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Abstract: On the basis of the 10-state Pink model, the effect of the polar head charge of amphiphilic
modifier molecules has been discussed. It was shown, that for small concentrations of anionic and
cationic compounds inserted into a layer composed of electroneutral lipids the electrostatic interaction,
in spite of the long-range character, can be limited to the nearest neighbour interaction. Computer
simulation results suggest, that the gel-fluid transition temperature can be lowered or raised by a proper
selection of anionic-cationic amphiphilic modifiers. Moreover, the effect of ionic strength of the
membrane medium and dielectric permeability of the hydrophobic part of membrane, where a shift of
the dielectric constant from 5 to 80 occurred, has been studied. It was also shown that addition of alkyl
molecules to the membrane, which are the counterions of alkyl modifier molecules added earlier, almost
doubles the number of incorporated membrane modifiers. Membrane permeability analysis shows that
membrane permeability, at temperatures lower than the gel-fluid transition temperature, should be more
related to the number of small domains (cluster area) and less to the interfacial area.
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1. Introduction

The lipid phase of biological membranes seems to be essential for cellular
function, because it can affect the activity of some membrane enzymes and a cell
leakage. A number of biologically active compounds, especially amphiphilic, may
modify the properties of membranes when incorporated into the lipid phase. This
may result in a change in a local membrane permeability, leading to a disturbance in
the physiological distribution of substances. The amphiphilic compounds
incorporated into membranes may change their fluidity. Depending on type and
concentration, these compounds may induce selective associations of the membrane
lipids into domains which phase transition temperatures will differ significantly
from that of unmodified membrane. Model studies concerning the ability of such
compounds to be incorporated into membranes and to modify them, may prove
helpful in effective application of these compounds in practice. Making use of the
observed synergistic action, a desired effect may often be obtained with lower
doses, and thus with lesser harmful effect on the environment. Some interesting
suggestions may be deduced from a computer simulation. A literature study has
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shown that the Monte Carlo simulation, based on the ten state Pink’s model, gives
a good description of the gel-fluid transition and the influence of chain length of
some amphiphilic compounds on membrane properties [1, 2].

2. The Model and Calculation Method

The effect of anionic-cationic mixtures on the lipid membrane properties was
studied by a computer simulation method based on the Pink’s model [3]. The effect
of such compound mixtures with alkyl chains of various lengths (14, 16, 18 carbon
atoms) on membranes formed of molecules with 16 and 18 carbon atoms alkyl
chains has been analysed. According to the model each hydrocarbon chain can
assume one of the ten possible configurations characterised by an internal energy
E , the cross-section area of the acyl chain 4, and an internal degeneracy D . For
the fluid phase the most probable is the highly excited state with the largest internal
energy and cross-section area. The opposite state, with the lowest values of the
afore mentioned quantities, is the all-trans configuration.

The lipid membrane is modelled as the two mutually nonintereacting triangular
lattices. Periodical conditions, imposed in both horizontal and vertical directions,
make the model membrane a closed surface. The model assumes that each site
(node) of a triangular lattice is occupied by a hydrocarbon chain which may exist in
any of the ten states. According to this assumption one double-chain lipid molecule
occupies two nodes of the lattice, and each chain is treated separately. Besides of
model double-chain lipids, single-chain molecules with charged polar heads were
considered. Using the screened Coulomb potential y in the form [4]

2Q exp(—kr)
Y=
4re,r
, 2e’IN, . . . :
where k° = and « is the inverse Debye length, the pair charge Q, Q, in-

2Qin exp(—rcr)

teraction energy U is given: U = -, € — permittivity of vacuum,

4ree,r

¢ — dielectric constant of the environment, k7" — thermal energy, / — ionic strength,
N, — Avogadro’s number, e — electron charge.

To examine the effects of electrostatic interactions of the charge modifiers the
two cases were considered:

— the interaction between all charged molecules within lipid membrane or

— the interaction limited to the nearest neighbouring molecules.

The energy of interaction between an ion and rotating dipole (the polar head of
lipid molecules) was neglected. However, the hydration shell of the polar part of the
lipid bilayer was taken into account via the dielectric constant & The dielectric
constant varied from 8 to 80. The model of aqueous phase contained monovalent
ions mimicking the NaCl solution.
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Thus, the Hamiltonian of the model considered is the following:

e ZZ(E AL, - JZZ [C.Co Iy (LyL sy + L uLy) +
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r Zz|d —dy|(LyLy, + L L) + rv— Z rQ% exp(— (r; +71,))
J
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where: L, is the occupation variable (0 or 1) of a state of the acyl-chain site i,

' J, 1s the coupling constant, £, is the internal conformation energy, 4, is the cross-
section area, / is the shape-dependent nematic parameter, 7 is the internal pressu-
re, y is the mismatch interaction constant, @, is the acyl chain length, Q,; is the
electrical charge, 7, »; 1s the effective radius, C=1/4 TEE .

The Metropolis method was used to study the 11p1d chain conformational
changes and to obtain the thermodynamic averages. The studied lattice was
composed of 10 000 nodes. The system was equilibrated for the 200 Monte Carlo
steps per site in a given temperature, then 1000 steps per site were performed
during which thermodynamic quantities were calculated [7]. Next the temperature
was increased by 0.5 K and the procedure was repeated. The temperature was
changed in the range 300-320 K and 320-335 K for the DPPC and DSPC model
membrane, respectively.

3. Results and Discussion

When two model set-ups are compared, i.e. electrostatic interactions was
calculated for the entire matrix or restricted to the interactions between nearest
neighbours, the resulting shift in gel-fluid transition temperature was 0.5 K. That is
why in further study only the nearest-neighbour electrostatic interaction was
considered.

As mentioned earlier, the membrane medium constituted the solution of
monovalent ions, which modelled NaCl solution. The increase of ionic strength by
one order of magnitude (0.01-0.1M) causes the 1K increase in the gel-fluid phase
transition temperature. As expected, this effect decreases with decreasing the
dielectric constant of the medium.

Figures 1 and 2 show the dependence of the average cross-section area per
chain on temperature for the membrane formed of the model molecules DPPC
(Figure 1) and DSPC (Figure 2), modified with the anionic and cationic amphiphilic
modifiers. At the gel-fluid transition temperature, a break in the cross-section area
per chain occurs [2].

Calculations show that the shift of the gel-fluid transition temperature depends
on the hydrocarbon chain length of modifier molecules.

The longer is the chain of anionic amphiphilic modifier molecules the stronger
is the effect on the gel-fluid transition temperature, i.e. the transition temperature
decreases with the chain length. The DPPC and DSPC model membranes modified
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Figure 1. Temperature dependence of the average cross-section area per chain for the modified
membrane formed of the model DPPC molecules. Model DPPC membrane modified with the
anionic modifier molecules with ,,a” carbon atoms in the alkyl chains is denoted by C16Na,

membrane modified with cationic modifier with ,,b” carbon atoms in the alkyl chain — C16Pb.

Consequently, C16NaPb describes the DPPC model membrane modified with a mixture of
anionic and cationic modifiers.
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Figure 2. Temperature dependence of the average cross-section area per chain for the modified
membrane formed of the model DSPC molecules. Model DSPC membrane modified with the
anionic modifier molecules with ,,a” carbon atoms in the alkyl chain is denoted by C18Na,
membrane modified with cationic modifier with ,,b” carbon atoms in the alkyl chain - C18Pb.
Consequently, C18NaPb describes DSPC model membrane modified with a mixture of anionic
and cationic modifiers.
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with the mixture of negative and positive 14 carbon atoms chain modifiers, show the
higher transition temperature when compared to the pure lipid membrane. 7

As shown earlier [5], modifying the membrane with the mixture of anionic-
cationic amphiphilic compounds, which alkyl chains are of the same length as those
of membrane lipids, practically does not change the gel-fluid transition temperature.

The membrane area may be divided into three fractional contributions, the
fractional bulk area, the fractional cluster area, and the fractional interfacial area. In
the minimal model [6,7] it was assumed that the interface gives the major
transmission rate.

Our studies of the membrane permeability of the interfacial area did not give any
correlation between the permeability and modifier concentration. Therefore, we
decided to concentrate on the second term responsible for the membrane
permeability — i.e. the cluster area. We have examined different minimal sizes of
clusters that might be responsible for the membrane permeability. The best results
were obtained for the cut-off clusters size equal to four chains in the fluid
conformation at 300 K (that is the temperature of earlier experimental studies
(8, 9D

Figures 3 and 4 show the changes in permeability of membranes built of the
model DPPC (Figure 3) and DSPC (Figure 4) molecules, depending, on the type of
modifier used, assuming, that the permeability is proportional to the number of
domains (cluster area) built of at least 3 chains, in fluid state that surround a chain
being also in fluid state. The permeability considered is referred to a permeability of
unmodified membrane (relative permeability). The concentration of modifiers is
always the same and equal to 4% of the membrane surface.
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Figure 3. Relative DPPC membrane permeability P/P, (relative to unmodified membrane) as
a function of membrane composition. The amount of modifier molecules constitutes 4 percent of
the total discrete membrane area. The lower cut-off in the cluster size was chosen to be three fluid
chains surrounding a chain in the fluid state.
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Figure 4. Dependence between membrane composition and relative DSPC membrane permeability
P/P, (relative to unmodified membrane). The ammount of modifier molecules constitutes 4 percent of

the total discrete membrane area. The lower cut-off in the cluster size was chosen to be three fluid
chains surrounding a chain on the fluid state.

Figure 5 shows an analogous relationship for DPPC membrane, but the assumed
permeability criterion is the number of domains formed of 6 chains in fluid
conformation that surround a chain in fluid conformation. For the membrane formed
of DSPC that criterion proved to be strong, because it rendered the membrane
almost impermeable.

From those results it follows, that membrane permeability at the temperatures
lower than the gel-fluid transition should be proportional to the number of small
domains (cluster area). Introducing chemical potential to the model [10, 11], one can
study a partition coefficient for distribution of the modifiers between the lipid phase
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Figure 5. Relative DSPC membrane permeability P/P, (relative to unmodified membrane) dependence
on membrane composition. The ammount of modifier molecules constitutes 4 percent of the total
discrete membrane area. The lower cut-off in the cluster size was chosen to be six fluid chains
surrounding a chain on the fluid state.
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and medium. Figure 6 shows the relation between the number of incorporated
modifiers, expressed as the surface percent, and magnitude of the chemical
potential. As it is seen in the figure, the greater the difference in a chain length the
smaller number of modifier molecules incorporated into the membrane.
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Figure 6. Dependence of the number of intruder molecules on chemical potential p.
C16P16 - DPPC model membrane modified with cationic modifier with 16 carbon atoms alkyl chain,
C16P14 - DPPC model membrane modified with cationic modifier with 14 carbon atoms alky! chain,
C18P14 - DSPC model membrane modified with modifier with 14 carbon atoms alkyl chain.

Comparing the plots of the mean surface area per chain versus temperature for
the membranes formed of C16 and C18 (DPPC and DSPC membrane models) and
modified with the N and P compounds of different chain lengths, one can draw the
following conclusions:

— each of the N and P type compounds acting alone increases the gel-fluid

phase transition; the more the longer the chains,

— the shorter the chains of the P and N molecules acting together the lower the
gel-fluid transition temperature.

Modifying the C16 membrane with the mixture of anionic-cationic N16P16
compounds practically does not effect the membrane permeability. Whereas,
modifying the C16 membrane with the N14P16 mixture, we observe the increase of
permeability over two times. The greatest, five-fold increase in permeability, is
observed for the C16P14 system. Analysing the results obtained for the CI8
membrane, one can conclude that:

— the greater the effect of the anionic-cationic mixture of amphiphilic com-

pounds on the membrane permeability the bigger the difference between chain
lengths of the lipid and modifier molecules,

— the modifier molecules with the chains of the same lengths as those of the
lipid molecules do not alter lipid membrane permeability.
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Investigation of the partition coefficient of the modifier between the membrane
and medium allowed to conclude:

— the amount of modifier molecules incorporated into the lipid membrane in-

creases slightly as the temperature approaches the phase transition tempera-
ture,

— the greater the difference between the alkyl chain lengths of modifier and

lipid molecules the less modifiers incorporate into the membrane,

— incorporating into membrane the alkyl modifier molecules, that are

counterions of alkyl modifiers incorporated earlier, increases the number of
earlier incorporated molecules almost two times.

The model presented may be applied to make qualitative interpretations of the
observed membrane phenomena. The simplifying assumptions of the model and
their consequences have been discussed earlier [12]. Nonetheless, the results
obtained are in qualitative agreement with the experimental results obtained on the
liposomes modified with the amphiphilic anionic-cationic compounds: N-dodecyl-
oxymethylene-N-methylmorpholi-nium chloride and sodium alkylsulphonates [8, 9].
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