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ABSTRACT. We have investigated the impact of increasing concentrations of imidazolium-
based ionic liquids ([C,MIM]'[Br]’) on structural integrity of large unilamellar vesicles (LUVs)
made of pure phosphatidylcholine (PC) and phosphatidylglycerol (PG) lipids. Calcein based dye
leakage assays were used to monitor permeability of LUVs in presence of ionic liquids. As ionic
liquid concentration approaches the critical micelle value, vesicle fusion occurs resulting in
unexpected quenching which is accompanied by a rapid dye leakage due to formation of
transiently lived fusion-holes. Vesicle fusion is confirmed using dynamic light scattering based
size measurements and Fluorescence based lipid mixing assays. 'H-'"H NOESY measurements
using solid-state NMR spectroscopy were performed to obtain insights into fusion mechanism.
While POPC LUVs are more prone to membrane fusion, the overall extent of fusion is higher in
POPG. Ionic liquid induced splaying of phospholipid chains is crucial for overcoming the

hydration barrier between the merging bilayers.



INTRODUCTION

Merging of inner and outer leaflets of two bilayers, also known as membrane fusion, is a key
biological phenomenon with potential applications in biotechnology.' It is known to play a
crucial role in several biological events such as fertilization, viral infections, cellular trafficking,
endocytosis, exocytosis, and muscle development.”” In vivo, proteins and peptides act as
fusogenic agents and assist the process of membrane fusion.*® In vitro, metals ions, lipids, small
organic ligands, polymers, drugs, and surfactants have been shown to act as fusogenic agents.’
Mechanistically, protein-free fusion begins with the merging of outer leaflets (OL) of lipid
bilayer leading to formation of the stalk. The stalk further evolves into a hemifusion-diaphragm
where lipids from the inner leaflets (IL) of the merging bilayers start to mix, and eventually form
a fusion pore allowing contents of two liposomes to mix."" ’ Fusogens can be classified into two
categories; lipid-soluble and water-soluble. Lipid-soluble fusogens act by perturbing the
structure of hydrocarbon chain thereby increasing the membrane contact area due to enhanced
surface exposure of lipid chains.*” Water-soluble fusogens, like metal ions, alter the membrane
surface potential or hydration of the polar head-groups allowing the fusing membranes to
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achieve desired proximity.'’

In this context, amphiphilic ionic liquid molecules with their long
lyophobic chains and charged head-groups possess properties of both type of fusogens and
hence, are interesting candidates to be explored as fusogenic agents.

Tonic liquids are the molten salts with exciting physiochemical properties.'> Due to a size
mismatch in composing ions, their melting points are considerable lower (~100°C) than regular
ionic salts.'” Unique characteristics of ionic liquids include high ionic conductivity, non-

volatility and a wide range of viscosity.'? Moreover, their properties can be easily tuned by

changing the combination of composing ions.'? These properties make ionic liquids acceptable



as alternative to conventional solvents in chemical processes, and as bioactive agents in
pharmaceutical processes.'> Widespread application of ionic liquids has prompted the scientific
community to test and understand the cytotoxic behaviour of commonly used ionic liquids
containing amphiphilic cations.'* Cytotoxicity of ionic liquids is rooted in the amphiphilic nature
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of cations, and is known to correlate directly with length of alkyl chains."> Various
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computational studies, and investigations based on neutron reflectometry and solid-state
NMR'> 2! have revealed the structural details of their interaction with lipid bilayers. In this
mechanism, the alkyl chain enters the hydrophobic phase (OL of bilayer) while the charged head

group resides at the lipid-water interface.'> !

Insertion of cations in this manner puts the OL
under strain ultimately leading to membrane permeabilization and disruption.”> A similar
mechanism could also lead to fusion of vesicles. Eri et al have shown fusion of DMPC+SM (3:1)
liposomes under the influence of ionic liquids containing short chain amphiphilic 1-ethyl-3-
methylimidazolium cations.”> In another study, Galletti et al have compared the impact of

difference cationic head groups on fusion of egg-PC liposomes.  **

Apart from these two
reports, 1onic liquid induced membrane fusion remains unexplored.

In this work, we have studied the impact of [C;;MIM]'[Br] ionic liquids on large unilamellar
vesicles (LUVs) made of zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPGQG).
Fluorescence based dye leakage assays were performed to monitor vesicle permeabilization as a
function of ionic liquid concentration. Abrupt changes in dye leakage profiles near critical
micelle concentration (CMC) of [C;,MIM]'[Br] indicated that fusion of LUVs is taking place.

To confirm further, we monitored size distribution of LUVs using dynamic light scattering

(DLS). Lipid mixing assays were performed to determine the mechanism of membrane fusion



using LUVs containing 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NBD-PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (Rho-PE) as FRET probes. To gain molecular insights, ionic
liquid induced lipid splay was estimated using solid-state NMR spectroscopy. A membrane
fusion model has been developed based on these observed. Outcomes of this model were tested

using similar ionic liquids with shorter alkyl chains ((CsMIM] [Br]).

EXPERIMENTAL METHODS

Materials. Chloroform stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG), L-
a-Phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (Ammonium Salt) (Rh-PE),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(ammonium salt) (NBD-PE) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and
used without further purification. Sephadex G-50 was purchased from Sigma Aldrich, India.
Calcein, Triton X-100, and anhydrous sodium phosphate monobasic (AR grade) were purchased
from Sisco Research Laboratories Pvt. Ltd. (Maharashtra, India). 4-amino-3-hydroxy-1-
naphthalene sulfonic acid (Purity 99.0%), 1-Bromooctane, 1-bromododecane (Purity 98.0%), and
sodium dithionite (DTN) were purchased from Alfa Aesar, India. Ammonium heptamolybdate
tetrahydrate, sodium sulphite anhydrous were purchased from Merck, India. Sodium
metabisulfite was purchased from Fisher Scientific, India. 1-Methyl imidazole was purchased
from Spectrochem, India. Tris hydrochloride 99% (Molecular biology grade), Sodium Chloride
(AR grade), Sulphuric acid 98% (AR grade) were purchased from Loba Chemie, Mumbai, India.

Diethylether (AR grade), and Sodium hydroxide pellets (AR grade) were purchased from SD



fine-chem limited, (Mumbai, India). Perchloric acid 70% (AR grade) was purchased from
Qualikems Fine Chem Pvt. Ltd., India. Tonic liquids [C,MIM] Br (n = 8, 12) were synthesized
as reported previously. '

Methods. Dye Leakage Assay. Dye leakage assays were performed on LUVs containing self-
quenched calcein dye (70 mM) which were prepared as described previously."” Stock solutions
of [CsMIM]'[Br] (1 M), and [C,MIM]'[Br]” (100 mM) were prepared in 7.7 mM Tris HCI
buffer containing 100 mM of NaCl (pH 7.4). Appropriate amount of dye filled LUVs were added
to the buffer containing [C,MIM]'[Br] (n=8, 12) achieving a final lipid concentration of 0.275 =+
0.015 mM in each case. The solutions were gently mixed and transferred to quartz cuvette to
perform fluorescence measurements (dead time = 30 s) using PerkinElmer LS-55 Luminescence
spectrometer. Calcein emission was measured at 520 nm with the excitation wavelength set at
485 nm using an excitation and emission slit width of 10 nm, each. The percentage of dye-
leakage was calculated by normalizing the observed fluorescence intensity at a given time point

(Fy) with respect to that obtained without addition of ionic liquid (Fy¢), and that obtained after

addition of 1% Triton-X (Fp,ax+) using following equation

% Dye leakage = — O %100
l'-"max,t —F

Separate set of controls Fp,y¢ and Fo. were recorded for each LUV preparation. The
normalized data was smoothened by three-point averaging and plotted against time.

Dynamic light scattering (DLS) measurements. Stock solutions of 1 M (CgMIM'Br’), and 100
mM (C;MIM 'Br) were prepared in 7.7 mM Tris HCI buffer containing 100 mM of NaCl (pH
7.4). Size distribution measurements for POPC and POPG LUVs were performed in the absence
and presence of ionic liquids at 25 °C using Malvern instrument (Zeta sizer, Nano Series, nano-

Z8S, Malvern, U.K.). Samples were thermally equilibrated for 10 min before each measurement.



The concentration of lipids in LUVs (POPC or POPG) was fixed at 0.275 mM in each
measurement.

Lipid splay measurements using solid-state NMR. Details of sample preparation and 'H-'H
magic-angle-spinning (MAS) solid-state NMR measurements are as described previously."
Briefly, multilamellar vesicles (MLVs) of POPC and POPG containing 0.768 moles of ionic
liquid per mole of lipid were packed in 4 mm high-resolution MAS rotors with spherical Kel-F
inserts for NMR measurements. A set of five two dimensional 'H-"H MAS NOESY spectra®2°
were recorded on each sample using mixing times of 0.1, 100, 200, 300, and 500 ms. NOESY
cross-peaks between all lipid segments are observed. As the spin diffusion effect can safely be
ruled out for the mixing times used in our study, this is due to the high molecular disorder and
mobility of lipid membranes in the liquid crystalline phase.””® All '"H MAS NMR measurements
were carried out on a Bruker Avance III 600 MHz NMR spectrometer using a 4 mm HR-MAS
probe at a MAS frequency of 6 kHz. The volume of the respective diagonal and cross peaks of -
(CH,),- protons in lipid chains and the protons of the lipid head groups were integrated using the

Bruker Topspin 3.5 software package. NOE buildup curves were fitted to the spin pair model

yielding cross-relaxation rates (oij)*’ and used as a measure of lipid splay.

Lipid mixing assay

Total lipid mixing. Probe dilution assay based on mixing of LUVs containing fluorescence
resonance energy transfer (FRET) pairs was used to determine total lipid mixing during
membrane fusion.’® LUVs containing FRET pair probes NBD-PE (donor) and Rho-PE (acceptor)

at a concentration of 1.5 mol % each were used. Two sets of LUVs, probe free and probe



containing, were prepared in 7.7 mM Tris HCI buffer containing 100 mM of NaCl (pH 7.4).
Probe containing LUVs were mixed with probe free LUVs at a ratio 1:4 (final lipid concentration
was 0.275 mM) and loaded in a 1 cm path length quartz cuvette. NBD emission was measured at
530 nm with the excitation wavelength set at 460 nm using an excitation and emission slit width
of 15 nm, each. A cut off filter at 515 nm was used between the sample and emission
monochromator to avoid scattering interference. Fluorescence dequenching of NBD-PE due to
dilution of FRET probes into probe free LUVs was monitored with time as a function of ionic

liquid concentration, and used to calculate percentage of total mixing as

X —X
_t POt w100
Xmax,t - XO,t

% Total mixing =

where X is the fluorescence intensity at time t, X 1is the fluorescence intensity in the absence

of ionic liquid. Xpax 1S the maximum fluorescence intensity (MFI) obtained after addition of 1%

(v/v) Triton X-100. A correction factor of 1.5 was applied to observed fluorescence in the last
case as Triton X-100 is known to affect NBD-PE fluorescence.”'

Lipid mixing in inner (IL) lonic liquid induced lipid-mixing in the inner and outer monolayers
(leaflets) was determined by a modification of the phospholipid-mixing measurement as reported
elsewhere.”” Next, contribution of IL mixing towards total lipid mixing was determined using
selective silencing of OL. Fluorescence intensity of NBD-PE located in the OL of bilayers was
completely quenched by treating LUVs containing 1.5 mol% of both NBD-PE and Rho-PE with
100 mM sodium dithionite for approximately 1-2 h on ice in the dark. Sodium dithionite was
then removed by the size exclusion chromatography through Sephadex G 50 eluted with a buffer

containing 7.7 mM Tris HCI buffer containing 100 mM of NaCl (pH 7.4). Percentage IL mixing

was calculated as



Yt 0,t
%IL = —x 100
Xmax,t - YO,t

where Y is the fluorescence intensity at time t in the presence of ionic liquid, Yy, is the
fluorescence intensity in the absence of ionic liquid, and Xy, + is MFI as obtained earlier.

Hemifusion %. Amount of FRET probes in each leaflet is first determined by following the
quench kinetics of NBD-PE molecules present in the OL. Fluorescence intensity of LUVs
containing 1.5 mol% of only NBD-PE was monitored as a function of time after adding 20 mM
sodium dithionite (Figure S4). From the fast component of quench kinetics, the percentage (P;;)
of NBD molecules in the IL was found to be ~45% (in POPC) and ~60% (in POPG). %
Hemifusion was then calculated by using the difference between the expected IL mixing in the

event of full fusion (% ILgxp = P;; X % Total mixing) and the observed IL mixing as

% IL — % IL
Hemifusion % = 0 __EXP i x 100
% ILgxp




RESULTS AND DISCUSSIONS

Imidazolium based ionic liquids are known for their ability to permeabilize the lipid bilayers.'™
2133 This is mainly studied by observing the fraction of trapped dye leaking out of LUVs as a
function of time. These molecules partition themselves into the lipid membrane altering its
structural integrity and stability, which results in the leakage of trapped dye.'> Figure 1 shows the
time dependent leakage of calcein dye trapped inside POPC or POPG LUVs (diameter ~120 nm)

upon addition of increasing [C;oMIM] Br” concentrations.
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Figure 1. Time course of calcein leakage from (a) POPC, and (b) POPG LUVs upon adding
[C;;MIM]'Br in indicated concentrations. Total lipid concentration in LUVs is 0.275 mM in

both cases.

An initial increase in [C;;MIM] Br™ concentration results in an enhancement of dye leakage
kinetics in both cases with maximum dye leakage reaching 100%. As observed previously,
POPC LUVs were found to be more leakage prone as compared to POPG.'> *' However, a
sudden change in dye leakage profile is observed when [C;MIM] Br™ concentration is increased
to 3 mM in POPC, and 4 mM in case of POPG. In both LUV, maximum dye leakage is reduced
to only 48%, accompanied by a sharp enhancement in dye leakage kinetics. These changes could
be due to disruption of LUVs as shown by Jing and co-workers where [C;,MIM]'CI" leads to
disruption of POPC SUVs when present in concentration exceeding its CMC value.**

[C1;MIM] 'Br” has a CMC value of 3.3 mM in working buffer (Figure S1), which is fairly close



to the concentration at which change in leakage profile is observed. Moreover, a complete
disruption of LUVs should result in 100% leakage of dye as observed after the addition of 1%
(v/v) Triton X-100. Even higher [C;;MIM] Br  concentrations yield a similar looking leakage
profile with slight enhancement in leakage extent. The fact that dye leakage saturates at value
less than 100% indicates trapping of dye molecules in a stable environment, possibly in a fused
vesicle.

Normally, vesicle fusion proceeding through “stalk-hemifusion diaphragm-fusion pore”
pathway results in complete mixing of vesicle contents.”> However, under some conditions
fusion proceeds through a “fusion-through-rupture” pathway which is accompanied by leakage
of inner contents." *>® This leakage is caused by the formation of fision-holes close to the stalk
where the membrane is relatively thinner.’’ Leakage rate through these holes depend on the
lifetime of holes and diffusion rate of dye molecules, and goes to zero once fusion is complete
and the holes are sealed. LUVs studied in this work are composed of cylinder shaped PC and PG
lipid molecules which make bilayers with negligible curvature.' Insertion of inverted cone
shaped [C;MIM]" molecules would disturb the packing of such bilayers. This would enhance
the positive curvature in the outer leaflet thereby putting the bilayer under strain. To reduce this
additional strain, the bilayer undergoes structural reorganization which results in membrane

1521 However, this mechanism does not seem to be sufficient to rescue the strained

permeability.
bilayers when subjected to high [CleIM]+ concentrations. As an additional counter measure,
the LUVs could fuse together to form bigger vesicles. These fused vesicles would possess a
larger surface area with reduced curvature and hence, lower strain. Dye leakage profiles of POPC

and POPG obtained after adding 3 and 4 mM of [CleIM]+Br' indicate that a similar mechanism

underway. In the time it takes for LUVs to fuse, nearly half of the trapped calcein dye (52% in



POPC and 52% in POPG) leaks out through the fission-holes. As [C;;MIM]" concentration is
increased further, relatively higher amount of dye leaks out in the fusion time period and hence,
relatively higher saturation values are observed. These amphiphilic cations have been shown to
induce fusion in egg-PC** and DOPC vesicles™ previously. However, these studies did not

comment on the leaky nature of membrane fusion or formation of fusion-holes.
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Figure 2. Hydrodynamic radius (Dy) of (a) POPC, and (b) POPG LUVs as function of

[CiaMIM] "Br concentrations.

To further verify [C;;MIM] Br  induced LUV fusion, we monitored change in size of LUVs
using dynamic light scattering measurements (Figure 2). Average diameter of both LUVs is
~120 nm, which remains unchanged in presence of up to 2 and 3 mM of [CleIM]+Br' in POPC
and POPG LUVs, respectively. As expected, addition of [C;;MIM] Br  in concentrations higher
than these results in appearance of a new size distribution peaks centered at ~1110 nm and ~955
nm in POPC and POPG LUVs, respectively. Similar effect was seen in case of mixed DOPC/SM

LUVs (~100 nm) whose size increased up to 1.7 um in presence of 1-ethyl-3-methylimidazolium



cations due to fusion.” Therefore, peaks centered at 1110 nm in POPC and 955 nm in POPG
LUVs most likely correspond to large sized fused vesicles. In addition to these peaks, smaller
size distributions centered at ~10 nm were also observed in both DLS profiles. These peaks most
likely correspond to mixed [C;,MIM]'-POPC micelles which are reported to form under these
conditions.”® These mixed micelles are possibly formed due to interaction of [C;;MIM]"
micelles with LUVs causing a population exchange between the lipidic and micellar phases. DLS
measurements confirm that POPC and POPG LUVs undergo fusion in presence of high
[C1;MIM] Br concentrations. Since changes in DLS and dye leakage profiles take place at same
[C12MIM]'Br concentrations lends further support to the hypothesis that this fusion process is a
leaky one due to formation of fusion-holes.
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Figure 3. Structures of (a) POPC and (b) POPG molecules with protons in the glycerol and
head-group region highlighted in blue and red colors, respectively. 'H-'H NOESY average

cross-relaxation rates between these protons and -(CH;),- protons in lipid chains of (c) POPC



and (d) POPG observed in the absence and presence of [C;;MIM] Br. Also shown are the

average cross-relaxation rates glycerol and head-group protons taken together.

For two LUVs to fuse, their bilayers must attain a minimal spatial proximity during a collision
event by overcoming the electrostatic and hydration barriers between them.’®® A comparison
between POPC and POPG tells us that LUVs of former require lower [C;;MIM] Br
concentrations to fuse. This is counter-intuitive from an electrostatic point of view since
[C12MIM]" bound POPC LUVs possess a net positive surface charge and hence should be less
prone to fusion as compared to near-neutral [C;;MIM]" bound POPG LUVs (Figure S3). It
seems that [C;;MIM]" induced membrane fusion is initiated by the hydrophobic interaction
between the merging bilayers. In absence of [C;;MIM]'Br, POPG bilayers are softer in
comparison to POPC due to higher disorder in lipid chains." Average chain order parameter
(<S>) in pure POPC and POPG membranes is 0.163 and 0.150, respectively. However, insertion
of [C;;MIM]" molecules renders POPC bilayers more disordered (<S>=0.127) as compared to
POPG (<S>=0.154)," a factor which could assist membrane fusion through surface exposure of
hydrophobic tails thus overcoming the hydration barrier.*” Some membrane fusion models have
suggested that formation of an initial contact between merging bilayers known as prestalk-

37, 41-42

membrane. Formation of this fusion intermediate is assisted by transient splaying of lipid

molecules which exposes the hydrophobic lipid chains to membrane surface.*® +*

Fusogens
like membrane-fusogenic soluble peptides*® and transmembrane domains*’ are known to act by
promoting the lipid splay phenomenon in bilayers. Keeping this in view, we quantified the
impact of [C;;MIM]" insertion on lipid splay by determining the "H-"H NOESY cross-relaxation

rates between -(CH;),- protons in the lipid chain and various protons in the glycerol and head-

group region (Figure S5 and S6). As suspected, incorporation of [C;;MIM]" leads to a very



significant enhancement in cross-relaxation rates of lipids from 0.0299 s™ to 0.172 s in POPC
bilayers (Figure 3). POPG lipids on the other hand incur a small reduction (~30%) upon
incorporating [C,MIM]", but yields a value 0.262 s which is still higher than POPC. At the
same time, a comparison of average chain order parameter (<S>=0.127) tells us that [C;,MIM]"
incorporation makes the POPC lipids chains much more disordered as compared to POPG. This
discrepancy could be due to the fact that these distance dependent cross-relaxation rates indicate
the probability of contacts between protons and are observed due to conformational disorder of

27,29, 48
22" In a nutshell,

the lipid bilayer which includes lipid splay and lipid fluxes along the bilayer.
incorporation of [C;2MIM]" results in a very large enhancement in lipid splay in POPC which
would assist its bilayers in making a hydrophobic contact. When taken together with the fact that
[C1,MIM]" binds more strongly to POPC than POPG,"” it explains why membrane fusion occurs

at relatively lower [C; zMIM]+ concentrations in case of POPC.
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Figure 4. The percentage total lipid mixing (black), OL mixing (red), IL mixing (blue) and
hemifused LUVs (green) observed 10 min after addition of [C;;,MIM] Br in (a) POPC, and (b)

POPG LUVs.

Membrane fusion involves exchange of lipid populations between the bilayers of merging
membranes often termed as lipid mixing.* This property makes it different from simple
aggregation of vesicles which also results in large size distributions. Accordingly, we have
determined the extent of lipid mixing using the “probe dilution” assay which is particularly

insensitive to simple aggregation of LUVs.” In this assay, LUVs containing fluorescently



labelled lipid probed (NBD-PE and Rho-PE) as FRET pairs were mixed with probe free LUVs
and the dilution of fluorescent probes was monitored. The time course of lipid mixing in the
POPC or POPG membranes, after the addition of [C12MIM]+Br' ionic liquid, are shown in
Figure S7. Figure 4 shows the impact of [C;;MIM] Br on the extent of lipid mixing 10 minutes
after its addition. Even at 1 mM, where no [C12MIM]+Br' induced fusion is expected, one
observes ~6% and ~2% total lipid mixing in POPC and POPG LUVs, respectively. The observed
difference is probably due to the fact that more [C;;MIM]" molecules bind POPC (K= 590 + 60
mM™) as compared to POPG (K= 340 + 30 mM™) membranes."” In a probe dilution assay, this
value will depend on the lateral diffusion of lipids in a bilayer which once again highlights the
more dynamic nature of POPC bilayers in presence of [C;;MIM]". Subsequent additions of
[C1;MIM] Br results in enhancement of total lipid mixing clearly indicating mixing of bilayers
taking place due to LUV fusion. In POPC, total lipid mixing nearly doubles upon increasing
[C12MIM] Br’ concentration from 3 to 4 mM, followed by an average increase by ~2.5% up till
10 mM. POPG on the other hand shows a much sharper rate of change in total lipid mixing up
till 5 mM (~10% per mM of [C;,MIM] Br), followed by a slow but gradual increase till 10 mM
similar to POPC. As expected, relatively low concentration of [C;;MIM]" is required to achieve
near saturation in lipid mixing of POPC bilayers. In-spite of this, total lipid mixing observed in
POPG is nearly two times than in POPC. Since we already know that lipid dynamics in POPC
and POPG membranes is not much different after incorporation of [C;;MIM]", the possible
explanation is that the extent of fusion, i.e. the number of fusing LUVs is higher in case of
POPG. Lipid splay determination reveals that [C;;MIM]" induced membrane fusion of POPC
and POPG bilayers is dictated by the hydrophobic interactions. A stronger affinity of [C;,MIM]"

molecules towards POPC membrane'” results in a faster build-up of bilayer strain and hence, an



early fusion. Though delayed, once the hydrophobic contact is established in POPG, its near
neutral LUV carrying a net surface charge of 3.93 + 0.49 mV in presence of 4 mM [C;MIM]"
undergo rampant fusion (Figure S3). On the other hand, POPC LUVs carrying a net positive
surface charge (15.5 = 3.3 mV at 3 mM [C;;MIM]") prevents their close approach. Thus, while
hydrophobic factors determine the initiation of [C12MIM]+ induced fusion, electrostatic factors
seem to control its overall extent.

A simple modification of lipid mixing assay allows one to determine the extent of lipid mixing
in each individual leaflet, i.e. the outer leaflet (OL) and the inner leaflet (IL) of the bilayer, thus
helping us gain further insight in to [C;;MIM]'Br induced fusion pathway. The percentage of IL
lipid mixing (in blue, Figure 4) was calculated using selective silencing of the NBD labelled
lipids in OL of LUVs in presence of sodium dithionite as explained in material and methods
section. The OL lipid mixing (in red, Figure 4) was then calculated as the difference between
total lipid and IL mixing. % IL and % OL mixing, 10 minutes after addition of [C;MIM] 'Br" are
shown in Figure 4, and their time dependence are shown in Figure S7. Before the beginning of
the fusion, lipid mixing is dominated by OL mixing in both cases. This is probably because
nsertion of [CleIM]Jr cations in the OL of POPC and POPG bilayers results in an enhanced
lipid dynamics.>* After fusion, contribution of IL mixing in POPC shows a steady increase with
concentration indicating the increasing dominance of the fully-fused states (% Hemifusion, Fig.
4). In contrast, OL mixing continues to remain a dominant factor in POPG even at higher
concentrations indicating a near-equal contribution of both hemi- and fully-fused states. It is
possible that addition of higher [C12MIM]+Br' concentration (>10 mM) in POPG could result in a
fully-fused state. A better quantification of hemi-fused vs fully-fused state is provided by a

“content mixing assay” which is based on mixing of LUV trapped with TbCl; (Terbium chloride)



and DPA (Dipicolinic acid).”' However, the leaky nature LUVs due to formation of fusion-holes

in the early stage of fusion prevented the application of this assay in our case.
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Figure 5. Hydrodynamic radius (Dy) (a) POPC, and (b) POPG LUVs as observed in presence of

various [CsMIM]'Br” concentrations.

Our studies have helped us in building a model for membrane fusion induced by ionic liquids
containing imidazolium based amphiphilic cations. According to this model, when present in
high concentrations (near CMC), [C;;MIM]" acts as a fusogenic agent for LUVs composed of
neutral (POPC; ionic liquid:lipid > 7:1) and negatively charged (POPG; ionic liquid:lipid > 11:1)
lipids. While the onset of fusion is critically dependent on [C;;MIM]" induced lipid splay, its
total extent depends on the net surface charge carried by the LUVs. At [C;;MIM] Br
concentrations studied here, fusion process is dominated by a hemi-fused state and involves
formation of leaky fusion-holes in the early stages of fusion. Before concluding our observations,
we tested this model using another imidazolium based ionic liquid containing amphiphilic
cations with shorter hydrophobic chain ([CsMIM]'Br). In comparison to [C;;MIM]",
partitioning of [CsMIM]" into POPC and POPG bilayers is relatively weak leading to a relatively

lower permeabilization at comparable concentrations.'” At the same time, insertion of these small



sized molecules results in large lipid chain disorder and bilayer softness as compared to its long
chain counterparts particularly in the POPC membranes.'” Figure 5 shows the impact of
increasing [CsMIM]" concentrations on size of LUVs. As expected, membrane fusion requires
much higher [CsMIM]" concentrations as compared to [C;;MIM]" as size distributions
corresponding to fused vesicles (~825 nm) are observed at 150 mM in both POPC and POPG
LUVs. Also observed are the smaller size distributions (in the range of 1-8 nm) corresponding to
mixed micelles at these concentrations. Lipid mixing assays also confirmed the process of
fusion, and like [C;;MIM]", extent of fusion was found to be larger in case of POPG (Figure 6a
and b). The time course of lipid mixing, OL, and IL mixing in the POPC or POPG membranes,
after the addition of [CgMIM]'Br ionic liquid, are shown in Figure S8. In contrast to
[CleIM]+, % hemi-fusion is significantly smaller at the onset of fusion. This difference is
probably due to a highly disordered nature of POPC (<S> = 0.116) and POPG (<S> = 0.115)
lipid chains in presence of [CsMIM]" resulting in high membrane fluidity and lipid mixing.15
Also, at high IL concentrations (>100 mM) in POPG, IL mixing exceeds OL mixing values
resulting in negative % Hemifusion values. This is possibly due to formation of mixed micelles
in presence of abundant [CsMIM]" thus providing an additional way to change FRET pair
distances apart from the lipid mixing. Figures 6¢ and 6d show the concentration dependent dye
leakage profiles of POPC and POPG LUVs, respectively. As expected, a change in leakage
kinetics is observed around [CsMIM]" concentrations required to induce LUV fusion, confirming
its leaky nature due to formation of fusion-holes while the membranes merge together. Lastly,
partitioning of [CgMIM]" molecules enhanced splaying of POPC lipids by a significant amount (

0.0299 s to 0.2295 s), while increasing it only a little in case of POPG (0.374 s t0 0.399 s™")



(Figure S9), thus supporting our hypothesis that LUV fusion is driven by hydrophobic

interactions.
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Figure 6. The percentage total lipid mixing (black), OL mixing (red), IL mixing (blue) and

hemifused LUVs (green) observed 10 min after addition of [CsMIM]'Br” in (a) POPC, and (b)
POPG LUVs. Time course of dye leakage from (c) POPC, and (d) POPG LUVs upon addition of

[CsMIM] Br’ in concentration as indicated.



CONCLUSIONS

We have conducted a systematic investigation into mechanism of [C,MIM]" induced fusion
of POPC and POPG LUVs. The kinetics, extent, and pathway of [C,MIM]" induced membrane
fusion is critically dependent of lipid dynamics, which is regulated by the interaction of lipid and
[C.MIM]" molecules. Insertion of [C,MIM]" molecules alters packing of lipid bilayers, thereby
putting them under strain. As a counter measure, lipid chains become more disordered resulting
in enhanced exposure of hydrophobic lipid chains to membrane surface through lipid splay. This
enables the fusing membrane to overcome the inter-bilayer hydration barrier and make a
hydrophobic contact, possibly forming a prestalk-membrane. Accordingly, relatively disordered
chains in presence of [C,MIM]" cations result in an early onset of fusion in POPC LUVs. Once
the hydration barrier is crossed, the extent of fusion is predominantly dictated by electrostatic
factors, which favour fusion of near-neutral [C,MIM]" inserted POPG LUVs. The fusion process
in both membranes seems to proceed through the stalk-hemifusion diaphragm-fusion pore
pathway. Early stages of fusion are accompanied by leakage of inner contents from vesicles due
to formation of fusion-holes at the stalk intermediate stage. These holes seal off as the membrane
evolves into the hemi-fused diaphragm. In a nutshell, our study provides a structure-property
model to explain the mechanism of membrane fusion induced by amphiphilic cations in
imidazole based ionic-liquids. The outcomes of this model can be used to regulate membrane

fusion by varying structural parameters of ionic-liquid components.
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