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Despite the intensive study of antibiotic-induced bacterial permeabilization, its kinetics and molecular mecha-
nism remain largely elusive. A new methodology that extends the concept of the live-dead assay in flow cytom-
etry to real time-resolved detection was used to overcome these limitations. The antimicrobial activity of pepR
was monitored in time-resolved flow cytometry for three bacterial strains: Escherichia coli (ATCC 25922),
E. coliK-12 (CGSC Strain 4401) and E. coli JW3596-1 (CGSC Strain 11805). The latter strain has truncated lipopoly-
saccharides (LPS) in the outer membrane. This new methodology provided information on the efficacy of the an-
tibiotics and sheds light on their mode of action at membrane-level. Kinetic data regarding antibiotic binding and
lytic action were retrieved. Membrane interaction and permeabilization events differ significantly among strains.
The truncation of LPS moieties does not hamper AMP binding but compromises membrane disruption and bac-
terial killing. We demonstrated the usefulness of time-resolved flow cytometry to study antimicrobial-induced
permeabilization by collecting kinetic data that contribute to characterize the action of antibiotics directly on
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1. Introduction

Most gold-standard methods used to study the efficacy of antibiotics
are time consuming and provide limited information on the kinetics of
bacterial killing or inactivation, which hampers retrieving information
that may be useful to deduce the molecular mechanisms involved. The
permeabilization/killing kinetics provides valuable information on the
molecular mode of action, target and specificity of the antibiotic. In
this study, we describe a methodology that automatically detects the ki-
netics of antibiotic-induced bacterial permeabilization. This methodolo-
gy uses a commercially available mixture of two dyes (Syto-9 and
Propidium iodide [PI]) that allows to quantify the fraction of dead bac-
terial cells in a population [1,2] using time-resolved flow cytometry.
The action of pepR, an antimicrobial peptide (AMP) developed in our
labs, against Escherichia coli was studied through the application of the
method. AMPs are small, structurally diverse and usually cationic amphi-
pathic peptides that interact directly with lipids [3-6] permeabilizing
Gram-positive and Gram-negative bacteria including drug-resistant
strains [7,8], although few exceptions have been reported [4,6,7]. By

Abbreviations: AMP, antimicrobial peptide; FRET, Forster resonance energy transfer; PI,
propidium iodide; LPS, lipopolysaccharide
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targeting membranes, AMPs induce a rapid death in bacterial cells with
low chances for resistance development [4,6,7]. The fast kinetics of per-
meabilization is a very demanding technical challenge that has to be spe-
cifically addressed when aiming at time-resolved data.

Altogether, this work describes and characterizes a novel and robust
technique, time-resolved flow cytometry, to evaluate the antimicrobial
effect of AMPs, which may be extended to other membrane-targeting
antibiotics or to evaluate cellular cytotoxicity. The kinetic detail obtain-
ed with this technique may help to contribute to clarify the mode-of-
action of antibiotics against different bacterial species and mutant
bacteria. Gaining deeper insights on the mode of action of antibacterial
agents may lead to a more rationally guided drug design, which is
extremely important to avoid the emergence of multi-drug-resistant
bacterial strains as a consequence of antibiotic misuse [3,9,10].

2. Materials and methods
2.1. Materials

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
and sodium chloride (NaCl) were purchased from Merck Millipore
(Darmstadt, Germany). Luria-Bertani agar was from Applichem
LiveScience (Darmstadt, Germany), LB broth from Fisher Scientific
(Waltham, MA, USA) and isopropyl alcohol from VWR BDH Prolabo
(Leicestershire, England). LIVE/DEAD BacLight Bacterial Viability Kit,
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for quantitative assays (L7012) was purchased from Life Technologies
(Carlsbad, CA, USA). Dengue virus strain 2-derived peptide pepR
(LKRWGTIKKSKAINVLRGFRKEIGRMLNILNRRRR-amide) was synthe-
sized by solid-state synthesis as described elsewhere [11]. pepR stock
solution (500 uM) was prepared in sterile Milli Q water. All other labo-
ratory used reagents were of the highest quality available commercially.
All the experiments were performed at pH 7.4 at 22 °C +£ 1 °C.

2.2. Methods

2.2.1. Preparation and culture of bacterial strains

The E. coli strains used for the studies were ATCC 25922, K-12 wild-
type (wt) (CGSC Strain 4401) and JW3596-1 (CGSC Strain 11805) [12,
13], from now on abridged as 25922, K-12wt and JW3596-1, respective-
ly. Bacteria were maintained as stock cultures at — 80 °C and revived by
growing on Luria-Bertani agar plates overnight at 37 °C. For each bacte-
rial strain, two suspensions with 108 cfu/mL were prepared in LB broth
by direct suspension of colonies to minimize stress conditions until ex-
perimental procedures. Bacterial suspensions were then centrifuged for
10 min at 4000 xg twice and resuspended in either HEPES buffer,
pH 7.4, containing 150 mM Na(l, for live bacteria, or in HEPES buffer
after the first centrifugation and 70% isopropyl alcohol after the second
centrifugation to induce bacterial death. The suspensions for live and
dead bacteria were afterward incubated at room temperature for 1 h,
mixing every 15 min. One final centrifugation was performed and bac-
teria were resuspended in HEPES buffer. All bacterial suspensions
were diluted in HEPES buffer to 10° cfu/mL.

2.2.2. Bacterial live/dead assay using flow cytometry

Flow cytometry experiments were performed using a BD LSR Fortessa
from BD Biosciences (San Jose, CA, USA), which is equipped with 3 lasers
(violet—405 nm, blue—488 and red—640 nm), forward and side scatter
detectors and 9 fluorescence emission detectors (530/30 and 695/40
channels were used for Syto-9 and PI detection, respectively). The Live/
Dead kit assay is composed of two fluorescent dyes, Syto-9 and PI. Syto-
9 translocates cell membranes being able to complex with bacterial
DNA; in contrast, PI is only able to interact with bacterial DNA if the
lipid bilayer is damaged, indicating that PI-positive bacteria are fragilized
or dead. The kit assay used to evaluate the antimicrobial activity of pepR
on E. coli was obtained from Life Technologies (L7012) and bacterial stains
were performed according to the manufacturer's instructions. Briefly,
1.5 L of both Syto-9 and PI was added at each test tube with 1 mL of bac-
terial suspension (10° cfu/mL). For laser calibration purposes and gating
selection, unstained and single-stained Syto-9 or PI Live and Dead bacteria
were also recorded, and a standard curve for bacterial death detection
with Live/Dead staining was plotted (Fig. 1) [2,14].

2.2.2.1. Steady-state flow cytometry. For the pepR antimicrobial activity
assays against 25922, K-12wt and JW3596-1, concentrations of pepR
up to 20 uM were added to 1 mL of a bacterial suspension at 10 cfu/mL
labeled with both Syto-9 and PI. The mixture was incubated for 1 h, and
15,000 events were recorded from each solution (three independent as-
says were performed for each condition). The percentage of dead bacteria

in each solution was calculated according to Egs. (1) and (2) in Section 3.

2.2.2.2. Time-resolved flow cytometry. In the kinetic acquisition mode, the
Syto-9 and PI channels of the 10° cfu/mL bacterial suspensions were re-
corded for 60 min immediately after addition of 20 pM pepR (Fig. 2,
Figs. S1 and S2). The average fluorescence intensities <I o> and <I; >
of the events recorded at each time point, t, was calculated. Due to
AMP activity, as bacterial permeabilization progresses, the average fluo-
rescence signal of Syto-9 (<l s>) decreases and <I; > increases [15]
(Fig. 2B). The ratio between both signals (R, Eq. (2)) can be directly cor-
related to the % of cell death if one normalizes for a 0%-100% (a — b)
fluorescence ratio interval (Eq. (1)). Performing this procedure over
time, one calculates the evolution of the percentage of bacterial death

over time induced by the antibiotic (Fig. 2C), R(t). The R(t) of a bacterial
suspension with no addition of pepR was also calculated to account
for natural bacterial death during the 60 minutesmin of experiment
and for additional unspecific fluorescence signal background correc-
tion. During the 60 min, the number of viable cells did not change
(Supp. Fig. S3 - —green circles and Supp. Video S1).

2.2.3. Zeta-potential of bacteria

Zeta potential studies were performed in a Zetasizer Nano ZS
(Malvern instruments, Worcestershire, UK) equipped with a 633-nm
HeNe laser using disposable Zeta cells with gold electrodes. The protocol
used was adapted from Alves et al. [ 11] to ensure optimal measurement
conditions for the different E. coli strains. Briefly, the bacteria cells were
suspended in filtered HEPES buffer at 107 cfu/mL, dispensed into the
disposable zeta cells and allowed to equilibrate for 15 min at 25 °C be-
fore measuring. The experiments were carried out in two different
days using independently grown cultures (n > 3). Measurements were
repeated in the same conditions with the addition of 20 uM pepR.

2.24. Data analysis

The experimental values of % dead bacteria are calculated from
Eq. (1) and plotted over time. Egs. (3) and (4) are then combined to
fit the data and retrieve ko, k, and f. These parameters contain informa-
tion on cooperativity (f), kinetics of binding of the antibiotics to bacteri-
al targets (ko) and kinetics of killing (ko). Data fitting analysis was
performed with GraphPad Prism software v5.0. Mean =+ SD from 3 inde-
pendent experiments for each condition is represented. The validation
of the fitting models was achieved by an extra sum-of-squares F-test
in order to choose the simplest model to describe the antimicrobial
action against the bacteria tested (p < 0.01) between fittings with
Egs. (3) and (S12) (see supporting information for more detail). The
goodness of the fit was analyzed with R?, sum-of-squares and residual
plot analysis with normality test (D'Agostino-Pearson test with p <
0.0001) (Supplementary Section 3, Fig. S3).

3. Theory

Syto-9 is a green-fluorescent (510-540 nm) nucleic acid stain that is
able to penetrate both healthy and damaged bacterial cells. After incu-
bation with Syto-9, virtually all bacteria emit green fluorescence upon
excitation with blue light enabling counting total cells. In contrast, PI
is unable to penetrate healthy bacteria. Its red emission (620-650 nm)
is only associated to permeabilized bacteria (Fig. 1A). When both dyes
are present in the same cell, the emission of Syto-9 is decreased due
to the displacement of one stain by the other and apparent quenching
by Forster resonance energy transfer (FRET) [15]. The emission spectra
of bacterial suspensions may be integrated in the 510-540 nm and
620-650 nm intervals and the ratio of the corresponding values is com-
pared to a calibration curve obtained with isopropyl alcohol-killed bac-
teria to calculate the percentage of permeabilized bacteria [15] (Fig. 1B).
Although this assay provides useful information on antibiotic efficacy,
it does not enable retrieval of kinetic information. Application of these
principles to flow cytometry is currently based on steady-state condi-
tions [15] and dependent on user-defined population gating [16].
Nevertheless, flow cytometry allows the analysis of thousands of single
events in minutes and detects the evolution of a spectroscopic signal
over time [17-20]. Despite this potential, the application of flow cytome-
try to kinetic studies has been overlooked and the applications described
in the literature are limited to the detection of Ca?* intracellular flux [20].
We have used the time-resolved capabilities of flow cytometry to evalu-
ate bacterial susceptibility to antibiotics over time using the fluorescent
dyes Syto-9 and PI. Briefly, when a cell passes through the excitation
beam, the following data is registered: time since the experiment started,
fluorescence intensity in detector 1 (“green,” 530/30 BP), fluorescence in-
tensity in detector 2 (“red,” 695/40 BP) and forward/side scatter (Fig. 2A).
The data are grouped according to regular time intervals (typically 1 s),
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and the fluorescence intensity signals of the events in that time-interval
are averaged (Fig. 2A). The ratio of the fluorescence intensities (green/
red) over time correlates with the bacteria death (Fig. 2B). With proper
calibration curve and fitting models, the kinetics of antibiotic-induced
bacterial killing can be quantitatively described (Figs. 1C and 2C).

3.1. Calculation of the fraction of permeabilized bacteria

As shown in Fig. 2, t = 0 is set at the instant of addition of an antibiotic
to a bacterial cells suspension. The ratio of the fluorescence intensities
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pp is the fraction of permeabilized bacteria. R is the ratio of the aver-
age fluorescence intensities of Syto-9 (<Izs>) and PI (<I;,>) emission
after gating, and a and b are the experimental values of R for bacterial
populations that are 0% and 100% dead, respectively:

Yis the experimental estimator for the fraction of permeabilized bac-
teria (pp) and K is an empirical parameter valid for each experiment
setup that accounts for the magnitude of the deviations between Y
and pp. K is calculated from a calibration curve Y vs. pp using mixtures
of known composition of dead and live bacteria (Fig. 1B). If no devia-
tions exist (linear calibration curve), K> 1 and Y = pp. In the case of
the experimental setup used in the present study, K = 2.041 or 204.1
in a percentual scale (Fig. 1B). The 100% death scale value is set with
an assay using bacteria killed with isopropyl alcohol (Figs. 1 and 2B, C).

R is calculated for each time interval, and the fraction of perme-
abilized bacteria, pp, is calculated over time (Eq. (1)). Fig. 1 illustrates
the main sequence of steps in FACS data treatment: (1) raw data
(Fig. 2A) analysis and (2) determination of the corrected fraction of
dead bacteria (Fig. 1B). The relevance of correcting the estimated frac-
tion of dead bacteria (i.e., conversion of Y into pp - Eq. (1) and Fig. 2B)
in kinetic curves is highlighted in Fig. 1C. The calculation of Y from the
raw data is described with special attention in supplementary material
Section 1 (Fig. S1). For each bacteria strain, a calibration curve (Fig. 1B)
is required. Syto-9 and PI binding to bacteria DNA may give different
fluorescence intensity signals and thus different R values for each pro-
portion between live and dead/permeabilized bacteria. After proper sig-
nal correction (Fig. 1 and Fig. S1), it is possible to estimate the % of live or
dead bacteria over time (Fig S1). The evolution of the fraction of dead/
permeabilized bacteria over time and its maximum attained value will
be dependent on the concentration of the antibiotic administrated. For
instance, 100% bacterial death is achieved if concentrations above the
MIC value are used, 50% death is expected with [antibiotic] = MICsq
and values below 50% of bacterial death/permeabilization are expected
when using [antibiotic] << MIC as simulated with pepR titration in
Fig. S1 (bottom right panel), using sub-MIC, MIC and over-MIC concen-
trations showed by the life/dead panels in Fig. S2.

Fig. 1. Main steps in data analysis. (A) Flow cytometry fluorescence correlogram of both
fluorescent dyes, Syto-9 and PI for unstained (black), 100% live (green) and 100% dead
(red) bacteria. Escherichia coli (ATCC 25922) death was induced by isopropyl alcohol.
The gatings of Syto-9" and PI* are represented by solid black lines. (B) The percentage
of dead E. coli (ATCC 25922) in suspensions of live bacteria and bacteria previously killed
with isopropyl alcohol was estimated using the fraction of population in each gate (trian-
gles), or using Egs. (1) and (2) (white circles). This approach is based on the Syto-9 and PI
fluorescence intensity ratio. A deviation from linearity occurs. The uncorrected estimated
fraction of dead bacteria in this case (Y in Eq. (1)) is related to the real fraction of dead bac-
teria (pp) by a rectangular hyperbola (K is an instrumental constant). The black solid line is
the result of fitting the experimental data (circles) with a rectangular hyperbolic function
(K=204.1). C) The conversion of Y (uncorrected estimate of the fraction of dead bacteria)
into pp is of extreme importance as the kinetics of bacterial permeabilization are severely
affected. A comparison of the kinetics of permeabilization using uncorrected (grey) and
corrected (red) percentage of damaged E. coli (ATCC 25922) kinetic curves is shown.
The result of fitting Eq. (3) to the data is also shown (solid and dashed line). The corrected
curve significantly deviates from the uncorrected curve.
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Fig. 2. Workflow of the live/dead assay using time-resolved flow cytometry. (a) Left panel: Example of bacterial scatter correlogram (FSC-SSC plot) and population gating selection (top)
and fluorescence correlogram of Syto-9 and PI, highlighting the LIVE/DEAD gates to identify Syto-9 and PI positive cells (green and red gate, respectively). This example consists in Ec25922
100% live. Right panel: Schematic representation of the detection of each bacterial event by the flow cytometry instrument. On a continuous flow, a suspension of bacteria (10° cfu/mL)
labeled with both Syto-9 (green dot) and PI (red dot) passes through the detection chamber, which is irradiated by a blue laser (488 nm). For each cell passing through the laser beam
the forward and side scatter signals are triggered and the order of the event is registered, #, as well as the time in which it occurred, tx. The green fluorescence emission of Syto-9
(530/30 nm) and the red fluorescence from PI (695/40 nm), ;¢ 4 and I 4, respectively, are recorded by each detector. Finally, for a pre-defined time interval, At (1 s, for instance) the av-
erage fluorescence intensity, <I> (green and red) are determined. (b) For long-period acquisitions and recordings, the average fluorescence intensity can be plotted over time. Immediately
after antibiotic addition, one can follow the evolution of both Syto-9 and PI average intensity, <I;z> and <I,>, respectively, over time (green and red plots, respectively—right panel). The
ratio between the green and red signals, R(t) = <> (t) /<I;> (t) is related to the evolution of the live bacterial population over time (left panel). Using the experimental value of R for 100%
live bacteria (green dashed line—a) and 0% live bacteria (red dashed line—b), it is possible to calculate the % of dead bacteria over time due to the antimicrobial action. (c) The evolution of
dead/permeabilized bacteria over time can be calculated from Eq. (1) and the antimicrobial action can be described using Eq. (3), from which one can quantitatively describe the antimi-

crobial dynamics of the antibiotic under study.
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3.2. Kinetic model and data treatment

Assuming for the sake of simplicity that permeabilization leads to
death, the kinetics of bacterial death may be described in theoretical
terms by the action of an antibiotic, A, that interacts with live bacteria,
B;, which is then converted into dead bacteria, Bp. Assuming that both
binding and killing steps are irreversible and A has a defined stoichiom-
etry when binding to B;:

B, + nA S BA, 2 ByA
In excess of A, Eq. 23) [21] applies (additional details in supplemen-

tary material Section 2):

k'le_kzt—kze_k,‘t
ky—K'4

BpA / n
po =1+ Ky = kA 3)

where [B;]o is the concentration of B, at t = 0. Considering that k',
may be time-dependent to account for cooperativity on the binding of
Ato B
Ky = kot! (4)

where ko is an empiric fundamental constant and f describes
cooperativity (f< 0, negative cooperativity; f> 0, positive cooperativity;
f= 0, no cooperativity).

The experimental values of pp calculated using Eq. (1) are fitted
with Egs. (3) and (4) to retrieve ko (attachment to the membrane), f
(cooperativity) and k, (permeabilization).
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4. Results and discussion
4.1. Antimicrobial activity of pepR

The methodology described above was used to study the killing of
E. coli by pepR, a permeabilizing AMP [11]. The pepR concentration
that inhibits 50% of bacterial growth (MICsp) is 5 M [11] (in agreement
with Fig. 4A and Supplementary Section 1, Fig. S2). The antimicrobial ac-
tivity of pepR was assayed against different E. coli strains (25922, K-
12wt [12] and JW3596-1 [13]). Fig. 3 shows the effect of pepR (20 M)
on 25922 and K-12 wt over time (Supplementary Movies 1 and 2). In
contrast, there is no effect of pepR on JW 3596-1 (Fig. 4 and Supplemen-
tary material Section 3, Fig. S3), a K-12wt mutant with a truncated LPS
core [13]. The removal of LPS components from the bacterial surface ab-
rogated permeabilization.

The kinetic data of pepR-induced permeabilization of 25922 and
K-12 wt (Fig. 3) were fitted combining Eqs. (3) and (4). It should be
stressed that the use of these equations follows the principle of parsi-
mony: several kinetic models could in principle fit the data (e.g., Zeng
et al. 2013 [22]) but the simplest is adopted (binding — local arrange-
ment in the membrane — permeabilization). This formulation is in
agreement with experimental data from different sources that shows
that binding to membranes, accumulation in the membrane up to a crit-
ical level and subsequent permeabilization are events present in the
mechanism of action of many AMP [4,6,23]. However, good fitting of
the model to the data does not constitute definitive proof of such mech-
anism of action. ko, f and k; are kinetic descriptors of permeabilization,
not to be confused with literal phenomenological descriptors of the
mechanism of action.
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Fig. 3. Time-resolved bacterial damage of Escherichia coli ATCC 25922 and K-12 wt after addition of the permeabilizing antibiotic pepR. Top panel: Percentage of dead/permeabilized bac-
teria of K-12 wt (orange circles) and 25922 (red circles) over time after addition of 20 uM of pepR followed by time-resolved flow cytometry. The kinetics of bacterial permeabilization was
fitted by Eq. (3) (black line), which is valid for a two-step process. Bottom panel: Flow cytometry fluorescence correlograms (PI vs. Syto-9) at specific time points during pepR antimicrobial
action on 25922. Syto-9 and PI positive population gates (green and red, respectively) from which the percentage of dead bacteria is calculated be means of Eq. (1) are highlighted. For full
observation of the result of the time-resolved flow cytometry experiment, see Supplementary Movies 1a, b and 2a,b before and after addition of 20 pM of pepR to 25922, respectively.
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Fig. 4. pepR antimicrobial activity against Gram-negative bacteria. (a) Percentage of bacte-
rial death and pepR concentration susceptibility for 25922, K-12wt and JW3596-1 after
60 min of incubation. Concentrations of pepR up to 20 pM (MICso = 5 pM [11]) were
added to a bacterial suspension at 10° cfu/mL concentration doped with Syto-9 and PI.
The Syto-9 and PI fluorescence signals were recorded after 1 h incubation (n = 3). (b)
Zeta potential measurements of 25922 (black), K-12wt (red) and JW3596-1 (red stripes)
in the absence and presence of 20 pM pepR. Bacteria were suspended in filtered HEPES
buffer at 107 cfu/mL, dispensed into the disposable zeta cells and allowed to equilibrate
for 15 min at 25 °C before measuring. The Zeta potential variation (A¢) after addition of
pepRisindicated. Error bars represent the standard deviation of at least three independent
measurements.

The kinetic parameters reveal differences in the action of pepR to-
ward 25922 and K-12 wt (Table 1 and Fig. 3). In light of the kinetic
model used, pepR is more than 2-fold faster in binding to the membrane
of 25922 , albeit being 40% slower than with K-12wt in the subsequent

Table 1
Kinetic parameters obtained from the non-linear fit of Eq. (4) to data from Fig. 3: time-re-
solved flow cytometry.

Kinetic parameters  Escherichia coli strains

25922 K-12 wt Ratio (fold variation)
ko (min—") 0.161 + 0.045 0.071 +£ 0.054 23
ky (min~—1) 0.060 £+ 0.0002 0.121 £ 0.015 0.6
f 144 + 0.21 0.60 + 0.39 24

permeabilization step. Moreover, the antibiotic's cooperativity in bind-
ing to the bacterial membrane is more effective (higher f) for 25922
than K-12 wt. Binding to membranes is faster and highly cooperative
in 25922 but the permeabilization step itself takes place at higher rate
in K-12wt. It is reasonable to speculate that cooperativity probably
results from aggregation in the membrane, because, as mentioned
above, it is consensual in the literature that most cationic peptide anti-
biotics accumulate in the membranes until threshold critical levels are
achieved [4,6].

The kinetic data are consistent with results on the external surface
charge density of each strain measured by zeta-potential [11] (Fig. 4B):
—20 4+ 2 mV for 25922, in agreement with published values [11,24],
and — 12,3 + 0.4 mV for K-12 wt. These values show that it is possible
that electrostatic attraction accounts for the dominant binding and clus-
tering of the peptide in 25922 when compared with K-12wt. Interestingly,
the subsequent step of permeabilization in the kinetic model is faster for
K-12 wt. It is also worth to note that the JW 3596-1 zeta-potential value,
—24 + 1 mV, is similar to the one obtained for 25922 and binding to
the membrane of these bacteria occurs (Fig. 4B) but permeabilization is
nevertheless blocked. This reveals that the presence of negatively charged
lipids compensates for the absence of LPS polysaccharide moieties in
terms of surface membrane charge, but LPS has a crucial role in effective
membrane permeabilization. Experimental evidence for the role of LPS
in fusion of the outer and inner membranes leading to permeabilization
has been presented before [25,26]. In addition, Avitabile et al. [27] report-
ed by a direct study in bacteria that AMP secondary structure rearrange-
ment is greatly dependent on LPS. Thus, it is possible that in bacteria
with shorter LPS, the AMP may bind, but the secondary structure required
for membrane disruption is not acquired.

In this work, we demonstrate the usefulness of time-resolved flow
cytometry to study antibiotic-induced bacterial permeabilization. This
technique enables to retrieve information on the kinetic efficacy of a
permeabilizing agent and the cooperativity of its action. Gaining deeper
insights on the kinetics of action of antibiotics will no doubt contribute
to more rationally guided optimization, and eventually to more effective
antimicrobial drugs with better clinical prospects.

5. Conclusions

There are few high-resolution methodologies to quantify the kinet-
ics of antimicrobial permeabilization. This work presents a fast, reliable
and accurate approach to retrieve kinetic parameters in the context of a
simple model that considers antibiotic accumulation on the membrane
followed by permeabilization. This methodology revealed that bacterial
membrane LPS is important to the kinetics of AMP deleterious action.
Structural in conjunction with kinetic data are needed to reveal the
mechanism of action of AMPs, which has remained largely elusive, as
biophysical studies using live cells are still minority compared to those
using vesicles and artificial systems.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2014.11.001.
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