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Abstract The transport of co-encapsulated solutes
through the melittin-induced pores in the membrane of giant
phospholipid vesicles was studied, and the characteristics of
the pore formation process were modeled. Molecules of two
different sizes (dextran and the smaller, fluorescent marker
Alexa Fluor) were encapsulated inside the vesicles. The
chosen individual vesicles were then transferred by micro-
manipulation from the stock suspension to the environment
with the melittin (MLT). The vesicles were observed opti-
cally with a phase-contrast microscope and by monitoring
the fluorescence signal. Such an experimental setup enabled
an analysis of a single vesicle’s response to the MLT on the
basis of simultaneous, separate measurements of the out-
flow of both types of encapsulated molecules through the
MLT-induced pores in the membrane. The mechanisms of
the MLT’s action were suggested in a model for MLT pore
formation, with oligomeric pores continuously assembling
and dissociating in the membrane. Based on the model, the
results of the experiments were explained as a consequence
of the membrane’s permeability dynamics, with a contin-
uously changing distribution of pores in the membrane with
regard to their size and number. The relatively stable
“average MLT pore” characteristics can be deduced from
the proposed model.
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Introduction

Melittin (MLT), one of the main constituents of bee
venom, is a thoroughly studied amphiphilic peptide, and its
characteristics and interactions with model and cell mem-
branes have been closely examined [reviewed in Raghu-
raman and Chattopadhyay (2007)]. The ability of MLT to
permeabilize lipid membranes is influenced by the mem-
brane lipid composition: due to the MLT molecule net
charge of +5 to +6 ¢, the binding of the MLT to the
negatively charged membranes is enhanced compared to
the neutral membranes (Beschiaschvili and Seelig 1990;
Torrens et al. 2007). When studying the capability of MLT
to permeabilize the membranes, it has been found that the
effects of MLT are concentration dependent: at low con-
centrations the morphological perturbations of the mem-
brane can be observed as the MLT monomers bind to the
outer membrane layer (Hristova et al. 2001; Mally et al.
2007). At higher concentrations the permeation of the
membranes is ascribed to the association of MLT helices
leading to the formation of oligomeric pores (Katsu et al.
1988; Ladokhin et al. 1997; Matsuzaki et al. 1997; Hristova
et al. 2001; Lee et al. 2004; Mally et al. 2007). The
reported pore sizes range from 1 to 6 nm (Raghuraman and
Chattopadhyay 2007) depending on the different experi-
mental conditions (pH, temperature, membrane lipid
composition). It has been established that pores form only
after a certain peptide-to-lipid threshold concentration in
the vesicle membrane is reached (Lee et al. 2004; Huang
et al. 2004). A larger peptide-to-lipid molar ratio in the
membrane yields larger pores (Schwarz et al. 1992;
Matsuzaki et al. 1997) with more MLT monomers in the
pore rim. In the study of Huang et al. (2004), it was
hypothesized that the induced pores are, under a given set
of conditions, all of the same size, their formation

@ Springer



462

Eur Biophys J (2012) 41:461-474

resembling a phase transition from the state of no pores to
the state of multiple, identical pores. Other studies report
on a rather wide distribution of MLT pore sizes in a
membrane under given conditions [for example in Ladok-
hin et al. (1997)]. The average value of the pore diameter is
estimated in such studies.

From the experiments investigating melittin-induced
vesicle leakage, it was found that for bilayers with similar
melittin-binding properties the leakage depends on their
area compressibility modulus and spontaneous curvature,
but is not dependent on the bilayer hydrocarbon thickness
(Allende et al. 2005). The pores are therefore best described
as toroidal openings in the membrane with the lipid mole-
cules inserted in between the MLT molecules in the pore
rim and tilted perpendicularly to the normal of the mem-
brane (Yang et al. 2001; Allende et al. 2005; Mihajlovic and
Lazaridis 2010). MLT molecules adopt an a-helix structure
when they are in contact with a lipid environment and are
pictured as slightly bent rods (Terwilliger and Eisenberg
1982), with polar and charged amino groups facing the
aqueous moiety. The bent-rod form of an amphipathic MLT
helix may explain the relative stability of the MLT pores as
bent MLT molecules drift from a flat part of the membrane
to a preferred position on the curved part of the pore and
become a component of a pore rim (Mihajlovic and Laz-
aridis 2010). In a dynamic molecular simulation of a pore,
initially consisting of four MLT monomers, it has been
shown that lipid molecules intercalate between MLT
monomers to enable an energetically favorable pore
expansion, caused by the electrostatic repulsion among the
MLT molecules (Lin and Baumgaertner 2000).

The described characteristics of the MLT are in accord
with the fact that MLT has, at a high enough concentration,
a lytic effect on cells [reviewed in Dempsey (1990)], but
the dynamics of the permeabilization process, potentially
leading to cell lysis, is not clear. It has been established that
at a given MLT concentration after the formation process
the pores are stable (Ladokhin et al. 1997; Yang et al. 2001;
Naito et al. 2000; Chen et al. 2003; dos Santos Cabrera
et al. 2004; Huang et al. 2004; Allende et al. 2005; Machan
et al. 2010); however, in our previous work with single
giant vesicles, we investigated the interactions between the
vesicles and MLT, and showed that in a wide range of
MLT concentrations the MLT-induced membrane perme-
ability is increasing with MLT concentration and also with
time at a given concentration (Mally et al. 2007). Namely,
the osmotically tensed vesicles underwent a series of
bursts, with vesicle membrane resealing after each burst.
Both the decreasing of time intervals between the bursts
and the shape of the curve, describing the leakage of the
solute molecules from the vesicles, supported the conclu-
sion that MLT-induced membrane permeability is
increasing with time throughout the experiment. Since
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porous-membrane permeability is proportional to pore size
and pore number, this finding led to the hypothesis that
MLT pores are increasing in size and/or number by inte-
grating new MLT monomers from the surrounding solution
into the existing pores or by re-formation of the existing
pores with time. These experiments could not distinguish
between the two possibilities that present themselves as the
major cause for the membrane’s permeability increasing.
We therefore designed an experiment to establish whether,
at a constant MLT concentration, the membrane perme-
ability increases as a consequence of the increasing number
of MLT pores in the membrane or of the increasing size of
the pores with time.

In the present study of the permeabilization dynamics
we focused on elucidating the mechanisms of the MLT
permeabilization of giant unilamellar vesicle (GUV)
membranes. Since lipid vesicles are, due to their simplicity,
an excellent model system to study the interactions
between the membranes and various substances, they have
also been frequently used in the context of MLT perme-
abilization studies. We have applied the methodology
developed previously (Mally et al. 2002) that allowed us to
continuously optically monitor single-cell-size vesicles
responding to various peptides and proteins. The hypoth-
esis was that in the case that the MLT-induced pore radius
is increasing during the experiment we would be able to
observe a delay in the beginning of the outflow of mole-
cules of different sizes. A study of POPC LUVs co-
encapsulating fluorescently marked dextran molecules of
two different sizes (FD-4 and FD-70 dextran) was con-
ducted previously (Ladokhin et al. 1997) to estimate the
size of the MLT-pores: using the column gel-filtration of
loaded LUVs it has been shown that about 88 % of the
smaller FD-4 leaked out of the vesicles, compared to a
22 % elution of the FD-70, and the MLT pore diameter was
hence calculated to be 2.5-3 nm. The dynamics of pore
formation and the time dependence of the membrane per-
meability were not addressed in this study.

We have devised the experiments in such a way as to
enable the vesicle membranes to remain flaccid throughout
the experiment in order to exclude the potential influence
of an increased membrane tension on the membrane-
permeability increase. We performed the experiments on
spherical GUVs with an encapsulated mixture of glucose
and dextran (D) solutions with the fluorescent marker
Alexa Fluor (AF). The vesicles were initially dispersed in
an isomolar glucose solution and then micromanipulated
into the environment of an isomolar glucose solution with
MLT at a chosen concentration. The technique of phase-
contrast microscopy made it possible to monitor the dex-
tran (large encapsulated molecules) concentration inside
the vesicle, and by using the intensity of the fluorescent
signal in a fluorescent microscopy image we were able to
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estimate the concentration of AF (small encapsulated
molecules) inside the vesicle, as described in the Results
section. A comparison of the two sets of measurements was
the basis for a model describing the pore formation
dynamics and the MLT-induced transport through the
pores. A possible mechanism for MLT pore growth is
modeled in the Results section and evaluated in the Dis-
cussion section. The findings are then placed in the context
of previous studies, discussing the possible transient nature
of individual MLT-induced pores in the membrane and the
relatively stable “average pore” characteristics.

Materials and methods
Materials

The vesicle membranes were made from phosphatidyl-
choline  [1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) (Avanti Polar Lipids Inc., Alabaster, AL,
USA)]. The lipid is available in powder form; it was dis-
solved in a mixture of 2:1 (v/v) chloroform—methanol to
1 mg/ml. The solution was stored at —15 °C. Anhydrous,
pro analysis (p.a.) glucose with a molar weight
M,, = 180.16 g/mol and dextran 6000 (M, = 6 kg/mol,
Fluka, Switzerland) were used without purification. The
sugar solutions were buffered (pH 7.4) with Trizma buffer
(Trizma base and Trizma hydrochloride), obtained from
Sigma Chemical Co. (St. Louis, MO). Alexa Fluor 594
hydrazide, sodium salt was purchased as a fluorescent
marker at Molecular Probes Inc (Eugene, OR). Its excita-
tion wavelength is 588 nm, and the emission wavelength is
613 nm. The melittin (from bee venom) was from Cal-
biochem, Merck Bioscences, Darmstadt, Germany. The
HPLC showed the purity of the sample to be 97 % (data
from the producer). Based on our experience and as noted
in Yang et al. (2001), no difference in effects on the lipid
membranes can be found in this type of study between
purified and synthetic MLT as long as there was no added
Ca”*, needed for phospholipase activity, in the sample.
The toxin was dissolved in water at a concentration 1 mg/
ml and stored at 4 °C.

Preparation of the vesicles

The phospholipid vesicles were prepared by electro-for-
mation using a slightly modified version of the method of
Angelova et al. (1992). The procedure of vesicle prepara-
tion and the experimental equipment for the vesicle
manipulation and observation are described in detail in
Mally et al. (2002). The vesicles were made to encapsulate
the 0.19 M glucose, the 0.01 M dextran 6000, the 3 uM
fluorescent marker Alexa Fluor 594 and 3 mM Trizma

buffer, and then suspended in an isomolar (0.2 M) glucose
solution to obtain a sample of unilamellar spherical
vesicles.

Since experience shows that the vesicles produced using
this method can have tethers and other protuberances when
fresh, we used at least 1-day-old vesicles in order to allow
the membrane to achieve its relaxed state. The control
experiments with epifluorescence microscopy (not shown)
demonstrated that after 24 h the majority of the vesicles
were without tethers and protuberances.

Experimental setting

The vesicles were observed under an inverted optical
microscope (Nikon Diaphot 200) with a phase-contrast
plate and a prism for the fluorescence-microscopy tech-
nique. The phase-contrast microscopy technique makes
transparent objects visible by exploiting the refraction
properties of the observed object and of its surroundings.
When observed in the environment of a glucose solution,
vesicles with entrapped glucose, dextran and AF solutions
appear dark against the background as the refraction index
of the inner solution is higher than that of the outer (glu-
cose) solution. A characteristic white halo appears around
the vesicle (Fig. la) in a phase-contrast image. The
brightness of the halo depends on the difference of the
refraction indices of the object and the surroundings,
the size of the observed object, and on the properties of the
microscope (Pluta 1989). We used this otherwise unwel-
come effect of phase-contrast microscopy to obtain infor-
mation about the composition of the vesicles’ inner
solution (as demonstrated in Fig. la, b), (Mally et al.
2002). Briefly, by analyzing a number of vesicles with a
known composition of the inner solution, we obtained a
calibration curve that determines the relationship between
the halo intensity and the dextran concentration (Fig. 2a).
In fluorescent-microscopy images the peak brightness level
corresponds to the AF fraction inside the vesicle (Fig. lc,
d), and calibration curves were established for determining
both the AF concentration (Fig. 2b) and the AF bleaching
properties (Fig. 2c).

Experimental procedure

Vesicles from the sample were selected, one at a time, with
the criteria being that they had no visible protuberances and
were unilamellar. The chosen vesicle was fully aspirated
into a micropipette filled with glucose solution, and
transferred into the chamber that was filled with 0.2 M
glucose solution containing MLT at a given concentration
(emLt = 2 uM), chosen according to the MLT-concentra-
tion range (Mally et al. 2007), where the increasing of
membrane permeability was evidenced. The volume of the
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Fig. 1 a A phase-contrast (a)
image of a typical vesicle used
in the experiment and b a
measurement of the brightness
(in arbitrary units) of the vesicle
cross-section along the
indicated line to determine the
peak-brightness level of the
halo. ¢ A fluorescence image of
the same vesicle and d the
measurement of the brightness
(in arbitrary units) of the vesicle
cross-section along the
indicated line to determine the
peak-brightness level of the
vesicle cross-section
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vesicle is negligibly small compared to the volume of the
experimental chamber with the MLT solution, and there-
fore we can assume that the concentration of free MLT in
the solution is constant and the concentrations of AF and
dextran outside the vesicle are zero throughout the exper-
iment. All the experiments were carried out at room
temperature.

The vesicles were monitored and the experiments
recorded as a series of digital images, which were saved for
later analysis. The images were captured and the shutter of
the UV lamp was controlled using adapted Wasabi soft-
ware. The light for the phase-contrast microscopy during
the measurement of the fluorescence signal was obstructed
manually. The time interval between capturing the phase-
contrast image and the fluorescence image was 1.5 s,
which was the shortest achievable time interval needed to
optimize the focusing of the vesicle before each image was
captured. ImagelJ software (Rasband 1997-2012) was used
for the image processing. The background was removed by
the rolling-ball algorithm that is already implemented in
the software. From each image we determined the radius of
the vesicle (R) and the brightness level either of the vesicle
halo in the phase-contrast images or the brightness level of
the fluorescence signal from the AF in the fluorescence
images. From the vesicle phase-contrast microscopy image
analysis the time dependence of the halo brightness level
was measured. The decrease of the halo brightness level
with time was correlated with the decrease of the dextran
fraction (and the increase of the glucose fraction) in the
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vesicle inner solution. The vesicle-fluorescence image
analysis gave us the dependence of the peak-brightness
level with time. After adjusting for bleaching, the mea-
surements were correlated to the decrease of the AF con-
centration in the vesicle inner solution with time.

The decrease of the solute concentration depends on the
membrane permeability (Parp), a proportionality factor
between the molar concentration of the solute inside
the vesicle (car, p) and the induced solute outflow
(J, Jar, p = d(car,pV)/d0):

JarD = —PApDACAED, (1)

where the indices AF and D stand for the Alexa Fluor and
the dextran, respectively, and A is the surface area of the
vesicle membrane. Considering the constant vesicle
volume (V), linearity between the light intensity (/), read
as the brightness level in the densiometric plots, and the
concentration of the solvent inside the vesicle (Fig. 2),
integration over c¢ yields:

t
1 3
ll’l—) = ——/PAF,Ddl, (2)
( Iy AF,D R 0

with the implicit assumption that the membrane perme-
ability is not constant, but exhibits a dependence on time
that follows the pore formation dynamics. For a given
vesicle the analysis of the measured brightness levels with
respect to time gives us information about the dynamics of
the membrane permeability.



Eur Biophys J (2012) 41:461-474

465

_—

J o

N

R A |

o O O o
;

= N
o O

halo brightness [a.u
w
o

o

N

200

180

160 |

140

120 ¢

peak brightness [a.u.]T

100 -

—_
(2)

~
o
o))

™

o

"

05¢ ’

04 £

In(1/1o)
i

0.1 ]

0.0 £ - . . , ]
0 20 40 60 80

t[s]

Fig. 2 Calibration curves determining the dependence of the bright-
ness level in the vesicle image on the solute concentration. a The
dependence of the peak-brightness level of the vesicle halo on the
dextran concentration. b The dependence of the peak-brightness level
of the vesicle cross-section on the AF concentration. ¢ Exponential
dependence of the AF signal on the illumination time of the vesicle
was investigated. A bleaching parameter (slope of the curve) was
determined by successive fluorescence imaging of one vesicle and
observing the logarithm of intensity normalized by its initial value
versus the time of illumination. The jumps correspond to the focusing
optimization of the observed vesicle during the measurement
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Results
Observations

For the concentrations of MLT used in this study the
observed vesicles were at all times spherical, and remained
flaccid. The experiments were analyzed in order to obtain
the records of the changing of the vesicle contents (AF and
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Fig. 3 Dependence of the normalized inner solution concentrations
on time for seven of the analyzed vesicles. The measured outflow data
set for dextran is represented by circles and for AF by diamonds.
Time ¢ = 0 denotes a transfer of the vesicle into the MLT solution.
Model predictions (Egs. 2-7) with fitted model parameters for
respective solution concentrations are shown as full lines for the
dextran and dashed lines for Alexa Fluor concentrations with respect
to time. The arrows point out the time # at which the modeled pore
formation process begins. The model parameters used for the model-
prediction computations are the same for all the analyzed vesicles,
except for the ko, parameter and the vesicle radius (in the interval
between 36 and 42 pum for the vesicles shown), which are adjusted for
each vesicle individually

0 100 200 300

D concentrations) over time as described in the previous
section. After the initial plateau (Fig. 3), where the vesicle
brightness levels are constant (and we can conclude that the
membrane is either not yet permeabilized or that the pores
are not large enough to enable the passage of the solute
molecules), it is evident that the halo brightness is dimin-
ishing with time in the phase-contrast image, and that the
contrast between the gray levels inside and outside the
vesicle is diminishing in the fluorescence image, meaning
that the concentrations of both the dextran and the AF
inside the vesicle are diminishing. The time lag (the plateau
illustrating the time interval before the observable leakage)
is different for each vesicle (from around 30 s to as much
as 8 min, see Fig. 3). In the control experiments where the
vesicles were transferred to glucose solution without MLT
the vesicles remained the same with respect to their shape
and the brightness signal for long periods (>1 h). However,
also in the presence of MLT a significant fraction of ves-
icles is not permeabilized by any observable criterion—
they also maintain their shape and brightness signal for
long periods (>20 min).

For the majority of vesicles the results of the experiment
imply the permeabilization of the vesicle membrane by
MLT and the transport of the dextran and AF molecules
from the vesicle to the outer solution. The leakage curve,
describing the diminishing of the solute concentration
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inside the vesicle, exhibits a relatively sharp break after the
initial lag-time plateau and becomes less steep after the
concentration of the solute falls below approximately 50 %
of the initial value. The leakage of two types of solute
molecules from the individual vesicle is described by two
distinct measurement data sets. The diminishing of the AF
concentration with respect to time is clearly faster com-
pared to the dextran leakage from the analyzed vesicle, yet
there is no observable delay between the onset of the
leakage of the smaller AF and larger dextran molecules
from the vesicle. The obtained results suggest some qual-
itative conclusions about the behavior of the treated sys-
tem: first, that the outflow is size—regulated, yielding two
separate curves describing two different solutes’ concen-
trations with respect to time; second, that the formed pores
have a rather wide size distribution (there is no delay
between the noticeable outflow of the smaller and the lar-
ger molecules); third, that membrane permeability increa-
ses at first (the leakage curve is steep after the plateau) and
becomes more or less constant afterwards (the leakage
curve becomes pronouncedly less steep for both types of
solutes), implying reorganization or re-formation of MLT
pores; and fourth, that membrane permeabilization is ini-
tiated stochastically (the time-lags are different for differ-
ent vesicles in the same experimental conditions).

Our intention was to describe the observed vesicle
behavior with a plausible physical mechanism. A possible
model for the pore formation mechanisms, consistent with
the measurements on membrane permeabilization, is pre-
sented in the next section.

Model

A simple model with assumed constant membrane perme-
ability does not describe the measurements, whereas
phenomenological model descriptions of membrane per-
meability as first increasing and then with a stabilized value
can describe the efflux curves, but not the time lag, and they
also do not give an insight into the underlying mechanisms
for such a membrane permeability dynamics (increasing at
first and constant later on). In order to frame the observations
within a consistent model we first state the assumptions
regarding the observed processes: (1) MLT molecules par-
tition from the bulk solution to the vesicle membranes,
having a parallel orientation with the membrane surface
plane while bound to the membrane as monomers; (2) MLT
monomer adopts a trans-bilayer, i.e., orthogonal to the
membrane surface-plane orientation when in an interaction
with at least one other MLT monomer; (3) MLT molecules
are positively charged and bound MLT increases the surface
electric potential of the membrane, consequently diminish-
ing the MLT partition coefficient; and (4) the volume of the
vesicle is constant throughout the experiment.

@ Springer

It is attempted to model a scenario of pore formation
that supports all the observed phenomena while taking into
account the established properties of MLT from previous
studies. In particular a theoretical study by Zemel et al.
(2003) presents itself as an appropriate reference when
considering toroidal membrane pores with charged con-
stituents, although their approach will be simplified for the
needs of the description of our model situation. We con-
sidered that MLT forms multimeric trans-bilayer pores
with a pore rim comprising both MLT and lipid molecules
and that at a neutral pH the MLT molecule has a positive
net-charge (e = Zey, with Z = +5). We modeled a pore
with at least three MLT monomers (n > 3) as an opening
with radius R, with n point charges evenly positioned
along the pore circumference. The energy of such a pore
involves the line tension, electrostatic interactions between
MLT charges, and a term describing the released energy
for each MLT monomer attaining a trans-bilayer position
as a part of a pore rim: The corresponding sum can be
written for odd and even values of the number of MLT
monomers in the pore, respectively, as

n—1

E 2R, T4 E)” fj L (3a)
n = ZTUXp p N — no, a
odd P 8neeoRp = sm%7I
n(Zey)* : 1 1
E, even = 27R, T —=| —no,
.even Rp 1+ 8nceoRyy ; Sin%” 5 n

(3b)

with I' being the line tension for a pore in a POPC
membrane, ¢ the dielectric constant for water and J the
energy difference between two positions of a MLT
monomer—before and after joining into the pore rim.
Thus, a discrete energy level value is ascribed to each
n-meric pore. By minimizing the energy of a pore (Egs. 3a,
3b) with respect to the pore radius R, we can find the
optimal pore size for a given number of MLT monomers in
the pore:

n—1

Zeo [ n = 1
Rn odd =, _ | — in ’ 4
©dd =Y | Teeo kz:; sintz (42)
, !
Zeo [ n [~ 1 1
Rooven = 220 ( (ST 22 ). 4b
ST 4n (ngo <k§; sin 4% 2)) (4b)

By inserting the obtained radii into Egs. (3a), (3b), the
energy levels of the pores with discrete radii can be
determined with respect to the number of MLT monomers
in the pore (Fig.4). The choice of the interrelated
parameters’ values [i.e., 0 and the product of Z/(T'¢)]
determines the number of the MLT monomers that
correspond to the energetically minimal MLT pore.
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Fig. 5 A schematic representation of the MLT pore formation
kinetics. MLT monomers are denoted as black rectangles when lying
parallel to the membrane and as black circles when in a trans-bilayer
position, forming a pore rim (the rim marked with a circle)

In our previous work (Mally et al. 2007) we showed
that at low MLT concentrations binding of MLT to the
outer membrane causes the leaflet-area difference first to
increase and then to decrease with time with a square
dependence on MLT concentration, stressing the role of
MLT pairs as vehicles for both MLT and lipid molecules’
translocation. In a proposed kinetic model for the
assembly and disassembly of multimeric structures
(schematically shown in Fig. 5), the first step of the pore
formation process is thus two MLT monomers joining
into a short-lived dimeric pre-pore. The pores can grow

by another monomer becoming a part of a pore rim and
dissociate by a monomer separating from the pore rim.
At any given moment the proposed model assumes the
coexistence of different MLT structures [monomers,
dimers and n-meric (n > 3) MLT pores] in the membrane.
The number concentration of respective structures in the
membrane is defined as ¢, = N, /N (with N, being the
number of n-meric structures and Ny being the number of
lipid molecules in the membrane) and the time depen-
dence of the respective pore concentrations can be
deduced from a set of kinetic equations, described in the
following section.

The equation for the time dependence of the number
concentration of monomers (c¢;) and of the dimers and
pores (c,) in the membrane must be written separately. For
monomers we have:

dCl

2
T konco — kogrc1 — 2ky 2c7

Nmax

+ Z (knﬁn—l,lcn - n—l,nclcn)y (5)
n=2

where the coefficients k., and kg are the MLT association
and dissociation coefficients, respectively, for MLT mole-
cules partitioning into the membrane from a bulk solution
with the MLT concentration ¢y. Upon binding to the
membrane, positively charged MLT monomers increase
the membrane surface potential and consequently reduce
the partitioning of new MLT monomers from the bulk
solution into the membrane; the association coefficient
(kon) is thus modeled as ko, = konge 20PW/K [from
Schwarz (1996)], where ®, is the membrane surface
potential, changing concomitantly with the number of ML T
molecules in the membrane over time. Following the
Gouy-Chapman approach the membrane potential can be
determined from the relation ®y(r) = 2kT/ey(Arcsinh(a(t)/
(8 I eg kT)I/Z)], where ¢ is the surface-charge density of
the membrane [calculated from o(f) = Z.¢ eg Nyot(?)/
(Npap), with Z.geq as an estimate of the effective charge of
a MLT monomer in the POPC membrane, Ny 1(¢) the sum
of all the MLT molecules in the membrane and a; the
surface area of one lipid molecule] and [/ is the ionic
strength. In the assumed scenario the bound MLT mono-
mers continuously traverse from the plane of the membrane
into the orthogonal position when they pair with another
MLT monomer or when they become a part of an exist-
ing—pore rim, and can be released from the pore rim back
to the monomeric state parallelly in the membrane. The
kinetic parameters of the form k,_;, are the association
kinetic parameters with n — 1 denoting the initial number
and n the final number of monomers in the pore rim. For
the dissociation coefficients k,,_;; we take into consid-
eration the energy difference AE,, | =FE, — E,_;
between the energies of the n-meric and the n — 1-meric
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pores so that the dissociation coefficients are of the form
Knn-11 = kaos n e~ 4En-1/KT _ A pore with n monomers has
n possibilities for a monomer dissociation, and thus the
dissociation coefficients are taken to be proportional to the
number of monomers in the pore. The probability of a
monomer encountering an existing pore and joining the
pore rim has to be proportional to the dimension of the
pore, and therefore the association coefficient is taken to be
proportional to the pore circumference and in that way
proportional to the number of monomers already contained
in the pore rim that the monomer is about to join,
kypn+1 = kgon. The model thus accommodates the
assumption that all the kinetic parameters are (linearly)
proportional to the pore size, while the parameters k,, and
k.o are taken to be size independent.

The pore formation process can be expressed by a set of
differential equations describing the time dependence of
the concentration of pores with n melittins (c,,, n > 2). The
equations for pore formation kinetics can be given in a
general form as:

Nmax —1
dc,

dr = knfl,nclcnfl - kn,nJrlclcn + kn+i,lz,icn+i

i=1
]
- Zpkmn—i‘,icn, (6)
i=1

where the first and the second term describe the association
of monomers to existing pores in the membrane (as
described in the Eq. 5). A pore can thus form by a MLT
monomer sliding into an existing pre-pore (dimer) and
grow by another MLT monomer joining the existing pore
rim. The pores can dissociate by a monomer separating
from the pore rim and also by fission of a large pore into
two smaller pores (the third and the fourth term in Eq. 6).
The parameters of the form k,,_;; are the dissociation
kinetic parameters with n — i and i denoting the final
numbers of monomers in the pore rims of two new pores,
formed from the initial pore with » monomers. Analo-
gously to the formalism for determining the dissociation
coefficients k,,,,_ 1.1 (Eq. 5), for the dissociation coefficients
k,n—i;» we take into consideration the energy difference
AE,, .;=E, — (E,_; + E) between the energy of a n-
meric pore and the sum of the energies of the i- and n — i-
meric pores so that the dissociation coefficients are of the
form k,,_i; = kao n e 4En-ii/KT A pore with n monomers
has n possibilities for dissociation into two new formations
with n — i and i monomers (with the assumption that the
monomers are not permutated along the pore rim) and thus
both the dissociation and association coefficients are again
proportional to the number of monomers in the pore. The
parameter p has the value of %2 in the special case when
i = n/2 and the number of possibilities for pore dissocia-
tion is halved, and equals p = 1 in all other cases.
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By solving the set of differential equations (Egs. 5 and
6) with the free parameters ko (with a different parameter
value for a monomer dissociating from a pore, k4 ;) and
kq,o we can model the dependence of the monomer and
n-meric pore concentrations in the membrane on time. The
maximum number of monomers that is accounted for in the
calculations is set to ten monomers in the pore rim
(nmax = 10). The results of the calculation are illustrated in
Fig. 6, with the kinetic parameter values chosen to quali-
tatively describe the results presented in Fig. 3. The model
scenario thus assumes that the concentration of monomers
in the membrane at + = 0 is zero and increases rapidly to a
maximum value, enabling the formation of dimers and
pores (Fig. 6a, b). Monomers are continuously incorpo-
rating into the membrane, increasing the numbers of pores
in the membrane throughout the process. The changing of
the number of bound melittins in the membrane (Fig. 6¢)
affects the membrane surface potential and influences the
partitioning of new MLT molecules from the bulk solution
into the membrane (Fig. 6d). The fraction of MLT mono-
mers in the membrane decreases as the MLT molecules
become involved in the pore rims (Fig. 6e). The individual
pores are continuously reforming, and the distribution of
pore sizes changes with time, narrowing towards a peak at
a pore with 4 MLT molecules in the pore rim (Fig. 6f).

We have modeled the time dependence of the membrane
permeability on the basis of the distribution of the number
of pores with respect to their sizes over time. For the
permeability of the membrane with MLT-induced pores we
use the expression:

Mmax

2

(7)

Parp = cno‘AFA,DTC(Rp,n — rAF,D)

N=NAF,ND

where aaf, p 1S a proportionality parameter and rag, p is the
size measure of the Alexa Fluor and dextran solute mole-
cule, respectively. The membrane permeability is therefore
the sum of the permeabilities of all the pores in the
membrane that are large enough to enable the passage of a
solute molecule. The phenomenological description of
induced permeability is based on the assumption that MLT
pores can be modeled as two-dimensional openings in the
membrane with the length of the MLT pores in the POPC
membranes comparable to the size of the solute molecules.
The parameter aarpp can be interpreted as the probability
for the molecules of a certain type to encounter a pore.

By investigating the number of MLT molecules in the
membrane, the number of formed pores and the radii of the
pores in the membrane through time (Fig. 6) and deter-
mining the sum of all the relevant pores that allow for the
passage of the respective molecules (of the Alexa Fluor
and of the larger dextran molecules), we can calculate
the dependence of the membrane permeability on time
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Fig. 6 Illustrations of the modeled MLT pore formation kinetics.
a Dependence of MLT monomer concentration in the membrane on
time (blue line) compared to the time dependence of the concentra-
tions of dimers, trimers, etc. (shown as N,./Ni, where Ny, is a
number of pores with n monomers and Np is the number of lipid
molecules) in the membrane. The legend on the right denotes the
number of monomers (n) in the pore and refers to the right-end of the
curves in the graph, from top to bottom. The pore concentrations at
bulk concentration ¢y = 2 uM were determined on the basis of the
model (Egs. 2-7). A vesicle with radius R = 40 pm was modeled in
this example. b Representation of the pore number concentration

(Fig. 7a) and obtain a prediction on the solute concentra-
tion with respect to time for different sizes of solute mol-
ecules (Fig. 7b). The probability for an AF molecule to
encounter a pore is taken to be equal to that for a dextran
molecule (dar — 0p).

The model predictions can now be compared to the
measurements’ data on the encapsulated solute concentra-
tions with respect to time, as presented in Fig. 3. The
model describes the concentration dynamics for both sol-
utes inside the vesicles from 7 = 0 (the transfer of the
vesicle into the solution with the MLT), with applying, for
example, kon0 = 3.3 X 10*/Ms for the second vesicle on
the left-hand side in Fig. 3. Due to the slowly increasing

o o B W

10 20
t[s]

1 2 5 50 100 200

L ]
L= 0 X

\.— £ 3
2

1

dynamics on a log-log scale. ¢ Number concentration of MLT
molecules (Nypt/Np, where Nyprt is the number of all MLT
molecules in the membrane) in the membrane with respect to time.
d The diminishing of the k., parameter, describing the binding of the
MLT monomers from the bulk solution to the membrane with respect
to time. e The fraction of monomers (N/Nyy ) in the membrane with
respect to time. f Distribution of MLT pores (shown as a number
concentration of pores, N,,/Ny) in the vesicle membrane at three
different times (after 50, 100 and 150 s), peaking at pores with 4 MLT
monomers in the rim

number of relevant pores that enable the transport of sol-
utes from the vesicle, the characteristic plateau illustrating
the time interval before the observable leakage is inherent
to the model. For other vesicles the measurement data
could only be described by assuming a time lag (¢') before
the initiation of the pore formation process described by the
model. The values of the monomer and dimer concentra-
tions at the end of the time-interval ¢ were determined and
taken into account as the initial conditions of the modeled
pore formation process. Subsequently, the same model
parameters (Kogr, kdo. kdo.1, ka0, o) were applied for all the
analyzed vesicles (except for the vesicle radius R, which
was measured and accounted for in the model for each

@ Springer
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Fig. 7 Model prediction of the membrane permeability. a Time
dependence of MLT-induced membrane permeability (P) for two
different types of encapsulated molecules [Alexa Fluor (AF) and
dextran (D)] and b the resulting time course of normalized
concentrations for D and AF

vesicle individually, and a variable koo parameter,
describing the partition of the MLT monomers from the
bulk solution into the membrane). With the free parameters
of the model adjusted, a model gives a description of the
observed concentration dynamics (Fig. 3, full and dashed
lines, with arrows pointing out the beginning of the mod-
eled pore formation process at 7).

Discussion

In the experiments single GUVs with co-encapsulated
solutions of Alexa Fluor and dextran were transferred into
the solution with MLT, and we were able to observe dif-
ferent aspects of the MLT-induced membrane permeabili-
zation (i.e., lag-time before the observable leakage, the
shape of the leakage curve with a characteristic break at
the end of the lag-time and the diminishing steepness of the
curve, two different leakage curves for two different types
of solute molecules). From the simultaneous measurements
of the two solutions’ concentrations, we obtained the
information on the dynamics of the process, and we sought
a consistent theoretical support for these experimental

@ Springer

results. A model that we propose is a minimal theoretical
framework to account for all the observed phenomena. In
short, our model assumes the formation of pores of dif-
ferent sizes and different relative energies for which it was
taken that electrostatic repulsion between the MLT mole-
cules, the line tension of the induced pore rim, and the
energy difference between the MLT molecule position
outside and inside the pore rim are governing the behavior
of the MLT molecules’ ensemble in the membrane. The
transition of single MLT molecules into and out of the
pores and the fission of large pores (Fig. 5) lead to char-
acteristic pore formation dynamics (Fig. 6b). The number
concentrations of differently sized MLT pores are contin-
uously changing, leading to an increasing number of pores
that are permeable to dextran and Alexa Fluor molecules
(Fig. 8a). The energetically favorable transformations of
pores yield a changing distribution of pore sizes with a
peak at an energetically favorable number of MLT mono-
mers in the pore rim (Fig. 6f) and with a relatively stable
average pore size (Fig. 8b). The resulting membrane per-
meability for dextran and Alexa Fluor at first increases and
is later on stabilized (Fig. 7a).

The parameters of the suggested model can be subdi-
vided into four groups: in the first group the parameters
connected to the partitioning of the MLT molecules from
the bulk solution into the membrane are assembled. The
parameters of the second group describe the size of the pore,
the third group are the kinetic parameters, and in the fourth
group we collect the phenomenological parameters of the
model. In general, the parameters were determined in a
retrospective manner: the average pore size of around 1 nm
suggests low numbers of MLT monomers in the pore rim,
and we have set this energetically favorable monomer
number to be nypt = 4 (Zemel et al. 2003); other free
parameters’ values (Eqgs. 3a, 3b—7) are based on that choice.

First group parameters: The modeled partition of the ML T
molecules from the bulk solution is continuous, with the
partition coefficient modeled as kon(f) = konge 200/,
describing a diminishing MLT insertion into the membrane
with respect to time (Fig. 6a) as a consequence of the
increased membrane surface potential due to the positive
charge of the bound MLT molecules. The surface-charge
density of the membrane (o) is linearly proportional to the
number of MLT molecules in the membrane, with the pro-
portionality factor formulated as Z.ge/(Ny ar ) and taking Zg;
ep = 2.5 eq as an estimate of the effective charge of a MLT
monomer in the POPC membrane (with MLT monomers
oriented perpendicularly in the membrane when included in
the pore rim, only approximately half of the MLT charge is
effectively contributing to the surface potential of each of the
membrane leaflets). The number of lipid molecules in one
membrane leaflet (Vp ) is calculated from the vesicle’s surface
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Fig. 8 Average properties of MLT pores (with n > 3) in the
membrane. Number concentration (N,/Ni) of the sum of all MLT
pores in the membrane with respect to time (a) and average MLT pore
size with respect to time (b) at two MLT concentrations:
et = 2 UM (full) and eyt = 1 UM (dashed curves)

area (with the radii of the analyzed vesicles from 36 to 42 pm)
taking a; as the surface area of one POPC molecule
(a;, = 68 Az). Rapid binding of the MLT to the vesicle
membrane [in the order of milliseconds (Schwarz and Bes-
chiaschvili 1989)] causes the initial value of the association
coefficient k., to drop rapidly (within the first second),
yielding an effective initial partition coefficient K f =
kono/kotr = 2 % 10° M~! (Fig. 6d), in agreement with the
reports on the MLT partition to POPC membranes (Kuchinka
and Seelig 1989). The results of the present study imply an
interval of values for the effective MLT partition coefficient
(Kpefr = 10°-2.5 x 10° Mfl)even though the experimental
conditions are the same for all the observed vesicles. The
reports about the measured K, for MLT that can be found in
the literature vary by two orders of magnitude, from
K, = 10°-10° M~! (Raghuraman and Chattopadhyay 2007).

The parameters of the second group: The size of the
pore can be roughly described as proportional to the square
root of the number of MLT monomers in the pore rim, with
the proportionality ratio ZeO/(4n(1"££0)l/2) governing the
slope of the curve (Fig. 4b) and the dependence of the
energy minimum on the number of MLT monomers in
the pore. By adjusting the value of this ratio we place a

desired number n = 4 as an optimal number of MLT
monomers in the pore to correspond to the energy minimum
of the pore. This yields pores with sizes that are in agree-
ment with reports in the literature and makes the growth of
pores toward large numbers of pore-constituting monomers
less energetically favorable. The resulting estimate of a line
tension (I' = 2.6 x 107! N) is within the reported values
interval for I for PC membranes (Karatekin et al. 2003).
The energy difference between two different MLT mono-
mer positions in the membrane (J) is determined by anal-
ogous consideration (0 = 1.4 x 1071 J). The chosen
value for 9 is of the same order of magnitude as the estimate
of the total interaction-energy difference between melittin
in a lipid environment and melittin in water
AE = 2.3 x 107" J (Manna and Mukhopadhyay 2009).
The value for ionic strength (/) is 0.003 M in our experi-
mental setting, and the dielectric constant for water (¢) is
taken to equal 81. We did not distinguish between different
dielectric constants for water inside the pore and in the outer
solution as this does not contribute to the quality or clarity
of the presented model.

The parameters of the third group are the kinetic
coefficients describing the dynamics of the pore formation
process (Eqs. 5 and 6) and were either taken from the
references or determined as described in the Results
section. The kinetic parameter values can be listed as
follows: kong = 6 X 10%/Ms, koge = /s, [referring to the
partition coefficient K, o = konolkorr = 6 X 10%M from
the study by Schwarz et al. (1992)]; dimer association and
dissociation coefficients, k;, = 0.01/s and k,; = 0.02/s,
(Schwarz et al. 1992), kg = 107"%s, ky, = 0.01/s,
kao = 42/s.

The fourth group comprises the parameters, assembled
in the phenomenological equation for membrane perme-
ability (Eq. 7). We have examined POPC membrane per-
meability with two different probes: the size of Alexa Fluor
is estimated from the Stokes radius ([rag = 0.74 nm from
Heyman and Burt (2008)]. On the other hand, the dextran
molecule is asymmetrical, and, with dextran being a flex-
ible polymer, it is better described as a random coil than a
solid sphere (Venturoli and Rippe 2005), as suggested from
the comparison of the measured values of the diffusion
coefficient to the values, calculated on the basis of the
Stokes radius [about 2.2 nm for dextran 6,000 (Hamm et al.
1999)]. Consistently the measured membrane permeabili-
ties for dextran are higher than estimated from theoretical
predictions (Venturoli and Rippe 2005). In our model we
estimated an effective dextran molecule size to be 1 nm,
which corresponds to the shorter axis of a solid ellipsoid
estimate [with ellipsoid axis ratio 1:4 (Bohrer et al. 1979)]
and fits the measured data for dextran permeability. With
these values for solute molecules’ sizes the proportionality
parameter oar p, describing the “probability” of the solute
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molecules to encounter a pore and pass through to the outer
solution, was set to be the same for both types of molecules
o = 5.4 x 10"/(ms); implicit is an assumption that the
diffusion effects do not play a significant role in the
observed process of transport through the membrane and
that therefore passing through a pore is regulated solely by
the ratio of molecule-to-pore sizes.

The analysis of the system behavior suggests a contin-
uous pore formation, yet three qualitatively different pha-
ses of the process can be deduced (see Fig. 6b with a log—
log scale applied for a clearer representation): during the
first phase the number of pores is increasing, but since the
total number of MLT pores in the membrane is still very
small, the membrane permeability for the encapsulated
solutes is effectively zero, resulting in a characteristic time
lag before the observable solute leakage. After the number
of MLT pores reaches a certain value, in the second phase
the number of pores begins to increase in a cooperative
manner, which is a consequence of the proportionality of
association and dissociation coefficients to n (the number
of monomers in the pore). With an increasing number of
large pores (n > 3), there are, due to their fission, more and
more dimers, which serve as pore precursors and are
essential for the formation of new pores. During this phase
the concentration of dimers grows to a new stationary
level, and the membrane permeability for the encapsulated
solute molecules exhibits a significant increase. The third
phase is marked by a decrease of the monomer concen-
tration in the membrane because of the concomitant
increase of the membrane surface potential. The concen-
tration of monomers falls to the level at which the
production of multimeric MLT pores is sufficiently
diminished. Numbers of MLT pores of different sizes
slowly approach an equilibrium distribution, stabilizing the
membrane permeability. Based on the results of this study
we can conclude that the simultaneous onset of leakage
corresponds to the simultaneous increasing of the mem-
brane permeability for both types of solute molecules.
Membrane-permeability dynamics is characterized by
cooperative pore formation and by the conditions of pass-
ing through the formed pores (Eq. 7). We assumed that the
probability of a solute molecule to encounter and pass
through a pore is the same for both types of molecules, but
the same results on the membrane permeability (Fig. 7)
could have been obtained if the same size (rarp). but
different diffusion properties (and therefore different aar
and op) of the solute molecules are assumed. The most
realistic description of the pore permeability in these
experimental conditions is probably a combination of these
two possibilities. It should therefore be stressed that it is
not appropriate to emphasize the absolute values of the
parameters of the suggested pore formation scenario, but it
should be useful to evaluate the results with comparing
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them to the relevant studies on MLT-membrane
interaction.

Our experiments were restricted to a single concentra-
tion of MLT in the bulk solution (¢ = 2 uM), chosen with
a reference to the concentration interval suitable for
membrane permeabilization (Mally et al. 2007). The
dependence of different features of the system (i.e., pore
sizes, peptide-to-lipid ratio and membrane-permeability
values) on the MLT concentration has been examined in
numerous studies (Raghuraman and Chattopadhyay 2007),
and by finding the MLT-induced membrane permeability
in our previous work it was also shown to increase both
with time and MLT concentration. In this study the work
was focused on elucidating the mechanisms of pore for-
mation to find the causes for the membrane-permeability
increase. An implicit result of the study exemplifies that
with an increased bulk concentration of MLT, the numbers
of pores in the membrane are larger (as illustrated in
Fig. 8).

Based on the findings of our previous work with MLT at
low concentrations (Mally et al. 2007), MLT pairs serve as
vehicles for lipid molecules to flow from the outer to the
inner membrane leaflet, possibly by shortly stabilizing
small lipid pores, whereas the probability for another MLT
monomer to encounter a short-lived pore increases with
MLT concentration. MLT pairs were therefore assumed to
act as precursors to pores with three or more monomers,
which is also a feature of the suggested model in the
present work. In the study on the kinetics of the MLT pore
formation, Schwarz et al. (1992) stressed dimerization to
be a key step of the process; in a study on MLT-induced
permeabilization Takei et al. (1999) also provided evidence
for the kinetic importance of MLT dimerization in the pore
formation process at higher concentrations of MLT.

The pore growth is thus supported by the electrostatic
repulsion between the involved MLT monomers and by the
energetically favorable joining of a MLT molecule into a
pore rim (Mihajlovic and Lazaridis 2010). As described
before, the fraction of MLT monomers (lying parallel in
the membrane) diminishes rapidly as they become mas-
sively involved in pore rims and change their orientation by
adopting their trans-bilayer positions (Fig. 6¢). This result
is in accord with the conclusion of the study by Huang
et al. (2004) where the results of the experiments with
MLT and GUVs (Longo et al. 1998) were interpreted, and
it was suggested that pore formation resembles a phase
transition from a state with no pores to a state of multiple
pores. Their model predicted that the formed pores are of
the same size, whereas our model yields the continuous re-
formation of pores with a narrowing pore size distribution
in the membrane over time, peaking at a pore size with
minimal energy. Despite the continuously changing pore
distribution in the membrane, we can therefore deduce
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relatively stable properties of an “average MLT pore”. The
average pore radius <Rp> is reached (around 1.3 nm)
during the time of a typical experiment (Fig. 8b), in
agreement with numerous reports on the MLT pore diam-
eter (Raghuraman and Chattopadhyay 2007). The pore size
first increases and is then stabilized at a slightly lower
value as the larger pores undergo fission; a similar obser-
vation was reported in a recent study by Fuertes et al.
(2010), where the permeabilization of GUVs was induced
by an amphipathic cationic peptide Baxa5 and the pores
exhibited a relaxation toward a smaller size when
approaching stationary conditions.

On the basis of the presented measurement data anal-
ysis, we can also discuss the possible reasons for a con-
sistently observed, variable time lag, i.e., a concentration
plateau referring to an unchanged level of solute con-
centration inside the vesicle in the time interval between
the transfer of a giant vesicle into the solution with MLT
and the beginning of the measurable solute leakage from
the vesicle. The modeled pore formation process only
accounts for a part of the time-lag interval (indicated by
arrows in Fig. 3). We presumed that the beginning of the
pore formation is a stochastic process and that a mem-
brane defect is required to stabilize a short-lived dimer for
long enough for an additional monomer to drift to the
curved part of the MLT-dimer-induced membrane open-
ing and in that way stabilize the pore rim: the model
scenario assumes that MLT partitions from the bulk
solution continuously and is present in the membrane in
monomeric and dimeric forms. Only if a stochastic pore-
nucleation event takes place (at time ¢') is a process of
pore formation triggered, enabling the pores (with n > 3)
to grow and making the transport of solutes possible when
the pores are large enough. The hypothesis of a stochastic
pore formation has been considered in many studies
(Sengupta et al. 2008; Tamba et al. 2010) and is supported
by the fact that there was a significant fraction of vesicles
that were not permeabilized during typical experimental
times (~20 min) in this study (reported also by Lee et al.
2008). Similarly the studies of the antimicrobial peptides
affecting individual bacteria report on stochastic onset of
the peptides’ action (Fantner et al. 2010). At this point we
cannot give a satisfactory explanation for the considerable
partition coefficient variability; however, related to this
problem a correlation was noted among the time-lag
interval, ko, parameter (proportional to partition coeffi-
cient) and the age of the vesicles (the number of days
since the preparation of the vesicles). The beginning of
the permeabilization process seems to be triggered later,
and the k,,o parameter has a lower value in the older
vesicles membranes, suggesting that at least a part of the
effect could be attributed to a change in the MLT-mem-
brane interaction parameters as the membrane ages.
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