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ABSTRACT: High-pressure Fourier-transform infrared (FT-IR) spectroscopy was used to study the barotropic
behavior of phosphatidylserine bilayers and their interactions with the local anesthetic tetracaine. The model
membrane systems studied were multilamellar aqueous dispersions of 1,2-dimyristoyl-sa-glycero-3-
phospho-L-serine (DMPS) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) in the absence and the
presence of tetracaine at pH 5.5 and 9.5. The infrared spectra were measured at 28 °C in a diamond anvil
cell as a function of pressure up to 25 kbar. The resulits show that the barotropic behavior of the negatively
charged phosphatidylserine bilayers is very similar to that observed for zwitterionic phospholipids, such as
phosphatidylcholine and phosphatidylethanolamine, with corresponding acyl chains. The results also indicate
that the local anesthetic partitions into phosphatidylserine bilayers in an environment close to the mem-
brane-water interface and interacts electrostatically with the lipid head group. Application of high hydrostatic
pressure on the lipid-anesthetic systems results in the pressure-induced expulsion of the anesthetic from
a membrane to an aqueous environment. The pressures required for expulsion of anesthetic from bilayers
are much higher for the unsaturated lipid (DOPS) than for the saturated lipid (DMPS) (=6 kbar vs =2
kbar, respectively). Whereas incorporation of the anesthetic into DOPS bilayers does not affect significantly
the structural and dynamic properties of the disordered acy! chains in the liquid-crystalline phase, it orders

the DMPS acyl chains in the gel phase.

Tle molecular mechanism of local anesthetic action on nerve
membranes has been the subject of many studies but is still
poorly understood. Local anesthetics are known to exert their
action by blocking the sodium channels of nerve membranes.
However, whether this blocking is the result of direct an-
esthetic—protein interaction (Strichartz, 1973) or perturbation
by the anesthetic of the lipid matrix surroundings the channels
(Seeman, 1975) is still unclear. The interaction of the local
anesthetic tetracaine with model membranes has been widely
studied by a variety of techniques including electron spin
resonance (Butler et al., 1973; Neal et al., 1976), X-ray dif-
fraction (Coster et al., 1981), high-resolution nuclear magnetic
resonance (Cerbon et al., 1972), and deuterium nuclear
magnetic resonance {(Auger et al.,, 1988a, 1989; Smith &
Butler, 1985; Boulanger et al., 1980, 1981; Kelusky & Smith,
1983, 1984). All of these studies suggest that the anesthetic
intercalates partially into the lipid bilayer. Moreover, 2H
NMR studies have shown that the location of the anesthetic
and its effects on the orientational and motional properties of
the lipid are dependent on the charge of the local anesthetic
and on the charge and shape of the lipid studied.

Recently, high-pressure Fourier-transform infrared (FT-IR)'
spectroscopy has been used to study the interaction of tetra-
caine (Figure 1) with phosphatidylcholine model membranes
and with myelinated and unmyelinated nerves (Auger et al.,
1987, 1988b). This technique has proven to be very useful
in the study of structural and dynamic properties of phos-
pholipid bilayers (Wong, 1987a-c; Wong et al., 1988). Two
different aspects of the anesthetic-membrane interaction were
investigated with this technique. One aspect was to study the
effects of the local anesthetic on the structural and dynamic
properties of the lipid. On the other hand, it was shown that
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the application of high hydrostatic pressure to DMPC bilayers
can induce expulsion of the charged form of the anesthetic (pH
5.5) while the uncharged form (pH 9.5) is not expelled by
pressures up to 25 kbar (Auger et al., 1987). These results
have been interpreted in terms of location of the charged form
of the anesthetic close to the lipid~water interface due to
electrostatic interaction with the lipid head group, with the
uncharged form deeper in the acyl chain region of the mem-
brane (Auger et al., 1987). In the presence of a physiological
concentration of cholesterol (30 mol %), both the charged and
uncharged forms of the anesthetic were expelled by pressures
lower than those necessary in the absence of cholesterol. A
similar pressure-induced expulsion was also observed in two
different nerves, the myelinated frog sciatic nerve and the
unmyelinated nerve from the lobster walking leg. The ex-
pulsion pressures observed in the nerves at physiological pH
(pH 7.4) were, however, higher than those obtained in the
cholesterol-containing systems. It is therefore essential to
investigate if the high expulsion pressures required for excitable
nerve membranes are due to the presence of proteins or of
particular lipids.

High phosphatidylserine (PS) levels are found in several
preparations of excitable membranes (Camejo et al., 1969;
Chacko et al., 1976); data obtained from different tissues
suggest that PS is present in greater proportion in excitable
tissues (Ritchie & Rogart, 1977) than in nonexcitable ones
(Lazdunski et al., 1980). The structure and thermotropic
properties of phosphatidylserine bilayers have been shown to
be sensitive to the presence of divalent cations such as Ca?*

! Abbreviations: FT-IR, Fourier-transform infrared; PS, phosphati-
dylserine; DMPS, 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine; DOPS,
1,2-dioleoyl-sn-glycero-3-phospho-L-serine; TTC, tetracaine; 2H NMR,
deuterium nuclear magnetic resonance; DOPC, 1,2-dioleoyl-sn-glycero-
3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine.
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FIGURE 1: Structure of the local anesthetic tetracaine.

and Mg?* (Hauser et al., 1982; Papahadjopoulos et al., 1977).
In fact, it has been suggested that negative groups of phos-
pholipid molecules might serve as binding sites for Ca?* as well
as for local anesthetic on membranes (Papahadjopoulos, 1970).
We have therefore investigated the utility of infrared spec-
troscopy to monitor the electrostatic interaction between the
local anesthetic and the serine head group and to follow the
pressure—induced expulsion of the anesthetic from charged lipid
bilayers.

Interactions between phosphatidylserine bilayers and mo-
novalent and divalent ions have recently been studied by
Fourier-transform infrared spectroscopy (Casal et al.,
1987a—c). These studies have concentrated on the thermo-
tropic behavior of the phosphatidylserine bilayers. However,
with the addition of high pressure as a variable, new infor-
mation on lipid structure and dynamics can be gained from
studies of their barotropic behavior. In this study, we have
monitored the barotropic behavior of several infrared features
of fully hydrated phosphatidylserine bilayers containing sat-
urated [dimyristoylphosphatidylserine (DMPS)] and unsatu-
rated [dioleoylphosphatidylserine (DOPS)] acyl chains and
compared the results with those obtained previously for the
zwitterionic lipids phosphatidylcholine and phosphatidyl-
ethanolamine (Wong, 1987a—c; Wong & Mantsch, 1988a;
Wong et al., 1986, 1988; Siminovitch et al., 1987a,b). The
interaction between the two phosphatidylserine species and the
local anesthetic tetracaine was then examined from different
points of view, namely, the pressure-induced expulsion of the
anesthetic from the membrane, the interaction of the anesthetic
with the phospholipid head group, and the effects of the an-
esthetic on the structural and dynamic properties of the lipids.
Finally, the results are compared with those obtained for
tetracaine incorporated into the mixed system DOPS/DOPC
(1:4 molar ratio), a situation more relevant to that encountered
in excitable membranes.

MATERIALS AND METHODS

Materials. DMPS-Na*, DOPS-Na*, and DOPC were
obtained from Avanti Polar Lipids (Birmingham, AL), and
tetracaine hydrochloride was purchased from Sigma Chemical
Co. (St. Louis, MO). All other materials were analytical
grade.

Sample Preparation. To prepare lipid dispersions for study
by FT-IR, the lipids were hydrated with 50 wt % of D,0.
When the local anesthetic tetracaine was used, the lipids were
hydrated with 50 wt % of a borate-phosphate—citrate buffer
(Kelusky & Smith, 1984) made with D,O and containing
about 10 wt % of tetracaine with respect to solid lipids (which
corresponds to a lipid:anesthetic molar ratio of about 4:1). To
ensure the complete equilibration of the anesthetic in the lipid
bilayers, the dispersions were subjected to at least five
freeze-thaw cycles (Kelusky & Smith, 1984). Small amounts
(typically 0.01 mg) of the homogeneous dispersions resulting
from the freeze-thaw cycles were then placed at room tem-
perature, together with powdered a-quartz, in a 0.37-mm-
diameter hole in a 0.23-mm-thick stainless-steel gasket
mounted on a diamond anvil cell, as described previously
(Wong et al., 1985).

FT-IR Spectroscopy. Infrared spectra were measured at
28 °C on a Bomem Model DA3.02 Fourier-transform spec-
trophotometer with a liquid nitrogen cooled mercury cadmium
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FIGURE 2: Stacked contour plots of infrared spectra of DMPS (A)
and DOPS (B) in the region of the C=0 and antisymmetric CO,"
stretching bands and of DMPS (C) and DOPS (D) in the region of
the CH, scissoring bands. Spectra were recorded at increasing hy-
drostatic pressure.

telluride detector. The infrared beam was condensed by a
sodium chloride lens system onto the diamond anvil cell. For
each spectrum, 512 scans were co-added, at a spectral reso-
lution of 4 cm™ (corresponding to a total measuring time per
spectrum of about 10 min). Pressures were determined from
the 695 cm™ phonon band of a-quartz (Wong et al., 1985).
The frequency of this band was obtained from third-order
derivative spectra using a breakpoint of 0.3 in the Fourier
domain, and pressures were calculated according to the
equation P = (1.2062)Av + (0.015164)Ar2. In order to sep-
arate unresolvable infrared band contours, Fourier derivation
techniques (Moffatt et al., 1986) were applied. Frequencies
associated with the methylene scissoring and rocking modes
were obtained from third-order derivative spectra, using a
breakpoint of 0.95 in the Fourier domain while those associated
with the carbonyl and carboxylate stretching modes were also
obtained from third-order derivative spectra but using a
breakpoint of 0.3 in the Fourier domain.

RESULTS AND DISCUSSION

Pressure Dependence of Infrared Spectra of Pure DMPS
and DOPS. In this study, we have compared the pressure
dependence of several infrared bands for DMPS-Na* and
DOPS-Na* bilayers for pressures from 0.001 to =25 kbar (1
bar =~ [ atm). Since the same salt forms were used for both
lipids, DMPS-Na* and DOPS-Na* will be referred to as
DMPS and DOPS, respectively, throughout this discussion.
Due to the presence of a rigid cis double bond in the middle
of each hydrocarbon chain of di-cis-monounsaturated lipids
such as DOPS, the structural and dynamic properties of these
lipid and their response to external hydrostatic pressure are
expected to be different from those of lipids with saturated
acyl chains, such as DMPS.

A comparison of the pressure dependence of the infrared
spectra of DMPS and DOPS bilayers in the spectral region
1550~1800 cm™ is shown in Figure 2A,B for pressures up to
=25 kbar. The gel (L) to liquid-crystalline (L,) phase
transition temperature for DMPS is 39 °C (Casal et al.,
1987b) while this transition occurs at much lower temperature
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for DOPS (=11 °C) (Casal et al., 1987c). At ambient tem-
perature (28 °C) and pressure, DMPS is therefore in the gel
phase while DOPS is in the liquid-crystalline phase. The
infrared spectra of DMPS and DOPS in the region from 1550
to 1800 cm™ show two bands at approximately 1740 and 1620
cm!. The first band is associated with the ester carbonyl
stretching mode of the lipid acyl chains, which has been shown
to give characteristic bands in the spectral region 1725-1745
cm™. On the other hand, the band at 1620 cm™ is associated
with the antisymmetric stretching vibration of the serine
carboxylate (CO,") group (Casal et al., 1987a—c). The sym-
metric CO,” stretching vibrations occur between 1390 and
1420 cm™,

The ester C==0 stretching band of DMPS does not show
significant variation in shape and intensity as a function of
pressure. From the third-order derivative spectra (results not
shown), it was determined that the band is in fact composed
of two bands at 1741 and 1716 cm™', which are due to the
non-hydrogen-bonded and hydrogen-bonded ester carbonyl
group, respectively (Wong & Mantsch, 1988b; Blume et al.,
1988; Casal et al., 1987b,c). The two ester carbonyl stretching
bands are quite dissimilar in intensity; the band at high fre-
quency is much more intense than that at low frequency. This
type of different relative intensities of the two C=0 stretching
bands has been observed in the spectra of many other lipids
in the gel phase (Wong & Mantsch, 1988b; Casal et al.,
1987b). Neither the intensity nor the frequency of the two
C=0 bands varies significantly, indicating that pressures up
to 25 kbar do not induce significant conformational changes
of the C==0 group of DMPS in the gel phase.

On the other hand, the C=0 stretching band contour of
DOPS shows a dramatic decrease in frequency (Av =~ 10 cm™)
at a pressure of 6.1 kbar, followed by a steady-increase with
increasing pressure. In addition, the half-width of the band
is decreased by about 5 cm™ at 6.1 kbar. The pressure at
which these changes occur is the critical pressure of the lig-
uid-crystalline to gel transition. The pressure dependences of
various vibrational spectral parameters can be used to de-
termine the critical pressures of structural phase transition in
lipid bilayers (Wong, 1984, 1986; Wong & Mantsch, 1985a).
In particular, the critical pressure of the liquid-crystalline to
gel phase transition at ambient temperature in the sample
compartment of the FT-IR instrument (28 °C) can be de-
termined for example from discontinuities in the pressure
dependences of the infrared frequencies of the »,,, CH, and
»,CH, bands (Wong & Mantsch, 1985b). Assuming that this
transition is first-order, as it is in DPPC, it follows from the
Clausius—Clapeyron relationship that the critical temperature,
T, can be raised by applying external pressure. Since DOPS
is in the liquid-crystalline phase at the ambient temperature
of the diamond anvil cell (28 °C), elevation of pressure should
induce the transition to the gel phase.

Monitoring the frequency of the v, CH, mode at 2850 cm™,
we observed an abrupt drop in frequency at 6.1 kbar in DOPS
(results not shown), indicating that this is the critical pressure
at 28 °C. The changes observed in the C=0 stretching band
of DOPS at 6.1 kbar are therefore associated with the tran-
sition from the liquid-crystalline to the gel phase. Similar
behavior has been observed for dioleoylphosphatidylcholine
(DOPC), with a transition at 5.2 kbar (Siminovitch et al.,
1987a, 1988; Wong & Mantsch, 1988a). The slightly higher
critical pressure observed for DOPS compared to DOPC (6.1
and 5.2 kbar, respectively) is somewhat surprising since the
phase transition temperature for DOPS is slightly higher than
that of DOPC (~11 and ~16 °C, respectively). However, these
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results may be rationalized in terms of the higher repulsion
between the charged PS head groups compared to that for the
zwitterionic PC head group. This would imply that for the
charged lipid, a higher pressure is required to achieve the
highly ordered packing observed in the gel phase (vide infra).

The spectra of DOPS in the C=0 stretching region (Figure
2B) show that at all pressures, there are at least two compo-
nents in the C=0 band contour of DOPS. In the liquid-
crystalline phase, the broad band can be resolved into two
components at 1743 and 1724 cm™, which are due to the
C=0 modes of the non-hydrogen-bonded and hydrogen-
bonded C==0 groups, respectively (Wong & Mantsch, 1988b;
Blume et al., 1988). In fact, it has been suggested that the
high-frequency component originates mostly from the
stretching vibration of the sn-1 C=0 groups while the low-
frequency component originates from the sn-2 C=0 groups
(Wong & Mantsch, 1988b). Above 6.1 kbar in the gel phase,
the intensity of the high-frequency C=0 band is considerably
reduced, and the low-frequency band C=0 band is shifted
from 1724 to 1718 cm™. These results suggest that above the
critical pressure, the environment of the sn-1 C=0 group
changes and becomes similar to that of the sn-2 C=0 group,
the sn-1 C=0 group moving closer to the bilayer interface
(Wong & Mantsch, 1988a). This conformational change of
the glycerol backbone therefore permits adjacent packing of
the double bonds of the sn-1 and sn-2 chains,

The spectral parameters and their pressure dependences
observed for DOPS suggest that at high pressure, the cis
double bond of the sa-1 oleoyl chain has to move and align
itself with that of the sn-2 oleoyl chain. This is achieved by
rotation of the C—C bond in the glycerol moiety. Spectral
parameters other than the C==0 stretching band which con-
firm this packing (Wong & Mantsch, 1988a; Siminovitch et
al., 1987a) have also been observed for DOPS. The similar
results obtained for both DOPC and DOPS indicate that the
special packing properties observed in 18:1 unsaturated lipids
are relatively independent on the nature of the lipid head
group.

In contrast to the C=0 stretching band, the barotropic
behavior of the antisymmetric stretching vibration of the serine
carboxylate group (v,, CO;") of both DMPS and DOPS is very
similar, as shown in the spectra of Figure 2A,B. The DMPS
spectrum shows a band at 1619 cm™', a frequency value
characteristic of a well-hydrated carboxylate group in the gel
phase (Casal et al., 1987b). The frequency of this band does
not vary significantly with pressure up to ~25 kbar, suggesting
that the carboxylate group is not significantly altered by the
application of hydrostatic pressure on gel-state DMPS bilayers.
For DOPS, the frequency of the v,, CO,™ band is 1623 cm™!
in the liquid-crystalline phase and decreases to 1620 cm™ in
the gel phase, at pressures above 6.1 kbar. These frequencies
for the antisymmetric CO,™ stretching mode are again indi-
cative of a well-hydrated carboxylate group, in both the gel
and liquid-crystalline phase of DOPS (Casal et al., 1987¢).

A comparison of the pressure dependences of the methylene
scissoring mode 6CH, in the spectra of DMPS and DOPS
shown in Figure 2C,D reveals that the barotropic behavior of
this band is very different in these two lipids. On one hand,
in the spectrum of DMPS, we clearly observe a pressure-in-
duced correlation field splitting at pressures above 3.7 kbar.
The pressure is similar to that at which the correlation field
splitting is observed for DMPC (3.2 kbar) (Auger et al.,
1988b). This pressure-induced correlation field splitting of
the CH, scissoring band is the result of interchain interactions
between the lipid hydrocarbon chains (Snyder, 1961). These
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interactions can be intramolecular or intermolecular, the
former being predominant at lower pressure. The observation
of only a single CH, scissoring band at atmospheric pressure
reflects the fact that under those conditions of temperature
and pressure, the orientation of the methylene chains is highly
disordered due to significant reorientational fluctuations of
the acyl chains. Increasing pressure leads to a damping of
these reorientational fluctuations and an increase in interchain
interactions, which give rise to the observed correlation field
splitting.

On the other hand, the correlation field splitting band of
the CH, scissoring mode, §CH,, is absent in the spectrum of
DOPS (Figure 2D), although the band shifts to higher fre-
quencies and intensifies at the critical pressure of 6.1 kbar.
The absence at high pressure of a correlation field splitting
of the 8CH, mode was also observed in the spectra of DOPC
(Siminovitch et al., 1987a) and dioleoylphosphoethanolamine
(DOPE) (Wong et al., 1986) bilayers. These results can only
be consistent with an equivalent parallel orientation of the acyl
chains within each of the lipid molecules, which are packed
in a highly ordered and rigid lattice. In this highly ordered
gel phase, the reorientational fluctuations of the acyl chains
are completely damped, and the chains are highly extended
with a bent conformation at the cis double bond (Wong &
Manstch, 1988a). As was observed for the C=0 stretching
region, the similarities between the barotropic behavior of the
CH, scissoring region for different dioleoyl glycerolipids in-
dicate that the packing properties of these chains are not
significantly dependent on the head-group structure.

Interactions of Tetracaine with Phosphatidylserine Bilayers.
(A) Pressure-Induced Expulsion of the Local Anesthetic
Tetracaine from Phosphatidylserine Bilayers. We have first
monitored the pressure-induced expulsion of tetracaine from
pure DMPS and DOPS bilayers, for both the charged (pH
5.5) and the uncharged form (pH 9.5) of the local anesthetic.
A previous study from our laboratory has shown that the shape
and intensity of the carbonyl band of tetracaine can be used
to monitor the changes in the environment of the anesthetic,
from the bilayer environment to the aqueous media, as a
function of the hydrostatic pressure applied on the system
(Auger et al., 1987). Specifically, it was demonstrated that
in a bilayer environment, the tetracaine carbonyl stretching
band is very weak and broad. The expulsion of the anesthetic
by pressure from a hydrophobic to an aqueous environment
results in a dramatic increase of the band intensity and de-
crease in bandwidth. Moreover, the band is shifted to lower
frequency, from 1696 cm™ in the bilayer environment to 1685
cm™! in the aqueous media.

Following this study, it was found that another infrared
band, namely, the tetracaine aromatic band at ~1605 cm™,
can be used to monitor the pressure-induced expulsion of the
local anesthetic. Specifically, the frequency of this aromatic
band is shifted from ~1605 em™ to ~1600 cm™ when tetra-
caine goes from a hydrophobic to an aqueous environment.
Whereas the shift in frequency observed for the anesthetic
carbonyl stretching band was accompanied by a dramatic
change in shape and intensity, the shape and intensity of the
tetracaine aromatic band do not vary significantly as a function
of pressure. A detailed analysis of these results will be pub-
lished elsewhere.

Comparison of the infrared spectra in the spectral region
1550-1800 cm™ for pure DMPS (Figure 2A) and DMPS in
the presence of charged tetracaine at pH 5.5 (Figure 3A)
indicates that at a pressure of 2.1 kbar, the anesthetic is ex-
pelled by pressure from the bilayer. This is indicated by the
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abrupt increase in spectral intensity of the anesthetic carbonyl
band at 1685 cm™! and by the shift to lower frequency of the
aromatic band. A similar behavior is observed at higher pH
(pH 9.5), in which case the expulsion pressure is 2.7 kbar
(results not shown). At pH 9.5, the local anesthetic tetracaine
(pK, = 8.5) is mostly in the uncharged form. For uncharged
tetracaine incorporated into DMPC bilayers, it was shown that
application of pressure up to =25 kbar could not expel the
anesthetic from the bilayer. These results were interpreted
in terms of location of the uncharged form deeper in the
membrane than the charged form.

The expulsion of tetracaine from DMPS bilayers at rela-
tively low pressure is somewhat surprising since it was expected
that the interaction between the negatively charged lipid and
the positively charged anesthetic would result in a higher
expulsion pressure compared to those obtained for tetracaine
in phosphatidylcholine bilayers. However, if the electrostatic
interactions between the anesthetic and the serine head group
result in location of the anesthetic close to the aqueous in-
terface of the bilayer, a relatively low expulsion pressure could
result. The similarities between the pressure-induced expulsion
of the charged and uncharged forms of the anesthetic can be
rationalized by the fact that the uncharged form can most
likely still interact via hydrogen bonding with the serine head
group (vide infra). In fact, it was demonstrated that the
partition coefficient of the uncharged anesthetic in PS bilayers
is still very high, although smaller than that of the charged
form (Kelusky et al., 1986), suggesting strong lipid-anesthetic
interactions.

In the case of the unsaturated phosphatidylserine (DOPS)
bilayers, it was demonstrated earlier that at ambient tem-
perature and pressure in the diamond anvil cell, DOPS is in
the liquid-crystalline phase, as opposed to DMPS which is in
the gel phase. Inspection of the infrared spectra in the region
1550-1800 cm™! for DOPS in the presence of charged tetra-
caine (Figure 3B) clearly reveals that at atmospheric pressure,
tetracaine is incorporated into the bilayer. A similar behavior
was observed for the uncharged form of the anesthetic (results
not shown). Spectral features characteristic of the pressure-
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induced expulsion of the anesthetic only become apparent at
much higher pressure. For the charged form of tetracaine,
it appears that the expulsion pressure is in fact the liquid-
crystalline to gel phase transition pressure (6.2 vs 6.1 kbar for
the expulsion and phase transition pressure, respectively). In
the case of the uncharged form at pH 9.5, the expulsion
pressure is also very close to the critical pressure, although
slightly smaller (5.6 vs 6.1 kbar).

It was demonstrated in the previous study on the interaction
of tetracaine with DMPC bilayers (Auger et al., 1987) that
the presence of gel phase lipid [pressure-induced (Wong,
1987a)] is not sufficient to exclude the anesthetic, the un-
charged form of tetracaine not being expelied from DMPC
bilayers at pressures up to 25 kbar. However, as was men-
tioned previously, the pressure-induced gel phase of DOPS is
highly ordered. It therefore appears that this highly ordered
phase cannot accommodate the presence of the local anesthetic
molecule and that the liquid-crystalline to gel phase transition
thus results in the complete expulsion of the anesthetic from
the bilayer.

(B) Electrostatic Interactions between Tetracaine and
Phosphatidylserine Bilayers. We have investigated whether
infrared spectroscopy can be used to probe, at a molecular
level, the electrostatic interaction between the phosphatidyl-
serine head group and the local anesthetic tetracaine, and to
examine how this interaction is modulated by pressure. At
both pH values employed in this study, phosphatidylserine is
in the anionic form. Several regions of the serine head group
and interfacial zone could therefore interact with tetracaine,
in particular the carbonyl groups of the lipid acyl chains close
to the membrane-water interface and the negatively charged
carboxylate and phosphate groups of the head group. In this
study, we have investigated the effects of the incorporation
of tetracaine on the two carbonyl stretching bands of the acyl
chains as well as on the antisymmetric carboxylate stretching
band at ~1625 cm™'.

Comparison of the carbonyl stretching band for DMPS and
DOPS in the absence (Figure 2A,B) and in the presence
(Figure 3) of charged tetracaine at pH 5.5 indicates that in
the presence of anesthetic, the band is broader on the low-
frequency side, at pressures below the expulsion pressure of
the anesthetic. This is in part due to the presence of the broad
tetracaine band at =1696 cm™'. However, the third-order
derivative spectra of these systems (results not shown) indicate
that the C=0 band associated with the hydrogen-bonded
C=0 groups is shifted to lower frequency in the absence of
tetracaine. These results are illustrated in Figure 4 where the
pressure dependences of the frequencies of the two C=0 bands
for DMPS (Figure 4A) and DOPS (Figure 4B) are shown,
both in the absence and in the presence of tetracaine. From
this figure, it is clear that at atmospheric pressure, the fre-
quency of the C==0 band associated with hydrogen-bonded
C=0 groups is decreased in the presence of tetracaine while
that associated with the non-hydrogen-bonded C=0 groups
is not significantly altered. Specifically, the frequency of the
hydrogen-bonded C=0 band in DMPS decreases from 1716
to 1710 cm™ in the presence of tetracaine while the C=0 band
in DOPS decreases from 1723 t0 1710 cm™ under the same
conditions. It has been shown that when ester carbonyl groups
such as those of lipid acyl chains form strong hydrogen bonds,
the frequency of the C=0 stretching mode is below 1716 cm™
(Wong et al., 1988; Mushayakarara et al., 1986; Mantsch et
al., 1985, 1987, 1989). The decrease in frequency of the
hydrogen-bonded C=0 band of phosphatidylserine bilayers
in the presence of tetracaine can therefore be rationalized in
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FIGURE 4: (A) Pressure dependence of the frequencies of the C=0
stretching mode for DMPS (O) and DMPS + TTC, pH 5.5 (m). (B)
Pressure dependence of the frequencies of the C=0 stretching mode
for DOPS (0) and DOPS + TTC, pH 5.5 (m).

terms of strong hydrogen bonding between the anesthetic
molecule and the lipid C=0 groups. The hydrogen bonding
with tetracaine appears to be stronger than that with water
and thus results in a larger shift to lower frequency. A possible
candidate in tetracaine for hydrogen bonding with the acyl
chain C=0 groups is the NH group linking the butyl chain
to the aromatic ring. Above the expulsion pressure, the fre-
quency of the hydrogen-bonded C=O stretching band of
DOPS returns to its value in the absence of anesthetic while
that of the C=0 stretching band of DMPS is slightly in-
creased, suggesting that tetracaine expelled into the aqueous
environment cannot interact via hydrogen bonding with the
lipid carbony! groups. The small increase in frequency ob-
served for DMPS suggests that the interaction of the expelled
anesthetic with the charged carboxylate gorup (vide infra)
induces a small change in the conformation of the lipid hy-
drogen-bonded C==0 groups, for which the frequency is very
sensitive to conformational changes.

A different picture is obtained for the negatively charged
carboxylate group of the serine head group. Inspection of the
carboxylate band at ~1620 cm™ of DMPS and DOPS in the
absence (Figure 2A,B) and in the presence (Figure 3) of the
charged form of tetracaine at pH 5.5 suggests that at at-
mospheric pressure, the v,, CO,™ band is shifted to higher
frequency in the presence of anesthetic. This result is better
illustrated in Figure 5 where are shown the pressure depen-
dences of the frequencies of the v,, CO,™ band for DMPS
(Figure 5A) and DOPS (Figure 5B) without and with tetra-
caine. This figure indicates that the presence of the anesthetic
results in a frequency shift of the v,;, CO,” band from 1619
to 1629 cm™ in DMPS and from 1623 to 1629 cm™ in DOPS.
However, unlike the observation for the C==0 stretching band,
the frequencies of the v, CO,” band do not return to their
values for the pure lipid systems after the expulsion of the local
anesthetic from the bilayers, but are slightly lower than those
observed below the expulsion pressure. An increase in the
frequency of PS carboxylate bands has been observed for
PS-Li* complexes and has been interpreted in terms of loss
of water of hydration from the carboxylate group in the
presence of Li* (Casal et al., 1987b,c). The increase in the
frequency of the v,, CO,” band in the presence of tetracaine
may therefore suggest that the trialkylammonium moiety of
tetracaine interacts with the PS CO,™ group and that this
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FIGURE 5. (A) Pressure dependence of the frequencies of the v, CO,”
stretching band of DMPS (Q) and DMPS + TTC, pH 5.5 (m). (B)
Pressure dependence of the frequencies of the v,, CO; stretching band
of DOPS (0) and DOPS + TTC, pH 5.5 (m).

interaction is still possible after the expulsion of the anesthetic
from the lipid bilayer. Additional experiments would however
be necessary to confirm this speculation.

(C) Effects of Tetracaine on the Structural and Dynamic
Properties of Phosphatidylserine Bilayers. We have dem-
onstrated in the preceding sections that at ambient temperature
and pressure, the local anesthetic tetracaine is partitioned into
DMPS and DOPS bilayers and interacts with the phospholipid
head group. We have also investigated whether this interaction
induces any changes in the structural and dynamic properties
of the lipid acyl chains. A previous study of the interaction
between DMPC bilayers and tetracaine has shown that the
uncharged anesthetic disorders the lipid acyl chains while the
charged form induces the formation of an interdigitated gel
phase (Auger et al., 1988b). The uncharged form was found
to be incorporated much deeper in the bilayer than was the
charged form.

Comparison of the infrared spectra in the CH, scissoring
region of pure DMPS (Figure 2C) and DMPS in the presence
of both the charged and uncharged forms of the anesthetic
(Figure 6A,B) indicates in all cases a pressure-induced cor-
relation field splitting of the 8CH, mode, which at low pressure
gives rise to only one band at ~1470 cm™. The pressure
dependences of the frequencies of the methylene scissoring
mode components of DMPS in the absence and presence of
tetracaine were also examined (Figure 7). From this figure,
the pressures at which the pressure-induced correlation field
splittings become apparent can easily be determined. A
well-defined correlation field component band 6’CH, becomes
apparent at 3.7 kbar for pure DMPS and at 2.8 kbar for both
DMPS + TTC, pH 5.5, and DMPS + TTC, pH 9.5. The
lower pressure required for splitting in the presence of an-
esthetic indicates that the incorporation of tetracaine into
DMPS bilayers increases the orientational ordering of the
DMPS acyl! chains in the gel phase, and thus a lower pressure
is necessary to stop the acyl chain reorientational fluctuations
and induce a correlation field splitting. For the pure lipid,
further increase in pressure then results in a relatively rapid,
nonlinear increase in the magnitude of this splitting while a
sudden discontinuous with slight increase thereafter is observed
in the presence of anesthetic. This suggests that in the pure
lipid, the pressure-induced ordering of the acyl chains is
gradual while the presence of tetracaine results in a large
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FIGURE 6: Stacked contour plots of infrared spectra in the CH,
scissoring region of DMPS + TTC, pH 5.5 (A), DMPS + TTC, pH
9.5 (B), DOPS + TTC, pH 5.5 (C), and DOPS + TTC, pH 9.5 (D).
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FIGURE 7: Pressure dependences of the frequencies of the 8CH, mode
for DMPS (0), DMPS + TTC, pH 5.5 (w), and DMPS + TTC, pH
9.5 (X).

increase in ordering which then remains relatively constant
with further increase in pressure.

It is also interesting to note that the intensity of the cor-
relation field component band &CH, is not much greater than
that of the 6CH, band for pure DMPS and DMPS in the
presence of charged tetracaine while the ratio /;/I; is much
higher than 1 in the presence of uncharged anesthetic. The
value of this ratio can be related to the packing of the lipid
acyl chains, the absence of a pressure-induced correlation field
splitting being associated with an equivalent, parallel orien-
tation of the acyl chains, while a ratio /y/I; equal to unity
indicates a perpendicular packing of the chains (Wong et al.,
1988; Siminovitch et al., 1987a). It therefore appears that
the presence of the charged and uncharged forms of the an-
esthetic may induce different packings of the DMPS acyl
chains. Further experiments would, however, be necessary to
confirm this result.

A completely different picture is obtained with DOPS. The
infrared spectra in the CH, scissoring region of pure DOPS
(Figure 2D) and DOPS in the presence of both the charged
and uncharged forms of tetracaine (Figure 6C,D) indicate that
the presence of tetracaine does not affect significantly the
structural and dynamic properties of the lipid acyl chains.
Moreover, the pressure dependences of the frequencies of the
CH, scissoring mode components of DOPS are essentially
identical in the absence and presence of tetracaine (results not
shown). These results indicate that below the liquid-crystalline
to gel phase transition pressure (=6.1 kbar), the incorporation
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of tetracaine into DOPS bilayers does not significantly affect
the interchain interaction, or the chain mobility of the highly
disordered DOPS acyl chains. After the expulsion of the
anesthetic from the bilayer, only one CH, scissoring mode
component is observed in all cases, indicating that the acyl
chains are packed parallel in a highly ordered and rigid lattice.

Interactions of Tetracaine with DOPS/DOPC (1:4) Bi-
layers. We have discussed the interactions of the local an-
esthetic tetracaine with bilayers of pure phosphatidyiserine.
However, the concentration of phosphatidylserine found in
excitable membranes is usually near 20 mol % of the total
lipids (Camejo et al., 1969; Chacko et al.,, 1976). We have
thus examined the interactions of the charged form of tetra-
caine at pH 5.5 with DOPS/DOPC (1:4 molar ratio) bilayers,
a situation which more closely resembles that observed in
biological membranes. The unsaturated phosphatidylserine
was examined since high levels of unsaturated lipid are also
found in excitable membranes.

The infrared spectra of DOPS/DOPC (1:4 molar ratio)
bilayers in the absence and in the presence of charged tetra-
caine are shown in Figure 8 as a function of the hydrostatic
pressure applied on the systems. From this figure, it is clear
that, as was observed in the pure DOPS system, the anesthetic
is expelled by pressure from the bilayer at the phase transition
pressure of the lipid system. The fact that the expulsion
pressure still corresponds to the liquid-crystalline to gel phase
transition pressure even in the presence of only 20 mol % of
phosphatidylserine indicates that chain unsaturation rather
than negative head-group charge is responsibie for the high
expulsion pressure in this system.

It is also interesting to note that for the mixed lipid system
in the absence of anesthetic, the spectral changes associated
with the liquid-crystalline to gel phase transition are not
sudden, as was observed for pure DOPS, but span a pressure
range of about 1 kbar. However, in the presence of tetracaine,
the shift of the C==0O stretching contour band is similar to that
observed for the pure lipid. These results are better illustrated
in Figure 9 where are shown the pressure dependences of the
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FIGURE 9: Pressure dependences of the frequencies of the C=0
stretching band of DOPS/DOPC (1:4 molar ratio) (Q) and
DOPS/DOPC (1:4 molar ratio) + TTC, pH 5.5 (m).

frequencies of the non-hydrogen-bonded and hydrogen-bonded
C=0 bands for DOPS/DOPC (1:4 molar ratio) in the ab-
sence and presence of tetracaine at pH 5.5. In the absence
of anesthetic, the frequency of the hydrogen-bonded C=0
band gradually decreases from 1726 to 1719 cm™! between =5
and 6 kbar, indicating that the liquid-crystalline to gel phase
transition is occurring gradually at intermediate pressures
between the phase transition pressures of the pure lipids (6.1
and 5.2 kbar for DOPS and DOPC, respectively). Other
spectral parameters, such as the », mode at 2850 cm™, also
confirm this observation. However, in the presence of an-
esthetic, the phase transition occurs in a sudden fashion at
slightly higher pressure (6.5 kbar). This suggests that the
interactions between the anesthetic and the phospholipid
molecules may result in a more homogeneous system compared
to the mixed lipid system in the absence of tetracaine.

The pressure dependences of the frequencies of both the
C==0 stretching bands (Figure 9) and the »,, CO,” band of
the serine head group (results not shown) indicate that similar
shifts in frequencies are obtained in the mixed and the pure
lipid systems, the hydrogen-bonded C=0 stretching band
being shifted to lower frequency while the frequency of the
serine carboxylate band slightly increases in the presence of
anesthetic. It should be noted here that only one band is
observed for the hydrogen-bonded C=0 group, both below
and above the expulsion pressure. This suggests that tetracaine
also interacts via hydrogen bonding with the carbonyl groups
of phosphatidylcholine and that this interaction is not specific
to phosphatidylserine bilayers but only requires that the an-
esthetic is located close to the lipid—water interface region.
However, the shift in frequency of the phosphatidylserine
carboxylate group clearly indicates that even in the mixed lipid
systems, tetracaine interacts with the PS head group.

CONCLUSIONS

The present study demonstrates that high-pressure FT-IR
spectroscopy is a valuable technique to study the structural
and dynamic properties of lipid bilayers as well as the effects
of exogenous agents, such as local anesthetics, on these
properties. The data indicate that the barotropic behavior of
both saturated and unsaturated phosphatidylserine bilayers
is comparable to that observed for zwitterionic phospholipids
such as phosphatidylcholine and phosphatidylethanolamine,
with corresponding acyl chains. Moreover, it is shown that
tetracaine partitions into phosphatidylserine bilayers at the
membrane—water interface and interacts via hydrogen bonding
with the lipid molecules. The results also demonstrate that
the local anesthetic is expelled by pressure from both DMPS
and DOPS bilayers, the expulsion pressure being much higher
for the unsaturated lipid. This suggests that a negative charge
on a major lipid cannot solely explain the high pressure for
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anesthetic expulsion observed in nerve membranes, but rather
that a combination of negative charge and unsaturated chains
results in expulsion pressures comparable to those required in
nerve systems (Auger et al., 1987).
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