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We have measured the inhibitory potencies of local anesthetics (procaine, lidocaine, tetracaine and di- 
bucaine) on ATP-mediated H +-.translocation, Ca 2 +-transport and ATPase activity in membrane vesicles from 
Mycobacterium phlei. Procaine and lidocaine up to 1 mM concentration did not inhibit A TP-dependent 
H +-translocation, CaZ+-transport and ATPase activity. However, tetracaine and dibucaine at 0.2 mM 
concentration caused dissipation of the proton gradient, measured by the reversal of the quenching of 
fluorescence of quinacrine, and inhibition of active CaZ+-transport. Tetracaine (1 mM) inhibited 
membrane-bound ATPase activity without affecting solubilized F1-ATPase activity. Studies show that these 
local anesthetics do not prevent the inactivation of Fo-F 1 ATPase by dicyclohexylcarbodiimide (DCCD). 
Binding of [14C]DCCD to F0-protcolipid component remained unchanged in the presence of tetracaine 
indicating that DCCD and tetracaine do not share common binding sites on the F0-protcolipid sector. The 
inhibition of H +-translocation and membrane-bound ATPase activity by tetracaine was substantially additive 
in the presence of vanadate. 

Introduction 

Local anesthetics are well known as blockers of 
nerve conduction at a concentration which does 
not significantly alter the resting potential [1]. The 
potency of local anesthetics have been correlated 
to their ability to interact with phospholipid model 
membranes [2,3] and red blood cell membrane [4]. 
It has been proposed that local anesthetics mediate 
their action by directly interacting with proteins 
[5] as well as perturb the membrane lipids environ- 
ment, which alters the activities of membrane en- 
zymes. Recent studies have shown that local 
anesthetics inhibit mitochondrial Fa-ATPase [6,7]. 

* To whom request for reprints should be addressed. 
Abbreviations: Hepes, ~(2-hydroxyethyl)-l-piperazineethane- 
sulphonic acid; DCCD, N,N'-dicyelohexylcarbodiimide. 

Moreover, it has been observed that these local 
anesthetics protect  mitochondrial F1-ATPase 
against inactivation by dicyclohexylcarbodiimide 
[8]. However, thermophilic ATPase (TF1) ex- 
hibited resistance to inhibition by local anesthetics 
[9] which was interpreted as due to the extreme 
stability of the conformation of TF1, even though 
high degree of homology in amino acid sequence 

'exists among catalytic fl subunit of various 
ATPases including thermophilic ATPase [10,11], 

These reports prompted us to investigate the 
interaction of local anesthetics with membrane- 
bound and solubilized ATPase from Myco-  
bacterium phlei. Our studies show that dibucaine 
and tetracaine inhibit ATP-mediated H+-translo- 
cation and Ca2+-transport while procaine and 
lidocaine were ineffective. Moreover, tetracaine in- 
hibits membrane-bound ATPase activity without 
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affecting solubilized F1-ATPase activity. To our 
knowledge, this is the first report describing in- 
hibition of proton-translocating ATPase by tetra- 
caine. The inhibition of H+-translocation by tetra- 
caine occures presumably by interacting with the 
F 0 sector of the F0-F 1 complex. 

Materials and Methods 

Preparation of membrane vesicles and FrA TPase. 
Mycobacterium phlei ATCC 354 was grown and 
harvested as described by Brodie and Gray [12]. 
Membrane vesicles were prepared by sonication of 
cells as described by Brodie [13]. Membrane 
vesicles were suspended in 50 mM Tris-acetate 
buffer (pH 8.0) containing 0.15 M KC1 and 4 mM 
MgC12. F1-ATPase was solubilized from mem- 
branes as described by Higashi et al. [14]. 

Trypsin treatment to activate A TPase in mem- 
brane vesicles. Unmasking of ATPase by trypsin 
treatment was carried out in a reaction mixture 
containing membrane vesicles or solubilized F 1- 
ATPase (1-2 mg/ml) in 50 mM Tris-acetate buffer 
(pH 7.0) containing 0.15 M KC1 and 4 mM MgC12 
and bovine pancreas trypsin (50 btg/mg mem- 
brane protein) for 10 rain at 30°C. After 10 min, 
the reaction was terminated by the addition of 
soybean trypsin inhibitor (100 ~tg/mg protein). 

Assay of latent A TPase activity. ATPase activity 
in trypsin-treated membrane vesicles and solubi- 
lized F 1 was carried out in the presence of 4 mM 
MgC12 and 10 mM ATP at 30°C, as described 
previously [15]. The inhibition of membrane-bound 
ATPase activity by various local anesthetics was 
assayed by addition of anesthetic prior to the 
addition of ATP. 

Assay of the calcium transport. Uptake of 45 Ca 2 + 
in membrane vesicles and trypsin-treated vesicles 
was determined by filtration method, utilizing 0.45 
/~M Millipore filter as described previously [16,17]. 
Where indicated, local anesthetics were added prior 
to the initiation of uptake by the addition of 
45CaC12 (50/~M). 

Measurement of the proton gradient by fluores- 
cence method. Changes in transmembrane proton 
gradient (ApH) were estimated from the energy- 
linked quenching of quinacrine fluorescence, as 
described earlier [18,19]. The assay medium com- 
prised t rypsin- treated vesicles (0.5 mg 
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protein/ml)/50 mM Hepes-KOH buffer (pH 
7.4)/4 mM MgC12/4 /tM quinacrine, in a total 
volume of 2.5 ml. Unless otherwise indicated, ATP 
was added at a concentration of 0.8 mM. Fluores- 
cence measurements were carried out at 37°C, 
using a Perkin-Elmer MPF-4 spectrofluorometer 
with excitation at 420 nm and emission at 500 nm. 

Measurement of respiration. Rates of oxygen 
consumption in membrane vesicles were measured 
in the presence of succinate (20 raM), with a 
Clark-type oxygen electrode (YSI Model 53, 
oxygen monitor, Yellow Spring Instrument, Yel- 
low Springs, OH). The concentration of all the 
local anesthetics used was 1 mM. 

Estimation of [14C]DCCD binding. The reaction 
mixture in a total volume of 0.5 ml, comprising 
membrane vesicles (3-5 mg proteins)/ 50 mM 
Tris-acetate buffer (pH 8.0)/0.15 M KC1/4 mM 
MgC12 was incubated with [14C]DCCD (specific 
activity, 54.6 Ci/mol) in the presence and absence 
of tetracaine (1 mM) for a period of 2 h at 37°C. 
After the incubation, the suspension was centri- 
fuged at 144000 × g for 20 rain and the pellet 
washed twice with the same buffer. The washed 
pellet was homogenized in 10 mM Tricine-NaOH 
buffer, pH 8.0 and [14C]DCCD-labeled proteo- 
lipid extracted by butanol, and dried under N 2 gas 
as described [18,20] and counted for radioactivity 
by liquid scintillation counting. 

Protein measurement. Protein was estimated by 
the method of Lowry et al. [21] using bovine serum 
albumin as standard. 

Materials. [14C]DCCD (54.6 Ci/mol) was 
purchased from Research Products International 
Corp., IL; 45CAC12 from New England Nuclear; 
vanadate (orthovanadate) from Fisher Scientific; 
ATP (vanadate free), quinacrine, procaine, di- 
bucaine, tetracaine hydrochloride and hdocaine 
were purchased from Sigma Chemical. All other 
chemicals were of reagent grade purity. 

Results 

Effect of local anesthetics on membrane functions 
mediated by A TP hydrolysis 

Studies were carried out to determine whether 
membrane functions, i.e., formation of proton 
gradient (ApH) and uptake of Ca 2+, mediated by 
ATP hydrolysis, were affected by local anesthetics, 
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i.e., procaine, lidocaine, tetracaine and dibucaine. 
The quenching of fluorescence of quinacrine, indi- 
cative of proton uptake and A pH formation in 
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Fig. 1. Effect of local anesthetics on the formation of a proton 
gradient, driven by ATP hydrolyses. The change in fluorescence 
of quinacrine was measured in 2.5 ml of reaction mixture 
comprising 50 mM Hepes-KOH buffer (pH 7.4), 10 mM MgC1 z, 
4 #M quinacrine and membrane vesicles (1-2 mg protein). 
ATP (0.8 mM) was added where indicated. (A) Dibucalne (100 
/.tM), tetracalne (100 /~M), procaine (500 /iM) and lidocalne 
(500 /~M) were added at time intervals as indicated by the 
arrows. (B) Tetracalne (100 /~M) or dibucalne (100 /aM) was 
added before the addition of ATP (0.8 mM). Bovine serum 
albumin (100 mg) was added before adding ATP (0.8 mM) in 
the middle curve of Fig. I(B) Procaine (500 /~M) or lidocalne 
(500/zM) was added before the addition of ATP. 

membrane vesicles, was measured during hydroly- 
sis of ATP. As shown in Fig. 1A, addition of 
tetracaine and dibucaine at 100 vM concentration 
produced more than 70% reversal of quenching of 
fluorescence of quinacrine. Furthermore, addition 
of tetracaine and dibucaine to membrane prior to 
the addition of ATP prevented the quenching of 
fluorescence (Fig. 1B). The addition of bovine 
serum albumin after the addition of tetracaine 
caused ATP-induced quenching of fluorescence, 
indicating that affect of tetracaine is reversible in 
nature. In contrast lidocaine and procaine at con- 
centration up to 500 #M (Fig. 1A) did not affect 
the quenching of fluorescence of quinacrine medi- 
ated by ATP-hydrolysis, indicating procaine and 
lidocaine do not dissipate proton gradient forma- 
tion. Fig. 2 shows the relationship between the 
percentage reversal of fluorescence quenching as a 
function of the concentration of dibucaine and 
tetracaine, after the addition of ATP. The degree 
of reversal of quenching was dependent upon the 
concentration of either tetracaine or dibucaine ad- 
ded. The local anesthetic concentration yielding 
50% of Vma x (S0.5) was approx. 92 #M and 16/ iM 
for tetracaine and dibucaine, respectively. 

Active transport of Ca 2 ÷ driven by ATP hydrol- 
ysis as well as respiratory-linked substrate oxida- 
tion has been demonstrated previously [16,17] in 
membrane vesicles from M. Phlei. As shown in 
Fig. 3 tetracaine and dibucaine at 200 /~M con- 
centration inhibited (90%) active transport driven 
by ATP. Procaine and lidocaine did not affect the 
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Fig. 2. Effect of te t racaine  and  d ibuca ine  on  the reversal  of 
ATP- l inked  f luorescence quench ing  of quinacr ine.  ATP-in-  
duced  quench ing  of f luorescence was measured  as descr ibed in 

the legend to  Fig. 1. × × ,  tetracaine,  [] E, di- 
bucalne.  
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Fig, 3. Effect of local anesthetics on the uptake of 4s CaCI 2. 
The reaction mixture (0.5 ml) contained trypsin-treated mem- 
brane vesicles (2 mg protein), 50 mM Hepes-KOH buffer (pH 
7.4) and 4 mM MgC12. The uptake was initiated by the 
addition of 1 mM ATP and 50/~M of 45CaC12. Where indi- 
cated, local anesthetics were added at various concentrations, 
prior to the addition of the radioactive calcium in assay system. 
Samples of 80 VI were withdrawn at the indicated intervals of 
time and the uptake of calcium was determined as described 
under Materials and Methods. O O, 45Ca2+ uptake; 
uptake of 45Ca 2+ in the presence of: • • ,  procaine (1 
mM); zx zx, iidocaine (1 mM); x -  x ,  tetracaine 
(200 /aM); [] [], dibucaine (200 ~tM) and • II, 
m-carbonylcyanide phenylhydrazone. The results are shown for 
a typical experiment. Similar results were obtained in four 
separate experiments, using different membrane vesicles pre- 
parations. 

uptake of Ca 2÷ mediated by ATP hydrolysis. None 
of these local anesthetics (200 /~M) inhibited the 
uptake of Ca 2 ÷ driven by succinate oxidation (data 
not shown). 
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Fig. 4. Effect of various concentrations of local anesthetics on 
membrane-bound ATPase activity. The percent ATPase activ- 
ity in the presence of the local anesthetics (1 raM) compared to 
that in the absence is plotted versus the various concentrations 
of local anesthetics. The ATPase activity in trypsinized mem- 
brane vesicles was assayed by determining the released Pi as 
described under materials and Methods. ATPase activity in the 
presence of • • ;  procaine, /, zx, lidocaine; 
x ×, tetracaine and [] [], dibucaine. 

Inhibition of proton-translocating A TPase by tetra- 
caine 

As mentioned in the preceeding section, tetra- 
caine and dibucaine inhibited the generation of 
proton gradient and active transport of Ca 2÷ in 
membrane vesicles of M. phlei only when the 
process was energized by the hydrolysis of ATP, it 
was pertinent to determine whether these anesthet- 
ics exerted their effect through the inhibition of 
proton-translocating ATPase. As shown in Table 
I, tetracaine and dibucaine at 1 mM concentration 
inhibited membrane-bound ATPase activity, while 
procaine and lidocaine were ineffective at this 

TABLE I 

EFFECT OF LOCAL ANESTHETICS ON MEMBRANE-BOUND AND SOLUBLE ATPase ACTIVITY FROM M. PHLEI 

Membrane vesicles or soluble F1-ATPase were treated with trypsin, prior to analyzing the effect of various local anesthetics on 
ATPase activity. The ATPase activity was analyzed by determining the released Pi as described under Materials and Methods. 

ATPase activity (vmol P i /h  per mg protein) 

Membrane-bound Percentage Soluble Percentage 
inhibition inhibition 

Control 6.55 0.0 8.11 0.0 
Tetracaine (1 mM) 3.52 46.2 8.28 0.0 
Dibucaine (1 mM) 2.90 55.7 5.73 29 
Procaine (1 mM) 6.83 0.0 8.10 0~0 
Lidocaine (1 mM) 6.57 0.0 8.15 0.0 
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Fig. 5. Effect of pH on the inhibition of membrane-bound 
ATPase activity by tetracaine (1 mM). Membrane-bound 
ATPase activity in the presence and absence of tetracaine in 
trypsinized membrane vesicles (2 rag) was determined as 
described under Materials and Methods. ATPase activity; 
O ©, in the absence of tetracaine and × × ,  in 
the presence of tetracaine. 

concentration. However, tetracaine (7 mM) pro- 
caine and lidocaine did not inhibit soluble F1- 
ATPase activity. Dibucaine (1 mM) exhibited par- 
tially inhibitory (29%) effect on soluble F1-ATPase 
activity. Fig. 4 shows the effect of increasing con- 
centration of tetracaine and dibucaine on the in- 
hibition of membrane-bound ATPase activity. It 
should be mentioned that there was residual (40%) 
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Fig. 6. Lineweaver-Burk plot of membrane-bound ATPase ac- 
tivity in the presence of dibucaine or tetracaine, as a function 
of  various ATP concentration. The reaction mixture and the 
assay procedures were similar to those described in Fig. 5. 
Dibucaine (13 - 13) or tetracaine ( x  x )  was added 
at a concentration of 1 mM ( O ~  O, control). The plots 
were obtained using a programmable Hewlett-Packard com- 
puter attached to a plotter. Correlation coefficient R value was 
0.99. 
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Fig. 7. The effect of the presence of both vanadate and tetra- 
caine on the percentage quenching of fluorescence of quinacrine. 
Titration curve on the left-hand panel was obtained in the 
absence of vanadate ( x  ×),  or with 2.5 #M vanadate 
(O O). Titration curve on the right-hand panel was 
obtained in the absence of tetracaine (e  e)  or with 20 
#M tetracaine (13 12]) and 40 #M tetracaine (zx zx). 
Data were obtained by the measurement of the rate of quench- 
ing of quinacrine energized by ATP hydrolysis at different 
concentrations of either tetracaine or vanadate using trypsin 
treated vesicles (1-2 mg) as described in the legend to Fig. 1. 

ATPase activity, which was not inhibited by tetra- 
caine, as has also been observed in F1-ATPase 
from submitochondrial particles [6]. Tetracaine in- 
hibited membrane-bound ATPase activity above 
pH 7.0 (Fig. 5). Lineweaver-Burk plots (Fig. 6) of 
the effect of tetracaine and dibucaine on the kinet- 
ics of ATP hydrolysis showed that the reciprocal 
plots are parallel, indicating that inhibition is un- 
competitive in nature. 
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Fig. 8. The effect of the presence of both vanadate and tetra- 
caine on the ATPase activity in membrane vesicles from M. 
phlei. Titration curves were obtained in the absence of vanadate 
( x  x) ,  or with 20 pM (O O) or 40 pM 
(zx zx) vanadate. The reaction mixture and assay proce- 
dures for determining the ATPase activity were similar to those 
described in the legends to Fig. 4 except that the concentration 
of MgCl 2 was 15 mM instead of 4 raM. 



Effect of local anesthetics on the inhibition of mem- 
brane-bound A TPase activity by DCCD 

Since tetracaine inhibited membrane-bound 
ATPase but not solubilized ATPase activity, it was 
of interest to determine whether the binding of 
tetracaine to F 0 portion of F0-F 1 complex in- 
fluenced the inactivation of ATPase activity 
brought about by covalent inhibitor, dicyclohe- 
xylcarbodiimide [18], which is known to bind at 
sites on F 0. Studies showed that tetracaine (1 mM) 
and dibucaine (1 mM) did not prevent the in- 
activation of ATPase activity by DCCD (data not 
shown) indicating that these anesthetics do not 
presumably bind to the same site as DCCD. In- 
cubation of [14C]DCCD with membrane vesicles, 
in the presence and absence of tetracaine, followed 
by extraction of DCCD-binding proteolipid [18] 
revealed that there was no difference in the bi- 
nding of [14C]DCCD to proteolipid, indicating 
that tetracaine and DCCD do not share common 
binding sites (data not shown). 

Effect of tetracaine on H +-A TPase in the presence 
of vanadate 

Previous studies [19] have shown that vanadate 
(52 gM) inhibited membrane-bound ATPase activ- 
ity as well as formation of proton gradient in 
membrane vesicles of M. Phlei. We determined 
whether the effect of tetracaine in the presence of 
vanadate was additive in nature in the inhibition 
of A pH formation. As shown in Fig. 7, addition of 
a limiting amount of tetracaine (20-80 gM) caused 
quenching (18-37%) of fluorescence, which was 
markedly enhanced by the addition of vanadate. 
At 20/~M tetracaine concentration, there was 18% 
reversal of quenching of fluorescence, which was 
enhanced to 68% by the addition of vanadate 2.5 
gM (Fig. 7A). Similarly, the addition of a limiting 
amount of vanadate (4 #M) caused 30% quenching 
of fluorescence, which was enhanced to 62% and 
72% by the addition of 20 gM and 40/~M tetra- 
caine, respectively, indicating that the effect was 
independent of the order of addition. As shown in 
Fig. 8, the inhibition of membrane-bound ATPase 
activity by tetracaine was partially additive with 
20 gM and 40 gM vanadate, respectively. 
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Discussion 

The results presented in this investigation show 
that among local anesthetics, dibucaine, tetracaine, 
lidocaine and procaine, the effect on membrane 
function is selective in membrane vesicles of 
Mycobacterium phlei. Procaine and lidocaine up to 
1 mM concentration do not affect membrane- 
bound ATPase and solubilized F1-ATPase activity. 
In addition, procaine and hdocaine do not affect 
ATP-dependent quenching of fluorescence of 
quinacrine or 9-aminoacridine, probes used for the 
measurement of proton gradient. However, tetra- 
caine and dibucaine exerted potent inhibitory ac- 
tion on the formation of proton gradient (ApH), 
as measured by the quenching of quinacrine fluo- 
rescence. Since tertiary amine local anesthetics are 
weak bases, they might accumulate within the 
vesicles and dissipate ApH. However, this may not 
be true, since procaine and lidocaine at five times 
higher concentration than tetracaine and di- 
bucaine did not dissipate ApH. It is pertinent to 
mention that lidocaine, tetracaine and procaine 
were found not to affect the energy-linked fluores- 
cence response of quinacrine in submitochondrial 
particles [22], indicating that these anesthetics do 
not substantially accumulate in these vesicles. 
Mueller et al. [23] have observed specific binding 
sites for quinacrine in submitochondrial particles, 
and thus have indicated that quantitative measure- 
ment of proton gradient (ApH) by these probes 
would give an overestimation. Dibucaine and te- 
tracaine both inhibited membrane-bound ATPase 
activity, while dibucaine (200 gM) inhibited par- 
tially (29%) soluble F1-ATPase activity. It appears 
that tetracaine exhibits inhibitory action on the 
H +-translocation system, which resembles that ex- 
erted by dicyclohexylcarbodiimide [21] and vana- 
date [19] in Mycobacterium phlei membranes. The 
inhibition of the H÷-ATPase by DCCD and 
vanadate results from specific depression of the 
proton conduction of F 0 sector of the F0-F1-ATPase 
complex [18]. Since tetracaine does not affect 
solubilized F1-ATPase activity, therefore it seems 
likely that the inhibition of proton conductivity 
observed may occur as a result of binding of 
tetracaine to either F 0 sector of F0-F 1 complex or 
non-specific hydrophobic binding to the mem- 
brane. 
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Since DCCD and vanadate also bind to the F 0 
sector of the F0-F 1 complex, it was of interest to 
determine whether tetracaine shared the sites oc- 
cupied by either DCCD or vanadate on F 0 sector. 
Studies showed that tetracaine does not prevent 
the inactivation of ATPase activity by DCCD in 
M. phlei membranes. In submitochondrial par- 
ticles, Laikind et al. [8] have observed that local 
anesthetics protect ATPase from inactivation by 
DCCD by interacting with the catalytic sites of the 
enzyme. Thus, it appears that in F0-F l ATPAse 
complex of M. phlei membranes binding of tetra- 
caine and DCCD do not occur to the same site or 
amino acid residues. This is also substantiated by 
the observation that extent of binding of 
[14C]DCCD to proteolipid component of F0-F 1 
complex remains the same, even when membranes 
are preincubated with tetracaine (200/tM). 

Studies were carried out to delineate whether 
vanadate and tetracaine bind to the same or differ- 
ent binding sites in the F 0 sector of Fo-F 1 complex. 
Our results show that inhibition in ATPase activity 
and H+-conductivity were substantially additive in 
the presence of bo th  inhibitors, namely vanadate 
and tetracaine. In this respect, the effect of tetra- 
caine resembles to that of N-ethylmaleimide, which 
exhibits partially additive effect with that exerted 
by oligomycin and triphenyltin in the inhibition of 
the proton conductivity of the H ÷-ATPase in sub- 
mitochondrial particles [24,25]. However, the ef- 
fects of oligomycin and dicyclohexylcarbodiimide 
on the ATPase activity in beef-heart sub- 
mitochondrial particles have been shown not to be 
additive indicating different binding sites of these 
two inhibitors [25]. Since the oligomeric structure 
of DCCD-binding proteolipid component has not 
been conclusively established; both trimeric 
[27-29] and hexameric [30] structures have been 
proposed, and stoichiometry of binding of either 
tetracaine or vanadate is not known, therefore it is 
not clear whether additive inhibition is through 
binding to the same monomer subunit or 
oligomeric structure. It is pertinent to mention 
that Glaser et al. [26] observed that 1 mol 
oligomycin per mol F 0 could inhibit both H ÷- 
translocation coupled to ATP hydrolysis and pas- 
sive translocation through F 0 devoid of F 1, suggest- 
ing that oligomycin-binding protein may be pre- 
sent only as a monomer in F 0 and may thus be a 

different subunit  than the DCCD-binding  
oligomer. These local anesthetics do not inhibit 
respiration (data not shown) and respiratory lin- 
ked Ca2+-transport, thus the affect observed with 
these anesthetics cannot be due to non-specific 
hydrophobic binding to the membrane. The in- 
hibition of membrane-bound ATPase but not 
solubilized FI-ATPase by tetracaine may simply be 
due to the altered configuration of the enzyme in 
F0-F 1 complex as opposed to the free F 1 form 
cannot be ruled out by these experiments. Since 
the inhibition of proton translocation and ATPase 
activity in M. phlei membrane vesicles by tetra- 
caine did not significantly change with the incuba- 
tion time, these results suggest that under the 
influence of tetracaine, F 0 oligomer presumably 
does not undergo a change in conformational tran- 
sition state, in contrast to oligomycin and N-ethyl- 
maleimide which have been shown to inhibit H ÷- 
translocation in a time-dependent manner [25] as a 
result of affecting the conformational transition 
state of the F 0 component. 

Tetracaine should be a useful probe for the 
elucidation of the structure and function of the 
proton-translocating ATPase, since it is a reversi- 
ble inhibitor. The precise site of binding of tetra- 
caine in the F0-F t complex will be investigated in 
future by synthesizing affinity probes of tetracaine 
and mapping studies. 
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