terminal half of the typical ParE se‐
quence (see below). However, the specific “toxicity” feature remains 
obscure from our assessment based on sequence alignments, as does 
the likely interface for interaction with the cellular target. We cannot 
rule out a species‐specific effect, such that the tested ParE toxins 
may interact differently with the E. coli gyrase in our experimental 
system than they do with their native host gyrase (Muthuramalingam 
et al., 2018). In addition, there are reports of different ParE toxins 
interacting with different portions of DNA gyrase, opening the possi‐
bility that the interaction with gyrase may not be conserved through‐
out the ParE toxin family (Gupta et al., 2016; Yuan et al., 2010).

From the analysis of toxin sequences (Figure 1), it is clear that 
the “delayed toxicity” class is unique in comprising toxins likely 
from the RelE subfamily rather than the ParE subfamily, as distin‐
guished on the basis of shorter alpha helices in the N‐terminal re‐
gion (Muthuramalingam et al., 2018; Sterckx et al., 2016). The At4 
toxin is highly homologous to E. coli YoeB, a ribosome‐dependent 
RNase in the RelE subfamily (Kamada & Hanaoka, 2005; Zhang & 
Inouye, 2009), and other work in our group has established that the 
At4 toxin is a potent ribosome‐dependent YoeB RNase (manuscript 
in preparation). The At1 toxin has an N‐terminal truncation that re‐
moves these helices altogether, and it does not contain the canonical 
amino acids used by the RNase toxins. It is interesting that such a 

dramatic truncation as found in At1 is still functional, and this result 
highlights a potentially minimal active unit for this toxin family. It 
seems likely, then, that the “delayed loss” category of ParE toxins 
could arise from ribosomal‐dependent RNase activity rather than 
DNA gyrase inhibition, although placing the At1 toxin in this cate‐
gory is speculative. It is of note, then, that these results imply the 
two related subfamilies can be distinguished phenotypically by a de‐
layed loss of viability and relatively minor filamentation as compared 
to the other two categories of ParE toxin.

Studies have established that, among the consequences of 
changes in gyrase activity, there is an impact on the initiation of repli‐
cation (Guo, Haakonsen, Zeng, Schumacher, & Laub, 2018; Samadpour 
& Merrikh, 2018). This has also been demonstrated for E. coli treated 
with CIP within an infection model (Haugan, Lobner‐Olesen, & 
Frimodt‐Moller, 2018). Analysis of the integrity and copy number of 
genomic DNA within ParE‐exposed cells, which was carried out for 
three of the nine tested toxins, further supports the mode of action 
as gyrase inhibition. This analysis also highlighted the strong effect of 
the Mt1 toxin (Figure 7). It also revealed a much more fragmented ge‐
nome when treated with CIP (data not shown), which is likely related 
to the relatively low reversibility of CIP‐mediated inhibition of gyrase, 
whereas it then seems the ParE toxins have a more reversible effect. 
Overall, this indicates that there are distinguishable effects of gyrase 
inhibition that are influenced by an inhibitor mode of action.

From these data, we cannot rule out a potential role of correct 
folding or inclusion body formation from overexpression (Lee et al., 
2008). However, the parental vector pTXB has equivalent expres‐
sion of the chitin‐binding domain fusion protein yet has no toxicity or 
effect on cell morphology; the same results were found for the GST 
tag present with the At4 toxin. Further, an analogous phenotype is 

F I G U R E  7   ParE toxin‐mediated inhibition of DNA gyrase results in increased abortive DNA replication, as evidenced by an increased 
copy number of the oriC sequence relative to the remaining chromosomal sequences. The Mt1 toxin has a prominent increase in the 
copy number of oriC, while toxins Sp1 and At3 and treatment with CIP produce a more modest yet appreciable increase above the pRSF 
vector only control. Abbreviations of toxin samples are as given in Table 1. Illumina MiSeq technology was used to sequence the genomes 
of samples after 4 hr of induction. Essentially, no mutations were noted as a result of toxin exposure, while the CIP‐exposed cells had 
extensively fragmented genomes (data not shown). The copy number of each read was analyzed to assess progress through DNA replication
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induced by treatment with CIP, which clearly is not mediated by pro‐
tein overexpression or inclusion bodies. Finally, studies in yeast cells 
noted deleterious effects of protein overexpression at a threshold of 
15% of the total protein (Eguchi et al., 2018); the ParE toxin expres‐
sion is clearly quite low in the context of the total culture (Figure A2). 
In general, there are many cautionary reports of TA system activity, 
including strain‐to‐strain variation, plasmid copy numbers, induc‐
tions levels, and phage contamination (Nikolic, 2018). The current 
studies were designed to minimize these factors by using a common 
expression strain for all toxins, as well as the same inducible promot‐
ers, yet with somewhat different construct designs to probe for ef‐
fects of affinity tag identity, location, and selection antibiotic. Based 
on these considerations, overall the data are most consistent with 
the observed effects on cell viability and morphology being caused 
by the direct action of the individual ParE toxins.

5  | CONCLUSIONS

This study demonstrates that the potency of individual ParE toxins 
is variable with respect to the timing of cell death, which is corre‐
lated with the extent of filamentation visible in cultures (summarized 
in Table A2). The physiological role of this chromosomally encoded 
toxin family remains unknown, as do the molecular interactions with 
its target. A change in cell morphology has been previously character‐
ized as a survival mechanism of E. coli present in urinary tract infec‐
tions	(French,	Cote,	Stokes,	Truant,	&	Brown,	2017;	Justice,	Hunstad,	
Cegelski,	&	Hultgren,	2008;	Klein,	Palarasah,	Kolmos,	Moller‐Jensen,	
& Andersen, 2015), and CIP‐induced filaments were found to give 
rise to antibiotic‐resistant populations (Bos et al., 2015). This sur‐
vival mechanism is linked to pathway activation in response to DNA 
breaks, thus promoting error‐prone repair and driving evolution 
(Recacha et al., 2017; Torres‐Barcelo et al., 1816; Valencia, Esposito, 
Spira, Blazquez, & Galhardo, 2017). Further studies have identified 
that the coordination of DNA repair after DNA damage, arising from 
CIP in this study, can accurately predict the emergence of a persister 
phenotype (Mok & Brynildsen, 2018). Other outcomes from DNA 
breaks include an “evolvability” factor intrinsic to DNA repair result‐
ing when transcription and replication collide (Ragheb et al., 2019). 
Consistent with this idea, ParE toxins also cause increased abortive 
replication at the E. coli oriC origin, which arises as a direct effect of 
gyrase inhibition. While chromosomal ParE toxins induce a common 
phenotypic outcome, the extent is variable and dependent on se‐
quence‐specific features that may encode the key to understanding 
the physiological function within the context of the native host cell.
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APPENDIX A

TA B L E  A 1   Materials used in this work

Plasmids for overexpression

pRSF‐Duet‐1 (Novagen) RSF origin, KanR, T7 promoter

pTXB1 (NEB) pMB1 origin, AmpR, T7 promoter

p28a (Novagen) pBR322 origin, KanR, T7 promoter; modified to include GST (see below for seq.)

Strain used for overexpression

BL21 DE3 pLysS 
Escherichia coli

fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS 
λ DE3 = λ sBamHIo ∆EcoRI‐B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5

Sequences of toxins within expression constructs

Agrobacterium tumefa‐
ciens ParE1 (At1)

Affinity tag: M G S S H H H H H H S Q D P 
Toxin: M T G V S R H G Y G T G L R S I A Y R D R V I F F R V N N G E L T V M R V L H G H Q D I S A D D F K Q E E N

Agrobacterium tumefa‐
ciens ParE2 (At2)

Affinity tag: M G S S H H H H H H S Q D P 
Toxin: M N N Y R L S T Q A E N E I L D I F L Y G I E R F G L N Q A R L Y K D G M E S C F Q L L G N N P R M G R S A 
T I V G E G I R R H E H G S H V I F M K L T V P A C S F S P L S M V G A S A A

Agrobacterium tumefa‐
ciens ParE3 (At3)

Affinity tag: M G S S H H H H H H S Q D P 
Toxin: M S D R R I R W T L R A L R R L D E I G A H I E Q D N P A A A A R V I S R I V S A A D M L V E Q P A I G R V G 
R I K G T R D A V L S D I S Y I I A Y R V G R D I E I L T I I H T S R R W P S A L

Agrobacterium tumefa‐
ciens ParE4 (At4)

Toxin: M K L V W T L S S W D D Y E F W Q R T D A R M V E K I N D L I R N A K R T P F A G L G K P E P L K G D M A 
G Y W S R R I T A E H R F V Y R V S G S G S E Q R L E V I Q C R F H Y Q 
Fusion tag: G S E F L E V L F Q G P M S P I L G Y W K I K G L V Q P T R L L L E Y L E E K Y E E H L Y E R D E G D K W 
R N K K F E L G L E F P N L P Y Y I D G D V K L T Q S M A I I R Y I A D K H N M L G G C P K E R A E I S M L E G A V L 
D I R Y G V S R I A Y S K D F E T L K V D F L S K L P E M L K M F E D R L C H K T Y L N G D H V T H P D F M L Y D A 
L D V V L Y M D P M C L D A F P K L V C F K K R I E A I P Q I D K Y L K S S K Y I A W P L Q G W Q A T F G G G D H 
P P K S D L E H H H H H H

Caulobacter crescentus 
ParE1 (Cc1)

Toxin: M K P Y R L S R R A K A D L D D I W T Y S E Q R W G V E Q A A D Y A R E L Q A T I E M I A E H P G M G Q P 
D E N L R A G Y R R C A S G S H V V F Y R V G V R V E I I R V L H Q S M N A R A H L G 
Fusion protein: C I T G D A L V A L P E G E S V R I A D I V P G A R P N S D N A I D L K V L D R H G N P V L A D R L F 
H S G E H P V Y T V R T V E G L R V T G T A N H P L L C L V D V A G V P T L L W K L I D E I K P G D Y A V I Q R S A 
F S V D C A G F A R G K P E F A P T T Y T V G V P G L V R F L E A H H R D P D A Q A I A D E L T D G R F Y Y A K V 
A S V T D A G V Q P V Y S L R V D T A D H A F I T N G F V

Mycobacterium tubercu‐
losis ParE1 (Mt1)

Affinity tag: M G S S H H H H H H S Q D P 
Toxin: M S S R Y L L S P A A Q A H L E E I W D C T Y D R W G V D Q A E Q Y L R E L Q H A I D R A A A N P R I G R A 
C D E I R P G Y R K L S A G S H T L F Y R V T G E G T I D V V R V L H Q R M D V D R T S E R P H N A

Pseudomonas aeruginosa 
ParE2 (Pa2)

Toxin: M S P V V I R F T D T A E Q S I E D Q V H H L A P F Q G E Q A A L Q S V L S L L D E I E E K I S L A P K G Y P V S Q 
Q A S L L G V L S Y R E H N T G P Y R V F Y E F H E E Q G E V A V I L V L R Q K Q S V E Q Q L I R Y C L V G P I E 
Fusion protein: C I T G D A L V A L P E G E S V R I A D I V P G A R P N S D N A I D L K V L D R H G N P V L A D R L F H 
S G E H P V Y T V R T V E G L R V T G T A N H P L L C L V D V A G V P T L L W K L I D E I K P G D Y A V I Q R S A F S V 
D C A G F A R G K P E F A P T T Y T V G V P G L V R F L E A H H R D P D A Q A I A D E L T D G R F Y Y A K V A S V T D 
A G V Q P V Y S L R V D T A D H A F I T N G F V

(Continues)

https://doi.org/10.1111/j.1365-2958.1994.tb00391.x
https://doi.org/10.1016/j.mad.2016.09.007
https://doi.org/10.1016/j.mad.2016.09.007
https://doi.org/10.1016/j.tim.2012.02.005
https://doi.org/10.1093/nar/gkx1033
https://doi.org/10.1093/nar/gkx1033
https://doi.org/10.1002/mbo3.902
https://doi.org/10.1002/mbo3.902
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TA B L E  A 2   Summary of toxin‐mediated effects

Sample Category Turbidity CFU/ml
Protein 
Exprn. Cell staining Filamentation

oriC copy 
number

pRSF/ pTXB/ 
p28GST

Negative 
control

Baseline Baseline Baseline 
(pTXB,p28)

Normal None Baseline

pRSF + CIP Positive 
control

− Loss (com‐
plete @6 hr)

ND DAPI: Multifoci nucleoids  
Nile Red: Limited membrane blebs 
Live/Dead: Green with red halos

Very 
prominent

Increased

Sp1 No toxicity + NC Weak DAPI: Elongated nucleoids 
Nile Red: Many membrane blebs 
Live/Dead: Green with faint red

Prominent Increased

Cc1 No toxicity NC NC Baseline DAPI: Normal and some multifoci 
Nile Red: Many membrane blebs 
Live/Dead: Mix of green and red 
cells

Prominent ND

Pa2 No toxicity NC NC Weak DAPI: Normal 
Nile Red: Many membrane blebs 
Live/Dead: Normal

Modest ND

At2 Toxicity by 
4 hr

NC Loss (com‐
plete @2 hr)

No signal DAPI: Elongated nucleoids 
Nile Red: Many membrane blebs 
Live/Dead: Green with intense 
compact internal red

Prominent ND

At3 Toxicity by 
4 hr

+ Loss (lowest 
@2 hr)

No signal DAPI: Multifoci nucleoids 
Nile Red: Membrane blebs 
Live/Dead: Normal

Somewhat 
prominent

Increased

Mt1 Toxicity by 
4 hr

+ Loss (com‐
plete @2 hr)

Strong DAPI: Multifoci and elongated 
nucleoids 
Nile Red: Membrane blebs 
Live/Dead: Green with intense 
compact internal red

Prominent Very high

Vc1 Toxicity by 
4 hr

NC Loss (lowest 
@2 hr)

Baseline DAPI: Elongated nucleoids 
Nile Red: Membrane blebs 
Live/Dead: Normal

Somewhat 
prominent

ND

At1 Delayed 
toxicity (by 
10 hr)

NC Delayed loss 
(Starts after 
10 hr)

Weak DAPI: Normal, many 2 foci 
Nile Red: Normal 
Live/Dead: Green 4 hr, red 8 hr

Very modest ND

At4 Delayed 
toxicity (by 
10 hr)

+ Delayed loss 
(Starts after 
10 hr)

Weak DAPI: Normal, many 2 foci 
Nile Red: Normal 
Live/Dead: Green 4 hr, Compact 
green with red halo 8 hr

Very modest ND

Abbreviations: NC, no change; ND, no data.

Streptococcus pyogenes 
ParE1 (Sp1)

Affinity tag: M G S S H H H H H H S Q D P 
Toxin: M D Y K K Y Q I I Y A P D V L E K L K E I R D Y I S Q N Y S S T S G Q R K M Q I I S D I E K L E V F P E V G F D 
A D E K Y G S K I S H Y H S T K G Y T L S K D Y I I L Y R I E G E E N R V V I D Y L L P T Q S D Y I K L F K

Vibrio cholera ParE1 
(Vc1)

Toxin: M A Y Y T K E A N F I L I V A V L G Q S Q L P Q K H L K Q S R F V S 
Fusion protein: C I T G D A L V A L P E G E S V R I A D I V P G A R P N S D N A I D L K V L D R H G N P V L A D R L F 
H S G E H P V Y T V R T V E G L R V T G T A N H P L L C L V D V A G V P T L L W K L I D E I K P G D Y A V I Q R S A 
F S V D C A G F A R G K P E F A P T T Y T V G V P G L V R F L E A H H R D P D A Q A I A D E L T D G R F Y Y A K V 
A S V T D A G V Q P V Y S L R V D T A D H A F I T N G F V

pET28a modified vector 
(GST + His affinity tag)

Vector derived sequence: M G S S H H H H H H S S G L V P R G S H M A S M T G G Q Q M G R G S 
Fusion tag: E F L E V L F Q G P M S P I L G Y W K I K G L V Q P T R L L L E Y L E E K Y E E H L Y E R D E G D K W R 
N K K F E L G L E F P N L P Y Y I D G D V K L T Q S M A I I R Y I A D K H N M L G G C P K E R A E I S M L E G A V L 
D I R Y G V S R I A Y S K D F E T L K V D F L S K L P E M L K M F E D R L C H K T Y L N G D H V T H P D F M L Y D A 
L D V V L Y M D P M C L D A F P K L V C F K K R I E A I P Q I D K Y L K S S K Y I A W P L Q G W Q A T F G G G D H 
P P K S D L E H H H H H H

TA B L E  A 1   (Continues)
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TA B L E  A 3   Total number of cells in each measured population 
used to determine filamentation lengths

 4 hr 15 hr

pTXB 258 929

pRSF 459 1,722

P28GST 140 504

pRSF + CIP 103 146

Sp1 122 439

Cc1 208 213

Pa2 437 232

At2 74 139

At3 136 158

Mt1 80 136

At1 141 733

At4 176 1,529

F I G U R E  A 1   Overexpression of ParE toxins does not produce 
significant decreases in culture turbidity. Measurements were 
conducted on at least three biological replicates and are presented 
as the log of the mean and standard deviation. Upper panel is 
constructs in the pRSF vector, while lower panel is constructs in the 
pTXB vector. Turbidity of the modified pET28a vector containing an 
inserted GST tag was equivalent to the pRSF vector with no insert
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F I G U R E  A 2   Protein expression levels of ParE toxins vary independent of affinity tag or construct. Cultures were grown in matched 
LB broth, and (check) total units of optical density were loaded per well. Tris–tricine gels (12%), top panels, were run in duplicate, and the 
second gel was transferred to nitrocellulose and probed with anti‐chitin (in a) or anti‐His (in b) antibodies, lower panels, to detect protein 
expression levels. Yellow arrowheads indicate expression of the ParE toxins. The right‐most lane on each gel in (b) was loaded with 5 μg of a 
His‐tagged control protein to facilitate comparisons. Images are representative from at least three independent biological replicates


