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Local anesthetics of the homologous series of monohydrochlorides of [2-(a koxy)phenyl]-2-(1-pipe-
ridinyl)ethyl esters of carbamic acid decrease the temperature of phase transitions L — Pg (pretran-
sition) and Pz — L (main transition) of 1,2-dipalmitoyl-sn-phosphatidylcholine in agueous phase at
pH 6.2. The efficiency of the anesthetics in decreasing the pretransition temperature increases with
the number of carbon atoms n of the alkoxy substituent up to n = 6. For n > 6 no pretransition could
be detected. The efficiency in decreasing the temperature of the main transition increases up to
n = 8 — 9 while it starts decreasing at n = 10. Computer simulation of the thermograms has shown
that the decrease of efficiency at n = 10 is caused by the dependence of the partition coefficients of
the anesthetics Kp g and Kp) ¢ between the aqueous phase and the Py and L, phases, respectively, on
the length of the alkoxy substituent, thus: log Kp ¢ = A ¢+ B c nand log Kpg = Ag + Bg n, where
B, ¢ < Bg.

Lyotropic liquid-crystalline mesophases of lipids are widely used as models of the
phospholipid membrane component. The effects of admixtures of amphiphilic mole-
cules on these model systems should be studied not only to learn more about their
physico-chemical properties but also to grasp the interactions of biologically active
compounds with biological membranest.

Fully hydrated 1,2-diacylphosphatidylcholines form lyotropic liquid-crystalline
phases which undergo the following phase transitions with increasing temperature:
Lc « Lg o Pg o Lg, Wherethe lamellar crystalline phase L , the lamellar gel phase
L and the rhombohedral gel phase P have their acyl chains mainly in the trans-con-
figuration while the lamellar fluid phase L, contains disordered acyl chains due to
trans—gauche isomerization®~. In the Lg and L phases the acyl chains are tilted at an
angle with respect to the director (perpendicular with respect to the lamella) while in
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the Py phase they are parallel with the director. The surface of the lamella in the Py
phase is rippled® 2. The phase transition L. — L is called subtransition, phase transi-
tion Lg — Py isthe pretransition and phase transition Pg — L is called the main tran-
sition.

In our earlier work we used spin probes and EPR spectroscopy® as well as polariza-
tion microscopy!* to establish that tertiary amines exhibiting local anesthetic activities
decrease the critical temperature of the main phase transition in 1,2-dipalmitoylphos-
phatidylcholine (DPPC) model membranes, this decrease being related to their anes-
thetic efficiency. In the present paper we describe the effect of local anesthetics of the
homol ogous series of [2-(alkoxy)phenyl]-2-(1-piperidinyl)ethyl carbamates'>16 (abbre-
viated C A where n is the number of carbon atoms in the substituent) on the pretransi-
tion and the main transition of DPPC. A part of the experimental results was published
as a short communication®’.

EXPERIMENTAL

Reagents

1,2-Dipamitoyl-sn-phosphatidylcholine was from Fluka (Buchs, Switzerland). Monohydrochlorides
of [2-(alkoxy)phenyl]-2-(1-piperidinyl)ethyl carbamates were prepared as described before!®. Other
chemicals were of analytical purity from Lachema (Brno, The Czech Republic). The organic solvents
and water were redistilled before use.

Sample Preparation

DPPC was mixed in an organic solvent with the corresponding amount of C,A. The solvent was
removed in a stream of nitrogen with subsegquent evacuation in a two-stage oil vacuum pump for 5 h.
The dry sample was hydrated with a buffer containing 103 mmol/dm® Na,HPO, and 48.5 mmol/dm?
citric acid in water and the pH of the sample was adjusted to 6.2. The resulting concentration of
DPPC in the sample was 0.648 mmol/dm?. Before measurement the samples were incubated for 1 h
at 50 °C and were shaken severa times during incubation and then equilibrated for at least 2 h at
room temperature.

Equipment and Its Use

For the microcalorimetric measurements we used a differential adiabatic scanning microcal orimeter
DASM-4 (Russian Academy of Sciences, Pushchino, Russia). The volume of the experimental and
reference cells was 0.4789 and 0.4779 cmd, respectively. To ensure complete filling of the cells and
to prevent the presence of air bubbles in them, a constant external pressure of =177 kPa was applied.
During the measurement we worked over the range of 20 — 50 °C, the rate of heating being 1 °C/min.
The sensitivity of the calorimeter was 0.5 UW at the above rate of heating, the noise level was lower
than the thickness of the recorder trace. The calorimeter was connected to an X-Y recorder and sim-
ultaneously, via an A/D converter, to a computer. At a constant rate of heating the temperature was
read at 0.1 °C steps. Before the meaurement itself the baseline was recorded: Both the experimental
and the control cell were filled at room temperature with the buffer used for preparing the samples.
Both cells were cooled in a thermostat to about 10 °C and left to equilibrate for 5 min. Then the
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heating was switched on. At about 18 °C the working regime was stabilized and the baseline was
recorded. Together with the baseline a calibration was carried out by applying a precisely defined
input of 50 uW for 5 min into the control cell. To record the thermogram of the studied sample we
filled the experimental cell with the sample, leaving the buffer in the reference cell. Then we pro-
ceeded as when recording the baseline. The output of the experimental setup is the value of relative
isobaric heat capacity cp in dependence on the temperature with respect to the reference sample.

Evaluation of the Thermograms

The main transition temperature t,, (T,,) and pretransition temperature t, (T,) were defined as the tem-
perature at which the dependence cp = f(t) reaches its maximum cp .« While in the experimental
results the temperature t is shown in °C, thermodynamic cal culations require the use of absolute tem-
perature T given in K. The calorimetric enthalpy AH, of the phase transition was determined by
numerical integration on a computer as

T2
AHca = [cpdT ey
T1

where cp is the relative heat capacity at constant pressure and T, and T, are the limits of the studied
temperature interval. We integrated using steps of 0.1 K and less. Derivation was done numerically
using a computer. Microcalorimetric literature usually defines the temperature-induced change of the
material studied as the change from the origina state A to the final state B, in analogy with the
reaction

A - B
1l-a) ao '’ @

where a is the degree of conversion of state A to state B. van't Hoff's equation holds here:
[8(In K)/dT]p = AHYH/RT? | 3

where AH,, is van't Hoff’s enthalpy of the observed change, K is the equilibrium constant and R is
the gas constant. On expressing d(In K)/0T using the degree of conversion a we obtain

AHvH = [RTZa(1 - o)](d0/aT) . (4)
If the observed peak is symmetrical then at T = T, the same amounts of A and B coexist. Then
AHvH = ARTH(00/0T)P.T=T,, - ©)

The degree of conversion can be expressed as the ratio of excess heat Q(T) absorbed at T to the
total excess heat Q, absorbed during the whole process which, in the case of an isobaric arrangement,
is equal to enthalpy AH.y:
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(00/dT)p = (L/AHca)(0Q(T)/OT)P = cp/AHcal (6)
Substitution into Eq. (5) yields
AHvH = ARTéCp max/AHcal )

The van't Hoff enthalpy was calculated from this expression.
RESULTS AND DISCUSSION

Experimental Results

The lower part of Fig. 1 shows a thermogram for the system DPPC—aqueous phase at
pH 6.2. The thermogram clearly displays two peaks. The one at the lower temperature
is characterized by its greater width and lower intensity and corresponds to the transi-
tion Lg — Pg. The higher-temperature peak is markedly narrower and more intense and
represents the main phase transition Py — L, Parameters of these transitions were
evaluated from five measurements, the results being shown in Table I. Symbols t% and
tg are temperatures at which the dependence of the heat capacity on temperature attains
its maximum during the main transition and during the pretransition, respectively. The
data of Table | are in fine agreement with those in the literature’. Figure 1 also shows
thermograms of the DPPC—H,O system in dependence on C;A concentration at pH 6.2.
There is a clear shift of the peak of ¢, of the main transition to lower temperatures and
its broadening with the increasing C;A concentration. The pretransition is also shifted

TaBLE|
Thermodynamic parameters of the main phase transition and the pretransition of the system
DPPC—aqueous phase at pH 6.2

Transition Parameter Value
Ps - La th, °C (K) 41.78 + 0.06 (314.93)
AHE, kImol 29.76 + 0.45
CB max, kd/mol K 344+06
AHY,, kImol 3813+ 20
Ly - Pg t9, °C (K) 35.93 + 0.09 (309.8)
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to lower temperatures and it becomes broader up to ¢, , = 0.068 mmol/dm3. At higher
values of ¢ 5 no pretransition could be detected.

Figure 2 shows the effect of the concentration of C;A on the main transition tempera-
ture t,, and the pretransition temperature t,. These dependences can be considered to be
linear within the experimental error. Figure 3 shows the dependence of the maximum
value of the molar heat capacity Cp .., On the concentration of C;A. This maximum is
seen to decrease with increasing concentration of C,A in a nonlinear way. The area
under the Cp = f(t) curve indicates the molar calorimetric enthalpy AH, (Eq. (1)). The
concentration dependence of AH, for C;A is shown in Fig. 4. The AH_, value changes
very little with concentration. The effect of the length of the alkoxy substituent of C A
homol ogues on the form of the thermograms of the DPPC—H,0 system at ¢, 4 equal to
0.136 mmol/dm? is shown in Fig. 5. There is simply a decrease of the temperature of
the main phase transition and the broadening of the peak. To compare quantitatively the
effect of the individual derivatives of the homologous series on the main transition
temperature as was measured at different concentrations c, », we introduced the At /c, 5
parameter which normalizes the change of the temperature of the main phase transition
to a unit concentration of the corresponding homologue C A in the sample. The de-
pendence of At,,/c_, on the chain length is shown in Fig. 6. The data of the figure were
obtained at ¢ , = 0.136 mmol/dm?for n < 5 and at ¢ , = 0.068 mmol/dm?for n = 6 — 10.
It follows from the data of Fig. 6 that at an equal concentration of the admixture in the
sample the efficiency of decreasing the main transition temperature islow forn=1, 3,5
while it increases sharply for n = 6, 7, 8 and reaches its maximum at n = 9. For n = 10
one may observe a decrease of this efficiency. The same procedure was used for the
evaluation of the data for the pretransition. The dependence of At,/c 5 on the chain

0.050 . ;
/—/ke
Cp, JIK
/_//\ s
/Jk4
A,
0.025 /*//L .
2
Fic. 1
Dependence of the heat capacity cp of the measured sample
(in JK) on temperature in a system of DPPC—agueous phase 1
for different concentrations of C;A (c ) a pH 6.2. Concen-
tration ¢, is given in mmol/dm® 1 0, 2 0.017, 3 0.035, 4 0 " "
0.068, 5 0.103, 6 0.136 20 30 40 ¢ oc 50
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length n shown in Table I1 indicates that the efficiency of decreasing t, increases with n.
For values of n higher than those in Table Il no pretransition could be found.

The decrease of the critical temperature t, of the pretransition in the presence of C A
suggests an interaction of C,A with lipids in the gel state. One can assume that the C A
molecules are present in the P phase of the lipid, or even in the L phase where their
number in Py should be greater than in Lg. The mechanism leading to the increased
binding of C,A to the Pg phase is not understood since both L and P are gel-type
mesophases where the lipid chains are closely packed, predominantly in the all-trans-
configuration. The only difference between them is in the fact that in the L phase the
aliphatic chains are tilted to the membrane director while they are parallel with it in the
Pg phase. One of the possible explanations is the different lateral packing of the lipid

TaBLEII
Dependence of the Aty/c_, parameter on the length of the substituent n of C,A homologues

n Aty/c, 5, °C dm*/mmol
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Dependence of the temperature of the main Dependence of the maximum value of heat ca-
phase transition t, ( ) and of the pretransi- pacity Cp max ON concentration of C,A (c_p) in
tion t, (-——-) in a system of DPPC-agueous a system of DPPC—aqueous phase at pH 6.2

phase on concentration of C;A (c 4) a pH 6.2
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molecules in these phases. The lipid bilayer is probably formed by domains of |aterally
closely packed lipids and by defects between such domains. The existence of domains
and defects in the lipid bilayer was experimentally proved by the electrophoretic mo-
bility of 1,2-diacylphosphatidylcholine liposomes'® and by small angle neutron scatter-
ing on oriented 1,2-diacylphosphatidylcholine bilayers'®. Moreover, a phase transition
in alipid bilayer is accompanied by the formation of domains of a new phase within the
original matrix. The domain formation is a dynamic process and the domain size and its
location near the phase transition temperature will fluctuate. This is the cause of the
lateral heterogeneity of the bilayer?®2L, In the gel phase of the lipid this domain struc-
ture is frozen because of the slow lateral diffusion of the lipid molecules. Under our
experimental conditions the L phase reaches an equilibrium state after a relatively
long time (2 h at least) while in the P; phase the sample stays for only some 10 min.
The Pg phase is thus probably more distant from the equilibrium state as compared with
the L phase and hence will contain more lateral defects than the Lg one. Since these
defects between the ordered domains are the sites of accumulation of admixtures?®?!
the present model of lateral heterogeneity might explain the increase in the number of
bound molecules of C,A in the P; phase in comparison with the L. phase and hence

0.06

cp, JIK n

45 T T

AH_ g, kd/mol

/A

a0 b - J
) 0.03f Js .
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0 40 CLa umol/dm3 120 20 30 40 t, °C 50
Fic. 4 Fic. 5
Dependence of calorimetric enthalpy AH.4 on Dependence of the heat capacity cp of the
concentration of C,A (c_a) in a system of measured sample (in JK) on temperature for
DPPC—aqueous phase at pH 6.2 different homologues of C,A in a system of

DPPC—aqueous phase; n stands for the number
of C atoms in the alkoxy chain. The bottom
thermogram corresponds to pure DPPC. pH
6.2, ¢ = 0.136 mmol/dm?®
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also a decrease in the value of t,. Ueda et al.? recently found a decrease of t,in a
system of DPPC-aqueous phase in the presence of the tertiary amine local anesthetic
lidocaine. They assume that the cause here is the different interaction of this admixture
with the lipid-water interface in the L and P phases. Since these phases bind when
fully hydrated different amounts of water molecules per molecule of DPPC the inter-
faces must be different. The authors suggest that the interaction of the admixtures with
them will also show some differences. This might be another explanation for the ob-
served effect. However, it is not clear how this model can take into account the in-
creased efficiency of the C,A homologues to decrease the t, in dependence on the
length of the substituent n at a constant concentration of C,A in the sample. This de-
pendence rather indicates a certain role of partition equilibria of C A between the lipid
phase and the aqueous phase.

Some papers>-28 described not only a shift and broadening but also a splitting of the
Cp peak of the main phase transition of the lipid bilayers in the presence of amphiphilic
admixtures but only at concentrations higher than those used here. Dorfler et al.?® ana-
lyzed in detail the thermograms of the DPPC—C,;A—H,0O system up to a molar ratio of
DPPC : C;A =1: 1. They showed that the Cp, peak of the main phase transition is split
because of the existence of separated clusters with different molar ratios of DPPC to
C,A. On the basis of our results and the paper by Dorfler et al.?® we assume that the
C,A molecules interact with lipid bilayers not only in the liquid-crystalline but also in
the gel phase and in the region of concentrations examined in the present paper form a
solid solution with the lipid. Above a certain limiting concentration, the value of which
can depend on n, gel-type clusters form with molar ratios of DPPC : C A different from
the surrounding solid solution. The temperature of the phase transition gel-liquid crys-
tal is lower for these clusters than for the surrounding solid solution.

45 T
At fe o

°C dm3lmmol I

15 B

Fic. 6

Dependence of At.,/c_ 5 on the length of the substi-
tuent n of C,A homologues in a system of DPPC—
agueous phase. Circles: experimental points;
curve: result of computer simulation of thermo-
grams with the following parameters: B, - = 0.37,
Kp c =1 782 and K = 0.096 for C;A, AH,yy = 2 800
5 10 15 20  kJ/mol, Bg = 0.52

0+ J

-15 - 4
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Computer Smulation

In many of the papers where the effects of various admixtures on the main phase tran-
sition temperature were studied it was assumed that these admixtures were only soluble
in the liquid-crystalline phase L. In such a case, to interpret the experimental data of
the effect of C,A on the temperature of the main phase transition of DPPC, one could
use a simple thermodynamic theory of the melting point depression of a solid due to
admixtures. On using such a theory the dependences shown in Fig. 6 would suggest that
the partition coefficient of C,A between the agueous and the phospholipid phase L,
increases up ton =8 or 9 and, beginning at n = 10, it diminishes. However, the assump-
tion of insolubility of C,A in the gel phases does not appear to be correct in our case,
probably like in other publications where the effect of amphiphilic admixtures on the
temperature of the main transition of DPPC and other synthetic phospholipids is stu-
died. Therefore, we used the results of Sturtevant?® who proceeds from the assumption
that the partition coefficient Kp g of amphiphilic admixtures between the gel phase of
the lipid and the agueous phase may be different from zero and different from the
partition coefficient Kp, ¢ for aliquid-crystalline lipid. On the assumption that a theory
of ideal solutions can be used and that the peak width of the heat capacity Cp = f(T) is
composed of two additive parts, a van't Hoff broadening and a broadening due to the
presence of an admixture, Sturtevant derived the equation

=1+ RT (e In o - (o in a7 ©

for the relationship between temperature T (in K) and the extent of the phase transition a.
Symbols AHZ,, AHY,, and T, in Eq. (8) refer to a pure phospholipid phase without the
admixture. The first term in the parentheses is the so-called van't Hoff broadening, the
second term expresses the effect of the admixture, the molar fraction of which in the
liquid-crystalline phase is X, ¢ = 1 = x| c. The partition coefficient of the admixture
between the liquid-crystalline phase of the lipid and the aqueous phase is given by

Kp Loy = XaLcXaw 9

and the partition coefficient of the admixture between the lipid gel phase and the
agueous phase is given by

Kpaw =Xa.cXaw - (10)
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The partition coefficient of the admixture between the gel and the liquid-crystalline
phase of the lipid is given by

K =X a/XaLc = Kpaw/KpLay - (11)

The molar fractions X, | ¢, Xa g @d X,y are defined as follows:

Xarc=NMard(act N o (12)
Xa 6 =M d/(Nag+N g (13)
Xaw = Naw/(Naw + M) » (14)

where n, is the total number of moles of the admixture, n, is the total number of moles
of the lipid, nyy is the total number of moles of water, n, | ¢ is the number of moles of
the admixture in the liquid-crystalline phase of the lipid, n, ¢ is the number of moles of
the admixture in the gel phase of the lipid, n, \y is the number of moles of the admixture
in the aqueous phase, n_| ¢ = an_ is the number of moles of the lipid in the liquid-crys-
talline phase and n_ s = (1 — a)n_is the number of moles of the lipid in the gel phase.

Occasionally the partition coefficients of the admixture are expressed not by the
molar fractions but by the molar or mass concentrations of the admixtures in the phos-
pholipid and the aqueous phases and are designated as Kp or Kpy,, respectively. They
can be interconverted as follows:

Kpgg = (ML/Mw)Kpry = (VLVW)K (15)

where M, and M,y are the molar masses of the lipid and water, respectively, and, simi-
larly, V| and V,y are the corresponding molar volumes. If the partition coefficient be-
tween DPPC and water is examined, the use of the known values for M, M, and V|
(ref. %) and V,, (ref.%1) leads to the following conversion formula

Kppg = 40.6 Koy = 42.5Kp, (16)
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Combination of (9) — (14) makes it possible to express n, | ¢ as the root of the cubic
eguation

A(nA,LC)3 + B(nA,LC)2 +Cnp ctD=0, ()
where the constants A, B, C and D are defined as follows:
A= (KP,LO(x) -1(1-K) (18)

B=(1-K)Na(2Kp ¢ = 1) =M Kp g =D + Nl + (Kp gy ~ DKL (19)
C=na{KKp| g [Ma + (L= 0)n ] + Ny + Ny =Ny (2Kp o — 1} (20)

D = —KP'LO(X)HAHEGZ . (21)

In view of the fact that n, | ¢ expresses the number of moles of the admixture in the
liquid-crystalline phase of the lipid, we shall only take into account the positive solu-
tions of Eq. (17). One can then cdculate the n, | - for every a and subdtitute it into Eq. (12).
The X, | ¢ thus determined can be used viax ; c =1 — X, ¢ in Eq. (8) and the relation-
ship between T and a can be calculated. If then the same procedure is used to determine
T,and T, for the set of valuesa + da, o — da one can calculate the molar heat capacity
according to

Cp =250 AH, (T, — Ty (22)

which makes it possible to do computer ssimulation of the thermograms on the basis of
parameters T5,, AHZ,, AHY, Kp ¢ and K. Such simulations were performed with the
aim of finding agreement between the experimental dependence in Fig. 6 and that from
the simulated thermograms. In the simulations we calculated the molar heat capacity
for 100 values of a in the interval 0 — 1, with da = 0.005. Examples of the simulated
thermograms are shown in Figs 7 and 8. The effect of Ky on the thermograms is
shown in Fig. 7. It is clear that an increase of Kp c with the other parameters of the
phase transition remaining constant, causes a decrease of T, and a broadening and
deformation of the endothermic peak. The effect of K on the position and shape of the
thermogram can be observed in Fig. 8. If the other parameters are constant, the largest
drop of Ty, is observed for K = 0 (Kp = 0). With increasing K the simulated thermo-
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grams gpproach more and more the thermogram of a pure lipid until for K =1 (Kp = Kp, ¢)
they are identical. If K > 1 (Kpg > Kp | ¢) arise of T,, may be observed. The decrease
of T, as was found in the present experiments, is according to Sturtevant’'s theory
caused by the fact that for C,A holds 0 < Kp g < Kp, ¢. At the same time we found that
the value of AH,, substantially affects the form of the thermogram even within the
accuracy of the experimental values.

We shall now briefly describe the procedure for seeking the quantitative agreement
between the experimental and the simulated thermogram for DPPC at ¢ , = 0.103
mmol/dm? of the C,A homologue. It is the relatively most effective of the several pro-
cedures we had tested. The experimental thermogram was first used to define four
fundamental values: temperature T, at which Cp(T,) = 0.5Cp 5 from the end of lower
temperature values than T, temperature Tg at which Cp(Tg) = 0.5Cp o from the end
of higher temperature values than T,,, the T, itself and the value of Cp ., a T. By
suitable steps we altered Kp, ¢, K and AH,,; and sought such values as would fulfill the
following conditions:

8Cp max = | CE™ o = Cpmax | < 10 /mol K (23)
3T, =|TSM-T_|<0.1K (24)
20 T T T 40 T
Cp Cp
kJ/mol K kJ/mol K
15 30
10 - 20
5L 10 L
0 0
25 37
Fic. 7 Fic. 8

Schematic representation of the effect of Kp, ¢
on the shape of the simulated thermograms.
The numerals at the individual thermograms
stand for the value of Kp ¢ used in the simula-
tion. Other parameters used for the stimulation
were AH.; = 30.5 kJmol, AH,y = 3 500
kJmol, K =0

Schematic representation of the effect of K on
the shape of simulated thermograms. The
vauesof K:10,20.2,304,41,514,6 16.
The parameters used for the simulation were
AHy = 30.5 kJ/mol, AHyy = 3 500 kJ/mol,
KpLc = 1288
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8Cpa =| CE™(T,) — Cp(T,) | < L5 kI mol K (29)
3Cp g = | CEM(Tg) — Cp(Tg) | < 1.5 k¥ mol K (26)

where the index sim stands for values obtained by simulation. The simulated thermo-
grams served as the basis for determining the sum of squares of deviations from the
experimental values

D €= (8T)* + (8Cp ) + (8Cpp)?* (27)

The relationships Ze? = f(log Kp, ) and Ze? = f(AH,,,;) from the results of simulations
fulfilling conditions (23) — (26) for the individual values of K pass through a minimum
which is the deeper the greater the value of K. For every K we determined the Kp, ¢
value at which a minimum of Z&?is observed and plotted log Kp ¢ as a function of K,
as shown in Fig. 9. From the relation Z€2 = f(AH,,,,) every pair of K, Kp  is amenable
to deriving the corresponding value of AH,,, a which the value of Z&? has its mini-
mum. Thermograms, simulated by using these data are compared with an experimental
thermogram in Fig. 10. A fine agreement is seen both in the position and the intensity
of the peak and relatively good agreement in the form of the curve for Cp > 3 kJ/moal.

45 T T 15 T T
log Kp ¢ Cp
a0k | kd/mol K |
9 -
35+ .
6
3.0F T 3L
25 L . 0
0.0 0.2 0.4 0.6 34
K
Fic. 9 Fic. 10
Dependence of log Kp| ¢ on K as the result of Comparison of the experimental thermogram
simulations according to conditions (23) — (26) (C/A, c 5o = 0.103 mmol/dm® in a system of

DPPC-water, pH 6.2, shown by circles) with
simulated thermograms (full lines) in the range
of parameters of Fig. 9
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For lower values of C, the experimenta and simulated val ues are quite different. Figure 10
indicates that thermograms simulated by using different input data for K, Kp, - and
AHy, differ less than any of these from the experimental one. On this basis one can
conclude that Eq. (8) makes it possible to select such triplets of values of K, Kp ¢ and
AH,, that would keep the relation C3™ = f(T) in a relatively good agreement between
the simulated and the experimental result. However, it has not been possible to select a
triplet that would best express the partition coefficients of the admixture between the
lipid and agueous phases.

Apparently one of the parameters K, Kp, ¢, Or AH,y must be known from an inde-
pendent experiment before smulation. From the experimental point of view our work
is closest to that in refs®233, where spectrophotometry was used for the determination of
the partition coefficients of C,A between the agueous and the lipid phase, specifically
unilamellar liposomes from egg-yolk phosphatidylcholine (EYPC), at pH 5 — 6. Under
these conditions the phospholipid bilayer of EYPC liposomes is fluid. Absorption spectra
of C,A in the UV region exhibit two maxima, at v, = 40 680 cm™t and v, = 34 640 cm™.,
Since ref .2 contains only a part of the results and ref.%? is difficult to obtain we show
here with the authors' consent some of their experimental results (Table lll) asthey are
essential for computer ssimulation. If one assumes, in agreement with other experimen-
tal findings®38, that the increment of free energy of transfer of amphiphiles from the
agueous to the phospholipid phase is constant per methylene group of the hydrocarbon
substituent in a given homologous series, the partition coefficient is defined by

log Kp c=Ac*Bcn (28)

and the experimental findings of Table |1l permit the use of the |east-squares method to
obtain values of A ¢ and B, ¢ and then, using Eq. (28), the calculation of K ¢ for any
desired homologue. Using data obtained at the first maximum for the dependence of

TasLE 1]
Values of Kp ¢ (from the maximum at v, and v,, respectively) for the C,A homologues with different
length of the alkoxy substituent n, taken from the papers of Hanus” and Balgavy et al.?®

n KpLc (V) Kpic (Vo)
211.3 193.7
7 1782 1990
6 562 7 474
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KpLc On nwe obtained A = 0.52 and B ¢ = 0.37; from the data obtained at the second
maximum v, then A - = 0.38 and B, - = 0.40. For both values of the partition coeffi-
cient for C;A shown in Table |11 we then selected suitable values for AH,,,; and K and,
using Eq. (11) we determined the partition coefficient for C;A between the aqueous and
the lipid phase in the gel state, Kp . It is assumed that even Ky, ; depends on the length
of the alkoxy substituent n in a similar way as Kp, ¢ does, viz.

log Kpg = As+ Bgn. (29)

We then postulated that B; = B, ¢ and, therefore, in all further calculations, we altered
Bg in suitable steps within the interval 0.37 — 0.64. Relationships (28) and (29) then
were used to determine pairs of Kpg and Kp ¢ for the whole homologous series of
C,A. These data were then used for the simulation of thermograms according to Eg. (8)
and for the evaluation of ATS™ = TS — TO in dependence on the length of the alkoxy
substituent n. This procedure was then repeated for different values of the slope of B, -
within the interval 0.37 — 0.40. All the dependences AT c, , = f(n) calculated here
were compared with the experimental values of Fig. 6. The best fit of the calculated
values with the experimental ones was found for limiting B, - values in the following
two combinations: B ¢ = 0.37, Kp ¢ = 1 782, K = 0.096 for C;A, AH,; =2 800 kJmol,
Bg = 0.52, and B, ¢ = 0.40, Kp, ¢ = 1 782, K = 0.096 for C;A, AH,,,; = 2 800 k¥/mol,
B = 0.56.

It may be seen that the decrease of efficiency of the C,,A homologue to decrease the
temperature of the main phase transition of DPPC in comparison with the shorter ho-
mologues CgA and CyA, as observed from the experimental dependence of AT,,/c, 5 = f(n)
in Fig. 6, is caused by an increase of sope Bg in Eq. (29) for the partition coefficient
of C,A homologues between the aqueous phase and the Py gel phase of DPPC as com-
pared with the slope B, . for the liquid-crystalline phase L,. The slopes B, - and Bg
were used to calculate the increment of free energy dAGP for the transfer of one
methylene group of the aliphatic chain of the admixture C A from the agueous to the
liquid-crystalline fluid or gel phase of DPPC. We found it to be between —0.85RT and
—-0.92RT for the fluid phase and between —1.20RT and —1.29RT for the gel phase. A
qualitatively identical result was obtained by Lee® for the homologous series of 1-alkanols
and by Inoue et al.* for the homologous series of N-alkyl-N,N,N-trimethylammonium
bromides, interacting with DPPC. The interaction of the admixed molecules with long
linear hydrocarbon substituents and DPPC bilayers is then analogous to the interaction
of n-alkanes in bulk phase®’: If the difference in the length of two alkanesis small (less
than 6 methylene groups) they are soluble both in the liquid and in the solid phase; if
the difference is larger they are soluble only in the liquid but not in the solid phase.
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The values of the partition coefficients between the agueous phase and a model bio-
membrane are often used as parameters in different correlations between biological
efficiency and structure of the compounds under study. The model membrane is usually
imitated by the n-octanol bulk-phase. However, both the present results and those of
other authors®***Cindicate that such a model can be misleading, as the observed biologi-
cal effect is affected by changes in the equilibrium between domains of liquid-crystal-
line and gel phases of phospholipids in the target biomembrane. In this case, the
biological effect is determined not by one partition coefficient of the biologically active
compound but at least by two.

For instance, Lee®®“? assumes a mechanism of anesthesia where the molecules of the
anesthetics fluidize the annular gel-like layer of phospholipids around a sodium chan-
nel. On the one hand, the anesthetic concentration in this layer will depend on the ratio
between total volume of the domains with properties of fluid liquid-crystalline phase
and gel phase in the target membrane, on the other hand, its fluidization, i.e. the value
of a of the anesthetic-induced isothermic phase transition in the annular lipid layer will
be, at the same concentration of applied anesthetic, a nonlinear, quasi parabolic function
of the length of the hydrocarbon chain in the homologous series. If Lee's hypothesisis
correct the observed difference in the slopes Bg and B  could account for the quasi-
parabolic form of the local-anesthetic efficiency in dependence on the length of the
substituent in the homologous series of tertiary amines that has been known for more
than 60 years*, as well as for the homologous series used in our earlier work?™®,

It should be said in conclusion that the result of our simulations can only be taken for
correct from a qualitative but not necessarily quantitative view. First of all, the values
of Kp ¢ used in the simulations were obtained with another experimental model of the
phosphoalipid bilayer (EY PC rather than DPPC used for the calorimetry). The accuracy
of the simulations would a so be enhanced by the knowledge of At,,/c, 5 for C,A homo-
logues with longer alkoxy substituents (n = 16 or 18). We have not been able to prepare
them in sufficient quantities and purity for the calorimetric study. Likewise, the theore-
tical model used here as well as in other papers?>343 s apparently a somewhat simpli-
fied, its principal shortcoming being in the postulate that the phase transitions between
lyotropic liquid-crystalline mesophases can be described by an equilibrium according
to Eqg. (2) and hence the partition equilibria of the anesthetics by two partition coeffi-
cients Kp ¢ and K. Jorgensen et al.?! carried out recently a Monte Carlo study of the
admixture binding to lipid bilayers. On the assumption that the interaction of the ad-
mixture molecule shows more attraction toward lipid moleculesin the liquid-crystalline
phase as compared with alipid containing all acyl chains in the all-trans-configuration,
they computed that T,, decrease with increasing admixture concentration, the depend-
ence of Cp = f(T) is broadened and Cp ., decreases, which is in agreement with our
experimental results. However, the dependence of the admixture concentration in the
lipid phase on temperature is qualitatively different from that based on Sturtevant’'s
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model?°, which was used in the present work. The admixture concentration in the phase
transition region first rises, reaches a maximum and then begins to decrease. This
course is due to the lateral heterogeneity of the lipid bilayer in the region of phase
transition as was mentioned above in connection with the pretransition. Its base consists
in the existence of domains of liquid-crystalline lipid in the gel-phase matrix at tem-
peratures below T,, and vice versa. The boundary between these domains is the site of
structural defects and hence also of a higher concentration of the admixture which, in
its turn, increases the surface area of the interface between the gel and the liquid-crys-
talline phase. The concentration of structural defects reaches its maximum in the region
of the phase transition temperature. In this region one must then know not only the two
partition coefficients Kp| ¢ and Kp but at least one other that would reflect the parti-
tion equilibria between the agueous phase and the boundaries between the gel-phase
and the liquid-crystalline-phase domains.

This work was supported by grants of the Sovak Ministry of Education and Science No. 1/990564/92
(Study of derivatives and analogues of phenylcarbamic acid as potential pharmaceuticals), No.
1/990628/93 (Sructure and dynamics of lipid membranes), and No. 1/1156/94 (Interaction of surfac-
tants with model biological membranes).
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