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Abstract

Functioning of membrane proteins, in particular ionic channels, can be modulated by alteration of their arrangement in
membranes. We addressed this issue by studying the effect of different chain length polylysines on the kinetics of ionic
channels formed in a bilayer lipid membrane (BLM) by O-pyromellitylgramicidin carrying three negative charges at the C-
terminus. The method of sensitized photoinactivation was applied to the analysis of the channel association^dissociation
kinetics (characterized by the exponential factor of the curve describing the time course of the flash-induced decrease in the
transmembrane current, d). Addition of polylysine to the bathing solutions of BLM led to the deceleration of the
photoinactivation kinetics, i.e. to the increase in d. It was shown here that for a series of polylysines differing in their chain
lengths, the value of d grew as their concentration increased above a threshold level until at a certain concentration of each
polylysine d reached maximum. At higher polylysine concentrations d began to decrease and finally became close to the
control level observed in the absence of polylysine. With lengthening of the polylysine chain the maximum value of
d increased, the concentration dependence became steeper, and the threshold concentration decreased. The increase in the
ionic strength of the medium shifted the concentration dependence of d to higher polylysine concentrations and decreased the
maximum value of d. It was concluded that the increase in d was caused by the formation of domains of O-
pyromellitylgramicidin molecules induced by binding of polylysines. This can be related to functional aspects of polycation-
induced sequestering of negatively charged transmembrane peptides in neutral membranes. ß 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Recently the concept of recruitment of lipid-an-
chored proteins into lipid microdomains, called lipid
rafts, has been considered as the basis for sorting
in polarized cells and signal transduction [1^6].
Although the existence of phase-separated regions
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(lipid microdomains) has been demonstrated in
arti¢cial membranes by using diverse biophysical
techniques [7^10], the process of segregation of inte-
gral membrane proteins, in particular, of ionic chan-
nels, has not been studied in detail in model mem-
branes.

According to the literature [11^14], clustering of
ionic channels in biological membranes is of great
importance for their functioning. A study of model
channels incorporated into BLM can be useful for
elucidation of the mechanisms of channel clustering.
The pentadecapeptide gramicidin A (gA) is one of
the best studied channel formers [15^18] with a sim-
ple structure and many derivatives that are used for
di¡erent research purposes [19]. In particular, O-py-
romellitylgramicidin (OPg), a gramicidin analogue
bearing three negative charges at its C-terminus
[20,21], has been used in our previous paper [22] to
study the e¡ect of a basic polypeptide, polylysine, on
the association^dissociation channel kinetics using
the sensitized photoinactivation method. This meth-
od developed in our recent papers [23,24] is based on
the fact that a £ash-induced transient of the grami-
cidin-mediated current through BLM observed in the
presence of a photosensitizer re£ects the process of
equilibration of channel assembly and dissociation
reactions after a sudden distortion of the equilibrium
as a result of damage to gramicidin molecules by
reactive oxygen species generated in the presence of
the photosensitizer. As shown previously [22], poly-
lysine exerts a dramatic deceleration of the photo-
inactivation kinetics of OPg channels. It has been
supposed that the e¡ect of polylysine is associated
with clustering of OPg. Here, a comparison of the
e¡ects of polylysines di¡ering in chain lengths is
shown as evidence in favor of polylysine-induced seg-
regation of lateral domains enriched in negatively
charged OPg molecules. This process was shown to
determine the kinetic behavior of gramicidin chan-
nels in the system under study.

The present work is relevant to studies of the in-
£uence of charged peptide motifs on the structure of
lipid membranes, resulting, in particular, in segrega-
tion of charged lipids into domains [25^31]. As
shown in the literature, domain formation in mem-
branes can be induced by binding of a series of phys-
iologically active peptides and proteins, e.g. pro-
thrombin and blood coagulation factors [32,33],

cytochrome c [34^37], myelin basic protein [38^40],
annexins [41^44], protein kinase C [45^47], the basic
peptide corresponding to the e¡ector region of the
myristoylated alanine-rich C kinase substrate
(MARCKS) [30,48^50], histones [50^52], human C-
reactive protein (C1q) [53], the C2 domain of synap-
totagmin [54], cardiotoxin [55,56], the peptide frag-
ment of the envelope glycoprotein of human immu-
node¢ciency virus type I [57], the envelope-associated
proteins of vesicular stomatitis virus [58,59] the v-
Src-oncoprotein [30], polymyxin B [60^64], the cat-
ionic lipopeptide analogue of bacterial lipoproteins
[65], and the signal sequence of the bacterial protein
LamB [66]. A large body of evidence has shown that
interaction of synthetic charged polymers, in partic-
ular synthetic polyelectrolytes, with model mem-
branes containing oppositely charged lipids causes
their lateral phase separation [48,53,67^81].

On the other hand, it is evident that in biological
membranes local concentration and/or aggregation
of integral membrane proteins exposing their charged
residues on the membrane surface can be involved in
the processes of domain formation which is triggered
by interaction with water-soluble charged peptides.
In fact, such polycations as polylysines were shown
to induce membrane protein clustering in biological
membranes [82^85]. The present study of polylysine-
induced formation of gramicidin channel clusters in
bilayer lipid membranes is aimed at elucidation of
the mechanism of clustering of integral membrane
proteins, in particular, ion channels, in cellular mem-
branes occurring upon binding of charged species.

2. Materials and methods

BLMs were formed from a solution of 2% diphy-
tanoylphosphatidylcholine (DPhPC, Avanti Polar
Lipids, Alabaster, AL, USA) or a mixture with di-
phytanoylphosphatidylglycerol (DPhPG, Avanti Po-
lar Lipids, Alabaster, AL, USA) in n-decane (Merck,
Darmstadt, Germany) by the brush technique [86] on
a 0.55-mm diameter hole in a Te£on partition sepa-
rating two compartments of a cell containing aque-
ous solutions of 100 mM (unless otherwise stated)
KCl (Fluka, Buchs, Switzerland), 10 mM MES (Sig-
ma, St. Louis, MO, USA), 10 mM Tris (Sigma, St.
Louis, MO, USA) and 0.05 mM EDTA at pH 7.0.
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OPg chemically synthesized as in [21] and O-succinyl-
gramicidin (OSg) (both were generous gifts of Prof.
R.E. Koeppe II, University of Arkansas) were added
from stock solutions in ethanol to the bathing solu-
tions at both sides of the BLM and routinely incu-
bated for 15 min with constant stirring. Poly-L-lysine
(PLL) hydrobromides with molecular weights equal
to 3800 (degree of polymerization (DP) = 18, PLL18);
12 000 (DP = 60, PLL60); 21 500 (DP = 100, PLL100);
50 000 (DP = 240, PLL240) or 100 000 (DP = 480,
PLL480) (Sigma, St. Louis, MO, USA) were added
to both compartments of the cell. Experiments were
carried out at room temperature (20^22³C). Alumi-
nium trisulfophthalocyanine (AlPcS3) was from Por-
phyrin Products, Logan, UT, USA. AlPcS3 was
added to the bathing solution at the trans-side (the
cis-side is the front side with respect to the £ash
lamp). The electric current (I) was recorded under
voltage-clamp conditions. The currents were mea-
sured by means of a U5-11 ampli¢er (Moscow, Rus-
sia), digitized by using a DT2814 (Data Translation,
Marlboro, MA, USA) and analyzed using a personal
computer. Ag^AgCl electrodes were placed directly
into the cell and a voltage of 30 mV was applied to
the BLM. BLMs were illuminated by single £ashes
produced by a xenon lamp with £ash energy of about
400 mJ/cm2 and £ash duration 6 2 ms. A glass ¢lter
cutting o¡ light with wavelengths 6 500 nm was
placed in front of the £ash lamp. To avoid electrical
artifacts the electrodes are covered by black plastic
tubes.

Typical current traces after a £ash of light have
two components with characteristic times of 6 10
ms and about 1 s [23,87]. The fast phase which nor-
mally comprises less than 10% of the photoresponse
apparently re£ects inactivation of conducting dimers,
while the main slow phase corresponds to the mono-
mer^dimer equilibration after damage to gramicidin
monomers (see scheme in Fig. 1). We believe that the
process of the gramicidin damage includes generation
of reactive oxygen species (ROS) due to interaction
of excited photosensitizer molecules with oxygen and
the attack by ROS of tryptophan residues in grami-
cidin molecules [88]. The lifetime of ROS is less than
10 Ws [89^91], and the time for gramicidin damage
[92] is substantially less than the characteristic time
of the major photoinactivation component which is
below the characteristic time of photoinactivation d

(about 1 s). Therefore, the current decay represents
the relaxation after a concentration jump.

According to our experimental data d appears to
be close to the gramicidin channel lifetime under a
variety of conditions and exhibits similar changes.
For example, both the characteristic time of photo-
inactivation and the single channel lifetime decrease
upon increasing the temperature or substituting
squalane for decane in the membrane-forming solu-
tion [23]. These parameters also display similar
changes in response to variations of the membrane
dipole potential by phloretin or ketocholestanol
[24,93].

3. Results

It is generally accepted that the transmembrane
dimer formed by head-to-head association of mono-
mers represents the channel state of gramicidin [94].
Recently a new method [23] based on the phenom-
enon of sensitized photoinactivation [88,95,96] has
been developed which allows one to examine the ki-
netics of formation and disappearance of gramicidin
channels, i.e. the kinetics of gramicidin dimerization
and dissociation, respectively [23]. This method com-
prises the analysis of the time course of the decrease
in the gramicidin-mediated current through BLM in-
duced by a light £ash in the presence of a photo-
sensitizer. The decrease in current has been shown
to follow a monoexponential decay with an exponen-
tial factor (d, the characteristic time of photoinacti-

Fig. 1. A scheme for gramicidin photoinactivation in a lipid
membrane in the presence of a photosensitizer. The process of
gramicidin photodamage includes generation of reactive oxygen
species (1O2) after excitation of the photosensitizer with a £ash
of visible light (hX) followed by their attack on tryptophan resi-
dues in gramicidin.
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vation) being in good correlation with the single
channel lifetime of gramicidin under di¡erent condi-
tions [23].

As found by Krylov and coworkers [22], the addi-
tion of polylysine causes an increase in d, i.e. the
deceleration of the OPg channel kinetics, whereas
the kinetics of uncharged gA remains unaltered by
polylysine. In the present work continuing the study
of the polylysine e¡ect on the photoinactivation ki-
netics, all the experiments were performed with OPg.
Fig. 2 illustrates the typical time courses of the de-
crease in the OPg-mediated transmembrane current
after a £ash (at zero time) in the presence of phtha-
locyanine for two PLLs with molecular weights of
12 000 (PLL60) and 50 000 (PLL240) at 18 nM and
4 nM, respectively, that is at nearly equal concentra-
tions of lysine residues (1 WM). In the rest of the
paper PLL concentrations are given as the concen-
tration of lysine residues which is equal to the con-
centration of the polymer chains multiplied by the
degree of polymerization (DP), and PLL index in
subscript corresponds to the DP of the PLL. It is
seen that PLL240 brings about a considerable decel-
eration of the photoinactivation kinetics in contrast
to PLL60, which is practically inactive at this concen-
tration. It should be noted that in Fig. 2A the top
time scale corresponds to the kinetics of PLL240

(curve 2), whereas the bottom time scale corresponds
to the kinetics of the control (curve 1) and PLL60

(curve 3). In Fig. 2B the kinetic curves are presented
in the semilogarithmic plot, which improves their
comparison, because the slope of the logarithm of
a monoexponential decay curve is proportional to
the reciprocal characteristic time.

It is seen from Fig. 2A that PLL240 not only slows
down the kinetics of photoinactivation, but also de-
creases its relative amplitude. This e¡ect is produced
also by PLL60 if added at higher concentrations
(data not shown). As it was discussed in our previous
paper [22], the reduction of the photoinactivation
amplitude can hardly be accounted for by quenching
of reactive oxygen species by polylysines, but rather
is associated with interaction between polylysines
and negatively charged photosensitizer molecules.
As it has been shown by Rokitskaya et al. [23], the
characteristic time and the amplitude of photoinacti-
vation represent two independent parameters; for in-
stance, variation of the photosensitizer concentration

Fig. 2. (A) The e¡ect of polylysines (PLL) of di¡erent degree
of polymerization on the kinetics of the decrease in the OPg-
mediated current (I) through BLM after a £ash of visible light
(at zero time) in the presence of 1 WM AlPcS3. Polylysines were
added to both sides of the BLM at concentrations correspond-
ing to 1 WM of lysine monomer units (PLL240, curve 2, and
PLL60, curve 3). Curve 1 shows the control without polylysine.
The normalized values of the current (I/I0) are plotted versus
the time. The bottom time axis corresponds to the data of
curves 1 and 3 while the top time axis, to curve 2. The initial
value of the current (I0) was approximately 3 WA. (B) The same
data presented as log(I3Ir)/(I03Ir) versus the time where Ir is
the stationary value of the current.
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alters markedly the amplitude of photoinactivation,
but does not change its characteristic time. The
present study deals with the e¡ect of polylysines on
the characteristic time of photoinactivation.

In Fig. 3 the characteristic time of OPg photoinac-
tivation is plotted versus the concentration of poly-
lysines with di¡erent degrees of polymerization. It is
seen that for all polylysines studied the dependencies
of d on concentration contain three regions. At low
concentrations polylysines did not produce any e¡ect
on d. Upon exceeding a certain (threshold) PLL con-
centration d began to grow progressively and ¢nally
reached a maximum value. Further raising of the
PLL concentrations led to a gradual decrease in d.
The higher DP of a polylysine, the lower threshold
PLL concentration and the steeper concentration de-
pendence of d. The position of maximum was shifted
towards higher concentrations for shorter polylysines
(Fig. 3).

It should be noted that the absence of the e¡ect on
d at low PLL concentrations was not a result of the
predominant adsorption of PLL on the walls of the
experimental cell. The perfusion of the cell with the
solution of PLL60 at the pre-threshold concentration
(0.5 WM) did not display noticeable changes in d

compared to the addition of 0.5 WM PLL60 to the
bathing solution. Therefore, the adsorption of poly-
lysines on the walls of the experimental cell did not
perturb the bulk concentration of the added polyly-
sine and the absence of the e¡ect on d was due to the
poor binding of PLL with the OPg-containing BLM
under these experimental conditions.

The bottom graph of Fig. 4 illustrates the depen-
dence of the PLL concentration corresponding to the
maximum d ([PLLmax]) on the PLL degree of poly-
merization. It is seen that [PLLmax] decreases with
the increase in DP. The top graph shows the depen-
dence of dmax on the DP. The increase in dmax

amounts to 60% in the range of polylysine DP
studied.

Fig. 3. The dependence of the characteristic time of OPg photo-
inactivation (d) measured in the presence of polylysines with
di¡erent degree of polymerization on their concentration in
monomer units. Polylysines (PLL18, curve 1; PLL60, curve 2;
and PLL480, curve 3) are added at both sides of the BLM. The
initial value of the current for each measurement of d was ap-
proximately 3 WA.

Fig. 4. The dependence of the maximum characteristic time of
OPg photoinactivation (dmax, closed circles, top) and of the pol-
ylysine concentration corresponding to the maximum value of d
(PLLmax, open circles, bottom) on the polylysine degree of poly-
merization. The initial value of the current for each measure-
ment of d was approximately 3 WA.
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It is reasonable to assume that the e¡ect of poly-
lysines on d is dependent on the ionic strength of the
bathing solution. We tested this assumption in the
experiments with PLL60. Fig. 5 shows the depen-
dence of d on the concentration of PLL60 at four
di¡erent concentrations of potassium chloride: 50
mM, 100 mM, 150 mM, 200 mM (note that the ex-
perimental results presented in all the other ¢gures
are obtained at 100 mM KCl). It was seen that the
increase in ionic strength led to the reduction of the
polylysine e¡ect on d, namely to a decrease in dmax

and to a shift of [PLLmax] towards higher concentra-
tions. This shift is especially pronounced if we com-
pare the concentration dependence measured at 50
mM and 100 mM KCl (Fig. 5). The addition of
5 mM calcium chloride to the 100 mM KCl solution
(Fig. 6) simulates the e¡ect of an increase in the
concentration of potassium chloride.

The addition of 0.5 WM low molecular weight pol-
ylysine, PLL18, which did not change the photoinac-
tivation kinetics if added alone, suppressed the in-
crease in d caused by the high molecular weight
polylysine, PLL480, at the same concentration of ly-
sine residues (Fig. 7). If PLL18 was added to the
bathing solutions before PLL480, the deceleration of

the kinetics produced by the latter was prevented. In
contrast to the e¡ect of the increase in KCl concen-
tration, this phenomenon can hardly be attributed to
the variation of the ionic strength of the solution

Fig. 5. The dependence of the characteristic time of OPg photo-
inactivation (d) on the PLL60 concentration (in monomer units)
measured at di¡erent concentrations of KCl (50 mM, 100 mM,
150 mM and 200 mM) in the bathing solution. The initial value
of the current for each measurement of d was approximately
2 WA at 50 mM KCl, 3 WA at 100 mM KCl, 4.5 WA at 150 mM
KCl and 5 WA at 200 mM KCl.

Fig. 6. The dependence of the characteristic time of OPg photo-
inactivation (d) on the PLL60 concentration (in monomer units)
in the absence (curve 1) and in the presence of 5 mM CaCl2
(curve 2). The initial value of the current for each measurement
of d was approximately 3 WA. Other conditions were as in
Fig. 2.

Fig. 7. The dependence of the characteristic time of OPg photo-
inactivation (d) on the time after the addition of PLL480 (0.5
WM, arrow 1) and the subsequent addition of PLL18 (0.5 WM,
both concentrations in monomer units, arrow 2). Open circles
show the experiment with the reversed order of addition of pol-
ylysines (initially PLL18, arrow 1; then PLL480, arrow 2).
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because of the low PLL concentration (even multi-
plied by the square of the number of its positive
charges) as compared to that of KCl.

As shown in Fig. 8, the incorporation of the neg-
atively charged lipid DPhPG into the neutral BLM
formed of DPhPC resulted in a reduction of the pol-
ylysine e¡ect on the OPg photoinactivation kinetics:
the increase in d was observed at higher concentra-
tions of polylysine and the maximum magnitude of
the e¡ect was considerably lower. For the negatively
charged BLM, d rose gradually from 1.1 s to 6 s, as
the concentration of PLL60 was increased from 5 WM
to 100 WM (Fig. 8, curve 2) in contrast to the steep
increase in d from 0.6 s to 16 s in a rather narrow
range of PLL60 concentrations observed in the ab-
sence of DPhPG (Fig. 8, curve 1). It should be noted
that the addition of negatively charged lipids led to
an increase in the characteristic time of OPg photo-
inactivation in the absence of polylysine, which is in
agreement with the data on the e¡ect of charged
lipids on the single channel lifetime of gramicidin
channels [97,98].

It has been shown in our previous work [22] that
polylysines do not a¡ect the kinetics of electrically
neutral gA. To ascertain whether all three negative
charges are required for the e¡ect of polylysine, we

performed experiments with OSg carrying only one
negative charge at its C-terminus (at pH 7.0). Fig. 9
shows the kinetics of OSg photoinactivation in the
absence (curve 1) and in the presence (curve 2) of
PLL60. It appears that there is practically no di¡er-
ence between the values of the characteristic time of
OSg photoinactivation in these two cases (1.3 s and
1.4 s for curves 1 and 2, respectively). The e¡ect of
PLL60 was absent in a wide range of concentrations
of PLL60 and OSg. Thus, it is evident that attach-
ment of one negatively charged group to a gramici-
din molecule is not su¤cient for polylysine to pro-
duce its e¡ect on the gramicidin channel kinetics.

4. Discussion

There is a large body of evidence in the literature
indicating that ionic channels are frequently arranged
as clusters in biological membranes [11^14]. It is rel-
evant that under certain conditions gA channels tend
to form aggregates in lipid bilayer membranes ([17]
and references therein, [99^102]). Here we studied the
process of formation of OPg clusters in BLM in-
duced by the addition of polylysines of di¡erent DP.

As shown earlier [23], the characteristic time of the
photosensitized decrease in the gramicidin-mediated

Fig. 9. The kinetics of the decrease in the OSg-mediated current
(I) through BLM in the presence of 1 WM AlPcS3 after a £ash
of visible light (at zero time) in the absence (curve 1) and in
the presence of 10 WM PLL60 (curve 2). The normalized values
of the current (I/I0) are plotted versus the time, the initial value
of the current (I0) was approximately 3 WA.

Fig. 8. The concentration dependence of the e¡ect of PLL60 on
the characteristic time of OPg photoinactivation for BLM
formed from: pure DPhPC (open circles, curve 1), a mixture
(90:10% by weight) of DPhPC and DPhPG (closed squares,
curve 2), and a mixture (50:50% by weight) of DPhPC and
DPhPG (open triangles, curve 3).
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current after a light £ash in the absence of polylysine
is determined by the time for the establishment of an
equilibrium between transmembrane dimers and
monomers of gramicidin after inactivation of some
of them. In a previous paper [22], polylysine-induced
clustering of OPg was proposed to account for the
e¡ect of polylysine on the characteristic time of pho-
toinactivation (Fig. 10B). The experiments performed
in the present work required development of this
hypothesis. In particular, it can be supposed that
the characteristic time of photoinactivation (d) was
related to the number of OPg molecules bound to the
same polylysine chain, because an increase in the
latter apparently lowers the dissociation rate con-
stant of the transmembrane OPg dimers. This num-
ber can be considered as related to the size of a

cluster. In view of this assumption, the bell-shaped
concentration dependence of d (Fig. 3) can be inter-
preted as modulation of the size of the OPg clusters
which takes place as more and more PLL chains are
adsorbed on the membrane containing OPg. The
maximum d corresponds to the involvement of a
maximum number of the OPg molecules in the for-
mation of ionic bonds with PLL chains. The decrease
in d re£ects a reduction in the size of a cluster as a
result of the competition of the increased number of
PLL chains interacting with the constant number of
OPg molecules incorporated in the membrane. Other
properties of the PLL e¡ect on OPg channel kinetics,
namely the sensitivity to ionic strength, the presence
of calcium ions and negatively charged lipids, can be
also explained in terms of this model, because all
these properties are associated with weakening of
ionic interaction between PLL and OPg.

However, it should be noted that the dependence
of d on the PLL concentration was essentially non-
linear in the region of low PLL concentrations
(about the threshold concentration). This nonlinear-
ity was most pronounced with polylysines of high
DP (Fig. 3). The nonlinear character of the concen-
tration dependence argues against a simple mecha-
nism of the PLL e¡ect. Actually, it is known that
binding of di¡erent polylysines to negatively charged
lipids is characterized by a linear dependence on the
concentration of the added peptides and exhibits sat-
uration at high peptide concentrations [103^105]. It
is reasonable to assume that the size of a cluster
depends linearly on the amount of polycations ad-
sorbed on the membrane at low PLL concentrations,
i.e. when OPg is present in excess.

Another striking point which contradicts the clus-
ter hypothesis was provided by the data on the com-
petition between the long chain and the short chain
polylysines (Fig. 7). This experiment clearly shows
that the lack of e¡ect of the low molecular weight
polymer at low concentrations was not a result of the
absence of its binding to the membrane. Otherwise, it
could not prevent the e¡ect of the long chain poly-
lysine when added ¢rst (Fig. 7, open circles curve).
The binding of PLL18 should lead to the formation
of OPg clusters and an increase in the photoinacti-
vation time even at low concentration (0.5 WM per
polymer unit). Therefore, further modi¢cation of the
above model is required to explain the pattern of

Fig. 10. A scheme for the channel formation by OPg in the ab-
sence (A) and in the presence of low (B), medium (C), and
high (D) concentrations of polylysine. The increase in PLL con-
centration leads to formation of clusters of OPg channels (B)
and OPg domains (aggregates of clusters, C). Further increase
in the PLL concentration results in the electrostatic repulsion
of PLL loops under conditions of PLL competition for OPg
charges which leads to loosening of compact charged domains
by including additional molecules of neutral lipid.
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concentration dependence observed in the experi-
ments.

This modi¢cation can be based on a proposal that
the increase in the characteristic time of photoinacti-
vation is related to formation of aggregates of OPg^
polylysine clusters, i.e. d is a function of sequestering
of OPg molecules into domains £oating in the matrix
of neutral phosphatidylcholine molecules. In fact, it
is known that binding of basic peptides to mixed
lipid bilayers induces the formation of two-dimen-
sional domains enriched in negatively charged lipids
[30,48^50,53^57,60^76,79^81]. This process, often
called the phase separation of lipids, is suggested to
result from electrostatic interaction between cationic
peptides and negatively charged lipids [67,106,107].
In particular, it has been shown that the phase sep-
aration is suppressed by increasing the ionic strength
of the solution [48]. The ability of polycations (poly-
lysines) to provoke lipid phase separation, however,
is enhanced by increasing the degree of polymeriza-
tion [72,73,75]. Remarkably, it has also been shown
that domains formed at intermediate concentrations
of polyelectrolytes disappear as their concentration is
increased further [42,54,80,108]. The mechanism of
this phenomenon has not been studied in detail.

Recently, the validity of the phenomenon of lipid
domain formation induced by short polylysines was
questioned on an experimental basis [109]. However,
this does not mean that the concept of domain for-
mation should be completely reevaluated. Rather,
these results indicate that the application of £uores-
cence microscopy to the study of domain formation
in membranes should be more carefully implemented.
In fact, Macdonald et al. [80] report that they do not
see domain formation by pentalysine using NMR,
while with polylysine of higher molecular weight
they do. The reason for £uorescence microscopy dis-
crepancy may be the size of the actual domains
which is normally beyond the resolution achieved
by an optical microscope. This is demonstrated in
[2] by the application of £uorescence depolarization
techniques for the case of GPI-anchored protein do-
mains.

We use the description of lipid domain formation
given in the literature to explain some kinetic proper-
ties of OPg channels in the presence of polylysine. In
this case OPg molecules play a similar role to
charged lipids, with DPhPC as the neutral lipid

(Fig. 10). The scheme for the process of domain for-
mation (Fig. 10C) includes the intermediary state of
cluster formation (Fig. 10B) which, however, does
not a¡ect the channel kinetics of the OPg. The val-
idity of this model is based on common properties of
polylysine-induced changes in OPg channel charac-
teristics on the one hand, and formation of charged
lipid domains, on the other hand. These properties
comprise the similar chain length dependence of the
polylysine e¡ect on OPg channel kinetics and the
e¤cacy of polylysines in provoking phase separation
of lipids, the inhibitory action of the increase in ionic
strength and the bell-shaped dependence on the poly-
electrolyte concentration for both cases. Stabiliza-
tion of OPg channels by polylysines upon domain
formation is associated presumably with restriction
of OPg mobility in BLM, similar to motional restric-
tion of negatively charged lipids observed upon poly-
lysine binding [105].

According to our experimental results, the increase
in ionic strength led to a reduction of the PLL e¡ect
on d. A similar action on the PLL e¡ect was pro-
duced by calcium ions. In our opinion, the action of
calcium ions also can be considered as a consequence
of an increase in ionic strength. In fact, it is known
that calcium and other divalent cations added at
millimolar concentrations produce the same e¡ect
on a number of processes in biological membranes
as monovalent cations at a concentration of about
100 mM [110]. The competitive action of calcium
ions on lipid domain formation induced by polymyx-
in B was observed in [61]. The reduction of the PLL
e¡ect on the OPg photoinactivation kinetics pro-
voked by an increase in ionic strength apparently
results from weakening of the electrostatic interac-
tion between PLL and OPg. These data, as well as
the reversal of the PLL e¡ect by polyacrylate ob-
served previously [22] strongly support the electro-
static nature of the phenomenon under study.

The most vivid proof of the validity of the `do-
main' hypothesis was provided by the data on the
competition between the long chain and the short
chain polylysines (Fig. 7). In fact, the suppression
of the long chain PLL e¡ect caused by the addition
of the short chain PLL cannot be explained in terms
of the alternative `cluster' hypothesis, because both
of these polylysines should produce the formation of
gramicidin clusters. On the contrary, according to
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the `domain' hypothesis, binding of the long chain
PLL produces segregation of tightly packed domains
of OPg channels (with a high value of d). The sub-
sequent binding of the short chain PLL which com-
petitively occupies some part of ion contacts with
OPg would lead to loosening of the compact do-
mains and destabilization of gramicidin dimers. In
the case of reversed order of additions, the initial
addition of 0.5 WM short chain polylysine induces
cluster formation which is not accompanied by an
increase in d. Moreover, the subsequent addition of
the long chain polylysine does not lead to formation
of tightly packed domains. Thus, obviously the sup-
pression of the long chain PLL-induced domain for-
mation in the presence of short chain PLL can be
accounted for by the molar excess of short chains
compared to long chains at equal concentrations of
monomer units (lysine residues) of these two polyly-
sines.

The experiments with membranes containing neg-
atively charged lipid, DPhPG (Fig. 8), was another
example of competition with polylysine in in£uence
on OPg channel operation. The reduction of the
maximal d value in the presence of DPhPG in
BLM as compared to the control BLM formed of
only neutral lipids (DPhPC) can be attributed to
the formation of combined OPg^DPhPG domains
with lower surface density of OPg molecules which
would not lead to considerable restriction of OPg
mobility in BLM.

One of the most interesting results of the present
work was the reversal of the PLL-induced OPg de-
celeration at high PLL concentrations. This reversal
can be accounted for by the recovery of lateral
homogeneity in a mixture of two components (neu-
tral and charged, see [80]). However, in our opinion
this reversal most probably results from the elec-
trostatic repulsion of PLL loops under conditions
of PLL competition for OPg charges which leads
to loosening of charged domains by including addi-
tional molecules of neutral lipid into them (Fig.
10D).

It can be concluded that the present work has
demonstrated that sequestering of OPg molecules
by adsorbed PLL can lead to essential functional
consequences which are manifested in the marked
deceleration of OPg channel operation. We believe
that the simple model system, OPg channel clustering

induced by PLL binding to BLM, will be useful for
elucidation of more complex mechanisms (e.g. at-
tachment to cytoskeletal elements [5,111,112]) gov-
erning the clustering of channels in cell membranes.
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