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ABSTRACT

Type | toxin-antitoxin systems consist of a small protein (under 60 amino acids) whose overproduction
can result in cell growth stasis or death, and a small RNA that represses translation of the toxin mRNA.
Despite their potential toxicity, type | toxin proteins are increasingly linked to improved survival of
bacteria in stressful environments and antibiotic persistence. While the interaction of toxin mMRNAs with
their cognate antitoxin SRNAs in some systems are well characterized, additional translational control of
many toxins and their biological roles are not well understood. Using an ectopic overexpression system,
we show that the efficient translation of a chromosomally encoded type I toxin, ZorO, requires mMRNA
processing of its long 5’ untranslated region (UTR; A28 UTR). The severity of ZorO induced toxicity on
growth inhibition, membrane depolarization, and ATP depletion were significantly increased if expressed
from the A28 UTR versus the full-length UTR. ZorO did not form large pores as evident via a liposomal
leakage assay, in vivo morphological analyses, and measurement of ATP loss. Further, increasing the
copy number of the entire zor-orz locus significantly improved growth of bacterial cells in the presence of
kanamycin and increased the minimum inhibitory concentration against kanamycin and gentamycin;
however, no such benefit was observed against other antibiotics. This supports a role for the zor-orz locus
as a protective measure against specific stress agents and is likely not part of a general stress response
mechanism. Combined, these data shed more insights into the possible native functions for type | toxin

proteins.
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IMPORTANCE

Bacterial species can harbor gene pairs known as type | toxin-antitoxin systems where one gene encodes a
small protein that is toxic to the bacteria producing it and a second gene that encodes a small RNA
antitoxin to prevent toxicity. While artificial overproduction of type | toxin proteins can lead to cell
growth inhibition and cell lysis, the endogenous translation of type | toxins appears to be tightly
regulated. Here, we show translational regulation controls production of the ZorO type I toxin and
prevents subsequent negative effects on the cell. Further, we demonstrate a role for zorO and its cognate

antitoxin in improved growth of E. coli in the presence of aminoglycoside antibiotics.

KEY WORDS: ZorO, type | toxin-antitoxin, zor-orz, aminoglycosides, E. coli, ATP, membrane proteins,

antibiotic resistance
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INTRODUCTION

Within the past two decades, numerous toxin-antitoxin (TA) systems have been identified encoded on
bacterial chromosomes. A TA system consists of a relatively stable toxin which often targets an essential
cellular function such as translation, DNA metabolism, energy production, or membrane homeostasis, and
an antitoxin which counteracts the activity of its cognate toxin (1-4). Based on the nature of the antitoxin
i.e., either a small RNA (sRNA) or a protein, and the mechanism used by the antitoxin to neutralize the
toxin, a TA system is primarily classified into one of six types (type | — type VI) (4, 5). A type VII TA
system has been proposed and an unorthodox TA system whereby an RNA is the toxin have recently been
described, indicating further expansion of the variety of TA systems (6, 7). The toxin components of type
I TA systems, which were first identified on plasmids, are small proteins usually under 60 amino acids (8,
9). In a type | system, the SRNA antitoxin neutralizes the toxin mRNA via complementary base pairing
which in turn leads to degradation of the toxin mMRNA, physical prevention of its translation, or both (4,
10). This repression in translation (in laboratory growth conditions) and the small size of the toxin protein
makes the study of type | toxins difficult. Another challenge is that the deletion of one or even multiple
TA gene pairs does not always produce an obvious phenotype (11-13). An ectopic overexpression
system, therefore, is commonly used to investigate the interaction between the toxin and antitoxin and the
impacts of the toxin protein on a bacterial cell.

ZorQ is a type | toxin (29 amino acids) and one of the toxin components of the zor-orz locus. The
zor-orz locus, first identified on the chromosome of Escherichia coli 0157:H7 EDL933 (EDL933),
encodes two highly homologous type | TA systems in tandem, zorO-orzO and zorP-orzP (zorO annotated
as 23289 and zorP as z3290 in EDL933, GCA_000006665.1) (14, 15). Considering the zorO-orzO gene
pair, orzO encodes a SRNA that specifically base pairs with the zorO mRNA, preventing translation and
triggering its cleavage (14, 15). Increasing the amount of zorO mRNA via artificial overproduction from a
plasmid allowed it to escape OrzO repression and cause cell stasis or death (14, 15). These toxic effects of

ZorO may be due to its high hydrophobicity, similar to some other type | toxin proteins such as TisB (16),
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HokB (17), and AapAl (18). Overproduction studies indicated an inner membrane localization of ZorO
that leads to membrane depolarization and ATP depletion (19).

The secondary structures of many toxin-encoding mRNAs, including zorO, are either experimentally
validated or predicted to inhibit their own translation by intramolecular sequestration of the ribosome
binding sequence, providing an additional layer of toxin regulation (20). For those examined, processing
of the untranslated region (UTR) of the mRNA is required for efficient translation. As an example, the
full-length tisB mRNA is translationally inert and requires processing of the first 41 nucleotides of the 5’
UTR for its translation (21). For the zorO-orzO gene pair, translation of the zorO mRNA is also repressed
by a long 5 UTR (174 nucleotide), and the processed form (A28) was translated nearly 10-fold higher in
an in vitro system (15, 22). Interestingly, for TisB, deletion of its antitoxin, istR, and the first 41
nucleotides of the mRNA which normally inhibit its translation, resulted in a strain with over 200-fold
and 100-fold increase in the number of cells that survived lethal doses of ampicillin and ciprofloxacin
respectively, as compared to the wildtype (23).

While ZorO overproduction is toxic, the role of the long 5> UTR in ZorO-induced cellular
physiology has not been investigated. Herein, we show that the long 5’ UTR of the zorO mRNA regulates
its effects on translation in vivo, cellular growth inhibition, membrane depolarization, and ATP depletion
in cells. In addition, we demonstrate the role of the zor-orz locus in improving growth in the presence of
aminoglycoside antibiotics kanamycin and gentamicin. This is significant as improved growth and
increased MIC (minimal inhibitory concentration) to specific antibiotics has not been attributed to a type |

TA locus and indicates that the protective effects of a type | toxin may be towards specific stress agents.

RESULTS

ZorO translation and toxicity are dependent upon its 5>UTR. We previously demonstrated that
overexpression of the zorO mRNA was toxic to E. coli when the mRNA was expressed from a multicopy
plasmid behind the arabinose inducible promoter (Pgap; 14, 15, 22). To confirm that this toxicity was due

to the predicted encoded 29 amino acid protein ZorO, we mutated the start codon from an ATG to an
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AAG. As shown in Fig. S1A, overexpression of the AAG mutant did not inhibit growth of E. coli,
confirming the encoded protein is responsible for toxicity.

There are two dominant forms of the zorO mRNA: one possessing a 174 nucleotide (nt) 5> UTR
(full-length) and a second, referred to as A28-zorO, lacking the first 28 nt of the 5° UTR as observed by
primer extension assay and 5’ rapid amplification of cDNA ends (5° RACE; Fig. S1B, S1C, (22)). The
zorO mRNA levels upon artificial overproduction from these two different 5’UTRs under similar
induction condition showed transcript levels equivalent to or even lower for A28-zorO as compared to the
full-length 5° UTR (22). However, in vitro translation of the A28-zorO mRNA was more robust than that
of zorO possessing its full-length 5> UTR (22). The contribution of processing in regards to ZorO-induced
toxicity though was not previously examined. To address the significance of the UTR in ZorO-induced
phenotypes, we cloned zorO with a C-terminus FLAG tag with either its full-length 5’UTR (Pgap-z0rO-
FLAG) or its processed form (Pgap-A28-zorO-FLAG), under control of an arabinose inducible promoter
(Psap) 0N a high copy plasmid (Fig. 1A). The plasmids were transformed into a derivative of E. coli
MG1655 (UTKO007) that naturally lacks the zor-orz locus (14, 15). Induction of ZorO from either plasmid
with high levels of arabinose, 13.32 mM (0.2%), resulted in an immediate growth stasis (Fig. 1B) and loss
of viable cells (Fig. 1E). When induced with either 6.67 uM or 0.67 uM (0.0001% or 0.00001%
respectively) arabinose, cells harboring Pgap-A28-zorO-FLAG still resulted in nearly instantaneous
growth stasis while those cells harboring Pgap-zorO-FLAG were able to grow, although at a reduced rate
to controls (Fig. 1C and 1D).

Considering the similar effects of Pgap-zorO-FLAG and Pgap-A28-zorO-FLAG on growth inhibition
when induced with 13.32 mM arabinose (Fig. 1B), we used this induction condition to compare
production of ZorO from the differing 5° UTRs. Using dot blot analysis, we were able to detect ZorO
from both the full-length UTR and A28 UTR (Fig. 1F). However, using western blot analysis, we were
able to detect ZorO-FLAG only when overproduced from the A28 UTR but not the full-length 5> UTR

(Fig. S2A). In addition, we confirmed the inner membrane localization of ZorO via western blot analysis
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after subcellular fractionation (Fig. S2B) as previously shown by Otsuka et al. (19). The cytoplasmic
control Pgm was also observed in the inner membrane fraction, as was previously reported (24).

To further validate the translational effects were solely due to the differing 5° UTRs, we replaced the
zorO coding sequence with that of green fluorescent protein (gfp) in a multicopy plasmid vector under
control of the arabinose inducible promoter. E. coli cells harboring these plasmids with gfp under the two
different zorO 5°UTRs were grown on LB agar with 13.32mM arabinose. When we examined colonies
(2X magnification) for GFP production we observed green fluorescence only in the colonies expressing
gfp under the processed 5’UTR (A28 UTR, Fig. S2C). Similarly, GFP detection via western blot analysis
was greater from the processed 5° UTR as compared to the full-length UTR following induction with
13.32 mM arabinose for 30 min (Fig. S2D). When lower concentrations of arabinose (3.33 uM and 6.67
uM) were used to induce GFP production, we were only able to detect GFP from the A28 UTR and not
the full-length 5’UTR (data not shown). Thus, the zorO UTR is sufficient to control translation of a

heterologous mRNA.

ZorO forms an alpha helix across a lipid bilayer. Given the inner membrane localization of ZorO
((19), Fig. S2B), we determined the conformation that ZorO adopts in membranes. We used a
reconstituted system to examine the structure of synthetic ZorO within lipid vesicles. To partially mimic
the lipid composition of the E. coli inner membrane, we utilized vesicles composed of a 3 to 1 molar ratio
of two lipids: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol (DOPG). We first used circular dichroism (CD) to study the conformation that ZorO
adopts in the lipid bilayer. Fig. 2A shows a CD spectra with minima at 208 and 222 nm, which is
characteristic of an a-helical conformation (25), indicating that ZorO folds into an a-helix. To
discriminate if the helix lies on the surface of the membrane or if it is inserted across the lipid bilayer,

forming a transmembrane helix, we employed oriented CD (OCD), which allows distinguishing between
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these two possibilities. The OCD data shown in Fig. 2B indicate that ZorO forms a transmembrane helix,

given the single minima at 225 nm (26).

Overexpression of zorO via its processed 5> UTR causes increased membrane depolarization and
ATP depletion. The overproduction of ZorO, like other type I toxins including TisB (23, 27), DinQ (28),
HokB (1), IbsC, and ShoB (29), caused membrane depolarization (19). The data in Fig. S2B and the work
of others (19) indicated that ZorO targets the cytoplasmic membrane. However, we did note differences in
ZorO production (Fig. 1F, S2A) dependent upon whether it was expressed from the full-length or A28
UTR and wanted to further investigate how expression from the differing UTRs may influence ZorO-
induced physiology. We first assessed the differences in membrane depolarization using bis-(1,3-
dibtylbarbituric acid) trimethine oxonol dye (DiBAC,-3) which is a potential-dependent distributional
fluorescent dye. This dye selectively enters cells upon membrane depolarization which are then measured
using a flow cytometer (30).

We used plasmids harboring zorO with differing lengths of its 5* UTR (full-length and A28 UTR
lacking FLAG tag). E. coli UTKO007 cells transformed with these plasmids were induced with a final
arabinose concentration of 1.33 uM (0.00002%) and analyzed for membrane depolarization (Fig. S3), as
this arabinose concentration yielded growth inhibition of Pgap-A28-zorO (Fig. S4B). Under this low level
of arabinose induction, membrane depolarization occurred within 15 minutes of ZorO overproduction
(Fig. 3A). We did observe that the percentage of cells positive for membrane depolarization was
significantly lower (**, p<0.01, ***, p <0.001) for those harboring the plasmid containing the full-length
5’ UTR of zorO (~20%), as compared to the truncated (A28-zorO) UTR (~95%) (Fig. 3A, Fig. S3). When
the concentration of arabinose was raised to 3.33 uM (0.00005%, Fig. 3B) or higher (data not shown), the
impact on membrane depolarization was similar across all constructs examined with depolarization of
most cells (>95%) within 15 min of ZorO overproduction (Fig. 3B). It is important to note that despite

this severe impact on membrane depolarization when overproduced via the full-length 5’UTR, the
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translated ZorO protein was below our detection limit using western blot analysis (Fig. S2A) even when
induced with higher (13.32 mM) arabinose concentration.

Given the differences in membrane depolarization, we examined how the 5° UTR impacted ATP
depletion using a quantitative luciferase-based assay (BacTiter-Glo™ Microbial Cell Viability Assay,
Promega). In agreement with the membrane depolarization analyses, we observed that, at high levels of
arabinose induction for 30 min, both 5’UTR variants depleted the ATP levels similarly (Fig. 3D).
However, 15 min after addition of either 3.33 uM (0.00005%) or 6.6 uM (0.0001%) arabinose,
overexpression of zorO from the A28-UTR significantly reduced cellular ATP levels as compared to the

full-length 5” UTR (Fig. 3C).

ZorO induced damage is not due to gross morphological changes. Regardless as to whether its 5’
UTR is processed or not, ZorO overproduction can still lead to severe membrane damage. The type |
toxin protein HokB also causes membrane damage: it has been shown to insert in the cytoplasmic
membrane and forms pores causing leakage of intracellular ATP (17, 31). We thus tested if ZorO formed
large pores in the inner membrane that could result in ATP leakage. To enhance the overproduction of
ZorO, we constructed the plasmid Pgap-No-UTR-zorO by removing the 5°UTR and only leaving the
ribosome binding site (Fig. S4A). The growth inhibition via this construct was similar to that of the Pgap-
A28-UTR-zorO (Fig. S4B). We then tested if leakage of ATP occurred when ZorO was overproduced by
measuring extracellular ATP, but did not observe increased ATP levels in the supernatant compared to
that of the cultures with empty vector (Fig. S5A). When cells carrying the empty vector were treated with
butanol, a large amount of ATP was detected in the supernatant (Fig. S5A).

We further validated these findings using a reconstituted system to examine if ZorO-permeabilized
membranes allowed the release of medium-sized organic molecules. To this end, we performed a leakage
assay where the fluorescent dye calcein was encapsulated in lipid vesicles. Calcein has a molecular mass

of 622.5 Da, similar to that of ATP (507.2 Da). We performed a titration experiment to determine if the

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

addition of ZorO would result in a release of calcein molecules. TritonX-100 was used to obtain total
calcein release from the vesicles and the fluorescence corresponding to this sample was then used to
normalize the fluorescence observed after addition of ZorO. We observed that the addition of ZorO
resulted in no significant release of calcein molecules from the vesicles (Fig. S5B). These results indicate
that ZorO does not cause a large disruption of the membrane integrity, as calcein did not exit the vesicle
under the concentration range studied.

We also performed scanning electron microscopy (SEM) of cells overproducing ZorO (using Pgap-
No-UTR-zorO; Fig. S4A) to determine if the toxin caused any morphological alterations (Fig. 4). In
contrast to the marked growth inhibition and cell death after ZorO overproduction, there were no overt
differences in morphology (Fig. 4A) even when induced with a high concentration of arabinose (13.32
mM). Measurement of cell length (see Materials and Methods) revealed that ZorO induced cells were
longer than uninduced cells (****, p<0.0001, Fig. 4B) but this was the only observable morphological

difference.

Multiple copies of zor-orz locus contributes to survival in the presence of aminoglycosides. Virtually
all antibiotics target active cellular processes, therefore active cellular metabolism is critical for effective
killing by these drugs. ZorO overproduction caused membrane depolarization and reduced cellular ATP
levels, which is expected to decrease metabolic activity. Reduced ATP levels in turn are linked to
increased bacterial survival in the presence of antibiotics (1, 17, 32, 33). Further, type | toxins TisB and
HokB are known to increase survival in the antibiotic ciprofloxacin or ofloxacin (1, 34, 35), thus, we
investigated whether the zor-orz locus impacted cell growth and inhibition by antibiotics.

Given that ZorO overproduction is toxic, we first examined how increasing the copy number of
the entire zor-orz locus would influence growth in the presence of antibiotics. To this end we cloned the
entire zor-orz locus, including all transcriptional and translational control elements, into pBR322 (pBR-
zor-orz) and examined the effects on antibiotic sensitivity in E. coli UTKO007 (that naturally lacks the zor-

orz locus) using a disc diffusion assay. Cells harboring zor-orz had statistically smaller zones of inhibition

10
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upon exposure to the aminoglycoside kanamycin, a protein synthesis inhibitor, but not to ciprofloxacin
(DNA gyrase inhibitor; Fig. S6). E. coli with multiple copies of zor-orz also had a higher minimum
inhibitory concentration (MIC) to kanamycin and gentamicin but not to chloramphenicol or ciprofloxacin
when grown in Mueller Hinton broth, the standard medium used in clinical laboratories (Table S3).

Given the increase in MIC, we then examined whether cells harboring multiple copies of the zor-
orz locus could grow better in the presence of antibiotics than control cells. As zorO transcription may be
sensitive to carbon source (data not shown), we investigated growth in rich media (LB) as well as
minimal media with either glucose or fructose as a carbon source. Further, we utilized a microplate as
opposed to glass tubes which were used for MIC determination (see Materials and Methods for details).
We noted that cells harboring pBR-zor-orz grew far better in the presence of kanamycin in LB and also in
M9 minimal media supplemented with 0.2% glucose, or 0.4% fructose (Fig. 5). Similar improved growth
was observed with gentamycin (data not shown), but not with ciprofloxacin or chloramphenicol (Fig. S7).

To test the effect of multiple copies of the zor-orz locus in its native strain EDL933, we
transformed these plasmids into an ELD933 strain in which we deleted the entire zor-orz locus (EDL933-
Azor-orz). Similarly, there was improved growth of the cells harboring pBR-zor-orz plasmids in LB and
minimal media (with glucose or fructose) in the presence of kanamycin (Fig. 6).

The uptake of kanamycin is dependent upon membrane potential and ATP (36). As artificial
overproduction of ZorO can result in ATP depletion (Fig. 3), we wanted to determine if cells harboring
multiple copies of the zor-orz locus had a reduced ATP levels. To test this, we grew EDL933-Azor-orz
transformed with either pBR or pBR-zor-orz in LB until mid-log phase, split the culture, and treated half
the culture as mock or added 4 pg/ml of kanamycin to the other half to better monitor the immediate
cellular response to kanamycin. This also eliminated differences in the growth patterns observed above
(Fig. 6). For our mock-treated cultures, the relative ATP levels were similar regardless of whether the
strain harbored either the empty vector (pBR) or pBR-zor-orz (Fig. S8A). For those cells treated with

kanamycin, we observed no differences in relative ATP levels after 1 hour (hr) of treatment, but saw

11
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relatively lower ATP levels in cells harboring pBR-zor-orz following 4 hrs of kanamycin treatment (*, p
< 0.05, Fig. S8B). We also analyzed the effect on membrane depolarization upon treatment with
kanamycin. There was no statistically significant difference in the percentage of cells with a depolarized
membrane, but those cells harboring pBR-zor-orz did trend lower (i.e., fewer cells positive for
depolarization) 1 hr post kanamycin treatment (Fig. S8C). We observed improved growth, however, of
cells harboring pBR-zor-orz compared to those harboring the empty vector only approximately 5-6 hrs
after kanamycin addition (Fig. S8D).

To further test if this improved growth of E. coli cells in the presence of aminoglycoside
antibiotics is maintained at a single copy level, i.e., chromosomal level, we generated a derivative of E.
coli MG1655 (which naturally lacks the zor-orz locus) in which we integrated into the genome a single-
copy of zorO under control of its processed UTR (A28) and native promoter (this strain lacks the OrzO
antitoxin). Unlike the effects observed with multiple copies of the zor-orz locus, the single copy of zorO
integrated in the E. coli chromosome was unable to improve growth in the presence of kanamycin or
gentamycin (Fig. 7B and 7C). We also constructed a similar EDL933 strain (EDL933-A28-zorO) and
compared its growth with the WT and the EDL933-Azor-orz. The growth patterns of the EDL933 strains
were similar in LB (Fig. 7D) and M9 minimal media supplemented with glucose or fructose (data not
shown). Like the above observations of our derived MG1655 E. coli strains, there was no significant
differences in the growth pattern of these three EDL933 strains in the presence of kanamycin (Fig. 7E),

gentamicin (Fig. 7F), chloramphenicol, or ciprofloxacin (data not shown).

DISCUSSION

In this study, we demonstrated that the physiological consequences of ZorO production in E. coli are
directly regulated by the length of its 5 UTR. Previously, we characterized two forms of the zorO 5’
UTR: a full-length (174 nt) that is prominent and a A28 form, that is the result of processing of the 5’ end

by an unknown ribonuclease (Fig. S1B and S1C, (22)). Herein, we demonstrated that overproduction of
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A28-zorO led to greater cell death, faster and more severe membrane depolarization, and ATP depletion.
However, analyses of dye and ATP leakage, together with a lack of morphological changes, support that
ZorO does not form large membrane pores, but instead, likely causes cellular death by forming small,
possibly selective pores, resulting in ion imbalance preventing ATP production. An increase in the copy
number of the entire zor-orz locus allowed for improved growth and increased MIC in the presence of
aminoglycoside antibiotics without the complicating effects of the natural toxicity of ZorO

overproduction.

Role of 5’UTR in subsequent effects of ZorO toxin protein. Unlike other TA systems, in which the two
genes are transcribed from the same promoter, to date all identified type | TA genes are transcribed from
their own promoters (20, 37) making it more challenging to balance the TA ratio. However, for those type
| toxins that have been studied in depth, most possess extensive 5° or 3° UTRs that often play a role in
translational regulation (20). The 3 processing of the hokB mRNA results in major structural
rearrangements in the 5°-end, resulting in translational activation or inactivation via SRNA binding (38).
Similarly, the aapAl toxin mRNA in Helicobacter pylori has also been shown to undergo 3” end
processing via the 3°-5” endonuclease activity of the polynucleotide phosphorylase (39).

The control of ZorO translation via processing is most similar to tisB. In this case, the full-length
tisB mRNA was not translated when using an in vitro system, but the processed form, referred to as A41
tisB, was translated readily and overproduction of this variant was far more toxic (21, 23, 40). However,
unlike tisB, the zorO full-length mMRNA could be translated using an in vitro system, though not nearly as
robustly as A28 (22). Whether or not the differences in the ability to translate the two toxins from their
respective full-length 5 UTRs in vitro mirrors what occurs in an E. coli cell is not clear. The ribosome
binding site (RBS) of both tisB and zorO are occluded in stem structures, preventing ribosomes from
interacting. For tisB, processing allows for the interaction of ribosomal protein S1 with the standby site

(upstream of the true RBS) of the mRNA,; this is thought to stimulate structural unwinding, opening of the

13

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

sequestered RBS, and eventually, binding of the ribosome to the RBS (40). While this mechanism has not
been demonstrated for zorO, the similarities in structural requirements for translation suggest that the
stand-by site model is likely true (22). Interestingly, dinQ and shoB also undergo a 5’-end processing,
which might be regulated similarly to prevent toxin translation (28, 41).

The combination of our current work and past findings (22) supports the significance of the UTR for
proper regulation of zorO given the potential detrimental effects of excess ZorO on cells. Further,
previous and current work suggests that only a portion of the total MRNA population is subject to
processing (Fig. S1, (22)) and this likely leads to uneven production of ZorO across the population. Our
physiological data support this as well: there is a clear delay in membrane depolarization and ATP
depletion for cells overproducing ZorO under the full-length 5 UTR versus the processed form (A28, Fig.
3). This may help in “bet hedging” by having only a portion of the population reduced in growth from
ZorO overproduction while positioning the population as a whole to deal with a sudden stressor that cells
with higher metabolic activity would be more susceptible to. It may also be that cells accumulate full-
length zorO mRNA that is not processed but then a processing event (note that the enzyme responsible for
such processing is unknown) can be triggered by environmental stressors. In this manner as well, each

cell may “bet-hedge” by accumulating the toxin mMRNA to be poised for changing conditions.

ZorO: a membrane targeting toxin. The hydrophobic nature of the ZorO protein suggested it could be a
membrane protein which was later confirmed to localize to the inner membrane (Fig. S2B, (19)).
Reconstitution experiments showed that ZorO does not damage the integrity of the membrane bilayer
(Fig. S5B). These results agree with the SEM data which did not show membrane damage or large
morphological disruptions upon ZorO production (Fig. 4). Additional experiments in lipid vesicles
showed that ZorO adopts a helical conformation. The magnitude of the helical signal is comparable to
other peptides of similar size that adopt a TM topology (42—44). Finally, OCD experiments established

that ZorO inserts into a TM configuration with a helical orientation close to perpendicular to the
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membrane plane (Fig. 2). This result agrees with the lack of gross membrane disruption and if ZorO
indeed forms an ion channel, our data would support a closely tightened TM bundle.

Although many type | toxins are predicted to target and damage the membrane, only a handful of
them have been experimentally verified (16-18, 45, 46). Apart from the membrane, some type | toxins
target nucleic acid (47, 48) or cell envelope biosynthesis (49). It is currently unclear why some
hydrophobic toxins appear to readily target the membrane while others impact different cellular
processes. When expressed at endogenous levels, these toxins may interact with specific cellular proteins.

This, however, has not been examined to the best of our knowledge.

Effects of toxin protein on bacterial morphology. The AapALl toxin in Helicobacter pylori triggers a
massive and rapid morphological transformation of this spiral-shaped bacterium into round coccoid cells
(46). Additionally, HokB has been implicated in ghost cell formation (50), and Fst results in filamentous
cells with multiple invaginations affecting cell division with no obvious pores or loss of intracellular
material (47). ZorO overproduction decreases membrane potential and cellular ATP levels, however, it
does not cause immediate cell lysis based on microscopy (Fig. 4) and absence of cell debris (laboratory
observation). A marked reduction in the colony forming units though was seen as soon as 15 minutes
after induction (22). These differences in cell morphology caused by the type | toxin proteins may be due
to differing overproduction levels. However, it likely also implies differences in the nature of the toxin
properties, i.e., the direct target of the toxin. For example, Fst overproduction leads to near immediate
condensation of DNA (51). This would greatly impact DNA replication and cellular division, which
would be reflective in the observed morphology (52). If ZorO does self-oligomerize in the membrane, the
resultant channel formed would be narrow (see above), likely allowing only ion permeation, and would
not leak organic molecules or cause morphological alterations. This in turn would explain both the lack of

gross morphological changes and visible cellular debris upon ZorO overproduction.
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The zor-orz locus: a type | TA system with specificity against aminoglycoside antibiotics. A role of the
type | toxin proteins TisB and HokB has been established in bacterial persistence as a result of membrane
depolarization and ATP reduction (1, 17, 23, 35). Persister cells are a subpopulation within a bacterial
culture that can survive a high dose of antibiotics but are not genetically resistant (i.e., they cannot grow
in the presence of the tested antibiotic). Increases in the persister population when cells were treated with
ofloxacin (targets DNA gyrase) and tobramycin (aminoglycoside, targets ribosome) have been observed
with HokB (1). TisB production can also increase the number of persister cells when treated with
ciprofloxacin (targets DNA gyrase), ampicillin (targets cell wall), and streptomycin (protein synthesis
inhibitor) (1, 23, 35). This suggests a broader range of protection from their production. We tested for the
level of persister cells in EDL933 Azor-orz locus against ciprofloxacin and ampicillin and did not see
significant difference comparted to the parental strain (data not shown). However, as shown in this study,
increasing the copy number of the zor-orz locus (while avoiding its toxicity) improved growth in presence
of aminoglycosides but not other antibiotics examined. We also observed an increase in MIC against
kanamycin and gentamycin (Table S3). Overproduction of some de novo synthesized small membrane
proteins has been shown to increase MIC against aminoglycosides (53); however, to our knowledge this
is the first report of a type | TA system conferring an increase in MIC.

Why is there such specificity for aminoglycosides? A model for ZorO function, as noted earlier, is
the possible formation of small oligomers (either dimers or multiple dimers) that lead to ion flux. Similar
to that of TisB (54), ZorO is hypothesized to form an antiparallel dimer within the membrane. The “non-
specific” metabolic effect of ZorO does not broadly protect from antibiotic classes other than
aminoglycosides while both TisB and ZorO lead to membrane depolarization and ATP depletion (Fig. 3)
(16, 19). Aminoglycoside uptake occurs in three stages where the latter two are dependent on membrane
potential and ATP (55). Therefore, membrane depolarization and decreased ATP levels can reduce the
uptake of aminoglycosides. However, our data demonstrated no basal differences in the percentage of
depolarized cells for cells harboring empty plasmid versus pBR-zor-orz when grown in LB (Fig. S8CA).

Even upon treatment with kanamycin, there were no changes in ATP levels within the first hour of
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treatment (Fig. S8B). This suggests that zor-orz has an alternative mechanism for allowing growth in
kanamycin. Similarly, additional studies have shown that while small alpha helical peptides that reduce
membrane potential can be protective against aminoglycosides, not just any transmembrane helix can,
including other type | toxin proteins (53). These data indicate that not all type | toxins behave similarly
and that there is likely specificity in their targets and effects on cellular physiology.

The chromosomal copy of zorO without its two known translational repressive elements i.e., full-
length UTR and the OrzO sRNA, however, did not show a difference in growth in LB, LB with
kanamycin, or LB with gentamicin as compared to the wild type MG1655 E. coli strain in the presence of
kanamycin and gentamycin (Fig. 7A, 7B, and 7C). This result was consistent with the EDL933 strains
tested (Fig. 7D, 7E and 7F). A similar strain of E. coli in which the two translational repressive elements
of the toxin tisB were removed did result in an increase in the number of persistent cells that survived
lethal doses of ampicillin and ciprofloxacin respectively (23). So, why is there a lack of phenotype for
ZorO production from the chromosome in absence of the regulation by antitoxin OrzO and 5°UTR? It is
possible there may be other yet to be identified regulatory elements that prevent ZorO induced effects and
its function at chromosomal level under the conditions used in this study. Further, it is possible that under
endogenous production, ZorO (and other type | toxins) may interact with specific protein partner(s) to
modulate activity and a lack of observable phenotype may be because levels of ZorO are not high enough

under the conditions examined to observe differences across a population of cells.

Is ZorO really a toxin? While ectopic overproduction of ZorO results in a quick cell growth stasis,
multiple copies of the zor-orz locus with its native regulatory elements do not impact growth of cells in
LB or minimal media supplemented with glucose or fructose (Fig. 5). Similarly, a single copy of zorO
(with a processed 5’UTR) on the chromosome of either MG1655 or EDL933 also showed no impact on
growth in LB (Fig. 7) or minimal media (data not shown). Reports for other type I toxins TisB (23) and

TimP (12) also demonstrated a lack of growth effects in rich medium such as LB when expressed from
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the chromosome. Questions thus remain as to when some chromosomally encoded toxins are active and if
they truly can induce cell stasis or death when expressed at the endogenous level.

Overall, our data indicate that the 5’UTR of zorO plays a vital role in regulating the translation and
subsequent cellular impact of the small toxin protein ZorO. Overexpression from the processed 5’UTR
significantly impacts membrane depolarization and ATP depletion in the cells without causing a major
change in bacterial morphology. Cells harboring multiple copies of the zor-orz locus, under control of its
native regulatory elements, are not broadly protected against stress but do have increased resistance to
aminoglycosides. These results, combined with data from other type I toxins, suggest that type | toxin

proteins have unique effects on bacterial cells.

EXPERIMENTAL PROCEDURES
Strains, plasmids, and culture conditions. The strains and plasmids used in this study are listed in

Supplemental Table S1. The sequences of all oligonucleotides are listed in Supplemental Table S2.

Growth conditions. Cultures for overproduction of ZorO were grown as described previously (15).
Briefly, E. coli UTKO007, a derivative of MG1655 with constitutive araE, was transformed fresh (not
older than 10 days) with the indicated plasmid derivatives of pAZ3 using either electroporation or
chemical transformation (15). The resulting transformants were grown overnight in 5 mL LB (with 25
pg/ml chloramphenicol final concentration) at 37°C with shaking and diluted in LB with chloramphenicol
to an ODggo of 0.01. When the ODgg reached ~ 0.3, arabinose was added to a final concentration of 13.32
mM (0.2%), 6.67 uM (0.0001%), 3.33 uM (0.00005%), 1.33uM (0.00002%), or 0.67 1M (0.00001%) as
indicated in the text. E. coli UTKO007 carrying empty vector (pAZ3) or uninduced (no arabinose) was used
as a control. ODgoo Was measured as shown in the figures and cells were harvested at indicated time points

after overexpression. Shown are averages + standard deviations for a minimum of three replicates.
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Microplate growth curves. Overnight cultures were grown either in LB medium or M9 (1X M9 salts,
2mM MgSO,, 0.1mM CaCl,, 1ug/mL thiamine, supplemented with carbon source as indicated).
Ampicillin (100 pg/ml final concentration) was added when testing cells transformed with pBR322 (56)
or pBR-zor-orz plasmids. Overnight cultures were diluted to an ODggo0f 0.2 in 1 mL 1X sterile phosphate
buffer saline (PBS) or sterile growth medium. A 96 well microplate was prepared by adding 190ul of the
culture media (LB or M9) containing the antibiotics as indicated. Then 10 ul of 0.2 ODgo culture (diluted
in PBS from overnight culture) was added to obtain a 200 pl total volume of a 0.01 ODgy, culture.

Absorbance was recorded on a Gen5™

Microplate reader (BioTek Instruments, Inc.) every 30 min after a
15 sec of shaking for 24 hrs at 37°C. Shown are averages + standard deviations for a minimum of three
replicates. Note, as we observed variation even in control strains emerging from lag phase when grown in

M9 minimal media with fructose, we used 0.4% fructose as the final concentration.

Plasmid and strain construction. The overexpression plasmid Pgap-zorO-FLAG (full-length 5’UTR)
was generated by amplifying C-terminal FLAG tagged zorO using the oligonucleotides EF1065 and
EF1279 from the EDL933 genome. To generate Pgap-A28-zorO-FLAG, the insert was amplified with
oligonucleotides EF1141 and EF1279 from the plasmid Pgap-zorO-FLAG. To construct Pgap-No-UTR-
zorO (Fig. S4A), the insert was amplified from E. coli 0157:H7 EDL933 genomic DNA with
oligonucleotides EF1066 and EF1611.The N-terminus FLAG tagged zorO (with 5°UTR similar to that of
Psap-No-UTR-zorO) was constructed by amplifying the insert with oligonucleotides EF1465 and
EF1066. The inserts were digested and ligated into the EcoRI and HindllI sites of the high-copy plasmid
pAZ3 (29) under control of the Pgap promoter. To generate Pgap-zorO-AAG, site directed mutagenesis
(15) was performed on the plasmid Pgap-zorO (22) using primers EF1325 and EF1326.

The plasmid pBR-zor-orz (with native regulatory elements) was constructed by amplifying the insert
from EDL933 genomic DNA with oligonucleotides EF910 and EF 912, restriction digested and ligated

into the Hindlll and BamHI sites of medium copy pBR322 plasmid. The plasmid pBR-zorO was
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constructed by amplifying the pBR-zorO-orzO plasmid using oligonucleotides EF1869A and 1870A (to
remove orzO) and was assembled using NEB Gibson Assembly Master Mix.

E. coli MG1655 UTK102 was derived from MG1655 UTKO007 (15). P1 transduction was used to
replace the lepB with SPA (sequential peptide affinity) and kanamycin tagged version of lepB (inner
membrane localization control) (57). The kanamycin resistance gene (flanked by FRT sites) was removed
using pCP20 (58) and confirmed via PCR to generate UTK102. E. coli. MG1655 UTK105 was
subsequently derived from E. coli MG1655 UTK102 to replace pgm with a SPA tagged pgm (cytoplasmic
localization control) and confirmed via PCR.

To construct E. coli MG1655-A28-zorO, A28-FLAG-zorO linked to a chloramphenicol cassette
(flanked with FRT sites), inserts were amplified from a pBR322 plasmid construct using the
oligonucleotides EF1572 and EF1573 (Supplemental Table S2). The amplified insert was recombineered
into E. coli NM1100 utilizing the mini-A-Red recombination system (59, 60). This was then moved into
E. coli MG1655 using P1 transduction. The antibiotic cassette was removed using pCP20 (58, 61). The
strain was verified via sequencing of the genetic region.

EDL933-A28-zorO was constructed by amplifying A28-FLAG-zorO-Kan using the oligonucleotides
EF1572 and EF1573 (Supplemental Table S2) from a plasmid vector that was synthesized (Genescript).
The amplified product was recombineered in EDL933, replacing the zor-orz locus as described previously
(59). The kanamycin resistant gene was then replaced with a chloramphenicol resistance gene amplified
from pKD3 using primers EF1795 and EF1796 (Supplemental Table S2). The chloramphenicol marker
was then removed via pCP20 treatment (61). The strain was PCR screened and confirmed via sequencing

of the genetic region.

Strain EDL933-Azor-orz was generated via recombineering as outlined previously using primers
EF585 and EF645 (Supplemental Table S2; (59)). The zor-orz locus was replaced with a chloramphenicol
resistance marker (flanked with FRT sites). The chloramphenicol marker was then removed via pCP20

treatment (61).
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RNA isolation. E. coli cells harboring pAZ3-zorO were grown to ODggo ~ 0.2-0.3 and arabinose (13.32
mM) was added (time 0). Cells were harvested 15 and 30 min post-arabinose induction. For cells
harboring pBR-zorO, E. coli was grown to OD 600 of ~0.3 and cells were harvested. Total RNA for all

conditions was isolated via direct lysis as described previously (62).

Primer extension assay. Total RNA (5 pg) was isolated 30 min after arabinose induction (in LB
medium) and was separated on a denatured 8% polyacrylamide-urea gel. Primer extension was performed

as described previously using labeled primer EF524 (Supplemental Table S2; (14, 63)).

5’ RACE analysis. 5’ rapid amplification of cDNA ends (RACE) assay was performed as described
previously (29). Isolated RNA was ligated to the RNA adapter Al. Reverse transcription was carried out
with zorO 5” UTR specific primer EF510. Amplification of zorO cDNA was performed with Tag DNA
polymerase and primers EF510 and A4. Amplified cDNA fragments were cloned into pCR®4-TOPO®

vector (Invitrogen) and then sequenced.

Cell survival after ZorO overproduction. Cellular aliquots of 100 pl were collected at mid-log (OD600
~0.3, before arabinose induction) and 1h post-arabinose induction. The aliquots were serially diluted in
900 pl of sterile 1X PBS of which100 ul was plated onto LB medium (with 25ug/ml chloramphenicol).
The plates were incubated at 37°C for 18-24 hrs and the colony forming units were counted. The log ratio
of survivors was calculated by comparing the CFUs obtained after 1h arabinose induction to that before

induction.

Western blot and dot-blot analysis. Total protein was extracted from a 50 ml culture (after
overexpression for 30 minutes as indicated in the text) via bead beating. Protein concentration was
measured using a Bradford Protein Assay. Protein samples (20u.g) were separated on a NUPAGE Bis-Tris
gel, transferred to the immobilon-FL membrane, and probed with a rat derived a-FLAG tag primary
antibody and an a-1gG secondary antibody (LI-COR Biosciences) that fluoresces at 680 nm. LepB was

tagged with SPA tag (UTK102) to serve as a loading control. For GFP detection, blots were probed with a
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rabbit derived anti-GFP primary antibody (Invitrogen) and an a-19G secondary antibody (LI-COR

Biosciences) that fluoresces at 800 nm.

Subcellular fractionation was performed as described previously with modifications (57). Total
protein lysate was ultracentrifuged (100,000 g, 4°C, 45 min) to yield supernatant (cytoplasmic proteins)
and a pellet (membrane proteins). For separation of inner and outer membrane proteins, the pellet was
washed with 1X PBS and resuspended in 500ul of 0.5% sodium-lauryl sarcosinate, incubated at room
temperature for 30 min, and ultracentrifuged (100,000 g, 4°C, 15 min). The supernatant and pellet
corresponded to the inner and outer membrane fractions respectively. Then inner membrane fraction was
transferred and acetone precipitated while the pellet was washed with 0.5% sodium-lauryl sarcosinate and

then resuspended in 1X PBS.

Protein samples (20ug) were loaded onto Novex 10-20% Tricine gels and transferred to an
immobilon-FL membrane. Blots were probed with a-FLAG (BioLegend) and o.-OmpA primary
antibodies (Antibody Research Corporation) and o.-1gG secondary antibodies (LI1-COR Biosciences)

fluorescing at 680 nm and 800 nm respectively.

Dot blots were performed by spot inoculating a nitrocellulose membrane with 10ul of the sample
containing 10ng or 20ug protein and processing the membrane as above (probed with a-FLAG primary

antibody a-1gG secondary antibody) (64).

Microscopic image of colonies expressing GFP under different 5° UTR variants. Overnight cultures
of UTKO0OQ7 cells transformed with either pAZ3-zorO-UTR-gfp or pAZ3-A28-UTR-gfp were serially
diluted and plated on LB with 25 pg/ml chloramphenicol and 13.32 mM arabinose. Plates with 30-300
colonies were used to image under all-in-one fluorescence microscope BZ-X710 using bright field and

green fluorescent channel with 2X magnification.
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Membrane depolarization assay. Membrane potential sensitive dye Bis-(1,3-dibtylbarbituric acid)
trimethine oxonol (DiBAC,-3; InvitrogenTM) was used to determine the effect of ZorO production on
membrane depolarization. A 25 mg/mL stock solution was prepared in dimethyl sulfoxide. At indicated
time points, 50-100 pl of culture was taken, flooded with 4ml 1X PBS and centrifuged for 10 min at 4°C.
Cells were resuspended in 1 ml PBS and stained with DiBAC,4-3 (10 ug/ml final concentration) for 20
min in the dark. After two steps of washing with 1X PBS, cells were re-suspended in 0.5 ml of PBS and
analyzed by flow cytometry in an LSR 1l flow cytometer (Becton Dickinson) with a 488-nm laser.
Samples were run at ~3000 events per second and fluorescence was collected in the fluorescein
isothiocyanate (FITC) channel. Data was analyzed using FlowJo software package (FlowJo LLC,
Ashland, OR, USA\) such that the cells showing at least 10 abu or more fluorescence were gated and
mean fluorescence intensity was obtained. All tests were done with a minimum of three biological

replicates.

ATP measurements. ATP levels were measured using BacTiter Glo ATP Assay System
Bioluminescence Detection Kit for ATP Measurement (Promega) according to the manufacturer’s
instructions. The observed relative luciferase unit (RLU) values were normalized to the ODgq at the time
of cell harvest. A minimum of three biological replicates were performed per strain/condition. To
determine ATP leakage, ATP measurements of the spent medium were determined. Cells were pelleted at
indicated time points after ZorO overproduction and 100ul of the supernatant was used to measure the
ATP concentration. As a control, cells carrying empty vector were treated with 5% (final concentration)

of butanol for 5 min and ATP measurements of the spent medium were determined as above.

Circular dichroism (CD). The ZorO peptide was synthesized using Fmoc chemistry by ThermoFisher.
The peptide sample had a purity of >95%, as assessed via HPLC. Peptide identity was determined by
MALDI-TOF. Chloroform stocks of the synthetic lipids DOPE and DOPG (Avanti Polar Lipids) were
dried and resuspended with a methanol solution of ZorO. The resulting solution was dried first with a

stream of Argon, followed by overnight incubation under vacuum. Large unilamellar vesicles containing
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ZorO reconstituted in the lipid bilayer were formed by extrusion. Standard and oriented CD experiments

were performed as described previously (65, 66).

Membrane leakage experiments in vesicles. Leakage experiments were performed after encapsulation
of calcein as described elsewhere (42). ZorO was added from methanol stocks at a 1% v/v final
concentration of methanol. No methanol induced leakage was observed. 1% (v/v) Triton X-100 was
added to the sample to obtain total calcein release and the fluorescence corresponding to this sample was

used for normalization.

Scanning Electron Microscopy (SEM). Cells harboring either empty vector pAZ3 or Pgap-No-UTR-
zorO were grown in LB until mid-log phase (ODgg 0f ~0.3) and induced by adding 13.32 mM final
concentration of arabinose. At 30 min post-induction, cells were harvested (50 ml) and washed twice with
1x PBS to remove media. Fixation was performed with glutaraldehyde (3% final concentration) for 1h.
Cells were washed twice with distilled water and stored in 500ul of 1X PBS at 4°C overnight. The next
day, samples were centrifuged, the supernatant was discarded, and 20ul of the pellet was transferred to
silicon chip with poly-L-lysine. The cells were dehydrated by immersion of the silicon chip in an
increasing concentration of ethanol (25%, 50%, 70%, 95% and 100 %) for 10 min each followed by a
critical point dry. The silicon chips were mounted to an aluminum mount, coated with iridium, and
observed under an Auriga Scanning Electron Microscope in Advanced Microscopy and Imaging Center,
University of Tennessee, Knoxville. Images from at least five random microscopic fields were taken at
5,000X and 20,000X magnification. The cells producing ZorO were analyzed for differences in
morphological characteristics as compared to the uninduced controls. Cell length was measured using

ImageJ (67). Cells (at least 30 per image) from each of the three biological replicates were analyzed.

MIC determination. Minimum inhibitory concentration was performed as previously described (68)
with slight modification. An overnight culture was diluted in Mueller Hinton Broth to 0.01 ODggo (with

100 pg/ml final concentration of ampicillin to maintain pBR plasmids). To a set of 10 sterile tubes, 1 mL

24

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

of the diluted culture was added to 8 tubes; to the first tube, 2 ml of culture was added and the last tube
with sterile media (media control). Antibiotic was added to the first tube (containing 2 ml culture) to
obtain the maximum concentration that was tested (eg. 25.6 pg/ml for kanamycin), mixed properly, and
serially diluted by transferring 1 ml. The tubes were incubated at 37°C with shaking for ~18 hrs and
observed for visible growth to determine MIC. All tests were performed with a minimum of three

biological replicates.

Statistical analysis. Statistical analyses were performed using t test or multiple unpaired t test with
Welch correction (with a=0.05) and presented within the text. A minimum of 3 biological replicates were

tested.
Data availability. All data are provided within the text.
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FIGURE LEGENDS
FIG 1 The 5’UTR variant of zorO gene and its effect on growth, survival and translation. Schematic

of the full-length (174 nts; Pgap-zorO-FLAG) and processed (A28; Pgap-A28zorO-FLAG) UTR of zorO
used in the study (A). Growth curve of MG1655 derived cells (UTKO0O7) carrying respective plasmids
after induction with arabinose concentration of 13.32 mM (B), 6.67 uM (C) and 0.67 uM (D) during mid-
log phase (B-D, n=3, shown are mean + standard deviation [SD]). Log survival (colony forming units) of
cells after ZorO overproduction with indicated arabinose concentrations (E) (n=9, shown are mean + SD).
Dot blot assay after 30 min with 13.32 mM arabinose induction of FLAG tagged ZorO in E. coli UTK
007 cells from the two 5’ UTR variants (10 ng and 20 pg of total protein loaded) (F); pAZ3- negative

control, PC- positive control (No-UTR-FLAG-zorO).

FIG 2 Synthetic ZorO peptide can insert across a lipid bilayer. Circular dichroism spectra of ZorO
peptide in lipid composition partially mimicking E. coli membrane (A). Oriented circular dichroism of

ZorO peptide on lipid bilayer (B).

FIG 3 ZorO overproduction leads to membrane depolarization and ATP depletion. Cells overproducing
ZorO under the control of the two 5° UTR variants; 15 and 30 min post-induction were analyzed via flow-
cytometry after staining with DiBAC;-3. Bar graphs quantifying percent of depolarized cells with 1.33 uM (A)
and 3.33 uM (B) arabinose concentration (n > 5). Relative ATP levels after ZorO overexpression from
respective 5’UTRs and arabinose induction after 15 min (C) and 30 min (D) (»=3). For all panels shown are
mean * SD. The p values were calculated using a multiple unpaired # test with Welch correction (ns, not
significant, *, p < 0.05, **, p <0.01, ***, p <0.001).

FIG 4 ZorO overproduction does not lead to gross alterations of cellular morphology. Scanning
electron microgram of E. coli cells overproducing ZorO from Pgap-No-UTR-zorO plasmids with 13.32
mM arabinose induction for 30 min (A) compared to that of uninduced cells (B); right panels 20000X and
left panels 5000X magnification. Comparison of cell length after ZorO overproduction. Shown are mean +

SD. The p values were calculated using ¢ test with Welch correction (****, p <0.0001).
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FIG 5 Multiple copies of the zor-orz locus allows for growth in the presence of kanamycin in
MG1655. Growth curve of E. coli UTKO007 harboring pBR322 (black) or pBR-zor-orz (turquoise) in LB
(A), LB with 4ug/mL kanamycin (B), M9 minimal media with 0.2% glucose (C), M9 minimal media with
0.2% glucose and 4 pg/mL kanamycin (D), M9 minimal media with 0.4% fructose (E), and M9 minimal
media with 0.4% fructose and 4 pg/mL kanamycin (F). n > 9; shown are mean + SD. All growth
conditions contained 100 pug/mL ampicillin for plasmid maintenance.

FIG 6 Multiple copies of the zor-orz locus allows for growth in the presence of kanamycin in
EDL933 Growth curve of EDL-Azor-orz harboring pBR322 (black) or pBR-zor-orz (turquoise) in LB
(A), LB with 8 pg/mL kanamycin (B), in M9 minimal media with 0.2% glucose (C), M9 minimal media
with 0.2% glucose and 4 pg/mL kanamycin (D) or M9 minimal media with 0.4% fructose (E), and M9
minimal media with 0.4% fructose and 4 ng/mL kanamycin (F). All growth conditions contained 100
pg/mL ampicillin for plasmid maintenance. n > 3, shown are mean + SD.

FIG 7 A single chromosomal copy of processed 5S’UTR-zorO does not improve growth in the presence of
aminoglycosides. Growth curve of MG1655 strains carrying zorO with a processed 5” UTR (turquoise)
compared to the wild type MG1655 in LB (A), LB with 4 pg/mL kanamycin (B) and LB with 4 pg/mL
gentamicin (C). Growth curve of WT EDL933 (black) compared to that of the EDL933-Azor-orz (turquoise)
and EDL933-A28-zorO (salmon) in LB (D), LB with 8 pug/mL kanamycin (E) and LB with 4 ng/mL

gentamycin (F). For all panels n=3; shown are mean = SD.

33

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



®
(1)
o=
N
Do_ A Full-length zor0 B 10
-uc—L -6- pAZ3-empty vector
Y A28-UTR i Pgap-zorO-FLAG
3 /\/\/\/- ¥ Pgap-A28-20rO-FLAG
=) 1=
=
(@]
E RBS FLAG dgo
(@]
Pesap 5'UTR z0r0 STOP ara
.................... 0-19 13.32 mM
.c‘:lonlng slu‘ 3
pAZ3
high copy

0.01

1 1 1 1 1 1 1
0 60 120 180 240 300 360 420

Time (min)

10 10

>

(o))
)
.0
—
Q@
O
9]
[=a]
e
9)
(o]
c
—
2
o
9

T T T T T T 0.01 T T T T T T T
0 60 120 180 240 300 360 420 0 60 120 180 240 300 360 420
Time (min) Time (min)
E F UTKO07 cells with
10+ pAZ3- pAZ3-A28

pAZ3  zorO-FLAG zorO-FLAG PC

10ug

......... g e

20ug

T T
13.32 mM 6.67 uM

1 h after arabinose induction

Journal of Bacteriology

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



'8E'€£2'96'9TZ Ad T20Z JOQLIBAON T UO qf/euIno /B0 wse's feuanol//sdny wouy pepeojumoq

o
r ©
AN
o
el
N
-O
S E
g =
S g
L €
N QO
© o
r <
N ®
o
g =
AN
o
r o
2
[co) < o A_.
@albapw ‘Ayondi3
m
o
r ©
AN
o
&
o e
I <
N o
e
o O
ren C
N @
< S
N ©
o =
r <
AN
o
ro
AN

ml.un_vuumm
O < M N A
(,lowp,wo Bap) . 0l X >0]
<

QC__CO _Um.—mOn_ .—O_C UmDCUE _Um.—O_QUU< ABojoLispng 4o [ouinop ABojoLiajong o [oulnof



>

(19)
=
6
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Percentage (Depolarized cells)

Journal of Bacteriology

Relative [ATP]

Journal of Bacteriology

*okok *k
100~ Il Empty vector
90+ Bl Pg,y-zorO
80 ;[-

70N\
30\

Bl Pg,,-A28-zorO

20+

10+

0-
0 15 30

Time (min) after induction by 1.33 uM arabinose

* %%k
2.0

ns

— 1
1.5
| aam B
1.0 T+
0.8
0.6
0.4

0.2
0.0-

ns

1.33uM 3.33uM  6.66 uM 13.32 mM

15 min after arabinose addition

Percentage (Depolarized cells)

Relative [ATP]

ns ns
100~
80+
60 +
404
20+
0-
0 15 30

Time (min) after induction by 3.33 uM arabinose

ns
2.0 1
1.5— ; ﬁ
101 T ns
107 1
0.8+
0.6 ns

ns

0.4 7

1.33uM 3.33pM  6.66 pM 13.32 mM

30 min after arabinose addition

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



'88'€€2'96'9T2 Ad TZ0g JoqWenoN 0T Uo ql/euino(/Bio‘wse'seunol//sdny wouy pepeojumod

e}

o o8 s

. 3

2
*
*
*
*

T

[}

(3]

oo L 3

c

£

o J

© < ~ o
o (wni) ybus]

Uninduced
Induced by 13.32 mM ara

QC__CO _Om.—wOn_ .—O__._ UwDC_UE D ®.—O_®UU< ABojoLiapig 4o [ouinop ABojoLiajong Jo [ouinof



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

ODggo

0.1

LB

-e~ pBR 322

pBR-zor-orz
1 | | 1 1
5 10 15 20 25 30
Time (hrs)
M9 with 0.2% glucose
T T T T T 1
5 10 15 20 25 30
Time (hrs)
M9 with 0.4% fructose
T T T T T 1
5 10 15 20 25 30
Time (hrs)

LB with 4 ug/ml of kanamycin

30
Time (hrs)
M9 with 0.2% glucose and
14 4 ug/ml of kanamycin
1
30
Time (hrs)
F ] M9 with 0.4% fructose and
4 ug/ml of kanamycin
1
30

Time (hrs)

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

EDL_pBR_LB

& -e- pPBR322

pBR-zor-orz

0.14,5= T T T T
0.0 5.0 10.0 15.0 20.0
Time (hrs)

M9 with 0.2% glucose

1 T T T T
0.0 5.0 10.0 15.0 20.0
Time (hrs)

M9 with 0.4% fructose

1 T T T T
0.0 5.0 10.0 15.0 20.0
Time (hrs)

ODggo

0.14
0.0

OI:)600

0.14,
0.0

OI:)600

0.1 b |
0.0

LB with 8 ug/ml of kanamycin

1 1 1 1
5.0 10.0 15.0 20.0

Time (hrs)

M9 with 0.2% glucose and
4 ug/ml of kanamycin

5.0 10.0 15.0 20.0
Time (hrs)

M9 with 0.4% fructose and
4 ug/ml of kanamycin

.
5.0 10.0 15.0 20.0

Time (hrs)

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



Accepted Manuscript Posted Online

1 LB
14 -
D§ : P /
e
[C e
1l 4
¢
014¢” - MG1655 MG-A28-zorO
T T T T T 1

é 0 4 8 12 16 20 24
o
o Time (hrs)
.
Q0
%]
A
o D
(o] LB
o (EDL933)
=
_
=)
o
=

0 4 8 12
Time (hrs)

PN

o
9
.0
_
Q@
(%]
0
(23]
b
9)
(9]
=
_
2
o
1

16 20 24

0 DSOO

LB with 4 ug/ml of kanamycin

4 8 12 16 20 24

Time (hrs)

LB with 8 ug/ml of kanamycin
(EDL933)

Time (hrs)

ODeggo

ODgo

LB with 4 ug/ml of gentamycin

014

T
0 4 8 12 16 20 24
Time (hrs)

LB with 4 ug/ml of gentamycin
(EDL933)

Time (hrs)

Downloaded from https://journals.asm.org/journal/jb on 10 November 2021 by 216.96.233.38.



