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Experimental evidence shows signi cant e ect of ionic con@ntration
of aqueous bu ers on the membrane stability, for example duing electro-
poration experiments. Also, the lateral di usion coe cien t is sensitive to
ionic strength. We study the e ect of ionic strength on lipid membrane
by modi ed Pink model, applying Monte Carlo simulations for a lattice
of 50 lipid molecules. The study is provided for the model diglmitoyl-
phosphatidylcholine (DPPC) membrane in the gel phase at the xed value
of dielectric constant. The study in the range of 10 3000 mM, shows a de-
crease of repulsive interactions between polar heads, aaopanied with an
increase of attracting van der Waals interactions between ayl chains. Ad-
ditionally, the chains assume more stable conformation wit lower confor-
mational energy. Simulations show rising number of standig polar heads,
which may indicate better accessibility of ions from the soiition to the
polar part of the molecules and their consequent binding.
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1. Introduction

Properties of biological membranes or embedded ion chaniseare often
studied by means of model lipid membranes surrounded by aqoes bu ers.
The bu ers contain numerous monovalent or divalent ions in\arious concen-
trations. It has been observed that the concentration alonechanges proper-
ties of the membrane, the higher ionic strength the more durble membrane.
For example, membranes located in high electric eld, whichundergo elec-
troporation [1 3], are more stable in high ionic strength [4,5]. This e ect
provided motivation for this study. The phenomenon of electoporation is
attracting interest because of its application to biotechrology and medicine.
It is currently used as a simple and relatively nontoxic mettod for introduc-
ing exogenous macromolecules (such as DNA, RNA, proteins,ragys, and
uorescent probes) into cells of various types [6]. Electrporation has also
been observed as an e ect of large de brillation chocks apd to the cardiac
tissue [7,8]. Another consequence of increased ionic stggh is experimen-
tally observed decrease of the membrane lateral di usion awstant [9] and
changes of the membrane physical properties [10].

However, the exact mechanism of these phenomena are not fulinder-
stood. The interactions between ions and uncharged lipidsra considered as
weak especially for monovalent ions. The dissociation cotant for Na* is in
physiological limits (100 500 mM) [11]. Then, little is known about interac-
tions between ions from bu ers with uncharged or zwitterioric lipids, as well
as in uence of their concentration on interactions betweerlipid molecules in
the membrane. Molecular dynamics simulations [9] suggest @ight binding
of sodium ions to the carbonyl oxygens producing complexed greater size
and reduced mobility, increased deuterium order parameteof the fatty acyl
chains, and creation of a di usive capacitor responsible foa strong electric
eld near the lipid headgroups.

Monte Carlo (MC) simulations of the molecular interactions between
lipid molecules for di erent ionic concentrations can provde another per-
spective of this phenomenon. Molecular interactions alonstrongly in uence
dynamical and structural characteristics of lipid membrares, its stability and
susceptibility to disintegrating factors. Studies of enegetic pro le of lipid
membrane, its structure and phase transitions can be obtaied by Monte
Carlo simulations based on Pink model [12 22]. In these mods lipid mem-
brane is treated as a hexagonal lattice where each node regents an acyl
chain. The chains are considered as separate and each of thean assume
one of ten possible conformations, to which conformationatnergy, degree of
degeneracy and area per chain is attributed [19]. Total engly of the system
is calculated as a sum of van der Waals interactions betweerhains, confor-
mational and surface energies. In the Pink model, the struatre of lipid polar
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heads is not considered and the surface energy term repretenhe dipolar
interactions responsible for the membrane integrity. Thisapproach provided
good models of the gel uid transition but it does not allow f or studying the
in uence of ionic strength on lipid membrane. The study preented here is
based on the model in which the dipolar structure of the head as explicitly
incorporated so that the polar part of the molecule could cotribute to the

nal state of the membrane [13].

2. Method

An in uence of ionic strength on membrane energetic and comrmational
state, which corresponds to membrane stability, is studiecoy Monte Carlo
method based on the model in which both hydrophobic layer of ydrocarbon
chains and hydrophilic layer of polar heads contribute to tte total energetic
state of the membrane. The model assumptions are as follows:

Membrane is modeled by two non-interacting hexagonal latices, whose
nodes represent acyl chains.

Periodic conditions are imposed on the boundaries.

Each lipid molecule includes two hydrocarbon chains and a dar head,
hence one molecule sits on two neighboring nodes.

Each chain interacts with six nearest neighbors.

Possible conformations of a chain are divided into 10 distict states
based on their conformational energy. The number of actual an-
formations in each state is represented by degeneracyp ranging
from D, = 1 for all-trans conformation to Do = 354 294 for the uid
state [19].

Chain conformation is de ned by angles between C C bonds. Tl
angle is approximated as35 or 145 to the bilayer normal for trans
bonds and90 for gauche bonds (Fig. 1). The chain closer to the polar
head is e ectively shorter of two C C bonds (two bonds in the -chain
are directed along the membrane surface) [23].

Fixed distance between positive charges at N atom of the chiole group
and negative at the P atom,dpy =5 10 1O m.

Lipid molecules can rotate of 180 degrees around normal to ghmem-
brane surface.

Lipid heads are zwitterionic, represented as dipoles. El¢émstatic in-
teractions between them included into the model.
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Polar heads can assume one of two possible tilts toward the m#rane
surface78 (standing) and 30 (lying), Fig. 1. This assumption models
two extreme positions of the heads [17] (and references than).

Polar heads can rotate towards their nearest six neighborsnpdes).

Interactions between dipoles are valid for longer range andext nearest
neighbors are also considered. Calculations include 14 géboring
dipoles [18].

A B

Fig. 1. Two exemplary conformations of lipid molecules. (A)Both chains assumed
all-trans conformation. The angle between C C bond to the membrane normal is
35 or 145 . The head is in the standing position here 78 ). (B) Both chains have
one gauche C C bond which forms an angle90 with the bilayer normal. For the
contrast, the head is in the lying position (30 ).

Hamiltonian of the studied system involves 3 terms energy of van
der Waals interactions Hqw , conformational energy Hcont, and energy of
electrostatic interactions between polar headdH gjp [19].

H = Hygw + Heont + Hdip; 1)
X o
Hyvaw = 5 f(rom)SnSmLnilm; ; (2)
i;j =1 nym=1

JM denotes interaction energy between two parallel chains inlbtrans con-
formation. Lattice co-ordinates arei (site index ranging from 1 to N) and
j (index of 6 sites neighboring with sitei). Index of chain conformational
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state n and chain conformational state m range from 1 (all-trans) to 10

(uid) [12]. A distance rjj between two chains at sites and j depends on

their conformational states. State operatorL; of the chain located in site

i equals 1 if thei-th chain assumes conformatiom, and O otherwise.
Order parameter S, for acyl chain in conformation n yields

P
S
S, = ppP. A3)
p Slp

where Spp order parameter of thep-th C C bond
1
Smp = 5 3co¢ np 1 ; 4)

p is the index of C C bond in the chain.
The bond is characterized by angle ,, between the bilayer normal and
the normal to the plane spanned by thep-th CH»-group of the chain.
Distance dependence of van der Waals interactions betweehains in the
m-th and n-th conformations r,, is expressed byf (rnm)

r2 5=2
f(From) = Wh 1 : (5)

Mim

where r, denotes radius of the space occupied by an average chain ineth
n-th conformation, wy, is a weakening factor,wig = 0:4 for chains in uid
state andw, = 1 if n 6 10. The factor was introduced by Mouritsen [19]
in the modi cation of Pink's model to provide good agreementbetween the
model and experimental data.

Conformational energyH con¢ is de ned based on the prede ned [19] val-
ues of the chain internal energie€,

X %0
Hconf = EnLni: (6)
i=1 n=1

Interactions between polar headsH g, are due to electrostatic interac-
tions
4
H':}X\')@ X Qi Qjexp( rij),
dlp 4 n or |J 1

(7)
i=1j=1; =1; 1
where " is electrolyte dielectric constant, "o permittivity constant, Q; an

e ective polar head charge.Q; = g=2, whereq is the actual dipole charge
which equals an elementary charge [17] and denotes the charge sign, =1
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for a positive charge and = 1 for a negative. The distance between
charges and of the dipoles at sitesi and | is represented byr j;
The inverse of Debye length de nes the range of electrostatic interac-

tions with screening s

272F 2¢
- "o"RT ; (8)

wherez =1 is valency of polar headF is Faraday constant, T temperature,
c ionic strength of the solution and R is gas constant.

The simulations were carried out for a bilayer dipalmitoyl phosphatidyl-
choline (DPPC) membrane with 16 C atoms in each acyl chain, rneresented
by a hexagonal lattice with 10 10 nodes and periodic conditions imposed
on the boundaries of the lattice. The canonical ensemble wasssumed. The
system was equilibrated for 1000 Monte Carlo steps per sitehen 10000
steps per site were performed. A series of microcon guratits, which is a
Markov process, was selected by means of Metropolis methotld].

3. Results and discussion

The model tested an in uence of ionic strength on energetic tate of
the membrane, interactions between molecules and con guteon of polar
heads. The membrane was tested at the gel temperature T= 300KThe
dielectric constant of the electrolyte in the proximity of lipid heads was as-
sumed" = 40, which is the optimal value to simulate the physical properies
of the membrane in this model [18]. A mechanism responsibl®if increased
durability of lipid membrane to electroporation in higher ionic strength was
investigated.

The total energy H of the membrane proves sensitive to the ionic strength
(Fig. 2) assuming more negative values as the ionic strengtimcreased. This
result stands for better stability of the membrane, which isobserved exper-
imentally [4,5]. Three components contribute to the value 6 total energy

energy of electrostatic interactions between polar heads Hgjp, energy of
van der Waals interactions between acyl chaindH,qw and con gurational
energy of the chainsHcont. As expected, the change in the valueH g, re-
veals the screening e ect from higher ionic concentration Eig. 3, solid line).
Positive value of the energy, representing repulsion betvem dipoles, de-
creases of approximately6 10 2°J, while the ionic concentration rises
from 10mM to 3000 mM. However the change of interactions is lger than
expected (Fig. 3, dashed line). It can be explained by closepacking of
the molecules. The reduced repulsion in hydrophylic part dbws for smaller
distances between chains. This, in turn, in uences the engetic state of
the hydrophobic part and leads to an increase in attracting @an der Waals
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Fig.2. Total energy H of the membrane assumes more negative values as ionic
strength is increased. The membrane accepts energeticallyore stable con gura-
tion in higher ionic concentration.
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Fig. 3. Energy of interactions between polar head$ 4, decreases due to the screen-
ing e ect from ions in the solution (solid line). The result compared to the theo-
retical dependence (dashed line) when head head distancesssumed constant.

interactions of about 1 10 2°J (Fig. 4). Therefore, the molecules from
the membrane are more stable, which is caused both by the chgg in inter-
actions of hydrophylic and hydrophobic part. Except distances, the chains
change also their conformation, which can be seen froid ;ont Value (Fig. 5).
A decrease of the conformational energy of abou®:5 10 2°J re ects an in-
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creased number of straighten chains with lower degeneracgdtor. It means
that statistically more molecules are in a gel state improwving stability of the
bilayer in the given temperature 300 K.
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Fig.4. Energy of Van der Waals interactions Hy,gw between acyl chains. Cer-
tain decrease observed, which results from smaller distams between chains, and
contributes to tighter binding inside the hydrophobic layer.
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Fig.5. Conformational energy of acyl chainsH.on shows slight decrease, which
may indicate that acyl chains are more stable and fewer molades accept the uid
state.
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An unexpected and very interesting e ect was observed in thecon gu-
ration of the polar heads. The tilt of the dipoles shows sensvity to ionic
strength (Fig. 6). At lowvalues of ionic strength (10mM) only 25% of polar
heads assume the standing con guration 18 ). This number increases
2-fold at 3000mM. A major consequence of this phenomenon could be higher
accessibility of the membrane to ions from the solution andleir subsequent
binding. It may concern sodium or chloride ions, as well as dter molecules
or compounds present in the solution, changing membrane pperties.

Configuration of polar heads
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w w
N S (=2}

w
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(5 560 1600 15‘00 2060 ZE;OO 3600
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Fig.6. The number of standing dipoles signi cantly increases with the ionic
strength. This result may indicate higher accessibility far ions from the solution.

Facilitated penetration of sodium ions to the membrane hydophylic part
and their consequent binding to the carbonyl oxygens in polaparts of lipids
was reported by Bockmannet al. [9] based on molecular dynamics simula-
tions for palmitoyl-oleoyl-phosphatidylcholine (POPC) membrane. As an
e ect larger complexes with reduced mobility form, which may result in
decreased di usion coe cient. The hypothesis is in accordace with exper-
imental results showing the dependence of the di usion coecient on NaCl
concentration. For POPC membranes the lateral di usion coecient was
measured as6:;5 10 8 cm?/s in the absence of NaCl, and decreased to
1:1 10 ® cm?/s at 110mM concentration of NaCl [24]. Lower mobility
of the molecules can additionally contribute to the elevatel stability of the
membrane in high electric eld.

The MC simulations presented here show that binding monovaint ions
such as sodium ions and a consequent decrease in the di usi@moe cient
may originate from more favorable energetic state of the mebrane in which
lipid polar heads are more likely to assume the protruding co guration with
the tilt 78 .
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4. Conclusions

The Monte Carlo simulations based on modi ed Pink model proed the
in uence of ionic strength on con guration and interactions between lipid
molecules in bilayer in the gel state, which has an e ect on nmbrane in-
tegrity and stability. We searched for the mechanism resposible for the
decreased sensitivity of lipid membranes to electroporabin in higher ionic
strength. The question was if this e ect is only due to the sceening e ect
of the electrolyte, diminishing repulsive forces between g@ar parts of lipid
molecules, or there are other contributing factors. The simlations showed
that the membrane becomes more stable in higher ionic stretig, assum-
ing more negative value of the total energy. The most signi @ant change
comes from lower electrostatic interactions between polaheads. However,
the change of interactions is lower than expected due to thelaser packing
of the molecules. On the other hand van der Waals interactios between
hydrophobic chains also increase binding the internal parbf the membrane
more strongly. The e ect on chain con guration was observed too. Acyl
chains tend to assume more energetically stable conformatn with decreased
degeneracy coe cient.

Additionally, the e ect of ionic strength on polar heads con guration was
revealed. The number of standing dipoles with the tilt 78 increases two-
fold while comparing 10mM and 3000mM solutions. This result means that
accessibility of ions from the solution rises in higher iorg strength. It may
involve sodium or chloride ions, as well as other moleculesr @ompounds
present in the solution, and change membrane properties. Té nding is in
accordance with MD simulations showing facilitated penetation of sodium
ions into the membrane and their binding to the carbonyl oxygns in polar
parts. Larger complexes that form as a result have lower mobty, which
may account for the experimentally observed decrease of tHateral di usion
coe cient in higher ionic strength. We conclude that the pri mary source of
this phenomenon is the energetic state of the membrane, mofavorable for
higher rate of standing polar heads.
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