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Abstract

We report the influence of membrane composition on the multi-scale remodeling of
multicomponent lipid bilayers initiated by contact with the amphiphilic bacterial quorum sensing
signal A-(3-oxo)-dodecanoyl-L-homoserine lactone (3-oxo-C12-AHL) and its anionic head

group hydrolysis product, 3-oxo-C12-HS. We used fluorescence microscopy and quartz crystal
microbalance with dissipation (QCM-D) to characterize membrane reformation that occurs when
these amphiphiles are placed in contact with supported lipid bilayers (SLBs) composed of (i) 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) containing varying amounts of cholesterol, or (ii)
mixtures of DOPC and either 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; a conical
zwitterionic lipid) or 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS; a model anionic lipid).
In general, we observe these mixed-lipid membranes to undergo remodeling events—including
the formation and subsequent collapse of long tubules and the formation of hemispherical caps—
upon introduction to biologically relevant concentrations of 3-oxo-C12-AHL and 3-0x0-C12-HS
in ways that differ substantially from those observed in single-component DOPC membranes.
These differences in bilayer reformation and their associated dynamics can be understood in terms
of the influence of membrane composition on timescales of molecular flip-flop, lipid packing
defects, and lipid phase segregation in these materials. The lipid components investigated here

are representative of classes of lipids that comprise both naturally occurring cell membranes and
many useful synthetic soft materials. These studies thus represent a first step toward understanding
the ways in which membrane composition can impact interactions with this important class of
bacterial signaling molecule.

Graphical Abstract
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Supporting Information. Additional plots and images providing qualitative and quantitative characterization and additional associated
discussion of multicomponent bilayer remodeling promoted by bacterial amphiphiles (PDF). This material is available free of charge
via the Internet.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gahan et al.

Page 2

Cholesterol 25% DOPE  25% DOPS

Introduction

The lipids that constitute the membranes of cells and many soft materials are structurally
diverse and play major roles in facilitating cellular function and imparting other

useful properties.1 The membranes of mammalian cells comprise at least seven
structurally unigue types of lipids, including cholesterol, phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylserine (PS).1:2 The relative compositions
of these lipids influence many physical and mechanical properties of natural membranes,
including surface charge, bending rigidity, and curvature.5~° Membrane composition also
plays key roles in biological functions® such as protein binding specificity,> membrane
fusion,10 and cell division.1 Most lipid-based assemblies are dynamic, and can undergo
changes in physical properties, structural reformations, and molecular reorganization as a
response to environmental stimuli, including changes in pH312 and the presence of metal
ions,13-15 the adsorption of proteins,18:17 or interactions with small molecules,18-21 in ways
that can depend critically on the relative abundance of each constituent lipid.

The work reported here was motivated broadly by recent studies by our group demonstrating
that AV-acyl L-homoserine lactones (AHLsS), a class of nonionic, amphiphilic small-molecule
signals used by common Gram-negative bacteria to coordinate collective behavior with cell
density (i.e., quorum sensing),22-24 can interact with and promote large-scale reformations
in model, single-component lipid membranes composed of the phospholipid 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC).2%:26 In this study, we sought to characterize interactions
of AHLs with more complex, multi-component lipid membranes as a first step toward
understanding how differences in membrane composition and properties (e.g., fluidity, etc.)
can impact subsequent multi-scale remodeling in response to these bacterial signals.

AHLSs possess a relatively polar homoserine lactone head group and an aliphatic tail
of varying length (e.g., 3-oxo-C12-AHL, Figure 1),22:23 and have previously been
demonstrated to undergo molecular self-assembly in solution?”-28 and interact with other
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self-assembled structures, including lipid bilayers,25:26:29-32 jn ways that are similar to other
classes of non-ionic surfactants.18-20.33 The homoserine lactone head group of AHLSs is
hydrolyzed in aqueous media (over hours to days, depending on tail structure), leading

to anionic, ring-opened homoserine (HS) head group products34:35 (e.g., 3-oxo0-C12-HS,
Figure 1) that have also been demonstrated to interact with lipid membranes.2> Our group
recently reported that 3-oxo-C12-AHL, 3-ox0-C12-HS, and other structurally related long-
chained AHLs can interact with supported lipid bilayers (SLBs) composed of DOPC and
promote the formation of extended micrometer-scale tubules and hemispherical ‘caps’ on
the surfaces of the bilayers.2526 That past work also demonstrated that changes in the

head and tail group structures of AHLs can impact the nature of these remodeling events
substantially (e.g., leading to changes in the dynamics or relative proportions of these
structures).2526 The results of those studies provide useful insight into fundamental factors,
such as the timescales on which amphiphilic molecules translocate across lipid bilayers,
that influence multi-scale remodeling and provide guidance for the design of synthetic
materials that can respond to chemical products produced by bacterial communities. The
single-component membrane models used in those studies do not, however, reflect the
compositional complexities that are typical of many biological membranes (or many
synthetic soft materials systems)1=> and that likely underlie many unexplored or currently
unappreciated roles that AHLs (and their byproducts) could play in mediating interactions
of bacteria with those systems. Of particular interest, in this context, are recent past studies
demonstrating that lipid bilayers containing cholesterol or lipid rafts can interact with AHLs,
and that these interactions can lead to subsequent membrane depolarization?® to a greater
extent than observed in membranes of reduced complexity or the mixing of segregated lipid
phases.32

Here, we report on the influence of lipid membrane composition on multi-scale phenomena
arising from interactions of model SLBs with 3-0x0-C12-AHL and its head group
hydrolysis product, 3-oxo-C12-HS. We used fluorescence microscopy and quartz crystal
microbalance with dissipation (QCM-D) to characterize multi-scale restructuring that
occurs when these amphiphiles are placed in contact with SLBs comprising (i) DOPC
containing varying amounts of cholesterol, or (ii) defined mixtures of DOPC and either
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; a conical zwitterionic lipid) or 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS; an anionic lipid) (see Figure 1). Each of
these lipid components is representative of a class of lipids that are constituents of cell
membranes;? these models thus represent a first, defined step toward understanding the
ways in which membrane composition and structure can impact interactions with AHLs.

In general, we observe these multicomponent membranes to undergo remodeling events
upon introduction to biologically relevant concentrations of 3-oxo-C12-AHL and 3-oxo-
C12-HS that differ from those observed in single-component DOPC membranes.2® These
observations likely reflect large differences in constituent lipid translocation timescales,?1:36
lipid packing,®37:38 lipid clustering,1>3%-41 and spontaneous curvature generation142-44 in
these mixed-lipid systems.

Overall, our results provide insight into the ways in which AHLs can interact with model
lipid membranes of increasing complexity and provide additional support for the view that
AHLSs could potentially interact with more complex membranes of mammalian cells in
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ways that extend beyond their currently understood roles in bacterial communication. As
suggested above, the results of these studies also provide guidance that could be useful

for the design of more sophisticated and compositionally complex soft materials (e.g.,
sensor elements or drug delivery vehicles) that respond selectively to molecules that mediate
communication among bacteria in the mixed microbial environments in which they typically
reside.

Materials and Methods

Materials.

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), chloroform, sodium chloride
(NaCl), calcium chloride (CaCly) dimethylsulfoxide (DMSO), calcein, sodium hydroxide
(NaOH), Sephadex G-50, triethylphosphine oxide, and deuterium oxide (D,0) were
obtained from Sigma (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dioleayl-sn-glycero-3-phospho-L-serine sodium salt (DOPS), 1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine chloride salt (DOEPC), 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC), filter supports, and a Mini-prep extruder were purchased from Avanti

Polar Lipids (Alabaster, AL). Lissamine rhodamine B 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (Rho-DPPE) was acquired from Invitrogen
(Carlsbad, CA). Disposable culture tubes (16 x 100 mm) were purchased from VWR
(West Chester, PA). Electrophoresis-grade sodium dodecyl sulfate (SDS) was obtained
from Fisher Scientific (Pittsburgh, PA). Isopropanol (iPOH) was acquired from Fisher
Scientific (Waltham, MA). Triton-X100 was obtained from Promega (Madison, WI). 3-(A-
Morpholino)propanesulfonic acid (MOPS) was purchased from MP Biomedical (Irvine,
CA). Minisort X plus 0.2 um syringe filters were acquired from Sartorius Stedim Biotech
(Goettingen, Germany). Polycarbonate extruder filters (100 nm) were purchased from
Millipore (Billerica, MA). Deionization of distilled water was performed using a Milli-Q
system (Millipore, Bedford, MA), with the resulting water with a resistivity of 18.2 MQ.
3-0x0-C12-AHL and 3-oxo0-C12-HS were synthesized according to previously reported
methods.2®> All commercial materials were used as received without further purification
unless otherwise specified. All experiments described to take place in buffer were in 150
mM NaCl, 10 mM MOPS, pH 7.4 solution. In some experiments, where noted, the buffer
also contained 2 mM CaCl,.

Preparation of AHL Solutions.

3-0x0-C12-AHL and 3-o0x0-C12-HS stock solutions were prepared at a concentration of

20 mM in DMSO and stored at —4 °C. These stock solutions were thawed immediately
before experiments were performed and diluted into DMSO to 100 times the final aqueous
concentration. These DMSO solutions were then diluted 1:100 into buffer. To minimize
changes in the ratios of hydrolyzed and unhydrolyzed AHL head groups in solution over
time, all AHL solutions were used within 1 hour of initial dilutions of the DMSO stocks into
buffer.
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Optical Microscopy Experiments Using SLBs Formed by the Bicelle Fusion Method.

Fluorescence microscopy experiments were performed in Ibidi microfluidic chambers (y-
Slide VI 0.5 Glass Bottom) using fluorescently labeled SLBs (0.1 mol% Rho-DPPE) formed
using a bicelle fusion method, as described in previous reports.28:45-47 The microfluidic
chambers were cleaned by incubating a 1 M NaOH solution in the cell for ~30 minutes

prior to SLB formation and then washing with ample Milli-Q H,0 and then buffer. Briefly,
solutions of the long-chained lipids (DOPC, cholesterol, DOEPC, DOPS, or DOPE) and the
short-chained lipid DHPC in chloroform were mixed ([long chained lipid]/[DHPC] = 0.25),
dried under a stream of dry N, and then placed under vacuum for at least an hour to remove
any residual solvent. The lipid film was then hydrated by buffer or buffer containing 2 mM
CaCls to produce a 0.5 mM bicelle suspension, as determined by the total concentration of
the long-chained lipid. This solution was then frozen and thawed five times by immersing
the solution into an iPOH/dry ice bath and a warm water bath (~50 °C). After the samples
were thawed in each cycle, they were vigorously vortexed. The bicelle stock solution was
then diluted 1:16 or 1:32 for a final long-chained lipid concentration of 0.031 mM or 0.016
mM (depending on the lipids being used) and introduced to an Ibidi flow cell at a flow rate
of 100 uL/min. The formation of a continuous bilayer was monitored by optical microscopy,
and then buffer was introduced to the bilayer to wash away any remaining bicelles. Solutions
of 3-ox0-C12-AHL or 3-ox0-C12-HS at various concentrations were introduced to the SLBs
at a flow rate of 100 pL/min, and micrographs were acquired using an Olympus 1X70
inverted microscope (Center Valley, PA) and a Q-imaging EXi Aqua camera (Tucson, AZ)
every 5 seconds for ~8 minutes (at least 100 images). Fluorescently labeled lipids were
excited with a Lumen Dynamics X-Cite Series 120PC-Q fiber coupled mercury lamp using
the RFP channel (Monroe, LA). After the introduction of 3-0xo-C12-AHL or 3-ox0-C12-HS
solutions to the bilayer, they were subsequently washed with the appropriate buffer at a flow
rate of 100 uL/min to visualize changes in the bilayer structure when the test compounds
were removed from solution.

Characterization Using Quartz Crystal Microbalance with Dissipation (QCM-D).

QCM-D measurements were performed using a Q-Sense E4 instrument (Bolin Scientific,
Stockholm, Sweden) with QSensor QSX 303 quartz crystal sensors with a fundamental
frequency of 5 MHz coated with 50 nm of SiO, (Bolin Scientific, Stockholm, Sweden).
When received, the QCM-D sensors were cleaned as suggested by the manufacturer and as
described previously.2> Changes in frequency (AFrequency) and dissipation (ADissipation)
as SLBs were formed or introduced to 3-ox0-C12-AHL or 3-0x0-C12-HS solutions were
monitored at the third, fifth, seventh, ninth, and eleventh overtones and data analysis of
multiple independent experiments was performed using the data from the seventh overtone.
All graphs showing QCM-D data over time are the average frequency and dissipation
changes over 60 second intervals of time. In all experiments, solutions were introduced

to the quartz crystals at 100 uL/min using an Ismatic IPC High Precision Multichannel
Dispenser peristaltic pump (Wertheim, Germany).

For QCM-D measurements, SLBs were formed using the bicelle fusion method as described
above. Bicelle stock solutions in buffer (0.5 mM; as determined by long-chained lipid
concentration) composed of DOPC or mixtures of DOPC and cholesterol, DOPE, DOPS,
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or DOEPC were diluted to 0.031 mM or 0.16 mM in buffer and introduced to the sensor
chamber. Adsorption of bicelles to the SiO, surface and subsequent fusion were monitored
by QCM-D over time. The formed bilayer was then washed with buffer for at least 20
minutes. Solutions containing 3-ox0-C12-AHL or 3-0x0-C12-HS were then injected into
the flow chamber and allowed to interact with the bilayer for 45 minutes. Subsequently,

the bilayer was washed with buffer for an additional 45 minutes to observe the desorption
of 3-0x0-C12-AHL or 3-0x0-C12-HS from the bilayer over time. Representative QCM-D
traces for a single sensor are shown and discussed in the Supporting Information (Figures
S1A, S3, S5, S7, and S11). Data analyses arising from these QCM-D experiments presented
in all other Figures are from 3 or 4 (n = 3—-4) independent experiments run simultaneously
on different crystals. Statistical significance was determined using Student’s t-test. During
experiments, the measurement chamber was held at 25 + 0.5 °C. Immediately following
each experiment, the quartz crystal resonators were washed according to the manufacturer’s
instructions and described previously before storage between measurements.2®

Preparation of Calcein-Loaded Vesicles.

Large unilamellar vesicles (LUVs) containing different amounts of cholesterol and loaded
with calcein were prepared using a freeze-thaw and vesicle extrusion procedure as described
previously.25 In brief, desired amounts and compositions of lipids dissolved in chloroform
were aliquoted into vials and the chloroform was removed under a stream of dry nitrogen
and further dried under vacuum for at least an hour. The dried lipid film was then hydrated
with a 70 mM calcein solution in buffer (pH = 7.4) and vortexed vigorously to form a turbid
5 mg/mL suspension of multilamellar vesicles. The resulting vesicle suspension was then
frozen and thawed five times by sequential immersion in an iPOH/dry ice bath and a warm
water bath (~50 °C) and vortexed vigorously, and then passed at least 11 times through a
100 nm PC filter using an Avanti Polar Lipids Mini-prep extruder to produce unilamellar
vesicles. After extrusion, the resulting vesicles were washed and separated from residual
external calcein using a hand-packed Sephadex G-50 chromatography column. 31P NMR
was used as described in the Supporting Information to quantify the concentration of the
resulting purified vesicle solution.

Calcein leakage assays were performed as previously described using a Tecan Infinite
200 Pro plate reader.25:28 |n these assays, the vesicle suspensions were diluted 10x into
AHL-containing solutions and allowed to sit for at least five minutes. All tests were
repeated three times (n = 3) for each batch of vesicles and were performed with three

(n = 3) independently produced batches of vesicles for a total of nine (n = 9) fluorescence
measurements. Statistical significance against the buffer control was determined using a
one-way ANOVA with all nine normalized replicates for each condition used that was
corrected for multiple comparisons using Dunnett’s method. The fluorescence intensity for
each reading was normalized as described in Equation 1 where: FlI is the fluorescence
intensity of the test solution, Flgyser is the fluorescence intensity of the calcein vesicles
in buffer as the negative control, and Fltx_100 Was the fluorescence intensity of a vesicle
solution containing 1% Triton X-100 (which is known to lyse vesicles*®) as a positive
control.
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Results and Discussion

We recently reported on the influence of AHL head?® and tail?® group structure on
membrane remodeling in single-component SLBs of DOPC formed using either a vesicle
fusion?® or bicelle formation26 technique. Other groups have reported that it can be

difficult to form some compositionally complex, mixed-lipid SLBs using the vesicle fusion
technique?6:49 and that even single-component bilayers are often non-homogeneous and can
contain unruptured vesicles that appear as optical defects.>% Recent reports by Cho and
coworkers demonstrate that more uniform SLBs containing assorted glycerophospholipids
and relatively high amounts of cholesterol can be formed on metal oxide substrates

using the bicelle formation technique.*>46 For the studies described here, we used the
bicelle formation technique to produce SLBs composed of either (i) DOPC alone or

(if) multicomponent bilayers composed of mixtures of DOPC with defined amounts of
cholesterol, DOPS, or DOPE (Figure 1). We selected this subset of lipids because they are
representative of classes of lipids naturally present in the membranes of mammalian cells
and have a variety of impacts on the physicochemical properties of lipid bilayers, including
differences in surface charge, lipid packing, and curvature.2:6:4344 Additionally, all of these
lipids possess two oleic acid tails, and bilayer membranes formed from them are, thus, fluid
at room temperature.®! The studies below were performed using 3-0x0-C12-AHL or 3-0xo-
C12-HS to permit characterization of the influence of AHL head group structure (Figure 1)
on membrane association and remodeling. 3-oxo-C12-AHL is an important quorum sensing
(QS) signal molecule used by the bacterial pathogen Pseudomonas aeruginosa,®? and thus
has relevance to understanding a range of bacterial behaviors that have broad health care and
commercial impacts.53-57

We began our studies by characterizing and validating the formation of DOPC SLBs
containing 10 mol% or 30 mol% cholesterol on SiO,-coated quartz crystals and NaOH-
treated glass slides used in the QCM-D and fluorescence microscopy experiments described
in sections below. Using QCM-D, we observed changes in frequency of ~25 Hz and
changes in dissipation of less than 0.5 x1075 (as compared to bare SiO, crystals; Figure
S1), consistent with past studies and suggesting the formation of continuous SLBs.46

As shown in Figure S2, characterization by fluorescence microscopy revealed SLBs
containing 10 mol% cholesterol to be continuous and largely devoid of optical defects
(Figure S2B). However, we observed variation in the optical quality of SLBs containing
30 mol% cholesterol; these bilayers sometimes appeared non-homogeneous, with areas of
the bilayer having significant optical defects (Figure S2C), and were sometimes observed
to be more uniform (Figure S2D). We note that Cho and coworkers determined that 30
mol% cholesterol is the highest cholesterol content that could be consistently incorporated
into SLBs using the bicelle formation technique, which could, in part, account for the
inhomogeneities observed here.46
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As part of these initial studies, we also formed bilayers composed of mixtures of 75%
DOPC and 25% of either (i) DOPE or (ii) DOPS by adapting previously described
procedures.*>47 For the formation of bilayers containing the zwitterionic lipid DOPE, we
found bilayer formation to be more consistent when we used a lower concentration of bicelle
solution (0.015 mM vs. 0.031 mM by total long tailed lipid concentration) than was reported
to be optimal for the formation of SLBs in past studies using the bicelle method.#>47 The
DOPE-containing bilayers formed using this approach registered frequency and dissipation
shifts of —26.2 + 0.7 Hz and 0.6 + 0.05 x1078, respectively, compared to a bare SiO, quartz
crystal (Figure S1). Characterization by optical microscopy revealed non-homogeneous
structures with some regions containing continuous bilayers with a relatively low number

of optical defects (e.g., Figure S2E) and other areas containing structures that protruded
from the bilayer surface (e.g., Figure S2F). These latter structures could result from the
negative spontaneous curvature of DOPE lipids*344 and their resulting behaviors during the
formation of these low-curvature SLBs. All microscopy observations described below on
SLBs of this mixed DOPC/DOPE system were made in regions containing continuous areas
of the bilayer.

The formation of DOPC SLBs containing 25 mol% DOPS on SiO» surfaces proved more
challenging in the simple buffer solutions used to form the SLBs above, likely because
interactions of anionic bicelles with SiO, surfaces are unfavorable due to charge repulsion.*®
We therefore formed our DOPS-containing SLBs using buffer containing 2 mM CaCl,,

as divalent calcium ions can associate with the anionic serine head groups in DOPS and
promote adsorption and fusion of the bicelles on the SiO, surface.?8 Under these conditions,
we observed changes in frequency and dissipation of —25.4 + 0.8 Hz and 0.2 + 0.2 x107%
(Figure S1), respectively, and the formation of homogeneous bilayers relatively devoid of
optical defects by fluorescence microscopy (Figure S2H). We note here that addition of
Ca?* during bilayer formation can lead to changes in the physical properties of anionic
bilayers, including the formation of DOPS-rich domains,15:39-41 the formation of bilayer
curvature, 1242 increased lipid packing density,>?:60 partial bilayer dehydration,#1:61.62 angd
decreased membrane fluidity.5% To understand some of the potential impacts of Ca2* in these
DOPC/DOPS mixed-lipid SLBs, we also characterized the properties of single-component
DOPC SLBs formed in the presence of Ca2* (Figure S1, Figure S2G). We return to a
discussion of the potential impacts of Ca2* in these SLBs again in the sections below.

of 3-ox0-C12-AHL with DOPC Membranes Containing Cholesterol

In a first series of QCM-D studies, we introduced solutions of 3-oxo0-C12-AHL to DOPC
SLBs containing 10 mol% or 30 mol% cholesterol formed on SiO,-coated quartz crystal
sensors and compared these to single-component DOPC SLBs (i.e., 0% cholesterol). We
selected these cholesterol compositions because 30 mol% cholesterol is at the upper end

of the range that can be incorporated into SLBs using the bicelle formation method, and
compositions at 10 mol% allowed us to probe the contribution of cholesterol to 3-oxo0-C12-
AHL induced bilayer reformation at a second, intermediate concentration.*8 Introduction of
a 50 uM solution of 3-0x0-C12-AHL to single-component DOPC bilayers yielded changes
of frequency and dissipation of 4.0 + 1.0 Hz and 1.5 + 0.1 x1075, respectively (see Figure
2) for analyses of bilayer reformation from multiple trials after 45 minutes of exposure
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to 3-ox0-C12-AHL and Figure S3A for representative time course data). We note that

50 uM is well within the range of concentrations of AHLs estimated within bacterial
biofilms®3 and is comparable to AHL concentrations reported to be present in some quorate
bacterial cultures.5* These results are generally consistent with the changes of frequency and
dissipation measured upon exposure of DOPC bilayers to solutions of 3-oxo-C12-AHL at 50
UM in our past studies.2>26 However, when cholesterol was incorporated into the bilayer, we
observed smaller changes in both frequency and dissipation upon exposure to 50 UM 3-oxo-
C12-AHL solutions, with changes of (=2.7 + 0.2 Hz and 0.9 + 0.3 x107%) and (-2.0 + 0.3 Hz
and 0.8 + 0.2 x1076) for SLBs containing 10 mol% and 30 mol% cholesterol, respectively
(Figure 2 and Figure S3(B—C)). These smaller changes in frequency and dissipation at
higher cholesterol composition were surprising, as previous reports suggested that AHLs
had a higher binding capacity to?° and preferentially interacted with32 cholesterol containing
bilayers, but we note that our results exhibit trends similar to those reported previously for
measurements of cholesterol-containing SLBs exposed to other non-ionic amphiphiles.4®
These differences in frequency and dissipation shifts can be understood in terms of the
ability of cholesterol to quickly flip-flop across a bilayer to decrease asymmetrical bilayer
stresses (vide infra).?!

We observed large and visually apparent changes in membrane reformation when otherwise
identical experiments were characterized by fluorescence microscopy. The addition of 50
UM solutions of 3-0x0-12-AHL to single-component DOPC SLBs initiated the formation

of short tubules, some of which subsequently collapsed into hemispherical caps on the
surface of the bilayers (see Figure 3A for microscopy images after 360 sec of exposure to
3-0x0-C12-AHL and Figure S4A for microscopy images at other selected time points).

At higher concentrations of 3-0x0-C12-AHL (200 uM; above the previously reported
critical aggregation concentration of this AHL in solution?8), we observed the formation

of extended tubule structures hundreds of microns in length; some of these extended tubules
collapsed into larger hemispherical caps over time, while others remained on the surface of
the bilayer over the duration of the experiment (360 sec; see Figures 3D and S4B). Overall,
these results are broadly consistent with those of our past studies on the interactions of
3-0x0-C12-AHL with this single-component DOPC system.25:26 We note again that 200 pM
is above the critical aggregation concentration of 3-ox0-C12-AHL ;28 it is therefore possible
that differences in interactions observed at this higher concentration could also result, at
least in part, from the presence AHL aggregates and the interactions of those aggregates
with lipid membranes, as observed in our previous study.2> In contrast, we observed
differences in behavior when 3-ox0-C12-AHL was added to SLBs containing cholesterol.
As shown in Figure 3(B-C) and Figure S4A, introduction of 50 pM 3-0x0-C12-AHL to
bilayers containing cholesterol also resulted in the formation of tubules on the surface of the
bilayer, but these tubules were shorter and thinner and collapsed or retracted more quickly
into hemispherical caps as compared to bilayers that did not contain cholesterol. Similar
structures and dynamics were observed when a 200 uM solution of 3-oxo-C12-AHL was
introduced to the bilayers (Figure 3(E-F), Figure S4B). We note that the final sizes of

the hemispherical caps observed in these experiments (e.g., after 360 sec) were generally
observed to decrease with increasing cholesterol composition.

Langmuir. Author manuscript; available in PMC 2024 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gahan et al.

Page 10

As mentioned above, differences in the membrane remodeling observed here upon the
addition of 3-oxo-C12-AHL to bilayers of varying cholesterol composition likely result from
the fast timescales over which cholesterol is able to flip-flop across a bilayer to relieve
asymmetrical bilayer stresses.36:65 As reported in our past studies, the formation of tubules
upon the introduction of an amphiphile to an SLB, and the time-dependent retraction of
these features into hemispherical caps, can be understood, at least in part, in terms of

the accumulation and subsequent relief of asymmetrical stresses between the leaflets of

the bilayer (with a relief of stress leading to a transition from high curvature tubules to
lower curvature hemispherical caps).2%:26 In a cholesterol-free bilayer, this transition would
likely be dominated by the timescale on which flip-flop of the interacting amphiphilic
species occurs (we note that phospholipid flip-flop typically occurs on timescales that are
much slower than those of single-tailed amphiphiles).36 For cholesterol-containing bilayers,
however, these stresses can also be relieved by the flip-flip of cholesterol across the
bilayer.36 Because flip-flip of cholesterol can occur on relatively fast timescales, we would
anticipate (and do observe) transitions from tubules to hemispherical caps to occur more
rapidly. Additionally, the negative spontaneous curvature of cholesterol*3 could additionally
play a role in the formation of low curvature hemispherical caps as opposed to high
curvature extended tubule structures when placed in contact with 3-oxo-C12-AHL, as the
spontaneous curvature of surfactants has been described to change the bilayer restructuring
observed.%8 Taken together, the results of our optical microscopy and QCM-D experiments
reveal that cholesterol can play a significant role in modulating the interactions of lipid
bilayers with 3-oxo-C12-AHL and provide insight into the ways in which timescales of lipid
flip-flip can influence interactions with AHLs and subsequent multi-scale responses.

Lastly, we note that 3-oxo-C12-AHL has also been demonstrated to promote tubule
formation in the (unsupported) lipid membranes of GUVs and that treatment of large
unilamellar vesicles (LUVs) composed of DOPC with this AHL can lead to low, but
statistically significant, levels of leakage of the fluorescent dye calcein encapsulated in the
vesicles.22:26 We performed a series of experiments to characterize the impact of cholesterol
on dye leakage in DOPC LUVs containing 10 mol% and 30 mol% cholesterol. As shown

in Figure 4, we observed low levels of calcein leakage in these cholesterol-containing lipid
vesicles, corresponding to 5.18 £ 0.77 % and 4.74 £ 1.51% leakage at a concentration of
180 pM 3-0x0-C12-AHL in 10 mol% (Figure 4A) and 30 mol% (Figure 4B) cholesterol
vesicles, respectively. These levels of dye leakage are similar to those reported previously
for DOPC vesicles (~5% leakage at 180 uM), suggesting that the presence of cholesterol
does not affect vesicle leakage substantially. This result was, to some extent, unexpected, as
cholesterol has been previously proposed to increase the stability of vesicles in the presence
of single-tailed amphiphiles.18:67 We note that previous reports have correlated membrane
permeabilization to the accumulation of surfactants, and by extension stress, in the outer
leaflet of the bilayer.18:68.69 While cholesterol is able to readily alleviate asymmetrical
bilayer stresses, it may occur on timescales slower than those required to cause leakage,

as suggested by the formation of small tubules on the surface of the SLBs. The leakage
observed here could therefore occur due to the accumulation of stresses in the bilayer or
through a different mechanism.
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Interactions of 3-0x0-C12-AHL and 3-o0x0-C12-HS with Bilayers Containing DOPE

We performed an additional series of studies to characterize the interactions of 3-oxo0-C12-
AHL with SLBs of DOPC containing DOPE. In contrast to DOPC, DOPE is a conical
shaped zwitterionic lipid with negative spontaneous curvature (Figure 1),4344 and can
promote lipid packing defects when incorporated into bilayers with cylindrical lipids.5:37
For these studies, we also included 3-oxo0-12-HS, the anionic head group hydrolysis product
of 3-ox0-C12-AHL, in order to characterize the influence of AHL head group structure on
multi-scale phenomena in this mixed-lipid system.

As shown in Figure 5 and Figure S5(C-D), the introduction of 50 uM solutions of
3-0x0-C12-AHL and 3-0x0-C12-HS to SLBs containing 75% DOPC and 25% DOPE

on SiO,-coated quartz crystal sensors resulted in changes in dissipation and frequency

of (-3.2+1.0Hzand 1.1 £ 0.2 x108) and (-1.4 £ 0.1 Hz and 0.5 + 0.1 x1076),
respectively. These changes in frequency and dissipation for 3-oxo0-C12-HS solutions are
similar to those of DOPC bilayers introduced to this compound under otherwise identical
conditions; in contrast, the change in dissipation observed for 3-oxo0-C12-AHL solutions

is lower in DOPE containing bilayers than those previously observed in DOPC bilayers
(Figure 5). Analogous fluorescence microscopy experiments to characterize interactions of
3-0x0-C12-AHL (Figure 6B and Figure S6C) with these DOPE-containing bilayers revealed
the immediate and apparently direct formation of hemispherical caps on the surfaces of
the bilayers (that is, we did not observe these caps to form by the initial formation and
subsequent retraction of extended tubule structures). The introduction of 3-oxo-C12-HS at
a concentration of 50 uM (Figure 6F and Figure S6C) appeared to lead to the formation

of hemispherical caps that appeared to be more protruded from the surface of the bilayer
than those reported in our previous studies.2>26.70 Additional studies will be required to
investigate possible differences in these structures more completely.

In contrast to the results at 50 uM, 3-0x0-C12-AHL formed very short tubules (~10 um in
length) at 200 uM that collapsed, over approximately the first minute of the experiment,

into small hemispherical caps that subsequently grew in size over the remaining five minutes
of the experiment (Figure 6D and Figure S6D). Overall, the sizes of the hemispherical

caps in these mixed-lipid bilayers remained smaller than the caps observed to form in
single-component DOPC bilayers under otherwise identical conditions (Figure 6C and
Figure S6B). At this higher 200 uM concentration, 3-0x0-C12-HS initiated the formation

of predominantly short (~10 um) tubules and some hemispherical caps that extended from
the surface of the bilayer (as described above), both of which persisted for the duration of
the experiment (Figure 6H and Figure S6D).

The differences in membrane restructuring observed upon the addition of these amphiphiles
to DOPE-containing bilayers, relative to those observed in single-component DOPC
bilayers, likely arise, at least for 3-oxo-C12-AHL, from lipid packing defects in these
mixed-lipid SLBs.”? As noted above, it is well known that the mixing of conical lipids

and cylindrical lipids, especially those with unsaturated aliphatic tails, as used here, can
lead to the formation of packing defects.®:37 Similar deviations from ideal packing in
DSPE-DSPC mixtures have been demonstrated to decrease the timescales on which the
lipids that compose those membranes are able to flip-flop across the bilayer.38:72 Qur past
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studies on the interactions of AHLs with lipid bilayers, and those of other groups using other
synthetic amphiphiles, provide a framework for understanding the formation and associated
dynamics of tubules and hemispherical caps in terms of the timescales over which an
adsorbed or intercalated amphiphile is able to translocate across the bilayer (i.e., from the
outer leaflet to the inner leaflet) to relieve asymmetrical bilayer stresses.2%:26 |f the presence
of lipid packing defects in these DOPE-containing bilayers were able to also increase rates
of AHL translocation, this general framework would suggest the possibility that tubules
(which are high-curvature structures formed by the initial accumulation of amphiphile in

the outer leaflet of the membrane) would transition more rapidly to hemispherical caps
(which are lower-curvature structures that result from flip-flop and relief of asymmetrical
stress) than they do in bilayers that do not contain such packing defects. The results reported
here are consistent with this possibility, as we generally observe faster transitions from
tubules to caps in our 3-0x0-C12-AHL experiments with mixed DOPC/DOPE bilayers, as
compared to otherwise identical DOPC bilayers. Additional experiments will be required

to understand the interactions of these mixed-lipid membranes with 3-oxo0-C12-HS. We

note that our results do not preclude differences in bilayer reformations observed for both
3-0x0-C12-AHL and 3-0x0-C12-HS to potentially result from the negative spontaneous
curvature of DOPE, a factor that has previously been suggested to alter the interactions

of lipids and surfactants as suggested above.5¢ Additionally, the results of these current
experiments do not permit meaningful conclusions about the extent to which packing defects
might affect differential rates of translocation of 3-ox0-C12-AHL and 3-0x0-C12-HS across
the bilayer.

In a broader context, we note that while the DOPE-containing mixed-lipid system used
here is compositionally more complex than the single-component DOPC membranes used
in our past studies,?%26 it is substantially less complex than lipid membranes in bacterial
or mammalian cells.2 However, packing defects characterized in this mixed-lipid system
can serve as models to probe and understand the roles that lipid packing defects and other
associated phenomena may play in the transport of agents across cell membranes or other
synthetic lipid bilayers comprised of mixtures of cylindrical and conical lipids. The results
of these current studies may thus provide useful insight into the roles that lipid packing
defects could play in facilitating the translocation of AHLS across these more complex
membranes.

of 3-0x0-C12-AHL and 3-o0x0-C12-HS with Charged Bilayers

We conducted a final series of experiments to characterize the interactions of 3-oxo0-C12-
AHL and 3-ox0-C12-HS with DOPC SLBs containing charged lipids. For these studies, we
selected the naturally occurring anionic lipid DOPS (Figure 1) as a model. We note again
here that all DOPS-containing SLBs used in experiments described below were formed
using the bicelle formation method in buffer containing 2 mM CacCl, to facilitate the
formation of uniform SLBs on anionic SiO, surfaces (see Methods for additional details).
It has been previously suggested that Ca2* can strongly bind to zwitterionic and anionic
bilayers and change the physical properties of both. For example, the addition of Ca2*

to single-component DOPC bilayers can decrease the area per lipid molecule,” increase
membrane thickness,”374 and, at high concentrations, decrease membrane fluidity.”® In
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addition to the effects listed above,#1:59-62 in anionic bilayers, the addition of Ca?* can lead
to the formation of anionic lipid domains'®3%-41 that can introduce curvature into charged
bilayers.1542

To facilitate more direct comparisons between single-component DOPC and
multicomponent DOPC/DOPS bilayers formed in the presence of Ca2*, we first
characterized bilayer remodeling in DOPC bilayers in the presence of buffer containing

2 mM CaCl,. As shown in Figures 7 and S7(A,B), introduction of 50 uM solutions of
3-0x0-C12-AHL and 3-0x0-C12-HS to DOPC bilayers in the presence of Ca?* resulted in
changes in frequency and dissipation of (-4.1 + 0.9 Hz and 1.0 + 0.1 x107%) and (-0.1 +
0.1 Hz and 0.2 + 0.02 x107%), respectively. We note that the introduction of calcium to the
buffer solution led to small but statistically significant differences in dissipation change upon
the introduction of 3-ox0-C12-AHL to the bilayers (p<0.005; compared to DOPC hilayers
in buffer not containing 2 mM CacCly). This difference in dissipation change suggests
differences in the re-structuring that is occurring on the surface of the bilayer (vide infra).
The changes in frequency and dissipation observed upon the introduction of 3-oxo0-C12-HS
to the bilayer in the presence of Ca2* were statistically similar to those observed in the
absence of CaZ* under otherwise identical conditions.

Fluorescence micrographs shown in Figures 8(A,C,E,G) and S8(A,B) show that the
introduction of non-ionic 3-oxo-C12-AHL to DOPC bilayers in buffer containing CacCl,

at 50 uM or 200 uM led to the formation of tubules that were shorter and that collapsed
more quickly into hemispherical caps than observed in DOPC bilayers in the absence

of CaCly which could play a role in the differences in dissipation observed in our QCM-

D experiments. In contrast, introduction of anionic 3-oxo0-C12-HS at 50 pM led to no
observable membrane restructuring. At higher concentrations of 200 UM, the introduction
of 3-o0x0-C12-HS led to the formation of hemispherical caps within the first 30 seconds of
the experiment and qualitatively less bilayer reformation than that observed in otherwise
identical DOPC bilayers in the absence of Ca2*. Taken together, these results demonstrate
that the presence of Ca?* leads to changes in the multi-scale remodeling that occurs when
these compounds interact with DOPC membranes. It is likely that these changes result
from one or more of the impacts of Ca2* on membrane properties discussed above (e.g.,
decreased membrane fluidity, bilayer thickening, or bilayer compression, etc.)”3-7> and their
resulting impacts on the intercalation and subsequent translocation of 3-oxo-C12-AHL or
3-0x0-C12-HS. We note, in this latter context, that it is also possible that, in experiments
using 3-ox0-C12-HS, Ca2* ions could also coordinate to the anionic head group and form
dimers in solution, thereby changing the solution phase behavior of this compound or, by
extension, its interactions with bilayers. We return to this possibility again in the discussion
below.

QCM-D experiments in which 3-ox0-C12-AHL and 3-oxo-C12-HS were introduced, at
concentrations of 50 uM, to SLBs containing 75 mol% DOPC and 25 mol% DOPS resulted
in changes in frequency and dissipation of (1.4 + 0.5 Hz and 1.1 + 0.1 x107%) and (-2.3
+0.5 Hz and 0.8 + 0.2 x107%), respectively [Figures 7 and S7(C-D)]. This result was
surprising, because it suggests that, when compared to the DOPC bilayers in the presence
of Ca2* discussed above, less 3-oxo0-C12-AHL associates with the bilayer (smaller changes
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in frequency), but that this leads to otherwise similar amounts of membrane restructuring
(similar changes in dissipation). In our past experiments and the results described above,
increases in dissipation are generally accompanied by increases in frequency.2°26 The
results shown in Figure 7 thus hint at the possibility of significant changes in the structures
or dynamics of features observed that could occur on the surfaces of these DOPS-containing
bilayers (vide infra). In contrast, the introduction of 3-oxo0-C12-HS to DOPS-containing
bilayers resulted in larger changes in frequency and dissipation relative to those observed

in single-component DOPC bilayers under otherwise identical conditions. Although the
reasons for this are not completely understood, it is possible that increased adsorption or
intercalation of this anionic compound to the anionic DOPS component lipids in these mixed
bilayers could be facilitated either by (i) the chelation-induced dimerization of 3-oxo-C12-
HS by Ca2* ions in solution or (ii) the chelation-induced association of 3-oxo-C12-HS with
the serine head group of DOPS on the surface of the bilayer, as also discussed above.*!

Characterization of interactions of 3-oxo-C12-AHL and 3-ox0-C12-HS with DOPS-
containing SLBs by fluorescence microscopy revealed large differences in bilayer
remodeling compared to otherwise identical DOPC bilayers. As shown in Figure 8(F,H)
and Figure S8(C,D), the introduction of solutions containing 3-oxo-C12-HS to DOPS-
containing bilayers led to substantially more membrane reformation than we observed in
single-component DOPC bilayers (Figure 8(E,G)), with the formation of hemispherical caps
(at concentrations of 50 uM) and a combination of short tubules and hemispherical caps

(at concentrations of 200 uM). These large changes in restructuring are generally consistent
with the larger changes in frequency and dissipation measured by QCM-D. The increased
bilayer reformation observed here could result from complexation of Ca?* to both the
DOPS serine head group and the hydrolyzed homoserine head group of 3-ox0-C12-HS, as
discussed above.*!

The introduction of 3-oxo-C12-AHL to DOPS-containing bilayers also led to significant
differences in the membrane remodeling observed as compared to single-component DOPC
bilayers. As shown in Figure 8(B,D) and Figure S8(C,D) introduction of 3-oxo-C12-AHL
at concentrations of both 50 and 200 pM led to the formation of long, extended tubule
structures (~100 um in length) on the surface of the bilayer, many of which did not collapse
into hemispherical caps during the time course of these experiments (360 sec). These tubules
were much longer than those observed on single-component DOPC bilayers in the presence
of Ca2*, consistent with the suggestions of substantially different behaviors in this system
that arose in our QCM-D measurements described above (Figures 7 and S7C). We note
that 3-ox0-C12-AHL is a non-ionic amphiphile, and thus cannot form ionic complexes
with CaZ* in the manner proposed and discussed above for experiments involving anionic
3-0x0-C12-HS. It is possible, however, that the differences in restructuring observed using
3-0x0-C12-AHL could result from calcium-induced clustering of DOPS on the surface

of the bilayer,1>39-41 or from an imbalance of CaZ* on the outer leaflet of the bilayer
resulting from a continuous flow of Ca2* across the surface.1542 It is well established that
the formation of lipid domains (similar to those observed from calcium induced anionic
lipid clustering)’877 or an imbalance of calcium in the two leaflets of DOPS-containing
bilayers®42 can result in the formation of bilayer curvature. Either of these effects could,
in theory, promote the subsequent formation of high curvature structures (e.g., tubules)
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on the surface of a bilayer upon contact with added amphiphiles, consistent with the
microscopy results reported here. Overall, the results of these studies demonstrate that both
lipid composition and other environmental factors (e.g., the presence of Ca2* in the buffer)
can lead to changes in the ways that AHLs and their hydrolysis products interact with lipid
bilayers and promote subsequent multi-scale phenomena.

Finally, as part of the studies reported here, we also characterized the interactions

of 3-ox0-C12-AHL and 3-0x0-C12-HS with DOPC SLBs containing the cationic lipid
DOEPC (Figure 1). While cationic lipids such as DOEPC are not found naturally in the
membranes of mammalian cells,22 this broad class of materials is used increasingly for
the formulation of lipid-based materials for pharmaceutical applications.”8 To explore the
potential interactions of AHLs with DOPC-based, mixed-lipid bilayers containing a cationic
lipid, we performed an initial set of experiments using 3-ox0-C12-AHL, 3-0x0-C12-HS,
and SLBs comprised of 75 mol% DOPC and 25 mol% DOEPC. We observed remodeling
of DOEPC-containing SLBs that was, in general, different from that observed for single-
component DOPC SLBs or the anionic DOPS-containing SLBs discussed above. The
results of those preliminary studies are included and discussed further in the Supporting
Information (Figures S9-11). Although additional experiments will be required to probe
and understand the dynamics of these DOEPC-containing membranes more completely,
the results of the experiments included here further underscore how changes in the
physicochemical properties of lipids and lipid membranes can affect their interactions with
AHLs and related derivatives.

Conclusion

We have reported on the influence of membrane composition on multi-scale remodeling

that occurs in model mixed-lipid bilayers upon contact with the bacterial quorum sensing
signal 3-oxo-C12-AHL and its anionic head group hydrolysis product 3-oxo-C12-HS. As

a first step toward understanding the interactions of this important bacterial signal with

more complex biological membranes, we investigated interactions of SLBs composed of

the phospholipid DOPC either alone or in mixtures containing cholesterol, DOPE, or

DOPS using fluorescence microscopy and QCM-D. Overall, we observed these mixed-lipid
membranes to undergo remodeling events that differ substantially in the nature, extent,

and dynamics of bilayer features that from (e.g., tubules and hemispherical caps of

varying morphology) compared to features observed to form in single-component DOPC
membranes. We attribute these differences, at least in part, to the influence of lipid structure
and membrane composition on the relative timescales of molecular (e.g., AHL or constituent
lipid) flip-flop,21:36 lipid packing defects,®37:38 lipid phase segregation,15:3%-41 and the
generation of spontaneous curvaturel®42 in these materials and, thus, differences in the ways
that these mixed-lipid bilayers regulate or relieve bilayer stresses that can accumulate upon
the adsorption and intercalation of 3-oxo0-C12-AHL or 3-oxo0-C12-HS.

Many common Gram negative bacteria use AHLs to communicate with each other22-24
and regulate group behaviors such as virulence factor production,>6 swarming,’® and

biofouling,8 and a growing body of experimental results suggests that AHLs may also
interact with the membranes of mammalian cells and play important roles in regulating
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host-cell interactions.29:32 Each of the individual lipids investigated here is representative
of classes of lipids that comprise mammalian cell membranes.2 The two-component, mixed-
lipid membranes investigated here lack the full range of compositional and functional
complexity typical of biological membranes, but they present useful models to probe and
understand the ways that membrane composition can impact interactions with this class of
bacterial signals. Mixed-lipid membranes are also useful for the design of many responsive
synthetic materials, including vesicle-based vehicles for drug delivery and supported
membranes that can serve as components of environmental sensors.3481 The fundamental
studies reported here thus also have the potential to provide guidance for the design of
new types of soft materials that can interact with or respond selectively to molecules

that bacterial communities use to communicate. Efforts to explore these opportunities are
currently underway and will be reported in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Structures of the AHL, AHL hydrolysis product, and lipids used in this study. All lipids
possessed the same tail structure and varied only in the head group, as indicated by the four
R groups shown.
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Changes in (A) frequency and (B) dissipation for SLBs with varying cholesterol
compositions upon exposure to solutions of 50 UM 3-0x0-C12-AHL for 45 minutes (filled
bars) or after 45 minutes of buffer wash (open bars; for the 0% cholesterol bilayers,

changes in frequency and dissipation upon washing shown are at 32 minutes, see Supporting
Information). The values shown are the means and a single standard deviation of three or
four experiments (n = 3—4). Statistical significance compared to 0% cholesterol bilayers is

indicated with the following p values: *p < 0.05, **p< 0.01.
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Figure 3:
Representative top-down fluorescence micrographs of fluorescently labeled (A,D) DOPC,

(B,E) 10% cholesterol or (C,F) 30% cholesterol SLBs after exposure to a continuous flow
of (A-C) 50 uM or (D-F) 200 pM 3-ox0-C12-AHL. Images were acquired 360 seconds
after the onset of membrane restructuring. The direction of flow in all images was from the
bottom to the top of the image. Scale bars are 30 pm.
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Figure 4:

Normalized calcein fluorescence intensity values in a solution containing 100 uM of calcein-
loaded DOPC vesicles containing either (A) 10% cholesterol or (B) 30% cholesterol after
exposure to solutions of 3-oxo-C12-AHL at various concentrations. Statistical significance
compared to a buffer control is indicated for concentrations with the following p values:

*p < 0.05, ***p < 0.001. All points shown are the average and standard deviation of three
independent experiments.
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Figure5:

Changes in (A,C) frequency and (B,D) dissipation for SLBs composed of either 100%
DOPC or 75% DOPC/25% DOPE after introducing 50 uM solutions of (A,B) 3-oxo0-C12-
AHL or (C,D) 3-ox0-C12-HS for 45 minutes (filled bars) or after 45 minutes of buffer wash
(open bars; for the DOPC bilayers, changes in frequency and dissipation upon washing are
shown at 32 minutes, see Supporting Information). The values shown are the means and

a single standard deviation of three or four experiments (n = 3-4). Statistical significance
compared to DOPC bilayers upon compound introduction is indicated with the following p
values: *p < 0.05.
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Figure6:
Representative top-down fluorescence micrographs of fluorescently labeled (A,C,E,G)

DOPC or (B,D,F,H) 75% DOPC/25% DOPE SLBs after exposure to a continuous flow

of (A,B,E,F) 50 uM or (C,D,G,H) 200 uM solutions of (A-D) 3-oxo-C12-AHL or (E-H) 3-
0x0-C12-HS. Images were acquired 360 seconds after the onset of membrane restructuring.
The direction of flow in all images was from the bottom to the top of the image. Scale bars
are 30 um.
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Figure7:

Changes in (A,C) frequency and (B,D) dissipation for SLBs composed of either DOPC or
75% DOPC/25% DOPS in buffer containing 2 mM CacCl, after introducing 50 uM solutions
of (A,B) 3-0x0-C12-AHL or (C,D) 3-ox0-C12-HS for 45 minutes (filled bars) or after 45
minutes of buffer wash (open bars). Statistical significance compared to DOPC bilayers in
buffer containing 2 mM CaCl, upon compound introduction is indicated with the following
p values: **p<0.01, ***p < 0.001. The values shown are the means and a single standard

deviation of three or four experiments (n = 3-4).
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Figure8:

Representative top-down fluorescence micrographs of fluorescently labeled (A,C,E,G)
DOPC or (B,D,F,H) 75% DOPC/25% DOPS SLBs after exposure to a continuous flow

of (A,B,E,F) 50 uM or (C,D,G,H) 200 uM solutions (A-D) 3-ox0-C12-AHL or (E-H)
3-0x0-C12-HS in buffer containing CaCl,. Images were acquired 360 seconds after the onset
of membrane restructuring. The direction of flow in all images was from the bottom to the
top of the image. Scale bars are 30 um.
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