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Abstract We have studied the action of some membra-
notropic agents (MTAs) on the parameters of mono-
and multilayers of dipalmitoylphosphatidylcholine
(DPPC). The MTAs used included an antimicrobial
drug, decamethoxinum, the model amphiphilic agent
stearoyl-L-a-alanine, and cholesterol as a reference sub-
stance. Using differential scanning calorimetry and the
Langmuir monolayer technique, we measured the tem-
perature and enthalpy of the main phase transition of
DPPC, the mean molecular area, the collapse pressure
and the free energy of the mixed monolayers of DPPC
and MTA. A good correlation has been obtained be-
tween the structure of the MTA used and changes in the
parameters of both mono- and multilayers. Thus, for
cholesterol, its well-known condensing effect in the L,
phase correlates with its behavior in the mixed mono-
layers. The disturbing action of decamethoxinum (de-
pression of the phase transition in DPPC multilayers
and relatively high free energy of mixing in monolayers)
is presumably connected with interaction of its charged
ammonium moieties with polar phospholipid heads. At
the same time, stearoyl-L-a-alanine condensed the lipid
layers and increased the melting point of DPPC, owing
to its interaction with both polar and non-polar lipid
moieties. One can conclude that the three MTAs used
can really be considered as representative examples of
three different types of behavior in mono- and multi-
layers.
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Introduction

It is commonly known that cell membranes possess some
extremely important features resulting from the supra-
molecular ordering of their lipids, or the phase state of
lipid bilayers (Jones 1979; Kelker and Hatz 1980;
Seddon and Templer 1995; Goodby 1998). This phase
state depends upon a great number of factors such as
media temperature and pH, degree of lipid hydration,
lipid composition, presence of exogenic molecules, etc.
The phase state of the bilayers defines, in turn, such
properties of membranes as microviscosity, non-specific
permeability, conformation of membrane proteins, etc.
(Kagawa 1978). So, it was of interest to pay more
attention to the ordering effects in membranes related to
their phase state and molecular packing.

There have been a considerable number of investi-
gations concerning effects of various agents on lipid
phase state. These studies have been principally con-
cerned with lipid-protein interactions (e.g. Ben-Tal et al.
1996; Epand 1998; Gil et al. 1998; Marsh and Horvath
1998; Sabra and Mouritsen 1998; White and Wimley
1998; Mozsolits et al. 2001) and lipid-lipid interactions
(e.g. Seddon 1996; Lemmich et al. 1997; Bhattacharya
and Saubhik 2000; Campbell et al. 2001) as well as drug
action (e.g. Reig et al. 1989; Albertini et al. 1992;
Betrencourt et al. 1999; Micol et al. 2001). In many
cases, it becomes possible to establish the true mem-
branotropic mechanism of a given molecule, and a huge
amount of interesting effects has been found. As a
general conclusion to be drawn from these data, the
action of a given molecule is defined by its geometrical
shape, variation of hydrophobicity along the molecule,
dipole moment, localization of charged moieties, etc.,
rather than its detailed chemical structure. Important
examples are antimicrobial peptides that possess
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membranotropic properties similar to those of non-
peptide drugs (e.g. Epand and Vogel 1999; Sitaram and
Nagaraj 1999). However, as far as we know, no general
correlations involving different chemical classes have
been made yet. In the present paper, an attempt has been
made to view the data on membranotropic activity
properties just from the “structural” point of view.

In this work we studied the influence of different
substances with model membranes (membranotropic
agents, MTAs) on their liquid crystalline supramolecular
ordering, as well as on their structural and functional
properties. As a base for our model membranes, we have
chosen one of the most widely used lipids, dipal-
mitoylphosphatidylcholine. The foundations for our
choice of membranotropic agents will be given in the
next section.

Experimental

As a base for model membranes, we used 1,2-dipalmitoyl-sn-glyc-
erol-3-phosphocholine (DPPC), a neutral phospholipid with hy-
drophobic chains of medium length, purchased from Biolek
(Ukraine). The substances used as membranotropic agents (cho-
lesterol, decamethoxinum and stearoyl-L-a-alanine) were purposely
selected as bearers of certain molecular structure features, with
which different effects on multi- and monolayer behavior could be
expected. Cholesterol was selected as a “‘reference substance”, with
its behavior as a phospholipid membrane component described in a
number of papers (Hinz and Sturtevant 1972; Ivkov and
Berestovskii 1981; Krull et al. 1985; Ipsen et al. 1990; Bhattacharya
and Saubhik 2000). Decamethoxinum, with its molecules consisting
of two polar moieties, the linked hydrocarbon chain and two side
radicals (Fig. 1), is known as an antimicrobial drug (Mashkovskii
1978), with the mechanism of its pharmacological action
presumably related to its interaction with cell membranes. Stearoyl-
L-o-alanine, the ester of L-wx-alanine and stearic acid, has been
synthesized as a model substance, providing localization of the
amino acid residue in the hydrophilic part of the lipid monolayer
with its hydrocarbon chain located in the hydrophobic part.
Monolayer studies were carried out using a Langmuir trough
produced by NIOPIK (Russia). The trough contained two inde-
pendent Teflon sections, of 2000 cm® volume each. The surface
tension was registered by a Wilhelmy balance. The set was con-
trolled by a computer, yielding digital data of surface pressure ©
(0.1% precision) and working surface area 4 (0.1% precision).

a)
? I
?’“ Y

b)
0 0
HOHNH/U\/\/\/\/\/\/\/\/\

Fig. 1 Molecular structures of substances used: (a) decamethoxi-
num, a molecule containing a flexible hydrocarbon chain linking
two polar ammonium groups and two cyclic hydrocarbon side
groups; (b) stearoyl-L-z-alanine, the ester of alanine and stearic
acid. Its structure provides localization of the amino acid residue in
the hydrophilic part of the lipid monolayer, whereas its hydrocar-
bon chain sets into the hydrophobic part
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As a subphase, distilled and deionized water was used at
pH 6.5. In order to form monolayers, the systems investigated were
dissolved in chloroform (5x10~* M). The surface layer deposited on
the subphase was compressed (3.2x10 3 m s!) at 20 °C.

The phase transitions parameters of DPPC multilayers con-
taining MTA were obtained by differential scanning calorimetry
(DSC) using a Mettler TA 3000 thermoanalytical system. To obtain
mulitlayer lamellar composition, all compounds were dissolved in
chloroform and mixed in the appropriate amounts. The solvent was
removed using rotational evaporation under nitrogen flow, and the
necessary amount of water was added. Full saturation with water
was reached after keeping for 4-5 days at 0-5 °C. Samples of
15-25 mg were placed in aluminum pans and repeatedly heated and
cooled within the range 15-50 °C.

Results

In Table 1 the collapse pressure for each of the pure
monolayers is given, as well as the value of mean mo-
lecular area, <A>. It can be concluded from the
comparatively high value of the collapse pressure that
each of the MTAs, as well as DPPC itself, forms rather
stable pure monolayers at the air/water surface.

The results for mixed DPPC/MTA monolayers are
given in Table 2. Intermolecular phospholipid/MTA
interactions caused the <A4> values for the mixed
monolayers not to correspond to the concentration-
weighted sums of appropriate <4 > values for the pure
monolayers. To show this difference more clearly, the
third data column of Table 2 is given. It can be con-
cluded from these data that neither stearoylalanine nor
cholesterol exhibits significant interaction with a lipid
monolayer, in contrast to decamethoxinum which causes
substantial deviations.

It should be noted that non-linear behavior of mean
molecular area <A4> of the mixed monolayers was
observed not only as a function of concentration, but
also as a function of surface pressure. We obtained
significant deviation from additive values, dA4(n), for all
the monolayers investigated, calculated as:

0A(n) = Arp(n) — cAp(n) — (1 — c)AL(7n) (1)

where A; and Ap are the mean molecular areas in the
pure lipid and MTA monolayers, Ay p is the mean mo-
lecular area in the mixed monolayer, and c¢ is the molar
concentration of MTA in a mixed monolayer.

The 6A(n) dependence obtained (Fig. 2) proved to be
largely determined by the MTA structure and the nature
of the lipid/MTA interactions. Thus, certain small de-
viations observed with cholesterol at low-pressure values

Table 1 Parameters for pure Langmuir monolayers

Substance <A> (nm?) Collapse

pressure (mN m™")
DPPC 0.68 38
Cholesterol 0.50 43
Stearoyl-L-a-alanine 0.46 50
Decamethoxinum 0.55 24
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Table 2 Parameters for mixed

L : Composition
angmuir monolayers

<A4> (nm?)

Collapse pressure, Mean deviation of <A >

(mN m™) from linearity by
concentration (%)
DPPC/cholesterol 0.64 38 -2.9
DPPC/stearoyl-L-a-alanine 0.59 43 -10.2
DPPC/decamethoxinum 0.77 35 +15.5

disappear when the surface pressure is increased. The
condensing effect of cholesterol is widely found in the
literature (Krull et al. 1985; Reig et al. 1989; Serfis et al.
2001) and results from hydrophobic interactions be-
tween the steroid molecule and the hydrophobic
phospholipid core. For stearoylalanine, on the contrary,
the mean molecular area in mixed monolayers decreases
with pressure as compared with the corresponding value
for a mixture of non-interacting molecules.

We suppose that, owing to the monolayer architec-
ture, the main part of the stearoylalanine/DPPC inter-
action takes place in the polar moieties, while the
stearoyl residue of stearoylalanine seems to be not af-
fecting the liquid crystalline ordering of the phospholi-
pid alkyl chains. So, this effect is likely to result from
formation of H-bonds between the alanine residues and
polar lipid head groups.

A common feature of all the samples studied is ap-
proximately linear pressure dependence of 64 over a
wide range of 7w values:

0A(m) ~ 0A4(0) + kn (2)

where dA4(0) is the deviation in the absence of the surface
pressure, and k is a coefficient determined by the average
slope of the §A(n) plot.

The values of 0A4(n) depend sensitively on the struc-
ture of MTA. Thus, for monolayers containing choles-
terol and stearoylalanine, k is rather small (-3.3 and
—-8.5nm> N m!, respectively) and 04(0) ranges be-
tween 0 and 0.1 nm?. Taking into account the sign of 64

N W A OO
T

n
©O O o o o o o o o

Fig. 2 Deviations of mean molecular area from additive value in
mixed monolayers as a function of surface pressure, calculated by
Eq. 1 (see text). I: DPPC/cholesterol (84:16 mol/mol); 2: DPPC/
stearoyl-L-a-alanine (89:11 mol/mol); 3: DPPC/decamethoxinum
(78:22 mol/mol). The horizontal line marks the zero pressure value.
For monolayers / and 3, the deviation almost disappears under
pressure, and the systems transform into “‘mechanical mixtures”;
for monolayer 2, a condensing effect with pressure is observed

for each of the substances, one can see that, for de-
camethoxinum, 04 decreases with pressure, while for
stearoylalanine it increases.

In the presence of decamethoxinum (Fig. 2, curve 3),
0A(0) is much larger [an approximation to zero gives
5A(0)=0.80 nm?], and k=-29.7 nm> N! m . From the
physical point of view, it implies a significant compress-
ibility of the monolayer combined with its low density.
Such behavior may be due to peculiar features of the de-
camethoxinum molecule (see Fig. 1): two ammonium at-
oms are linked with a flexible hydrocarbon chain. Under
low pressure, the chain is maximally extended, and the
distance between the two positively charged moieties is the
largest. In such a conformation the molecule possesses a
large hydrate shell that could push apart the neighboring
lecithin molecules, leading to a significant increase in the
molecular cross-area value. It seems obvious that under
pressure the linking chain becomes bent and the charged
moieties approach each other, so 04 decreases (the limit
value is ~0.05 nm?). This value is determined by interac-
tion of the ammonium atoms with phospholipid head-
groups and the two charged parts.

Based on the m-A diagrams obtained, values were
calculated for the free energy of mixing in the mono-
layers. The free energy of mixing, AG (%), can be de-
fined as (Labauff and Zack 1971):

Y Y

AGois () = / 5A(m)dm = / (Urp — (1 — )y — edp)dr
0 0
(3)

] 3
o

4
€ 3 ]
2 2 1
X
-1
; ° — N\S\e\e\e
(D -1 ] T T T T T ’2 T
< 5 10 15 20 25 30 35

#, m N /m

Fig. 3 Free energy of mixing in DPPC monolayers containing:
1, cholesterol (0.16 M); 2, stearoyl-L-a-alanine (0.11 M); 3, de-
camethoxinum (0.22 M), calculated according to Eq. 3 (see text).
The zero value of the free energy is marked by the horizontal line.
As is clear from the figure, DPPC mixing with cholesterol and
decamethoxinum is not energetically favorable, while DPPC and
stearoyl-L-o-alanine are miscible with some energy gains
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Table 3 Temperatures and

enthalpies of the phase transi- Composition of organic

Transition to L, phase

Transition Lyg-Pg

tions in hydrated DPPC doped ~ component . - . . -
with MTA ope Tn (CC)  AHu (I kg') ATn(O)  T.(0)  AH (kg
DPPC 423+04 50.0+4.7 2.2+0.5 36.5+£0.6 4.7+1.7
DPPC/cholesterol 41.1+0.3 20.2+1.6 6.5+0.5 - -
DPPC/stearoyl- 442402  40.6+22 2.9+0.1 - -
L-o-alanine
DPPC/decamethoxinum  35.8+0.1 54.0£0.1 2.2+0.1 - -
where 4; and Ap are the mean molecular areas in the .
Conclusions

pure lipid and MTA monolayers, 4; p is the mean mo-
lecular area in a mixed monolayer, and ¢ is the molar
concentration of MTA in the mixed monolayer.

Surface pressure dependencies of AG ,;x (Fig. 3) show
that for all the samples studied the free energy is in-
creased under pressure. Thus, for decamethoxinum,
comparatively high (3-5 kJ mol ') positive AGy;, values
were obtained, which substantially increased with pres-
sure, corresponding to its strong disturbing effect on the
lipid structure. As for stearoyl-L-a-alanine, compara-
tively low AG values (0.1-1.0 kJ mol ') were ob-
tained, and dependence upon pressure was weak. For
cholesterol, AG,,;x values at low pressures were compa-
rable to those for decamethoxinum, but in this case
AG i« practically did not increase with pressure.

It is of interest to compare the monolayer technique
results with thermodynamic parameters for water dis-
persions of DPPC, such as temperatures and enthalpies
of pre- and main transition peaks (Table 3). We cer-
tainly realize that direct comparison of physical pa-
rameters of multi- and monolayers is not strictly correct
(though in some cases it was successfully made, e.g.
Albrecht 1978), but we assume such comparison would
be reasonable to qualitatively assess the effects of MTA
introduction. As one can see from Table 3, the three
MTAs show significantly different behavior in DPPC
multilayers. The only common feature is the disap-
pearance of the pre-transition peak (AH,—0). From
comparison with Fig. 3 one can also conclude that the
increase in 0A values under pressure corresponds to
enhancement of the liquid crystalline phase thermal
stability and elevation of Ty,. Similarly, for the systems
with decreasing 04 under pressure, a 7, decrease is
observed. Another important point is the sign of AG ;.
For cholesterol, which is known to be incorporated into
the non-polar moiety of the lipid layers, AGp; >0,
whereas for stearloyl-L-a-alanine, AG; <0, which is in
agreement with its condensing effect resulting from in-
teraction with the polar part of the layer. Thus, the three
MTAs can really be considered as representative exam-
ples of three different types of behavior in mono- and
multilayers.

As has been already noted, the strongest MTA/DPPC
interaction is observed for decamethoxinum. Such con-
clusion is also confirmed by our results of mass spect-
rometry experiments (Pashinskaya et al. 1999), where
non-valent complex formation was observed between one
lecithin molecule and 1-3 decamethoxinum molecules.

The use of such well-known classical methods as DSC
and the Langmuir monolayer technique allowed us to
obtain some interesting results concerning the mecha-
nisms of membranotropic action of the substances
investigated. First, the antimicrobial agent decame-
thoxinum, widely used in the Ukraine as a pharmaco-
logical substance, was found to extremely strongly
disturb the membrane, which could be one reason for its
antimicrobial activity. Another important point of the
present investigation is the idea to use a special type of
model MTA to study monolayer interactions with hy-
drophilic molecules. The molecule studied — stearoyl-L-
o-alanine, consisting of an L-a-alanine amino acid resi-
due and a saturated alkyl chain — exhibited clear con-
densing action resulting from interactions between
zwitterionic parts of the MTA and DPPC.
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