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Abstract

The phase preferences of egg yolk phosphatidylcholine(EYPC) have been examined in the presence of tertiary
amine anestheticsw2-(propyloxy)phenylx-2-(1-piperidinyl)ethyl ester of carbamic acid(C3A) and w2-(hepty-
loxy)phenylx-2-(1-piperidinyl)ethyl ester of carbamic acid(C7A, heptacaine). Using the synchrotron small-angle X-
ray diffraction (SAXD), it is shown that the C3A anesthetic induces the cubic and hexagonal(H ) phases atI

2GC3A:EYPC)0.5 and H O:EYPCF40 molar ratios. In contrast, longer alkyloxy chain homolog C7A has no effect2

on the bilayer arrangement of EYPC at C7A:EYPCF1 molar ratios as observed by SAXD in C7AqEYPC mixtures
hydrated at H O:EYPCF40 molar ratios, as well as in sonicated C7AqEYPC mixtures hydrated in excess water as2

proved by the small-angle neutron scattering(SANS). The bilayer thicknessd decreases and the bilayer C7A surfaceL

areaS increases with the increase of C7A:EYPC molar ratio. It is suggested that the ability of tertiary amine localC7A

anesthetics to influence thed andS values and EYPC polymorphism is caused by their effective molecular shapeL C7A

and by charge. The possibility that anesthetic molecules may exert some of their biological effects by virtue of these
properties is discussed.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Tertiary amine local anesthetics like other
amphiphiles intercalate into the bilayer between
phospholipid molecules in membranes, their polar
parts interact with phospholipid polar fragments
and their lipophilic parts insert in the bilayer
hydrophobic region. Molar ratios of amphiphi-
le:phospholipid and phospholipid:water, and geo-
metrical parameters of interacting molecules such
as the molecular volume, the molecular surface
area at the aqueous phase – bilayer interface and
the hydrocarbon substituent chain lengths deter-
mine structural properties of the bilayerw1–3x. At
high concentrations, the interaction of anesthetic
molecules with phospholipid bilayer can cause its
destabilization and induction of non-bilayer phases
w4–7x. In the present work, the effect of tertiary
amine local anestheticw2-(alkyloxy)phenylx-2-(1-
piperidinyl)ethyl esters of carbamic acid(CnA,
ns3 or 7 is the number of carbon atoms in the
alkyloxy substituent) on the structure of egg yolk
phosphatidylcholine(EYPC) model membranes,
and the polymorphic phase preferences of C7Aq
EYPC mixtures are studied using small-angle X-
ray diffraction (SAXD) and neutron scattering
(SANS). Heptacaine(C7A) is one of the most
potent local anesthetics – its relative surface anes-
thesia potency is approximately 100 times higher
in comparison to the standard cocaine, while the
relative surface anesthesia potency of clinically
used dibucaine is only 10 times higherw8x. Com-
paring to procaine, its relative efficiency to block
the action potential on axons and nerves is 94 and
98 times higher, respectively, while the widely
studied and clinically used lidocaine is only 7.1
and 3.4 times more efficient than procainew8,9x.
Besides local anesthetic potencies, heptacaine and
its homologs are efficient antimicrobialsw10x and
antiphotosynthetic agentsw11x. It is possible that
some of their biological effects could be caused
by their ability to affect the bilayer structure and
to induce non-bilayer structures in membranes.

2. Materials and methods

2.1. Chemicals

CnA anesthetics were prepared as described in
Ref. w12x. EYPC was isolated from fresh egg yolks

and purified by a column chromatography as
described in Ref.w13x. Its molar weightM sEYPC

779.7 gymol was calculated from its acyl chain
composition as in Ref.w14x. Its purity was con-
trolled by the two-dimensional thin-layer chroma-
tography and by the spectrophotometric
determination of conjugated dienes as indicators
of lipid oxidation w15x. Heavy water (99.98%
H O) was obtained from Izotop(Moscow, Rus-2

2

sia). The organic solvents used for EYPC prepa-
ration, purification and chromatographic analysis
as well as for sample preparation were obtained
from Mikrochem(Bratislava, Slovakia). The other
chemicals were purchased from Lachema(Brno,
Czech Republic). For UV–VIS spectrophotometry,
organic solvents of spectral purity were used; the
other commercial chemicals were of analytical
purity. The water and organic solvents except of
those of spectral purity and heavy water were
redistilled before use. The Silufol chromatographic
plates were from Kavalier (Sazava, Czech´
Republic).

2.2. Sample preparation for SANS

C7AqEYPC were mixed in chloroform–meth-
anol (1:1 vyv) in a glass tube. Organic solvents
were evaporated under nitrogen gas and evacuated
in the presence of P O for several hours at room2 5

temperature. Heavy water was added to obtain the
final EYPC concentration of 10 mgyml. The tube
with this mixture was purged with pure gaseous
nitrogen and sealed. Its content was dispersed by
hand shaking and sonication in the UC 405 BJ-1
bath sonicator(Tesla, Vrable, Slovakia) at room´
temperature. After that, the aqueous C7AqEYPC
dispersions were sonicated for 50 min at 58C
under gaseous nitrogen in 2-min intervals using
the UZ-DEZ 20 kHz titanium probe-type sonicator
(Chirana, Piestany, Slovakia). After sonication, theˇ
dispersions were centrifuged for 20 min on the
high-speed laboratory centrifuge type 310
(Mechanika Precyzyjna, Warsaw, Poland) in order
to remove particles released from the titanium
probe at the sonication. The pH value of the
samples was in the range 5.0–5.5. Under these
conditions, the concentration of conjugated dienes,
estimated spectrophotometrically according to Ref.
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w15x as a measure of the EYPC peroxidation, does
not increase during the sample preparation. There
were also no indications of EYPC decomposition
as checked by a two-dimensional thin layer chro-
matography. Finally, the samples were poured into
quartz cells(Hellma, Mullheim, Germany) to pro-¨
vide the 2 mm sample thickness.

2.3. Sample preparation for SAXD

CnAqEYPC were mixed in chloroform–meth-
anol, and the organic solvents were removed as
described above. Redistilled water at a molar ratio
H O:EYPCsm was then added. The H Oq2 2

EYPCqCnA mixtures were homogenized in
flame-sealed glass tubes by several cycles of forth
and back centrifugation. The tubes were opened
and the homogenized mixtures were placed
between 25-mm thick mica windows in the 5-mm
hole in the center of 0.8 mm steel plates(sandwich
samples). The mica windows were glued to the
steel plates by a high vacuum silicon grease
(Wacker, Munich, Germany) to prevent the evap-
oration of water.

2.4. Small-angle neutron scattering

The SANS measurements were performed at the
small-angle time-of-flight axially symmetric neu-
tron scattering spectrometer MURN(named now
YuMO in honor of deceased Yu.M. Ostanevich) at
the IBR-2 fast pulsed reactor of the Frank’s Lab-
oratory of Neutron Physics, Joint Institute for
Nuclear Research in Dubnaw16,17x. The sample
temperature was set and controlled electronically
at 20"0.1 8C. The sample was equilibrated for 1
h at this temperature before measurement. The
SANS patterns were measured in the range of
scattering vector valuesQs4psinuyls0.007–
0.13 A where 2u is the scattering angle andly1˚
the wavelength of neutrons. The scattering patterns
were corrected for background effects. The coher-
ent scattering cross section was obtained by using
a vanadium standard scatterer.

2.5. Small-angle X-ray diffraction

The diffraction data for EYPCqCnA samples
were obtained using the X13 double focusing

monochromator-mirror camera of the European
Molecular Biology Laboratory Outstation at the
Deutsches Elektronen Synchrotron(DESY) in
Hamburg on the storage ring DORIS(see Ref.
w18x and references therein). At this beam line, the
wavelength selected by a Ge(111) crystal isls
0.15 nm. The reciprocal spacingss2sinuyl,
where 2u is the scattering angle, was calibrated
using the rat-tail tendon and silver behenate as
standardsw19,20x. The diffraction data were ana-
lyzed using the evaluation program OTOKOw21x.
Before measurements, the samples were equili-
brated at room temperature for several hours in a
dark place. During measurements, the sample was
held in a thermostatically controlled sample holder
at 20"0.1 8C. In selected experiments, the sample
was heated at 1 Kymin rate.

3. Results and discussion

3.1. Phospholipid polymorphism

The SAXD is the preferred method for identifi-
cation of phospholipid polymorphism. The long
range ordering of lipid aggregates onto one-, two-,
or three-dimensional lattices gives rise to Bragg
diffraction peaks whose reciprocal spacings are in
characteristic ratios, e.g.s shyd (lamellar phaseh

L), s s2(h qk qhk) y3 a (hexagonal phase2 2 0.5 0.5
hk

H) or s s(h qk ql ) ya (cubic phaseC),2 2 2 0.5
hkl

whereh, k, ls0, 1, 2, 3... are the Miller indices,
and d and a are the unit cells parametersw22,23x.
It is well known that hydrated EYPC forms the
one-dimensional fluidL phase with stacked bilay-a

ers separated by layers of water over broad tem-
perature and hydration rangesw22,24x. We have
confirmed this finding in the range ofms16–40
molar ratios(Table 1).

In the C3AqEYPC mixtures, we have observed
the SAXD pattern characteristic of theL phase up
to C3A:EYPCs0.5:1 andms30 molar ratios(not
shown). At higher C3A:EYPC molar ratios, the
SAXD patterns consisted of superposition of dif-
fraction peaks of different phases. For example, in
the C3AqEYPC mixture at molar ratio
C3A:EYPCs2:1 and low hydration(ms16), four
equidistant reflections of lamellar phaseL with the
repeat periodds4.69 nm and three reflections
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Fig. 1. SAXD patterns of C3A:EYPCs2:1 (molymol) and
H O:EYPCs16:1 (molymol) mixture (a) and of2

C3A:EYPCs1:1 (molymol) and H O:EYPCs40:12

(molymol) mixture (b). In panel(a), the L(1) peak is atten-
uated andX peak at 1.012 nm is truncated.y1

Table 1
Polymorphic phase behaviour of the C3AqEYPC and C7AqEYPC mixtures

H O:EYPC(mol:mol)2 C3A:EYPC(mol:mol) C7A:EYPC
(mol:mol)

2:1 1.5:1 1:1 0.5:1 1:1 0:1

16:1 LqX LqX LqX* L L L
20:1 ** ** ** ** L L
30:1 LqXqH LqXqH LqH L L L
40:1 LqXqH ** LqH ** L L

*Only one weak reflection ofX phase was observed at 1.01 nm ; **Not measured.y1

markedX at s spacings 0.803 nm , 1.012 nmy1 y1

and 1.227 nm are seen(Fig. 1a). Since ay1

minimum of four reflections are needed to identify
the symmetry aspect of the mesophasew25x, the
identification of phaseX would need a further
more detailed study. With the increasing amount
of water (ms30) a new phase appeared. Except
of lamellar andX phases, the SAXD pattern has
indicated a hexagonal phaseH with reflections
spaced in thes ratio of 1:3:4:7:9. When the2

content of C3A was decreased, theX phase dis-
appeared. At the molar ratios of C3A:EYPCs1:1
and ms16, only one weak reflection of theX
phase was observed besides the peaks of theL
phase. The samples at molar ratios of
C3A:EYPCs1:1 andms30 have shown the pres-
ence of two phases: lamellarL and hexagonalH
(Fig. 1b). The summary of phase behavior in
dependence on the molar ratio of C3A:EYPC at
selected hydrationsm is given in Table 1. Using
the same samples, we have observed lamellar-type,
hexagonal-type and isotropic proton-decoupled

P-NMR signals in samples where theL, H and31

X phases were found by SAXD(Uhrıkova and´ ´
Balgavy, unpublished). The samples containing´
theX phase were very viscous. These data indicate,
that theX phase could be cubic.

We have studied the temperature dependence of
diffraction patterns with reflections ofL and H
phases. With the increasing temperature, the
amount of theH phase decreased and that of the
L phase increased, as shown on the temperature
dependence of integral intensities of first diffrac-
tion maxima of both phases in the C3A:EYPCs
1:1 (molymol) and H O:EYPCs30:1 (molymol)2

mixture (Fig. 2).

The lipid polymorphic phase preferences can be
explained using the concept of an effective lipid
molecular shape. Cone-shaped molecules form
normal spherical or cylindrical micelles, cylinder-
shaped molecules form bilayers and vesicles, and
inverted cone-shaped molecules inverted spherical
or cylindrical micelles; the micelles can aggregate
into ordered phasesw26x. As a rule, inverted
hexagonalH phases transform into lamellar phas-II

es when the temperature is decreasedw27–29x –
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Fig. 2. The temperature dependence of integral intensityI (in
relative units) of theL(1) andH(10) reflections in C3A:EYPC
(1:1 molymol) and H O:EYPCs30:1(molymol) mixture. Cir-2

cles:L(1), diamonds:H(10).

the number of gauche conformers in the lipid
hydrocarbon chains decreases, the chain length
increases and the effective molecular shape con-
verts from the inverted cone to cylinder. The C3A
anesthetic is known to form normal micelles in
the aqueous phasew30,31x, its effective molecular
shape can be described as a cone. Extending the
concept of effective shape to mixed lipidqamphile
systemsw32,33x, the C3AqEYPC system can be
described as a cone-shaped or cylindrical depend-
ing on the C3A:EYPC molar ratio and temperature.
The conversion of theH phase into theL phase
with the increase of temperature seen in Fig. 2 is
an evidence that theH phase is of the normalHI

type.
In contrast to C3AqEYPC mixtures, no diffrac-

tion peaks characteristic of non-lamellar phases
were observed in the C7AqEYPC mixtures at
C7A:EYPCs1:1 and up to H O:EYPCs40:12

molar ratios(Table 1). We have confirmed our
earlier finding obtained with a conventional X-ray
source that C7AqEYPC forms the lamellarLa

phase in the molar ratio ranges studiedw34x. Since

the formation of non-lamellar phases is sensitive
to the hydrationm (see Table 1), we have studied
the C7AqEYPC mixtures also at high excess of
the aqueous phase. The SAXD patterns of these
samples consisted of a weak continuous scattering
without sharp diffraction peaks. The pK value ofa

C7A in the aqueous phase is 8.9w35x, the pK ina

the EYPC lipid phase is decreased to 7.6w36x.
The samples with an excess of aqueous phase were
prepared at pH 5.0–5.5, the CnA molecules are
therefore intercalated between EYPC molecules as
cations. When the surface of bilayers dispersed in
the aqueous phase becomes positively charged by
insertion of cationic amphiphiles and the charge
density exceeds 1–2mCycm , unilamellar vesicles2

form spontaneously from multilamellar structures
w37x. Since the C7A anesthetic forms micelles in
the aqueous phasew30,31x, mixed micelles could
form in excess aqueous phase too. Recently, Hata
et al. w7x have observed formation of such mixed
micelles in the tertiary amine anestheticqdipal-
mitoylphosphatidylcholine(DPPC) mixtures with
a broad anesthetic concentration range where bilay-
er vesicles and mixed micelles coexisted. Conse-
quently, the continuous scattering observed with
C7AqEYPC aggregates in excess aqueous phase
could be caused by unilamellar vesicles as well as
by mixed micelles.

We have tested the possibility of micelle for-
mation in C7AqEYPC mixtures by using SANS.
Before the measurements, the samples were ultra-
sonicated to convert multilamellar vesicles(if any)
into unilamellar ones in order to simplify the
interpretation of scattering patterns. As an exam-
ple, the scattering pattern of sample prepared at
C7A:EYPCs1:1 molar ratio is shown in Fig. 3.
In this pattern as well as in the other SANS
patterns obtained in the present study, the absence
of the pronounced first order Bragg diffraction
peak is notable. This peak was observed in SANS
experiments with multilamellar vesiclesw38x and
with a mixture of unilamellar and multilamellar
vesicles prepared by sonicationw39x. The absence
of this peak is evidence that the samples did not
contain an appreciable amount of multilamellar
vesicles.

The coherent scattering intensityI(Q) per unit
neutron flux on the sample and per unit volume
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Fig. 3. The dependence of SANS scattering intensityI(Q) on
the scattering vector valueQ for sonicated C7A:EYPC(1:1
molymol) mixture in heavy water. The plotted points indicate
the mean values obtained by averaging over the seven circular
detectors of YuMO and the error bars the S.E. of the mean
value.

Fig. 4. The Kratky-Porod plots of SANS data for sonicated
C7A:EYPC(1:1 molymol) mixture in H O.2

2

of the sample can be written for small scattering
angles as

2 2 ry3I(Q)sI(0)exp(yQ R yr)Q , (1)g

where I(0) is the constant dependent on concen-
tration, volume and scattering properties of the
objects,R is the radius of gyration of the scatter-g

ing object andrs1, 2 and 3 holds for infinite
sheet-like objects(like planar lipid bilayers), for
rod-like objects of infinite length and uniform
cross section(like cylindric micelles), and for
globular objects(like spheroid micelles), respec-
tively (see Refs.w40–42x). This approximation is
valid also for finite size objects when
L FQFR , whereL is the longest size of they1 y1

g

object. The valuers1 is a good approximation
also for polydisperse hollow spheres such as uni-
lamellar vesiclesw43–46x. Using the Kratky–
Porod plots of lnwI(Q)Q x vs. Q , it is possible tor 2

discriminate between different geometrical forms
of C7AqEYPC aggregates. The Kratky–Porod

plots of SANS data are shown in Fig. 4. We have
fitted these data in the region of 0.005
A FQ F0.01 A and extrapolated the fity2 y2 y2˚ ˚
down to 0.0005 A . It is seen that the data arey2˚
best fitted supposingrs1, the experimental points
deviate upwards from the extrapolated curves when
supposingrs2 andrs3. We can conclude that at
the C7A:EYPCs1:1 molar ratio in the sample and
in the excess of aqueous phase, the mixed spheroid
or cylindric micelles does not form in a significant
amount to be detected by SANS. We have obtained
the same result at lower C7A:EYPC molar ratios.
Since the SANS as used in the present paper
cannot discriminate between the sheet-like objects
and polydisperse hollow spheres, we cannot
exclude a possibility that the vesicles disaggregat-
ed into sheet-like objects, e.g. into discoid mixed
micelles with relatively large lateral dimensions
(bilayer micelles—‘bicelles’). Nevertheless, we
can conclude that a relatively small change in the
CnA molecular structure—the increase of alkyloxy
substituent chain length from three to seven car-
bons—changes the effective molecular shape of
mixed CnAqEYPC system from the cone to
cylinder at CnA:EYPCs1:1 molar ratio.
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3.2. Bilayer thickness and lipid surface area

The SANS and SAXD data provide information
on the bilayer geometrical parameters – lipid
bilayer thickness and surface areaS per one lipid
molecule at the bilayer–aqueous phase interface.
It is well known that the bilayer thickness param-
eter d can be calculated from the radius ofg

gyration R measured with vesicles dispersed ing

H O (see Refs.w39,41,43x and references therein)2
2

as:

0.5d f12 R (2)g g

The thickness parameterd can be used as ag

measure of the phosphatidylcholine bilayer thick-
ness in unilamellar vesicles—the value ofd is ag

linear function of the transbilayer distance between
the lipid phosphate groups in the opposing mono-
layers w45,46x. Since the Kratky–Porod plot of
SANS data of the control sample(C7A:EYPCs
0:1) displayed a pronounced oscillation at
Q F0.005 A due to small vesicle radius and its2 y2˚
polydispersity in the sonicated sample(For exam-
ple, see Figs. 2, 4, 6, and 7 in Ref.w44x), the
control value ofd was calculated from the SANSg

data obtained with extruded(mean diameter 500
A) unilamellar EYPC vesicles and published in˚
Ref. w44x. The values ofd were evaluated fromg

the SANS data in the region 0.001 AFQ F0.01y2 2˚
A by using Eqs.(1) and (2) (with rs1). Toy2˚
obtain the values of bilayer thickness from the
SAXD data, the C7A:EYPC molar ratio in the
bilayer must be known. The C7A:EYPC molar
ratio in the sample is higher than that in the bilayer
in the volume excess of the aqueous phase because
of the partition equilibrium of C7A between the
bilayer and the aqueous phase. We have estimated
earlier the C7A cation partition coefficient between
the lipid bilayer of unilamellar EYPC vesicles and
aqueous phase (pH 4.5) at 0.08FC7A:
EYPCF0.88 molar ratios in the bilayer using the
C7A cation sensitive electrodew47x, so we recal-
culated the sample C7A:EYPC molar ratio into
the bilayer C7A:EYPCsn molar ratio by using
these C7A partition coefficient data. The C7Aq
EYPC ‘dry bilayer’ thickness is calculated then
from the SAXD lamellar repeat periodd using the

Luzzati’s model of separated lipid and water layers
w22x as:

d sd(V qnV )y(V qnVL EYPC C7A EYPC C7A

qmV ), (3)W

where V , V and V are the molecularEYPC C7A W

volume of EYPC, C7A and water, respectively.
The value ofV s1273.9"0.4 A used in Eq.3

EYPC
˚

(3) was obtained from the partial specific volume
measured in3V̄ s0.9839"0.0003 cmyg20,EYPC

EYPC vesicles at 208C in Ref. w48x, by using the
EYPC molar weightM s779.7 gymol. TheEYPC

temperature dependence of the partial specific
volume of C7A was measured in the aqueous
phase at pH 5 in the range 30.5–41.58C (Fig. B
in Ref. w49x). Supposing that the thermal volume
expansion coefficient is independent of tempera-
ture, we have calculated the C7A partial specific
volume by3V̄ s1.1486"0.0040 cmyg20,C7A

extrapolation of these data to 208C. When located
in the fluid DPPC bilayers, the partial specific
volume of C7A is only 0.9"0.4% less than in the
aqueous phasew50x. Supposing the same small
reduction of the C7A partial specific volume in
the fluid EYPC bilayers, we have obtained the
molecular volume of C7A located in the EYPC
bilayer V s576.3"2.3 A . The molecular vol-3

C7A
˚

ume of water at 208C is V s29.97 A w51x. The3
W

˚
Luzzati’s model of ‘dry bilayer’ imposes limits on
the values ofm used in Eq.(3). At low values of
m, the water molecules are located in the lamellar
phase, but the bilayer polar region is not fully
hydratedw52x. At high values ofm, the bilayers
are fully hydrated, but the increased water amount
causes the formation of vesicles with curved bilay-
ers. In the vesicular system, the water is located
not only in bilayers and between them, but also
between vesiclesw53x. Therefore, the gravimetric
values ofm determined in the whole sample and
used in Eq.(3) underestimate the value ofd inL

the system containing vesicles besides planar
bilayers. To overcome these problems, we have
estimated the value ofd as a function ofm. TheL

value of d decreased with the increase ofm inL

the range of m-12 and m-18 in the ns
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Fig. 5. The dependence of bilayer thickness on the C7A:EYPC
molar ratio in the bilayern. Circles – SANS results(d ),g

squares – SAXD results(d ).L

C7A:EYPCs0 and nsC7A:EYPCs1.0 sample,
respectively. After that, there was a narrow range
of m wherein the value ofd remained constantL

within the experimental error. Finally, the value of
d decreased again atm)22 and m)29 in theL

nsC7A:EYPCs0 andnsC7A:EYPCs1.0 sam-
ple, respectively. The first decrease ofd is causedL

by the hydration of bilayer polar region and,
consequently, by the lateral bilayer expansion. The
changes in the bilayer hydration with the increas-
ing m are reflected in the EYPC headgroup con-
formation w52,54,55x. In the absence of C7A, the
effective P-NMR chemical shift anisotropy31

Ds in EYPC vesicles decreased form-11 andeff

then remained constant form)13; in the ns
C7A:EYPCs1.0 sample,Ds decreased up toeff

ms22"3 and then remained constant up to the
highestms104 studiedw52,55x. Combining these
results with the SAXD data, one can conclude that
the bilayers were fully hydrated atm)14 andm)
20 in the ns0 and ns1.0 sample, respectively.
The presence of C7A molecules in the bilayer is
known to increase the number of anisotropically
moving heavy water molecules fromms12"1 in
pure EYPC toms18"2 in the nsC7A:EYPCs
1 samples as found by H-NMR spectroscopyw52x,2

as well as the number of water molecules which
are not frozen at 08C to ms20"1 in the ns
C7A:DPPCs1 samples estimated by calorimetry
w56x. The increase of the limit ofm where the
EYPC bilayer hydration occurs to higher value in
the presence of C7A is consistent with these data.
The second decrease ofd was most probably anL

artifact caused by the vesicle formation in the
systems studied resulting in the underestimation of
d as discussed above. Therefore, we have calcu-L

lated the values of bilayer thicknessd forL

14FmF20 and 20FmF29 hydrations in thens
C7A:EYPCs0 and nsC7A:EYPCs1 samples,
respectively.

The averaged values ofd in the hydrationL

regions discussed above are shown together with
the d values obtained from SANS data as ag

function of C7A:EYPC molar ratio in the bilayer
n in Fig. 5. From these data, it is seen thed andg

d values coincide within experimental error in theL

control samples(ns0). It is further seen that the
bilayer thickness parameterd decreases with theg

nsC7A:EYPC molar ratio and that the value of
d obtained from SAXD data atns1 fits well intoL

this d dependence. The cause of the bilayerg

thickness decrease is simple: the lateral bilayer
expansion and the mismatch between the lengths
of hydrophobic parts of C7A and EYPC after
intercalation of C7A molecules between phospho-
lipids results in the increased population of gauche
isomers in lipid hydrocarbon chains in the bilayer
hydrophobic centerw2x and, consequently, in the
thickness decrease.

The SAXD and SANS data can also be used to
obtain estimates of the lipid surface area. Using
the Luzzati’s model of separated lipid and water
layers w22x, the EYPC surface areaS in theEYPC

control sample is given by:

S s2V yd , (4)EYPC EYPC i

where isL or g and V s1273.9"0.4 A is3
EYPC

˚
the molecular volume of EYPC. We have obtained
S s63.90"0.14 A from the SANS data and2

EYPC
˚

S s63.5"1.0 A from the SAXD data. The2
EYPC

˚
surface areaS per one EYPC moleculeC7AqEYPC

in the mixed C7AqEYPC bilayer can then be
obtained from SANS data as:
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Fig. 6. The dependence of surface area incrementDS on the
C7A:EYPC molar ratio in the bilayer. Circles – SANS results,
square – SAXD result.

S s2(V qnV )yd , (5)C7AqEYPC EYPC C7A g

wheren is the bilayer C7A:EYPC molar ratio. In
case of SAXD data, the value ofS canC7AqEYPC

be obtained directly from the repeat periodd of
the C7AqEYPC lamellar phase as:

S s2(V qnV qmV )yd, (6)C7AqEYPC EYPC C7A W

whereV is the molecular volume of H O andmW 2

the H O:EYPC molar ratio. The change in the2

bilayer surface area due to intercalation of one
C7A molecule at the molar ration is given then
by:

DSs(S yS )yn. (7)C7AqEYPC EYPC

The dependence ofDS on the molar ration is
shown in Fig. 6. It is clearly seen that the value
of DS increases with the C7A:EYPC molar ratio
in the bilayer, and that the singleDS value obtained
by SAXD fits well to this dependence. TheDS
increase can be caused by the electrostatic repul-
sion of charged C7A molecules located in the
bilayer. As far as we know this is the first

experimental demonstration that the increment of
bilayer surface area due to charged amphiphilic
admixture in the bilayer increases with the admix-
ture concentration in the bilayer.

3.3. Possible biological consequences

Tertiary amine local anesthetics are cone-shaped
molecules and affect the stability of the bilayer.
We have found in the present paper, that C3A
converts the bilayer intoH phase at highI

C3A:EYPC molar ratios and lower temperatures.
Tetracaine and dibucaine form mixed micelles with
dipalmitoylphosphatidylcholinew7x. Phosphatidyl-
cholines are bilayer-forming lipids, their molecular
shape can be described as cylindrical, and the
effective molecular shape of anestheticqphospha-
tidylcholine mixtures becomes cone-shaped at high
anesthetic concentrations. The molecular shape of
phosphatidylethanolamines is of inverted cone at
higher temperatures and acyl chain unsaturation.
Hornby and Cullisw4x have found that the tertiary
amine local anesthetics procaine, dibucaine and
tetracaine stabilize the bilayer arrangement for egg
phosphatidylethanolamine. At neutral pH, the ter-
tiary amine anesthetics are positively charged.
Dibucaine was found to induceH phase in hydrat-II

ed cardiolipin at neutral pH by charge neutraliza-
tion w57x, decreasing the effective surface area and
converting the effective shape of cardiolipin from
the cylindrical to inverted cone in anestheticq
cardiolipin mixtures. The positively charged car-
bisocainew58x induced theH phase in negativelyII

charged bilayers formed from total lipids isolated
from rat brains (TLRB) at 0.1-carbisocai-
ne:TLRBT-0.5 molar ratios; thisH phase con-II

verted to a bilayer phase at carbisocaine:TLRBT)
0.5 molar ratiosw6x. Evidently, the tertiary amine
local anesthetics display complex effects on the
lipid polymorphism depending on both the lipid
and anesthetic effective molecular shapes and
charges, and on the temperature.

The observed structural changes in model phos-
pholipid membranes can be relevant to mecha-
nisms of biological effects of these compounds.
The obvious consequence of non-bilayer structure
formation in biological membrane is the disruption
of its integrity leading eventually to the cell death.
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This mechanism could be responsible for various
toxic and biocidal effects of local anesthetics, e.g.
for their antimicrobialw10x and antiphotosynthetic
w11x activities.

It is well known that the tertiary amine local
anesthetics influence the lipid metabolism in cells.
For example, theAcheloplasma laidlawii cells
decreased the molar ratio between the major
membrane glucolipids, monoglucosyldiacylglycer-
ol and diglucosyldiacylglycerol, in response of
positively charged tetracaine at lipid:tetracaines
12–15 molar ratiosw58x. In rat liver slices, pro-
caine and cinchocaine redirected the metabolism
from the synthesis of neutral phospholipids to the
accumulation of the negatively charged phospho-
lipids w59x. In synaptosomes, heptacaine and car-
bisocaine decreased the P incorporation into32

neutral phospholipids and increased its incorpora-
tion into phosphatidylserine; their effect occurred
at concentrations lower by several orders of mag-
nitude as compared to the other local anesthetics
studied (procaine, lidocaine, cinchocaine) w60x.
This difference could be caused by the substan-
tially higher lipid to aqueous phase partition coef-
ficients of carbisocaine and heptacaine, i.e. by
their higher bilayer concentrations comparing to
the other anesthetics. These data indicate that cells
are able to regulate their lipid composition in order
to maintain optimal bilayer composition compen-
sating the anesthetic-induced destabilization of
bilayers in their membranes. However, this regu-
lation should differ for different anesthetics not
only because of different anesthetics partition coef-
ficients but also because of their effective molec-
ular shapes.

Many biochemical effects of local anesthetics
are expressed in Ca -dependent processes. These2q

effects can be caused by the anesthetic-induced
modulation of activities of Ca -transporting pro-2q

teins. For example, dibucaine, tetracaine, lidocaine
and procaine inhibit the(Ca –Mg )-ATPase of2q 2q

synaptosomesw61,62x, and dibucaine, tetracaine
and heptacaine homolog the(Ca –Mg )-ATP-2q 2q

ase from skeletal muscle sarcoplasmic reticulum
w63,64x. The local anesthetics, procaine, lidocaine,
tetracaine and dibucaine decrease the denaturation
temperatureT of the sarcoplasmatic reticulumm

(Ca –Mg )-ATPase w63,65x; the decrease of2q 2q

T by each anesthetic is proportional to the lipidm

to water partition coefficientw65x. It has been
suggested that besides the direct interaction with
the protein, the local anesthetics influence the
ATPase activity by disruption of the lipid annulus
around the proteinw62x. The (Ca –Mg )-ATP-2q 2q

ase is sensitive to changes in the lipid acyl chain
length (i.e. in the bilayer thickness) and to the
charge of lipid molecules in the lipid annulus
surrounding the proteinw66x. The effects of anes-
thetics on ATPase could be caused directly by
their charge when located in the lipid annulus as
well as indirectly by their effects on the bilayer
thickness surrounding the protein.
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