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Both antimicrobial peptides and their synthetic mimics are potential alternatives to classical antibiotics. They
can induce several membrane perturbations including permeabilization. Especially in model studies,
aggregation of vesicles by such polycations is often reported. Here, we show that unintended vesicle
aggregation or indeed fusion can cause apparent leakage in model studies that is not possible in most
microbes, thus potentially leading to misinterpretations. The interactions of a highly charged and highly
polycation  with
phosphatidylglycerol (PE/PG) vesicles are studied by a combination of biophysical methods. At low

selective  membrane-active negatively charged phosphatidylethanolamine/
polycation concentrations, apparent vesicle aggregation was found to involve exchange of lipids. Upon
neutralization of the negatively charged vesicles by the polycation, full fusion and leakage occurred and
leaky fusion is suspected. To elucidate the interplay of leakage and fusion, we prevented membrane
contacts by decorating the vesicles with PEG-chains. This inhibited fusion and also leakage activity.
Leaky fusion is further corroborated by increased leakage with increasing likeliness of vesicle—vesicle
contacts. Because of its similar appearance to other leakage mechanisms, leaky fusion is difficult to
identify and might be overlooked and more common amongst polycationic membrane-active
compounds. Regarding biological activity, leaky fusion needs to be carefully distinguished from other

Received 18th July 2022 membrane permeabilization mechanisms, as it may be less relevant to bacteria, but potentially relevant
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for fungi. Furthermore, leaky fusion is an interesting effect that could help in endosomal escape for drug

DOI: 10.1039/d2na00464) delivery. A comprehensive step-by-step protocol for membrane permeabilization/vesicle leakage using

rsc.li/nanoscale-advances calcein fluorescence lifetime is provided in the ESI.

in several cases. Therefore, there is a risk for severe misinter-
pretation as we will illustrate in the current study.

Introduction

Natural or biomimetic membrane-active polycations exert
a wide range of functions in biology, as candidates for antimi-
crobial therapy, or in drug delivery technology. It is known that
polycations can cause aggregation and fusion of membranes or
lipid vesicles, especially if membranes are negatively charged>
or their lipid composition supports fusion intermediates.>® In
studies that use membrane model vesicles, aggregation or
fusion are often suspected or reported, mostly as unwanted side
effects.>”® The associated problems for proper experiments and
data analysis need to be prevented or corrected for (for example
light scattering in spectroscopic methods). Additionally, a rela-
tion of leakage and fusion has been suspected®** or proven*>*?
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Here, we show in the context of membrane permeabilization,
i.e., leakage that vesicle aggregation and fusion can be highly
relevant for induced membrane perturbations. As representa-
tive polycation, the synthetic oligomer poly-NM designed for
selective antifungal and antibacterial activity is used (Fig. 1,
more details below). These kinds of biomimetic polymers and
natural antimicrobial peptides are of practical importance as
they might complement classical antibiotics and thus help
combat resistant pathogens, hopefully in the near future. For
developing and selecting these compounds, it is important to
understand their activity, but also the mechanism behind their

Poly-NM
o o
NH N
tBu NH3* /i3 NH;*

Fig. 1 Structure of poly-NM. Poly-NM is a homopolymer of B-"no
methyl’-a-aminomethyl-B-lactam (NM) subunits.?°3°

Nanoscale Adv, 2022, 4, 5109-5122 | 5109


http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00464j&domain=pdf&date_stamp=2022-11-21
http://orcid.org/0000-0003-2008-411X
https://doi.org/10.1039/d2na00464j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00464j
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA004023

Open Access Article. Published on 27 October 2022. Downloaded on 6/10/2026 10:00:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

selectivity. Membrane-active antimicrobials are believed to act
by disturbing cell membrane integrity.

What combination of effects on membranes or other targets
actually is required for antimicrobial killing needs elucidation.
Apart from leakage, other effects such as changes in fusoge-
nicity, changes in membrane properties that alter binding and
potentially function of membrane proteins, or lateral electro-
static lipid clustering might also be relevant.***® There are
suggestions and evidence for many different leakage mecha-
nisms" with more or less distinct characteristics. Hence
oftentimes, vesicle leakage experiments are used to obtain
systematic and mechanistic insight for antimicrobial activity, to
assess drug delivery systems, endosomal escape, or the effect of
membrane-active or pore-forming proteins, such as toxins.
There are various options to characterize induced membrane
permeabilization. Most commonly, a fluorescent dye or a dye-
quencher pair is entrapped in large unilamellar vesicles (LUVs).
If and how much of the vesicle content is released or retained is
then assessed either by fluorescence intensity modulated by the
extent of quenching® or via the fluorescence lifetime modu-
lated by concentration-dependent self-quenching.*

For clarity in mechanistic studies, large unilamellar vesicles
(LUVs) with defined binary lipid composition are preferred over
natural lipid extracts or even natural membranes. Bacterial and
fungal species differ in the composition of their membranes.
Typically, microbial membranes and membrane models involve
negatively charged lipids, often phosphatidylglycerol (PG)
together with the zwitterionic lipid phosphatidylethanolamine
(PE) amongst other lipids. Here, we use PE/PG in a 1:1 ratio.
Usually, such negatively charged vesicles form stable colloids
because the like-charged particles repel each other. The addi-
tion and binding of oppositely charged polyions can lead to
vesicle aggregation by shielding of the vesicle charges or even
direct cross-connection of vesicles. Vesicle aggregation itself
should not induce leakage, but increased particle sizes cause
turbidity and possibly sedimentation that can interfere with
fluorescence experiments. Changes in light scattering/turbidity
can also result from fusion which starts with aggregation. We
show that aggregation might involve exchange of
membrane lipids and will thus use the term apparent aggre-
gation. In full fusion, the membranes and content of the
involved vesicles are combined to form a larger vesicle. (Unin-
tentional) membrane fusion can be favoured in vesicles con-
taining phosphatidylethanolamine lipids (PE) because the
preference of PE with unsaturated chains (POPE) for negative
spontaneous curvature facilitates rearrangements in the
membrane leading to fusion intermediates. This is important
because PE lipids are a prevalent component of microbial
membranes and therefore a main constituent of microbial
membrane models.

will

The details of the membrane fusion mechanism have been
and are still under study. Briefly, the main energy barrier is
thought to be the early step, namely vesicle aggregation and
establishing close apposition with bilayer contact, more
precisely, overcoming charge repulsion and removing hydration
water.?>** Then, a tethered or docked state transfers into a more
or less expanded hemifusion intermediate or fusion stalk. The
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opening of the fusion pore between the two fusing vesicles
finally leads to full fusion. Importantly, fusion can be a tight or
leaky process regarding entrapped cargo transferring to the
outer medium through membrane defects. The characteristics
of leaky fusion as leakage process, unfortunately, are thought to
closely resemble other leakage mechanisms, namely asym-
metric packing stress.***> Asymmetric packing stress relies on
a material imbalance in the outer and inner leaflet of a vesicle
membrane.>** Asymmetric packing stress seems relatively
unselective comparing different lipid compositions and might,
thus, be less or more desired for applications in antimicrobial
therapy or drug delivery, for example. Therefore, confusing
fusion with asymmetric packing stress can lead to misleading
conclusions.

Both, in leakage or fusion, the activity of most membrane-
active peptides or polymers relies on physical-chemical inter-
actions driven by membrane properties, instead of specific
binding sites. Therefore, the function of antimicrobial peptides
can also be obtained with biomimetic polymers with positively
charged and hydrophobic subunits.”® Compared to natural
peptides, the backbones of these short polymers can be more
stable in vivo and thus would prolong circulation times that are
otherwise compromised by proteolysis. In membrane-active
polymers, there is a well-known spectrum between more
hydrophobic, usually more active, but less selective polycations,
and highly charged, less active but more selective polycations.>®
In a recent study, we examined a rather active/unselective
antimicrobial polycation with significant hydrophobic
surface.”*”*® This molecule is highly fusogenic but induces
leakage by asymmetric packing stress in contrast to the present
case.

Here, we investigate poly-NM, a candidate of the more
selective, highly charged biomimetic polymers. Our model
candidate poly-NM contains on average 13 subunits with
a positively charged aminomethyl side chain (Fig. 1).>* Poly-NM
is selective for negatively charged over zwitterionic lipid
compositions,*”*® for bacterial species such as B. subtilis and S.
aureus, and also for microbial fungi such as C. albicans and C.
neoformans®*°. Poly-NM binds mainly by electrostatic interac-
tions and induces membrane permeabilization above
a threshold concentration as well as increased particle sizes
indicating aggregation or fusion.?®

For more details on the interplay of several effects involving
membranes, we examined leakage and both vesicle aggregation
and vesicle fusion. For this, a combination of biophysical
methods is used: dynamic light scattering, cryo-transmission
electron microscopy (cryo-TEM), isothermal titration calorim-
etry (ITC), two classical experiments to prove fusion in large
unilamellar vesicles (LUVs), and leakage that is monitored
thoroughly by fluorescence lifetime-based vesicle leakage
experiments. We found a sequence of membrane effects
depending on the poly-NM concentration. We took care to
account for potential changes in light scattering as detailed in
the methods section for each experiment.

We will present that apparent vesicle aggregation and vesicle
fusion might not just be side effects, but can determine the
outcome of vesicle leakage experiments and influence the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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interpretation of leakage in view of antimicrobial activity or
other therapeutic applications.

Experimental section
Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1-rac-glycerol)
(POPG, sodium salt) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) as chloroform stock solutions. N-(Carbonyl-
methoxypolyethylene  glycol-2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEG,, sodium salt) was kindly
provided by Lipoid (Ludwigshafen, Germany) as powder. N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (NBD-PE) and Lissamine™ rhoda-
mine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Rho-DHPE) were both obtained as triethylammonium salt
from Molecular Probes (Eugene, OR, USA). The fluorescence
dyes calcein and 8-aminonaphthalene-1,3,6-trisulfonic acid
(ANTS, disodium salt) as well as its quencher p-xylene-bis(N-
pyridinium bromide) (DPX) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other chemicals and buffer substances
were used of analytical grade as received from Carl Roth
(Karlsruhe, Germany). Poly-NM was synthesized, purified, and
quantified as previously described and a kind gift of the lab of
Runhui Liu (East China University of Science and Technology,
Shanghai, China).>® Poly-NM was stored as lyophilized powder.
For measurements, the concentration of stock solutions was 5
mg mL ' (26 mM of poly-NM subunits). Ultrapure water
produced by an Arium® Pro system (Sartorius AG, Goettingen,
Germany) was used to prepare all the buffers and solutions. The
standard MOPS buffer was composed of 25 mM MOPS (3-(N-
morpholino)propane sulfonic acid) and 130 mM NacCl at pH 7.0.
Moreover, 25 mM MOPS are used in all inside buffers with
desired fluorescence dye and all buffers were adjusted with
NaCl to 265 mOsmol kg at pH 7.0.

Preparation and characterization of large unilamellar vesicles
(Luvs)

Large unilamellar vesicles composed of POPE/POPG (1:1) and
POPE/POPG/DSPE-PEG,00o (50:50:4 or 50:50:1) were
prepared by thin-film hydration followed by 5 freeze-thaw
cycles and 51 extrusions through an 80 nm polycarbonate
membrane (Whatman International Ltd, Maidstone, UK). Lipid
films of POPE/POPG (1 : 1) without or with DSPE-PEG,,, were
prepared from the same stock chloroform solution of a POPE/
POPG lipid mixture so that the POPE/POPG molar ratio is
always identical.

Unless stated otherwise, especially for the fluorescence-
based leakage or fusion assays, extruded LUVs (approximately
100 nm diameter) with the fluorescence labels mentioned were
used at a total lipid concentration of 30 uM. For all vesicle
preparations, the osmolality of the inside and outside buffers
was adjusted with NaCl to 265 mOsmol kg ™.

The lipid concentration of the LUV preparation was quanti-
fied by the Bartlett phosphate assay*' and the z-average vesicle
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size (100-130 nm) and polydispersity index (PDI < 0.1) were
determined using dynamic light scattering (DLS, Malvern
Zetasizer Nano ZS, Worcestershire, UK).

For fluorescence leakage or fusion assays, the samples were
incubated on a Thermoshaker (Hettich Benelux, Geldermalsen,
Netherlands) in the dark at 400 U min™" and 25 °C. The corre-
sponding measurements were performed after various incuba-
tion times (10 min, 30 min, 1 h, 2 h, 5 h, 24 h) (see step-by-step
protocol in the ESIT).

Cryo-TEM imaging

Cryo-TEM experiments were performed with the equipment
(Leo 912 Q-mega, Carl Zeiss, Oberkochen, Germany) and the
experimental protocol as described.?” 8-10 mM extruded LUVs
composed of POPE/POPG (1:1) or POPE/POPG/DSPE-PEG,
(50:50:4) were incubated for 1 day in standard MOPS buffer
with and without the addition of poly-NM. Two different lipid/
poly-NM subunits molar ratios (20: 1 and 5 : 1) were examined.

Vesicle size (z-average diameter and intensity distribution)
and polydispersity indices (PDI) were measured with dynamic
light scattering (DLS) by 200-fold dilution of aliquots of the
samples used for cryo-TEM with a Malvern Nano Zetasizer
(Malvern, Worcestershire, UK).

The lipid concentration of LUVs required for the cryo-TEM
experiments was 8-10 mM and the same samples were diluted
200 times (ciipiq = 40-50 puM) for the related DLS evaluation.

Isothermal titration calorimetry (ITC)

A MicroCal VP-ITC (Malvern Instruments, Malvern, UK) was
used to characterize the binding of poly-NM to POPE/POPG
LUVs with and without 4% PEG-lipids. The injection syringe
was filled with 3 mM extruded LUVs composed of POPE/POPG
(1:1) or POPE/POPG/DSPE-PEG o (50:50:4). 0.15 mM poly-
NM solution was loaded in the sample cell. A repeating
volume of 5 uL was injected with a stirring speed of 394 rpm and
an equilibration time of 300 s at 25 °C. The reference power was
5 pcal s and all samples were prepared in MOPS standard
buffer.

The NITPIC software®*** was used for the analysis of raw
data. A one set of sites binding model (MicroCal PEAQ-ITC
Analysis Software, Malvern Instruments Ltd, Malvern, UK) was
used to fit the integrated data describing the electrostatic
interaction between positively charged poly-NM and negatively
charged lipid vesicles.

Calcein fluorescence lifetime-based leakage assay

Dye leakage from vesicles was evaluated based on the deter-
mination of the fluorescence lifetime and related pre-
exponential factors of the decay of calcein fluorescence using
time-correlated single-photon counting (TCSPC) on a Fluo-
Time 100 spectrometer (PicoQuant, Berlin, Germany) and
step-by-step protocol in the ESI.f

Briefly, 70 mM calcein (self-quenching at this concentra-
tion with a short fluorescence lifetime of ~0.4 ns (tg)) was
loaded in LUVs composed of POPE/POPG (1:1) or POPE/
POPG/DSPE-PEG g (50:50: 1 or 50:50: 4). 30 uM of calcein-
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loaded LUVs were then added to poly-NM solutions or MOPS
buffer (as negative control). Calcein that leaks and is diluted
(down to ~5 pM) is no longer self-quenched and hence has
a long lifetime of ~4 ns (7g). By a biexponential fit to calcein
decay curves, the fluorescence lifetimes, the amount (corre-
sponding pre-exponential factors B) of entrapped calcein (with
subscripts E) and free calcein (with subscripts F) are obtained:

F(t) = Bre "™ + Bre "™

Therefore, the total leakage efficiency (Liotar) after the addi-
tion of poly-NM was derived as:
BF - BFO
By — Bro + Qs Be

Total calcein leakage efficiency (Liowr) =

where the subscript 0 corresponds to the negative control (in
the absence of poly-NM) and Q.. (=1.2) is static quenching
factor for calcein.”

For addition experiments, 30 uM calcein-filled POPE/POPG
vesicles are first preincubated with a range of poly-NM
concentrations. After 30 min of preincubation, different types
and also different amounts of LUVs are added to the sample: 30
uM calcein-filled LUVs, 30 uM buffer-filled LUVs (to a final cjipiq
of 60 pM) or 300 uM buffer-filled LUVs (to a final cypiq of 330
uM). The leakage experiment performed without any additional
LUVs is used as a reference value. The total volume changes less
than 1% in the case of 30 uM added vesicles or less than 5% if
300 puM vesicles are added. Therefore, we assume the polymer
concentration to remain almost unchanged.

The excess leakage Leyeess i defined with respect to the
evolution of leakage without addition of LUVs.

For experiments with addition of buffer-filled LUVS, Lexcess iS:

Lexcess (30 min after addition) = Ly, (30 min after addition) —
Liotar (30 min sample without addition)

with Ly (30 min after addition) being the measured value after
adding of buffer-filled LUVs and Ly (30 min sample without
addition) correcting for the expected continuing leakage of the
pre-incubated vesicles.

For experiments with addition of calcein-filled LUVs, we
need to correct for the newly added calcein, i.e. additional intact
vesicles that also become leaky over time:

Lexeess (30 min after addition) = Lo (30 min after addition)
1

*thoml (30 min sample without addition)
1
fEme] (0 min just before addition)

The last term quantifies the leakage expected for the newly
added calcein-filled LUVs occurring over the first 30 minutes of
their incubation with poly-NM (assumed identical to the
leakage from —30 min to 0 min in the preincubation sample,

1
depicted in black color in all panels of Fig. 6A-D). The factor 2 in
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both terms results from doubling the calcein concentration
alongside the lipid concentration.

Vesicle size (z-average diameter) and polydispersity indices
(PDI) were measured with dynamic light scattering (DLS) on
Malvern Nano Zetasizer (Worcestershire, UK) using aliquots
after the leakage assay, i.e. after 24 h incubation of LUVs in the
absence or presence of poly-NM.

NBD-rhodamine lipid mixing assay

The Forster resonance energy transfer (FRET) from NBD-labeled
lipids to rhodamine-labeled lipids®** was monitored on an LS 55
fluorescence spectrometer (PerkinElmer Inc., Norwalk, USA).
The setting parameters and detailed protocol were as
described.*

Briefly, LUVs are labeled with and without 0.5 mol% NBD-PE
(donor) and 0.5 mol% Rho-DHPE (acceptor). For a typical lipid
mixing assay, 30 uM extruded LUVs (corresponding to 6 uM
labeled vesicles and 24 uM unlabelled vesicles, ie. ratio of
labeled/unlabeled vesicles is 1:4) were added to poly-NM
solutions or MOPS buffer (as negative control).

Lipid mixing efficiency in the presence of poly-NM was
derived as:

R—R,

Lipid mixing efficiency = T _R
© = I

sy

R=2%
Isgo

R is the ratio of the maximum fluorescence intensities of NBD
(Isz0) and rhodamine (I5g0) in the presence of poly-NM. The
subscripts 0 and o correspond to the negative control (in the
absence of poly-NM) and positive control (in the presence of 1 v/
v% TX100), respectively. Because the simple NBD intensity
could be critically influenced by changes in light scattering due
to increased particle sizes, the ratio of FRET-pair intensity (R) is
analyzed, assuming no or only a minor wavelength-dependence
of scattering issues. Note that we use two types of reference
values: direct addition of TX100 to solubilize FRET-lipid labeled
LUVs into micelles (a common reference for entirely suppressed
FRET, data are shown in Fig. 6) and LUVs prepared separately
containing only 1/5 of FRET labels (each 0.1% of NBD and Rho,
Fig. S51) for an estimated value reflecting extensive lipid
mixing.

Moreover, since the FRET partners are located in the same
LUV, simple aggregation of vesicles should not influence FRET
results.?

ANTS/DPX content mixing assay

Based on the concentration-dependent collisional quenching of
ANTS by DPX, the mixing of internal content upon vesicle
fusion®® was determined with an LS 55 fluorescence spectrom-
eter (PerkinElmer Inc., Norwalk, USA).

Briefly, LUVs were filled with either 25 mM ANTS (dye) or
90 mM DPX (quencher), respectively. For the content mixing
assay, a mixture of ANTS-filled and DPX-filled vesicles (30 uM

© 2022 The Author(s). Published by the Royal Society of Chemistry
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total lipid concentration with a mixing ratio of 1 : 1) was injected
into poly-NM solutions or MOPS buffer (as negative control, i.e.
0% content mixing). Content mixing efficiency in the presence
of poly-NM was calculated as:

I—1

Content mixing efficiency =
0 I 100

where I is the corrected fluorescence intensity of ANTS at
525 nm in the presence of poly-NM. The subscript 0 corre-
sponds to the negative control (in the absence of poly-NM). As
positive control (subscript 100, i.e. 100% content mixing), LUVs
were prepared with a co-encapsulated mixture of 12.5 mM ANTS
and 45 mM DPX.

To correct for light scattering, changes in fluorescence
intensity of ANTS-filled vesicles incubated with poly-NM and
buffer-filled LUVs were recorded under identical incubation
conditions,*” so that, I was then corrected as:

1= I(ANTS LUVs and DPX LUVs with poly-NM)

I(ANTS LUVs and buffer LUVs)

](ANTS LUVs and buffer LUVs with poly-NM)

Results and discussion

The apparent vesicle aggregation and fusion induced by poly-
NM are inhibited by PEG-lipids

Like many other antimicrobial compounds, the polycation poly-
NM was examined for its activity inducing membrane per-
meabilization.””*® However, poly-NM not only induces leakage, but
also increased particle sizes and broader distributions of particle
sizes were found.”® Usually, such behavior is ascribed to vesicle
aggregation or/and vesicle fusion and reported as side effects. It
likely results from colloidal instability upon neutralization of
negatively charged vesicles by the positively charged polycations.
In order to elucidate the changes in the sample, we recorded cryo-
TEM images and performed dynamic light scattering (DLS).

The original LUVs composed of POPE/POPG (1:1) with a z-
average size of 109 nm and PDI of 0.08 are well dispersed as
uniform spheres throughout the buffer solution in the absence
of poly-NM (Fig. 2A and B black data, additional cryo-TEM
images in Fig. S1f). Some angular LUVs are also observed
(Fig. 2A), probably because of lipid shape-associated packing
defects in the binary mixture of POPE and POPG.

With the addition of poly-NM to POPE/POPG LUVs, signifi-
cant apparent aggregation of vesicles was observed together with
large, apparently fused vesicles (Fig. 2A). Moreover, DLS
measurements confirmed large particles of several hundred
nanometres in diameter and a significant increase in PDI
(Fig. 2B). The two different lipid/poly-NM molar ratios result in
slightly different effects: at the lower poly-NM concentration
(lipid/poly-NM subunits ratio = 20 : 1, charge ratio R, = 10), only
apparently aggregated vesicles with a slight increase of z-average
size were observed (Fig. 2). Large fused particles in TEM images
and increased particles sizes of approximately 1000 nm in DLS
data appeared only at high poly-NM concentration (lipid/poly-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NM subunits ratio = 5: 1, charge ratio R, = 2.5) (Fig. 2). Thus,
poly-NM seems to induce aggregation of vesicles and fusion in
a concentration-dependent manner. Poly-NM also induced
vesicle aggregation of giant unilamellar vesicles (GUVs).?®

For more details on the aggregation or fusion behavior of PE/
PG with the polycations, we intended to prevent these effects.
Lipids with poly(ethylene glycol) (PEG) anchored to their head
groups can form a steric barrier at the surface of liposomes that
prevents vesicle aggregation®® and vesicle fusion.*® As proposed
by Kenworthy et al.,** we added 4 mol% DSPE-PEG,qoo during
the preparation of POPE/POPG LUVs. At this concentration of
PEG-lipids, the PEG-chains are supposed to adopt a ‘mush-
room’ conformation covering the liposome surface.**** Other-
wise, small antimicrobial peptides or polymers should still be
able to approach the lipid bilayer so that the binding should not
be much affected.

Like the PEG-free vesicles, the well-dispersed POPE/POPG/
DSPE-PEG,, LUVs are mostly spherical with a low PDI (0.06)
and a comparable size (z-average: 99 nm). In cryo-TEM images,
there is no significant difference between PEG-ylated vesicles in
the absence or presence of poly-NM. In particular, no fused
vesicles or aggregation of vesicles are observed (Fig. 2 and S17)
even at the higher poly-NM concentration (lipid/poly-NM ratio
of 5:1) (z-average: 117 nm and PDI: 0.1). This indicates an
efficient inhibition of vesicle aggregation and vesicle fusion by
PEG-lipids.

After having established, both, apparent vesicle aggregation
and vesicle fusion, we need to understand how these processes
affect vesicle leakage. For this, we compare binding, vesicle
leakage, and vesicle aggregation or fusion in PEG-free and
PEGylated vesicles. Finally, the impact of increasing the like-
liness of vesicle aggregation and fusion on leakage activity will
be examined at higher lipid concentration.

The presence of PEG-lipids in vesicles changes polymer-
vesicle binding only slightly

The most trivial possibility to explain the suppressed apparent
aggregation and fusion might be that binding of poly-NM to the
lipid layer is disturbed by the PEG-chains. Therefore, we
explored binding using isothermal titration calorimetry in the
absence® and presence of PEG-lipids in the vesicles.

Heats of titration of 3 mM POPE/POPG LUVs to 0.15 mM
poly-NM are depicted in Fig. 3. The binding parameters were
obtained using a binding model with one set of sites accounting
for the electrostatic interactions between positively charged
poly-NM subunits and negatively charged PG lipid head groups.

Both, binding of poly-NM to LUVs without* or with 4 mol%
DSPE-PEG 0, results in identical exothermic heats (AHg = —1.4
+ 0.2 k] mol "), indicating that the mode of binding is relatively
unaffected. The stoichiometry of poly-NM subunits per charged
lipid, b decreases from 1.2 £ 0.1 in PEG-free vesicles to 0.7 £ 0.1
in PEG-ylated vesicles. This decrease can be explained by the
different leakage activity discussed below. Without PEG-lipids,
the polycations probably also bind to the inner lipid leaflet of
the vesicles, but in the presence of PEG-lipids, the inner leaflet
may not participate in binding.
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Fig. 2 Cryo-TEM images (A) and DLS results (B) of samples initially
containing extruded LUVs composed of POPE/POPG (1: 1) (left panel)
or POPE/POPG/DSPE-PEG;q00 (50 : 50 : 4) (right panel) in the absence
(black) and presence (dark blue or light blue) of poly-NM. The lipid/
poly-NM subunits molar ratio is indicated. For additional cryo-TEM
images see Fig. S1. 8-10 mM extruded LUVs were incubated with or
without poly-NM for 1 day for cryo-TEM and diluted 200-fold for DLS.
(25 mM MOPS; 130 mM NaCl; pH 7.0).

Moreover, the apparent binding constant (Kg) decreases
from 120 + 10 mM ' without PEG-lipids to 85 + 10 mM ' with
PEG-lipids. This might indicate effects that are missing when
vesicle aggregation or vesicle fusion are prevented in the pres-
ence of PEG-lipids.

In summary, the presence of DSPE-PEG,40 in POPE/POPG
vesicles alters the presumably mainly electrostatic binding of
poly-NM to PE/PG vesicles only marginally, showing that the
interfacial PEG,q00 does not disturb the approach and binding
of poly-NM to the membrane. Direct binding of poly-NM to the
PEG-chains is not expected and significant direct binding of
poly-NM to soluble PEG,400 Was excluded (Fig. S2t). Similarly,
the presence of PEG-lipids in vesicles has almost no influence
on melittin binding to membranes.*
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Fig. 3 ITC of poly-NM interacting with extruded LUVs composed of
POPE/POPG (1:1) (dark blue) and POPE/POPG/DSPE-PEG0q0 (50
50:4) (light blue). 3 mM liposomes were repeatedly injected into
0.15 mM poly-NM with an injection volume of 5 pL. Heat flows (A) and
the corresponding integrated heats per injection (B) are shown. Solid
lines in (B) show a fit using a binding model with one set of sites. The
vertical dotted line represents the theoretical charge saturation ratio
(Re =1) of POPE/POPG LUVs and poly-NM charges. The data of POPE/
POPG (1:1) (dark blue) is reproduced from ref. Shi et al. 2021 with
permission from the PCCP Owner Societies. (25 mM MOPS; 130 mM
NaCl; pH 7.0; 25 °C).

Decreased bilayer-bilayer contacts: leakage induced by poly-
NM is completely prevented in the presence of PEG-lipids

Vesicle aggregation and vesicle fusion can cause turbidity that
may interfere with the determination of leakage.

We use a leakage assay based on the fluorescence lifetime of
self-quenching calcein entrapped in vesicles.’ A step-by-step
protocol for this method is provided in the ESLf These
fluorescence-lifetime-resolved measurements are more inde-
pendent of absolute fluorescence intensities, and thus turbidity,
compared to the more common steady-state measurements. We
confirmed that both calcein and ANTS/DPX leakage assays yield
leakage in very good agreement (Fig. S31). Furthermore, vesicle
aggregation or fusion may also lead to types of leakage that are
regarded as artefacts in the context of antimicrobial activity.
Therefore, we carefully re-evaluated leakage behavior in the
absence and presence of PEG-lipids.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Leakage, lipid mixing, and content mixing of extruded LUVs
composed of POPE/POPG (1:1) (dark blue) or POPE/POPG/DSPE-
PEG2000 (50:50:1 or 50:50: 4) (light blue) in the presence of poly-
NM. (A) Leakage based on calcein fluorescence lifetime. (B) Total lipid
mixing based on FRET of NBD-PE to Rho-DHPE. (C) Content mixing
assay based on quenching of ANTS fluorescence by DPX. Poly-NM
subunits concentrations and lipid/poly-NM subunits molar ratio are
indicated in the bottom and top axis, respectively. Lines are guides to
the eye and used for the comparison of different assays. The vertical
dotted line represents the theoretical charge saturation ratio (R. = 1).
30 puM liposomes (initially 100-130 nm) are incubated with poly-NM
for 1 h in MOPS buffer (25 mM MOPS; 130 mM NaCl; pH 7.0; 25 °C).
Leakage data of POPE/POPG (1:1) vesicles in (A) is taken from ref. Shi
et al. 2021 with permission from the PCCP Owner Societies.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

As reported before, in the absence of PEG-lipids, poly-NM
induces leakage of calcein from POPE/POPG LUVs starting
above 5 uM (Fig. 4A).>® Leakage reaches a constant leakage value
above a threshold polymer concentration close to charge
neutrality (R, = 1.0 at 15 pM), i.e., poly-NM does not induce
more leakage at further increased concentrations (16-260
uM).?® However, this plateau of leakage rises over time (Fig.
S4At).® Moreover, the comparison of theoretical to experi-
mental data suggests that for the shorter incubation times up to
approximately one hour, the leakage events are characterized as
all-or-none (Fig. S4Bt). For some of the vesicles, all entrapped
calcein equilibrates at once, while other vesicles are not affected
at all. At longer incubation times, leakage seems to occur more
gradually, ie., the entrapped dye seems only partially diluted
(Fig. S4Bt).28

The leakage behavior induced by poly-NM changes dramat-
ically when the vesicles contain additional PEG-lipids. Poly-NM
does not induce any leakage up to at least 500 pM in POPE/
POPG/DSPE-PEG,, vesicles (PE/PG 1:1 plus 1% or 4% PEG-
lipid) until 5 h (Fig. 4A and S4C, Dt). Even with only 1% PEG-
lipid, there is no significant leakage. There is no effect of an
equivalent amount of soluble mPEG,;, on the leakage behavior
(Fig. S4E and F¥).

Poly-NM induces apparent aggregation involving lipid mixing/
fusion intermediates that is prevented by PEG-lipids

Cryo-TEM images indicate vesicle fusion (Fig. 2), but require
much higher lipid concentrations (8-10 mM) than leakage
experiments (30 pM). For direct comparison of leakage to
potential fusion and for a better distinction of vesicle aggrega-
tion and vesicle fusion, two fluorescence-based fusion assays
examining lipid mixing and content mixing were performed at
an identical concentration of PEG-free and PEGylated LUVs.

First, we used Forster resonance energy transfer (FRET) to
distinguish vesicle aggregation (contact of separate bilayers)
from full membrane fusion or fusion intermediates (i.e. stalks
or hemi-fusion) or apparent aggregation involving lipid
exchange or mixing.

For quantifying lipid mixing, an excess of LUVs without
fluorescence labels is mixed with LUVs containing a FRET-pair of
head-group-labeled lipids (0.5% NBD-PE as FRET-donor and
0.5% Rho-DHPE as FRET-acceptor) (unlabeled : labeled = 4:1).**
Upon full membrane fusion or formation of continuous fusion
intermediates, the FRET pair is diluted with the additional
unlabeled membrane lipids. Thus, the distance between donor
and acceptor increases, resulting in a decrease in FRET effi-
ciency.” Because absolute fluorescence intensity could be criti-
cally influenced by changes in light scattering, the ratio of FRET-
pair intensity (R) is analyzed, assuming no or only a minor
wavelength-dependence of scattering issues. Upon vesicle
aggregation with only peripheral contact of separate membrane
bilayers, no change in lipid mixing efficiency is expected.*
Moreover, two references for quantifying lipid mixing are used
(see details in methods and Fig. S57).

In POPE/POPG LUVs without PEG-lipids, poly-NM induces
lipid mixing at lower concentrations (0.5-16 pM) compared to
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leakage (5-25 uM) (Fig. 4B). At poly-NM concentrations above R,
=1, there is a plateau value of lipid mixing which slightly rises
over time (Fig. S6AT). At the plateau, the lipid mixing efficiency
remains approximately 0.4 with respect to the reference
(micellization with Triton X). 0.4 is also the theoretical
maximum value expected for vesicle fusion (also confirmed by
Ca*™-induced fusion, Fig. S6Ct). This means that instead of
causing vesicle aggregation with peripheral membrane contacts
only, poly-NM induces fusion or fusion intermediates involving
mixing of lipids or otherwise facilitates lipid exchange.

As described above, the presence of 4 mol% DSPE-PEG,, in
POPE/POPG vesicles impeded vesicle fusion completely at
conditions used for cryo-TEM. Also at polymer concentrations
up to 390 puM, poly-NM induced no perceivable lipid mixing
(<5%) in POPE/POPG/DSPE-PEG 000 (50 : 50 : 4) LUVs up to 24 h
(Fig. 4B and S6Bft). Therefore, 4 mol% PEG-lipid is probably
sufficient to completely prevent bilayer-bilayer contacts, i.e.,
both vesicle aggregation and vesicle fusion are inhibited in the
presence of poly-NM.

Full vesicle fusion and leakage upon charge neutralization are
prevented by PEG-lipids

Strictly, for lipid mixing, already increased lipid exchange,
fusion intermediates or hemifusion suffice. Hence, lipid mixing
alone is no proof of full fusion. Another common fusion assay
determines if also the internal aqueous contents mix between
fusing vesicles, proving full fusion. For that, we performed
a widely used fluorescence assay based on quenching of the
soluble dye ANTS by DPX.*¢ Briefly, ANTS and DPX are loaded in
distinct LUVs at suitably high concentrations and these two
types of LUVs are mixed (1 : 1) and incubated with the suspected
fusion-active polycation.

There are several possible results: if LUVs do only aggregate
or experience only hemifusion, there are no changes in ANTS
intensity. If two or more LUVs are fully fused and the vesicle
limiting membrane is tight during this process, highly

View Article Online

Paper

concentrated DPX mixes with ANTS and quenches its fluores-
cence inside the combined vesicle lumen. In case leakage
occurs, however, ANTS cannot be quenched, because DPX is too
diluted. In leaky vesicles, the results of the content mixing assay
are then the sum of fusion and leakage, and content mixing
cannot always be quantified. Furthermore, it has to be noted
that the efficiency of content mixing is determined using
absolute fluorescence intensity and therefore can be affected by
changes in light scattering. We corrected the data as detailed in
the methods section® (Fig. S87).

The content mixing observed after the addition of poly-NM
to POPE/POPG LUVs without PEG-lipids progresses in an
interesting way over the concentration range (Fig. 4C). At low
poly-NM concentrations up to 5 uM, there is no content mixing
even though lipid mixing, but no leakage is observed. At
approximately 10 pM, there is a maximum content mixing
efficiency. At higher concentrations, content mixing is reduced
to a constant plateau value independent of poly-NM concen-
tration, probably caused by leakage of DPX and/or ANTS. These
findings agree with full vesicle fusion at polymer concentrations
close to R. = 1 that is accompanied by leakage.

Using PEG-ylated vesicles, there is no significant content
mixing induced by poly-NM (<5%, Fig. 4C) and also until 24 h
(Fig. S97). This is as expected, since the incorporation of 4%
PEG-lipids into POPE/POPG vesicles already prevented lipid
mixing completely.

Dynamic light scattering confirms an increase in particle
sizes and the polydispersity of 30 uM POPG/POPE vesicles
depending on the concentration of poly-NM (Fig. 5). Like lipid
mixing, the process starts at 1 uM poly-NM subunits. Particle
sizes become huge and variable at charge neutralization (R, =1,
Fig. 5). If PEG-lipids are incorporated into the vesicles, particle
sizes remain in the same range as directly after preparation.
This is consistent with cryo-TEM, lipid mixing, and content
mixing results.
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Fig. 5 Dynamic light scattering: particle size (z-average diameter, bar graph) and polydispersity indices (PDI, dot diagram) of 30 uM extruded
LUVs composed of POPE/POPG (1: 1) (dark blue) and POPE/POPG/DSPE-PEG,000 (50 : 50 : 4) (light blue) upon addition of poly-NM. Data in gray
represent LUVs in the absence of poly-NM. Particle sizes larger than 1000 nm are marked by an asterisk. All data were recorded using aliquots
after the calcein leakage assay reported below, i.e. after 24 h incubation of LUVs in the absence or presence of poly-NM. Some data in panel A are
taken from Shi et al. 2021 with permission from the PCCP Owner Societies. (30 uM lipids; 25 mM MOPS; 130 mM NaCl; pH 7.0; 25 °C).
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Increased bilayer-bilayer contacts increase leakage and
indicate leaky fusion as leakage mechanism

Next, we increased the likeliness of bilayer-bilayer contacts by
adding vesicles to a sample of vesicles preincubated with poly-
NM and already some leakage.

For this, additional buffer-filled or calcein-filled vesicles
were added to the initial 30 uM calcein-filled vesicles after
30 min preincubation with a range of poly-NM concentrations
(Fig. 6). All vesicles are POPE/POPG (1:1). In the first two
experiments, calcein-filled or buffer-filled LUVs were added
doubling the lipid concentration to a final c¢jipiq of 60 uM (Fig. 6B
and C). Third, 10 times the original amount of buffer-filled
LUVs was added yielding a final ¢jjpiq of 330 pM (Fig. 6D).
Leakage is examined before (i.e. after 30 min of preincubation)
and after the addition of LUVs.

At the time of vesicle addition, the preincubated samples
exhibited approximately 50% total leakage starting at
a threshold concentration close to R 30 v = 1 (15 pM poly-NM
subunits) (Fig. 4A and 6). The leakage curves then exhibit the
typical plateau or a slight apparent decrease of leakage with
increasing poly-NM concentrations. In order to ensure mean-
ingful comparison, for each addition experiment, the leakage of
the exact same preincubated vesicle sample is depicted as black
reference data and used for analysis. In the following paragraph
and figures, the time point of adding LUVs is defined as ¢ =
0 min for the total sample. The preincubation of the initial
vesicles (30 pM) thus started at —30 minutes.

Upon addition of 30 pM LUVs, the general shape of the
leakage curve remains qualitatively the same with a threshold
and plateau (Fig. 6B and C). Upon addition of a tenfold excess of
vesicles (300 uM), leakage stops which results in a constant
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plateau value. Only at high poly-NM concentrations, additional
leakage occurs (Fig. 6D).

To evaluate whether leakage activity changes with the
number of vesicles in the sample volume, we consider Leycess,
the excess leakage (Fig. 6E, see methods for details). Briefly, if
leakage activity continues independently of the vesicle number,
Lexcess = 0. Positive Lexcess indicates increased leakage, ie.,
a dependence on the vesicle number. Negative Leycess Would
indicate a decrease in leakage activity of poly-NM after the
addition of vesicles.

In all three addition experiments, Ley..ss becomes negative at
Rc30 um = 1 of the original sample and up to the new R, = 1
(Fig. 6E). At poly-NM concentrations at the respective new R. = 1
after the addition, an increase in leakage, i.e. a positive Lexcess 1S
observed in all experiments (Fig. 6E). The effect is most easily
observed when a ten-fold excess of vesicles is added (300 pM),
resulting in a constant leakage value (L) (Fig. 6D) and
anegative Leycess between R 30 v = 1 and R 330 um = 1 (Fig. 6E).

Note that both, Ly, in the original experiment and Leycess
display leakage within 30 minutes of incubation/after addition.

Leaky membrane fusion: an ambivalent leakage mechanism

We think that leaky fusion is the mechanism by which poly-NM
induces leakage in PE/PG vesicles. This conclusion is not
straightforward. Here, we will discuss the three indications we
collected: first, the sequence of effects that was established
comparing leakage and fusion assays. Second, the response of
these effects to a decrease in bilayer-bilayer contacts by deco-
rating the vesicles with PEG-lipids. Third, the changes in
leakage behavior upon the increase of potential bilayer-bilayer
contacts by addition of further vesicles after preincubation.
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(A)-(D) Leakage efficiency induced by poly-NM without and with addition of vesicles to preincubated polymer-vesicle samples. (A)

Standard Lt Of 30 pM POPE/POPG (1 : 1) LUVs without additional LUVs (blue). (B) Leakage with addition of 30 uM calcein-filled LUVs (green). (C)
Leakage with addition of 30 uM buffer-filled LUVs (orange). (D) Leakage with addition of 300 uM buffer-filled LUVs (red). Various incubation times
are indicated relative to the time of addition. Black data represent the leakage just before the addition of LUVs. (E) Summary of excess leakage
(Lexcess) (normalized to the original leakage without additional vesicles) 30 min after the addition of buffer-filled (orange and red) or calcein-filled
(green) vesicles to POPE/POPG vesicles preincubated with poly-NM for 30 min. Lines are guides to the eye and the vertical dotted lines represent
the theoretical charge saturation ratio (R. = 1) of different lipid concentrations. Errors bars in (E) reflect standard deviation of 3 experiments.
Leakage data in (A) is taken from ref. Shi et al. 2021 with permission from the PCCP Owner Societies. (All vesicles POPG/POPE 1: 1, 25 mM MOPS;

130 mM NaCl; pH 7.0; 25 °C).
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Concentration-dependent sequence of apparent aggregation
and full leaky fusion. When increasing concentrations of poly-
NM are incubated with PE/PG vesicles, there is a noteworthy
sequence of apparent vesicle aggregation, leakage, and fusion.
Fig. S127 displays an overview of the effects of poly-NM on PE/
PG vesicles in the various experiments. Because poly-NM lacks
hydrophobic molecular surface, poly-NM probably binds to PE/
PG vesicles by electrostatic interactions mediated by the
charged aminomethyl groups, involving mainly the charged
lipid head groups and less the hydrophobic core of the
membrane. Also in other contexts, charge-mediated fusion is
observed.** Furthermore, we confirmed no interaction (i.e. no
leakage/lipid mixing/content mixing) of poly-NM with zwitter-
ionic palmitoyl-oleoyl-glycero-phosphocholine (POPC) LUVs
(Fig. S117).

The observable effects of poly-NM on negatively charged PE/
PG vesicles start at 0.5 pM. Up to R. = 1, there is apparent
aggregation including lipid mixing (I). Just below and close to R,
= 1, poly-NM induces both full fusion and leakage in PE/PG
vesicles (II). With further increasing poly-NM concentrations,
leakage remains constant which results in a plateau (III). Let us
discuss these concentration ranges in more detail.

(I) Apparent aggregation involving lipid mixing/fusion interme-
diates. The activity of the polycation below R, = 1 is probably
governed by increasing electrostatic binding and increasing
neutralization of the vesicle surface charges leads to colloidal
instability and apparent aggregation (Fig. 2 and 5). We observed
no indications of full fusion, i.e., neither content mixing nor
leakage that would explain why content mixing was not detected
(Fig. 4). Therefore, the lipid mixing in this concentration range
is attributed to apparent aggregation, even though lipid mixing
is not expected with peripheral vesicle contacts.* In this case,
total lipid mixing can be detected if the adjacent membranes
form non-bilayer defects that might resemble fusion interme-
diates, such as tethers, stalks, or hemifusion diaphragms.*>*®
Alternatively, the exchange of lipids between adjacent
membranes through the solution might be facilitated.

In other words, what is observed at poly-NM concentrations
below R. = 1 might be regarded as the first steps of fusion:
overcoming the electrostatic vesicle-vesicle repulsion and
dehydration of the lipid head groups.

(1) Full fusion and leakage. In the absence of leakage, the
positive polymer charges completely neutralise the negative
charges on the outside of vesicles at a concentration of
approximately 7.5 uM. That is, half the concentration of R, = 1
referring to all charged lipids in the outer and (still inaccessible)
inner leaflets of the vesicles. At this polycation concentration,
there is a relatively sharp onset and steep increase of leakage
activity, lipid mixing reaches its theoretical maximum, and
maximal content mixing is detected (Fig. 4). Both, leakage and
full fusion have occurred.

The local concentration of still entrapped calcein (fluores-
cence lifetime of entrapped dye) indicates an all-or-none
mechanism at short incubation times (Shi et al. 2021, Fig.
S4BT). That is, some vesicles leak entirely while others retain all
their content. Together with the observation of content mixing,
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the all-or-none leakage indicates that at least some of the fusion
events have occurred in a tight fashion. Several theoretical
studies suggest that leakage is facilitated in a stalk close to the
fusion site, i.e., leakage and fusion are mechanistically coupled,
but spatially slightly separate processes so that maybe only one
of the fusing vesicles becomes leaky just before full fusion
completes.””* This might explain our observation of some
leakage upon fusion and limited content mixing. Even after
careful corrections (see methods and Fig. S81), there is a possi-
bility of massive turbidity affecting the content-mixing results at
R. = 1 differently from conditions with an excess of polycation
above R, = 1.

Assuming the conservation of membrane area, many 100 nm
LUVs (many more than 10) must have fused to reach the large
vesicle size observed in cryo-TEM. Therefore, the volume of the
vesicle lumen must have replenished to yield spherical vesicles
(Fig. 2 and S1f), probably by buffer flowing in during the
leakage events. Leakage thus might be further favored by
multiple fusion events or the multiple fusion events might be
possible only because of leakage. There is a possibility that the
large membrane structures have formed by connection of
several smaller, previously solubilized membrane patches, but
this would not explain content mixing.

(IIl) Above R, = 1, no increased leakage and fusion activity with
concentration, but over time. With an excess of positively charged
poly-NM, above R. = 1, both leakage and lipid mixing reach
a plateau, where an increase in poly-NM concentration does not
increase activity. This behavior is likely caused by the predom-
inant electrostatic binding of poly-NM that only increases until
the excess of negative charges on vesicles are saturated.

According to our kinetic experiments and as proposed
before,® both processes, leakage and fusion occur on the time-
scale of approximately 10 min (Fig. S4, S6 and S7t). However,
the leakage plateau rises over time®® (Fig. S47), indicating the re-
occurrence of leakage events.* As proposed before*® and dis-
cussed below on the basis of the behavior of Leycess, we think
that there is a dynamic binding equilibrium allowing poly-NM
to redistribute and apparently induce more leakage over time.
Judged by slight increases in lipid mixing, too (Fig. S6%), the
fusion process might continue. Continuing fusion of filled and
equilibrated vesicles or if vesicles become larger when replen-
ishing their internal volume after fusion might also account for
the gradual increase in fluorescence lifetime of entrapped cal-
cein (apparent gradual dilution of entrapped calcein) for longer
incubation times (Fig. S4Bt).>®

The apparent loss of content mixing signal above R. = 1 is
a logical consequence of the pronounced leakage activity of
poly-NM, as both ANTS and DPX might become too diluted to
cause a signal change.

This sequence of events points to a correlation of full fusion
and leakage, but is no proof. We further investigated leakage
behavior while either preventing bilayer-bilayer contacts by
incorporating PEG-lipids or by increasing the likeliness of
bilayer-bilayer contacts at increased vesicle concentrations.

Steric shielding with PEG-lipids corroborates a role of
bilayer-bilayer contacts in leakage. 4 mol% PEG-lipids suffice to
completely impede apparent vesicle aggregation, lipid and
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content mixing, and vesicle leakage (Fig. 2, 4 and 5). Thus,
fusion seems correlated to leakage induced by poly-NM.
Notably, both the fast leakage, but also the apparent long-
term increase in leakage are eliminated (Fig. S4t). There
seems to be no additional fusion-independent slow leakage
mechanism.

While it is relatively easy to envision that aggregation and
fusion are inhibited by sterical shielding, it is more difficult to
explain the pronounced effect of PEG-lipids on leakage. We
excluded several possibilities: the slight changes in binding of
poly-NM to PEG-vesicles compared to PEG-free vesicles can be
explained by access to the inner layer lipids and should not
account for a complete loss of leakage activity (Fig. 3). Theo-
retically, PEG-chains might somehow interfere with the forma-
tion of a transmembrane pore. Still, we consider leaky fusion as
the most probable leakage mechanism and tested specifically
for that by increasing the vesicle concentration during leakage
experiments.

Leakage increases with the likeliness of bilayer-bilayer
contacts. The addition of further vesicles to a sample pre-
incubated with polymers answers two questions: first, do the
polymers redistribute also over the then newly added vesicles,
or are they sequestered by the preincubated vesicles? Second,
do increased bilayer-bilayer contacts (by increasing the vesicle
number) increase leakage, which would further corroborate
leaky fusion?

When increasing the lipid concentration, i.e., the probability
of bilayer-bilayer contacts, we need to keep in mind that the
lipid/polymer ratio and charge ratio will change as well.
Assuming that the polymer is redistributed after addition of
vesicles, the bound polymer might not suffice for neutralization
and induction of leaky fusion (Fig. S127). Indeed, for all addi-
tion experiments, we found less leakage than expected (Lexcess <
0) in the range between the R.3 .4 = 1 in the preincubated
samples and the new R g0 um or 330 v = 1 for the increased lipid
concentration (Fig. 6). In conclusion, there is a dynamic binding
equilibrium of polymers.

Regarding the leakage mechanism, leaky fusion should
increase with the number of vesicles per volume at or above R, =
1. Indeed, additional leakage is induced as expected starting at
Re6o yv = 1 OF Re 330 um = 1, respectively (Fig. 6). Also, particle
sizes become huge and variable at this condition (Fig. S107).
What is more, both, before and after vesicle addition, leakage
and excess leakage occur with a similar time course expected for
fusion to occur.” This indicates that the leakage mechanism
does not change with vesicle addition and is in line with the
hypothesized leaky fusion as leakage mechanism before addi-
tion and also after addition of vesicles.

Relevance for other antimicrobials and membrane-active
compounds. Let us first compare poly-NM and the structurally
related, more hydrophobic MM:CO, a highly active, but unse-
lective polycation.**?*”** Strikingly, there are strong similarities
in the leakage behavior induced by poly-NM and MM:CO that
turned out to be caused by totally different processes. For
example, both, poly-NM and MM:CO induce relatively fast
leakage at the same polycation concentration in POPE/POPG
Both polymers also cause apparent

vesicles. vesicle
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aggregation and fusion. To our surprise, the stronger fusogen
MM:CO causes leakage first by asymmetric packing stress** and
not by leaky fusion like poly-NM. Similarly, peptides syntheti-
cally evolved for triggered release are fusogenic, but induce
leakage independent of fusion.”

For cell-penetrating, arginine-rich peptides interacting with
phosphatidylocholine/PE/bis(monoacylglycerol)phosphate  or
more complex lipids mixtures, not only fusion and leakage, but
also concomitant inhibition or increase of fusion and leakage,
i.e., leaky fusion were observed.'** A mixture of magainin 2 and
PGLa induces morphological membrane changes resembling
fusion that might explain their leakage activity.** Also, several
other synthetic mimics of antimicrobial peptides predomi-
nantly containing positively charged subunits and little hydro-
phobic molecular surface induce leakage behavior that would
be in line with leaky fusions, in particular a plateau in leakage:
diamine SMAMP with TOCL/POPE vesicles,** poly-NM or poly-
MM with YPLE vesicles.”” More information about possible
fusion activity is still missing for these polycations that
predominantly bind to negatively charged vesicles by electro-
static interactions. The examples also suggest that the plateau-
leakage behavior and potentially leaky fusion is not a property
of PE/PG 1:1 mixtures. Most examples contain a lipid prefer-
ring negative spontaneous curvature (POPE, cardiolipin, or
BMP).

There are more reported indications of turbidity/fusion/
aggregation activity induced by antimicrobial peptides or poly-
mers”***** and many more where increased particle sizes were
not explicitly tested for. It might be helpful to check for leaky
fusion also in these cases.

Conclusion

For the antimicrobial polycation poly-NM acting on negatively
charged POPE/POPG model vesicles, we established leaky
vesicle fusion as the most likely mechanism of membrane
permeabilization. Having in mind that the activity of poly-
cations on oppositely charged vesicles relies on unspecific
physical-chemical effects, our findings are probably of more
general relevance, especially for less hydrophobic polycations
and lipids preferring negative spontaneous curvature.

Let us consider two types of implications: first, vesicle
aggregation and fusion might cause experimental problems and
might remain unnoticed and leaky fusion is difficult to prove
and to distinguish from other leakage mechanisms. Second, the
role of these types of membrane perturbations (e.g. leaky fusion)
for the understanding and judgment of antimicrobial activity
needs to be refined.

Experimental implications of leaky fusion

We demonstrated here, that when increased particle sizes are
suspected, identification of the process can determine whether
aggregation or fusion are indeed just side-effects or do play
a more significant role.

Interestingly, as in the present case, increases in particle size
can have different causes. Besides vesicle aggregation with only
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peripheral membrane contacts, there is apparent aggregation
involving lipid exchange, thus potentially resembling fusion-
intermediates. Furthermore, there is full vesicle fusion and
leaky fusion.

As we have demonstrated in the current and a previous paper
on a related polymer MM:CO,** clearly disentangling leakage
and fusion can be difficult. If concomitant membrane leakage
occurs, the combination of the lipid mixing and content mixing
assays might not suffice to unambiguously identify apparent
aggregation, and full fusion.*” Complementary tests (e.g. addi-
tion of PEG-lipids/more vesicles) and methods (e.g. microscopy)
may help. It is helpful to keep in mind the different conditions
of each experiment. Most importantly, the absolute lipid
concentration influences polymer or peptide partitioning to
lipid membranes.>>*

Unfortunately, the increase in particle size by aggregation or
fusion also causes turbidity/sedimentation and changes in light
scattering, which requires meticulous corrections and careful
data interpretation to avoid artefacts in experimental outcomes.

Relevance of leaky fusion in antimicrobial treatment, biology,
and therapeutic applications

All these corrections and controls in model studies are unfav-
ourable. Even worse, as in the case of poly-NM, membrane
permeabilization in model vesicles might be solely caused by
leaky fusion. In microbes, direct membrane-membrane
contacts and, in turn, membrane fusion between cells are pre-
vented by the outer cell wall components. Therefore, leaky
fusion as mechanism of permeabilization is not directly rele-
vant to antibacterial activity.

However, leaky fusion and induced fusion might still be
relevant in an indirect way or contribute to a multi-hit
strategy.®>®® For example, even early fusion intermediates
involve a propensity for non-bilayer structures or local curvature
which probably disturbs membrane function or the function of
membrane proteins." Additionally, (pathogenic) fungi contain
intracellular membrane compartments whose aggregation and
fusion properties might be changed by polycations. This might
explain the high activity of poly-NM for fungi such as C. albicans
or C. neoformans (<10 pM) compared to bacteria (in the range of
10-100 puM) or compared to the more hydrophobic MM:CO
polycation.”

Excluding leaky fusion is crucial for a meaningful compar-
ison of model studies aiming at the mechanism of action to
microbiological activity or for screening compounds designed
to induce membrane permeabilization.

Also in other contexts, comprehensively understanding
membrane permeabilization, membrane aggregation, fusion
intermediates, full fusion, and leaky fusion is advantageous. For
instance, fusion is important in cell entry of enveloped viruses
or other pathogens, vesicle trafficking, the synaptic process,
fertilization, drug delivery by liposomes, etc.

A good understanding and fine-tuning regarding the onset
and interplay of leakage and fusion holds the potential to
improve membrane-active antimicrobials and membrane-active
compounds for therapy.
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