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Azithromycin-Induced Changes to Bacterial Membrane Properties
Monitored in Vitro by Second-Harmonic Light Scattering
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ABSTRACT: We present a nonlinear light scattering method
for monitoring, with real-time resolution and membrane
specificity, changes in molecular adsorption, and transport at
bacterial membranes induced by an antimicrobial compound.
Specifically, time-resolved second-harmonic light scattering
(SHS) is used to quantify azithromycin-induced changes to
bacterial membrane permeability in colloidal suspensions of
living Escherichia coli. Variations in membrane properties are
monitored through changes in the adsorption and transport
rates of malachite green, a hydrophobic cation that gives SHS
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signal. Regardless of concentration, instantaneous treatment with azithromycin showed no significant changes in membrane
permeability. However, 1 h pretreatment with subminimum inhibitory concentrations of azithromycin induced an order-of-
magnitude enhancement in the permeability of both the outer membrane and, through facilitation of a new transport mechanism,
the cytoplasmic membrane of the bacteria as well. This study illustrates SHS as a novel tool for monitoring antimicrobial-induced

changes to membrane properties in living bacteria.
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Antimicrobial resistance is a ubiquitous and ongoing
problem that diminishes the effectiveness of even the
most efficient bactericidal compounds.' This worldwide threat
demands continued development of new and increasingly
innovative pharmaceutical drugs capable of selectively targeting
microbial pathogens. To be effective, antimicrobial compounds
require the ability to either cross or increase the permeability of
the bacteria membrane. In the interest of efficiently optimizing
viable antimicrobial targets, it is desirable to develop method-
ologies capable of monitoring changes to membrane properties
in living bacteria.

We have previously demonstrated the utility of second-
harmonic light scattering (SHS) for measuring the adsorption
and transport rates of molecules at the membranes of living
cells.”™” This real-time and surface-sensitive technique has been
used for monitoring chemically induced changes to membrane
permeability in living cells.” SHS is based on the nonlinear
optical phenomenon, second-harmonic generation (SHG), in
which a fraction of an incident light of frequency w is scattered
at 2w after interacting with SHG-active matter.

The fundamental principles of SHS have already been
described.* """ SHS is applicable to molecules that exhibit
second-order nonlinear polarizability, hereafter denoted as
SHG-active, which include molecules lacking inversion
symmetry. Scheme 1 depicts the basic mechanism by which
SHS can be used to monitor molecular transport across a
membrane. When SHG-active molecules are randomly oriented
in solution, no coherent SHS is produced due to destructive
interference between second harmonic light emitted from
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Scheme 1. Characteristic Time-Resolved SHS Signal
Response for Molecular Adsorption at the Surfaces of, and
Transport Across, a Phospholipid Membrane
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neighboring molecules. In this case, onlz incoherent hyper-
Rayleigh scattering (HRS) is produced.”'® However, when
such molecules adsorb onto the outer surface of a cell
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membrane, they align with one another due to similar
molecule—membrane interactions. The second harmonic light
emitted from these molecules constructively interferes and
produces SHS signal. As some of those molecules diftuse across
the bilayer and adsorb onto the interior surface of the
membrane, SHS from the oppositely oriented molecules on
the inner surface cancels with the signal from the molecules
remaining on the outer surface. This results in a decrease of the
measured SHS. Consequently, the rise in SHS signal is
proportional to the rate of molecular adsorption onto the
outer surface of the membrane, and the subsequent decay is
proportional to the molecular transport rate across the
membrane. This interpretation has been extensively validated
following numerous studies in which SHS has been used to
study molecular adsorption and transport across membranes in
biomimetic liposomes'' ' and living cells.”””

In this letter, we show that antibiotic-induced changes to
membrane permeability can be quantitatively discerned through
real-time monitoring of the transport rate of an SHG-active
probe molecule. Specifically, the transport of the probe
molecule is first characterized in a sample containing healthy
viable bacteria. The experiment is then repeated, but with the
addition of an antibiotic, within proximity of the minimum
inhibitory concentration (MIC), and for a variety of incubation
times, to induce changes in the properties of the bacterial
membrane(s). For instance, an increase in membrane
permeability allows transport of the SHG-active probe to
occur at a faster rate, which can be quantitatively verified
through analysis of the time-dependent SHS measurement.

Macrolides form a general class of antibiotic compounds
whose structure contains a large macrocyclic lactone ring. As a
group, they have been effectively used in clinical treatments,
primarily against Gram-positive based infections, for well over
50 years.'” The proposed mechanism-of-action is rooted in the
inhibition of bacterial protein synthesis due to binding of the
macrolide to the 50S ribosomal subunit of the bacterial 70S
ribosomes.'” Azithromycin (AZM) is one of the more recently
developed macrolides with improved antimicrobial effectiveness
that extends even to Gram-negative species due to the addition
of a methyl-substituted nitrogen in the azalide ring."**° Given
the bulky nature of macrolides, as well as the fact that they must
travel to the cytoplasm before they can induce an antimicrobial
effect, there has been considerable interest in characterizing
macrolide—membrane interactions.

For instance, AZM has a molecular weight of 749 Da, well
over the exclusion limit (~600 Da) for passive diffusion across
the outer membrane protein (Omp) porin channels located in
the outer membrane (OM) of Gram-negative bacteria.'* %"
Nevertheless, it has been suggested that AZM can rapidly
traverse the OM through the so-called “self-promotion uptake
route” by disrupting the lipopolysaccharide (LPS) chains,
resultin% in enhanced permeability of the outer leaflet of the
OM."*7 Several studies have examined the interaction of
AZM with biomimetic membrane systems”'~>* and provided
insight into how AZM may interact with a bacterial cytoplasmic
membrane (CM). The current consensus is that macrolides
alter phospholipid organization and membrane fluidity.”' ~**

We report here the application of time-resolved SHS to
quantitatively monitor the concentration- and time-dependent
interactions of AZM with the two phospholipid membranes of
the Gram-negative bacteria, Escherichia coli (E. coli). Specifi-
cally, we measure the time-dependent uptake of the SHG-active
cation, malachite green (MG), in colloidal suspensions of living
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E. coli that have been treated with increasing concentrations of
AZM for durations of either 0 or 1 h. Quantitative analysis of
the time-resolved SHS signals reveals AZM-induced changes to
bacterial membrane permeability.

We first demonstrate that our strain of E. coli is susceptible to
the antibiotic effects of AZM. The MIC was deduced using the
broth dilution method” and quantified with flow cytometry
(see Supporting Information, SI, for additional details). It must
be noted, however, that our SHS experiments require higher
cell densities to yield measurable signal. Consequently, a MIC
assessment was also performed for higher cell density. In
general, as cell density increases, the MIC also increases.”> As
expected, for the elevated cell density, the MIC increased from
0.5 to 128 pug/mL (see SI). Nevertheless, for both high and low
cell densities, the ratio of the MIC to the cell density was
roughly equal, ca. 10° molecules per cell, suggesting that the
same mechanism is at play for both conditions.

Details of our SHS experiment can be found in the SI.
Briefly, the 800 nm output from a femtosecond Ti:sapphire
oscillator was focused into the center of a continuously flowing
liquid jet containing a solution of 25 uM MG and variable
concentrations of AZM. Light scattered at the second harmonic
of the laser (400 nm) was collected in the forward propagation
direction. At t = 0, a colloidal suspension of living E. coli (in
phosphate buffered saline) was added to the liquid reservoir.
Adsorption of MG onto the bacterial membrane surfaces results
in production of a time-dependent SHS signal.

Figure 1 shows representative time-resolved SHS traces
recorded after living E. coli was added to solutions containing
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Figure 1. (a) Cartoon schematic of adsorption/transport of MG
(green) and AZM (red) with respect to the ultrastructure of Gram-
negative bacteria. (b) Time-resolved SHS signal, plotted in log time,
monitoring uptake of MG by E. coli in increasing concentrations of
AZM. SHS intensities are in units of photon counts.

25 uM MG and increasing concentrations of AZM. At high
concentrations, MG can act as an antibiotic. Hence, the static
MG concentration was set to be well below the MIC (100 uM,
see SI) but sufficiently high to provide strong signal at
increased AZM concentrations. A schematic of molecular
uptake in Gram-negative bacteria is shown to illustrate the
process that SHS is monitoring. The ultrastructure of Gram-
negative bacteria consists of dual phospholipid membranes
(Figure 1a): an OM coated with anionic LPS and perforated
with water-filled Omp channels that permit passive diffusion of
small molecules, and an inner CM. The two membranes are
separated by a thin peptidoglycan mesh (PM) that acts as a
diffusion barrier. Due to the presence of the two membranes,
the time-resolved SHS signal exhibits two distinct sequential
transport events (Figure 1b, black trace). Note that time has
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Figure 2. Representative time-resolved SHS signal collected during bacterial uptake of MG following (a) 0 h or (b) 1 h exposure to 0 (black), 25
(green), 75 (blue), or 150 uM (purple) AZM. SHS intensities have been normalized to the CM transport peak. Dashed lines represent best fit
results. Fit deduced rate constants corresponding to (c) adsorption onto the outer surface of the CM and (d) transport across the CM, as a function
of AZM concentration. The relative fraction of fast (blue) and slow (red) transport are annotated above the corresponding markers in (d). Error bars
depict standard deviation of the rates from minimally n = 3 trials for each AZM concentration.

been plotted on a logarithmic scale to simultaneously display
both fast and slow events. The initial fast event, with a rise and
decay spanning 0.1 to 10 s, is assignable to MG adsorption onto
the outer surface of the OM, and then rapid transport across
the OM. This is followed by a much slower secondary transport
event spanning 10 to >1000 s. The slow second rise near 10 s
stems from hindered diffusion of MG across the PM and
subsequent adsorption onto the outer surface of the CM.
Likewise, the slow second decay starting at ~200 s stems from
transport of MG across the CM and adsorption onto the
interior surface of the CM.

MG and AZM are both cationic and compete for anionic
surface adsorption sites. As the concentration of AZM
increases, less MG is able to adsorb onto the membrane
surface. Under the current experimental conditions, AZM does
not produce a measurable SHS signal. As a result, competitive
adsorption of AZM onto the membrane results in a reduction
in the total SHS signal measured. Specifically, compared to the
0 uM AZM case (Figure 1b, black trace), addition of S uM
AZM results in a 60% reduction in the measured SHS signal
from the OM (Figure 1b, red trace). As the AZM concentration
continues to increase, less signal is observed at the OM. For
equivalent concentrations of MG and AZM (25 uM, 0.2 X
MIC), the OM signal effectively disappears (90% reduction,
Figure 1b, blue trace). This suggests that AZM, which is
polycationic (+2 charge), successfully competes against cationic
MG (+1 charge) for anionic surface adsorption sites. Notice
that a less-pronounced competition-induced reduction of SHS
is also observed for the CM (~30% reduction for S uM AZM,
Figure 1b). Consequently, despite the fact that AZM is too
large to traverse the Omp channels,"* " our results strongly
suggest that it is still able to rapidly cross the OM (and PM)
and arrives at the CM with a rate similar to MG.

Figure 2 highlights the effects of increasing concentrations of
AZM (0 to 150 uM, 0 to 1 X MIC) on bacterial membrane
properties. AZM was exposed to the cells for either 0 (Figure
2a) or 1 h (Figure 2b) prior to initiating the SHS experiments.
For all measurements, the concentration of MG was maintained
at 25 uM. As discussed above, for high AZM concentrations, we
no longer observe the OM SHS transport peak due to
competitive or hindered adsorption of MG in the presence of
AZM (Figure 2b). Note, this is not evidence of an AZM-
induced enhancement in OM permeability. Rather, competition
for surface adsorption sites reduces the adsorption rate of MG.
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Under these conditions, MG crosses the OM before it has a
chance to adsorb onto the outer surface of the OM, and hence,
no SHS signal is produced. In contrast, we still observe the SHS
transport event at the CM. This is because the MG transport
rate across the CM is orders of magnitude slower (compared to
the OM), and so saturation of the CM surfaces still occurs
sequentially in time (i.e., outer surface first, then inner surface
following transport). Given the complete loss of the OM
transport event for high AZM concentrations, all information
regarding AZM-induced variations in either the OM or CM
properties must therefore be inferred from changes to the
measured MG adsorption and transport rates at the CM.

For the instantaneous exposure cases (Figure 2a, AZM added
at t = 0), the adsorption (signal rise) and transport (signal
decay) rates of MG at the CM are nearly identical for all AZM
concentrations. For ease of comparison, the measured SHS
signals have been normalized to the CM transport peak.
Variations in the magnitude of the SHS signals may stem from
a variety of sources, including changes in cell density and size,
as well as orientation of the adsorbed MG (see SI),”® which
may change in response to surface crowding effects of
coadsorbed AZM. While these effects change the magnitude
of the SHS signal, they do not alter the kinetics.

The invariance of the observed kinetics in the instantaneous
exposure cases suggests that while both AZM and MG are
present at the CM following transport across the OM and PM,
AZM has not yet had sufficient time to alter the membrane
properties. In contrast, for the 1 h exposure cases (Figure 2b),
higher concentrations of AZM induced significant variations in
the membrane permeability of both the OM and CM.
Specifically, for 25 uM AZM (0.2 X MIC, green trace), there
is no significant change in the adsorption or transport
properties. However, for 75 yM (0.5 X MIC, blue trace) and
150 uM AZM (1 X MIC, purple trace), the rate of MG
adsorption onto the outer surface of the CM, and the transport
rate across the CM have increased substantially.

As shown in Figure 2a,b, for instantaneous exposure or low
AZM concentrations (<25 uM, 0.2 X MIC), the CM transport
event is well described by a single slow exponential decay.
However, for higher AZM concentrations (>0.5 X MIC) over
longer durations, the CM transport event clearly consists of at
least two decay processes. In order to quantitatively analyze the
AZM-induced changes to membrane properties, the measured
SHS signals in Figure 2 were fit to a phenomenological model,
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consisting of a sequential exponential rise and multiple decays
of signal. The key observable for the current study is the relative
change of the transport rate of the CM. Under the condition
that the OM transport rate is orders of magnitude faster than
that of the CM, the later can be deduced as the exponential
decay of the SHS signal. Specifically, the time-dependent SHS
signal, which is proportional to the square of the MG surface
density,” " was modeled as

JSHS(t) = g, + ¢,[1 — exp(—kyet) 1 r, exp(—K o t)
+ gy 5P (Kot t)] (1)

where ¢, is a baseline offset; ¢, is an intensity scaling factor;
kiser kffjéay, and Icﬁ};’:;y are rate constants for surface adsorption
and fast and slow membrane transport, respectively; and yy,q
and yg,,. are proportionality constants describing the relative
fraction of fast and slow transport across the CM.

The MG adsorption and transport rate constants at the CM
for increasing concentrations of AZM, obtained from nonlinear
least-squares fits using eq 1, are summarized in Figure 2¢,d. For
low AZM concentrations (<25 pM, 0.2 X MIC) and
instantaneous exposure, there is no variation in the adsorption
(Figure 2c, black markers) or transport rates (Figure 2d, black
markers). However, for higher AZM concentrations (>25 yM)
and longer exposure times, the CM surface adsorption rates
increase by an order of magnitude. This suggests an increase in
the permeability of the OM (i.e,, a higher concentration of MG
is now able to cross the OM and arrive at the outer surface of
the CM). Further, the dual decay behavior observed in Figure
2b for CM transport events following 1 h exposure to either 75
uM (0.5 X MIC) or 150 uM (1 x MIC) AZM were fit to
determine the rate constants of the fast and slow transport
processes. The rate of the slow transport process (Figure 2d,
red markers) was shown to be effectively identical to the
unperturbed rates (black markers). Conversely, the fast
transport process (blue markers) exhibited significantly
enhanced rates. Further, the relative efficiency of the fast
transport process (yg,) was observed to increase with AZM
concentration. Overall, the fast decay process was not observed
in the 25 uM (0.2 X MIC) AZM case, but it accounted for 13%
of the 75 uM (0.5 X MIC) AZM case and increased to 62% for
150 uM (1 X MIC) AZM. This suggests that accumulation of
increasing concentrations of AZM creates an efficient secondary
transport route across the CM.

All prior studies examining AZM—membrane interactions
can be categorized into one of two groups focusing on
interactions with either (1) the bacterial OM in living cells"*~*
or (2) CMs in model membrane systems.”' >* The interaction
of AZM with the OM of Gram-negative bacteria has been
extensively studied using a time-resolved fluorescence-based
assay emg)loying the chromophore, 1-N-phenyl-naphthyl-amine
(NPN).” Of significance, transitioning from a hydrophilic to a
hydrophobic environment increases the fluorescence intensity
of NPN four-fold. Experiments in which AZM was added to
solutions containing Gram-negative bacteria and NPN showed
an immediate increase in fluorescence intensity that could not
be repeated in either liposome-based or LPS-compromised
systems.®~* This hinted at a rapid interaction between AZM
and the bacterial LPS, which allowed for efficient shuttling of
NPN into the hydrophobic interior of the OM. The resulting
interpretation was that exposure to AZM yields an instanta-
neous increase in the permeability of the outer leaflet of the
OM.
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The majority of studies have probed the interaction of AZM
with model membrane systems.”'~>****’ For example, 3'P
nuclear magnetic resonance spectroscopy has been used to
characterize AZM-induced variations in interactions between
nearest neighbor phospholipid head groups.”"***” In particular,
membrane-inserted AZM electrostatically binds to anionic
phospholipids.”"*” This reduces the mobility of the phospho-
lipid head but increases the fluidity of the hydrophobic acyl
chains.”” Similarly, complementary studies using atomic force
microscopy revealed AZM-induced variations in the phospho-
lipid organization of the membrane.”"** It has been suggested
that AZM inserts itself into the bilayer at the interface between
the phospholipid head groups and the fatty acyl chains,”
thereby disrupting the phospholipid organization.

While all prior studies dealt with either a single component
of the complex bacterial membrane system or biomimetic
model membranes and provided useful insights on the
macrolide—membrane interactions, our approach illustrates
the ability to concurrently examine the effects of macrolides on
the permeability of all bacterial membranes. Our current results
are fully consistent with all prior experimental studies.
Specifically, even though AZM is too large to traverse the
bacterial Omp channels, time-resolved SHS reveals that AZM is
able to rapidly diffuse across the OM. However, even at high
concentrations, instantaneous exposure to AZM is not sufficient
to induce changes in the permeability of either the OM or CM.
It is only after sufficiently high concentrations of AZM are
allowed to interact with the cells for a prolonged duration that
the membrane properties begin to change. Of significance, our
observations reveal that accumulation of AZM, even for sub-
MIC conditions, creates an efficient secondary transport route
across the CM, the propensity of which increases with AZM
concentration. This behavior is reminiscent of the so-called
carpet disruption mechanism™ for cell-penetrating peptides.
While it is speculative to suggest that AZM is creating well-
defined pores across the membrane, it is also feasible to
consider that, similar to the proposed carpet disruption
mechanism,*® AZM induces localized thinning of the
membrane. The density of such regions would scale with
AZM concentration and would allow for comparatively rapid
transport across the membrane. We present these speculations
with the hope that our observations will inspire other
experimental or computational studies to further investigate
this phenomenon.

In summary, we have demonstrated that time-resolved SHS,
with MG as an SHG-active probe, can be used to quantify the
concentration- and time-dependent interactions of AZM with
the dual membranes of living E. coli. The fact that MG passively
transports across bacterial membranes (even in the absence of
antibiotic attack) means it is an excellent reporter of membrane
properties. In this way, time-resolved SHS (using MG as a
probe) is universally applicable for sequentially monitoring
antimicrobial-induced changes in individual membranes of
living bacteria. It is observed that prolonged treatment with
sub-MIC AZM induces a dramatic increase in the rate of
transport of the SHG-active probe across both the OM and CM
of the bacteria. Our observations suggest that the observed fast
transport route through the CM is likely facilitated by the
creation of a new mechanism induced by the interaction of
AZM with the CM.
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