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Abstract

Rhamnolipids (RLs) are among the most important biosurfactants produced by microorganisms,
and have been widely investigated because of their multiple biological activities. Their action
appears to depend on their structural interference with lipid membranes, therefore several
studies have been performed to investigate this aspect. We studied by X-ray scattering, neutron
reflectometry and molecular dynamic simulations the insertion of dirhamnolipid (diRL), the most
abundant RL, in model cellular membranes made of phospholipids and glycosphingolipids. In our
model systems the affinity of diRL to the membrane is highly promoted by the presence of the
glycosphingolipids and molecular dynamics simulations unveil that this evidence is related to
sugar-sugar attractive interactions at the membrane surface. Our results improve the
understanding of the plethora of activities associated with RLs, also opening new perspectives in
their selective use for pharmaceutical and cosmetics formulations. Additionally, they shed light on
the still debated role of carbohydrate-carbohydrate interactions as driving force for molecular
contacts at membrane surface.



Introduction

In the last years many studies have been dedicated to the discovery and use of biosurfactants due
to their low toxicity, biodegradability and ecological safety. Among biosurfactants, rhamnolipids
(RLs), composed by a hydrophilic anionic head group containing rhamnose and by two
hydrophobic tails, hold a prominent position because of their interesting biological properties such
as antimicrobial, antiphytoviral, zoosporicidal activities % The most studied natural RLs are mono-
and di-rhamnolipids (monoRL and diRL), having one or two rhamnosyl residues, excreted by
various soil bacterial species such as Pseudomonas sp. and Burkholderia sp. >. The surfactant
properties of rhamnolipids are well known: they reduce the surface tension of water and the
interfacial tension of water/oil systems ®’. There is increasing interest in the effect of RLs on
human and animal cells since RLs have been shown to affect cellular immunosuppression and to
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display effects on human keratinocytes and fibroblast cultures . Moreover, endotoxin-like

9 which have also been assayed in the treatment of

properties have been described for RLs
psoriasis ** and in the process of cutaneous wound healing **. Thus, RLs have been proposed as
vehicles for active ingredients in cosmetics and pharmaceutical applications **. Besides that, they
also have a potential in plant protection as they are able to trigger the plant immune system

>1% 1> The intercalation of the RLs into the

conferring a better resistance to fungal pathogens
plasma membrane of target cells and the subsequent alteration of its physical properties has been
proposed as a possible mechanism of their biological activity *°. However, the detailed molecular
mechanism of these interactions is still unknown. More particularly, their effect on lipid
membrane domains, key platforms in signalling pathways, was poorly investigated. It is then of
great interest to get insights into the nanoscale molecular level of the interaction of purified RLs

with various lipid-based model membranes.

Several studies have been performed to investigate the effects brought by RLs to model lipid
membranes, showing their importance in membrane stabilization or destabilization and in
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regulation of lipid polymorphism . For example, the ability of RLs mixture to increase the

fluidity of DPPC bilayers is parallel to the increase of vesicle permeation and may be related to the

2021 “gpecifically, diRL has been shown to alter the

strong haemolytic power of these molecules
physicochemical properties of neutral and charged phospholipid and plant mimic model
membranes such as the mixtures phase behaviour, lipid order and packing and membrane
thickness and permeabilization **2%%.

In this context, we focused on diRL, the major surfactant compound produced by P. Aeruginosa,
and we studied from the structural point of view, its insertion in model membranes. P. Aeruginosa
produces heterogeneous mixture of RLs, each of them, in principle, could have a different specific
effect to host membranes. Therefore, disentangling individual contribution of each homologue to
the biological properties of the mixture, is of interest. Such information would make possible the

selection of RLs for formulations according to the specific need.

The step forward in the investigation of diRL interaction with models of cellular membranes that
we present, is based on the use of mixed model membranes of phospholipids and gangliosides,
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the latter belonging to membrane glycosphingolipids involved in several cell activities and

signalling 2%

. Since both diRL and the glycosphingolipid of the target membrane bear sugars in
their polar portions, our study aims as well at the investigation of if and how carbohydrate-
carbohydrate interactions play a role in the definition of membrane surface properties and on the

ability of diRL to insert into the target membrane.

Our investigation has been performed by applying complementary experimental and
computational techniques, such as small angle X-ray scattering, neutron reflectometry and
molecular dynamics simulations.

Materials and methods
Lipids

Di-rhamnolipid (2-0-a-L-rhamnopyranosyl-a-L-rhamnopyranosyl-B-hydroxydecanoyl-p-
hydroxydecanoate named diRL) was isolated from a commercial mixture of natural rhamnolipids
from P. aeruginosa purchased from AGAE Technologies (AGAE Technologies, LLC, Corvallis, OR,
USA). Therefore, a preparative high-performance liquid chromatography coupled to an
evaporative light scattering detector (HPLC—ELSD) on an Interchim Uptisphere Strategy C18-2
column (21.2 mm, 15 um) on an Interchim Puriflash 4250 system was used. Before injection, the
mix was solubilized in pure methanol and filtered through a 0.22 um PTFE membrane. Distilled
water (with 0.1%, vol/vol, of formic acid) and acetonitrile (ACN) (with 0.1%, vol/vol, of formic acid)
were used as mobile phase. For the first 8 min, the percentage of ACN was increased from 60% to
100% and maintained at 100%for 8 min. The percentage of ACN was decreased to 60% in 30 sec
and the column was cleaned during 3 min. The flow was 20 ml/min. The purity of the diRL
collected fractions was checked by HPLC-ELSD. The ELSD parameters were: 35 °C and 2.5 bars. The
fractions with a purity higher than 95% were then pooled and dried with a speed Vac apparatus
(10 mbar, 40°C). The samples were stored on the freezer (-20°C) in a hermetic box with desiccant
until their use.

Cholesterol (purity > 99%) has been purchased by Sigma-Aldrich. 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC — purity > 99%), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC —
purity > 99%), 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (dg;DPPC — purity > 99%) have
been purchased by Avanti Polar Lipid and used without any further purification. GM1 and GM3
gangliosides (purity > 99%) have been obtained according to % and ! respectively.

Lipid target membranes preparation



Model lipid vesicles were prepared for SAXS experiments according to standard procedure
described in ** by thin film deposition and hydration. Extrusion through polycarbonate filters with
controlled porosity of 80 nm was performed to obtain small unilamellar vesicles (SUV) composed
by DPPC or by DPPC:GM1 (10:1 mol) at the final 30 mM concentration.

Single supported dg,-DPPC and dg,-DPPC:GM1 (10:1 mol) membranes for neutron reflectometry
experiments have been prepared by the vesicle fusion technique 33 after dilution of the vesicles to
the 1 mM concentration, while the three component dg-DPPC:cholesterol:GM3 ganglioside
(10:2:1 mol) membrane has been obtained by the fusion of de,-DPPC-cholesterol vesicles and
subsequent GM3 ganglioside incubation following the protocol described in 2.

SAXS

Small Angle X-Ray Scattering (SAXS) experiments have been performed at the ID02 beamline at
ESRF, Grenoble **. The sample to detector distance was set to 10 m and 1 m, allowing to
investigate a g-range between 0.01 and 6 nm™. Target membranes and diRL solution have been
prepared at the 30 mM concentration and put in polycarbonate capillaries for measurements. For
the mixing measurements diRL solution was brought to 3 mM concentration and mixed to SUV
solution to the final lipid:diRL 95:5 molar proportion. In particular, 46 pL of a diRL solution at 3 mM
concentration, have been added to 100 pL of the target vesicles solutions at 30 mM concentration.
Three temperature conditions were investigated, corresponding to the lipid gel phase at 26°C, the
fluid phase at 50°C and again back to the gel phase at 26°C. After data normalization, capillary and
buffer contributions were subtracted from samples spectra. Data have been analyzed using the
software SasView *.

Neutron Reflectometry

Neutron reflectometry (NR) measurements on GM1 containing membranes have been carried out
on MARIA beamline *® operated by lJilich Centre for Neutron Science at Heinz Maier-Leibnitz
Zentrum in Garching (Germany), using custom temperature-regulated liquid cells 37,
Measurements were performed using two wavelengths: 10 A and 5 A, with 10% wavelength

spread.

NR measurements on GM3 containing membranes and on base phospholipid membranes have
been performed on the V18 reflectometer at HZB % (Berlin, Germany) in TOF mode, 2 <A< 12 A,
with three incoming angles, 0.5°, 1° and 2.8°, and wavelength resolution AA/A = 5%. Sample cells
were oriented vertically, and measurements were performed at the silicon-water interface, the
beam coming from the side of the silicon block, at 25°C.

In a NR experiment, a grazing neutron beam is sent to a stratified sample, and the interference of
the beam portions reflected at each interface are collected as a function of the momentum
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transfer g. When the reflection is specular, the variation of the wave vector occurs in the surface
normal direction, that is z, allowing to describe the sample in the cross (z) direction. In such NR
experiments, the outcome is the sample scattering length density (SLD) profile along the z
direction, also called p(g;), which depends on the chemical composition of the investigated
materials along the normal. Called b; the coherent nuclear scattering lengths of the sample
constituent atoms, and their number along the surface normal direction n;,, p(q;) = i bi n;. The
variation of reflected intensity as a function of momentum transfer R(q,) is related to the square
modulus of the one-dimensional Fourier transform of p(q,) through the relation:

R(q.) ~ (16n* /q;) | p(a2) |?

39 40

Data have been analyzed using the programs MOTOFIT * and anaklasis ™. Data collected in
different solvents have been co-refined with the same structural model, in order to reduce the
ambiguity of the obtained parameters. After analyzing the data referred to the bare target
membranes and extraction best fit parameters, data referred to the membranes after incubation
of diRL have been analyzed by imposing the same lipids volume fractions and by letting the leaflet
SLD change according to the values reported in Table S1 of the Supporting Information, in order to

evaluate diRL incubated amount.

MD simulations of DPPC and DPPC-GML1 bilayers and of diRL

The starting structure of the DPPC bilayer, constituted of 128 (64+64) molecules has been

downloaded alongside the latest version of the SLipids force field 41-42

. The original water
molecules have been removed and the bilayer has then been used for the creation of the DPPC-

diRL and DPPC-GM1-diRL systems for MD simulations.

Topologies for the molecular dynamics simulations (MD, see further) for the diRL and GM1
molecules have been generated manually drawing their structures in Avogadro ** (with GM1
adapted from the one present in the structure of endoglycoceramidase |, PDB ID 5]7Z) * then
computing it using the generalized Amber * force field atomic names and parameters (in order to
make them compatible with the lipid molecules parametrization used for DPPC) integrated with
carbohydrate extension GLYCAMO6 “® as implemented in AmberTools *’. Due to the size of the
molecules we have used the semiempirical AM1-BCC *® approach for determining the molecular
partial charges, that has been demonstrated in the past to be potentially equivalent to the
guantum-chemistry based RESP approach in handling the chemistry of carbohydrates and their
interactions. The Amber topology has been transformed for its usage in GROMACS (see further)
using Acepype 9.

MD simulations have been performed with the GROMACS software suite *% on system that have
been manually built within its framework of utilities. DPPC-diRL system has been built moving
from the original 128-molecules bilayer and manually placing two molecules of diRL in a 57 x 57 x
148 A® box with the bilayer center of mass coinciding with its geometric center and its longitudinal



axis parallel to the z axis of the simulation box, then the box has been filled with 10622 molecules
of water using the TIP3P model **.

DPPC/GM1-diRL system has been built as previously described, but 6 molecules of GM1 have been
properly oriented and inserted in the bilayer (3 molecules for each side of the membrane model)
adopting a molecular volume that allowed the removal of DPPC molecules incompatible with the
volume of the GM1 molecule. This led to the construction of a 57 x 57 x 149 A® system composed
of 91 molecules of DPPC, 6 molecules of GM1, 6 Na+ ions (for the balance of GM1 single negative
charge) and 11170 molecules of TIP3P water. The GM1/DPPC ratio almost corresponds to the
experimental relative concentration (10%). A representation of the simulation box is reported in
Figure S1.

The system size and set up, including the time extension of the simulations, have been chosen in
order to identify and investigate the atomic-level details of the hydrophilic and hydrophobic
driving forces that modulate the interactions between diRL and GM1. We opted, as a compromise
between accuracy and computational cost, for a system size suitable for focusing on these details
on timescales compatible with the diffusional properties of diRL in water, the stabilization of novel
interactions between diRL molecules and the components of the membrane.

Each system has been minimized with the steepest descent method with a 0.01 energy step and
water molecules that had fallen (< 100) during the building phase in the hydrophobic core of the
bilayer have been removed with a simple script. The systems have been then minimized again and
equilibrated from -263°C to 26 °C and to 50 °C in 10 ns in the NVT ensemble, using the V-rescale
algorithm for temperature control 2 and with a 2 fs integration step and the long range
electrostatics treated with the Particle Mesh Ewald method ** and isotropic periodic boundary
conditions.

The equilibrated structures have then been used for running 6 MD simulations at 26 °C and 6 MD
simulations at 50 °C, each one of 75 ns, in order to improve the statistical relevance of the
interactions of diRL with the double layer of DPPC.

As internal reference (data not shown) 50 ns MD simulations (at 26 and at 50 °C) of diRL and of
GML1 in solution, of a DPPC bilayer and of a DPPC-GM1 bilayer have also been performed using the
same parameters listed above. Moreover, GM1 and diRL simulations have been performed at
different solute concentrations, i.e. 1, 2 and 6 molecules in the simulation box. All the simulations
led to numerically stable run, with no loss of GM1 from the bilayer in the DPPC-GM1 system and
expected aggregation of GM1 and diRL in solution.

Results and discussion

The effects of DiRL biosurfactant in lipid-based model membranes with varying composition was
investigated to establish if the presence of membrane domains within host membranes makes
their inclusion more favourable and to get insights on the structural consequences brought by its



inclusion in the lipid membranes. The complementary use of different experimental models and
biophysical techniques allowed to unveil diverse aspects of the interaction.

Two target systems have been explored: a) pure phospholipid membranes and b)
glycosphingolipid-containing phospholipid membranes. Glycosphingolipids were specifically
chosen from the ganglioside family, fundamental lipid components in functional membrane
domains.

For the experimental part, we dealt with two membrane geometries: i) diRL incubated in
preconstituted planar membranes ii) diRL incubated in preconstituted membranes with a proper
curvature.

1. diRL incubation in planar membranes

Neutron reflectivity from supported bilayers is a focused scattering technique appropriate for
measuring diRL propensity of interaction with model membranes. The method consists in bringing,
from the bulk solvent, diRL in contact with a model bilayer deposited on a few cm? sized silicon
support at room temperature. Supported membranes offer to the incoming molecules a planar
interface without macroscopic curvature, hard to be penetrated. Different bilayer compositions
were addressed and diRLs were incubated at the final lipid:diRL 95:5 molar proportion. After
incubation, we studied the final membrane structure in a comparative perspective with the
original bare bilayer. Deuterated phospholipids have been used, to exploit the sensitivity of
neutrons to isotopes and enhance the visibility of diRL upon insertion.

In the bulk solvent diRL was at 1 nM concentration, well under the cmc (100 uM). This
experimental condition helped in stressing the detection of even minor effects.

Figure 1 reports the outcomes of NR investigation on mixed phospholipid-ganglioside, ds;DPPC-
GM1 membranes showing how the neutron SLD transverse profile changes after contact with the
diRL solution. On the contrary, even after 12h for incubation, diRL did not even slightly modify the
pure dg-DPPC membrane (See Fig. S2). Very interestingly, results reveal that the interaction of
diRL with membrane was not ubiquitous but was solely observed when glycosphingolipids were
present in the target bilayer. Come and coworkers>, previously reported a higher affinity of RLs
mixtures with cholesterol and sphingomyelin containing lipid membranes, but the interaction with
gangliosides of the sole diRL was never investigated before. However, the insertion of diRL in the
ganglioside-containing membrane did not bring major structural alteration to the bilayer
parameters, as reported in Table 1.
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Figure 1 NR from ganglioside containing membrane in interaction with diRL. Left) Neutron reflectometry
curves (symbols), together with their best fit (lines) relative to the dg;DPPC-GM1 membrane before (blue)
and after (green) the interaction with diRL. Right) SLD profiles obtained from best fits. The drawing drives
the eye in SLD interpretation. Data have been collected at room temperature.

Table 1 Physical parameters corresponding to the best fits of the reflectivity curves of the dg,-DPPC -GM1
membrane before and after diRL incubation at room temperature. T: layer thickness (0.5 A); p/(z): average
scattering length density of the non-water components of the layer (+0.02 10° A™); W: percent water
content of the layer (+4% in volume); r: roughness between one layer and the adjacent previous one (+1 A);
%diRL: volume percentage occupied by diRL calculated by p,(z) variation.

de.DPPC-GM1 dg2DPPC-GML1 + diRL
T pfz2) W r T piz) %diRL W r
water 5 3 5 3
Heads in 5 1.93 21 4 5 1.93 21 3
Chains in 18 7.19 18 4 18 7.19 18 4
Chains out 16 6.53 18 4 17 6.53 6.6% 18 3
Heads out 6 1.76 22 4 6 1.76 6.6% 21 3

Beside the information about the preferential interaction with glycosphingolipid containing
membranes, this experiment sheds light also on the impact of diRL on membrane stability. In fact,
during reflectivity experiments, membranes have been first prepared and characterized in
different contrast solvents (based on D,0 and H,0 mixtures), then diRL were incubated to the
membranes from the bulk. Reflectivity was measured again after the needed time for equilibration
of the system and, finally, solvents were drop by drop substituted (procedure called 'solvent
exchange') to collect again reflectivity of the final system in different contrast solvents, in order to
minimize the freedom degrees in data fitting and interpretation.



Data collected after diRL addition in the first solvent, the one in which diRL was incubated, are
consistent with diRL insertion in the outer membrane leaflet without additional solvent
penetration across the bilayer. But then, the small perturbation caused by the drop by drop
solvent substitution induced membranes destabilization and high increase in solvent penetration,
impeding a multiple-contrast investigation of the final membrane. This membrane disruption is
likely to be connected to the high local curvature that diRL is willing to induce to the host planar
membrane, as previously found by other authors who studied the effect of monoRL and diRL
mixtures to POPC-based membranes >*. In our experimental condition the environment is more
challenging, since a curvature-inducing molecule that is GM1 ganglioside is already inserted in the
target membrane.

To deepen the investigation of this induced instability, we repeated the experiment on a further
more complex membrane: a three component dg;DPPC-cholesterol-GM3 ganglioside supported
bilayer was prepared as a target to diRL interaction. GM3 ganglioside is analogous to GM1 but,
bearing only three sugar units in its headgroup at the place of five, has a packing parameter, at the
border between curved and flat aggregates forming lipid. Results, reported in Sl (Figures S3 to S5
and table S2), confirmed the same trend observed in the DPPC-GM1 targeted membrane: diRL
does insert in the outer leaflet (with no cholesterol redistribution between leaflets) and the final
water flushing destabilized the membrane.

Clearly, the presence of sugars on the target systems bridged the diRL affinity to membranes, but
the membrane results to be deeply altered, being high the amount of solvent at the distances
from the solid support where usually the hydrophobic core of the membrane is found. In fact,
membrane destabilization may be due to a role of diRL in the production of defects for solvent
penetration, connected to the previously demonstrated ability of diRL to enhance membrane local
curvature %, driving to rupture when the membrane is mechanically stressed.

Here, we technically exploited reflectometry from single supported membranes, to unveil precise
membrane interaction affinity for surfactants, otherwise difficult to address. On the other hand,
supported bilayer studies constitutionally suffer the influence of the silicon substrate that may
induce some spurious effects. Nevertheless, the condition of having one supported membrane can
be the way to emphasize some key aspects of diRL behaviour, not sensed in more rearrangeable
structural set ups.

Given the proved affinity of diRL for sugar-enriched membranes, which does not depend on the
presence of cholesterol, we extended the study by performing a bulk investigation of
diRL/membrane interaction using vesicular systems. In bulk, response will be highly averaged and
may present higher complexities, but will allow to overcome the restriction of the solid support
giving the opportunity to eventually corroborate the obtained result.
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2. diRL interaction with vesicular model membrane.

The second experimental part of our study was therefore devoted to the investigation of the
structural consequences for the target membrane when diRL coming from the external
environment interacts with not-supported model membranes. The investigation has been
performed by small angle X-ray scattering (SAXS) on large unilamellar vesicles (LUVs).

To gain in visibility, the interaction occurs between a solution of diRL in their aggregated phase at
3 mM concentration (above the cmc, 100 uM) and a 30 mM concentrated solution of vesicles. Fig
2 panel a) reports the SAXS profile of concentrated diRL in solution consistently fitted (See SI,
Table S3) by the form factor of a bilayer 3 nm thick. Objects prevailing in the scattering profile
extend up to at least 900 nm in size, that is the limit of size accessible with the used experimental
sample-to-detector distance, determining the accessible g-range. At the lower concentration of 3
mM, the one at which diRL was diluted for the mixing experiments, diRL aggregates in structures
with lower dimensionality visible from the slope at low g-vectors (See Sl, Figure S6). The
aggregative behaviour observed in solution is in agreement with the literature, where several
authors report a concentration dependent aggregative behaviour of diRL in different pH and ionic
strength conditions %>,

We investigated two vesicular systems: a pure DPPC membrane and a DPPC:GM1 10:1 mol one,
analogous in composition to the supported membrane systems studied by NR, and two
temperatures, 50°C and 26°C giving rise respectively to a fluid and gel phase of DPPC. SUVs and
diRL solutions were mixed to the final lipid:diRL 95:5 mol proportion.

Despite diRL have been let to interact with the membranes at room temperature, where the lipid
chains are in the gel phase, mixing was observed to be very fast in both systems and no evolution
was observed during measurements. Both the mixed systems and the diRL solution have been
investigated at different temperatures and no annealing effect was observed as no effect of
temperature was noted on diRL aggregates curves collected at 26°C before and after bringing the
system to 50°C.

SAXS data collected for the systems at 50°C before and after diRL interaction are reported in
panels b) and c) of Figure 2 for a comparison, while the data at 26°C and 50°C are reported in
panels d) to m) together with their best fits.
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Figure 2 diRL incubation in vesicles. a) SAXS curves of diRL aggregates at 30 mM concentration; b) SAXS
from DPPC vesicles before (black) and after (green) the incubation of diRL, collected at 50°C; c) SAXS from
DPPC-GM1 vesicles before (black) and after (green) the incubation of diRL, collected at 50°C. Panels from
d) to m) report the SAXS profiles (black) of the DPPC and DPPC-GM1 vesicular systems investigated before
and after diRL incubation at the different temperatures, with their best fits (red lines).

DPPC vesicles present a modulation of SAXS profile in the region of the bilayer form factor, that
can be originated by a residual membrane staking after extrusion, while after diRL incubation the
bilayer form factor region has a smoother curvature. However, the 1,2 periodicity is not easily
recognizable, and the second repetition region is conserved after diRL interaction. Moreover, the
well-defined minimum of the form factor of the whole vesicles in the low-g region, is perfectly
reproduced after incubation of diRL (see Figure 2 panel d and e at 26 °C where low-g spectra is
visible). Multilamellarity and its alteration by surfactants would manifest most likely in smearing
out and enhancing of this modulation®®, respectively, which is not occurring here.

The shape of SAXS curves may be symptom of system with some surface faceting known to occur

3758 eventually smoothed by small surfactant

in DPPC vesicles especially at low temperature,
insertion. Another interpretation of DPPC form factor modulation consists in considering vesicle-
vesicle close interaction, also named docking phenomenon, known to occur in phospholipid LUVs
> Quantitatively, the relevance of docking would depend on solution conditions and, in the
present case, could be tuned by altered physical parameters when diRL is present, screening

membranes interaction, thus leading to a decreased modulation of the form factor.
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When SAXS data are fitted by a spherical 3 shells model (internal heads, lipid chains and external
heads) with a water core, the obtained scattering length density profiles (see Sl-Figure S7) are
consistent with the hypothesis of vesicular system with asymmetric bilayer, being the electron
density of the external heads slightly higher than that of pure DPPC. It appears that fusion
between diRL large aggregates and the DPPC vesicles hardly occurred and, having waited for
system equilibration, also monomer exchange processes, have been allowed.

On the other hand, in DPPC-GM1 vesicles system, we found that diRL incubation affects
membrane structure in a more evident manner. The whole membrane density and scattering
length density (see SI-Figure S7) is affected by diRL presence. The membrane hydrophobic portion
thickness being slightly reduced and the whole system has a less defined size (the spectrum of the
system in the low q region does not show interference related aggregate size in the diRL
containing systems) at high temperature.

In both systems an effect of diRL in disturbing membrane structuring is observed but the effect
depends on the membrane domain they attach.

To obtain molecular details about the interaction between diRL and ganglioside-enriched
membrane, we performed molecular dynamic (MD) simulations.

MD simulations

In order to elucidate the different behavior of diRL molecules as a function of GM1 concentration
on the surface of DPPC double layers, we performed molecular dynamics (MD) simulations of diRL-
DPPC-water and diRL-DPPC/GM1-water in the NVT canonical ensemble. Each of these simulations
has been performed six times for a total simulation time of 75x6 = 450 ns with the aim of
monitoring the statistical relevance of the interactions. Moreover, two different temperatures
have been monitored, i.e. T=26 °Cand T = 50 °C, respectively corresponding to the gel phase and
fluid phase of DPPC membranes.

We have monitored the different propensity of diRL for the binding to DPPC through hydrophobic
interactions in presence or absence of GM1, i.e. its ability to immerse its hydrophobic chains into
the hydrophobic core of DPPC double layers. In this respect, we divided the molecules of interest
in a hydrophobic and in a polar part (Figure 3, panel a) in order to analyze all the combinations of
their interactions during the MD simulations.

13



T % T T T T
ont =1 a "‘
ol ) -
I )\»( ‘SA >‘g\\{‘ Polar
A
3 * & 11
'IaL‘ : 1.} S
o OO0t ‘ﬂ ‘A 4 e ¢ xS >)_;
Vi n £ / Fax:
= ’4 | c P! = = 5 3
“ I' “ £ X Y -
" | ‘1| "tl K L X
\ ‘ ‘ b id 4 I Hydrophobic
a.anni g - A e
‘ HU { |t\ ||\ R, ¢
‘IM “ ”W‘ ll | ‘ DPPC GM1 diRL

1 | | L
0 SRR 130D 2000 2S00 3RA0 350 0D 1300
Polac diRL DPPC Contacts

] - b |
, C
ont d
a
1
NN
amn =l ¢ - Hpr A
2 ten
g%
5
.\ Y I I} =5 L
SO0 100D 130D 200D 2S00 GRG0 500 BG40 t1 2
Hydrophobic diRL DIPC
[}
voLf B
@
; 03
>
ot E ;);:\?I‘ 93
0 L L
0.0001
0 <00 1000 1500 2000 t3 t4

UiRL-GM I contacts

Figure 3 a): Regions of DPPC, GM1 and diRL molecules as reported in the main text, i.e. identified
according to their interactive propensity (of polar and hydrophobic type) with other molecular
partners; b) and c): Distributions at 26 °C of polar (b) and hydrophobic (c) contact probability (in
logarithmic scale) between diRL molecules and DPPC molecules in DPPC-GML1 (in black) and DPPC
only (red) double layers; d): Distributions of polar (black) and hydrophobic (brown) contact
probability between diRL molecules and GM1 molecules in DPPC-GM1 bilayers; e) example of the
progressive insertion (t1<t2<t3<t4, t4-t1 = 40 ns) of diRL in the DPPC-GM1 bilayers after a first
contact between diRL and GM1 (t1), the stabilization of polar contacts between them (t2), the
protrusion of diRL hydrophobic chains toward the inner core of DPPC-GM1 bilayer while polar
contacts are still anchoring the molecules together as well as with the surrounding DPPC
molecules (t3) and eventually the detachment of diRL from GM1.

The statistical analysis of the diRL-DPPC polar and hydrophobic contacts evidenced a net different
behavior: the former probability distribution at 26 °C for DPPC and DPPC/GM1 double layers is
almost identical (Figure 3, panel b), whereas the latter changes dramatically (Figure 3, panel c)
when GM1 is included in the DPPC membrane, with no DPPC-diRL hydrophobic interactions

occurring in absence of GM1 and a huge number of them occurring when GM1 is present.
14



Moreover, we have analyzed the same type of contacts in the diRL-GM1 interactions (Figure 3,
panel d), revealing that the vast majority of them are polar, i.e. they occur through sugar-sugar
interactions. All these data taken together suggest that when GM1 is not present on the surface of
DPPC membranes the interaction between diRL and DPPC is the one between phospholipids polar
heads and the sugar moieties of diRL. When present (Figure 3, panel e), GM1 sugar units
transiently interact (t1, t2, see also Table 2) with the ones of diRL allowing its hydrophobic chains
to protrude toward the double layer inner core (t3), then driving the diRL dissociation from GM1
and its miscibility in DPPC (t4). The analysis of computed times in the MD simulations timescale
(Table 2) reveals a homogeneity of diRL-DPPC contact duration (40-50 ns on average) with or
without GM1 despite a different type of interaction occurring in the system, with the diRL-GM1
contact time much shorter (about 50%) in statistical agreement with the mechanism proposed.

Table 2 Largest residence times observed during the single replicas of the simulations, each one
consisting of the same system with the same number of particles (N), constant volume (V) and
temperature (T) with different initial velocities distribution (i.e., different random seed). Two
different temperatures have been used, i.e. T = 26 °C and T = 50 °C (See SI- Figure S8). The times
are expressed in nanoseconds: the ones indicated in gray are the longest ones observed during the
simulation in presence of more than one association/dissociation event.

Replica DPPC DPPC-GM1
CONT: diRL-DPPC CONT: diRL-DPPC CONT: diRL-GM1
T=26°C T=50°C T=26°C T=50"°C T=26°C T=50°C

1 47 60 70 70 68 5
2 30 35 50 20 10 60
3 41 75 50 50 40 15
4 50 50 35 50 18 55
5 74 60 60 50 16 18
6 10 30 9 22 23 10

Average 42 52 46 44 29 27

St.Dev. 21 17 21 19 24 24

General Discussion and Conclusion

DiRL is a biosurfactant with unique biological properties. The hypothesis is that the properties
inferred by RLs to the host membranes and aggregates they are part of, depend on their structural
properties on one side and on the way they contact the molecular species constituting the
membrane bilayer'®. We addressed for the first time diRL brought into contact with model
membrane from diluted/rich water solutions, following an incubation time in the range of hours
and by MD simulations. The work proceeded in a comparison between diRL propensity to interact
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with phospholipid bilayers and with gangliosides (in particular of GM1 ganglioside) enriched
phospholipid bilayers.

Globally, results show the relevant role of glycosphingolipid in mediating the insertion of
dirhamnolipid into phospholipids.

We unveiled that diRL has a preference for sugar containing interfaces where it induces
membrane thinning, increases membrane fluidity and augments local membrane curvature.

We unveiled as well that the driving force for diRL insertion in ganglioside-enriched membrane is
carbohydrate-carbohydrate interaction.

If and how sugar-sugar interactions play a role in the definition of membrane surface properties in
the presence of the two charged glycolipids of the same charge sign, is an interesting point.
Carbohydrate-carbohydrate interactions have been largely suggested and demonstrated 6066 1o
play a role in the affinity of two facing surfaces, finely governing cell-cell recognition and adhesion.

In our framework of facing a small sugar headed lipid (diRL) with a larger one, having hindrance
requirements (GM1) that locally imposes a curvature to the membrane and that is suggested to
easily clusterize ® made the issue even more difficult. Considering the GM1-enriched vesicle
surface has a charge-decorated surface, some kind of reentrant condensation effect may be
considered as the robust lock-key mechanism for augmented affinity ®® already observed to bring
lipid aggregates with the same charge to feel attractive forces on very short distances ®,

Notably, supported membranes and neutron reflectometry have been exploited as a new tool for
studying such preferential interactions otherwise difficult to be addressed.

Besides the interest of the presented results from a fundamental point of view, the novel
information contained in the present work may be profitably used for the development of diRL-
based drug delivery systems, suggesting membrane carbohydrate components as possible sites of
interaction for rhamnolipids.
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