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Abstract: Membrane-active peptides (MAPs) have several poten al herapeutic uses, including as
antimicrobial drugs. Many traditional methods used to evaluate th. me nbrane interactions of MAPs have
limited applicability. Low-throughput methods, such as micro. copy, provides detailed information but
often relies on fluorophore-labeled MAPs, and high-throug.iput .ssays, such as the calcein release assay,
cannot assess the mechanism behind the disruption of veiicular-based lipid membranes. Here we present
a flow cytometric assay that provides detailea f srmation about the peptide-lipid membrane interactions
on single artificial lipid vesicles while being high-throughput (1000-2000 vesicles/s) and based on label-
free MAPs. We synthesized and inve-tig: te | six MAPs with different modes of action to evaluate the
versatility of the assay. The assay ‘s ba.ad on the flow cytometric readouts from artificial lipid vesicles,
including the fluorescence fron. me nbrane-anchored and core-encapsulated fluorophores, and the vesicle
concentration. From tke.» poro.neters, we were able to distinguish between MAPs that induce vesicle
solubilization, permeation pores/membrane distortion), and aggregation or fusion. Our flow cytometry
findings have been verified by traditional methods, including the calcein release assay, dynamic light
scattering, and fluorescence microscopy on giant unilamellar vesicles. We envision that the presented
flow cytometric assay can be used for various types of peptide-lipid membrane studies, e.g. to identify
new antibiotics. Moreover, the assay can easily be expanded to derive additional valuable information.

1. Introduction

Membrane-active peptides (MAPs) have potential applications in biotechnology [1,2], particularly within
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therapeutics [3—5]. Some MAPs are, for example, antimicrobial peptides (AMPs) that show antimicrobial
activity through pore formation in lipid membranes [4,6-8]. These AMPs are receiving increased
attention, as pathogenic microorganisms are becoming increasingly resistant towards conventional
antibiotics [9]. Another interesting therapeutic application of MAPs is their use as cell-penetrating
peptides (CPPs). Introducing a CPP moiety to a drug can improve or facilitate drug internalization
through biological membrane barriers [10-14]. In general, peptides are interesting from a drug
development perspective, because automated solid-phase peptide synthesis allows for high-throughput
synthesis of peptides with variations in the amino acid sequern.e ‘nd/or containing amino acid
modifications.

To rationally engineer MAPs for therapeutic applications, it *. ~ni.’cal to understand the modes by which
they interact with lipid membranes. Current approaches oficn rely on fluorophore-labeled peptides,
which, combined with low-throughput fluorescerce microscopy, can provide detailed mechanistic
information [15]. However, fluorophore-lat-lin’, of peptides can dramatically alter the mode of
membrane interaction of the peptides [16]. *Many traditional fluorophore-labels have been shown to have
a significant affinity towards the lipid mer ibranes [17,18]. Further, the evaluation of therapeutic peptides
from large peptide libraries can be a 1.*e-limiting factor in the identification of lead drug candidates due
to lack of high-throughput evalatic. assays. High-throughput methods that rely on label-free peptides are
often limited in revealir » n =ch: nistic insights about how MAPs interact with membranes. Among high-
throughput assays, the cal~~n release assay is likely the most commonly used to study lipid membrane
perturbations, induced by external agents such as MAPs [1,16,19-22]. This assay relies on the appearance
of calcein fluorescence after release from the core of artificial (lipid) vesicles (in the following denoted
‘vesicles’). As in many other studies, the vesicles represent a simple model system of cell membranes
[21,23-26]. However, the calcein release assay falls short in providing mechanistic information, as it
cannot distinguish whether MAP-mediated calcein release is due to vesicle solubilization or localized
membrane permeabilization. In addition, it provides no information about vesicle fusion and aggregation,

two phenomena that potentially also may lead to calcein release independent of the direct membrane



perturbations and, thereby, putative biological activity of the peptides [27].

To overcome some of the limitations associated with the most commonly used methods for studying
peptide-lipid membrane interactions, we developed a method based on flow cytometry. A flow cytometer
is a microfluidic system equipped with several lasers and corresponding detectors that allow for high-
throughput multi-parameter analysis of single particles in terms of their light scattering and fluorescence
properties. Properties that can be used to phenotype cells by using fluorophore-labeled antibodies against
antigens on specific cell types [28]. Flow cytometry has previous'y been used to investigate the
interactions of MAPs with cells, for example, mapping the time cours . 0.” AivIP-induced permeabilization
of bacteria using live/dead DNA-probes [29] and the cell-penetra‘ion | roperties of CPPs fused with GFP
[30]. In the latter study, additional microscopy studies . re needed to verify that the CPP-GFP
compounds were able to penetrate into the cell. A general 'im.*ation of traditional flow cytometry is its
inability to directly assess whether compounds of int:re t 2 ¢ at the cell surface or inside the cell [31].
Conventional flow cytometers can also be us:d t, study submicron vesicles [32-34]. In this study, we
determined how flow cytometry on duw'-fluorophore-labeled vesicles (a core- and a membrane—
fluorophore) can be used to study the mea orz ne interactions of label-free MAPs. The concept is shown in
Figure 1, and exemplified by a M/.P . at leads to pore formation in the vesicle membrane. By using the
fluorescence intensity from thc¢ mer .brane-fluorophore as an indirect measure of the vesicle size-integrity
in combination with 8~ ir.lirert measure of the vesicle concentration, we could determine whether
peptide-dependent reducti~a in the core fluorescent readout was due to localized membrane
permeabilization or vesicle solubilization. In the former case, the vesicle concentration and fluorescence
intensity from the membrane fluorophore is unchanged, whereas in the latter case, the vesicle
concentration and fluorescence intensity from the membrane-fluorophore decreases. Finally, increases in
the membrane fluorescence for individual readouts reveal MAP-induced vesicle fusion/aggregation.
Based on the above, we present a flow cytometry assay that provides an integrated platform to study the
membrane interactions of peptides on a single vesicle level in detail in a label-free and high-throughput

manner.
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Figure 1: Concept — applying flow cytometry to identify MAPs’ moc «; of action. The different steps
in the peptide-lipid membrane interaction assay. Left: the vesicle-pept de r. action. The red color on the
vesicle refers to membrane-anchored fluorophores, and the green ¢nlor epresents the core-fluorophores.
Center: The flow cytometry measurement of the reaction miywi. ~ MAP that induces pore formation in
a vesicle is shown — the released core-fluorophore is heavily dilu.2d and thus not shown. Right: The
analysis that provides general information on the M+ P’s ...ode of action. We can identify the three modes
of action: (i) Leakage due to localized membra. e *.ermeabilization, (ii) leakage due to membrane

solubilization, and (iii) vesicle aggregation/iv-ion.

To evaluate the versatility of our {>w ¢_tometric assay, we synthesized six MAPs. Five of the MAPs are
well-studied with respect to ti.>ir membrane interactions, and one is the potent pore-forming peptide
macrolittin-70 develop.u rec >4y [25]. The five known MAPs include the three AMPs melittin [35,36],
magainin-2 [37,38], and L1.-37 [39], and the two highly cationic CPPs penetratin [40,41] and HIV-
derived peptide Tat [42,43]. These MAPs are known to exhibit different modes of action, including
membrane permeabilization [3] and membrane solubilization [44,45]. Further, we envision that the highly
positively charged CPPs could lead to vesicle aggregation or fusion in membrane-assays when negatively
charged vesicles are applied [27].

We verified the flow cytometry findings with data from (i) the traditional high-throughput calcein release

assay that measures calcein escape from vesicles, (ii) dynamic light scattering (DLS) that measures the



apparent size of the vesicles, and (iii) visual-based fluorescence microscopy studies on giant unilamellar
vesicles (GUVs).

2. Results and discussion

2.1 Dual-labeled vesicles used as membrane model in the flow cytometry assay
Previous research have shown that vesicles can be studied by flow cytometry when the membrane of the
vesicles is fluorophore labeled [32,33,46,47]. Therefore, in this study, we prepared large vesicles (LVs)
containing 1 mol% of a DOPE lipid conjugated to Atto655 as membra-.e label (membrane-fluorophore),
20 mol% of the negatively charged POPS lipid to prepare vesicles wit'i a.. overall net negative membrane
charge like biological membranes, and 79 mol% POPC (one of th : m¢ 3t commonly used lipids in vesicle
studies). In order to detect changes in the barrier properties 0 “he -esicle membrane, we encapsulated the
small fluorescent dye Alexa488 inside the core of the vesicl s (. ~re-fluorophore). We used an appropriate
core-fluorophore concentration of 80 uM that was a-=ar.ate for detection by flow cytometry without
eliciting quenching (Figure S1 in the Supplem -ata’ y information (SI)).

The LVs were prepared with diameters s anning between 100-1000 nm using a standard lipid film
rehydration method [48]. In brief, the mixen lipid films were hydrated in a phosphate buffer (10 mM
phosphate, 100 mM NaCl, pH 6.7) cuntaining 80 pM core-fluorophore, freeze-thawed five times, and
extruded five times through a 100 ..m pore filter followed by size-exclusion chromatography to remove
the non-encapsulated c~ve-uorophore. This preparation method was expected to yield a polydisperse
sample of LVs. As a negat* ¢ control for LVs containing the core-fluorophores, we prepared LVs without
core-fluorophore by hydrating the lipid film in the bare buffer.

Classical ensemble/bulk-based characterization techniques such as DLS are not well suited for a study of
the size distribution of polydisperse samples or samples containing multiple size populations [49-51].
Along this line, it was not possible to obtain reproducible size populations from DLS measurements (data
not shown). Hence, to validate the size distribution of the LVs, we used nanoparticle tracking analysis
(NTA), a single-particle characterization tool that tracks the Brownian motion of individual particles in

suspension to determine particle size (Figure 2). Due to its sensitivity and robustness to determine



concentration and size distribution of polydisperse, sub-micron particles, NTA has become the gold
standard for characterization of the biological vesicles known as extracellular vesicles [52]. With our NTA
setup, we were able to track the LVs by one of the following three tracking modes: Light scattering (640
nm), fluorescence from the core-fluorophore (excitation 488 nm, detection > 500 nm), and fluorescence
from the membrane-fluorophore (excitation 640 nm, detection > 660 nm). NTA analysis based on
scattering demonstrated that the LVs had a mean diameter of 207 nm and a standard deviation (SD) of the
population of 98 nm. The large SD highlights the significant size-heterogeneity of the LV sample. The
presence of LV sizes above 400 nm, which is the size of the membran ., p.ves used for extrusion, could be
due to defects in some of the pores (we only extruded the LV se mplcs five times) and that larger sized
vesicles are modular/flexible and thus able to squeeze through o1« = smaller than the LVs. Further, studies
have shown that LVs formed by rehydration, cycles of Trec.=-thawing, and extrusion can form LV
populations with mean sizes below the pore size of t'.e . 'er.ibrane used for extrusion when the pore size is
above 100 nm [33,53]. The size distributions - eriv:d from tracking LVs using the membrane-fluorophore
fluorescence and core-fluorophore fluoresc.ce overlay well with the scatter-based size distribution, with
mean £ SD sizes of 241 nm = 113 nnt ana 226 nm + 90 nm, respectively. The slight discrepancies
between the derived mean sizes myy . » due to different optical sensitivities and settings of the tracking
modes. Furthermore, the vesic'= co..centrations detected by using the three different detection modes are
similar (3-5 x 10" parti ~les'mL . Together, the NTA data confirm that we have prepared LVs containing
both core-fluorophore and ~.embrane-fluorophore. We also prepared LVs without core-fluorophore. These
have a size distribution based on light scattering that was approximately the same (mean £ SD size of 204
+ 90 nm) as the dual-labeled LVs (Figure 2B). The size distribution based on the membrane-fluorophore
fluorescence was slightly larger (mean + SD size of 281 = 141 nm). However, in contrast to the dual-
labeled LVs, we detected significantly fewer events from the LVs without core-fluorophore when we
tracked the LVs using the fluorescence detection used for the core-fluorophore fluorescence, as expected.
Together, the NTA data support that we have prepared LVs with sizes and fluorophore-labels that are

suitable for flow cytometry.
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Figure 2: Size distribution of the LVs. The size distribution of ' vz with core-fluorophore (A) and
without core-fluorophore (B) derived from NTA measurements. The size distributions are shown for each
of the relevant detection modes: Light Scattering (black line,, ~e.e-fluorophore fluorescence (green line),
and membrane-fluorophore fluorescence (red line). Te nserted circles illustrate the LVs including the

position of the fluorophore-labels and their fluo es. en. ~olors.

2.2 Detecting LVs by flow cytomet. *

To correlate MAP activity with the ‘'uorcscence signal in flow cytometry, it was a prerequisite that the
dual-labeled LVs could be deteci. 1 v the flow cytometer and distinguished from the LVs without core-
fluorophore. Therefore, we ad). sted the vesicle concentration and flow cytometry settings to enable the
detection of single LVs by ‘“low cytometry. We triggered the detection of the LV events based on the
fluorescence from the membrane-fluorophore in line with previous studies [33]. Using a trigger
(threshold) value of 200 arbitrary ‘membrane fluorescence intensity’ units (AU) gave rise to 800-2300
events per second, of which the bare buffer or non-membrane labeled LVs only accounted for < 1% of the
total count. Therefore, the recorded events for the samples can be considered to be primarily membrane-
labeled LVs.

We most likely only detected the largest LVs due to the limited sensitivity of the flow cytometer, and thus,

we obtained a membrane-fluorophore fluorescence profile of the LVs (Figure 3A) that peaks (is cut off) at



the threshold value (200 AU). Although we were not able to detect the entire LV population, it is
important to note that our assay is not dependent on measuring all LVs. The membrane-fluorophore
fluorescence intensity profiles and median fluorescence intensity (MFI) based on the membrane-
fluorophore fluorescence (membrane MFI) for the LVs with (membrane MFI = 287 + 2 AU) and without
core-fluorophore (membrane MFI = 293 + 3 AU) are almost identical, which confirms their similar size
distribution derived from NTA (Figure 2). To ensure that we study individual LVs, we performed an LV
dilution series, which is commonly used to optimize the study of indiviiual EVs by flow cytometry [54].
We used an LV lipid concentration (500 nM) that was within the conc.nu ~tiun regime that shows a linear
correlation between the count rate and the particle concentration, ¢ 1d a ~onstant membrane MFI and fairly

constant core MFI (Figure S2 in SI), and this strongly support. * t.>t we mostly detect single LVs [34,54].
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Figure 3. Flow cytometr, data on LVs. Representative histograms based on fluorescence from the
membrane-fluorophore triggered at 200 AU (A, membrane fluorescence intensity) and the core-
fluorophore (B, core fluorescence intensity) of LVs with (filled, colored) and without (black line) the
core-fluorophore. The circles illustrate the LVs, including the position of the fluorophore-labels and their
fluorescent colors. The black dotted line in A marks the trigger threshold value. The fluorescence

intensities are in AU.

We plotted the core-fluorophore fluorescence intensity profiles of LVs with or without core-fluorophore,



both triggered by the membrane-fluorophore fluorescence (Figure 3B). It is clear from the profiles and the
corresponding MFI values of the LVs with (104 + 3 AU) and without core-fluorophore (28 + 2 AU) that
these two different LV samples can be clearly distinguished based on their core MFIs. The symmetric
profile of the core-fluorophore fluorescence of the dual-labeled LVs is different from the membrane-
fluorophore fluorescence-based profile. The different profiles may in part be due the core fluorescence
signal being processed differently to the trigger channel (membrane fluorescence) and some detector
variation, and in part due the fact that the membrane fluorescence sciles with the area, and the core-
fluorescence scales with the volume of the LV. The impact on the t 1gy ~riug strategy was also present
when we triggered the LVs on the core-fluorophore; we observ :d a symmetric membrane-fluorophore
fluorescence intensity profile and an asymmetric core-fluorc o1 fluorescence intensity profile (Figure
S3 in SI). Since we can detect single LVs with and without core “luorophores, we have the appropriate LV
samples and flow cytometry settings in place to s’uc_‘ the interaction of MAPs with LV membranes.
Importantly, we also tested that the fluore: enre readouts from the LVs were constant within the
timeframe used for the MAP-LVs studies (1 “oure S4A and B in SI).

2.3 Synthesis of MAPs

Having established that we can de.ct the LVs using flow cytometry based on their membrane-
fluorophore fluorescence, and dist1 .guish similar LVs with and without core-fluorophore, we aimed to
study the effect of pept’ies ~n f1e LVs. For this, we synthesized the MAPs LL-37, melittin, magainin-2,
macrolittin-70, Tat, and pe~ stratin (Figure 4), covering a range of different MAP-membrane interactions
including membrane permeabilization, membrane solubilization, and potentially also vesicle aggregation.
All the peptides were prepared by microwave-assisted solid phase peptide synthesis using standard
protocols [55]. Briefly, the peptides were synthesized on PAL-AM resin, TentaGel S RAM resin, or a
preloaded Wang resin with diisopropylcarbodiimide as coupling reagent, and Oxyma as auxiliary
nucleophile. After the final coupling and Fmoc removal, the peptides were cleaved and globally
deprotected in trifluoroacetic acid, precipitated in diethyl ether, and purified by high-performance liquid

chromatography (HPLC). Identification and purity of the peptides were assessed by mass spectrometry



and analytical HPLC, respectively, see Figure S10-S21 in SI.
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Figure 4. Amino acid sequence of the synthesized mer-“r.ne-active peptides (MAPs). Primary
sequences, as described using the one letter code, of the M AFs nsed in this study. Hydrophobic residues
are colored black, anionic residues red, cationic resid. s lue, and all other residues grey. Some of the
MAPs are modified in the N- and C-termin’ s (s:e Materials and methods section). The anionic and
cationic classifications of the residues are vosed on their expected overall charge at the pH condition used

in this study (pH 6.7).

2.4 ldentifying differen* typ.s of peptide-lipid membrane interactions

To identify different kir 1s « f pe ptide-lipid membrane interactions, we mixed each of the six synthesized
MAPs with LVs with core (luorophore to a final MAP concentration of 10 uM and a final LV lipid
concentration of 50 uM. The mixtures were incubated at 37°C for 30-60 min to give the MAPs time to
interact with the LVs. Subsequently, the solutions were diluted to a final lipid concentration of 500 nM so
it was in the range for single LV detection by flow cytometry.

For magainin-2, macrolittin-70, LL-37, and melittin, the core MFI dropped from 104 + 4 AU without
MAP to 33-39 AU after incubation, which is similar to the core MFI for the LVs without core-fluorophore
(core MFI = 28 + 2 AU) (Figure 5A). These data show almost complete release of the core-fluorophore

when the LVs were exposed to these MAPs. The observations are consistent with these four peptides



being known to induce a release of core-content from vesicles [3,24,44,56]. For Tat and penetratin, the
core MFI increased about two-fold (Figure 5A). This was likely due to a peptide-induced aggregation of
the anionic LVs, as penetratin and Tat are both highly positively charged at the pH level used in this study
(pH 6.7), as illustrated in Figure 4. While it should be emphasized that the flow cytometry assay cannot
distinguish between LV aggregation or fusion, previous studies support the notion that highly positively

charged peptides can form aggregations of negatively charged vesicles [57,58].
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Figure 5. Flow cytometry measurements of LVs in the absence and presence of MAPs. Core MFI
(A), membrane MFI (B), and count rate (C) for LVs with core-fluorophore in absence (LVs) or presence
of MAPs (LVs + MAP) as well as for LVs without core-fluorophore (LVs w/o core-fl). (D) Scatter plot

based on the membrane and core MFI values, with each point being labeled with the respective MAP.



MAPs leading to core-fluorophore release without solubilization are marked with an orange triangle,
MAPs leading to core-fluorophore release and solubilization are marked with a turquoise square, and
MAPs leading to aggregation of the LVs are marked with a blue circle. The shown data are averages of
two replicates and their standard deviation. mag-2: magainin-2, mac-70: macrolittin-70, mel: melittin,

pen: penetratin. The MFI values are in arbitrary units.

To investigate the state of the LV membrane upon reaction with the MA™s, we studied the membrane MFI
(Figure 5B). The membrane MFI of the LVs did not differ much for ‘he LVsexposed to magainin-2,
macrolittin-70, or no MAP. This supports the interpretation that tiese MAPs led to increased membrane
permeability without disrupting the LVs with respect to s.». hich is consistent with these MAPs
forming pores as shown in the literature [3,59]. For melitti'., h. wever, the membrane MFI dropped, and
for LL-37, the membrane MFI increased, indicating ti. ‘t t1¢ membrane was affected. In agreement with
this, the count rate was almost unaffected for ne J.Vs that were exposed to magainin-2 or macrolittin-70,
and it decreased dramatically for the LVs that were exposed to LL-37 or melittin (Figure 5C). This
corroborates earlier finding using bulk ass 1ys |44,45] and suggests that LL-37 and melittin solubilize the
membrane of a majority of the LVs L«7okhin and White [45] found that melittin functions in a detergent-
like manner for anionic vecicles which supports our flow cytometry findings. For LL-37, the
solubilization is consist™nt with the study by Sancho-Vaello et al. [44]. The increased membrane MFI
with a dramatic drop in ¢c~¢ MFI and drop in count rate could be a result of the LL-37 forming a few
large aggregates with the membrane-fluorophore. It should be mentioned that LL-37 is a large
amphipathic peptide comprised of 37 amino acids (Figure 4). Hence, it is likely that it can form large LL-
37-lipid aggregates.

For Tat and penetratin, both the core- and membrane MFI increased, supporting LV aggregation or fusion
mediated by these highly cationic peptides (Figure 5A and B). The corresponding count rate data may at
first glance contradict our aggregation/fusion interpretation as the count rate clearly increased in the

penetratin case (Figure 5C). However, since we only detected a fraction of the LVs, the LVs that



otherwise go undetected could, if they aggregate of fuse, get above the triggering threshold and thus add
to the total count rate. The count rate data on Tat varied a lot (Figure 5C). We therefore performed a
separate quadruplicate flow cytometry study on Tat that clearly showed that the count rate of LVs + Tat
was also increased compared to the bare LV control (Figure S5 in SI) like in the penetratin case. Hence,
all the measurable parameters support the assumption that highly positively charged peptides like Tat and
penetratin likely form aggregates with the negatively charged LVs, and that they do not permeabilize the
LVs.

To assign the mode of action for a given MAP, we plotted the core and mc mbrane MFI values from the
LVs as a scatter plot in Figure 5D. This plot, together with the mee sure.' count rates, can help assign
MAPs to the various known modes of action, including memF. ~n¢ ~ermeabilization, membrane
solubilization, and vesicle fusion/aggregation. To ensure tha’ ou. findings were reproducible on a day-to-
day basis, we conducted the same kind of measuremr n.. or other days and got similar results (Figure
S4C-E in SI). We also showed that working at aigh :r LV concentrations, i.e., studying a significant
proportion of co-particle events, also lead tu the same assigned modes of action (Figure S6 in SI). The
latter condition obviously gave rise to a Lir her signal, which can be useful if the signal-background
resolution is low when studying sinzle 'V events. Along these lines, it is important to emphasize that the
choice of LVs in terms of size ond a.gree of fluorophore-labeling used for the flow cytometric assay
depends to some extent ~n 1 e s¢ nsitivity of the flow cytometer being used. To investigate whether
attractive electrostatic inte=~ :tions play a role in the formation of LV aggregates/fusion, we performed a
head-to-head experiment with Tat exposed to the negatively charged LVs containing POPS (the LVs used
so far), and to neutral LVs without the negatively charged POPS (Figure 6A). The relatively high
membrane MFI value measured for the Tat-anionic LV mixture indicates that Tat forms larger aggregates
with the negatively charged LVs than with the neutral LVs. It is known that LVs comprised of only
zwitterionic phosphatidylcholine lipids (like in our case) are slightly negatively charged. This small
negative surface might be enough for Tat to mediate some aggregation/fusion. Corresponding data based

on the core-fluorophore supports that Tat forms the largest aggregates with the anionic LVs (Figure S7TA



in SI).

Previous studies have shown that magainin-2 induces permeabilization in negatively charged vesicles, but
not in neutral vesicles [60,61]. We confirmed these findings using the flow cytometric assay (Figure 6B).
It is clear that magainin-2 led to a decrease in the core MFI only for the negatively charged LVs. The
complementary membrane-fluorophore data supports the interpretation that the decrease in core MFI is

not due to solubilization of the LVs (Figure S7B in SI).

B
330 Neutral LVs  Anionic LVs 330 600 Neutral ;.~’s Anionic LVs 150
L 5
= 310- e 3103 L 400 - B - 100 Q
2 - o s o
c = a
E * Q E R =
0 g o i ................ . ........
£ 290 - 290 O 200 50 1
) @ " J—— = -
= m L e g
........... ....................
270 T T T T 270 0" T T T T T 0
& % X o D 9 2 R 9
\‘:\ x«@ \7\ x«'& \7\ O& ) \7\ o@‘ )
\\9 \\6 (9 x¢ 00 x
v v ,‘\\ K\ 4\\ 3\?
4‘." A2 & A2
v v

Figure 6. Distinguishing MAP effe “ts 0. neutral and anionic LVs. Membrane MFI (A) and core MFI
(B) for LVs with core-fluorophor. in absence (LVs) or presence (LVs + MAP) of a MAP, as well as for
LVs without core-fluoroph re \".Vs w/o core-fl). The membrane of the LVs are either neutral (left) or
negatively charged (right) i1 both (A) and (B). The short solid colored lines represent the average of the
shown MFIs for LVs exposed to a MAP. The dotted, colored lines show the average of the MFI for the
neutral and charged LVs in the absence of a MAP. The dotted black lines are the average of the MFI for

the neutral and charged LVs w/o core-fl. The MFI values are in arbitrary units.

We have successfully developed a flow cytometer assay that allowed us to distinguish between peptides
that: (i) led to increased membrane permeability without solubilization (magainin-2 and macrolittin-70),

(i) led to solubilization of the LVs and release of core-fluorophore (LL-37 and melittin), and (iii) did not



lead to core-fluorophore release, but rather aggregation of the LVs (Tat and penetratin) (Figure 5D). In its
current form, our assay cannot assess whether translocation of the CPPs Tat and penetratin takes place.
Rather, our data highlight potential interactions or artifacts in peptide-lipid membrane studies when we
use highly positively charged peptides in combination with negatively charged LVs.

It should be noted that the flow cytometric assay based on non-fluorophore-labeled MAPs have a few
other limitations: It does not distinguish between MAPs that do not bind to LVs on the one hand, and
MAPs that do bind and/or penetrate the LV membrane but do not lead to (i) release of the core-
fluorophore (ii) and/or fusion and aggregation of LVs on the other. Un. way to overcome this binding
issue is to fluorophore-label the MAP. One key feature of flow cy ome ty is its ability to analyze multiple
different fluorescence parameters on single particles. Conve . *o1.1 flow cytometers can simultaneously
measure and distinguish between fluorescence from 3-30 orica''v different fluorophore labels. That said,
the aim with this project was to introduce a non-lat ezl t M AP assay, as the introduction of fluorophore-
labels can lead to alterations in the membrane 'ater «ctions of MAPs [16—18].

2.5 Verifying our flow cytometry 1.ndings

To validate our observations from ma'ti-yarameter flow cytometry based on our chosen vesicle
compositions, sizes, MAP:LV rati) a. 1 concentrations, we performed several complementary studies.
This comparison is important, heca .se certain MAPs can both permeabilize and solubilize vesicles [62].
Whether the former or lat.>r v echanism takes place depends on the concentrations of the MAP and
lipids/LVs.

To support our core-fluorophore release data based on flow cytometry, we performed the traditional
calcein release assay on calcein-containing LVs (cLVs), using the same total lipid and MAP
concentrations as in our flow cytometry studies. The calcein release assay is a bulk measurement that
relies on vesicles loaded with calcein in the aqueous core, which are in a quenched state due to the high
local calcein concentration. When calcein is released from the core of the vesicles to the surroundings, the
fluorescence signal from the calcein increases due to dequenching. In the calcein release assay, 0%

calcein release refers to the fluorescence intensity of the bare cLVs, and 100% calcein release refers to the



fluorescence intensity for the cLVs solubilized by the Triton X-100 detergent. The calcein release was
measured after 30 min. The calcein release (Figure 7A) and the core-fluorophore release derived from
flow cytometry (Figure 5A) are very similar for magainin-2 and macrolittin-70. LL-37 and melittin show
complete release, while no release was measured for Tat and penetratin (Figure 7A). These results are also
well aligned with the flow cytometry data (Figure 5A). We also measured calcein release after 60 min and
120 min (Figure S8 in SI). We found that the calcein release data at 30-60 min were similar to data
obtained at 120 min. Therefore, measuring the mixtures on the flow cytmeter after 30-60 min appears to
be at, or close to, a steady-state condition for all the MAPs. Togetbcr, ve observed a good agreement
between the membrane activities derived from the flow cytomctry .tudies and the traditional calcein
assay. That said, it should be noted that the flow cytome’.:’ «~say provides information that is not
accessible by the calcein assay, as it reveals the mechanisms bei.'nd the fluorophore leakage.

DLS data on the cLLVs was used to investigate the irte, <itv (with respect to size) of the cLVs upon MAP
exposure in order to complement and verifv tb: membrane fluorescence flow cytometry data. The
magainin-2 and macrolittin-70 DLS data (r.rure 7B) are consistent with the flow cytometry, which shows
that the LVs are intact (Figure 5). In case ¢ the LL-37, the DLS analysis gave rise to two size populations
(Figure 7B). One smaller (11 £ 3 nn.) and one larger (253 £ 124 nm) than the 152 + 46 nm for the
untreated cLVs. A DLS analys’s ba..>d on particle-volume that is less biased towards the larger particles,
which scatter much me - 1an ,mall particles (data presented in Figure 7B are based on the intensity-
weighted analysis), show~~. that the population with the smaller size was the most abundant size-
population (Figure S9A in SI). This is in good agreement with our flow cytometry findings, including the
count rate and membrane fluorescence data: LL-37 dissolves the LVs and form micelles (too small to be
detected by flow cytometry) and a few larger aggregates (detected by flow cytometry). The DLS data on
the CPPs Tat and penetratin are more ambiguous. In case of Tat, two populations were observed, one with
a size similar to unaffected vesicles, and another with a much larger size, and with a large variation, in
line with potential vesicle aggregation taken place. This pattern is consistent for the DLS analysis based

on volume (Figure S9B in SI). The two size populations of Tat probably occurred because only vesicles



with a sufficient amount of Tat bound are able to aggregate. The size of the cLVs exposed to penetratin
indicates a slight increase compared to the non-treated cLVs, supporting the conclusion from flow
cytometry that penetratin mediates vesicle aggregation/fusion.

Finally, we decided to perform a visual inspection of the proposed modes of action for the peptides by
fluorescence microscopy. To do this, we prepared GUVs consisting of POPC, POPS and DOPE-Atto655
in a molar ratio of 79.5:20:0.5 (similar to the LV composition used for the flow cytometry studies) via
electroformation using a sucrose solution for the formation protocol [53]. The GUVs were added to a
glucose solution with 50 pM calcein in a BSA-passivated glass-bottc.n «hservation chamber. Lastly, the
peptides were added and a time lapse recording was initiated wi h a ‘emporal resolution of 15 sec. We
employed LL-37, macrolittin-70, and Tat for this stu’, - they represent LV solubilization,
permeabilization, and aggregation/fusion modes of actior, re.nectively. The upper row of images in
Figure 7C were recorded shortly after we added the M. P< to the observation chamber, while the images
in the lower row show examples of how indiv dua’ GUVs were modified due to their interaction with the
MAPs at a later time point. It is clear that " L-37 solubilizes the GUV (within a 15 sec timeframe), and
that macrolittin-70 permeabilizes the GUJ'/, as the surrounding calcein diffuse into the GUV core. The
macrolittin-70 treated GUVs were so.bilized at a later time point (Table S1 in SI). This observation
shows that certain MAPs are chle .. both introduce permeability and to solubilize vesicles depending on
the MAP and lipid cocei trations. In the case of Tat, aggregation was immediately observed after
addition (Figure 7C, top r~v) and only increased over time (Figure 7C, bottom row). It is evident from
these studies that Tat does not mediate permeabilization of the GUVs, as the surrounding calcein stays
outside the GUVs. These images are representative for the GUVs observed, and statistics for the GUVs
are shown in Table S1. The GUV-studies confirmed the three different modes of action triggered by LL-

37, macrolittin-70, and Tat that were derived from the flow cytometry analysis.



A
i B 1250 -
:\; o
;’ ,€1000-
n
© + L £ 750
— | .
[} 50 [T}
= ©  500-
£ £
o -‘n-" 250 {
8 R 0 e R O - i i
0 5] ! 04 *
1 1 1 1 1 1 1 1 1 1 1
WP\ AR P IO D DS
(‘Qq 00' \>; x& "« xQe C}'é"bq 'bd \); x& "« xQ0
o "&Aex VA@ \7\" <$E© x x«: T \7\9 $©
? Y 1% (o ¢
EAFS St ¥
C
GUV + mmr ac-7\ GUV + Tat
Q
£
'—

Intact au"lb..ization Prmeation | ggregtion
Figure 7. Complementary data t~ ve.'fy our flow cytometry findings. (A) MAP-induced calcein
release from cLVs after 30 min. X 9% elease is defined from the fluorescence intensity of bare cLVs, and
100% release is defined f.oi. uie fluorescence intensity of cLVs solubilized by the Triton X-100
detergent. Each data point .~ the average of two independent measurements and their standard deviation.
(B) Apparent diameter of cLVs in the presence of each of the MAPs as determined by DLS. Each data
point represents the average of at least five measurements on two independent samples, and the
corresponding standard deviation. The dotted line shows the bare cLVs. (C) MAP interactions with GUVs
studied by fluorescence microscopy. Calcein is shown in cyan, and GUV membranes in red. A black
GUV core indicates a tight non-leaking GUV membrane barrier. The first column from left displays a
control GUV without peptide at 1:43 min:sec (top) and at 42:45 min:sec (bottom). The second column

displays a GUV incubated with LL-37 at 6:40 min:sec (top) and at 6:55 min:sec (bottom). The third



column display a GUV incubated with macrolittin-70 at 3:31 min:sec (top) and at 4:16 min:sec (bottom).
The fourth column displays a GUV incubated with Tat at 3:27 min:sec (top) and at 31:56 min:sec

(bottom). Scale bar: 10 um. mag-2: magainin-2, mac-70: macrolittin-70, mel: melittin, pen: penetratin.

To sum up, the complementary studies, including the calcein release assay, DLS, and fluorescence
microscopy on GUVs, support our flow cytometry findings, and thus verify that flow cytometry is a
powerful technique to reveal how peptides interact with vesicles. Key “.dvantages of the flow cytometry
assay over the traditional methods include: (i) The flow cytometry as. "y is a high-throughput assay,
unlike microscopy, and allowed us to detect 1000-2000 individue ( ve:icles per second with limited time
spent on sample preparation; (ii) label-free peptides can be ~..~a ' this assay; (iii) detailed information
about some of the most common modes of action between Jep.'des and lipid membranes can be derived
from the multi-readouts from individual LVs. Sever:1 ¢ ne’ readouts/parameters can be added to the flow
cytometric assay, including light scattering an - adr.itional fluorescence signals/probes. Further, the effects
of lipid composition of the LV-based men.>rane-model system and time on the peptide-lipid membrane
interactions can be studied with the fiov cytometry-based assay. Finally, a detailed analysis of the
fluorescence histograms may also 1 rovde insights into whether leakage is of a graded or all-or-none type
[64]. Thus, the flow cytome‘ry . say displays many of the same strengths as previous advanced
fluorescence-based ass7’s J'ave'oped in our laboratory [65,66], but with the added benefit of requiring
less specialized equipment ~impler work procedures, and non-customized data analysis software.

3. Conclusions

We have shown that flow cytometry can be used to identify different modes of action between membrane-
active peptides and lipid membranes. These modes of action include membrane permeabilization,
solubilization, and vesicle aggregation/fusion. The different mechanisms derived from the flow cytometry
studies were confirmed by a bulk calcein release assay, DLS, and fluorescence microscopy studies on
GUVs. Some of the attractive features of the presented flow cytometric assay are that: (i) it is a high-

throughput assay (~2000 particle/s) with limited time spent on sample preparation, (ii) it can measure



several parameters on single particles, including membrane-fluorophore fluorescence of LVs, core-
fluorophore fluorescence of LVs and relative LV concentrations in our case, and (iii) flow cytometers are
commonplace in many research laboratories, and thus accessible for many researchers. We believe that
the flow cytometric assay presented here can be used for various types of peptide-membrane studies, e.g.
to identify new antibiotics. Moreover, the assay can easily be expanded to derive additional valuable
information.

4. Materials and methods

4.1 Materials

Calcein, sodium dihydrogen phosphate, sodium chloride (NaCl), {im¢ hylformamide (DMF), piperidine,
dichloromethane (DCM), trifluoroacetic acid (TFA), triisopr.~vi.‘lane (TIPS), diethylether, acetonitrile
(MeCN), resins (Fmoc-Ser(tBu)-Wang, Fmoc-Leu-Wang v2su. Fmoc-Arg(Pbf)-Wang Fmoc-PAL-AM,
TentaGel S RAM), bovine serum albumin (BSA) s.crese, D-(+)-glucose, phosphate buffered saline
(PBS), and Triton X-100 were purchased frc n S'gma-Aldrich (St. Louis, MO, USA). Chloroform and
methanol were purchased from VWR Cheu. cals (Radnor, PA, USA). 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoy’-2-oleoyl-sn-glycero-3-phospho-L-serine sodium salt (POPS)
were purchased from Avanti 20w~ Lipids (Alabaster, AL, USA). 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-Atto655 (DG ME-Atto655) was purchased from Atto-Tec (Siegen, Germany). Alexa
Fluor 488 hydrazide (4 'ex. 488, was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Slurry for preparing Sephe~~se CL-4B columns was purchased from GE Healthcare (Little Chalfont, UK).
Econo-Column glass chromatography column (dimensions 1.5x20 c¢cm) was purchased from Bio-Rad
(Hercules, CA, USA). Q-Max syringe filters with 0.22-um cellulose acetate filtration membranes were
purchased from Frisenette (Knebel, Denmark). Standard fluorenylmethoxycarbonyl (Fmoc)-protected
amino acids, ethyl (hydroxyimino)cyanoacetate potassium salt (Oxyma) and diisopropylcarbodiimide
(DIC) were purchased from Iris-Biotech. Micro-slide 8 well glass bottom was purchased from Ibidi
(Grifelfing, Germany). All chemicals were of reagent grade.

4.2 Vesicle preparation



We prepared the LVs for flow cytometry by dissolving the lipids in neat chloroform, mixed in the molar
ratios mentioned in Table 1. The organic solvent was removed under a gentle nitrogen flow. Residual
solvent was removed by placing the samples in vacuum (0.2-0.5 mbar) for approximately 2 hrs.
Phosphate buffer (10 mM sodium phosphate, 100 mM NaCl, pH 6.7), filtered through a 0.22 pm sterile
filter, with or without 80 uM Alexa488, as stated in Table 1, was added to the lipids, and the resulting
lipid suspension was vortexed gently every 5 min over a period of 30 min and then subjected to five
freeze-thaw cycles by alternate placement in a 70 °C water bath and a I’ quid nitrogen bath. Subsequently,
the lipid suspension was extruded five times through a 400-nm polyc o naie membrane (Whatman, GE
Healthcare) using a mini-extruder (Avanti Polar Lipids). For vesicle sreparations containing Alexa488,
excess Alexa488 was removed from the vesicles by size-ey.'"s, n chromatography using a Sepharose
CL-4B column (dimensions 1.5%x20 cm) eluted with phosraaw. buffer at a flow rate of 1 mL/min. For
column-purified vesicles, the vesicles were added t> . * Amicon Ultra-4 100 kDa centrifugal filter unit
(Merck, Darmstadt, Germany) and concentratr -1 bv centrifuging at 2,000xg.

cLVs were also prepared. This was done u.‘ng a protocol similar to that described above for Alexa488-
containing vesicles, except that (i) initial dissolution of the lipids was done using chloroform:methanol
(9:1 V/V ratio), (ii) hydration of t'ie . nids was done using a calcein solution (60 mM calcein, 10 mM
sodium phosphate, pH 6.7 preovarc! using Milli-Q water filtered using a 0.22 pum sterile filter), (iii)
extrusion was done 21 " me. thrc ugh a 100-nm polycarbonate membrane (Whatman).

GUVs were prepared via e'< ctroformation using a Digimess HUC65-00 FG100 function generator using a
procedure modified from Wheaten et al. [67]. The lipids (POPC:POPS:DOPE-Atto655) were mixed in a
79.5:20:0.5 molar ratio in chloroform (See Table 1) for a final concentration of 1 mM and stored at minus
20 °C until use. 20 pL of the chloroform solution was deposited equally on two platinum rods, which
were connected to a custom-made Teflon support. Both the Teflon support and rods were kept in vacuum
for at least 1 hr to ensure efficient removal of chloroform. The GUVs were then produced by immersing
the rods into a 226 mM sucrose solution and applying an AC field. To produce high quality GUVs, a

constant sine wave shaped peak-to-peak voltage of 3.5 V was used in combination with three different



frequency settings. First 10 Hz was used for 2 hrs, then 5 Hz for 10 min, and finally 1 Hz for 10 min. The
GUVs were harvested using a 500 pL glass syringe (Hamilton Company, Giarmata, Romania), kept at
room temperature and used within 48 hrs.

The phosphorus concentration of the LV and cLV samples was determined using inductively coupled
plasma mass spectrometry (ICP-MS, done on an iCAP Q ICP-MS, Thermo Fischer Scientific). The
phospholipid concentration was then estimated by subtracting the contribution of the 10 mM phosphate
buffer. Hence, the lipid concentration presented above refers to the phe ;pholipid concentration measured

by ICP-MS.

Table 1: Name of vesicle formulation as used in this art:~'e, the corresponding lipid composition,

fluorophore encapsulated in the core, and in which type of m2as.'rements the vesicles were used.

Sample name Lipid composition (m ol |—’Jore-ﬂu0rophore Measurement

ratio)

Anionic LVs with core- | POPC:POPS:DGE-Atto655 | 80 uM Alexa488 Flow cytometry

fluorophore (79:20:1)
Anionic LVs without | POPC:POP> DOPE-Atto655 | No fluorophore Flow cytometry
core-fluorophore (79:20:1)

Neutral LVs with core: | FOPC:DOPE-Att0655 (99:1) | 80 uM Alexa488 Flow cytometry

fluorophore

Neutral LVs without | POPC:DOPE-Atto655 (99:1) | No fluorophore Flow cytometry

core-fluorophore

cLVs POPC:POPS (80:20) 60 mM calcein Calcein release assay
and DLS
GUVs POPC:POPS:DOPE-Atto655 | No fluorophore Microscopy

(79.5:20:0.5)




4.3 Nanoparticle tracking analysis (NTA)

The samples under investigation were diluted to ~150 nM vesicles (concentration in terms of lipid) in 10
mM phosphate buffer. The NTA measurements were performed using a ZetaView Particle PMX-220
TWIN 488/640 nm (Particle Metrix, Meerbusch, Germany). For the light scattering-based tracking a 640
nm laser was used. This laser was also used to excite/track the LVs based on the fluorescence from the
membrane-fluorophore, while a 488 nm laser was used to excite rad track the LVs based on the
fluorescence from the core-fluorophore. Camera sensitivity of 75, 90 an.' §5 % were used, respectively,
and exposure times of 1/100 s, 1/70 s, and 1/100 s, respectively. The measurements were carried out at
approximately 25°C, for three cycles at 11 different p~.*io.s, with a measurement rate of 30
frames/second. Data were analyzed using the ZetaView 8.04.02 . ~ftware.

4.4 Synthesis and purification of MAPs

All peptides were synthesized at 0.2 m.mol scaic on a Biotage Initiator+ Alstra microwave-assisted
peptide synthesizer using standard Fmc >-.n *2cted amino acids. Fmoc-deprotection was performed by
addition of deprotection solution (2 piperidine in DMF, 0.1 M Oxyma) to the resin, heating at 75 °C
for 2 min, drained and washed vnce with DMF. New deprotection solution was added, heating was
repeated at 75 °C for 5 mi \, an 1 the resin was drained and washed 5 times with DMF. Coupling of the
amino acid was performed t y addition of the required amino acid solution (5 eq. of Fmoc-amino acid, 5
eq. Oxyma in DMF, 0.3 M) and DIC solution (2 M DIC in DMF). The resin was heated at 75 °C for 10
min, drained and washed once with DMF, and the coupling was repeated. After the second coupling, the
resin was washed 4 times with DMF. After deprotection of the final amino acid residue, the resin was
washed 5 times with DMF, 5 times with DCM and dried by suction for 15 min. For arginine residues, the

coupling times were 25 min and 5 min. For histidine residues the temperature was lowered to 50 °C.

The peptidyl-resin was suspended in cleavage cocktail (95% TFA, 2.5% water, 2.5% TIPS) for 1 to 4



hours. The peptide-cleavage mixture was filtered off, and precipitated in cold diethylether, centrifuged,
decanted and triturated (twice). The crude peptides were purified on a Dionex Ultimate 3000 reverse
phase-high performance liquid chromatography (RP-HPLC) system equipped with a RQ variable
wavelength detector and an automated fraction collector using a Phenomenex Gemini NX 5u, C18, 110
A, 250 mm x 30 mm column at a 20 mL/min flow rate. RP-HPLC gradients were run using a solvent
system consisting of solution A (H,O + 0.1% TFA) and B (MeCN + 0.1% TFA). Pure fractions were
combined and lyophilized. The purified peptides were analyzed on 2 Shimadzu NexeraX2 RP-HPLC
system equipped with Shimadzu LC-30AD pumps, a Shimadzu SII -5u AC autosampler, a CTO-20AC
column oven and a Shimadzu PDA detector (monitoring at 214 n11 an.' 280 nm) using a Waters XBridge
BEH C18, 2.5 um 3.0 x 150 mm XP column at a flow rate cT " 5> mL/min. RP-HPLC gradients were run
using a gradient from 0% to 50% of solution B over 10 r.in. The pure peptides were characterized by
mass spectrometry using either a Bruker matrix ascisu d liser desorption ionization time of flight mass
spectrometry (MALDI-TOF-MS) Autoflex ¢eed or on a Waters Acquity Ultra Performance UPLC

equipped with a QDa detector and an Acqu...> UPLC BEH C18, 1.7 pm, 2.1 x 50 mm column.

4.4.1 Characterization of the MA. <

4.4.1.1 Magainin-2

The magainin-2 sequence .'-GIGKFLHSAKKFGKAFVGEIMNS-OH was synthesized on a pre-loaded
Fmoc-Ser(tBu)-Wang resin (loading 0.63 mmol/g) using the synthesis procedure described above. After
cleavage for 1 h, precipitation and RP-HPLC purification (10-40% B over 40 min) the desired peptide
was obtained in 4% yield (Nanodrop (A214)) and 95% purity (HPLC) (Figure S10 in SI). LC-MS
(Electrospray ionization (ESI)) m/z: = [M+5H]’" = 494.4 (calcd. 494.4), [M+4H]*" = 617.8 (calcd. 617.7),
[M+3H]" = 823.2 (calcd. 823.3) (Figure S11 in SI).

4.4.1.2 Macrolittin-70

The macrolittin-70 sequence H-GIGEVLKELATLLPELQSWIKAAQQL-OH was synthesized on a pre-



loaded Fmoc-Leu-Wang resin (loading 0.70 mmol/g) using the synthesis procedure described above. After
cleavage for 1 h, precipitation and RP-HPLC purification (15-80% B over 40 min) the desired peptide
was obtained in 23% yield (Nanodrop (A280)) and 91% purity (HPLC) (Figure S12 in SI). MALDI-TOF-
MS m/z: [M+Na]" = 2871.37 (caled. 2871.35) (Figure S13 in SI).

44.1.3 LL-37

The LL-37 sequence H-LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-OH was synthesized on
a pre-loaded Fmoc-Ser(tBu)-Wang resin (loading 0.63 mmol/g) using *he synthesis procedure described
above. After cleavage for 4 h, precipitation and RP-HPLC purificeao.. (20-50% B over 60 min) the
desired peptide was obtained in 8% yield (Nanodrop (A214)) ar 1 16L7% purity (HPLC) (Figure S14 in
SI). MALDI-TOF-MS m/z: [M+H]" = 4493.28 (calcd. 4493.3%) (r.~ure S15 in SI).

4.4.1.4 Melittin

The melittin sequence H-GIGAVLKVLTTGLPALI®V," KT.KRQQ-NH, was synthesized on TentaGel S
RAM resin (loading 0.23 mmol/g) using the s mth _sis procedure described above. After cleavage for 4 h,
precipitation and RP-HPLC purification (2v 60% B over 40 min) the desired peptide was obtained in 4%
yield (Nanodrop (A280)) and 99% purity (HrLC) (Figure S16 in SI). LC-MS (ESI) m/z: = [M+6H]*" =
4754 (calcd. 475.4), [M+5H]™" = 56> 9 (caled. 570.3), [M+4H]*" = 712.3 (caled. 712.6), [M+3H]*" =
949.7 (calcd. 949.8) (Figure S17 in .0}).

4.4.1.5 Tat

The Tat sequence H-YGRY 'xRRQRRR-OH was synthesized on a pre-loaded Fmoc-Arg(Pbf)-Wang resin
(loading 0.64 mmol/g) using the synthesis procedure described above. After cleavage in TFA-TIS-
thioanisole-water (90%/2.5%/2.5%/5%) for 16 h, precipitation and RP-HPLC purification (1% B for 10
min then 1-50% over 33 min) the desired peptide was obtained in 3% yield (Nanodrop (A280)) and 99%
purity (HPLC) (Figure S18 in SI). LC-MS (ESI) m/z: = [M+5H]’" = 312.9 (calcd. 313.0), [M+4H]*" =
391.1 (caled. 391.0), [M+3H]*" = 521.1 (caled. 521.0), [M+2H]*" = 780.5 (calcd. 780.9) (Figure S19 in
SI).

4.4.1.6 Penetratin



The penetratin sequence H-RQIKIWFQNRRMKWKK-NH, was synthesized on Fmoc-PAL-AM resin
(loading 0.61 mmol/g) using the synthesis procedure described above. After cleavage for 4 h,
precipitation and RP-HPLC purification (10-40% B over 40 min) the desired peptide was obtained in 21%
yield (Nanodrop (A280)) and 93% purity (HPLC) (Figure S20 in SI). Liquid chromatography-MS (LC-
MS) (ESI) m/z: = [M+5H]>" = 450.3 (calcd. 450.2), [M+4H]"" = 562.4 (calcd. 562.6), [M+3H]*" = 749.5
(caled. 749.6), [M+2H]*" = 1123.8 (calcd. 1123.9) (Figure S21 in SI).

4.4.2 Quantification of MAPs

The absorption spectrum of the solubilized MAPs was measare! using a NanoDrop 2000c
spectrophotometer (NanoDrop Products, Thermo Fisher Scientif'c), «1d the exact MAP concentrations
were calculated using Lambert-Beer’s law with the follov:~o ~xtinction coefficients: macrolittin-70,
5,500 M cm™ at 280 nm; melittin, 5,500 M cm™ at 280 rm; Tat, 1,490 M cm™ at 280 nm; penetratin,
11,000 M cm™ at 280 nm; magainin-2, 42,783 M c.. ' #c 214 nm; LL-37, 58,639 M cm™ at 214 nm.
The extinction coefficients for macrolittin-70, el .tin, Tat, and penetratin were calculated using the work
by Pace et al [68], and the extinction .~efficients for magainin-2 and LL-37, which contains no

tryptophans or tyrosines, were calculated vsing the work by Kuipers and Gruppen [69].

4.5 Handling of MAPs

Freeze-dried MAPs were aiusted to room temperature, and phosphate buffer, filtered using a 0.22 um
sterile filter, was added to obtain an approximate MAP concentration of 500 uM. The solutions were
vortexed gently for 10 sec. The absorption spectrum of the solutions was then measured using a
NanoDrop 2000¢ spectrophotometer, and the exact MAP concentrations were calculated using Lambert-

Beer’s law as described in section 4.4.2.

4.6 Flow cytometry

The effect of MAPs on vesicles were measured by adding MAPs to vesicles to a final MAP concentration



of 10 uM and a final lipid concentration of 50 uM. The solution was mixed by vortexing gently, and left
to react for 30-60 min at 37°C. Just before flow cytometry measurements, the solutions were diluted 100-
fold to a final lipid concentration of 500 nM, and vortexed gently. Dilutions were done in phosphate
buffer.

A BD LSRFortessa Flow cytometer (BD-Biosciences-US) was used to study fluorophore-labeled vesicles
and their interactions with MAPs (See Table 1). BD CS&T quality and control beads were used prior to
the experiments to standardize the performance of the equipment. The r.easurements were run with a low
flow rate (1 pl/min). The events were triggered by the fluorescence frc.n SNOVE-Atto655 fluorescence at a
trigger value of 200, using a 640 nm laser. The emission from th : At Y655 was detected at 655-685 nm.
Alexad488 was excited using a 488 nm laser, and the emi<. ~n detected at 515-545 nm. The applied
voltages were chosen based on the signal from the anionic I Vs .7ith core-fluorophore. The voltage for the
Atto655 detector was set to 280 V to detect a sign’fi. «nt proportion of vesicles (800-2400 events/s for
untreated vesicles) relative to the number of e ents from the buffer (typically <1 event/s). The voltage for
the Alexa488 detector was set to 460 V. Ti.'< value gave a rise to a relevant dynamic range of Alexa488
fluorescence in which the Alexa488 (core- dluorophore) loaded were measurable and distinguishable from
empty vesicles. For measurements rig,_=red on the core fluorescence, the trigger value was 200, using the
488 nm laser. The applied voltcaes ere the same as for measurements triggered by the fluorescence from
DOPE-Atto655. Events we.= recorded to a total of 50,000 events or at least 120 sec, whichever came
first.

The fluorescence intensities are reported by the height value from the recorded pulses because this has
been reported to be the optimal read-out when studying submicron particles [70]. FlowJo v 10.7.2 was
used to extract the median fluorescence intensities (MFIs) and the count rates and to generate the figures.
All measurements were carried out at room temperature.

4.7 Calcein release assay

Stock samples with cLVs or MAPs were heated to 37 °C. The stock samples were mixed directly in black

96-well plates (Nunc, Thermo Fischer Scientific) to a final lipid concentration of 50 uM, a final MAP



concentration of 10 uM, and a final volume of 150 pl. The mixtures were incubated for 30, 60, or 120
min at 37 °C. The fluorescence emission intensity, /, was measured using a Spark multimode microplate
reader (Tecan, Minnedorf, Switzerland) with an excitation wavelength of 491 nm and an emission
wavelength of 514 nm. The fluorescence emission intensity of intact cLVs, F, was measured using cLVs
incubated without MAPs, and the fluorescence emission intensity for maximum calcein release, Fi.x, was
measured using cLVs incubated with 0.5% Triton X-100. The calcein release was calculated using the

equation

F-F,

Calcein release (%) = X 100%.

‘max ~Fo

4.8 Dynamic light scattering (DLS)

cLVs were mixed with MAPs to a final lipid concentration ¢ 50 ,*M and a final MAP concentration of 10
uM. The samples were incubated for 30-60 min at 37 °C" “erore investigation by DLS using a Zetasizer
Nano ZS (Malvern, Worcestershire, UK). The DLS . easurements were performed at 37 °C. The number
of runs per measurement were adjusted automa..~ .lly by the Zetasizer. The acquired data were evaluated
using an intensity-based size distribution anal, ~is. Sizes representing <2 % of the total intensity were not
included in the final data representatic... In = few cases, the volume-weighted size distributions were also
presented.

4.9 Microscopy and image an. 'v.,is

Imaging of GUVs was erivumed using a Nikon Ti2, Yokogawa CSU-W1 spinning disc confocal
microscope equipped with a high numerical aperture 60x oil immersion objective and a Photometrics
Prime 95B sCMOS detector. The images were acquired by alternating between exciting calcein and
DOPE-ALtto655 using 488 nm and 638 nm diode laser lines, respectively. The calcein emission was
passed through a 520/28 Brightline HC filter set, while DOPE-Atto655 was passed through 600/50 ET
Bandpass filter set. Ibidi micro-slide 8 wells were passivated with BSA by incubating 300 ul 1 g/l BSA in
PBS in each well for a minimum of 30 min before washing each well 8 times with a 300 uL 226 mM

glucose solution. The BSA passivated micro-slides were inserted into the microscope. 150 pl of a 226



mM glucose solution containing 50 uM calcein was added to the chamber. 25 ul of the GUV solution was

hereafter added and incubated for 2 min before adding 150 puL. 226 mM glucose solution containing both

50 uM calcein and peptide. The final peptide concentration was 50 uM and the final calcein concentration

was 46 uM. Imaging was performed for a minimum of 30 min and was initiated immediately after the last

solution was added to the chamber. A temporal resolution of 15 sec was applied. Presented images were

sectioned and edited for brightness and contrast in Imagel.
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