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Abstract

Colistin is a polymyxin antibiotic (polymyxin E) that has in recent years re-emerged as an option for treatment of multidrug-
resistant bacteria. Recently, the re-introduction of colistin resulted in the appearance of colistin-resistant bacteria, which
is usually caused by LPS modifications. The fact that this modification is mediated by a plasmid carrying the mcr-1 gene,
implies a horizontal transfer of colistin resistance. In Argentina, the National Reference Laboratory in Antimicrobial Resist-
ance (NRLAR), has recently screened several bacteria for the MCR-1 plasmid, detecting nine Escherichia coli isolates
carrying the plasmid with the mcr-1 gene, among others. In this context, we proposed to assess the effect of surface charge
modifications induced by the plasmid MCR-1 and its impact on the resulting colistin resistance in two clinical isolates of
colistin-resistant E. coli. Using zeta potential assays, we confirmed the reduction of negative charge exposure on clinical
isolates compared to the reference strain of E. coli. In addition, through permeabilization assays, we were able to correlate
this reduction in charge exposure with the extent of damage to the bacterial membrane. The fact that this surface charge
modification through substitution of lipid A is plasmid encoded, represents an important concern for future antimicrobial
peptide drug development.
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Introduction

Colistin, a polymyxin antibiotic (polymyxin E), was first
discovered in the 1940s but was not clinically used until the
late 1950s. However, nephrotoxicity and neurotoxicity issues
caused by this drug and the emergence of other antibiotics
(e.g., aminoglycosides) that were less toxic, deterred physi-
cians from using colistin. In this context, between the 1970s
and 1990s, colistin was not often used (Li et al. 2006). Nev-
ertheless, the lack of treatment options for multidrug-resist-
ant (MDR) bacteria has led to the re-emergence of colistin
as an antimicrobial therapy in recent years (Lim et al. 2010).
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The antibacterial activity of polymyxins relies on a deter-
gent-like effect, via a two-step mechanism. This comprises
initial binding via electrostatic interactions between the
polycationic ring of colistin to cell envelope components,
specifically the lipid A portion of the lipopolysaccharide
(LPS) that form the outer membrane of Gram-negative bac-
teria (Magiorakos et al. 2012; Liu et al. 2016; Poirel et al.
2017), causing the displacing, in a competitive fashion,
of calcium (Ca®*) and magnesium (Mg>") ions from the
phosphate groups of LPS, that act as membrane stabilizers
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(Bialvaei and Samadi Kafil 2015). Consequently, the outer
membrane is destabilized, increasing its permeability and
leading to leakage of the cytoplasmic contents with subse-
quent lysis and bactericidal activity (Esposito et al. 2017).

The re-introduction of colistin in recent years resulted in
the appearance of colistin-resistant bacteria, which is usu-
ally caused by LPS modifications (Liu et al. 2016). In most
resistant strains, 4-amino-4-deoxy-L-arabinose (L-Ara4N),
phosphoethanolamine (PEtN) or galactosamine moieties
are enzymatically added to the lipid A on the LPS core
(Magiorakos et al. 2012; Liu et al. 2016; Poirel et al. 2017).
The plasmid-mediated mcr-1 gene, responsible for hori-
zontal transfer of colistin resistance, was first described for
Escherichia coli and Klebsiella pneumoniae isolates recov-
ered in China between 2011 and 2014 (Liu et al. 2016). The
encoded MCR-1 protein is a member of the phosphoethan-
olamine transferase enzyme family, as its acquisition results
in the addition of phosphoethanolamine to lipid A, and con-
sequently in a more cationic LPS that impairs or diminishes
colistin attachment (Poirel et al. 2017).

In Argentina, the National Reference Laboratory in Anti-
microbial Resistance (NRLAR), from 2008 to January 2016
has screened several bacteria for the MCR-1 plasmid. In par-
ticular, the mer-1 gene was detected in nine E. coli isolates
(Rapoport et al. 2016).

In this study, we aimed to evaluate the effect of surface
charge modifications induced by the plasmid MCR-1 on the
resulting colistin resistance, by zeta potential and membrane
permeabilization assays in two clinical isolates of E. coli
carrying the MCR-1 plasmid.

Materials and methods
Bacterial strains and growth conditions

E. coli ATCC25922, and the two E. coli clinical isolates
M15049 and M15224 resistant to colistin but carrying the
mecr-1 gene used in this work were previously characterized
(Rapoport et al. 2016). To carry out all the tests, strains were
grown in Mueller Hinton Broth (MHB, Britania, Buenos
Aires, Argentina) at 37 °C. Minimal inhibitory concentra-
tion (MIC) was determined by standard microdilution assays
according to CLSI recommendations (Clinical and Labora-
tory Standards Institute 2015), using MH media in the pres-
ence and absence of 80 pg/ml of EDTA.

Zeta potential
Zeta potential, determined by dynamic light scattering
(DLS), was performed at 25 °C on a Horiba SZ-100 nano-

particle analyzer (Horiba, Kyoto, Japan). Each overnight
culture of bacteria in MHB (with and without 80 ug/ml of
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EDTA) was washed twice in saline solution (NaCl 0.89%
w/v) and diluted to reach a bacterial concentration of 3 x 107
Colony Forming Units (CFU)/mL to acquire enough count
rates. Zeta potential was determined from the mean of 10
measurements (500 runs each). The complete experiment
was carried out in triplicate for each sample, using inde-
pendently grown cultures. The pH of the final solution of
bacteria was 6.5. Due to our experimental conditions (i.e.
work in ionic media and measuring particles of relatively
high diameter > 200 nm), zeta potential was calculated from
cell mobility by using the Smoluchowski approximation, and
Henry’s function was set at 1.5 (Lowry et al. 2016).

3uEn
2ef(xr)’ M

zeta potential =

where uE is the electrophoretic mobility; 7 is the dispersion
medium viscosity; ¢ is the dispersion medium dielectric con-
stant and f(xr) is Henry’s function. Zeta potential changes
induced by colistin addition after bacteria were incubated for
1 h with 4 pg/ml of colistin, were also determined.

Outer membrane (OM) permeabilization

OM permeabilization activity was determined by using the
1-N-phenylnaphthylamine (NPN) fluorescent assay, as pre-
viously described (Dong et al. 2014). Measurements were
carried out on a Varian Cary Eclipse fluorescence spectro-
photometer (Mulgrave, Australia), with excitation at 350 nm
and emission at 420 nm. Briefly, an overnight culture of each
strain was inoculated in fresh MHB media and incubated at
37 °C under agitation until reaching an OD 600 nm of 0.1.
Cells were harvested by centrifugation at 5000xg for 5 min,
washed twice in PBS, and later 600 pl of cell suspension was
mixed with an aliquot of NPN to a final probe concentra-
tion of 12 uM. Subsequently, cell suspension was added to
a 0.5 cm quartz cuvette and fluorescence was recorded over
1 min, flowed by the addition of 4 pg/ml colistin (time 0),
mixed by pipetting up and down, and fluorescence was con-
tinuously recorded over time until no further increase was
detectable. The sigmoidal model used to characterize the
kinetics uptake of NPN is described by following equation
(Batzli and Love 2015):

F=F FO_Fmax

max T (@)
where F, represents the fluorescence baseline before NPN
addition and F,,, the maximum value achieved after colistin
addition, F is fluorescence measured. The time constant, s,
is the time to toggle from the initial to half the fluorescence
of the final state of uptake, and & (units of time_l) is a kinetic
time constant related to the inverse of the time to complete
the transition beyond the lag time. The lag time is related
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to the sigmoidal time constants by the following equation
(Batzli and Love 2015):

2

Hag = Iso — % 3

The complete experiment was carried out in triplicate for
each sample, using independently grown cultures.

Fluorescence microscopy

To evaluate cell viability, a staining procedure was per-
formed with solutions of thiazole orange (TO) and propid-
ium iodide (PI) to differentiate the living and membrane
damaged bacteria. Bacterial suspensions were prepared fol-
lowing manufacturer instruction in the BD™ Cell Viability
Kit (BD Biosciences, USA). Briefly, an overnight culture of
each strain was inoculated in fresh MHB media and incu-
bated at 37 °C with agitation until reaching an OD 600 nm
of 0.1. Afterward, both probes were added in a final concen-
tration of 420 nmol/I for TO and 43 pumol/1 for PI and incu-
bated for 15 min with gentle agitation protected from light.
Samples were imaged using an Olympus Inverted Fluores-
cent microscope CKX 41 (Olympus, Japan) coupled with a
digital camera Olympus QColor3-RTV-R (Olympus).

Data analysis
Fitting of the equations mentioned in this work to the experi-
mental data was done for non-linear regression using Graph-

Pad Prism 5. Error bars on data presentation represent the
standard error of mean (SEM).

A HaN B

Phosphatidylethanolamine

Results and discussion

As was recently described, the clinical isolates M 15049 and
M15224 harboring the mcr-1 gene (Rapoport et al. 2016)
displayed a colistin-resistant phenotype with a MIC of 8 and
16 pg/ml, respectively. On the other hand, the MIC value
described for the non-resistant ATCC 25922 bacterial strain
is 0.5-2 pg/ml (Turlej-Rogacka et al. 2018). It was previ-
ously pointed out that the replacement of lipid A with the
PEN-4'-lipid A, mediated by MCR-1, reduced the negative
membrane charge of all colistin-resistant E. coli (Fig. 1).
Furthermore, the possibility of using zeta potential as a diag-
nostic tool for colistin-resistant strains has been recently pos-
tulated (Esposito et al. 2017). In this context, to corroborate
this statement on new Argentinian colistin-resistant E. coli
strains, the zeta potential of these strains and the colistin-
sensitive ATCC reference strain was characterized. As can
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Fig.2 Zeta potential values of bacteria. Each point represents the
averages of three independent measurements. Error bars indicate
standard deviations of means. All assays were carried out at 20 °C.
Statistical comparison using one-way ANOVA followed by a Tur-
key’s post-test for multiple comparisons; **p <0.001, ***p <(0.0001.
N=3
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Fig. 1 a Structure of colistin and b the phosphoethanolamine transfer reaction catalysed by MCR-1 in E. coli lipid A (Hinchliffe et al. 2017)
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be seen in Fig. 2, both clinical isolates exhibited a significant
(control vs. M 15224 p value =0.000034; control vs. M15049
p value =0.0005) reduction of zeta potential. Interestingly,
the isolate M 15224 with a higher MIC value toward colis-
tin (Rapoport et al. 2016), showed less negative potential,
reinforcing the hypothesis of the relationship between the
zeta potential and resulting resistance. As was pointed out
above, this reduction of zeta potential could be ascribed to
the addition of PEtN at the 4’ position of lipid A. Further-
more, the match on zeta potential reduction and MIC values
found, allowed us to hypothesize that this difference in the
zeta potential could be related with the degree of substitu-
tion of lipid A.

To get an insight into the effect of zeta potential changes,
through lipid A substitution on bacteria and colistin inter-
actions, we obtained zeta potential values of the reference
susceptible strain and both resistant isolates after bacteria
had been incubated for 1 h with 4 pg/ml of colistin. Inter-
estingly, only the reference strain showed a significant zeta
potential change (p value =0.0268), becoming less nega-
tively charged after colistin addition (Fig. 3). As was pointed
out above, colistin is a positively charged polypeptide with
four positive charges at the pH tested (Shah et al. 2014). In
this context, we could hypothesize that attachment of colistin
to the bacterial outer membrane, through lipid A, should
induce a reduction in zeta potential value. However, other
factors related to the interaction of colistin with susceptible
bacteria, such as lipid disorganization, could also explain
this reduction in zeta potential and should not be ruled out.
The fact that no changes were observed in both resistant
strains could imply an insufficient interaction of colistin with
the bacterial surface, or a reduction in the capacity of their
interactions at the bacterial surface to induce a noticeable
change in the zeta potential.

As was previously pointed out, masking the negatively
charged phosphates of lipid A could induce a reduction in

ATCC25922 M15224 M15049
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]
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Fig.3 Zeta potential values of bacteria incubated with 4 pg/ml of
colistin. Each point represents the averages of three independent
measurements. Error bars indicate standard deviations of means. All
assays were carried out at 25 °C. *p <0.5 unpaired ¢ tests between
bacteria with and without colistin
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colistin affinity (Esposito et al. 2017), which is the initial
electrostatic interaction that temporarily stabilizes the com-
plex and brings the N-terminal fatty acyl chain of the poly-
myxin molecule into proximity with the outer membrane
(Velkov et al. 2010). Therefore, inhibition at that initial
stage could explain the ability of the bacteria to become
resistant. It has been previously demonstrated that the phos-
phoethanolamine transferase enzyme family requires zinc for
MCR activity (Hinchliffe et al. 2017), and regarding this,
the removal of zinc through inclusion of the chelator EDTA
reverted colistin-resistant E. coli isolates to a susceptible
phenotype (Esposito et al. 2017; Hinchliffe et al. 2017). In
this context, zeta potential and MIC values of two resist-
ant isolates and the reference strain used in this study were
determined in the presence of EDTA, showing in this case
a reduction of MIC on both resistant bacteria to a similar
MIC value to susceptible reference strain (1 pg/ml). Interest-
ingly, this behaviour was concomitant with a decrease in zeta
potential values of 6.2 +0.7 mV for clinical isolate M15224
and 5.1 +0.5 mV for M15049, reaching negative values
comparable to the reference strain. Beside EDTA chelator
activity that could act non-specifically affecting other bac-
terial processes, the fact that non-significant changes were
observed in the susceptible reference strain (neither in MIC
nor in zeta potential), reinforces the relationship between
zeta potential values and colistin resistance.

Considering that both resistant strains showed no changes
in zeta potential after colistin incubation, and taking into
account that the colistin concentration used is lower than
MIC values for both isolates, we aimed to evaluate if this sub
MIC concentration is still capable of inducing some effects
on the membrane permeabilization. As was previously pub-
lished, the mode of action of colistin is related to its abil-
ity to disrupt the bacterial outer membrane (Falagas et al.
2005). In this context, we evaluated the ability of colistin
to permeabilize the outer membrane of three E. coli strains
using the NPN uptake assay. NPN is a small hydrophobic
molecule that is excluded by intact bacterial outer mem-
branes, but exhibits increased fluorescence after partitioning
into disrupted outer membranes (Dong et al. 2014). Thus,
an increase in fluorescence intensity in the presence of any
agent indicates a disrupted or permeabilized bacterial outer
membrane.

As shown in Fig. 4, the addition of colistin promoted
NPN uptake across the outer membrane of three tested
bacteria, confirming its ability to disrupt the outer bacte-
rial membrane. As expected, E. coli ATCC 25922 showed
the highest uptake value. Regarding the clinical isolates,
M15224 exhibited a slightly lower uptake value in com-
parison with the isolate M15049. When uptake kinetics was
analyzed, E. coli ATCC 25922 showed the fastest permeabi-
lization behaviour (i.e. lower ts), and this value was twofold
lower than isolate M 15049 and threefold lower than M 15224
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Fig.4 Outer membrane permeabilization. Bacterial cells were incu-
bated with NPN in the presence of 4 pg/ml of colistin. a NPN uptake
kinetics measured by an increase in fluorescence intensity after probe
partition into the hydrophobic core of the outer membrane, time=0
correspond with colistin addition. Dashed lines represent the fitting

(Fig. 4c). In this case, beside isolates M15049 and M 15224
showing similar permeabilization rates, the first one exhib-
ited significantly faster kinetics (p value=0.0153), in good
agreement with MIC data. Also, 7,,, times for both clini-
cal isolates where much higher (1.38 min for M15049 and
2.32 min for M15224) than for the sensitive ATCC strain
(0.61 min). The fact that both clinical isolates show per-
meabilization or disruption of the outer membrane while
no changes in zeta potential were observed implying that
even small amounts of colistin attached to the membrane
are enough to induce an effect. However, no inhibitory effect
was observed at this colistin concentration, which implies
that bacteria were able to overcome this partial disruption
of the membrane. In order to evaluate this issue, a live/dead
fluorescence assay was employed. As shown in Fig. 5, ref-
erence strains exhibited significant membrane damage (i.e.
red stained bacteria) after 1 h of incubation with colistin,

of measured data with Eq. 2, b NPN uptake after 20 min. ¢ Time to
reach 50% (t5,) of NPN uptake. Data presented as mean + standard
deviations of means. Statistical comparison using one-way ANOVA
followed by a Turkey’s post-test for multiple comparisons; *p <0.05,
**p<0.001, *#*p <0.0001. N=3

whereas in both clinical isolates, most bacteria remained via-
ble (i.e. green bacteria). Confirming that partial permeabili-
zation of the outer membrane is not enough to kill bacteria,
in good agreement with MIC data. When both clinical iso-
lates were compared, although the clinical isolate M 15049
showed mostly viable bacteria, some membrane damaged
bacteria appeared, compared to clinical isolate M 15244, in
agreement with MIC and NPN uptake assays. It was previ-
ously pointed out that for many antimicrobial drugs, includ-
ing antimicrobial peptides, rapid kinetics of bacterial killing
can reduce the potential for the development of resistance
compared to the slower kinetics observed with standard anti-
microbial agents (Deslouches et al. 2013). In this context,
the significantly slower kinetics, as well as higher 7, times
of permeabilization observed in both clinical isolates, could
allow the bacteria to adapt and become resistant.
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Fig.5 Live/dead staining of E. coli after 1 h. of incubation with colistin. a ATCC 25955, b M15049 and ¢ M15224. Scale bar=5 pM

The fact that the zeta potentials match with the peptide
permeabilization and MIC results on both clinical isolates
could suggest (1) a partial substitution of lipid A that reduces
the possible colistin site of attachment, but leaves some non-
modified moieties where colistin could still attach but to a
lower extent, or (2) a reduction of zeta potential, that reduces
the electrostatic force that drives the first step in colistin
mechanism of action. Also, a combination of both mecha-
nisms should be considered, resulting in weaker interaction
of colistin with the bacterial surface insufficient to induce
lethal damage to the bacteria.

Besides lipid A being the specific target of colistin, the
reduction of zeta potential by the MCR-1 protein could also
have important consequences in other antimicrobial com-
pounds, where electrostatic interactions drive the first steps
of membrane attachment, as with many cationic antimicro-
bial peptides (Hollmann et al. 2018). Furthermore, the fact
that modification through substitution of lipid A is plasmid
encoded represents an important concern in the future of
antimicrobial peptide drug development.
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