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Abstract
Background: Persistence is a natural phenomenon whereby a subset of a population of isogenic bacteria
either grow slow or become dormant conferring them with the abilityto withstand various stresses
including antibiotics.In a clinical setting bacterial persistence often leads to the recalcitrance of various
infectionsincreasing the treatment time and costs.Additionally, some studies also indicate that
persistence can also pave way for the emergence of resistant strains. In a laboratory setting this
persistent phenotype is enriched in nutritionally deprived environments. Consequently, in a batch culture
the late stationary phase is enriched with persistent bacteria. The mechanism of persister cell formation
and its regulation is not well understood. Toxin-antitoxins (TA) systems have been implicated to be
responsible for bacterial persistence and rifampicin is used to treat highly persistent bacterial strains. The
current study tries to explore a possible interaction between rifampicin and the MazEFTA system that
furthers the former’s success rate in treating persistent bacteria.

Results: In the current study we found that the population of bacteria in the death phase of a batch
cultureconsists of metabolically inactive live cells resembling persisters, which showed higher membrane
depolarization as compared to the log phase bacteria. We also observed an increase in the expression of
the MazEF TA modules in this phase. Since rifampicin is commonly used to kill the persisters, we
assessed the interaction of rifampicin with MazEF complex. We showed that rifampicin directly interacts
with MazEF complex.

Conclusion: Our study suggests that the interaction of rifampicin with MazEF complex might play an
important role in inhibition of persisters.

Background
Persisters represent a subset of a population of isogenic bacteria that are characterized by reduced or no
growth, thereby helping the bacterial population tide over stressful situations including antibiotics (1).
Upon removal of the stress, these persister cells can go back to their normal growth and functioning
without any acquired resistance. Whether they stochastically exist in the population as an insurance or is
an induced phenotype to the stress, they play a key role in re-establishing many infections (2). Apart from
the antibiotics, lack of nutrients is a major stress for the exponentially growing bacteria (3). The number
of persisters increase signi�cantly during the late log and stationary phase when there is lack of nutrients
(4, 5). In a batch culture, the late stationary phase cultures showed increased persistence to various
antibiotics which suggests that the late stationary phase bacteria behave as natural persisters. Although
the mechanism of persister formation is not fully understood, the link between toxin–antitoxin (TA)
modules and persisters formation is well recognized (6). TA systems are ubiquitously present in all
prokaryotes, which regulate several aspects of cell growth and survival strategies. In prokaryotes, TA
system consists of a stable toxin and a labile antitoxin. One of the well- studied TA module in E.coli is the
MazEF system. MazEF is a Type II TA system where MazE, an antitoxin, neutralizes MazF toxin, an
endoribonuclease. Studies suggest that MazEF plays a signi�cant role in bacterial persistence. Although
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the deletion or the over expression of the MazEF does not induce persister formation, (7, 8) the over
expression of MazF alone induces the persister formation (7, 9). Similarly, ClpP and Lon proteases, which
degrade MazE, when deleted led to the decrease in persister population (9).

Bacterial persistence makes cells antibiotic tolerant which is a threat for disease control. This
phenomenon has been widely studied in case of Mycobacterium tuberculosis where persisters comprise
a larger population (10). Rifampicin, a semi-synthetic broad-spectrum antibiotic, is used to treat persistent
mycobacteria. It is recently reported that high doses of rifampicin not only clears the persisters and
shortens the treatment time, but also prevents the relapse of tuberculosis (11, 12). The above
observations led us to investigate the correlation between the stationary phase persisters with MazEF
expression and the effects of rifampicin. In this study we showed that MazEF expression is induced
during the late phase of bacterial growth and rifampicin directly interacts with MazEF complex. For the
�rst time we showed the interaction of rifampicin with a TA module.

Results
E. coli death phase population consists of live cells that are metabolically inactive.

In a batch culture, a typical bacterial growth curve consists of 5 distinct phases, i.e., lag phase,
exponential phase, stationary phase, death phase and �nally followed by a long-term stationary phase
that is maintained for years (13). The death phase in the growth curve has been considered for a long
time as a stochastic event. When the cultural environment can no longer support the growth due to its
limited resources in terms of nutrition, space and steady build-up of toxic metabolites, it causes cell
death. When we examined cells from different stages of the growth curve, we observed a sharp decrease
in the ability of E.coli to form colonies by 72 hours (Fig. 1A). However, we did not notice any substantial
increase in the dead cell population (Fig. 2A). We observed that by 72 hours there was an approximate
95% drop in the ability of E. coli to grow in a LB agar plate (Fig. 1A). Whereas, when the same population
was observed under microscope after staining with a live-dead stain, almost all the cells stained green,
showing live cells (Fig. 2A). To further negate that the decrease in the colony forming units (cfu) was not
due to the decrease in the actual cell numbers, we calculated the total number of cells by measuring the
scattering at 600 nm (OD600) and counting the number of cells using a �ow cytometer. The results
showed an initial increase in the total relative cell counts till 40 hrs which remained unchanged until 96
hrs (Fig. 1C & D). We also found that the steady state E. coli was not affected by ampicillin, whereas, can
be inhibited by rifampicin (Fig. S1). We determined the metabolic activity of the bacterial cells at various
time points (Fig. 1B). The result showed an increase in the metabolically active cells until 40 hrs, which
then decreased to near zero by 72 hrs. This data correlated with the cfu count data. Hence, we conclude
that the death phase population of the E.coli growing in a batch culture mainly consisted of live cells with
reduced metabolic activity, and have lost their ability to grow on solid LB agar plates.

E. coli death phase population does not show hallmarks of apoptosis.
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Historically the death phase in a batch culture has been considered to be mainly comprised of dead or
dying cells. Due to nutrient and space limitations the cells can no longer grow and eventually
stochastically die (14). However, recent evidences suggest that programmed cell death may be a viable
strategy in prokaryotes (15–17). So, with this initial assumption we wanted to shed light on the mode of
death during bacterial death phase. To prove this, we checked for the presence of two well characterized
apoptotic markers i.e. Phosphatidylserine (PS) exposure and DNA fragmentation, in various stages of
growth in a batch culture. It has been shown earlier that bacteria when exposed to antibiotics test positive
for these markers showing apoptotic like death (18). However, the late stationary phase cells and the
death phase cells did not show any increase in either PS exposure or DNA fragmentation (Fig. 3A &B).
Interestingly, we also did not see an increase in cells stained with propidium iodide which indicates the
lack of dead cells in the bacterial death phase. These results corroborate our initial �nding that the death
phase population mainly comprise of live cells which have lost their ability to grow on LB agar plates. As
a positive control we used kanamycin treated cells and they showed an increase in the propidium iodide
and PS exposure (Fig. 3A)

Loss in membrane polarity in the later stages of a batch culture indicates increase in persistent
phenotype.

The cell membrane in bacteria is a semipermeable membrane that protects the cell from many outer
stresses including antibiotics. All living cells inherently and actively maintain a potential difference
across its membrane thereby generating a membrane potential (19). It is now known that the membrane
potential is responsible for a wide range of signalling and processing. From pH homeostasis to cell
division and even environmental sensing the bacterial membrane potential is dynamic tool (20). Many
antibacterial compounds achieve their goal by altering the membrane potential of the cell. Recent reports
showed that some antibiotics can induce membrane depolarization and kill bacteria (21–23).
Alternatively, it is also shown that mild increases in membrane depolarization achieved by the cell itself in
response to stresses can promote persister formation (24, 25). We observed that E.coli grown in a batch
culture tend to mildly increase its membrane potential in the whole population at different time points (6
hrs – 72 hrs) (Fig. 3C).This supported the idea that the persister formation in steady state of the growth
phase might have increased due to change in membrane potential.

Expression of the MazEF-TA modules increases overtime in a batch culture of the E. coli.

The role of the TA modules in the bacteria is highly debatable. There are reports that suggest TA modules
play an important role during bacterial programmed cell death, whereas, others advocate their roles
during persister formation. Several type II TA modules are known to induce the persister formation in
various bacteria. For example, overexpression of several toxins (i.e., TisB, HokB, etc.) reportedly increases
the number of persister formation, whereas, deletion of the toxins decrease the number of persistent cells
(26–28). MazEF is one of the TA module that has been extensively studied and several reports support
their role in the persister formation in different bacteria (9, 29, 30). In E. coli, the MazF expression leads to
growth arrest and enhance its survivability against various stresses (9, 31). To understand the role of
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different TA modules during the death phase of the E. coli, we quanti�ed the expression of MazEF along
with �ve other Type-II TA modules (ChpBK/S, HicAB, MsqRA, RelEB, YoeB/YefM) using qRT-PCR. Our
result showed that the expression of all the tested TA modules increased with increasing time (Fig. 2B &
Fig. S2). Compared to the log phase (6 hrs) bacteria, the amount of MazEF increased nearly 2 folds in the
steady state (48 hrs) and the death phase (72 hrs). Compared to the log phase, the number of persisters
are reported to be higher during the steady state and the death phase of bacteria. Thus, our �nding
suggests that the higher MazEF expression may be related to higher persister formation in E. coli. As the
MazEF TA system is well regarded as one of the factors responsible for the persister formation, we further
focused our study to understand its interaction with rifampicin, a persister modulator.

Rifampicin directly interacts with the MazEF complex.

Persisters can tolerate antibiotics not by acquiring any resistance, but through slowing down their
metabolism. The activation of MazEF-TA module increases the number of persisters, whereas, bacteria
lacking MazF becomes more susceptible to antibiotics (27, 30). These observations suggested that
targeting MazEF may provide a clue to target the persisters. To identify the molecules that can interact
with the MazEF complex and inhibit bacterial growth, we performed molecular docking of MazEF
complex, MazE or MazF with molecules from an FDA approved drug library containing 800 drug
molecules. The 10 best ranked drugs against MazE, and MazF are shown in (Supplementary Table 1).
Further analysis of the molecular docking data revealed that rifampicin has higher a�nity (-8.3 Kcal/mol)
for MazE structure than MazF (-6.2 Kcal/mol). In agreement with this data, rifampicin was found to bind
in the deep pocket of MazE (Fig. 4A), whereas, for MazF it shows interaction on the surface (Fig. 4B). The
molecular docking of rifampicin was carried out against the MazEF complex (PDB ID: 1UB4, chain A and
C). As shown in the �gure, rifampicin is predicted to preferentially interact in the same cavity of MazE
(Fig. 4C). The in silico data suggested that among the screened molecules rifampicin has a strong a�nity
against MazEF complex. Rifampicin is an antibiotic used for treatment of tuberculosis where persistence
is a major problem. It is known to induce antibiotic tolerance in mycobacteria and higher dose can kill the
persisters and reduce the duration of the treatment (11, 32).

To con�rm the direct interaction of MazEF with rifampicin, we puri�ed the MazEF complex (Fig. S3) and
performed the interaction studies with rifampicin using �uorescence binding assay. Our biochemical data
shows that rifampicin interacts moderately with MazEF complex with a dissociation constant of 42 ± 8
µM (Fig. 4D). To verify that the interaction of rifampicin with MazEF complex is a speci�c one, we
determined the interaction of ampicillin with MazEF complex. Ampicillin did not affect the persister
formation and was previously used by several researchers to kill the normal bacteria and enrich the
persisters. Interestingly, our in-silico data showed that ampicillin does not interact with the MazE. The
a�nity of ampicillin with MazE was calculated to be -6.4 Kcal/mol which is much lower as compared to
the interaction between rifampicin-MazEF complex (-8.3 Kcal/mol). Similarly, �uorescence binding assay
did not show any signi�cant change in the �uorescence of MazEF complex when titrated against
ampicillin, suggesting that ampicillin does not interact with MazEF complex (data not shown).
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Discussion And Conclusion
Bacterial persistence one is the main reasons for recalcitrance of various infections (33). Most of the
known antibacterial agents target a growing population of cells. Thus, persistent cells that have entered a
quiescent state survive these antibacterial stresses, and re-enter normal growth once the stress has
passed. How this persistent state in bacteria is achieved is still relatively unknown. Studies show that TA
systems probably are responsible for reduced metabolic activities in bacteria which in turn leads to the
formation of the persistent state (26–28). In addition to antibacterial stresses, nutritional stress can also
lead to the formation of persisters (3). Our study showed that bacteria present in the steady state or death
phase in a batch culture majorly consisted of live but metabolically inactive cells, which have lost their
ability to form colonies on nutrient agar plates. These bacterial population did not show any apoptotic
markers that are commonly shown by the bacteria when treated with antibiotics. This suggests that the
death phase cells from the bacterial culture are morphologically and functionally different from the dying
bacterial cells treated with antibiotics. We also observed an increase in the MazEF TA modules in these
late stationary phase and death phase bacteria. These bacterial populations were also resistant towards
ampicillin, but sensitive to rifampicin suggesting their resemblance with the persisters (Fig. S1). Our in
silico and biochemical experiments showed that MazEF interacts directly with rifampicin, a commonly
used antibiotic against the persisters, with a moderate a�nity. Overall, our study suggests that the
interaction of rifampicin with MazEF might play a role to inhibit persister formation. However, a detailed
study is required for a better understanding of the system.

Methods
Growth conditions and growth curve

The growth curve was monitored using standard procedure mentioned earlier (34). Brie�y, E. coli MG1655
(WT) was streak plated onto LB-agar nutrient plate and incubated at 37 ºC for 12–15 hours. A single
colony was inoculated in 50 mL LB broth and grown overnight at 37 ºC. From the above 100 µL was
transferred to 250 mL of LB broth in 500 mL �asks, grown further. Samples were collected at various time
points and were used for various experiments as described below. The total number of cells at each time
points was monitored by OD600 and �ow cytometric cell count. To determine the viable cell count, cells
were spread on LB agar plates and incubated at 37 ºC for 12–15 hours. The lowest dilution with more
than 30 colonies were considered as viable cell counts.

Metabolic state of E. coli MG1655 at various stages of growth

To the samples collected from different time points, BacTiter-Glo™ was added, incubated for 5 minutes
and luminescence was measured using an ELISA plate reader. The luminescence is directly proportional
to total ATP content which is representative of the metabolic state of cells.

Live-Dead Assay and Microscopy
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BacLight Bacterial viability kit was used for live dead assay which uses SYTO9 (green) to visualize live
cells and propidium iodide (red) to visualize the dead cells. Live-dead reagent (1.5 µL) was added to 1 mL
of the culture, incubated for 15 minutes at room temperature and observed under microscope (Olympus
BX51) as described previously (35).

Detection of Phosphatidylserine and Membrane compromise

E.coli MG1655 was grown as above. At regular time points approximately a million cells were removed,
washed with 1 X PBS pH 7.2, and then resuspended in Annexin V buffer. Cells were stained by Annexin V
and propidium iodide as recommended by the kit protocol. Next, the cells were incubated for 15 minutes
in the dark and then acquired by BD FACS Calibur and results were analyzed using FlowJo™ V 10
software.

Membrane Depolarization Assay

Cells (20 µL) collected from different time points was added to 200 µL reaction mixture containing 0.85%
NaCl and 20 µL of DiBAC4 (100 µg/mL + 0.5% Tween 20) which was incubated at 25 ºC for 30 min in the
dark. The �uorescence intensity was determined using BD FACS Calibur and the results were analyzed
using FlowJo™ V 10 software.

DNA Fragmentation Assay

The cells from different time points were �xed with 1% paraformaldehyde for 30 min on ice. Cells were
then washed in 0.85% NaCl and resuspended in ice cold 70% ethanol and stored at -20 ºC. Further, cells
were stained using APO-BrdU™ TUNEL assay kit and data acquired using Beckman Coulter Cyto�ex-S and
results were analysed using FlowJo™ V 10 software.

Quanti�cation of TA systems at various time points using qRT-PCR

RNA was isolated from the cells collected at different time points using Qiagen RNeasy RNA isolation kit
and converted to cDNA. Then qRT-PCR was performed to quantify the relative abundance of mRNA of
various toxins and antitoxins.

In silico screening of MazEF interacting molecules. The structure of MazEF complex with PDB ID: 1UB4
was selected as the target. For MazE, and MazF, the chain A and C was used. Drugs from FDA approved
library were screened against these targets using the Autodock Vina program and ranked based on their
binding a�nities for these targets. Rifampicin has good ranks against both targets and thus selected for
molecular docking using the Autodock Vina program and analyzed using the PyMol program (36).

Puri�cation of MazEF complex

Puri�cation of MazEF complex was carried out using standard procedure with some modi�cations (37).
The detailed procedure is mentioned in Supplementary method (Fig. S3, SM1).
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Fluorescence interaction studies

The �uorescence interaction study between MazEF and rifampicin was performed using the procedure
mentioned earlier with few modi�cations (38). Brie�y, puri�ed MazEF (1 µM) was titrated against
increasing concentrations of rifampicin (5-100 µM). The tryptophan emission �uorescence spectra (310–
400 nm) was monitored for an excitation wavelength of 285 nm. The change in �uorescence intensity at
340 nm was used to determine the equilibrium dissociation constant using a double reciprocal plot.
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Figure 1

Drop in Viability and Metabolic Activity in a Closed Culture.E.coliwas grown as mentioned earlier. Viable
cells and metabolic activity were determined at different time points. Figure shows the viable cell counts
(Panel A) and the metabolic activity (Panel B) of the bacteria at different time points. Panel C and D
shows the relative cell numbers at different time points determined using OD600 and �ow cytometry
techniques respectively.
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Figure 2

Live dead staining of bacteria.The live dead staining of E. coli at different time points was performed
using live dead assay kit and imaging was performed using Olympus BX51 �uorescent microscope
(Panel A). The left pane shows the total cells (DIC images), middle pane shows the live cells (green) and
the right pane shows the dead cells (red). Expression of MazEF system was monitored at different
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timepoints of the growth phase of E. coli using qRT PCR. Expressions of rsmBgene was used as
control(Panel B).

Figure 3

E. coli death phase does not show apoptotic hall marks. Annexin V/PI was used to determine the
apoptotic like death during different death phase of the bacterial growth curve. E. coli at the different time
points of the growth curve showed no change in the Annexin V/PI labelled cells, whereas, Kanamycin
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treated showed increased number of Annexin V/PI labelled cells (Panels A).DNA fragmentation pattern
(Panel B) and membrane polarization (Panel C) are shown for the cells at different stages of the growth
phase.

Figure 4

In silicoand in vitro interaction of MazE/F with Rifampicin. Interaction ofMazE/ MazF and MazEFwith
800 molecules from FDA approved drug library was performed in silico using molecular docking. The
�gure shows that rifampicin interacts deep in the cavity with MazE (Panel A) and MazEF complex (Panel
C) and not with MazF alone (Panel B). Panel D shows the change in �uorescence intensity with
increasing concentrations of rifampicin. The inset (Panel D) shows the double reciprocal plot.
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