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Abstract-This communication explicitly considers the possibility that local anesthetics interact with 
divalent cation binding centers, such as chlortetracycline, quin 2, ethyleneglycol bis (B-aminoethyl 
ether)-N-NJ’,&“-tetraacetic acid (EGTA), ethylenediamine tetraacetic acid (EDTA) and ATP. Alter- 
ations of local anesthetic fluorescence spectra have been found in the presence of EGTA, EDTA and 
ATP. On the other hand, the fluorescence of chlortetracycline is enhanced and that of quin 2 is quenched 
by local anesthetics. The spectrofluorometric evidence presented in this paper clearly indicates that local 
anesthetics and these divalent cation chelators interact in solution. The fluorescence alterations observed 
do not derive from parallel changes of their respective absorption spectra, thus, they appear to be due 
to quantum yield changes. On the basis of the spectra1 perturbations observed, it is likely that local 
anesthetics interact with M*+ binding centers via their electron defective aromatic ring. From the 
association constants obtained in this study, we make an estimation of the free energy of this interaction 
ranging from -2.8 to -4.0 kcal/mole in the following experimental conditions: pH 7.4 at an ionic 
strength of 0.1 at 25”. The relevance of these results to define the physical-chemical characteristics of 
the local anesthetic receptor site is briefly discussed. It is suggested that local anesthetics can bind 
strongly to Ca*+ and Mg*+ binding centers, provided that a hydrophobic region is located nearby. 

The molecular mechanisms by which the anesthetics 
exert their actions have not been fully elucidated yet 
(see Refs 1 and 2 for recent reviews on this topic). 
Regarding the local anesthetics it is well established 
that their anesthetic potency can be correlated to the 
blockade of the voltage-gated Na+ channel of axonal 
membranes [3]. Nevertheless, the molecular mech- 
anism of this blockade is still a matter of discussion. 
In addition, some local anesthetics like lidocaine and 
procainamide are well-known cardiac antiarrythmic 
agents [4]. The hypothesis of anesthesia as a result 
of non-specific structural perturbation of the lipid 
matrix of biological membranes, e.g. fluidity 
changes, excess volume or membrane thickness alter- 
ation, have not been convincingly supported to date 
by experimental data [l, 21. Among the functional 
perturbations induced by anesthetics in membranes, 
alterations of ionic fluxes, particularly K+ and H+ 
fluxes, have been claimed to be involved in the 
phenomenon of anesthesia [5,6]. Recently, Green- 
berg and Tsong [7] have shown that membrane pro- 
teins likely provide the binding sites for local 
anesthetics in axonal membranes, thus strongly sup- 
porting that the perturbations induced by anesthetics 
in functions mediated by membrane proteins are a 
consequence of their direct interaction with, at least, 
some of them. Furthermore, Greenberg and Tsong 
[8] have reported experimental data showing the 
presence of a receptor protein for local anesthetics 
in axonal membranes, a protein of 18 kDa, different 
to the Na+ channel. However, the basic physical- 
chemical characteristics and putative biological func- 
tions of the local anesthetics receptor site remain to 
be established. 

* To whom all correspondence should be sent. 

Stemming from a different set of approaches, how- 
ever, another picture is emerging. This is that many 
of the biochemical effects of local anesthetics are 
expressed on calcium-dependent processes [9]. In 
particular, the interaction of various local anesthetics 
with phospholipids shows a good correlation with 
their ability to block the excitation of nerve mem- 
branes and it seems to be antagonized by Ca2+, as 
is their blocking action on nerve membranes [lo]. 
Feinstein has suggested that these compounds can 
exert their actions by displacing Ca2+ from the 
anionic sites of phospholipids (mostly provided by 
phosphatidylserine in nerve cell membranes), this 
being associated to the raise of the threshold for 
the action potential induced by these drugs [ll]. 
Blaustein and Goldman [12] and Blaustein [13] gave 
additional experimental support to this hypothesis. 
On the other hand, Ca2+ is known to mediate a wide 
variety of processes related to cellular excitability, 
even to be able to induce action potentials in the 
nerve cell soma in sodium-free solutions [ 141. At the 
cellular level, it has been shown that calcium and 
procaine compete with one another with respect to 
their actions on the membrane conductance of lob- 
ster axon [15], that the effects of lidocaine on the 
gametic fusion of Chlamydomonas are reverted by 
addition of Ca2+ [16] and that the effects of local 
anesthetics on protein turnover in skeletal muscle 
are mediated by an increase of cytosolic free calcium 
ion [17]. At a molecular level, it has been shown by 
different groups of investigators the existence of an 
apparent competition between local anesthetics and 
Ca2+ for calmodulin binding [18], that they anta- 
gonize some of calmodulin actions [9], and that the 
affinity of sarcoplasmic reticulum Ca2+-ATPase for 
Ca2+, inferred from the Ca2+ concentration depen- 
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dence of the Ca’+-ATPase activity, is lowered in the 
presence of local anesthetics [19]. It has also been 
shown that a good correlation exists between anes- 
thetic potency and antagonism of calmodulin by local 
anesthetics [18] or inhibition of (Ca*+ + Mg’+)- 
ATPase activities and Ca2+ transport alterations of 
rat brain synaptosomes and sarcoplasmic reticulum 
[20,21]. The possibility that, in general, local anes- 
thetics interact with Ca2+ binding sites is considered 
explicitly in this study. Spectrofluorometric studies 
aiming to check this hypothesis were carried out and 
these are reported in this paper. As will be shown 
below, we have obtained experimental evidence of 
the interaction between local anesthetics (dibucaine, 
lidocaine, procaine and tetracaine) and divalent cat- 
ion chelators. 

MATERIALS AND METHODS 

Tris, N-2-hydroxyethyl-piperazine-N’2-ethanesul- 
fonic acid (Hepes), imidazole (grade III), ethy- 
leneglycol bis @-aminoethyl ether)-N,N,N’,N’- 
tetraacetic acid (EGTA), EDTA, ATP, bovine heart 
calmodulin, chlortetracychne, quin 2, dibucaine, 
procaine and tetracaine were purchased from Sigma 
(St. Louis, MO). Hog brain calmodulin was from 
Boehringer Mannheim (F.R.G.). All other chemi- 
cals used were of the highest analytical quality avail- 
able. Tetracaine solutions were freshly prepared 
immediately before use. Fluorescence measurements 
were carried out at room temperature (20-22”) with 
an Aminco-Bowman and a Hitachi-Perkin-Elmer 
(model 650-40) spectrophotofluorimeter. Atomic 
absorption measurements were performed with a 
Perkin-Elmer (model 360) atomic absorption instru- 
ment in order to determine the level of Ca*+ in the 
buffers used, and this was found to be in the range 
of 5-10 PM. 

Correction for light absorption in fluorescence 
measurements. Some of the studies reported in this 
paper have required fluorescence measurements of 
anesthetic solutions, with UV excitation wavelengths 
in the 240-260 nm range where other compounds of 
the solution also absorb, resulting in absorbances 
larger than 0.1 O.D. Thus, appropriate excitation 
wavelength shifts to longer wavelengths have been 
introduced to minimize the absorbance of the solu- 
tion as much as possible. Nevertheless, in some cases 
the absorbance at the excitation wavelength has been 
as high as 0.3 O.D. Therefore, the intensity of fluor- 
escence measured needs to be corrected for inner- 
filter effects of the solutions. This has been done 
following an empirical approach developed by Bird- 
sall et al. [22]. Considering that the inner-filter effect 
to be corrected corresponds to a maximum absorb- 
ance of 0.3 O.D., we have used equation (6) of Ref. 
22, that is: 

c = 1 - 10-A 

2.303 . A (1) 

where C is the correction factor which is related to 
the absorbance, A. This factor allows the corrected 
fluorescence intensity (F,,,,) to be obtained from 
the observed fluorescence (Fobs): Fobs = F,,,, X C. As 
shown by Birdsall et al. [22] this simplified empirical 

equation gives values of C within 1% (for A G 0.2) 
or within 2% (for A G 0.3) of those given by more 
complex empirical expressions. 

Analysis of fluorescence data. The dependence of 
the intensity of fluorescence of a solution of a given 
molecule, A, upon the concentration of another mol- 
ecule, B, that forms a complex AB having different 
fluorescence quantum yield can be described by the 
following equations 

A+B;AB;&=-- 
IAl. IBI 

JABI 
(2) 

F=F,.~+F,,.~ 

T 

where FA and FAB are the relative fluorescence inten- 
sities of A and AB forms and AT is the total con- 
centration of A. Combining Eqns (2) and (3) it can 
be derived that 

FA -FAB 

F-F,, 

,1+'B' 

Kci 

Equation (4) allows us to obtain the value of 
Kd from the slope of the linear regression plot of 
(FA - FAB)/(F - FAB) vs free B concentration. Since 
total B concentration, BT, has been much higher 
than total A concentration in all the experiments 
carried out in this study, it can be safely assumed 
that IBI =B,. 

RESULTS 

Effect of local anesthetics upon the fluorescence of 
chlortetracycline 

To test the possibility of interaction between local 
anesthetics and divalent cation binding centers, we 
have measured the effect of several local anesthetics 
(procaine, tetracaine and lidocaine) upon the fluor- 
escence of the divalent cation indicator chlortetra- 
cycline. The fluorescence of chlortetracycline is 
known to be largely enhanced upon interaction with 
Mg*+ or Ca2+ [23]. The titration of chlortetracycline 
with these local anesthetics results in an increase of 
the intensity of fluorescence of this compound (Fig. 
1). We have observed that when total local anesthetic 
concentrations above 2 mM are added to the 
chlortetracycline solutions, the fluorescence intensity 
in aqueous solution does not stabilize rapidly, but 
only after several minutes. This is likely due to 
interaction of chlortetracycline with micelles of the 
local anesthetics, transiently formed upon dilution 
of the concentrated local anesthetic solution, since 
this effect has not been observed in ethanol. Thus, 
we have plotted in Fig. 1 the steady-state intensity of 
fluorescence at each local anesthetic concentration. 
Because it has been shown that local anesthetics are 
lipophilic drugs that favorably partition in the lipid 
bilayer [24], where they locate close to the glycerol 
backbone of phospholipids [25,26], we have also 
studied the effect of these drugs on chlortetracycline 
fluorescence in ethanol. The results obtained are also 
presented in Fig. 1. It can be readily seen that the 
fluorescence of chlortetracycline increases nearly to 
the same extent in ethanol and in aqueous solution 
in the presence of these drugs. 
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Fig. 1. Dependence of the fluorescence of chlortetracycline 
(&,,, = 520 nm; I.,,, = 390nm) upon local anesthetic con- 
centration in ethanol (filled symbols) and in aqueous solu- 
tion (open symbols); a.u. stands for arbitrary units. Buffer: 
10 mM Tes (pH = 7.0). Different symbols correspond to 
procaine (A, A), tetracaine (0,O) and lidocaine (& q ). 

Table 1. Apparent dissociation constants (I&) of the local 
anesthetics from divalent cation chelators. These constants 
have been obtained from the fluorescence data as indicated 

in Materials and Methods 

Kd NW* 

EGTA dibucaine 
EGTA . procaine 
EDTA . dibucaine 
ATF’ . dibucaine 
Chlortetracycline . tetracaine 

Chlortetracycline procaine 

Chlortetracycline . CaZ+ 
Chlortetracycline . Mg*+ 
Quin 2 . tetracaine 
Quin 2 . procaine 

8.8 + 0.4t 
8.8 ” 0.5t 
3.4 f 0.2t 
1.2 * 0.17 
5.0 2 0.2$ 
1.2 + 0.1s 
4.2 * 0.2$ 
1.3 2 0.18 

;:j 
0.7 + 0.19 
0.6 -t 0.15 

* The data have been fitted with correlation coefficients 
higher than 0.98. 

t Buffer: 14 mM imidazole and 0.1 M KC1 (pH = 8.0). 
$ Buffer: 10 mM Tes (pH = 7.0). This pH was used in 

order to make a direct comparison of these constants with 
+ibliographic dissociation constants of chlortetracycline 
with MgZf and Ca*+. 

I Dissociation constants obtained in 3 mM imidazole/ 
HCI buffer. 

)) Ref. 23. 

The data of Fig. 1 have been treated as indicated in 
Materials and Methods and the obtained dissociation 
constants (Kd) are listed in Table 1. The Kd values 
of chlortetracycline-Mg*+ and chlortetracycline-Ca2+ 
are included in this table for comparison. 

The question of whether local anesthetics can 
revert the interaction of M2+ with chlortetracycline 
(where M2+ can be Ca2+ or Mg2+) has also been 
tested. Addition of local anesthetic to chlortetra- 
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Fig. 2. Effect of lidocaine (5 mM) on the fluorescence of 
chlortetracycline in ethanol in the presence of the con- 
centrations of Ca*+ (m) or Mg’+ (0) indicated in the abscis- 
sae, where M2+ stands for both ions. The relative increase 
of fluorescence upon addition of 5 mM lidocaine is plotted 
in the Y axis. The solid lines drawn through the exper- 
imental points correspond to the best fit of the data to the 
equilibrium situation defined by the. following chemical 
equations: 

M*++&.M*+ 

C+LA:C*LA 

C-M’+ +LA;LA.C.M’+ 

where all the symbols have the meaning stated in the text. 
K,, K2 and K3 being the respective association constants. 
K,, the association constant of M*+-chlortetracycline has 
been taken as: 384.6 and 714.3/M for Ca*+ and Mg*+, 
respectively [23]. The best fits of the data have been 
achieved with K, = 2 . K2 (for Ca*+) and K3 = 1.5 . K2 (for 
Mg*+). Fixing K3 = K2 in both cases gave us much poorer 
fits, thus, indicating a tighter binding of lidocaine to C. M*+ 
than to free chlortetracycline. In addition, the solid lines 
represent the best fit obtained by setting the following 
fluorescence levels for the ternary complexes: FcLldo. C.CaJ = 
1.15 x Fc.ca and F~Lido.C.Mgj = 1.05 x Fc.MI. When the ter- 
nary complexes contribution to the fluorescence is dis- 
regarded the pattern obtained do not satisfactorily fit the 
experimental data, as shown by dotted and broken lines 

which correspond to Ca’+ and Mg*+, respectively. 

cycline in the presence of millimolar Ca2+ or Mg2+ 
concentrations produces an increase of the fluor- 
escence intensity. This is illustrated in Fig. 2 for the 
case of lidocaine. This effect is lower at higher M*+ 
concentrations, and it reaches a steady level at con- 
centrations larger than cu. 25 mM. For the simplest 
case of reversion of the M2+-chlortetracycline equi- 
librium by local anesthetics (LA) we can write: 

C+M2+ ;C.MZ+ 

C+LA%LA 
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where C means chlortetracycline and K, and K2 are 
the association constants of M*+-chlortetracycline 
(C . M*+) and of local anesthetic-chlortetracycline 
(C . LA). Provided that the chlortetracycline con- 
centration is much lower than total M’+ (Mp) and 
local anesthetic concentration (LA,), the fluor- 
escence intensity, F, can then be related to M2+ and 
LA concentrations by the following expression 

1 
F= F,. 

1 + K, * IM*+ (T + Kz * /LAIT 

+ Fc.M. 
KI *IM*+ IT 

1 + K1 - lM*+ IT -I- K2 a /LAIT 

+ FC.LA - 
Kz * ILAI T 

1+ K1. IMpI+ K2 a JLAIT 

where F,, Fc.M and FC.LA are the relative fluor- 
escence intensities of free chlortetracycline, C. M 
and C. LA. These values have been determined 
from direct titrations of the chlortetracycline fluor- 
escence with M*+ and lidocaine and found to be 
(in arbitrary units): 1, 21.7? 0.6, 11.6 * 0.5 and 
2.7 ? 0.2 for F,, Fc,Mg, Fc,ca and Fc,Lido, respect- 
ively. Calculations of the expected perturbations of 
the intensity of fluorescence of chlortetracycline by 
lidocaine in the presence of several concentrations 
of Mg2+ and of Ca*+ are presented as dotted and 
broken lines in Fig. 2. It is evident from these results 
that the simple kinetic scheme presented above 
cannot account for the effects of lidocaine on the 
fluorescence of Ca2+-chlortetracycline solutions. 
Therefore, the formation of significant amounts of 
ternary complexes M*+-chlortetracycline-lidocaine 
is strongly suggested by these data. Because the 
effect of lidocaine reaches a steady value at high 
concentration of Ca2+ and/or Mg2+ we have fitted 
the experimental data with the assumption that the 
ternary complex shows this steady fluorescence level 
with respect to that of C. M*+. The association con- 
stants obtained from the best fit of the experimental 
data are given in the legend of Fig. 2. 

Effect of local anesthetics upon the fluorescence of 
quin 2 

Quin 2 is a chelator specific of Ca*+, with a high 
selectivity over Mg2+ [27]. Thus, to test further the 
possibility of local anesthetic interaction with Ca2+ 
binding centers we have titrated the fluorescence of 
quin 2 with these drugs. For the reasons indicated 
above, 3 mM imidazole/HCl (pH 7.0) the titrations 
have been carried out in 3 mM. We have found that 
in this buffer Ca2+ increases H-fold the intensity of 
fluorescence of quin 2 with an apparent K,,, of 30 PM. 
The results obtained with tetracaine and procaine 
are shown in Fig. 3. Lidocaine was found without 
effect up to a concentration of 20 mM and dibucaine 
could not be tested because of its strong fluorescence 
band centered at ca. 410nm. From these data we 
have calculated the values of Kd listed in Table 1. 
On the other hand, it is to be noted that the effect 
of anesthetics upon the fluorescence of quin 2 were 
fully reverted by millimolar Ca*+ concentrations, and 
that the increase of the intensity of quin 2 fluor- 
escence by 50 ,uM Ca2+ is fully reverted by millimolar 

20.502 
0.0 0.5 1.0 1.5 2.0 2 5 3 0 3 5 

[ ANESTHETIC ] mM 
Fig. 3. Dependence of quin 2 fluorescence (A,, = 492 nm; 
d,,, = 339 nm) upon local anesthetic concentration in 
buffer, pH 7.0. (ku. stands for arbitrary units). The sym- 
bols correspond to the local anesthetics procaine (0) and 

tetracaine (0). 

concentrations of procaine and tetracaine. 

Effects of EDTA and ATP on the fluorescence of 
local anesthetics 

These results suggested that we check the possi- 
bility that another divalent cation chelating structure 
interacts with the above mentioned local anesthetics. 
We first chose EDTA and ATP. Figure 4 shows 
that both EDTA and ATP significantly quench the 
fluorescence of dibucaine, thus strongly suggesting 
that they interact with this anesthetic. This is a real 
fluorescence quenching because the absorption spec- 
tra of dibucaine is not significantly altered by these 
EDTA or ATP concentrations. Figure 4B also shows 
that the effects of ATP on dibucaine fluorescence are 
completely reverted by addition of Ca2+. A complete 
reversion by Ca2+ of the effects of up to 1.9 mM 
EDTA on dibucaine fluorescence has been noticed 
as well. Reversion of the effects of higher EDTA 
concentrations on the fluorescence of dibucaine 
could not be tested without a significant pH change 
(larger than 0.1 pH units). Because of the high 
absorbance of millimolar ATP solutions in the UV 
wavelength range, the effects of ATP on procaine 
and tetracaine fluorescence cannot be checked. 

In addition, EDTA solutions also exhibit a high 
absorbance in the 24@250nm wavelength range, 
thus, masking any effects on this wavelength range 
of procaine and tetracaine excitation spectra. Upon 
correction of fluorescence for inner-filter effects (see 
Materials and Methods) only slight alterations by 
millimolar concentrations of EDTA (K,, 5 = & 
9 mM) of the major excitation bands of procaine 
(5% quenching) and tetracaine (~5% increase and 
5 nm shift to shorter wavelength) were observed. 

Effect of EGTA upon the fluorescence properties of 
local anesthetics 

This latter point has been further studied using 
EGTA, which shows a much weaker absorption than 
EDTA and ATP in the wavelength range of 24& 
250 nm. Figure 5 reproduces the emission and exci- 
tation spectra of dibucaine at various EGTA con- 
centrations. Because photolytic decomposition of 
dibucaine in these experimental conditions takes 
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spectral changes were observed in different buffers 
(Tris, Hepes) and it was also found that these changes 
are independent of the ionic strength (I), in the range 
I = 0.05-l. The fluorescence signals of the buffers 
were recorded in these experimental conditions and 
were found to be negligible when compared to the 
fluorescence of the local anesthetic (results not 
shown). Because of the high absorbance of EGTA 
solutions at 240nm, the observed changes of the 
intensity of the fluorescence when exciting at 242 nm 
need to be corrected for the inner filter effect of the 
solution. This was done using equation 6 of Ref. 
22 (see Materials and Methods). This correction is 
accurate within 2% for A c 0.3 O.D. [22], i.e. up to 
10-11 mM EGTA in our experimental conditions. 
Because higher errors are expected above this 
absorbance, i.e. for EGTA, concentrations up to 
20 mM the absorbance at 242 nm reaches about 0.5 
O.D., we have plotted the corrected data (see Fig. 
6) taken from the fluorescence readings using an 
excitation wavelength slightly larger (245 nm), where 
the maximum absorbance level at 20mM EGTA 
is approximately 0.3 O.D. The possibility that the 
effects observed upon addition of EGTA were, at 
least partially, due to the parallel alteration of free 
Ca*+ levels was discarded by running experiments in 
which the total Ca2+ concentration was changed from 
80 to 1600pM, so that the free Ca*+ concentration 
at a fixed EGTA concentration varied up to 20-fold 
using the Ca*+-EGTA equilibrium constant given in 
Ref. 29. In all these experiments, the pH of the 
solution was carefully controlled because of the well- 
known release of H+ upon Ca*+-EGTA com- 
plexation [30]. In the experimental conditions used 
in this study, the extent of quenching of dibucaine 
fluorescence by different EGTA concentrations was 
found to be independent of total Ca*+ concentration 
in the range N-1600 PM (see Fig. 6). It is to be noted 
that due to the high value of Z&s (EGTA-dibucaine), 
any effect of these changes of Ca*+ levels on the 
dependence of the fluorescence of dibucaine upon 
EGTA concentration is likely to be within exper- 
imental errors. Partial reversal of the quenching of 
dibucaine fluorescence by EGTA has been observed 
at higher total Ca*+ concentrations. However, these 
results have to be considered with caution because 
in these latter conditions the pH change was higher 
than 0.1 units, and as Fig. 6 shows, the dependence 
of the fluorescence of dibucaine upon the con- 
centration of EGTA is strongly dependent on a pH 
change between pH 7.5 and 8.0. Similar results were 
obtained with procaine, which also show weak alter- 
ations of its fluorescence properties in the presence 
of millimolar concentrations of EGTA (see also Fig. 
6). 

t I 

1 3 5 

[ATPI mM 
Fig. 4. Dependence of dibucaine (7.7$vf) fluorescence 
(L = 325 nm; &,, = 412 nm) upon the concentration of 
EDTA (A) and of ATP (B). A, titration with EDTA: 
excitation spectra. From top-to bottom, the EDTA con- 
centrations are: 0,1.25,2.5,3.75 and 6.9 mM. Inset: fluor- 
escence intensity versus EDTA concentrations (0). Buffer: 
14 mM imidazoIe/O.l M KC1 (pH = 8.0). B, titration with 
ATP. no Ca2+ added IO). Buffer: 50 mM Tes/O.l M KC1 

<-I 

(pH 7.35). In separate experiments 5.5. mM’ CaCl, was 
added at the EDTA (A) or ATF’ (B) concentrations indi- 
cated by arrows and the new dibucaine fluorescence inten- 
sity attained is indicated by (A). The dotted lines between 
the symbols 0 and A indicate that both fluorescence inten- 
sity measurements were carried out with the same sample 
before and after the addition of C12Ca (a.u. means arbitrary 

units). 

place with a half-time of more than 2 hr (tip = 
135 min, results not shown) photolytic perturbation 
of the spectra can be neglected. It can be observed 
that the excitation (A) and emission (B) maxima of 
the spectra of dibucaine are not shifted by EGTA. 
The most significant change induced by EGTA is the 
quenching of the intensity of the fluorescence of 
dibucaine, more appreciably when excited at 241- 
242 nm. This quenching cannot be attributed to alter- 
ations of the absorption spectra of dibucaine because 
the effects of EGTA upon the dibucaine absorption 
spectrum above 245 nm are negligible. The same 

DISCUSSION 

The results presented in this paper show that some 
local anesthetics can interact with divalent cation 
binding centers, i.e. chlortetracycline, quin 2, 
EDTA, ATP and EGTA. In addition, Ca + com- 
pletely reverts the changes of dibucaine fluorescence 
induced by ATP or EDTA (Fig. 4), millimolar Ca*+ 
reverts the effects of tetracaine and procaine on the 
fluorescence of quin 2 and high Ca*+ or Mg*+ strongly 
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Wavelength (nm) 

Fig. 5. Dependence of dibucaine (7.7 FM) fluorescence upon the concentration of EGTA. A, uncorrected 
excitation spectra (A,, = 412 nm). B, uncorrected emission spectra (ACIE = 242 nm). Buffer: 11 mM 
imidazole/O.l M KC1 (pH = 8.0) and varying EGTA concentrations. From top to bottom, the EGTA 

concentration in the cuvette was: (A) 0, 3.3 and 6.6 mM; (B) 0 and 6.6 mM. 

(EGTA) . mM 

Fig. 6. Dependence of local anesthetic fluorescence upon 
the EGTA concentration in imidazole buffer (11 mM 
imidazoIe/O. 1 M KCl), pH 8.0 (X , 0, 0, A) and‘pH 7.4 
(A). Other conditions were: (X) Procaine (8 PM); I,,, = 
242nm;d,, = 351 nm; (O,O, A, A)Dibucaine(7-10pM); 
A.,, = 245 nm; .&, = 412 nm. Total CaZC concentration: 
(X , 0, A) US-15 NM; (a) 400 PM and (A) 1600 PM. The 
data shown are corrected both for dilution and inner filter 

effects (a.u. means arbitrary units). 

decrease the effects of lidocaine and procaine on 
chlortetracycline fluorescence (Fi 
appears that local anesthetics, 

4. 2). Therefore, it 
Ca ’ or Mg*+ bind to 

ATP, EDTA, quin 2 and chlortetracy~line. From a 
methodological point of view, the quenching of the 
fluorescence of quin 2 by the focal anesthetics tetra- 
Caine and procaine imposes severe restrictions on 
the use of this Ca2+ indicator to quantify free calcium 
within cells or subcellular organelles in the presence 
of these drugs. It is to be noted too, that Chan 
and Wang [24] have presented experimental data 
suggesting that there is an important electrostatic 
contribution to the interaction between these local 
anesthetic and membrane proteins. The comparison 
of the dissociation constants of dibucaine with 

EGTA, EDTA and ATP and those of procaine and 
tetracaine with EGTA, quin 2 and chlortetracycline 
suggest that these anesthetics interact with Mg2+ 
binding sites stronger than with Ca2’ binding centers. 
The free energy of the interaction between focal 
anesthetics and the divalent cation chelators referred 
to above can be calculated from the dissociation 
constants given in Table 1 and ranges from -2.8 to 
-4.0 kcal/mole at pH 7.4. It might be worthy to note 
here that the enthalpy of interaction of dibucaine 
and tetracaine with cytochrome c oxidase has been 
reported to be in this range [31]. 

Although binding to these chelators is weaker 
than to their respective receptor(s) in the axonaf 
membrane [7], the ratio between the binding con- 
stants to M*+-binding center (KJ and to axonal 
receptor(s) (LD& becomes closer to unity for the 
local anesthetics of lower (lipid-water) partition 
coefficient, i.e. procaine and lidocaine. For dibu- 
Caine, the more hydrophobic local anesthetic studied 
here, the ratio of iu, (EDTA)/LD~ is cu. 250, a value 
which is larger than the (egg lecithin-water) partition 
coefficient of this anesthetic, cu. 9-10 [25]. Because 
of the hydrophobicity of these drugs, their binding 
constants to divalent cation binding centers close to a 
hydrophobic region should be remarkably enhanced 
since both energetic terms will then co-operate to 
promote a more efficient binding. It is to be recalled 
that this situation is likely to occur in uivo, because 
local anesthetics partition within the lipid matrix of 
biological membranes, where they locate closer to 
the lipid-water interphase [32,26]. The simpiest case 
of such a type of divalent cation binding centers are 
the polar headgroups of some lipids, e.g. pho- 
sphatidylserine or phosphatidylinositols which are 
known to efficiently bind Ca2+ [33]. Furthermore, 
Browning and Akutsu [34] have shown by extensive 
NMR studies that local anesthetics and divalent 
cations have the same effects on the headgroups 
conformation of phosphatidylcholine and 
phosphatidylethanolamine. The occurrence of a 
hydrophobic domain (lipid-binding domain) close to 
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a Ca2+ binding domain is also a feature of calmodulin 
[35], which has already been shown to be modulated 
by these local anesthetics [18], and of some Ca’+- 
regulated membrane binding proteins, such as lipo- 
cortin, ~36, protein kinase C, endonexin, calelectrin 
and protein II [36]. The effect of lidocaine and pro- 
caine on chlortetracycline fluorescence in the pres- 
ence of various Ca2+ and Mg2+ concentrations 
strongly suggests that ternary complexes between 
local anesthetic, M2+ and chlortetracycline are 
formed. The results presented in this paper do not 
allow us to exclude the possibility of ternary com- 
plexes of local anesthetics, Ca2+ and EGTA. In 
this regard, it seems worthy to recall here that the 
formation of ternary complexes (Ca2+ . EGTA . 
Ca2+ binding sites) has been suggested to account 
for the effects of Ca2+-EGTA on the catalytic activity 
of Ca2+ +Mg2+-ATPase [37] and active Ca2+ trans- 
port [38]. Because of the large pH changes that the 
addition of high concentrations of Ca*+ induce on 
EGTA solutions, and the strong dependence of the 
interaction between dibucaine and EGTA upon pH 
changes between 7.5 and 8.0, another experimental 
approach must be sought to answer this question. 

or by releasing membrane-bound Ca2+ pools, such 
as the Ca2+ bound to lipids (like phosphatidylserine 
and phosphatidylinositols). Although these drugs 
appear to bind more efficiently to Mg2+ chelating 
structures (see above), the fact that physiological 
Mg2+ levels are high and that the pharmacological 
doses for some of these anesthetics are far below the 
physiological concentration of Mg2+ binding centers 
(nucleotides and proteins that bind Mg2+) makes it 
unlikely that the anesthetic action could be due to 
perturbation of Mg2+-dependent functions in vivo. 
Nevertheless, this is to be kept in mind when ration- 
alizing the actions of local anesthetics, such as pro- 
caine, that exert their biological effects in the 
millimolar range [7]. 

Therefore, it appears that in an aqueous environ- 
ment these local anesthetics can bind to Mg2+ and to 
Ca2+ binding centers. Moreover, these fluorescence 
data also indicate that the interaction of these local 
anesthetics with M2+ binding centers involves their 
aniline-like aromatic ring, for the wavelength of the 
excitation bands altered are within the wavelength 
range of the characteristic absorption bands of ani- 
line, acetanilide and N-substituted anilines [28]. The 
local anesthetics studied here are amines having aro- 
matic groups. Amine groups, on the other hand, 
have been recently shown to electrostatically interact 
with aromatic aminoacids in protein crystals [39]. 
Quantum mechanics calculations have shown that 
this interaction arises from the asymmetric, partly 
polarized electron density profile of Jt-molecular 
orbitals of aromatic rings. The center of a Jc-elec- 
tronic ring has excess electronic charge (6( -)) thus 
showing a tendency to interact with positively 
charged groups, e.g. amino groups at neutral pH. On 
the other hand, interactions with negatively charged 
molecules is also feasible, e.g. carboxylates, because 
of the compensatory defective electron density 
(6(+)) of the outer edge of the aromatic ring [39]. 
Both types of interactions are likely to contribute to 
local anesthetic binding to Ca2+ binding sites of 
EDTA, EGTA, ATP, chlortetracycline, quin 2 and 
of proteins, where these are rich in glutamate and 
aspartate residues [40]. With regard to the molecular 
basis of quenching of local anesthetic fluorescence 
by EDTA, ATP or EGTA, considering that there is 
not a significant change of the absorption spectrum 
of dibucaine by these quenchers (results not shown), 
it is likely that this quenching is due to a charge 
transfer reaction, as the quenching of the fluor- 
escence of electron-donor amines by esters [41,42]. 

The results presented in this paper suggest the 
possibility that local anesthetics can alter the hom- 
eostasis of Ca2+, either as a consequence of their 
possible interaction with Ca*+ binding loci or to a 
close regulatory hydrophobic domain of proteins 
involved in metabolic regulation or Ca2+ transport, 
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