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Abstract
Poly-L-lysines (PLL) and poly-L-arginines (PLA) of different polymer chain lengths interact

strongly with negatively charged phospholipid vesicles mainly due to their different electrical
charges. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1,2-dipalmitoyl-sn-
glycero-3-phosphoglycerol (DPPG) and their mixtures (1/1 mol/mol) with the respective
phosphatidylcholines of equivalent chain length were chosen as model membrane systems
that form at room temperature either the fluid L, or the gel phase L; lipid bilayer membranes,
respectively. Leakage experiments revealed that fluid POPG membranes are more perturbed
compared to gel phase DPPG membranes upon peptide binding. Furthermore, it was found
that pure PG membranes are more prone to release the vesicle contents as a result of pore
formation than the lipid mixtures POPG/POPC and DPPG/DPPC. For the longer polymers (>
44 amino acids) maximal dye-release was observed when the molar ratio of the concentrations
of amino acid residues to charged lipid molecules reached a value of Rp= 0.5, i.e. when the
outer membrane layer was theoretically entirely covered by the polymer. At ratios lower or
higher than 0.5 leakage dropped significantly. Furthermore, PLL and PLA insertion and/or
translocation through lipid membranes were analyzed by using FITC-labelled polymers by
monitoring their fluorescence intensity upon membrane binding. Short PLL molecules and
PLA molecules of all lengths seemed to translocate through both fluid and gel phase lipid
bilayers. Comparison of the PLL and PLA fluorescence assay results showed that PLA
interacts stronger with phospholipid membranes compared to PLL. Isothermal titration
calorimetry (ITC) measurements were performed to give further insight into these
mechanisms and to support the findings obtained by fluorescence assays. Cryo-transmission
electron microscopy (cryo-TEM) was used to visualise changes in the vesicle’s morphology

after addition of the polypeptides.
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Introduction

Since the 1970ies many publications on lipid interactions with cationic polypeptides have
appeared [1-4]. The major interest in these studies arises from cell biology [5] and from drug
delivery investigations [6]. In pharmaceutical applications poly-L-lysines (PLLs) and poly-L-
arginines (PLAs) serve as model compounds for the distribution of biologically active
substances in organisms and different tissues [7]. It was shown that PLLs and PLAs in high
concentrations have anticarcinogenic properties [8]. Cationic polypeptides also serve as
models for cell toxic and antimicrobial peptides [9,10]. A particularly important function of
arginine-rich peptides is their assistance of the internalisation of the HI-Virus into cells via
Tat protein interactions [11-14].

Binding of these cationic polypeptides to negatively charged phospholipid membranes leads
to the formation of large aggregates [15,16]. Peptide binding results in a perturbation of the
phospholipid membrane, which is an important step for processes like vesicle leakage and in
some cases subsequent lysis, peptide translocation, membrane and vesicle fusion and lipid
phase transformation.

Pore formation and vesicle lysis can be analysed with a dye-release assay based on liposomes
which contain a high amount of a self-quenching fluorescent dye in the inner volume.
Dequenching takes place when the dye is released into solution due to membrane rupture.
With this method it was shown that PLLs cause pore formation in DPPG/DPPC membranes
on a timescale of one week [16]. Using a similar approach Young and Kauss [17] found that
PLLs increase cell membrane permeability with increasing PLL length.

Endocytosis is an important biological mechanism involved in uptake of macromolecules and
particles into cells that is relevant in medical applications. PLL, PLA [18] and their shorter
homologues oligo-arginine [14] and oligo-lysine assist this process according to their abilities
of charge shielding and aggregation when binding to negatively charged membranes and/or
drug molecules [19]. This effect plays a role in the cellular uptake of viruses [11,12] and
oligonucleotides [6]. Also, PLL and PLA are able to translocate through lipid membranes
without being complexed as shown by Shibata et al. [20] and Sakai & Matile [4].

Fuchs & Raines [13,18] analysed and explained the key steps of the process of peptide
translocation through cell membranes: PLA first binds to heparan sulphates exposed on the
outer cell membrane which is followed by endocytotic uptake. PLA is then released into the
cytoplasm after degradation of the binding component with subsequent leakage from the

transferring vesicles.



Membrane binding and destabilisation is also important in membrane and vesicle fusion.
Bondeson & Sundler [21] pointed out that the oligo- and polymers of the three naturally
occurring basic amino acids and ornithine induce membrane fusion of negatively charged
vesicles while acidification of the lipid suspension (pH 5 to 6) acts as a trigger. Similar studies
were carried out by Walter et al. [22] and Gad et al. [2] who found that cross linking of two
negatively charged vesicles is an important step in membrane fusion. Gad et al. proposed that
longer polymers have a stronger tendency to induce the fusion process than shorter ones at the
same (amino acid residue) concentration whereas Walter et al. challenged this proposal. An
excellent review of polymer and cation induced membrane fusion was published by Arnold
[23].

PLL and PLA interactions with phospholipid membranes were studied using a wide range of
different methods: X-ray analyses showed that phospholipid suspensions in high
concentrations form stable multilayers when the negative charge of DPPG molecules (in the
gel phase) is neutralised upon PLL binding (> 44 amino acid residues) which intercalate
between two bilayers as helices [24]. Secondary structure transitions of PLL after binding to
gel phase membranes from coil to alpha-helix or beta-sheet were investigated using FT-IR
[25] and calorimetric methods, such as DSC and ITC. Binding of PLL and PLA to
membranes leads to changes in the lipid main transition temperature and in the order of the
lipid chains [25]. ITC was shown to be ideally suited to follow peptide adsorption on
membrane surfaces [26,27]. Atomic force microscopy [28], dynamic light scattering [15,27],
and electron microscopy [2] revealed in particular aggregation effects and allowed their
quantitative evaluation. Zeta potential measurements were performed to evaluate the surface
charge of vesicles and the changes after peptide binding [15].

Theoretical calculations showed that the dominating contribution to the binding affinity is the
release of counter-ions from the surface when the polymer is bound [29]. It was found that the
charge densities of both macromolecular (polypeptide) and supramolecular (lipid membrane)
entity have to be of the same order to allow efficient adsorption [30]. Despite numerous
studies on the binding of polyelectrolytes to lipid membranes a number of open questions
remain, particularly about the importance of non-electrostatic contributions to the binding
affinity. Another question that needs to be addressed is the efficiency of PLL and PLA to
induce vesicle leakage as a function of polypeptide chain length. In this publication we focus
on the interactions of PLL and PLA of different lengths to phospholipid membranes
composed of either phosphatidylglycerols (PG) molecules or 1/1 mol/mol mixtures of PG and
phosphatidylcholines (PC) in both the fluid and the gel phase. Leakage behaviour of



phospholipid vesicles induced by peptide binding is addressed in the same way as
translocation studies of PLL and PLA through lipid membranes. An intensive kinetic study of
these processes is presented aiming at a comparison and deconvolution of these two effects.
ITC studies were performed to complement the leakage and translocation investigations.
Peptide induced changes in the morphology of the phospholipid vesicles were investigated
using cryo-TEM.

Materials and Methods

Peptides and FITC labelling procedure

Poly-L-lysines (hydrobromide salts) with average molecular weights between 1,000 to 5,000,
4,000 to 15,000, 15,000 to 30,000, 30,000 to 70,000, 70,000 to 150,000 and 150,000 to
300,000 were purchased from Sigma-Aldrich (Steinheim, Germany). FITC-labelled PLL
(hydrobromide salts, the labelling ratio is 1 dye molecule/200 lysine residues) of a molecular
weight between 15,000 to 30,000 and 30,000 to 70,000 and PLAs (hydrochloride salts) of
5,000 to 15,000, 15,000 to 70,000 and higher than 70,000 were also obtained from Sigma.
The average molecular weight which differed slightly from batch to batch was determined by
the supplier using viscosity measurements. Throughout this article the average number of
amino acid residues in one peptide molecule is given.

FITC-PLAs were synthesised according to a method described by Fiilop et al. [31]. 10 mg
(0.0512 mmol) PLA and 0.0997 mg FITC (2.56 x 10* mmol, from a stock solution, from
Sigma-Aldrich) were dissolved in 0.5 ml DMSO (analytical grade, Sigma-Aldrich GmbH,
Deisenhofen, Germany) under nitrogen to obtain a labelling ratio of 0.005 mol FITC/1 mol
arginine residues. This mixture was stirred in the dark for three days at room temperature. The
reaction was followed using thin layer chromatography (TLC) with a 50/50 v/v solvent
mixture of DMSO and distilled water. Rr values for FITC and FITC-PLA were 1 and 0,
respectively. DMSO was removed by freeze-drying. For purification the raw product was
dissolved in distilled water and was dialyzed against 100 ml distilled water using a 3.5 kDa
cut-off membrane (SERVA Spectra/Por, Heidelberg, Germany) and a micro dialysis capsule
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The distilled water was replaced every 12
hours. Purity checks were performed using TLC. Eventually, the purified product was
obtained by freeze-drying. The yields were between 70 and 80% for both FITC-PLA samples.
1 and 10 mM stock solutions of peptides in 100 mM NaCl solution were prepared, stored in

the refrigerator at 4 °C, and used for a maximum of up to four weeks.



Preparation of vesicles for dye-release, translocation and ITC assays

All lipids (POPG, POPC, DPPG, and DPPC) were purchased from Genzyme (Liestal,
Switzerland) and used without further purification. Phospholipid vesicles with entrapped
calcein (disodium salt) (Fluka Chemie GmbH, Buchs, Switzerland) for dye-release assays
were prepared according to New [32]. 267.53 mg (0.4 mmol) calcein were dissolved in 5 ml
deionised water (SG Wasseraufbereitung und Regenerierstation GmbH, Hamburg-Barsbiittel,
Germany) yielding a 80 mM dye solution. 15.76 mg (0.02 mmol) POPG were suspended in 4
ml 80 mM calcein solution by heating to 50 °C and vortexing (two to three times) giving a 5
mM POPG (dye) suspension. 1 ml aliquots of this suspension were extruded 15 times using
an Avestin extruder (Ottawa, Canada) through two polycarbonate membranes with a pore size
of 100 nm (Avanti Polar Lipids, Inc., Alabaster, AL, USA) to produce large unilamellar
vesicles (LUVs). The extrusion temperature was maintained 10 K above the phase transition
temperature (T, (POPG) = 4 °C). The external calcein dye was removed by centrifugation of
the suspension through a column filled with Sephadex G-75 gel (Pharmacia, Uppsala,
Sweden). Each suspension was centrifuged twice at 3000 rpm for three minutes using a fresh
column for each centrifugation step (Biofuge 17RS, Heraeus Sepatech GmbH, Osterode,
Germany). Directly after the centrifugation the eluted lipid suspensions were mixed with an
equivalent volume of 100 mM NaCl solution to prevent an osmotic gradient which could lead
to vesicle rupture. Each vesicle suspension was stored at 4 °C and used for up to 4 days. The
vesicle size was controlled by DLS and was found to be in the diameter range of 100 to 120
nm. DLS measurements were carried out using an ALV-NIBS/HPPS (ALV-Laser
Vertriebsgesellschaft mbH, Langen, Germany). Vesicles were checked for dye-release every
day revealing no leakage when stored at 4 °C.

Lipid suspensions for ITC and experiments with FITC-labelled peptides were prepared in a
100 mM NaCl solution and were extruded and characterised as described before. Vesicles
containing different lipids, i.e. PG and PC, were prepared from 5 mM standard solutions in
chloroform and a small amount of methanol (HPLC grade solvents, Carl Roth GmbH + Co.
KG, Germany) to ensure homogenous lipid distribution in the vesicles. Equivalent amounts of
stock solutions were mixed to obtain 1/1 molar ratios of PG and PC. The solvent was
removed by heating the solution to 40 °C and subjecting it to a dry nitrogen stream until all
solvent was evaporated. The lipid film was dried for 12 hours under vacuum and was finally
suspended in 100 mM NaCl. The lipid suspension was then extruded and checked as

described before.



Phosphate determination assay
The lipid content of the used vesicle suspensions was determined based on the phosphate
determination assays by Chen ef al. and Fiske and Subbarow [33,34]. The content of each

sample was determined three times.

Fluorescence assays

Fluorescence measurements were carried out using a FluoroMax-2 fluorescence spectrometer
(Instruments S.A. GmbH, Grasbrunn, Germany). Excitation and emission wavelengths for
calcein and FITC are similar with 490 and 520 nm, respectively. Dye-release assays were
performed at 22 °C and experiments with FITC-labelled peptides at 20 °C. All kinetic
experiments in aqueous suspensions were done in PS cuvettes (Sarstedt AG & Co.,
Niimbrecht, Germany). Spectra acquisition in organic solvents was performed in quartz
cuvettes.

For the dye-release experiments a peptide solution, containing either PLL or PLA, with a
salinity of 100 mM was stirred continuously in the cuvette inside the spectrometer while
detecting the fluorescence signal. After an equilibration time of 30 s a well-defined amount of
calcein charged phospholipid vesicles was added to reach a lipid concentration of 100 uM.
Dye-release from the vesicles was followed over a time period of 690 s. Then, 100 pl of a 5%
Triton X-100 solution (Sigma-Aldrich) was added to determine the value of maximal dye-
release. During a sequence of experiments the peptide concentration was varied but the lipid
concentration was kept constant.

Experiments with FITC-labelled polymers were carried out similarly to the dye-release
experiments. Peptide solutions in a cuvette were stirred continually for a minute and then a
well-defined amount of lipid suspension was added to reach a final lipid concentration of 100
uM. FITC is an analogous dye to calcein which changes its quantum yield depending on the
chemical environment. For the three different solvents water, DMSO and chloroform the
relative quantum yields are 0.9, 0.8 and 5*107, respectively. When FITC-labelled PLL or
PLA bind to lipid membranes the fluorescence intensity will decrease strongly. If every FITC
moiety would insert into the lipid membrane, the normalised FITC fluorescence intensity

would drop to 0.01.

Isothermal titration calorimetry (ITC)



ITC measurements were performed using a VP-ITC (MicroCal Inc., Northhampton, MA,
USA). The cell with a volume of 1.4 ml contained either a 2 or 4 mM lipid suspension
(average vesicle diameter 110 nm) which was degassed directly before the experiment. 271 ul
of a 20 mM peptide solution was injected with a stirred syringe (stirring speed 270 rpm) with
the following sequence (in brackets the delay time after an injection is given): 1 x 1 pul (300 s)
and 27 x 10 ul (900 s). Processing of the results was done with the Origin software for ITC
data (provided by MicroCal Inc.). The enthalpy value of the first injection was omitted due to

experimental errors.

Cryo-TEM

The electron microscopy investigations were performed with a Zeiss 902A instrument,
operating at 80 kV. Specimens were prepared by a blotting procedure, performed in a
chamber with controlled temperature and humidity. A drop of the sample solution (1 mg ml™)
was placed onto an EM grid coated with a perforated polymer film. Excess solution was then
removed with a filter paper, leaving a thin film of the solution spanning the holes of the
polymer film on the EM grid. Vitrification of the thin film was achieved by rapid plunging of
the grid into liquid ethane held just above its freezing point. The vitrified specimen was kept
below 108 K during both, transfer to the microscope and investigation.

POPG-polypeptide samples were prepared by adding the desired quantity of 1 mM
polypeptide solution to 40 ul of an extruded 5 mM POPG suspension and completion to 2 ml

with water. For all samples the concentration of NaCl was adjusted to 100 mM.

Results
Dye-release of phospholipid vesicles upon PLL and PLA binding

The dye release experiments were performed as described above. In the figure legends the
ratio of the overall concentration of amino acid residues (lysines or arginines, respectively) to
the concentration of charged lipid molecules, i.e. PG molecules, is given. This molar ratio is
denoted Rp. From previous experiments it is well-known that the fluorescence intensity is
directly proportional to the calcein concentration in the concentration range from 0.01 to 10
uM. A further increase in calcein concentration to 100 and 1000 uM leads to a 30 and 10,000
fold drop in fluorescence intensity, respectively, due to a self-quenching of the dye. The
calcein concentrations have been chosen to obtain a maximum fluorescence intensity

difference during the leakage experiments.



10

Dye-release from POPG and DPPG

Leakage experiments were performed with POPG , DPPG , POPG/POPC and DPPG/DPPC
vesicles (1:1) at room temperature in order to evaluate the influences of both the lipid phase
state (either L, or Lg) and the charge density on vesicle lysis and the occurrence of membrane
defects, induced by PLL and PLA of different polymer lengths. Dye-release kinetic curves
from POPG and DPPG vesicles induced by PLL 44 are shown in Fig. 1a and 1b, respectively.
At low and high Rp values of 0.13 and 1.28, respectively, PLL 44 does not induce any
significant dye-release from POPG vesicles. At Rp values of 0.26, 0.38 and 0.52 a
continuously increasing leakage is observed. The first of the fluorescence intensity curves has
an exponential shape which transforms then into a rather sigmoidal curve form for higher Rp
values. At an Rp of 0.64 the intensity increase has a sigmoidal form and the kinetics of dye-
release is decreased so that maximally expected dye-release is not reached within the chosen
observation time.

In the case of DPPG vesicles the dye released from vesicles due to PLL 44 interactions
reaches a maximum of 41% at an Rp of 1.19. The Rpregime where leakage occurs (from 0.36
to 1.19) is larger than in the case of POPG. The curve shapes are either slightly sigmoidal (Rp
= (0.64) or exponential (Rp = 1.28). At low and high Rp values of 0.12 and 3.57 the leakage
reaches a minimum (< 5%).

The kinetic curves for dye-release from POPG vesicles that is induced by PLA 69 are shown
in Fig. 1c. At Rp values lower than 0.13 and higher than 1.28 less than 10% of the entrapped
dye molecules are released into solution. At intermediate Rp values of 0.38 and 0.64 a leakage
of 33 and 66% is observed, respectively. Both curves appear to be bi-exponential indicating
two processes that originate possibly from membrane disordering and pore formation. For an
Ry value of 0.38 the time constants t; and t, are approximately 25 s and 300 s, respectively. At

an Rp of 0.64 these time constants t; and t, are similar with 63 and 278 s, respectively.

--- Insert Fig. 1a-c. ---

Comparison of maximal dye-release of POPG and DPPG vesicles depending on PLL and
PLA of different chain length

Dye-release curves were monitored for PLLs with different lengths interacting with pure
POPG and DPPG vesicles and for PLAs with different lengths binding to pure lipid vesicles
and mixed vesicles of PG and PC. The maximal relative dye-release in % was calculated

according to the formula: dye release (%) = 100 - (Iso0 sec — Lo sec)/ (Cair™ 720 sec — lo sec) Where the
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intensity value at 720 s was taken after addition of Triton X 100, thus the introduction of a
dilution factor cg (2.1/2). The maximum values for each PLL and PLA length are shown in
Fig. 2a-c). The leakage was highest for lipids in the fluid L, phase and decreased for lipids in
the gel phase Lg. The PG/PC lipid mixtures showed a further decrease in dye release. The
amount of dye released from POPG vesicles by PLLs of lengths from 19 to 906 varied
between 36 and 56%. The dye-release values increased with increasing PLL length except for
PLL 44. For DPPG gel state vesicles the maximal dye release varied more strongly with
differing polymer length. No clear trend could be observed, except a somewhat higher leakage
for the shorter PLLs. For all longer PLLs (> 44) a maximal dye-release is reached at a Rp
value of 0.5 £ 0.1. PLL 19 causes an increasing vesicle leakage until it reaches an Ry value of

4 with a maximum leakage rate of 36% (Fig. 3a-b).

--- Insert Fig. 2a-c. ---

PLA induced maximum leakage for POPG vesicles ranging from 60 to 80% with a minimum
for PLA 184 which has an intermediate chain length. In the case of gel state DPPG vesicles
the dye-release was lower without significant trend. In the case of the fluid POPG/POPC and
gel state DPPG/DPPC vesicles no significant differences between the different polymer
lengths were observed. However, dye release was generally lower than for the pure POPG or
DPPG vesicles. All PLAs cause only little leakage (< 10%) from POPG vesicles at Rp values
either smaller than 0.13 or higher than 1.28. Maximal dye-release occurs at an Rp of 0.38 (for

PLA 184) and 0.64 (for PLA 69 and 649) (Fig. 3c).

--- Insert Fig. 3a-c. ---

Binding of FITC-labelled PLL 106 and 319 to DPPG membranes

Binding studies of FITC-labelled PLL 106 and 319 to DPPG membranes were performed to
check whether the different PLLs are binding to negatively charged DPPG membranes. FITC-
PLL 106 and FITC-PLL 319 solutions of different concentrations were chosen to match Rp
values of 0.4, 0.5, 0.8, 1 and 2. When DPPG vesicles are injected into these peptide solutions
(Fig. 4a-b) the first step of peptide binding to the phospholipid membranes occurs very fast.
Depending on the actual peptide and the Rp value a second much slower process occurs on a

time scale as observed in the dye-release experiments.
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--- Insert Fig. 4a-b. ---

At an Rp value of 0.4 and 0.5 FITC-PLL 106 binds in two steps to the DPPG membrane: The
first step is very fast and leads to a drop in the normalised fluorescence intensity to 0.15
whereas the second step requires 300 s and more until a constant fluorescence intensity value
of 0.1 is reached. For the higher Ry values of 0.8 and 1 the first binding step shows a smaller
drop in fluorescence intensity to 0.2 and 0.25. The second step is now characterised by a
sigmoidal decay of the normalised fluorescence intensity which ends at a slightly lower value
0f 0.07 and 0.09. At an even higher Ry value of 2 the sudden drop in the fluorescence intensity
occurs only to 0.55 and then increases again to a value of 0.6.

FITC-PLL 319 shows principally similar kinetic binding curves. However, there is a
characteristic shift in the final normalised fluorescence intensities for the same Rp values
compared to the experiments with FITC-PLL 106. Particularly for the Rp values of 0.4 and 0.5
the kinetic curves obtained with the two PLLs are very similar. After lipid injection, both
curves show a fast drop in fluorescence intensity to 0.15 followed by a slow exponential
decrease to a value of 0.05. For the Rp values 0.8, 1 and 2 only a single binding process is
observed for FITC-PLL 319 ending at fluorescence intensity values of 0.3, 0.5 and 0.8.

The final values of normalised FITC-fluorescence intensity reveal to which extent PLL is
binding to and penetrating the lipid membranes. A final value of 0.5 indicates that half of the
amino acid residues are bound to lipid vesicles.

In table 1 all final values for the normalised FITC-fluorescence intensity (at Rp = 1) after
binding of the labelled peptides are given. In case of the short FITC-PLL 106 all normalised
FITC-fluorescence intensity values lie in the range of 0.05 to 0.09 once binding is complete.
The longer FITC-PLL 319, on the other hand, has final values between 0.46 and 0.63 for all

membranes.

Binding of FITC-labelled PLA 69 and PLA 649

Binding of FITC-PLA 69 and FITC-PLA 649 to PG membranes leads to more diverse results.
The shorter FITC-PLA 69 reaches for fluid membranes of POPG and POPG/POPC
fluorescence intensity values of 0.26 and 0.21, respectively. In case of the gel phase
membranes of DPPG and DPPG/DPPC fluorescence intensity values of 0.1 and 0.12 are
reached, respectively.

When FITC-PLA 649 binds to the fluid POPG membrane, a final value for the normalised
fluorescence intensity of 0.17 is reached which is surprising as one would expect for the

longer PLA that less side chains are bound to the membrane compared to its shorter
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homologue FITC-PLA 69, because of sterical reasons. In case of the gel state DPPG- and
both the fluid and gel-phase PG/PC-membranes, final fluorescence intensity values between

0.34 and 0.39 are reached, which are very similar compared to the values for the shorter PLA.

Cryo-TEM

As revealed by the dynamic light scattering and EM measurements (see inset of Fig. 5), the
extruded suspension of 5 mM POPG without added polypeptide contains a homogeneous
population of vesicles with an average diameter of 100-120 nm. No multilamellar structures
were observed before polypeptide addition. The addition of the polypeptides PLA and PLL
induced drastic changes in the vesicle’s morphology. The formation of POPG-polypeptide
aggregates is shown in Fig. 5 for PLA649, PLL19 and PLL803 for all investigated POPG-
polypeptide ratios. In the case of PLA649 the aggregates are composed of several flattened
vesicles that stick to each other (Fig. 5a-c). Some of these vesicles are no longer unilamellar
but multilamellar. The thickness of the unilamellar PLA-coated vesicles reaches values of up
to 15 nm. The PLL-coated vesicles also formed clusters of 10 to 100 vesicles. The vesicles

were also deformed or flattened in the contact region (Fig. 5).

--- Insert Fig. S. ---

Isothermal titration calorimetry (ITC)

ITC experiments were performed to study the thermodynamics of PLL and PLA binding to
lipid membranes, but generic differences to the fluorescence assays in the experimental
parameters have to be taken into account. The first difference is that for ITC measurements
higher lipid and peptide concentrations are needed to obtain a sufficient signal to noise ratio.
Results of preliminary experiments (not shown) by fluorescence spectroscopy showed that the
dye-release rate is increased with increasing peptide and lipid concentrations. The second
difference is that in ITC-experiments a peptide solution of high concentration was injected
into a lipid vesicle suspension, whereas in the fluorescence assays a well-defined amount of
lipid vesicles was injected only once into a peptide solution. Furthermore, in ITC repeated
addition of small amounts of peptide solution into a lipid suspension takes place.

The ITC experiments were carried out with DPPG and DPPG/DPPC membranes, either above

or below the main transition temperature T, of ca. 41 °C.

PLL 402 binding to DPPG and DPPG/DPPC
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The binding of PLL 402 to DPPG membranes at 20 and 60 °C (Fig. 6a) reveals a
characteristic difference in binding to either gel phase or fluid membranes, respectively. The
curve at 20 °C shows endothermic binding enthalpies with a maximum at Rp = 0.29 and falls
to very low enthalpy values after Rp = 0.5. At 60 °C binding enthalpies are exothermic until a
Rp value of 0.8 is reached. Thereafter, the binding enthalpy rises to endothermic values with a
maximum at Rp = 1 and then decreases at Rp = 1.3 to values below 0.1 kcal mol™.

The binding to a mixed DPPG/DPPC membrane should be similar, only that the electrostatic
attraction to the membrane surface due to the dilution of the charges should be lower. The
binding curves of PLL 402 to the mixed membranes DPPG/DPPC (Fig. 6b) at the same
temperatures resemble in their shape indeed pretty much those for the pure DPPG
membranes. Overall the binding enthalpies are smaller in the case of the mixed membranes

and the data show more scatter for measurements at 60 °C.

--- Insert Fig. 6a-b. ---

PLL 803 binding to DPPG and DPPG/DPPC

Binding curves of the longer PLL 803 to DPPG and PG/PC membranes are shown in Fig. 7a-
b. The curves for binding to the pure and the mixed membranes in the gel phase (at 20 °C)
resemble each other very closely. The two curves are characterised by exothermic binding
enthalpies for Rp smaller than 0.25. An increase of the binding enthalpies to ca. 0 kcal mol
(at Rp = 0.29) indicates the termination of PLL 803 binding to the gel phase membranes.

In case of the pure fluid DPPG membrane at 60 °C PLL 803 binding occurs at least until an
Rp value of 1. During initial binding (Rp = 0 to 0.8) of PLL 803 binding enthalpies range
mainly between -0.6 and -0.44 kcal mol™. In the final stages of this initial binding the binding
enthalpy values become larger (ca. -1 kcal mol™) but are quite scattered. In the second part of
the curve the binding enthalpy rises to endothermic values and then falls to 0.1 kcal mol™ (at
Rp = 1). The titration curve of PLL 803 to fluid, mixed DPPG/DPPC membranes shows only

small heat effects. Either there is no binding or the binding enthalpy becomes very low.
--- Insert Fig. 7a-b. ---
PLA 649 binding to DPPG and DPPG/DPPC

In case of the pure gel-phase DPPG membrane at 30 °C PLA 649 binding to the membrane is
first endothermic with a binding enthalpy of up to 0.45 kcal mol'. The binding enthalpy
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changes sign and becomes exothermic. The binding curve shows a characteristic minimum at
an Rp value of 0.5 indicating peptide binding mainly to the outer membrane leaflet. Between
Rp values of 0.5 and 1 the binding enthalpy vanishes and becomes essentially zero at an Rp
value of 1.

Binding of PLA 649 to DPPG membranes in the fluid phase at 50 and 60 °C occurs with
constant exothermic enthalpies 4H of -1.5 kcal mol™ until an Rp of 1 is reached (Fig. 8a).
Between an Rp of 1 and 1.25 AH becomes zero. These two isotherms indicate a complete
binding of PLA to both inner and the outer leaflet of lipid membranes in the fluid phase L,.
The binding curves of PLA 649 to the mixed DPPG/DPPC membranes (Fig. 8b) have more or
less a sigmoid shape, as expected for weaker binding due to reduced surface charge density of
the lipid vesicles. All binding enthalpies are exothermic. For the gel phase membrane (30 °C)
the binding enthalpies are somewhat smaller and the heat signals disappear at a ratio Ry of ca.
0.5. This indicates that only outside binding can take place in the gel phase. The titration
curves for the fluid DPPG/DPPC membranes show also exothermic heats of binding. Here,
the Rp values are shifted to higher values indicating that now the PLA 649 can reach the inner
monolayer of the vesicles. The binding enthalpy seems to become more endothermic with

increasing temperature.

--- Insert Fig. 8a-b. ---

Discussion

The positively charged polypeptides PLL and PLA adsorb to negatively charged phospholipid
vesicles which leads to the formation of large aggregates around the isoelectric point [15,35].
In this paper we tried to analyse the processes that occur during peptide binding to lipid
membranes and within the aggregate. In particular, leakage of an entrapped dye from lipid
vesicles, translocation behaviour of the charged polypeptides PLL and PLA and vesicle fusion
was assayed using suitable fluorescence and microscopy methods, respectively. Isothermal
titration calorimetry was applied to extend and confirm results obtained with the previous
methods, in particular ITC was used to clarify whether the polypeptides can cross the

membranes and bind to the inner monolayer of the vesicles.

Dye-release from phospholipid vesicles
Electrostatic interactions have a dominating influence in the adsorption of cationic

polypeptides to phospholipid membranes [36]. Therefore, the molar ratio of amino acid
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residues to charged lipid molecules (PGs) Rp is an important quantity for the analysis of
leakage and translocation processes. Besides pure electrostatic interactions, hydrophobic and
van-der-Waals interactions and hydrogen bonds can play a role in membrane binding
processes. Lipid bilayers are composed of an outer and an inner leaflet where the latter one is
not accessible for peptides during the initial binding event at low Rp values. However, during
the binding to the membrane pores or defects may be formed which locally disrupt the barrier
function so that an exchange of internal and external vesicle medium can take place. For most
of the amphipathic peptides that have been extensively studied this exchange follows an all-
or-none mechanism where a complete mixing of inner and outer medium occurs [37,11,38].
In case of the less often observed graded mechanism [39] only a well-defined amount of dye-
solution is released from the vesicles. It is not known which mechanism PLL and PLA follow.
Experiments such as those presented by Heerklotz & Seelig [39] could not be performed,
because the aggregates formed are too large to be purified by size-exclusion chromatography.
Leakage from lipid vesicles can be due to both temporary pore formation, which is normally
reversible, and complete vesicle lysis. If no leakage is observed, the vesicles are embedded in
a peptide-lipid aggregate with non-disrupted (intact) membranes.

PLL induced dye-release from POPG and mixed PG/PC vesicles has been probed by several
groups [16,2]. These groups either focused on a long-term kinetic investigation (over several
days) and/or used completely different experimental conditions. In our paper a kinetic
description of vesicle leakage on a short time scale is given for both PLL and PLA of different
polymer lengths yielding a quantitative evaluation of membrane stability. Still, a reasonable
number of interactions between phospholipid membranes and peptides, such as leakage,
peptide adsorption, insertion and translocation and secondary structure changes, make the
whole kinetic process very complex and do not allow to resolve the different influences on
vesicle leakage from each other. Therefore, the analysis is limited to a qualitative level of
understanding.

POPG membranes in the fluid L, phase have a maximal leakage rate upon peptide-binding
that enables a proper observation of the induced processes (Fig. 1a and ¢ for PLL 44 and PLA
69, resp.). At very low peptide concentrations (Rp = 0.1), both PLL and PLA adsorb to the
membranes without an induction of pore formation. At an elevated peptide concentration (Rp
= 0.2 to 0.4) kinetic curves have either an exponential shape in the case of PLL 44 indicating
that only a single process contributes to leakage or a bi-exponential shape revealing two
processes that induce dye-release in case of PLL 69. For Ry values between 0.4 and 0.7

kinetic curves for PLL 44 adopt a sigmoidal shape which suggests that leakage is decelerated
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when peptide binding starts, presumably due to hindered binding on the membrane surface at
peptide excess. In case of PLA 69 the biexponential leakage mechanism persists manifesting
the superior binding capability of arginines over lysines [40].

At an Rp around 0.5 dye-release from POPG vesicles is maximal for all longer PLL and PLA
(>44), only PLL 19 shows an increasing dye-release until Rp = 4. Theoretically, at an Rp = 0.5
the outer monolayers are entirely covered with peptide molecules leading also to a maximal
cross linking of vesicles. This cross linking of vesicles could be visualised for POPG vesicles
covered with PLA 649. The POPG vesicles are deformed at the regions of contact with
adjacent vesicles, but do not rupture. This strong deformation of the polypeptide-coated
unilamellar vesicles indicates that the POPG-polypeptide interaction is either very strong or
very asymmetric, or that the vesicles are very flexible [41].

When there is an excess of peptide molecules no leakage is observed because vesicles are
fully covered with peptide that have a protection function on the surface [15]. Final values for
the dye-release after finished kinetics provide a measure for the extent of pore formation and
vesicle lysis which cannot be distinguished from each other. Thus, the term “membrane
defects” is used to describe the present results.

PLAs induce more membrane defects than PLLs with a maximum of 70% for PLA 649 and
60% for PLL 44 (for POPQG), respectively. A possible explanation for this finding is that the
amino acid arginine with a protonated side chain can act as a hydrogen bond donor with five
possible H-bonds to H-bond acceptors (like the ones present in the lipid head groups) whereas
the protonated side chain of lysine can only form three which makes PLA a stronger binding
partner [42]. Both for PLL and PLA the occurrence of membrane defects is decreased in the
gel phase Ly (DPPG vesicles) proving that these membranes are more stable against peptide
adsorption because of a less dynamic structure. For PLL 44 and 402 and PLA 184 there is a
maximum in leakage from DPPG vesicles compared to both shorter and longer polymers.
This finding can be explained on the basis of two counteracting effects: With increasing
polymer length, the binding constant Kp is increased leading to a raised leakage rate.
However, sterical effects gain weight with increasing polymer length that produce a decrease
in dye-release. In case of the mixed PG/PC membranes leakage is decreased to 30% in case of
the fluid membranes and it drops to less than 10% in case of the gel phase membranes.
Mainly, PCs are assumed to stabilise the membranes [22], while also reducing the membrane
charge which explains the drop in leakage due to less close peptide binding on the membrane
[30]. The mixed membranes have a maximal dye-release observed at Rp values of 1.3 (PLL 44

und PLA 69, data not shown). As a matter of fact, the reduced membrane charge requires
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more cationic polypeptide to reach substantial cross linking which is the prerequisite for
membrane leakage.

Isothermal titration calorimetry confirmed that membranes in the fluid phase (DPPG at 60 °C)
are more sensitive to leakage than gel phase membranes (DPPG at 20 °C) upon PLL (402 and
803) and PLA (649) binding (Fig. 6a, 7a and 8a). In the fluid phase binding detected by
enthalpy processes occurs until an Rp ~ 1 is reached which indicates that both inner and outer
membrane leaflet are accessible to the cationic polypeptides, whereas in the gel phase peptide
binding nearly stops when an Rp ~ 0.5 is reached.

For PLA 649 ITC also shows the strong difference in peptide binding to either DPPG or
DPPG/DPPC membranes in the fluid phase. In the latter case the binding constant is much
smaller, as a result of the decreased slope of binding enthalpy values. Peptide binding is also
complete at an Rp of 1 revealing that the inner membrane leaflet is accessible for peptide
binding, but not as a result of total vesicle lysis or pore formation which would have been
detected by leakage. The ITC binding curve of PLA 649 and DPPG/DPPC in the gel phase (at
30 °C) which resembles the curve in the fluid phase is not suitable to explain the low dye-
release, leaving open the possibility of membrane binding via alternative ways as for example

peptide translocation into the inner membrane leaflet.

Peptide translocation through phospholipid membranes

FITC that is covalently bound to the PLL and PLA molecules serves as an ideal probe for
peptide adsorption to phospholipid membranes and, furthermore, allows the evaluation of
translocation properties of these peptides. The quantum yield of FITC strongly depends on the
chemical environment which was examined by taking FITC spectra in different solvents.
Roughly the quantum yield of FITC decreases several orders of magnitude with decreasing
dielectric constant. As PLL or PLA is adsorbed to a phospholipid membrane FITC is
intercalated between lipid molecules with their hydrophobic tails. FITC integrated into the
membrane is then in an apolar environment and its normalised fluorescence intensity should
drop to 0.5%. In the case of small Rp values (0.1 to 0.4) the normalised fluorescence intensity
for the FITC-PLLs falls only to 5% which is probably due to the fact that not every FITC
probe will be intercalated into the outer membrane leaflet. Another reason might be that FITC
does not penetrate the membrane deep enough, i.e. is located in an environment with slightly
higher dielectric constant. The reason why the fluorescence intensity values of FITC-labelled

PLAs drop only to values of 0.2 when binding to an excess of fluid (!) membranes is not fully
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clear but is also probably due to the location of the probe in the interface. We assume,
however that at an Rp of 0.1 PLA is completely bound to the membrane.

The ability of PLL and PLA to penetrate and translocate through a lipid membrane was
assayed depending on the state of the membrane, i.e. fluid or gel phase, and for both a short
and a long polymer. Table 1 shows all obtained normalised fluorescence intensity values at an
Rp of 1 after an incubation time of 840 sec where both the processes of adsorption and
translocation have finished. This Rp value was chosen because equal amounts of amino acid
residues and lipids are present and enabled us to investigate to which extent PLL and PLA are
bound to inner and outer leaflet of the whole membrane. From the leakage experiments it was
known that membranes suffer from PLL and PLA induced defects particularly in the fluid
phase, but resist temporary pore formation better in the gel phase. PG/PC membranes
exhibited even less membrane defects upon cationic polypeptide binding. A striking feature of
the short FITC-PLL 106 upon binding to all examined membrane types is that always
normalised fluorescence intensity values of less than 0.1 were observed which is in the same
region as for the smallest investigated Rp value (0.1). Contrary to FITC-PLL 106, FITC-PLL
319 ends up at normalised fluorescence intensity values around 0.5 when probed with the four
membrane types. These results suggest that the short FITC-PLL 106 is able to translocate
through both fluid and gel phase membranes whereas the longer FITC-PLL 319 is not.
Similar findings were reported earlier by Shibata et al. [20] who probed the translocation
ability of FITC-PLL 106 (from the same supplier) through soybean phospholipid membranes
with confocal microscopy.

The translocation ability of (oligo)peptides with high arginine content was described by
several groups [14,13,43]. The short FITC-PLA 69 shows overall the same effect as the short
FITC-PLL 106, so short PLA molecules translocate through lipid bilayers in a similar manner
independent of membrane phase and composition. FITC-PLA 649 is two times longer than
the investigated PLL counterpart, but seems to translocate through the fluid POPG membrane
which is remarkable for a polymer of this length. At the same time one has to be aware that
PLA 649 also induces a high leakage from phospholipid vesicles which may eventually result
in lysis that would also make the inner leaflet easily accessible for peptide binding. An
unambiguous interpretation of FITC-PLA 649 penetration through the fluid POPG bilayer is
therefore not possible. Considering the low leakage rate of DPPG/DPPC membranes upon
binding of this peptide (8%) and a final value of the normalised fluorescence intensity of 0.39
suggests that at least 7% of the peptide molecules translocate (percentage of accessible inner

lipid molecules = total value — inaccessible value measured in the assay — leakage rate/2 =
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50% - 39% - (8%/2)) on the basis of total vesicle lysis and assuming an all-or-none
mechanism. For both POPG/POPC and DPPG vesicles such an estimate is more difficult
because there are maximal leakage rates of 30% which would mean that there is no
translocation observed if vesicles that leak are totally lysed. 34% (DPPG) and 39%
(POPG/POPC) of the initial fluorescence intensity remain at the end of peptide binding and
translocation. ITC measurements confirm that there is a complete binding of PLA 649 to both
inner and outer leaflet (until Rp = 1) of a DPPG membrane at 50 and 60 °C. As there is no
total dye-release (only 70%) it can be confirmed that PLA 649 translocates through a fluid
phospholipid membrane. The results for the gel phase and the mixed PG/PC membranes
indicate that there is a decreased binding of PLA 649 to these membranes. However, heats of
binding can be at least detected until an Rp of 1 is reached. Again, the problem that we cannot
fully distinguish between possible but not known vesicle lysis and translocation does not
permit a clear interpretation.

The ITC curves for PLL 402 which serves as a good equivalent to FITC-PLL 319 indicate a
complete binding to both the inner and outer leaflet of the fluid phospholipid membrane
(DPPG at 60 °C). This process was not observed in the FITC-assay raising the question for
the reason for this difference. As mentioned above the concentration is much higher in the
ITC experiment. This can enhance dye-release from phospholipid vesicles, particularly in the
fluid phase (data not shown), and possibly can lead to increased peptide translocation ability
through phospholipid membranes. Binding of PLL 402 to gel phase and mixed PG/PC
membranes, however, confirms unambiguously that peptide binding takes only place on the
outer membrane leaflet.

Conclusions

We have shown using fluorescence spectroscopy, isothermal titration calorimetry, and
electron microscopy that the binding of poly-L-lysines and poly-L-arginines to negatively
charged lipid vesicles is a process occurring in several steps which, depending on the charge
ratio of lipid charges to amino acid side chain charges, can lead to the formation of membrane
defects, to disruption of the vesicles and/or translocation of the polypeptides to the vesicle
interior. The behaviour of the system also depends on the total concentration of the binding
partners and on the experimental procedures, i.e. whether the polypeptides are added to the
lipid vesicles or vice versa. Fluid lipid vesicles are more easily penetrated by the polypeptides
than gel state vesicles and comparing PLL and PLA the latter can more easily translocate
through the membrane. The results show that only the combination of different techniques can

shed light onto the binding and translocation process of cationic polypeptides.
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Tables

Title Table 1: Membrane binding of FITC-labelled PLLs and PLAs.
Table 1: FITC-PLL (106 (short) and 319 (long)) and FITC-PLA (69 (short) and 649 (long))

binding to POPG-, DPPG-, POPG/POPC (1/1 mol/mol) and DPPG/DPPC (1/1 mol/mol)
vesicles. In the table the normalised fluorescence intensity values after membrane binding for

Rp =1 at a time point of 840 s are shown.

short  long

PLL  0.06 0.49

POPG PLA  0.26 0.17
PLL  0.07 0.49

DPPG PLA 0.1 0.34
PLL  0.05 0.46

POPG/POPC PLA  0.21 0.39

PLL 0.09 0.63
DPPG/DPPC PLA  0.12 0.39
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Figures (with caption and title)

Title 1: Dye-release kinetic curves of PLLs and PLAs with PG vesicles.
Fig. 1

a): Dye-release curves for PLL 44 interaction with POPG vesicles. The PLL concentration
was varied, with Rp values of 0.13 (-), 0.26 (-), 0.38 (-), 0.51 (-), 0.64 (-) and 1.28 (-). After an
equilibration time of 30 s a defined amount of calcein-containing vesicles (final concentration
80 uM) were added (time point of O s in the graph). The reaction temperature was 22 - 23 °C.
b): Dye-release curves for PLL 44 interaction with DPPG vesicles with Rp values of 0.12 (-),
0.6 (-), 1.19 (-), and 3.57 (-) . After an equilibration time of 30 s a defined amount of calcein-
containing vesicles (final concentration 85 uM) were added (time point of O s in the graph).
The reaction temperature was 22 - 23 °C.

¢): Dye-release curves for PLA 69 interaction with POPG vesicles with Rp values of 0.13 (-),
0.38 (), 0.64 (-), 1.28 (-) and 3.85 (-). After an equilibration time of 30 s a defined amount of
calcein-containing vesicles (final concentration 75 uM) were added (time point of O s in the

graph). The reaction temperature was 22 - 23 °C.

Title 2: Maximal dye-release from POPG and DPPG and mixed vesicles induced by PLLs and
PLAs.

Fig. 2

a): Maximal dye-release from POPG (empty bar) and DPPG (diagonally dashed bar) vesicles
induced by PLLs of the average lengths 19, 44, 123, 220, 402 and 906.

b): Maximal dye-release from POPG (empty bar) and DPPG (diagonally dashed bar) vesicles
induced by PLAs of the average lengths 69, 184 and 649.

¢): Maximal dye-release from POPG/POPC (1/1, mol/mol) (patterned bar) and DPPG/DPPC
(1/1, mol/mol) (horizontally dashed bar) vesicles induced by PLAs of the average lengths 69,
184 and 649.

Title 3: POPG dye-release dependence on Rp (PLLs and PLAS).

Fig. 3

a): Dye-release from POPG vesicles as a function of Rp for PLLs 19, 44 and 123.
b): Dye-release from POPG vesicles as a function of Rp for PLLs 220, 402 and 906.
¢): Dye-release from POPG vesicles as a function of Rp for PLAs 69, 184 and 649.
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Title 4: Binding of FITC-labelled PLLs to DPPG membranes.
Fig. 4: FITC-PLL 106 (upper panel) and FITC-PLL 319 (lower panel) binding to DPPG

vesicles. The FITC-PLL concentration was varied in different experiments. DPPG vesicles at
a constant lipid concentration of 100 uM were injected at a time point of 0 s and the binding
of FITC-PLL was monitored with time. Final Rp values are: 0.4 (-), 0.5 (-), 0.8 (-), 1 (-) and 2
(+). The reaction temperature was 22 - 23 °C.

Title 5: Cryo-TEM images of PLA and PLL coated POPG vesicles.

Fig. 5: Cryo-TEM images of polypeptide-coated unilamellar POPG vesicles with PLA 649 at
different Rp values (a-c), PLL 19 at Rp = 0.05 (d,e), and PLL 803 at Ry = 0.25 (f) prepared at
20°C.

Title 6: ITC binding curves for PLL 402 to PG membranes.

Fig. 6

a): Reaction heats for the titration of 20 mM PLL 402 into a 2 mM DPPG suspension at 20
(m) and 60 (o) °C.

b): Reaction heats for the titration of 20 mM PLL 402 into a 2 mM DPPG/DPPC (1/1
mol/mol) suspension at 20 (m) and 60 (o) °C.

Title 7: ITC binding curves for PLL 803 to PG membranes.

Fig. 7

a): Reaction heats for the titration of 20 mM PLL 803 into a 2 mM DPPG suspension at 20
(m) and 60 (o) °C.

b): Reaction heats for the titration of 20 mM PLL 803 into a 4 mM DPPG/DPPC (1/1

mol/mol) suspension at 20 (m) and 60 (o) °C.

Title 8: ITC binding curves for PLA 649 to PG membranes.

Fig. 8

a): Reaction heats for the titration of 20 mM PLA 649 into a 2 mM DPPG suspension at 30
(m), 50 (o) and 60 (A) °C.

b): Reaction heats for the titration of 20 mM PLA 649 into a 2 mM DPPG/DPPC (1/1
mol/mol) suspension at 30 (m), 50 (o) and 60 (A) °C.




Figurela

0 200 400 600
i | i | 1 |

3.5x10" -
3,0x10" 4
2 5x10" -

2 0x10’ -

intensity / cps

1,5%10" -

1,0x10" 4

5.0x10° -

0,0-1— :
400
time / sec


http://ees.elsevier.com/biophyschem/download.aspx?id=46643&guid=7b6c755f-fa64-42ac-8082-7142561a2735&scheme=1

Figurelb

0 200 400 600
| § | i | i |
3,5x10" o [B.5x1 0’
3,010 - ﬁ - 3,0x10
» 25::10?—_ ;25::10?
L : 1
o o R
> 2.0x10 -2 0x10’
,
£ 1,5x10" - - 1,5%10’
1,0x10" 4 - 1.0x10’
5.0x10° - - 5.0x10°
0,0 = , , , 0.0

I I
400 600

time / sec

) I
0 200


http://ees.elsevier.com/biophyschem/download.aspx?id=46644&guid=b341e6ab-bcb0-473b-95c9-9f250594b084&scheme=1

Figurelc

0 200 400 600
| i | :
T T
3,5x10" - -.3.5x10
3,0x10" ~ i
2 2,0x10" - i -
e : |
€ 1,5x10" - / P

1,0x10" - - F1,0x10]

6 —— B i .
5,0x10° - 5,0x10

U,D I | : : J : T T ﬂ,ﬂ
0 200 400 600

time / sec


http://ees.elsevier.com/biophyschem/download.aspx?id=46645&guid=9c3ff461-8fc0-4fa9-beaf-0463666b9042&scheme=1

Figure2a

= = T

e
L]

A R

100 -

T
o
o]

o, | 9Sea|al-9Ap |ewixew

400 900

PLL chain length


http://ees.elsevier.com/biophyschem/download.aspx?id=46655&guid=dd83b2a7-6ced-4e7c-9837-362302e82922&scheme=1

Figure2b

100 -

TR

o, [ @seajal-afp |ewixew

700

600

200

PLA chain length

100


http://ees.elsevier.com/biophyschem/download.aspx?id=46656&guid=ca0e1a42-c834-4698-985a-010f0b68cf52&scheme=1

Figure2c

bl |

L
P

100 -

_
o
(+a]

J ; I X 1
o o o
w <t o

o, [ @seajal-afp |ewixew

700

600

200

PLA chain length


http://ees.elsevier.com/biophyschem/download.aspx?id=46657&guid=7ad0104b-2486-43ce-b4b3-506ae14d9d31&scheme=1

Figure3a

PLL

444

L__]19

123

+ A1

o T SR B A,

ORI
—

E. Iff!fffﬁ s
N
-

100 -

80 -

J ; I X 1 J
o o o o
w <t o

o4 | @seajal-afp


http://ees.elsevier.com/biophyschem/download.aspx?id=46658&guid=17710720-40e6-41fb-a26c-a91754b35637&scheme=1

Figure3b

=402

tEEEEE] 906

ANEERRREEEENEEENARANREENRRENRNANNEE
i i e R A A LR L

— M LR
e

100 -

80 -

J ; I
o o
w =

o4 | @seajal-afp

20 =
0

1,5

0,0


http://ees.elsevier.com/biophyschem/download.aspx?id=46659&guid=85590928-e06d-4bb7-be41-3ea90cd1d16e&scheme=1

Figure3c

PLA

169

V2777184

(25 649

g
s A

el " " e e e e e e e
[ e T e e e e e e e e S e

100 -

80 -

— ]
- o
w <r

o4 | @seajal-aAp

4,0

3.5

0,5

0,0


http://ees.elsevier.com/biophyschem/download.aspx?id=46660&guid=7e5aba00-8724-4323-8f45-99832116b8e1&scheme=1

Figure4

8] 100 200 a0 400
'1 .ﬂ ol el e - 1 .ﬂ
=
§ o8- 0,8
=
w
E 0.6 - 0.6
=
T
E 04- - 0,4
[=]
|
0.2+ - 0,2
0,0- Loo
6 100 200 300 400
time / sec
§] 100 200 300 400
i i L i L 1 L
1.0 — - 1.0
+ 0,8+ - 0.8
8i}
& I
= 0,6 - 0.6
2
]
t 04- rfr-_ - 0,4
g 0,2 4 - 0.2
= K\mﬂ
0,04 - 0.0
1 L ] : ] 1 L]
0 100 200 300 400

time / sec


http://ees.elsevier.com/biophyschem/download.aspx?id=46646&guid=4ad71508-cfb5-4dbd-bcbf-246bc8e3162c&scheme=1

Figureb

POPG / PLA 649
a: Rp=0.25

POPG/PLL 19
= 0.05

POPG / PLL 803
f



http://ees.elsevier.com/biophyschem/download.aspx?id=46661&guid=1e137d91-d95d-4475-baf0-a6e9d49a978c&scheme=1

Figure6ba

AH / keal rm::ul'1 aa

© o o 9
o B
L1

e
o

2 e Q9 9
N O N R G QO
'l I il I L I 1 I i I £ I ]

o
Qo
I Il

0 i

Y
o

0,0

|
0.5 1,0
aa residues / DPPG

1,9

2,0



http://ees.elsevier.com/biophyschem/download.aspx?id=46647&guid=12c06e66-0e70-4e82-825c-30480608bad9&scheme=1

Figure6b

AH / keal rm::ul'1 aa

1 | | I I
0,4 -
l.
[ |
0,2 -
B
. © o 00
o : D:l:.-j, 0 )
0.0 - D...-EIQ.-I..IggQﬁ.QIEEGE
'-JD L&
-{]’2_
1 ¥ | ! | ! I ! ]
0 1 2 3 4

aa residues / DPPG



http://ees.elsevier.com/biophyschem/download.aspx?id=46648&guid=8a115efa-6a00-44f9-b8ec-8120f06e3791&scheme=1

Figure7a

o
n
|

=
P
i I i

) O

AH / keal mﬂl1aa
5 O B g o
oo (8] N P -
| - | PR | | I

| |
[
i
| |
]
| |
[ |
L | |
[ |
[ |
[ ]
| |
[ ]
[ |
[ |
[ |
[ ]
[ |
[ |
[ ]
[ ]
]
[ ]

ke

o
L
o

I y I ¥ ' I

| | |
0.0 0,2 0.4 0.6 0.8 1,0
aa residues / DPPG


http://ees.elsevier.com/biophyschem/download.aspx?id=46649&guid=dc250369-cea3-49ea-929d-027df3873446&scheme=1

Figure7b

0,2 1 | | | * : | ]
ﬁzen’::.:;t__f;
Y ) ] - ) i
0,0 7% 00 =0 0@
" Spgeggr"agispuguinnl,
m ) N 0 L
© DI
% -
0O
E
w© -0.2 -
g
E [
=]
m
‘ﬂ,"i‘— ] l..l
| = 1 ' I - | r : - | i
0.0 0,2 0.4 0.6 0.8 1.0 1,2

aa residues / DPPG



http://ees.elsevier.com/biophyschem/download.aspx?id=46650&guid=f8a30e53-face-4273-8aea-1c36d38e38c0&scheme=1

Figure8a

0,6
0.4 -
0,2-
0,0 -

0.2

0.4

0.6 -

S 0,8 -

s Ry

S 1,24

1.4+
-115_-

rnﬂr1aa

Roog
n8A8R68R8%

':'_:':-"-".G
o Fay
P
s

_*‘LB -

0,0 0,5

I
1,0

' I

1,9

aa residues / DPPG

2,0



http://ees.elsevier.com/biophyschem/download.aspx?id=46651&guid=3301d27a-9a66-4754-9d21-fd57db57bdd9&scheme=1

Figure8b

. | v |
= RO PR LT TR
= m~ [
u . L
A D
-0,2 - i
2 g
i -04 - " o
2 .
- Py o0
-0,6 - "
g
E -0,8 - 9
"‘E,D— 2
1 ¥ | | | T | T
0 1 2 3 4

aa residues / DPPG



http://ees.elsevier.com/biophyschem/download.aspx?id=46652&guid=4dcd1cbe-76c5-475b-89d1-604a42154093&scheme=1

Tables

Title Table 1: Membrane binding of FITC-labelled PLLs and PLAs.
Table 1: FITC-PLL (106 (short) and 319 (long)) and FITC-PLA (69 (short) and 649 (long))
binding to POPG-, DPPG-, POPG/POPC (1/1 mol/mol) and DPPG/DPPC (1/1 mol/mol)

vesicles. In the table the normalised fluorescence intensity values after membrane binding for

Rp = 1 at a time point of 840 s are shown.

short  long

PLL 0.06 0.49

POPG PLA  0.26 0.17
PLL 0.07 0.49

DPPG PLA 0.1 0.34
PLL 0.05 0.46

POPG/POPC PLA 021 0.39

PLL 0.09 0.63
DPPG/DPPC PLA 0.2 0.39




