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Listeriolysin O (LLO) (CDCQ)
monocytogenes. LLO lyses the phagosomal membrane via pore-formation, resulting in pathogenesis.

is a crucial cholesterol-dependent cytolysin secreted by Listeria
CDCs’ ability to recognize and bind to membrane cholesterol is a hallmark in the pathogenesis of these
pore-forming toxins, distinguishing them from other toxins. Conservation of the cholesterol-recognition
motif (CRM) has been discovered to be one of the prerequisites for the membrane binding of some
CDCs, but the role of the CRM for LLO binding and pore-formation is still unclear. Therefore, we
investigated LLO-mediated lipid remodelling at a nanomolar concentration using the interfacial
properties of a biomimetic liquid crystal (LC)-aqueous interface. The examination addresses the signifi-
cance of the CRM in protein structure and membrane reorganizations for the cholesterol-mediated
binding of LLO. We report that the CRM assists in the binding of LLO in a unique amphipathic
environment, especially at low cholesterol levels. However, eliminating or substituting the CRM from
LLO significantly alters the threshold cholesterol level required for its activity. This study also reveals the
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suggest a novel paradigm that opens up an array of possibilities for discovering sequential mutations and
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Introduction

Cholesterol-dependent cytolysins (CDCs) represent a widely
disseminated family of pore-forming toxins (PFTs) employed
mostly by Gram-positive bacteria, including Bacillus, Streptococcus,
Clostridium, and Listeria, which are human pathogens." The CDCs
assist in pathogenesis mainly by disrupting the host epithelial
barrier through pore-formation and modulating the host immune
system.” All CDCs share a four-domain tertiary structure and
exhibit a cholesterol-dependent pore-forming and cytotoxic
activity.> The presence of cholesterol in the target membrane is
a prerequisite for the activity of CDCs. Interestingly, studies have
demonstrated that cholesterol is not necessarily required for the
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delineating the molecular mechanisms of CDCs in nanomolar concentration regimes.

binding, but for the further steps of pore-formation. The primary
interaction of CDCs with cholesterol has been mapped to a
threonine and leucine (Thr-Leu) pair in the loop (L1) of domain
4" These investigations have characterized the cholesterol-
recognition motif (CRM) for a few CDCs, including perfringolysin
O (PFO), pneumolysin (PLY), and intermedilysin (ILY). In the
present study, we have explored the cholesterol-dependent inter-
action of a prominent member of the family, listeriolysin O (LLO).
LLO is the major virulence factor secreted by L. monocytogenes, a
food-borne intracellular pathogen.” One notable distinction
between LLO and other CDCs is its proactive role in aiding
pathogens to remain within the host cells.® The high immunogeni-
city of LLO gives it exceptional medicinal importance, highlighting
the significance of its research. It is understood that it binds to the
cholesterol-containing phagosomal membrane, which aids the
pathogen’s egress from the phagosome to the cytosol through
transmembrane B-barrel pores of size up to 50 nm. It has been
previously reported that a CRM, conserved in all CDCs, facilitates
the binding of CDCs to cholesterol-containing lipid membranes,*
but the precise mechanistic details of cholesterol-mediated pore-
formation by LLO and other CDCs remain to be fully elucidated.
We propose that some concurrent alterations in membrane
dynamics, such as lipid mixing, lipid flipping, or lipid domain

This journal is © The Royal Society of Chemistry 2025
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reorganizations, may be beneficial in regulating this pore-
formation mechanism and need to be acknowledged. In a recent
study, it was shown that a CRM-altered variant of LLO can bind to
cholesterol-rich membranes under specific conditions. While this
mutant variant does not bind effectively to membranes with absent
or minimal cholesterol, its binding becomes comparable to that
of wild-type LLO when an optimal cholesterol level is present.
Such binding behavior of the CRM-altered LLO variant has been
shown to be facilitated by lipid phase heterogeneity due to
optimal cholesterol levels. Overall, this study has revealed the
complex interplay between cholesterol, the CRM motif, and the
lipid environment during LLO-mediated membrane disruption.”
This intricate relationship calls for more advanced experimental
approaches to unravel the molecular mechanisms of CDCs
within the context of the physicochemical properties of lipid
membranes.

Past studies have identified liquid crystals (LCs) as stimulus-
responsive materials due to the combination of fluidity and
orientational order that enables dynamic self-organization.® The
interfaces generated between thermotropic LCs and aqueous
phases are especially interesting for reporting interactions invol-
ving biological organisms for three major reasons: (i) biomolecular
binding events can be observed without any fluorescent labelling,
(ii) the interfaces are dynamic, and species can be reorganized
laterally in ways that resemble biomolecular interactions at biolo-
gical membranes, and (iii) the experimental setup is straightfor-
ward, and may be applicable for the creation of diagnostics for
usage in resource-constrained settings. Hence, LC-based transduc-
tion has been widely exploited to amplify the presence of a range of
chemical and biological species (lipids, proteins, DNA, and mam-
malian and bacterial cells) at interfaces into optical signals.’

Inspired by this, our previous research sought to establish
that LC-aqueous interfaces have the potential to replicate the
cholesterol-mediated membrane interactions of Vibrio cholerae
cytolysin (VCC) at physiological concentrations.'® Advancing our
study, we ask whether a biomimetic LC-aqueous interface could
capture the LLO-mediated modulations to the unique amphi-
pathic environment. In addition, the present study focuses on
understanding the LLO-cholesterol interaction mediated by the
CRM, which aids membrane binding and activity. The CRM
motif in LLO was substituted with a pair of glycines to generate
the LLO™"%™*1%C form of LLO to investigate the cholesterol-
dependent membrane interactions and modulations by LLO.

We report that the mutation of the CRM region significantly
affected the ability of LLO to physically interact with cholesterol.
However, the binding ability was reduced only when there was a
low amount of cholesterol in the membranes, suggesting an
effect of cholesterol and membrane dynamics on the activity of
LLO. Also, cholesterol can be a key player in modulating the
phase heterogeneity, packing, and hydrophobicity of lipids in
membranes.'* This study scrutinized the potential of the LC-
aqueous interface to recognize the substitution of two amino
acids based solely on LC optical responses under physiological
environments. As a result, the LC-based method might be
endorsed as the easiest assay to examine the structural basis
and cholesterol-dependent pathogenicity of proteins produced by
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bacteria. Overall, our research aims to comprehend the lipid-
protein interactions occurring at the aqueous interface of LC at
the nanoscale, which conventional measurement tools cannot
access. However, there is still scope for further research on the
interaction between membrane dynamics and LLO activity.

Results and discussion

For in vitro insights into LLO actions towards the membrane, we
first mimic a unique amphipathic membrane environment by
self-assembling 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(PC) at a thermotropic liquid crystal (LC) 5CB (4'-pentyl-4-
biphenylcarbonitrile}-aqueous interface. For our initial set of
experiments, we began by encapsulating 5CB using a TEM-gold
grid supported on a glass substrate coated with dimethyl-
octadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (DMOAP)
under phosphate-buffered saline (PBS; pH = 7.2). We observed
that the thin films of 5CB exhibited a bright optical appearance
under a polarizing optical microscope (POM) when immersed in
PBS, consistent with the prior reports.’ Subsequently, we sought
to investigate the orientational behaviour of 5CB in various
concentrations of PC. We observed that on the introduction of
0.01 mg ml ' of PC, the appearance of 5CB became partially
dark with scattered bright domains, persisting for approxi-
mately 30 min (Fig. 1a, first row). However, upon increasing
the PC concentration to 0.03 mg ml~ ", we observed a completely
dark appearance under POM, as depicted in Fig. 1a. As expected,
on further increase in the PC concentration to 0.05 mg ml ™", the
dark optical view remained intact.

Our second goal was to gain insights into the interactions
between LLO and the distinctive membrane environments
formed by lipid mixtures of cholesterol and PC. For this, we
conducted a second set of experiments to analyze the ordering
pattern of 5CB in the presence of PC vesicles containing 15 and
30-wt% cholesterol. The rationale behind this objective was
rooted in the observation that cholesterol plays a vital role in
enabling LLO to form pores in target membranes.’ We first
experimented with 0.01 and 0.03 mg ml ™" lipid mixtures (15 or
30 wt% cholesterol into PC vesicles).

Interestingly, we observed that the added lipid mixture did
not result in a completely dark optical appearance of LC within
30 min (Fig. 1a, second and third rows). However, when the
concentration of the lipid mixture was increased to 0.05 mg ml ™",
a completely dark optical appearance of the LC was observed. The
variation in the ordering pattern of 5CB depending on the % of
cholesterol in PC is consistent with our previous findings that
suggest that the rigidity imposed by cholesterol and the reduction
in PC density within the vesicles are likely contributing factors to
this phenomenon.’®

Next, we sought to observe the role of CRM in LLO for its
activity towards lipid membranes having 15 and 30 wt% choles-
terol. To monitor this, we designed an LLO mutant by substituting
two amino residues, ie., Thr-Leu in LLO, with a pair of glycines
(Gly-Gly). The mutant is designated as LLO™*9*1%G  Before
analyzing their behaviour at the LC-aqueous interface in the
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(a) Polarized optical photomicrographs of the LC—aqueous interface depicting the LC response after 30 min of incubation with 0, 15, and 30 wt%

cholesterol in PC. The optical views display a uniformly dark appearance of LC at 0.03 mg ml™* PC and 0.05 mg ml~? lipid mixture (PC having 15 or
30 wt% cholesterol). Scale bar = 100 pm. The data are consistent with an earlier study'® and have been reperformed for further investigation. (b) The SDS-
PAGE/Coomassie staining profile displaying the purified LLO and its mutant LLOT**%"-516G | ane M depicts the molecular weight markers. (c) CD spectra
illustrating the B-sheet rich nature of both LLO and its mutant LLO™°S"1516G The structure of domain 4 of LLO and LLO™*5¢"5516G js shown in the inset

of (c) (PDB ID 4CDB, image generated in Chimera).

presence of lipid mixtures, we first assessed the quality of protein
purification using SDS-PAGE, followed by Coomassie staining.
This confirmed the purity of LLO and its mutant, LLO™ %1166
(Fig. 1b). We then investigated the structures of both proteins by
recording far-UV circular dichroism (CD) spectra. The spectra
shown in Fig. 1c demonstrate the B-sheet-rich nature of LLO,
which remains intact after the glycine substitutions. Additionally,
almost identical ellipticities of both proteins showed the similar
structural disposition of LLO and its mutant.

Based on the above information, we sought to monitor the
activity of LLO and its mutant LLO™**%'*1°C at the LC-aqueous
interface laden with lipid mixtures. This experiment aimed to
ascertain whether the lipid-enriched aqueous interfaces of LCs
could indicate the binding of LLO and its mutant LLO™>*>¢1516¢
at physiologically relevant concentrations (i.e., within the nM
range). Numerous studies have shown that when proteins are
introduced into the lipid layer in contact with LC-aqueous films,
the LCs are reorientated. This change in the optical response of
the LCs upon lipid-protein binding is related to the secondary
structure of the protein. Proteins characterized by a predominant
B-sheet-rich secondary structure induce dendritic patterns in
LCs."” Keeping this concept in mind, we observed the optical
behaviour of LC at the LC-aqueous interface adorned with lipid
mixtures (15 and 30 wt% cholesterol in PC) upon introducing
100 nM LLO and LLO™"9"%1%6 We made three observations
based on the optical images presented in Fig. 2a, captured at
1 and 30 min upon adding 100 nM proteins at those interfaces.
First, we observed the emergence of bright optical domains
shortly after 1 min of addition of LLO and LLO™"?%"%%C t¢ the
lipid mixture-decorated interface. Interestingly, this emergence of
bright domains was more pronounced in the lipid mixture of
30 wt% cholesterol in PC than in the mixture with 15 wt%
cholesterol in PC. Second, we observed the transformation of
initially uniformly dark areas into completely bright areas after 30
min of addition of proteins to the 30 wt% cholesterol/PC lipid
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mixture laden at the LC-aqueous interface. This change indi-
cated a significant alteration in the optical properties of the LC
over time. The third observation revealed that the presence of
dendritic domains was more pronounced when LLO was added
to the lipid mixture containing 15 wt% cholesterol in PC, as
compared to its mutant variant LLO™**91%1%  at the LC-aqu-
eous interface. This suggests that LLO substantially influences
the formation and growth of dendritic structures in this parti-
cular lipid composition. To further provide insights into the
variations in the extent of the formation of optical domains, we
conducted quantitative measurements. We calculated the mean
grayscale intensities of the LC-aqueous interface laden with
different lipid mixtures (PC/30 and 15% cholesterol) in the
presence of LLO and LLO™'9™°16 (Fig, 2b). The box graphs
displayed a significant difference in the mean grayscale intensi-
ties of 15 wt% cholesterol in PC (Fig. 2d) than 30% in the PC
(Fig. 2c) laden LC-aqueous interface in the presence of LLO and
LLO™?61516G This observation indicates the prominent binding
of LLO with 15 wt% cholesterol in PC compared to LLO™"%
516G 1n order to verify that the emerged dendritic domains are
the result of LLO and LLO™9'*_Jipid interactions at the
aqueous interfaces of LC, we performed two additional control
experiments. First, we incubated 200 nM LLO and LLO""251516G at
the LC-aqueous interface without any lipid. Notably, no change in
the optical appearance was observed over a prolonged time, and it
did not form any branched domains (Fig. S1, ESIf). Second, we
incubated 100 nM of LLO at the lipid mixture (15 wt% cholesterol in
PC)-laden LC-aqueous interface. We observed the formation of bright
dendritic domains under POM, which were also visible after the
removal of analyzers, indicating modulations in the lipid density due
to protein interactions at those interfaces (Fig. S2a—d, ESIT). These
data sets confirmed that the evolution of brush-like patterns results
from the transduction of lipid-protein interactions to the LC.

At this stage, we aimed to analyze the elongated branched
domains arising from LLO interactions with lipid mixtures

This journal is © The Royal Society of Chemistry 2025
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(a) Polarized photomicrographs depicting the differential densities of the optical domains after 1 and 30 min incubation of 100 nM LLO and its

mutant LLOT15G1518C wwith 30 and 15 wt% cholesterol in the PC-laden LC—aqueous interface. Scale bar = 100 pm. (b) Bar graph illustrating the average
mean grayscale intensities (four grid squares) at 1 and 30 min incubation of LLO and LLO™G"516G at the designed interfaces. (c) and (d) Box plot
illustrating the distribution of mean grayscale intensities for LLO and its mutant after 30 min of incubation with PC containing 30 wt% and 15 wt%
cholesterol, respectively, present at the LC—aqueous interface. (c) No significant differences (p = 0.4 > 0.05; Anova) were observed in LLO and
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interactions with PC/30 wt% cholesterol after 30 min of incubation. (d) A significant difference (p = 5 x 10~* < 0.05; Anova) was observed

in LLO and LLOTGL518G jnteractions with PC/15 wt% cholesterol after 30 min of incubation.

present at the LC-aqueous interface. To achieve this, we per-
formed an atomic force microscopy experiment (AFM). The ima-
ging was conducted subsequent to a 30 min incubation of LLO at
the interfaces decorated with mixed lipid (PC/30% cholesterol)-LC,
followed by drying the extracted aqueous layer from those inter-
faces. The AFM images unveiled the existence of arc- or slit-shaped
assemblies, as well as filamentous structures, measuring approxi-
mately 3 nm in height at the interface (Fig. S3a and b, ESIT).
Notably, these structures were absent in samples extracted from
the LC-LLO devoid of any lipid (Fig. S3c, ESIt) and LC-lipid mixture
devoid of LLO (Fig. S3d, ESIt). This observation underscores the
role of the lipid mixture and LLO interactions at the interface in
forming these assemblies. We postulate that these structures
represent lipid mixture-guided LLO oligomeric assemblies at the
interface. To validate our hypothesis, we employed a pull-down
based oligomerization assay followed by SDS-AGE (agarose gel
electrophoresis)/Coomassie staining to visualize the formation of
LLO oligomers on the mixed lipid (PC/30% cholesterol)-LC-
decorated interfaces. Our results demonstrate that LLO does not
form oligomers in the presence of LC alone. Additionally, lipid-

This journal is © The Royal Society of Chemistry 2025

laden LC alone could not induce the formation of the LLO
oligomers. However, LLO oligomers were observed only when LC
droplets were loaded with lipids, similar to those formed with
liposomes (Fig. S3e, ESIT). The observation of oligomeric assembly
formation is concordant with an earlier study.’® These findings
confirm that LLO undergoes oligomerization through dynamic
fusion events at the interface. This process is facilitated by
chemoresponsive LC," thereby inducing the emergence of dis-
tinctive branched patterns at the interfaces.

Our next goal was to gain insights into the progression of
events over time and to understand the initial dynamics of
interactions of proteins with different cholesterol concentrations.
In this regard, we investigated the time-lapsed behaviour of both
LLO and its mutant variant LLO™"*9™56S in the presence of lipid
mixtures containing 30 wt% and 15 wt% cholesterol in PC at the
LC-aqueous interface. First, we monitored the LC response laden
with PC having 30 wt% cholesterol when placed in contact with
LLO and LLO™"?%1*1%C Fig, S4 (ESIt) reveals an almost similar
kinetics of LLO and LLO™"91*1%S activity with 30 wt% choles-
terol in PC at higher (100 nM) as well as at lower concentrations

J. Mater. Chem. B, 2025, 13, 5358-5364 | 5361
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(10 nM). This outcome suggests that the ability of LLO to bind to
a mixture of 30 wt% cholesterol and PC lipids is uncurbed by the
existence of the CRM in the protein.

Then, we analysed the activity of proteins with a lipid
mixture of 15 wt% cholesterol in PC. The time-lapsed images of
100 and 50 nM LLO and LLO™'%'%'%C displayed considerable
differences in the activity of the proteins. The emergence of
dendritic domains was found to be much faster for LLO com-
pared to LLO™ 9116 (Fig, S5a, ESIT). Furthermore, the quanti-
fication of interactions through the mean grayscale intensity
difference supports our preposition of pronounced binding of
LLO with PC having 15 wt% cholesterol compared to its mutant
LLO™"G 15186 (pig. S5b-d, ESIt). This observation also holds at
lower concentrations of proteins, ie., at 25 nM (Fig. S6, ESIT).
However, after further decreasing the concentration to 10 nM, no
changes in LC ordering were observed, suggesting that the
sensitivity of the designed system was up to 25 nM (Fig. S6,
ESIf). To validate our observations, we performed a pull-down-
based binding assay to assess the interaction between LLO and
its mutant, LLO™"9™1%G  with lipid mixture liposomes (Fig. S7,
ESI+). The percentage of liposome-bound LLO and LLO™'?¢1516¢
was quantified by analyzing the band intensities in the gel profile
using Image]J software, with the values indicated below the gel.
The nearly identical band intensities for both LLO and LLO™">61516G
demonstrated binding to PC vesicles containing 30 wt% choles-
terol, as indicated by the presence of protein in the liposome-
bound pellet fraction. In contrast, a significant difference in
band intensities was observed when using PC vesicles with 15%
cholesterol. LLO showed binding to the liposomes, as evidenced
by the protein in the liposome-bound pellet fraction, while
LLO™9 116G predominantly remained in the unbound super-
natant fraction, suggesting a lack of binding under these condi-
tions. These results further support our initial observations.
Subsequently, we sought to determine the relationship between
the spatial patterns of LC and the lateral distribution of lipids
and proteins at those interfaces. To comprehend this, we per-
formed confocal fluorescence microscopy to enquire about the
localization of lipids and proteins at the aqueous-LC interface.
The 15 wt% cholesterol in PC doped with 2.5% fluorescently
labelled PC (Cy5 PC) was self-assembled at the LC-aqueous
interface and incubated with Alexa 488-labelled LLO and
LLO™4 12166 for up to 30 min. Like our above observation,
we noticed the growth of dendritic patterns visible under the
bright field of the confocal microscope (Fig. 3a and d). In
addition, the fluorescence images illustrated that green-
fluorescent protein accumulated in the form of dendritic pat-
terns (Fig. 3b and e) and surrounding them is red fluorescence
(Fig. 3c and f). This suggests the lateral distribution of protein-
and lipid-rich regions, where dendritic patterns are protein-rich.
Thus, our data indicate the phase segregations of lipids and
proteins at the designed interfaces. Overall, the key findings
from our observations are: (i) B-sheet rich nature of LLO and
LLO™6 516G " a5 observed from the emerging dendritic
patterns'? for both the proteins at the interface, which is also
evident from the CD spectra; (ii) CRM substitution lowers the
activity of LLO at lower cholesterol content in the membrane.

5362 | J Mater. Chem. B, 2025, 13, 5358-5364
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Fig. 3 (a) and (d) Bright-field and (b), (c), (e) and (f) confocal fluorescence
images of Alexa-488-labelled LLO and LLO™%516C after 30 min of
incubation with 2.5% cy5 labelled PC doped in PC having a 15% cholesterol
lipid mixture-decorated LC-aqueous interface. Green fluorescence in (b)
and (e), and dark branched domains in (c) and (f) depict protein-rich
domains, and surrounding them is a lipid-rich region. Scale bar = 20 um.

This indicates that the Thr-Leu dipeptide binds cholesterol more
strongly than a pair of Gly-Gly amino acids.

Next, we aimed to investigate the factors contributing to the
similar and differential responses of LLO and LLO™'?¢1316G
proteins under high and low cholesterol content conditions.
The experiment aimed to address two primary goals. First, we
sought to investigate whether the observed results of the super-
ior binding of LLO with cholesterol compared to its mutant were
solely due to unique interactions between the cholesterol and
proteins. Second, we aimed to find whether these results were a
consequence of cholesterol-induced impacts on the lipid assem-
blies at the interface. To address these questions, we conducted a
control experiment in which 100 nM proteins were added to the
LC laden with a lipid mixture containing 15 wt% ergosterol in PC.
We then observed the system for a duration of up to 30 min
following the addition of 100 nM LLO and LLO™" %15 proteins.
This control experiment allowed us to assess the role of ergosterol
in influencing the observed results and to gain insights into the
specific effects of cholesterol on the lipid assemblies at the inter-
face. The optical images in Fig. S8a (ESIT) illustrate a similar
response of both proteins at the lipid-mixture (PC/15 wt% ergos-
terol)-laden LC-aqueous interface. Additionally, this observation is
confirmed through measurements of mean grayscale intensities
(Fig. S8b, ESIt) and their distributions (Fig. S8c, ESIt). This
suggests the involvement of the CRM in the specific recognition
of cholesterol. Subsequently, we designed an experiment to inves-
tigate the impact of cholesterol-dependent lipid dynamics on the
response of LC in the presence of LLO. We experimented using
0.0425 mg ml~" PC alone, a concentration equivalent to that in PC/
15 wt% cholesterol mixtures, to examine the dependence of LC
orientational response on various factors mentioned above.
Remarkably, we observed negligible response of PC-laden LCs in
the presence of 100 nM LLO (Fig. S9, ESIt), highlighting the
significant impact of cholesterol-mediated lipid dynamics on the
interaction between LLO and lipid membranes. Based on our
findings, we can make three fundamental statements about the

This journal is © The Royal Society of Chemistry 2025
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bindings of both proteins. First, at low cholesterol concentrations,
LC laden with a lipid mixture exhibit a distinctive response when
exposed to LLO and LLO™C®™G  which differs from their
response at higher cholesterol concentrations. Second, substitut-
ing the lower amount of cholesterol with ergosterol eliminates the
disparity in the activity of both proteins. Third, no PC-laden LC
response was noticed in LLO’s presence. These observations
suggest that LLO can be associated with lipids even without
CRM-mediated cholesterol interaction only when cholesterol is
abundant. However, CRM-mediated cholesterol interactions are
necessary to associate LLO with a nominal amount of cholesterol.
This could be explained by the fact that some additional para-
meters may support the binding of LLO in the absence of the
CRM, with lipid membranes having a high cholesterol concen-
tration. It has already been established that a high amount of
cholesterol would increase the hydrophobicity, degree of order,
and heterogeneity in the membrane, leading to distinct dynamics
of the lipid layer.'” These changes in the lipid environment may
intensify non-covalent hydrophobic interactions of proteins with
the lipid membranes and their partitioning into distinct lipid
phases of the membrane, which can account for the similar
responses of LLO with and without the CRM. However, at low
concentrations of cholesterol, not much impact is known on lipid
dynamics. Therefore, the importance of the CRM for the activity of
LLO increases. This proposition is also supported by a control
experiment with 15% ergosterol. With a 15% ergosterol PC
mixture, the similar response of LC in the presence of proteins
indicates the importance and specificity of cholesterol in the
binding of LLO with the lipid membranes. A schematic illustration
of the binding of LLO and its mutant, LLO™**%1516G | at the lipid
mixture (PC with 15% and 30% cholesterol)-laden LC-aqueous
interface is presented in Fig. 4. Our study highlights the LC-
aqueous interface as a powerful and versatile tool for investigating
the interactions of membrane proteins, such as pore-forming
toxins (PFTs), with lipid membranes. Specifically, we utilized this
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Fig. 4 A schematic illustration to represent the changes induced in the
liquid crystal (LC) ordering by the addition of LLO and LLOT>*>G"1516G at the
lipid mixture-laden LC-aqueous interface. The cartoons demonstrate
similar responses of LC—aqueous interfaces laden with lipids containing
30% cholesterol in the presence of LLO and LLO™G516G compared to
those containing 15% cholesterol. The structural model of LLO was
generated with PyMOL (The PyMOL Molecular Graphics System, Version
2.5.2 Schrodinger, LLC.) using the Protein Data Bank (PDB) ID 4CDB.
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interface to examine the effects of mutations on LLO and its
membrane interactions. Notably, the membrane-composition-
dependent behaviour of LLO was observed, indicating the high
sensitivity of the aqueous-LC interface-based approach in detect-
ing subtle changes in protein-lipid interactions.

Building on our previous work with Vibrio cholerae cytolysin,'°
we demonstrate that the LC-aqueous interface provides a con-
trolled environment to study the membrane association of PFTs.
The complementary use of AFM imaging and pull-down assays
further corroborated our findings, confirming the differential
binding properties of LLO variants on membranes with varying
cholesterol content. These results validate the sensitivity of the LC-
aqueous interface in studying PFT interactions and underscore the
interdisciplinary nature of this approach, combining advanced
biophysical techniques to deepen our understanding of PFT
function and membrane dynamics. Overall, our findings indicate
the interplay of lipid membrane dynamics and cholesterol depen-
dency in the binding of LLO. The CRM’s ability to assist in the
binding of LLO in an amphipathic environment, especially at low
cholesterol levels, indicates its critical role in the pathogenicity of
L. monocytogenes. This study provides broader implications for
understanding other CDCs and their roles in various infections,
shedding light on common mechanisms that might be targeted in
drug development.

Conclusions

In a nutshell, this study demonstrated the sophisticated mecha-
nism of LLO binding towards various membranes through the
simplest method of using an LC-aqueous interface as a potent
hosting platform. This work displayed the varied membrane-
binding abilities of LLO and its mutant LLO™**™51S on lipid
membranes hosted on LCs, highlighting the crucial function of
the CRM in the binding of LLO. The results indicated the
remodelling of lipid membranes having 30-15 wt% cholesterol
in zwitterionic lipid-PC to dendritic domains. A comparison of
evolution rates of dendritic domains revealed the interplay of
membrane dynamics and the role of the CRM in the modulation
of LLO binding to lipid membranes. At lower cholesterol con-
centrations, CRM mutations render low activity of LLO, which
contrasts with high cholesterol levels. High cholesterol in lipid
membranes would support LLO by modulating the lipid nature,
thus decreasing the impact of CRM mutation in the LLO. Thus,
our study provides valuable insights into the binding and
interaction mechanisms of LLO with lipid membranes, particu-
larly at concentrations of 25 nM and above. In contrast to
conventional techniques, which often require sophisticated
instrumentation, extensive labor, complex labelling protocols,
and time-consuming procedures, our approach simplifies char-
acterizing LLO-lipid interactions. By streamlining the metho-
dology, we facilitate investigation, yielding significant insights
without the challenges typical of traditional methods. This
robust framework enhances our understanding of the under-
lying mechanisms governing these interactions, making it
easier to draw meaningful conclusions and paving the way for
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future studies. Altogether, our research embraces the LC-aqu-
eous interface as an augmentative tool to detect differences in
protein activity on mutations of just two amino acids. Our study
substantially strengthens the understanding of CDCs’ binding
behaviour, which has significant clinical implications.
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