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Abstract

The translational and rotational electrokinetics of the anesthetic-induced spectral transitions bR g5 — bR 44, — bR 34, of bacterio-
rhodopsin have been investigated. Formation of the bR, form is associated with an increase of the purple membrane negative
electrokinetic charge, while the transformation of bR .4, into bR 54, is accompanied by a decrease of the membrane negative charge as
compared to that of the 480 nm-absorbing form. Removal of anesthetics leads to the back transitions bR g, = bRy and (in part)
bR 359 — bRs4g; however, the electrokinetic charge of the native membranes is not restored. A strong decrease in the electric polarizability
and the appearance of a slow polarizability component are also observed in anesthetic-treated membranes. Comparison with the
electrokinetic behaviour of partially delipidated membranes and with that of liposomes composed of purple membrane total lipids
suggests that: (i) anesthetic molecules partition mainly at the protein /lipid interface inducing irreversible rearrangement of the boundary
lipid layer, and (ii) different mode(s) or site(s) of interaction are responsible for the spectral and surface charge effects. The data are

compatible with the hypothesis of anesthetics acting through partial dehydration of the membrane surface.
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1. Introduction

Characterizing the interaction of anesthetics with lipids,
proteins and membranes, and establishing the resulting
changes in their physical properties and function is an
essential part of the investigation of the mechanisms of
anesthesia. While numerous studies suggest that anesthet-
ics interact mainly with lipids and that their effect on
membrane proteins is lipid-mediated [1,2] experimental
evidence also exists in favor of a direct anesthetic—protein
interaction [1,3]. Binding of the halogenated anesthetic
halothane to soluble proteins has been recently demon-
strated by photoaffinity labelling [4]. A number of electri-
cal properties of model lipid membranes like capacitance
and conductance, surface charge density and counter-ion

Abbreviations: PM, purple membranes; DL-PM, delipidated purple
membranes; bR 544, native bacteriorhodopsin; bR 44, red absorbing form
of bacteriorhodopsin; bR.g,, denatured bacteriorhodopsin; u,, elec-
trophoretic mobility; B,,., average diameter.
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association [1,5-7] has been shown to be affected by
general anesthetics.

In this work, the translational and rotational electroki-
netics of anesthetic-treated purple membranes have been
studied in an attempt to understand the anesthetic—mem-
brane interaction. The disk-shaped PM fragments consist
of a highly ordered crystalline lattice of bacteriorhodopsin
(bR) molecules [8,9] and possess a high charge asymmetry
[10]. The retinylidene chromophore is covalently attached
to the e-amino group of the Lys-216 residue of bR via a
protonated Schiff base [11]. Purple membranes have been
already used in the study of anesthetic—membrane interac-
tions [12-15]. Volatile anesthetics interact with PM caus-
ing a large reversible blue shift in the pigment absorption
band [15] associated with disturbed exciton coupling among
bacteriorhodopsin (bR) molecules [12] and strongly altered
photochemistry and proton pumping activity [14]. Naka-
gawa et al. [16] have recently suggested a specific binding
of volatile anesthetics to the protein /lipid interface on the
basis of X-ray diffraction experiments.

In order to improve our understanding of the mecha-
nism of action of anesthetics as modulators of bacterio-
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rhodopsin spectral properties and charge transfer function,
we have investigated the variation of electric parameters
(electrophoretic mobility and electric dipole moments) of
native and partially delipidated purple membranes during
the anesthetic-induced bRgz; — bR 4, = bRy, spectral
transitions. In order to ascertain the role of the protein in
the observed purple membrane effects, similar studies have
been carried out on liposomes composed of PM lipids.
Anesthetics induce a significant increase in the purple
membrane negative electrokinetic charge during the con-
version of bR to the red absorbing species bR ,4,, followed
by a decrease when formation of the bRy, form is in-
duced.

2. Materials and methods

PM fragments were isolated from Halobacterium halo-
bium S9 strain according to a standard procedure [17].
Partially delipidated PM (DL-PM) were prepared by three
successive treatments of purple membranes with CHAPS
(3-(3-cholamidopropyl)dimethylammonio-1-propane  sul-
fonate), followed by five times washing by centrifugation
as described by Szundi and Stoeckenius [18]. Total lipids
were extracted from PM as in [19]. Negatively charged
multilamellar liposomes were prepared from the total PM
lipids in 10 mM Tris-HCI buffer (pH 6.5 and pH 8), the
final phospholipid content being 0.25 mM. Halothane
(ICI-Farma, Spain) and isoflurane (Abbott Laboratories,
Madrid) were added in microliter aliquots to the samples.

The hydrodynamic diameter (B,,.) and electrophoretic
mobility (u,) of the membrane fragments were measured
using a Zeta Sizer 4 apparatus (Malvern Instruments)
combining a cross beam laser anemometer and a parallel
beam along the axis of the measuring cell for optimum
electrophoresis and sizing, respectively. The elec-
trophoretic mobility was measured by the shift of the
frequency of the scattered laser light (Doppler shift) by
heterodyning with the incident beam. The light scattering
measurements for particle size distribution were made in
the photon correlation mode. Electrophoretic and quasi-
elastic light scattering measurements were made at 90°
scattering angle. The total charge (Q,) of the membrane
fragments was estimated from the experimental elec-
trophoretic mobility values using the equation [20]:

Q. = 6mnau, (1 + ka) /f( ka) (1)

where 7 is the medium viscosity, a is the radius of the
electrokinetic unit (i.e., of the membrane fragment), u, 1s
the electrophoretic mobility, k& is the Debye screening
length. The Henry function f(ka), which accounts for the
fact that the external field is superimposed on the local
field around the fragments, depends on the particle shape
and approaches 1 and 1.5 for small and large ka, respec-
tively [21].

The relative changes in the intensity of the scattered

light by the suspension of purple membrane fragments at
application of electric pulses:

a=(Ig— 1)/l (2)

was measured at 90°, the direction of the orienting electric
pulses being perpendicular to the plane of observation. The
light source was an incandescent lamp followed by an
interference filter. I is the scattered light intensity when
an electric field of strength E is applied to the suspension
and I, is the light intensity without an external field. The
light scattering changes at application of electric pulses
result from the alignment of the disc-shaped membrane
fragments, the orienting moments being due to the interac-
tion of the membrane electric moments (permanent and /or
induced) with the externally applied field. The experimen-
tal setup and the theory of the electro-optic phenomena are
described elsewhere [22,23]. The frequency dependence of
the electric light scattering obtained at application of a.c.
electric pulses allows the mechanisms of different polariza-
tion processes contributing to the particle orientation to be
distinguished [22]. Fragment diameter can be determined
by the transient process of fragment disorientation after
switching off the external field {22,23].

Electrophoretic mobility measurements were performed
on suspensions of PM at 2 uM bR concentration either in
a neutral electrolyte (1 mM NaCl) or in buffer (either 10
mM Tris-HCI, pH 8 or 10 mM sodium phosphate, pH 8). 1
1M concentration of bR was used for the electric light
scattering measurements, a concentration low enough as to
avoid the interaction between membrane fragments.

Absorption spectra were measured in a Uvikon 491
Kontron UV-Vis spectrophotometer.

3. Results

3.1. Anesthetic-induced changes in the electrophoretic mo-
bility of purple membranes

The electrophoretic mobility (u,) of PM fragments is
measured as a function of the concentration of two volatile
anesthetics (halothane and isoflurane) either in a slightly
alkaline (pH 8) buffer or in unbuffered 1 mM NaCl.

The fraction of the red bR, species and the elec-
trophoretic mobility are shown in Fig. 1 as a function of
anesthetic concentration. For halothane-treated PM, at con-
centrations producing formation of bR 44, the fraction of
this pigment form is also presented (Fig. 1A). A complete
bR 5 — bR 44, transition is induced by halothane in pH 8
buffer at concentration ca. 0.3% (v/v) (results shown for
Tris-HCI buffer). Concentrations higher than 0.3% (v/v)
induce the formation of bR 54,. A similar spectral transition
to the 480 nm absorbing species is induced by isoflurane
but at considerably higher concentrations (Fig. 1A) and no
conversion of bR 4, to bR, pigment form is induced in
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Fig. 1. Fraction of bR 4, (O, halothane; @, isoflurane) and bR, (v,
halothane) pigment forms (A) and electrophoretic mobilities of PM
(halothane (O) and isoflurane (@)) (B) as a function of anesthetic
concentration measured in 10 mM Tris-HCI, pH 8.

the isoflurane concentration range studied. This may be
related to the smaller anesthetic potency of isoflurane.

Removal of anesthetics results in a back bR ;5 = bR,
transition. The original purple color is restored from bR 44,
species either produced by halothane or isoflurane (Fig.
2A). On the contrary, once the bR 4, species is produced
by halothane only partial restoration of the original spec-
tral characteristics of the pigment is observed (Fig. 2A).
These results are in agreement with previous studies show-
ing an anesthetic-induced reversible shift of the bR visible
absorption maxima from 568 to 480 nm [15,24].

In turn, addition of halothane to a slightly alkaline PM
suspension leads to a sharp increase in the electrophoretic
mobility, i.e., an increase in the negative charges on the
membrane fragments, in a concentration range 0 < Cy,, <
0.3% (v/v), followed by a decrease of u, at higher
concentrations (Fig. 1B). These two regions of halothane
concentration correspond to the bR, — bR 5, — bR 34
spectroscopic transitions. The increase in mobility corre-
lates with the progressive formation of bR ,, form, while
the successive formation of the 380 nm form at higher
halothane concentrations is associated with a decrease in
the electrophoretic mobility as compared to the bR,
form.

An increase in u, of PM is also induced by isoflurane,
the wu, vs. isoflurane concentration dependence being
shifted to higher concentrations (almost 2-fold) as com-
pared to halothane (Fig. 1B). In contrast, the addition of
saturating concentrations of isoflurane do not cause a

decrease of u_, as observed for halothane, instead u,
attains a constant value above 0.5% (v /v) isoflurane. This
is an additional evidence that the second part of the u, vs.
halothane concentration dependence, i.e., the decrease in
u,, is related to the formation of the 380 nm absorbing
form.

In unbuffered solution (1 mM NaCl), as in pH 8 buffer,
increasing concentrations of halothane and isoflurane cause
a drop in the absorbance at 568 nm and an increase at 480
nm. However, a smaller amount of the pigment undergoes
transition to 480 nm and a small shoulder at 568 nm
remains present in the absorption spectra (results not
shown). Under these conditions the electrophoretic mobil-
ity of PM increases as observed in buffer and reaches a
constant value at high anesthetic concentrations. The maxi-
mal increase of the electrophoretic mobility is the same
irrespective of the anesthetic in both suspending media.

While the removal of anesthetics results in a complete
recovery of the bR absorbing properties from bR, species
(Fig. 2A) the shift of the electrophoretic mobility to more
negative values is completely irreversible (Fig. 2B). The
partial original color restoration upon removal of halothane
once 380 nm absorbing form was produced (Fig. 2A)
corresponds to a slight shift of the electrophoretic mobility
to lower values (Fig. 2B).

By the use of Eq. (1) and the experimentally obtained
u, values the electrokinetic charge Q. of the bR, and
bR, forms of the pigment is estimated. The estimated
surface charge density of purple membrane of —5.8 - 10~*
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Fig. 2. (A) Absorbance at 568 nm in the presence (empty symbols) and
after removal (full symbols) of halothane (O, @) and isoflurane (v, ¥).
(B) Electrophoretic mobility of PM after removal of halothane (@) and
isoflurane (v).
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Fig. 3. Frequency dependence of electric light scattering effect of native
(@) and halothane-added PM (0.05% (v ) and 0.1% () (v/v)). Electric
field strength £ =3.9-10% V/m. Sample conditions as specified in Fig.
1.

electric charges /Az (i.e., —0.66 electric charges/bR as-
suming 1140 A? for the surface area of a bR molecule), is
in keeping with previously reported values [25] and is
lower than those obtained by techniques estimating local
surface charge density [26,27]. The anesthetic-induced
bR 45, form has a higher effective negative charge (—1.26
electric charges /bR) than the native bR,,. Note that the
average size of the membrane fragments does not change
in the presence of anesthetics throughout the transition
bR 445 = bR 45y (B,,. is ca. 600 nm).

3.2. Electric light scattering effect of PM in the presence
of halothane

Analysis of the frequency dependence of the electric
light scattering effect (Fig. 3) measured at electric field
strength E=3.9-10% V/m, corresponding to the linear
part of the field dependence (a(E?)) shows that: (i) PM
fragments have a frequency dependence typical for colloid
particles with a positive electro-optical effect in the kHz
region and a negative effect, relaxing in the low frequency
range (Hz region). This reflects an orientation of the native
membrane fragments due to orienting moments in transver-
sal direction at low frequencies and along the membrane
surface in the kHz-region, respectively. (ii) The frequency
dependence of the electro-optical effect is strongly influ-
enced by anesthetic interaction with PM. The magnitude of
the low frequency electro-optical effect decreases upon
addition of 0.05% (v/v) halothane and even changes its
sign upon addition of higher halothane concentrations. The
magnitude of the positive effect increases with the fre-
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Fig. 4. Field dependence of the electro-optical effect measured at fre-

quency | kHz. (@) native PM, (v) 0.05% (v/v) and (¥) 0.1% (v/v)
halothane.

quency decrease in the Hz-region at 0.1% (v /v) (and 0.2%
(v/v) results not shown) halothane. The low frequency
part of the dispersion curves of halothane-treated PM
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Fig. 5. Effect of increasing concentration of halothane (@) on the
absorbance at 568 nm (A), the fraction of bR, (B) and the elec-
trophoretic mobility (C) of delipidated PM in 10 mM Tris-HCI, pH 8.
Open symbols after the removal of the anesthetic.



S.G. Taneva et al. / Biochimica et Biophysica Acta 1236 (1995) 331-337 335

(0.1% (v/v)) suggests that a slow polarizability compo-
nent dominates particle orientation under these conditions.
In the plateau region the magnitude of the effect decreases
with the increase of anesthetic concentration. Correspond-
ingly, the initial slope of the field dependence a(E?),
measured at a constant frequency of 1 kHz, becomes
smaller in the presence of anesthetic (Fig. 4).

3.3. Influence of membrane delipidation on the anesthetic-
induced absorbance and electrophoretic mobility changes

The effect of anesthetics on the spectral features of
delipidated PM is qualitatively similar to that on native
membranes, namely an increase in the absorbance at 480
nm and a decrease at 560 nm (Fig. 5A). However, the
conversion of bR, 10 bR 4, takes place at higher anes-
thetics concentrations (Fig. 5B). This reflects a somewhat
higher stability of lipid-depleted purple membranes to the
action of anesthetics on the bR light absorbing properties.
Similar effects require about twice as much halothane in
delipidated than in native PM. However, an appreciable
difference between purple and delipidated membranes is
the negligible change in the electrophoretic mobility of
DL-PM (Fig. 5C). Thus, after removal of a large fraction
of the membrane lipids the anesthetic-induced spectral
transition is not associated to an increase in electrophoretic
mobility as in the case of the native membranes.
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Fig. 6. Variation of the average hydrodynamic diameter (A) and the
electrophoretic mobility (B) of multilamellar liposomes from total PM
lipid extract with halothane concentration. 10 mM Tris-HCI buffer pH 6.5
(@) and pH 8 (v ); phospholipid concentration 0.25 mM.

3.4. Electrophoretic mobility of halothane-treated lipo-
somes

The electrophoretic mobility and the hydrodynamic di-
ameter of negatively charged multilamellar vesicles of
total PM lipids were measured under identical experimen-
tal conditions as purple membranes. The electrophoretic
mobility of the lipid vesicles drops upon addition of
halothane up to 0.3% (v/v), reaches a plateau in the
concentration range 0.3-0.8% (v/v) and increases after
addition of 1% (v/v) halothane (Fig. 6B). Vesicle diame-
ter is found to increase with increasing halothane concen-
trations (Fig. 6A). Therefore, halothane induces changes in
the electrophoretic mobility of the lipid vesicles in the
opposite direction to that observed for native purple mem-
branes. The decrease in u, of the lipid vesicles is estimated
to correspond to a decrease in the negative charge of the
liposomes from —3.79 uC/cm? to —3.03 uC/cm® upon
addition of 0.4% (v /v) halothane. This result is in agree-
ment with the previously suggested decrease in the surface
charge density of liposomes induced by anesthetics [1,7].

4. Discussion

Electrostatic interactions of the positively charged Schiff
base with its counterion environment (charged and polar
amino acid residues and water molecules) stabilize the
spectral properties of the pigment in the ground state
[28-30). Previous studies showed that a large shift of bR
absorption maximum to 480 nm can be induced by a
number of treatments: general and local anesthetics
[12,13,15], high temperature [31], organic solvents [32],
dimethy! sulfoxide [33], membrane dehydration [34,35]
and in bR variants with substituted Trp 182, Pro 186
[36-38]. The covalent linkage between the helices A and B
has been shown to be important for the equilibrium be-
tween the 560 nm and 480 nm pigment forms in reconsti-
tuted protein [39].

In an attempt to correlate the chromophore spectral
features with the membrane electric properties we studied
the electrokinetic and electrooptical behaviour of PM upon
modification of the pigment visual absorbance induced by
anesthetics in native and delipidated membranes.

The first abrupt increase in u, of native PM (Fig. 1B)
may be explained through the partitioning of anesthetic
molecules at the lipid/protein interface, near the mem-
brane surface, and the corresponding perturbation of
lipid—protein interactions, i.e., a change in the protein
conformation and/or the arrangement of the lipid polar
head groups, leading to the exposure of additional charged
residues. Alternatively, a shift of the slipping plane to-
wards the membrane surface connected with changed hy-
drodynamics in presence of anesthetics could be the reason
for the observed increase in the electrophoretic mobility.

The change in the sign and the increase of the electro-
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optical effect with decreasing frequencies (the Hz-region
of the frequency dependence (Fig. 3)) indicate a slow
polarization process in the Stern layer, induced by anes-
thetics. The decrease in the magnitude of the electro-opti-
cal effect in the kHz-region indicates a smaller induced
dipole moment of anesthetic-treated PM and reflects a
variation of the polarization of the diffuse double layer
ions. These results support the concept of anesthetic ad-
sorption at the membrane /water interface [1,40].

While anesthetics induce the spectral transition after
lipid depletion of PM, only minor changes in the elec-
trophoretic charge (in the opposite direction than those in
native PM) are found (Fig. 5). Therefore, the removal of
lipids from the intertrimeric space [41] stabilizes the mem-
branes towards the action of anesthetics. This suggests that
the lipid—protein and intertrimeric interactions, affected by
lipid removal, are important for the perturbing effect of
anesthetics. This result is in agreement with the previous
finding that the aggregation state and packing of bR
molecules as well as the lipid composition affect the
formation of the 480 nm pigment [14]. Moreover, the
different extent to which lipid removal affects the anes-
thetic-induced spectral and surface charge changes sug-
gests that different mode(s) or site(s) of interaction are
responsible for the color and surface charge changes.

A further indication of the lipid /protein interface as a
site of action for the anesthetic molecules comes from the
observed change of the electrokinetic charge of lipid vesi-
cles in opposite direction to that of PM. Dehydration
and /or decrease in the dielectric constant can lead to the
decrease in the negative charge of the lipid vesicles.
Taking into consideration the model for the arrangement of
the lipid polar head groups in two layers in PM as pro-
posed by Kates [42], we suggest that partitioning of anes-
thetic molecules at the lipid /protein interface leads to an
irreversible rearrangement of the lipid head groups and
exposure of the phosphate groups located closer to the
hydrophobic interior.

Halogenated anesthetics possess a strong hydrogen-bond
breaking activity and can form anesthetic /water dimer
complexes either as proton donors or as acceptors [43,44].
Thus it is reasonable to assume that anesthetic interaction
with PM may affect the hydrogen bonding networks
thought to stabilize the protein conformation [32]. Adsorp-
tion of anesthetic molecules at the membrane / water inter-
face might affect the structure of bound water and induce
an effect similar to dehydration. Considering that the lipid
areas of PM are predominantly hydrated [45] it seems
possible that water molecules can be displaced mainly
from the lipid surface domain, and thus may account,
through changes in surface conductivity, for the difference
in the electrophoretic mobility variation induced by anes-
thetics in native and delipidated membranes. The present
results suggest that dehydration of the membrane surface
by anesthetic adsorption at the membrane /water interface
might take place and above a certain anesthetic concentra-

tion this could result in a decrease of the membrane
surface charge.

In conclusion during the anesthetic-induced spectral
transitions bRse; — bR 5, — bR g, the PM negative sur-
face charge: (i) increases by ca. 0.6 electric charges/bR
upon the complete conversion of bR, to the red absorb-
ing species bR, (ii) decreases under the bR 5, — bR ¢,
spectral transition induced by halothane, (iii) it is virtually
unchanged after partial removal of the membrane lipids. In
liposomes from PM total lipids, the electrokinetic charge is
altered in the opposite direction to that of PM fragments.
These effects appear to be caused by the binding of
anesthetic molecules at the lipid/protein interface, and
may be due to a partial dehydration of the PM surface by
anesthetics.
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