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Abstract

Bacteriorhodopsin (bR) is the prototype of an integral membrane protein with seven membrane-spanning a-helices and serves as a

model of the G-protein-coupled drug receptors. This study is aimed at reaching a greater understanding of the role of amine local

anesthetic cations on the proton transport in the bR protein, and furthermore, the functional role of bthe cationQ in the proton pumping

mechanism. The effect of the amine anesthetic cations on the proton pump in the bR blue membrane was compared with those by divalent

(Ca2+, Mg2+ and Mn2+) and monovalent metal cations (Li+, Na+, K+ and Cs+), which are essential for the correct functioning of the proton

pumping of the bR protein. The results suggest that the interacting site of the divalent cation to the bR membrane may differ from that of

the monovalent metal cation. The electric current profile of the bR blue membrane in the presence of the amine anesthetic cations was

biphasic, involving the generation and inhibition of the proton pumping activity in a concentration-dependent manner. The extent of the

regeneration of the proton pump by the additives increased in the order of monovalent metal cationbmonovalent amine anesthetic

cationbdivalent metal cation. We found that organic cations such as the amine anesthetics can also regenerate the proton pump in the bR

protein. The inhibition of proton transport in the bR protein by the anesthetic cations was elucidated using the wild type, the E204Q and

the D96N mutated bRs. The hydrophobic interaction of the amine anesthetics with the bR protein plays an important part in inhibiting the

bR proton pump.

D 2005 Published by Elsevier B.V.

Keywords: Oriented blue membrane; Cationic amine anesthetic; Proton pump regeneration; Proton pump inhibition; Biphasic effect; Binding site
1. Introduction

Bacteriorhodopsin (bR) serves as a simple model for

certain cell-membrane receptors, known as the G-protein-

coupled receptors, with include most well-known drug

targets in humans [1–3]. bR in purple membrane of

Halobacterium salinarium functions as a light-driven

proton-pump, which uses light energy to translocate protons
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across the membrane and thereby generates a substantial

electrochemical gradient [4–8]. bR in the purple membrane

contains seven transmembrane a-helices that enclose an all-

trans-retinal chromophore linked via a Schiff base to

residue Lys216 [9–13]. The transport cycle consists of the

interconversions of a sequence of intermediate state, J, K, L,

M, N, and O. The retinal chromophore is central to the

proton pumping activity of the protein. The first proton

transfer step is from the protonated retinal Schiff base to the

negatively charged Asp85 located in the extracellular

region, and a proton is then released to the extracellular

surface from the proton release residues (Glu194 and
cta 1669 (2005) 17–25



Table 1

The structural formula and the pKa of the tertiary amine anesthetic

Structural formula

CH3

NHCOCH2

CH3

N
C2H5

C2H5 . HCI

H2N COOCH2CH2 N
C2H5

C2H5 . HCI

CH3

CH3

NHCO
N

C4H9

. HCI

H9C4 NH COOCH2CH2 N
CH3

CH3 . HCI

CONHCH2CH2 N
C2H5

C2H5 . HCIN

OC4H9

pKa[35, 36]

7.9 

8.1 

8.1 

8.4 

8.9

Anesthetic

Lidocaine
(LDC)

Procaine
(PRC)

Bupivacaine
(BPC)

Tetracaine
(TTC) 

Dibucaine
(DBC)
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Glu204) [14–18]. The Schiff base is reprotonated by Asp96

located in the cytoplasmic region [19–21].

The functioning of light-adapted bR in the purple

membrane as a proton pump requires the presence of

divalent cations, Ca2+ and Mg2+, which bind at specific

locations inside the protein [22–25] and on the bR

membrane surface [26,27,38]. The removal of these

cations results in the functional transition from the native

purple membrane to the blue membrane with inactivation

form of proton pump [22,23]. The most important differ-

ence between the purple membrane and the blue mem-

brane is the protonated state of negatively charged Asp85,

which is an important part of the counterion to protonated

Schiff base. The protonated Schiff base of the blue

membranes does not deprotonate upon illumination. In

addition to the divalent cations, the monovalent cations,

such as Na+ or K+, can also regenerate the native purple

color [22–24]. These metal cations are absolutely neces-

sary for the correct functioning of the proton pumping of

the bR protein.

Recently, it is found that the hydrophobic organic

cations, such as the quaternary ammonium cations, can

regenerate the native purple form [28,29]. This allows us to

be interested in studying the action of amine local

anesthetics on the proton pump of the bR membrane as a

model of the G-protein-coupled receptors in order to

elucidate their diverse effects on various membrane pro-

cesses. Local anesthetics act primarily on excitable neuronal

cell membranes and modify the ion translocation at the

membrane channels. In addition, these anesthetics are

known to bind also to the other excitable cell membrane

affecting their function and to generate diverse effects on

various membrane processes[30–32]. Since there is a

similarity in structure between visual pigment, the rhodop-

sin and the h-adrenergic or muscarinic receptors with a

bundle of seven transmembrane a-helices [33], the trans-

mission of an electric signal generated by rhodopsin in the

photoreceptor is interesting in connection with the nerve

system.

We have recently reported that the proton pumping

activity of the bR in the purple membrane was reversibly

inhibited by adding the alkane derivatives (aliphatic amine

(RNH3
+), 1-alcohols (ROH) and aliphatic carboxylates

(ROO�) [34]. From their dose–response curves, the stand-

ard free energies per CH2 for the adsorption of the alkane

derivatives to the site of action in the bR membrane were

estimated. The proton pumping of the bR purple membrane

was mainly suppressed by the hydrophobic interaction with

the alkane derivative. The location of the binding site of the

RNH3
+ to the purple membrane was different from those of

ROH and ROO�.

This study is aimed at reaching a greater understanding

of the role of the amine anesthetic cations on the proton

transport in the bR protein as the G-protein-coupled drug

receptors and furthermore, the functional role of bthe
cationQ in the proton pumping mechanism. The electric
current profile of the bR protein in the presence of the

anesthetic cations was biphasic, involving the generation

and the inhibition of the proton pump activity, in a

concentration-dependent manner. The results were com-

pared with those by the divalent (Ca2+, Mg2+ and Mn2+)

and monovalent metal cations (Li+, Na+, K+ and Cs+),

which are essential for the correct functioning of the

proton pumping of bR.
2. Materials and methods

2.1. Materials

Purple membrane fragments (ca. 500 nm diameter) were

isolated from H. salinarium S9. The cation-depleted blue

membrane was prepared by passing a purple membrane

suspension of OD568 ~10 through a cation exchange column

(Bio-Rad, AG-50W). The pH of the blue membrane after the

column was 5.5–6.0. After deionization, membranes were

resuspended in triple-deionized water. The E204Q and D96N

mutants were isolated after the expression in H. salinarium

as purple membrane patches. The tertiary amine anesthetics

used were as follows: 2-butoxy-N-[2-(diethylamino)ethyl]-

4-quinolinecarboxamide (dibucained HCl), 4-(butylamino)-

benzoic acid 2-(dimethylamino)ethyl ester (tetracained HCl),

1-n-butyl-2V,6V-dimethyl-2-piperidinecarboxanilide (bupiva-

cained HCl), 2-(diethylamino)-N-(2,6-dimethylphenyl) acet-

amide (lidocained HCl) and 4-aminobenzoic acid-2-

(diethylamine) ethyl ester (procained HCl). The structural

formulae and the pKas of the local anesthetics are given in

Table 1 [35,36]. Salts (CaCl2, MgCl2, MnCl2, LiCl, NaCl,

KCl and CsCl) were guaranteed analytical grade.
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2.2. Preparation of the oriented bR film

The apparatus for the electric measurement was basically

the same as that described by Muneyuki et al. [37]. A

polymer (polyethylene terephthalate) film (0.9 Am thick-

ness; Lumirror, TORAY CO.) was inserted between the two

compartments of the Teflon chamber and the oriented bR

blue or purple membrane was prepared by adsorption of its

membrane onto the polymer film from the bR membrane

suspension; (1) a small amount of the bR membrane

suspension (ca. 100 Al, OD570=3 in distilled water) was

directly applied on the film sandwiched between the

chamber compartments and allowed to stand for 30 min at

room temperature. (2) The bR membrane suspension was

removed, and pure water (or buffer solution (10 mM Tris/

HCl/100 mM KCl, pH 6.0)) was filled in both compart-

ments. (3) Water was exchanged two or three times to wash

the unbound bR membrane fragments and then 0.5% (w/v)

octylglucoside solution was applied to remove the bR

membranes loosely bound on the polymer film and

exchanged by the water several times. The adsorbed bR

membrane (blue membrane or purple membrane) was

equilibrated for 5 min with pure water. A 100 W halogen

lamp was used to activate the bR. The intensity of the light

at the membrane was 6.6 mW/cm2. The electric current in

bR protein generated by light illumination was measured to

evaluate the proton transport activity and recorded before

and after exposure to the test substances. Pure water, which

was purified by a MilliQ-50 system (Millipore, USA), was

used in all this experiment unless otherwise noted in the

text.

2.3. Absorption spectra and zeta potential of the purple

membrane or the blue membrane suspensions

The absorption spectra were obtained using a JASCO V-

500 spectrophotometer (JASCO, Tokyo). The bR blue

membranes were dispersed in pure water at 6.2 AM for the

absorption spectroscopic measurement. Measurements were

carried out at 23F1 8C. The zeta potentials of the purple

and blue membranes dispersed in deionized water were
Fig. 1. The regeneration of the proton pumping activity in the bR protein by addin

(B) to the bR blue membrane. The relative amplitudes of the electric currents (pA

cations are plotted as a function of the concentration of the additive in pure wate
measured by the electrophoretic mobility in a Laser-Zee,

model 500 apparatus (Pen Kem, New York) at 20F1 8C.
3. Results

The deionization of divalent cations from the bR in the

purple membrane is known to result in a purple (kmax=564

nm) to blue color (kmax=603 nm) transition and an

inactivation of the proton pump of the bR [22–27]. We

confirmed that when divalent cations (Ca2+, Mg2+ or Mn2+)

were added to the deionized blue membrane suspensions,

the spectrum with kmax at 603 nm was blue-shifted in a

concentration-dependent manner and then restored to the

original purple color with kmax at 564 nm. The addition of

the monovalent cations, such as Li+, Na+, K+ and Cs+, also

restored the original purple color (data not shown). These

spectral behaviors fairly agreed with previous reports

[22,23,26].

Fig. 1 shows the regenerations of the proton pumping

activity in the oriented bR blue membrane system by adding

the divalent cations (Ca2+, Mg2+) (Panel A) or the

monovalent cations (Li+, Cs+) (Panel B). The electric

current in the bR protein generated by light illumination

was evaluated as an indication of the proton pumping

activity (see Materials and methods). The relative ampli-

tudes of the electric currents obtained before and after

exposure to the metal cation were plotted as a function of

the concentration of the additive in pure water. When the

divalent cation was added to the deionized bR blue

membrane suspensions, the current intensity increased

ranging in concentration from 1�10�5 to 3 mM and then

decreased at concentrations above 3 mM (Fig. 1A),

indicative of the biphasic effect of divalent cations on the

proton pumping activity in the bR membrane. The addition

of the monovalent metal cations also generated electric

currents in the bR blue membrane (Fig. 1B) and its

amplitude was in the order Li+QNa+QK+QCs+. The process

of the regeneration of the electric current in the presence of

the monovalent cation consists of two steps in the ranges of

concentration from 1�10�5 to 1�10�2 mM and from
g the divalent cation (Ca2+ or Mg2+) (A) or monovalent cation (Li+ or Cs+)

) in the bR blue membrane obtained before and after exposure to the metal

r.



Fig. 2. Comparison of the current amplitude (pA) of the bR blue membrane

generated by the addition of a mixture (1/1, molar ratio) of divalent cations

(1 mM Ca2+ and 1 mM Mg2+), a mixture of three types of cations (1 mM

Ca2+ and 1 mM Mg2++1 mM Na+) and a mixture of divalent cation (1 mM

Ca2+) and monovalent cation (1 mM Na+) with that by the separate addition

of divalent (1 mM Ca2+ or 1 mM Mg2+) and monovalent ion (1 mM Na+).

The electric current was measured in the presence of metal cation in pure

water. The relative amplitude of the electric current is presented as mean

valuesFS.D. (n=3).
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2�10�1 to 1�103 mM, and the proton pump functions even

at concentrations as high as 1 M (Fig. 1B).

In order to examine the location of the interacting sites of

the divalent and monovalent metal cations to the bR protein,

the current amplitude generated by the addition of a mixture

(1/1, molar ratio) of divalent and monovalent cations is

compared with that by the separate addition of the divalent

or monovalent cations (Fig. 2). The addition of a mixture of

divalent cations (1 mM Ca2++1 mM Mg2+) gave almost the

same current amplitude as that of the separate addition of 1

mM Ca2+ or 1 mM Mg2+. This suggests that there exist

common binding sites of divalent cations which compet-

itively bind with the bR protein. However, the current

amplitude generated by the addition of a mixture of the

divalent and monovalent cations (1 mM Ca2++1 mM Na+)

or a three component mixture (1 mM Ca2++1 mM Mg2++1

mM Na+) is nearly equal to the sum of their values for the

separate additions of 1 mM Ca2+ and 1 mM Na+ or the

separate additions of a mixture of the two divalent cations
Fig. 3. Relationship between the generated electric current and the zeta potential of

cation Ca2+ (A) and monovalent cation Na+(B) ions. Measurements were carried ou

electric current is presented as mean valuesFS.D. (n=3). Circle and square indic
(1 mM Ca2+ and 1 mM Mg2+) and of the monovalent cation

(1 mM Na+). Therefore, we propose that the locations of the

binding sites of the divalent cation and monovalent cation to

the bR blue membrane may be different from each other.

Furthermore, we examined the relationship between the

electric current and the zeta potential of the bR blue

membrane in the presence of various concentrations of Ca2+

and Na+ (Fig. 3) in order to prove the proposal of different

sites for divalent and monovalent ions. The zeta potential of

the bR blue membrane was �48.9 mV. The origin of the

negative zeta potential is due to the net negatively charged

residues in the bR protein and the negatively charged lipid

of the bR blue membrane [38]. The divalent cation is much

more effective for the generation of the electric current and

an increase in the zeta potential of the bR blue membranes

than the monovalent metal cation. For example, when 1 mM

CaCl2 was added to the bR blue membrane suspensions, the

relative amplitude of the electric current and the increments

of the zeta potential were 9.4 and 41.4 mV, respectively

(Fig. 3A) and the additions of 1 mM NaCl, on the other

hand, result in 3.2 in the relative amplitude of the electric

current and of 21.4 in the increment of zeta potential,

respectively (Fig. 3B). This result also revealed that there

may exist different binding sites in the bR blue membrane

between the divalent and monovalent cations.

Based on the finding that the hydrophobic organic

cations such as C12H28N
+ or C15H36N2

+ can also restore

the purple color and regenerate the proton pumping activity

in the deionized bR protein [28,29], our attention became

focused on the effect of the cationic amine derivatives such

as amine local anesthetics (dibucaine, tetracaine, bupiva-

caine, lidocaine and procaine (Table 1)) on the proton

transport in the bR as a model of G-protein-coupled drug

receptors. Fig. 4 shows the typical electric current traces in

the bR blue membrane generated by adding the tetracaine

cation. The traces reveal that the anesthetic cation regen-

erated the bR proton pump in a concentration-dependent

manner. Fig. 5 shows the profiles of the electric currents in

the bR blue membrane (Panel A) generated by the addition

of five types of amine anesthetic cations and the absorption

spectra (Panel B) of the bR membrane after the addition of

the tetracaine cation in distilled water (pH 6.0). As the
the bR blue membrane in the presence of various concentrations of divalent

t in the presence of the additives in pure water. The relative amplitude of the

ate the zeta potential and the electric current, respectively.



Fig. 6. Relationship between the generated electric current and the zeta

potential of the bR blue membrane as a function of the tetracaine

concentration in pure water. When the 0.33 mM tetracaine is added to

the bR blue membrane, the zeta potential of the bR blue membrane is equal

to that (�25.5 mV) of the bR purple membrane (PM) as indicated by the

arrow. The dose–response curve of tetracaine is divided into three regions

indicated by the solid lines (see text). Solid and dotted lines indicate the

zeta potential and the electric current, respectively.

Fig. 4. Electric current traces of the bR blue membrane generated by adding

the cationic amine tetracaine. Concentration of tetracaine: (1) control; (2)

0.1; (3) 0.2; (4) 0.7; (5) 3 AM. Upward and downward signals indicate bonQ
and boffQ of the light source, respectively.

A. Shibata et al. / Biochimica et Biophysica Acta 1669 (2005) 17–25 21
concentrations of the anesthetic cations increased, the

electric currents increased, leading to a maximum value,

and then decreased (Fig. 5A). The electric current profile in

the presence of the anesthetic cation was biphasic, involving

the generation and inhibition in the proton pump, in a

concentration-dependent manner. Their dose–response

curves were explicitly dependent on the type of amine

anesthetics. The absorption spectra of the bR membrane in

the presence of the tetracaine cation at various concen-

trations have a single isosbestic point at 580 nm, indicating

that only two species are involved in the blue (kmax=603

nm) to purple (kmax=568 nm) transition (Fig. 5B), analo-

gous to the color transition from the blue membrane in the

presence of metal cations [22]. The concentration of the

monovalent tetracaine cation, which needs to cause the blue

to purple transition, is approximately 30 AM, and therefore,

the molar ratio of the tetracaine cation to the blue membrane

(6.2 AM) is approximately 5:1 (Fig. 5B). This ratio is

compared with the molar ratio of approximately 100:1 of the

monovalent metal cations, such as Na+ or K+, which need to

restore the purple color [22]. We found that the regeneration
Fig. 5. The effect of amine local anesthetic cations on the bR proton pump (A) an

tetracaine cation in distilled water. DBC, dibucaine; TTC, tetracaine; BPC, bupivac

control; (2) 3�10�3; (3) 1�10�2; (4) 0.03; (5) 0.1; (6) 0.3 mM. The addition of

transition.
of the native purple color is much more effective for the

monovalent organic cations, such as the amine anesthetics,

than that for the monovalent metal cation.

Next, we studied the regeneration process of the electric

current by the interaction of the anesthetic cation with the

blue membrane. Fig. 6 shows the relationship between the

electric current and the zeta potential of the bR blue

membrane as a function of the cationic tetracaine concen-

tration in pure water. The zeta potentials of the bR blue

membrane and the purple membrane were �48.9 and �25.5

mV, respectively. The removal of the metal cations such as

Ca2+ and Na+ from the bR purple membrane results in a

reduction of the zeta potential. The addition of the 0.33 mM

tetracaine cation transformed the blue membrane with a

negative potential of �48.9 mV into the purple membrane

(�25.5 mV) as indicated by the arrow. The electric current

profile in Fig. 6 may be divided into three regions: (1) the
d the blue (BM) to purple (PM) color transition (B) by the addition of the

aine; LDC, lidocaine; PRC, procaine. Concentration of TTC in Fig. 4B: (1)

0.3 mM TTC caused the BM (kmax=603 nm) to PM (kmax=564 nm) color



Fig. 7. The relationship between the EC50 value and the partition coefficient

( P) of local anesthetics between phosphatidylcholine bilayer membrane

and water phases. The EC50 is defined as the concentration of the local

anesthetics required to reduce the amplitude of the electric current of bR to

50% of its initial value. log P: 1.94 for LDC; 2.15 for PRC; 2.89 for BPC;

2.95 for TTC; 3.35 for DBC.

Table 2

The effective concentration, EC50, of the cationic tetracaine and Ca2+

required to inhibit the proton pumps of Wild Type bR, D96N and E204Q

mutants

bR Tetracaine (mM) CaCl2 (mM)

WTbR 6.1 290

E204Q 3.1 470

D96N 1.0 23
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process of the generation of an electric current at concen-

trations below 0.01 mM tetracaine, (2) the plateau region in

the current profile at concentrations from 0.01 to 1 mM, and

(3) the process of the reduction in the electric current at

concentrations above 1 mM. In region (1), the addition of

small amounts of tetracaine significantly increased the

electric current in the bR until a maximum current is

attained, but the change in the zeta potential is small. In

region (2), the maximum current is reached, while the zeta

potentials significantly increases with the increasing tetra-

caine concentration. In region (3), the reduction of the

current starts, but the zeta potential still keeps increasing.

Although the zeta potentials of the bR membrane in the

presence of the tetracaine cation continues to increase in a

concentration-dependent manner, the profile of the current

generated by the addition of the tetracaine cation is biphasic,

including the increasing (generation) and decreasing (inhib-

ition) of the proton pumping activity.

In order to elucidate the inhibition of the proton pump in

the region of high concentrations of the anesthetics, the

relationship between the EC50 value and partition coefficient

[39] of local anesthetics between the phosphatidylcholine

bilayer membrane and aqueous phases is plotted in Fig. 7.

The concentrations of the local anesthetics (EC50), which
Fig. 8. The effect of the cationic tetracaine (A) and Ca2+(B) on the proton pumping

in 10 mM Tris/HCl/100 mM KCl buffer solution (pH 6.0). The relative amplitud
are required to reduce the amplitude of the electric current to

50% of its initial value, were determined from the dose–

response curves in Fig. 5. The obtained linear relationship

suggests that the hydrophobicity of the amine anesthetics

(Table 1) is closely associated with the inhibition of the

proton pumping activity in the bR blue membrane.

Furthermore, we consider the molecular mechanism of

the inhibition of the proton pumping activity by the amine

anesthetics using the wild-type bR and the D96N- and the

E204Q-bR mutants, which are obtained from the point-

mutation of key residues involved in the proton transport in

the bR protein. Fig. 8 shows the effects of the tetracaine

cation (Panel A) and Ca2+ (Panel B) on the proton pumping

activity in the wild-type and the D96N- and the E204Q-

mutated bRs. The measured currents in the absence of the

additives were 40–45 pA for the wild type bR, 7 pA for

D96N, and 3 pA for E204Q, respectively. The relative

amplitude of the electric currents of their mutants to the wild

type bR were 16% for the D96N mutant and 7% for the

E204Q mutant. All their proton pumps were inhibited by

adding the tetracaine cation or Ca2+ in a concentration-

dependent manner. The electric currents of the wild type bR

decreased at concentrations above 0.3 mM tetracaine via the

small generation of the proton pump activity ranging in

concentration from 0.001 to 0.02 mM, while the electric

current of the D96N mutant started decreasing even at the

low concentration of 0.03 mM. However, although the

pattern of the reduction in the current intensity of the E204Q

mutant at high additive concentrations appears to be similar

to that of the wild type bR, the electric current of the E204Q

may involve large errors (Fig. 8). The effective concen-

trations (EC50) of the tetracaine cation and CaCl2 required

for 50% of the proton pump inhibitions of the wild type and
activity of the wild-type (WT), the D96N- and E204Q-mutated bR proteins

e of the electric current is presented as mean valuesFS.D. (n=3).
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the D96N- and E204Q-bR mutated bRs were estimated from

the dose–response curves and are listed in Table 2. The

EC50s for the tetracaine cation were lower for these mutants

than that for the wild type bR.
4. Discussion

We verified that the divalent and monovalent cations

were able to regenerate the blue to purple color transition as

previously reported [22–25]. Taking into account the data

that the bR color transition is coupled to its proton pump

[22,23], the effects of the divalent and monovalent cations

on the proton pumping activity in the bR blue membranes

were examined in the same concentration region as that used

in the bR color transition measurement (Fig. 1). When the

divalent cations were added to the deionized bR blue

membrane, the current intensity of the bR increased ranging

in concentration from 1�10�5 to 3 mM and then decreased

in concentrations above 3 mM (Fig. 1A). This biphasic

behavior of the electric currents indicates that there exist at

least two types of locations of the binding sites of the

divalent cation on the bR blue membrane. The specific sites

inside the bR protein [22–25] and the bR membrane surface

[26,27,44] are candidates for the location of the binding

sites of the divalent cations. Monovalent cations can also

regenerate the electric current of the bR blue membrane and

their abilities are in the order Li+QNa+QK+QCs+ (Fig. 1B).

This order agrees with Hofmeister series as a measure of the

hydration ability of the monovalent metal cations [40]. The

hydration ability of these cations as a water structure maker

(Li+, Na+) or water structure breaker (Cs+, K+) is closely

associated with the effects of the monovalent metal cations

on the blue to purple color transition and the regeneration of

the electric current in the bR [40,41].

The current amplitudes generated by the addition of a

mixture (1/1, molar ratio) of di- and monovalent cations

were compared with those by the separate addition of the

divalent or monovalent cations (Fig. 2), in order to examine

the location of the interacting sites of the divalent and

monovalent metal cations to the bR blue membranes. The

results suggest that the divalent cations, Ca2+ and Mg2+,

have common interacting sites, in which the divalent cations

competitively interact with a specific site of the bR protein

[42–44]. By comparing the current amplitudes of the bR

generated by the addition of a mixture of the divalent cation

and monovalent cation (1 mM Ca2++1 mM Na+) and the

addition of a three component mixture (1 mM Ca2++1 mM

Mg2++1 mM Na+) (Fig. 2), we found that the interacting

moiety of the monovalent cation to the bR blue membrane

may differ from those of the divalent cation [38].

Furthermore, this proposal may be supported by the results

in Fig. 3, in which the zeta potential profiles of the bR blue

membranes in the presence of the divalent (Ca2+) or

monovalent cations (Na+) significantly differ from each

other. When the divalent (Ca2+) or monovalent cations (Na+)
with the same concentration (1 mM) were added to the bR

blue membrane suspensions, both changes in the current

amplitude and the zeta potential are much greater for Ca2+

than those for Na+.

In addition to the divalent and monovalent metal cations,

it has been found that hydrophobic organic cations such as

C12H28N
+ or C15H36N2

+ can also regenerate the proton

pumping activity in the bR blue membrane [28,29]. These

reports allowed us to study the role of the amine anesthetics

cations (dibucaine, tetracaine, bupivacaine, lidocaine and

procaine) on the proton transport of the bR protein as a

model of the G-protein-coupled drug receptors [1–3]. The

results showed that as the concentrations of the anesthetic

cations increased, the currents in the bR blue membranes

increased, leading to a maximum value, and then changed to

decreasing, indicative of the biphasic effect of amine

anesthetics on the bR proton pump (Fig. 1A). This biphasic

behavior of the electric currents indicates that there exist at

least two types of locations for the binding sites of the

anesthetic cation for the current generation and inhibition.

Their dose–response curves were explicitly dependent on

the type of amine anesthetics (Fig. 5A). The molar ratio of

the tetracaine cation to the blue membrane, which causes the

blue to purple transition, was approximately 5:1 (Fig. 5B).

This ratio was compared with the molar ratio, 100:1, of the

monovalent metal cations, such as Na+ or K+ [22]. It is

noteworthy that the anesthetic cations are much more

effective for the regeneration of the native purple color

than the monovalent metal cations.

In order to elucidate the interacting site of the anesthetic

cation to the bR membrane, we examined the relationship

between the changes in the electric current and in the zeta

potential of the bR blue membrane by adding the tetracaine

cation (Fig. 6). The electric current in the bR protein in the

presence of the tetracaine cation was generated by an

electrostatic interaction with the negatively charged bR

membranes [38]. The obtained current profile is biphasic,

involving an increase and decrease in the electric current of

the bR in a concentration-dependent manner, while the zeta

potential continues to increase even at high concentrations

of the tetracaine cation: (1) At the low concentrations below

0.01 mM, the electric current remarkably increased, though

the increases in the zeta potential by the tetracaine binding

were small. This suggests the existence of specific binding

sites of the amine anesthetic cations to the bR [29],

including a site near Asp85 within the protein [42,43], or

more external sites [44]. (2) At high concentrations above 1

mM, while the zeta potential of the bR blue membrane

shows a significant increase, the electric current decreases,

and therefore, the proton pump is inhibited. The inhibition

of the bR proton pump in the high concentration region of

the tetracaine cation is considered to arise from the global

conformational change in the bR protein by a nonspecific

adsorption of the tetracaine cation within the electric double

layer [38] of the negatively charged bR blue membrane

surface. (3) At concentrations from 0.01 to 1 mM there
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exists a plateau region in the current profile. This plateau

may occur by the competition between the regeneration

(current increase) and inhibition (current reduction) of the

proton pumping activity.

Next, we discuss the mechanism of the inhibition of the

proton pumping activity by the amine anesthetics using the

wild-type bR and the D96N- and the E204Q-bR mutants,

which are obtained from the point-mutation of key residues

involved in the bR proton transport (Fig. 8). In the case of

the wild type bR, the observed electric current is the sum

of the proton transfer from the Schiff base to D85 and

from D96 to the deprotonated Schiff base, whereas in the

case of the D96N mutant, there is no proton acceptor on

the cytoplasmic side and all the protons released from the

Schiff base move to D85. The inhibition of the proton

pump by the hydrophobic tetracaine cation is much more

effective than that by the divalent Ca2+ (Table 2),

suggesting that the hydrophobic interaction with the bR

membrane also plays an important part in inhibiting the

proton pump (Fig. 7). The EC50 for the proton pump

inhibitions in the presence of the tetracaine cation was in

the order D96N-bRbwild type bR, and the inhibition was

the most effective for the D96N mutant (Table 2). This

suggests that the area around the D96 residue, which is

located in the hydrophobic cytoplasmic half of the bR

molecule, is a candidate for the location of the interacting

sites of the tetracaine cation. The first photocycle

intermediate is dramatically slowed down when the proton

donor D96 in the cytoplasmic halfchannel is replaced with

asparagine. In this D96N mutant, the Schiff base even-

tually reprotonates from the distant cytoplasmic surface for

lack of a nearby proton donor [45,46]. It is widely

accepted that the bR protein undergoes global conforma-

tional changes in the bR during proton pumping and its

conformational changes occur in the hydrophobic cyto-

plasmic half of the bR molecule [46]. Therefore, the

interaction of the tetracaine cation with the bR membrane

may modify the global conformational changes which

occur in the hydrophobic cytoplasmic half of the bR

molecule, in which the D96 residue locates [47]. As a

result, the reprotonation of the Schiff base from the distant

cytoplasmic surface may be interrupted. Although the

electric currents of the E204Q may involve a significant

error (Fig. 8), their currents tend to decrease in the high

concentration regions of the additive. The E to Q point

mutation of the E204 residue in the extracellular side may

contribute to weakening the hydrogen-bonded network

formed through the C=N part of the Schiff base [20,21].

The interaction of the anesthetic cation with the bR

membrane affects the hydrogen-bonded network of the

residues in the extracellular channel and therefore, pumps

proton with difficulty. We found that the amine anesthetic

cations significantly suppressed the proton uptake in the

cytoplasmic half and the proton release in the extracellular

half of the protein by the global conformational perturba-

tion of the bR protein.
5. Conclusion

We examined the effect of the amine anesthetic cations on

the proton transport of the bR as G-protein-coupled drug

receptors. The obtained results were compared with those of

the divalent (Ca2+,Mg2+,Mn2+) andmonovalent metal cations

(Li+, Na+, K+ and Cs+), which are essential for the correct

functioning of the proton pumping of the bR. The binding site

of the divalent metal cation to the bR protein may differ from

that of the monovalent metal cations. The regeneration of the

proton pump is much more effective for the monovalent

anesthetic cations than those for the monovalent metal cations.

The electric current profiles in the presence of the anesthetic

cations are biphasic, involving the generation and inhibition of

the proton pump, in a concentration-dependent manner. The

results provided useful information on the elucidation of the

diverse effect of amine anesthetics on various membrane

processes, and furthermore, on the functional role of bthe
cationsQ in the bR proton pumping mechanism.
Acknowledgements

We gratefully thank Professor Janos K. Lanyi of the

University of California for the generous gift of bR mutants,

and Professor Eirou Muneyuki of Tokyo Institute of

Technology for technical support on the electrochemical

measurement.
References

[1] W. Kuhlbrandt, Bacteriorhodopsin—the movie, Nature 406 (2000)

569–570.

[2] J.K. Lanyi, Bacteriorhodopsin, Biochim. Biophys. Acta 1460 (2000)

1–3.

[3] S. Subramaniam, R. Henderson, Molecular mechanism of vectorial

proton translocation by bacteriorhodopsin, Nature 406 (2000)

653–657.

[4] S.P. Balashov, E.S. Imasheva, R. Govindjee, T.G. Ebrey, Titration of

aspartate-85 in bacteriorhodopsin: what it says about chromophore

isomerization and proton release, Biophys. J. 70 (1996) 473–481.

[5] J.K. Lanyi, Mechanism of ion transport across membranes. Bacter-

iorhodopsin as a prototype for proton pumps, J. Biol. Chem. 272

(1997) 31209–31212.

[6] R. Rammelsberg, G. Huhn, M. Lubben, K. Gerwert, Bacteriorhodop-

sin’s intramolecular proton-release pathway consists of a hydrogen-

bonded network, Biochemistry 37 (1998) 5001–5009.

[7] N.A. Dencher, H.J. Sass, G. Buldt, Water and bacteriorhodopsin:

structure, dynamics, and function, Biochim. Biophys. Acta 1460

(2000) 192–203.

[8] J. Wang, M.A. El-Sayed, Time-resolved Fourier transform infrared

spectroscopy of the polarizable proton continua and the proton pump

mechanism of bacteriorhodopsin, Biophys. J. 80 (2001) 961–971.

[9] N. Grigorieff, T.A. Ceska, K.H. Downing, J.M. Baldwin, R.

Henderson, Electron-crystallographic refinement of the structure of

bacteriorhodopsin, J. Mol. Biol. 259 (1996) 393–421.

[10] H. Luecke, B. Schobert, H.-T. Richter, J.-P. Cartailler, J.K. Lanyi,

Structure of bacteriorhodopsin at 1.55 A resolution, J. Mol. Biol. 291

(1999) 899–911.



A. Shibata et al. / Biochimica et Biophysica Acta 1669 (2005) 17–25 25
[11] K. Mitsuoka, T. Hirai, K. Murata, A. Miyazawa, A. Kidera, Y.

Kimura, Y. Fujiyoshi, The structure of bacteriorhodopsin at 3.0. A

resolution based on electron crystallography: implication of the charge

distribution, J. Mol. Biol. 286 (1999) 861–882.

[12] H. Luecke, B. Schobert, J.-P. Cartailler, H.-T. Richter, A. Rosengarth,

R. Needleman, J.K. Lanyi, Coupling photoisomerization of retinal to

directional transport in bacteriorhodopsin, J. Mol. Biol. 300 (2000)

1237–1255.

[13] J.K. Lanyi, Crystallographic studies of the conformational changes

that drive directional transmembrane ion movement in bacteriorho-

dopsin, Biochim. Biophys. Acta 1459 (2000) 339–345.

[14] T. Lazarova, C. Sanz, E. Querol, E. Padros, Fourier transform infrared

evidence for early deprotonation of Asp85 at alkaline pH in the

photocycle of bacteriorhodopsin mutants containing E194Q, Biophys.

J. 78 (2000) 2022–2030.

[15] C. Zscherp, R. Schlesinger, J. Heberle, Time-resolved FT-IR spectro-

scopic investigation of the pH-dependent proton transfer reactions in

the E194Q mutant of bacteriorhodopsin, Biochem. Biophys. Res.

Commun. 273 (2001) 57–63.

[16] H.-T. Richter, L.S. Brown, R. Needleman, J.K. Lanyi, A linkage of the

pKa’s of Asp-85 and Glu-204 forms part of the reprotonation switch

of bacteriorhodopsin, Biochemistry 35 (1996) 4054–4062.

[17] S. Misra, R. Govindjee, T.G. Ebrey, N. Chen, J.-X. Ma, R.K.

Crouch, Proton uptake and release are rate-limiting steps in the

photocycle of the bacteriorhodopsin mutant E204Q, Biochemistry 36

(1997) 4875–4883.

[18] L.S. Blown, J. Sasaki, H. Kandori, A. Maeda, R. Needleman, J.K.

Lanyi, Glutamic acid 204 is the terminal proton release group at the

extracellular surface of bacteriorhodopsin, J. Biol. Chem. 270 (1995)

27122–27126.

[19] A.K. Dioumaev, L.S. Brown, R. Needleman, J.K. Lanyi, Coupling of

the reisomerization of the retinal, proton uptake, and reprotonation of

Asp-96 in the N photointermediate of bacteriorhodopsin, Biochemis-

try 40 (2001) 11308–11317.

[20] H. Otto, T. Marti, M. Holz, T. Mogi, M. Lindau, H.G. Khorana, M.P.

Heyn, Aspartic acid-96 is the internal proton donor in the reprotona-

tion of the Schiff base of bacteriorhodopsin, Proc. Natl. Acad. Sci. U.

S. A. 86 (1989) 9228–9232.

[21] A. Miller, D. Oesterhelt, Kinetic optimization of bacteriorhodopsin by

aspartic acid 96 as an internal proton donor, Biochim. Biophys. Acta

1020 (1990) 57–64.

[22] Y. Kimura, A. Ikegami, W. Stoeckenius, Salt and pH-dependent

changes of the purple membrane absorption spectrum, Photochem.

Photobiol. 40 (1984) 641–646.

[23] C.H. Chang, J.G. Chen, R. Govindjee, T. Ebrey, Cation binding by

bacteriorhodopsin, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 396–400.

[24] M. Dunach, M. Seigneuret, J.-L. Rigaud, E. Padros, Influence of

cations of the blue to purple transition of bacteriorhodopsin, J. Biol.

Chem. 263 (1988) 17378–17384.

[25] X. Fu, S. Bressler, M. Ottolenghi, T. Eliash, N. Friedman, M. Sheves,

Titration kinetics of Asp-85 in bacteriorhodopsin: exclusion of the

retinal pocket as the color-controlling cation binding site, FEBS Lett.

416 (1997) 167–170.

[26] S. Yoo, E.S. Awad, M.A. EL-Sayed, Comparison between the binding

of Ca2+ and Mg2+ to the two high affinity sites of bacteriorhodopsin, J.

Phys. Chem. 99 (1995) 11600–11604.

[27] S. Tugi, S. Yamaguchi, M. Tanio, H. Konishi, S. Inoue, A. Naito, R.

Needlemen, J.K. Lanyi, H. Saito, Location of a cation-binding site in

the loop between helices F and G of bacteiorhodopsin as studied by

13C NMR, Biophys. J. 76 (1999) 1523–1531.

[28] Y. Mukohata, K. Ihara, in: Y.A. Ovchinnikov (Ed.), Retinal Proteins,

VNU Science Press, Zeist, The Netherlands, 1984, p. 195.
[29] E.H.L. Tan, D.S.K. Govender, R.R. Bierg, Large organic cations can

replace Mg2+ and Ca2+ ions in bacteriorhodopsin and maintain proton

pumping ability, J. Am. Chem. Soc. 118 (1996) 2752–2753.

[30] P.G. Bradford, G.V. Martinetti, Effects of local anesthetics on

phospholipid topology and dopamine uptake and release in rat brain

synaptosomes, J. Membr. Biol. 67 (1982) 211–218.

[31] M.L. Michaelis, E.K. Michaelis, Alcohol and local anesthetic effects

on Na+-dependent Ca2+ fluxes in brain synaptic membrane vesicles,

Biochem. Pharmacol. 32 (1983) 963–969.

[32] H.M. Sidek, C. Nyquist-Battie, G. Vanderkooi, Inhibition of

synaptosomal enzymes by local anesthetics, Biochim. Biophys. Acta

801 (1984) 26–31.

[33] H.G. Dohlman, M.G. Caron, R.J. Lefkowitz, A family of receptors

coupled to guanine nucleotide regulatory proteins, Biochemistry 26

(1987) 2657.

[34] A. Shibata, H. Ikema, S. Ueno, E. Muneyuki, T. Higuti, Alkane

derivatives–bacteriorhodopsin interaction: proton transport and pro-

tein structure, Colloids Surf., B Biointerfaces 22 (2001) 31–38.

[35] E.J. Rudolph, Local anesthetics, Thomas Publisher, Illinois, 1984,

Charles C. Chap. 5.

[36] M. Hattori, S. Dohi, M.M. Nozaki, M. Niwa, H. Shimonaka, The

inhibitory effects of local anesthetics on superoxide generation of

neutrophils correlate with their partition coefficients, Anesth. Analg.

84 (1997) 405–412.

[37] E. Muneyuki, D. Okuno, M. Yoshida, A. Ikai, H. Arakawa, A new

system for the measurement of electrogenicity produced by ion

pumps using a thin polymer films: examination of wild type bR

and the D96N mutant over a wide pH range, FEBS Lett. 427

(1998) 109–114.

[38] I. Szundi, W. Stoeckenius, Surface pH controls purple-to-blue

transition of bacteriorhodopsin, Biophys. J. 56 (1989) 369–383.

[39] E. De Paula, S. Schreier, Use of a novel method from determination of

partition coefficients to compare the effect of local anesthetics on

membrane structure, Biochim. Biophys. Acta 1240 (1995) 25–33.

[40] D. Eagland, in: F. Franks (Ed.), Water: A Comprehensive Treatise,

vol. 4, Plenum Press, New York, 1975, Chap. 5.

[41] H. Kamikubo, T. Oka, Y. Imamoto, F. Tokunaga, J.K. Lanyi, M.

Kataoka, The last phase of the reprotonation switch in bacterio-

rhodopsin: the transition between the M-type and the N-type

protein conformation depends on hydration, Biochemistry 36 (1997)

12282–12287.

[42] R. Jonas, T.G. Ebrey, Binding of a single divalent cation directly

correlates with the blue-to-purple transition in bacteriorhodopsin,

Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 149–153.

[43] L. Pardo, F. Sepulcre, J. Cladera, M. Duñach, A. Labarta, J. Tejada, E.
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