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Abstract-The interaction of a series of eight local anaesthetics with cytochrome oxidase chosen as a 
membrane model protein has been studied with fluorescence technique using quinacrine as a fluorescent 
probe. 

The existence of hydrophobic interactions with a non polar region of cytochrome oxidase complex 
has been shown. 

The ability of the drug molecules to displace quinacrine bound to cytochrome oxidase correlate as 
closely with their anaesthetic potency as with their octanol-water partition coefficient. 

Our results are in good agreement with a recent model of local anaesthetic action on nerve membranes 
presenting a site of anaesthesia including both lipid binding and protein binding environments. 

Several theories have been proposed to define a 
molecular mechanism of local anaesthetic action on 
nerve membranes [l, 21. A recent model suggests a 
heterogenous anaesthesia site which could include 
both lipid binding and protein binding environments 
[l]. For a better understanding of drug-membrane 
interaction it is necessary to account for both the 
drug’s affinity for membrane lipids and for the event- 
ual functional effects of the drug on membrane pro- 
teins. Therefore we have been interested by the 
interaction of a series of local anaesthetics with dif- 
ferent molecular structures and pharmacological 
activity with a model system. For this study, we chose 
cytochrome oxidase, which forms a good model 
membrane system with definite components and 
functional properties. Cytochrome oxidase prep- 
arations contain a protein and phospholipid com- 
ponent. Boundary lipids exist around the protein 
and are directly associated to its effectiveness 
[3-51. Cytochrome oxidase complex is included in 
the electron transport chain located in the inner 
mitochondrial membrane; its biological function is 
to transfer electrons from cytochrome c to oxygen. 

In an earlier study [6] we correlated the physico- 
chemical parameters (pK,, octanol-water partition 
coefficient) of twelve local anaesthetics with their 
activity. Similar results already obtained in this field 
have led to hypotheses of anaesthetic action based 
on their interactions with the lipid moiety of nerve 
membranes [7,8]. 

In a recent report [9] the inhibition of cytochrome 
oxidase activity by eight local anaesthetics has been 
described. A linear relationship has been recognized 
between the anaesthetic activity of infiltration and 
the affinity for the enzyme. The inhibition appears 
to depend on both electrostatic interactions with 
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the protein and hydrophobic interactions between 
anaesthetics and oxidase associated phospholipids. 
The drugs investigated were: procaine, parethoxy- 
Caine, lidocaine, prilocaine, carticaine, bupivacaine, 
pramocaine and quinisocaine. 

In the present paper we present a more in-depth 
study of the interactions of these drugs with cyto- 
chrome oxidase complex. We used two techniques: 
ultrafiltration and fluorescence quenching. Ultra- 
filtration let us to determine the binding-parameters 
of quinisocaine to the protein. This method failed 
for the other molecules which presented too weak 
a concentration of bound-ligand to be accurately 
measured. The majority of drug-protein interactions 
have therefore been studied by the latter technique. 
These techniques are described in the next section. 

Materials. Cytochrome oxidase. quinacrine and 
procaine were purchased from the Sigma Chemical 
Co. (St. Louis, MO). The other anaesthetics were 
kindly furnished by Pharmaceutical Laboratories. 

Fluorescence measuring technique. This technique 
uses quinacrine as a fluorescent probe. The fluoresc- 
ence intensity of quinacrine is enhanced by the pres- 
ence of cytochrome oxidase. A similar fluorescence 
change has been observed for the binding of quina- 
crine to submitochondrial membrane particles by 
Massari et al. [lo]; they concluded that the enhance- 
ment effect reflects a lower polarity or higher vis- 
cosity of the fluorophore environment suggesting a 
binding of quinacrine to a non polar region of the 
membrane. Moreover the sarne authors have 
observed [ll] that the binding of quinacrine to 
phospholipid vesicles induced an enhancement of 
quinacrine fluorescence at low dye/site ratio. Green- 
berg et al. [12] used the enhancement of quinacrine 
fluorescence in presence of axonal membranes to 
study the binding of quinacrine to these membranes 
and suggested that two models can be conceived for 
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the binding site: either it is a protein, or it is at the 
level of interaction of some protein and its phospho- 
lipid environment (perhaps annular lipid). 

On account of the observations of Massari [ 1 l] and 
Greenberg [12] and of the structure of cytochrome 
oxidase (single boundary layer of immobilized lipid 
surrounding the protein complex intercalated into 
lipid bilayer [3,4]), the modification of the quina- 
crine fluorescence can be imputed to the interaction 
of quinacrine with phospholipids associated to the 
protein. We report here that local anaesthetics mod- 
ify this interaction by decreasing the fluorescence 
enhancement effect and we try to quantify the hydro- 
phobic interactions of the drugs with cytochrome 
oxidase. 

A similar technique has already been used by 
other authors [12. 131 to study the effect of local 
anaesthetics on membrane-bound quinacrine. The 
fluorescence decrease has been explained by a com- 
petition between quinacrine and local anaesthetics 
for the same binding sites. Moreover the effec- 
tiveness of the displacement of bound quinacrine 
from membrane fragments correlates with the nerve 
blocking potency of the drugs. 

All measurements were performed at room tem- 
perature (20”) using an Aminco Bowman spec- 
trofluorimeter. Quartz fluorescence cells with a 
cross-section (10 X 10 mm) were filled with 2.5 ml of 
solution. Excitation of quinacrine was at 3.50 nm and 
emission was read at 500 nm. 

All the solutions were prepared in 67 mM phos- 
phate buffer at pH 7. Absorbances were maintained 
below 0.1 to avoid an inner filter effect; therefore 
we chose, for cytochrome oxidase, a concentration 
of 100 pg of protein/ml. The quinacrine concen- 
tration was 11 PM; this concentration is located in the 
linear part of the fluorescence intensity/quinacrine 
concentration plot, to avoid quenching due to aggre- 
gation of quinacrine molecules in solution. 

The protein solution was added to quinacrine, in 
the absence or in the presence of local anaesthetic, 
and left to stabilize for 10 min before fluorescence 
measuring. The presence of protein causes an 
enhancement of quinacrine fluorescence intensity of 
about 25% at the concentrations above mentioned. 

Otherwise, it was verified that neither protein nor 
drugs, at concentrations used, exhibit any detectable 
fluorescence. Samples were purged with high purity 
nitrogen to avoid oxygen quenching. 

Ulfrafiltration measuring technique. The molecular 
weight of cytochrome oxidase is about one thousand 
times higher than that of quinisocaine. Such a dif- 
ference in molecular size allows the use of an 
ultrafiltration method to study the binding equi- 
librium between the protein and the local anaes- 
thetic. Experiments were carried out through a direct 
ultrafiltration method [ 14,151. We used a 13 mm dia. 
stirred cell, Millipore XXO1310, filled with 2 ml of 
protein-ligand mixture. A pressure of 1.8 bar was 
applied to solution. We operated with a pellicon 
membrane of a nominal molecular weight limit of 
25,000. It has been verified that the anaesthetic mol- 
ecules cross the membrane without any retention. 
The concentration of ligand in the filtrate, noted 
C,, has been determined by U.V. spectrometry. It 
remained constant during filtration and represents 

the concentration of free ligand in the cell. The 
concentration of bound molecules. noted Ch. was 
deduced by subtraction of C, from the total con- 
centration of quinisocaine in the initial mixture. 

We chose the Scatchard representation (16) to 
describe the binding equilibrium: 

r+/ C, = K,n - K,.,v . with LJ = C,jC,,. 

where C,, is the concentration of protein. n is the 
number of sites on the protein molecule, KA is the 
association constant. 

The value of K, is deduced from the slope of the 
plot of v,Crv v, the value of n from the intercept of 
the line with abscissa. All the experiments were made 
at room temperature (20”) for a protein con- 
centration of 0.34X PM and a concentration of ligand 
varying in the 0.02-O. 1 mM range. 

RESULTS AND DISCUSSION 

We have observed that the fluorescence enhance- 
ment of quinacrine bound to protein decreases in 
presence of local anaesthetics. In this study we shall 
consider the quenching of quinacrine situated in the 
lipid phase of cytochrome oxidase complex, by local 
anaesthetics molecules. I and lo are the fluorescence 
intensities in the presence and absence of a quencher. 
The decrease of fluorescence of quinacrine cannot 
be described as a true quenching phenomenon, so 
we used the Stern-Volmer equation: (Z,,/r)-1 = K 
(Q) where (Q) is the quencher concentration and K 
the quenching constant, as a simple way to quantify 
the results. Figures 1 and 2 illustrate the variation of 
(&/I) - 1 as a function of (Q) for the series of mol- 
ecules investigated. The values of K obtained from 
these plots are reported in Table 1. 

At high concentrations the Stern-Volmer plots are 
non linear for quinisocaine, pramocaine and par- 
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Fig. 1. Stern-Volmer plot of the quenching of cytochrome 
oxidase bound quinacrine by pramocaine (W) and quin- 

i5ocaine (0). 
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Table 1. Variation of the quenching rate of local anaesthetics as a function of anaesthetic activity, octanol-water 
partition coefficient and affinity constant for cytochrome oxidase 

Anaesthetic 

Procaine 
Lidocaine 
Prilocaine 
Carticaine 
Parethoxycaine 
Bupivacaine 
Pramocaine 
Quinisocaine 

Stern-Volmer Standard Affinity 
constant error constant 
K (M-‘) SK W’) K;’ (M-l) 

1.9 0.3 78 
6.8 0.2 92.6 
6.5 0.6 53.8 
8.1 0.3 166.7 

53.6 2.6 142.9 
15.2 0.2 188.7 

984 2.5 555.6 
5309 498 1408.5 

Octanol-water Anaesthetic 
partition activitv of 

coefficient infiltration 
Log P (A.A.I.) 

1.4 1 
1.3 4.2 
1.1 4.5 
1.7 6.3 
2.2 7 
1.6 10.1 
2.1 17.7 
2.5 55.8 

* The affinity constant is defined as the reciprocal of the inhibition constant K,. 

ethoxycaine, in a manner which suggests saturational 
binding in the lipid phase of the complex. The linear 
plot observed for the other molecules can indicate 
only a simple partitioning of them into the cyto- 
chrome oxidase complex. The theories elaborated 
on the binding of a quencher molecule to lipid mem- 
branes [17,18] states that such a non linear Stern- 
Volmer plot is better described as a binding process 
than a partition process. In this case the double 
reciprocal plot of the Stern-Volmer equation is linear 
and the association constant can be calculated as 
follows: KA = ordinate intercept/slope. The values 
of KA have been determined from the plots shown 
in Figs. 3,4 for the three molecules investigated. 
They are reported in Table 2, as the binding par- 
ameters of quinisocaine obtained by ultrafiltration. 
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Fig. 2. Stern-Volmer plot of the quenching of cytochrome 
oxidase bound quinacrine by local anaesthetics procaine 
(M), lidocaine (A), prilocaine (A), carticaine (0). bupi- 

vacaine (0) and parethoxycaine (v). 
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Fig. 3. Double reciprocal plot of Stern-Volmer equation 
for quinisocaine ( n ) and pramocaine (A). The regressions 

are significant at 0.5%. 

I/CO1 (mM_‘I 

Fig. 4. Double reciprocal plot of Stern-Volmer equation 
for parethoxycaine. The regression is significant at 0.1%. 
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Table 2. Binding parameters of local anesthetics to cytochrome oxidase 

Ligand 

Association 
constant 

KA x lo-) 

(Mm’) 

Maximal binding 
capacity 

(sites/molecule 
of protein) Method Source 

Quinisocaine 

Pramocaine 
Parethoxycaine 

28.3 
(19%37.2)* 

18.3 
(13%23.1)* 

1.09 
0.03 

256 

Fluorescence Fig. 3 

Ultrafiltration Fig. 5 
L 

Fluorescence Fig. 3 
Fluorescence Fig. 4 

* 95% confidence limits. 

The binding study of quinisocaine to cytochrome 
oxidase by this method is described by the Scatchard 
plot shown in Fig. 5. The linearity of tb Scatchard 
plot is significant at 0.1% and indicates-a single 
set of binding sites in the range of concentration 
investigated. 

As in a previous study [6] we measured the anaes- 
thetic activity of infiltration of the same drug mol- 
ecules (these values noted (A.A.I.) are reported in 
Table l), we have tried to correlate the ability of the 
drug molecules to penetrate the lipid phase of the 
cytochrome oxidase complex characterized by the 
quenching constant K to their biological activity. 
This correlation is illustrated by Fig. 6 and the fol- 
lowing relationship: 

LogK = 2.15 Log(A.A.1.) - 0.306, r = 0.91, n = 8. 
t = 5.48, t(,j)a,o@ = 3.707. 

The correlation is significant at 0.5%. 
The good correlation of the quenching constant K 

0 
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Fig. 5. Scatchard plot for quinisocaine binding to cyto- 
chrome oxidase. 

with the anaesthetic activity of infiltration (A.A.I.) 
confirms the results obtained from recent studies on 
the correlation between anaesthetic potency of drugs 
and their ability to interact with lipid membranes 
[19-211. 

Then we study the role played by the liposolubility 
of the investigated local anaesthetics molecules in 
their interaction with cytochrome oxidase by testing 
the correlation between the constant of quenching 
K and the octanol-water partition coefficient LogP 
(cf. Table 1) measured in previous studies [6]; the 
results are plotted on Fig. 7 and the following 
relationship has been obtained: 

LogK=2.17LogP-2.11,r=0.87,n=8.t=4.31, 
t(6)0 005 = 3.707. 

The correlation is significant at 0.5%. 
To take into account the differences of ionization 

state of drug molecules we have calculated a multi- 
linear correlation including their pK,‘s values: 

IO 102 

AA1 

Fig. 6. Correlation between K, the quenching rate of local 
anaesthetics and the anaesthetic activity of infiltration 

(A.A.I.). 
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Fig. 7. Correlation between K, the quenching rate of local 
anaesthetics and their octanol-water partition coefficient 

(LogP). 

LogK = 1.57 LogP -0.77 pK, + 4.47, RZ = 0.979, 
n = 8, F = 114.86, FC2,5jo,01 = 13.27. The correlation 
is significant at 1%. 

The results show that the interactions of local 
anaesthetics molecules with cytochrome oxidase 
complex are particularly significant for molecules 
presenting at once a high liposolubility and a low 
dissociation constant value (that is to say in a low 
ionization state). 

IO I03 

K;’ (M-II 

Fig. 8. Correlation between K. the quenching rate of local 
anaesthetics and their affinity for enzyme (K;‘). 

Owing to the diversity of the ionization state of the 
drug molecules investigated the following comments 
can be drawn: 

It has been found by Surewicz et al. [22] that 
charged and uncharged forms of amine local anaes- 
thetics may be incorporated into lipid membranes. In 
our study, procaine, parethoxycaine and carticaine 
were 90% ionized and were able to quench the 
fluorescence of quinacrine bound to the lipid phase 
of cytochrome oxidase. These two results can be 
compared to each other; moreover it has been shown 
[ll] that the binding of quinacrine to phospholipid 
vesicles is enhanced by the presence of negative 
charges in the phospholipids; so the quenching effect 
of charged anaesthetic molecules can be explained 
by the interaction of the drugs with charged groups 
of phospholipids associated to cytochrome oxidase. 

Pramocaine and quinisocaine are in a lower ion- 
ization state, about 17% at pH 7; they show. 
however, the greatest effectiveness in their inter- 
action with cytochrome oxidase, the greatest anaes- 
thetic activity and octanol-water partition coefficient 
(cf. Table 1). We can agree with Sikaris et al. [23], 
who studied the interaction of local anaesthetics with 
synthetic phospholipid bilayers, that the neutral form 
of the molecule is the more active specie and the 
ability to partition into the lipid phase plays an 
important role. Finally we compare the results on 
the interaction of local anaesthetics with cytochrome 
oxidase obtained on one hand from fluorescence 
quenching of quinacrine bound to the cytochrome 
complex, and on the other hand from the inhibitory 
effect of the drugs on the cytochrome activity [9]. 

The agreement between these two studies is illus- 
trated by the following correlation between the 
quenching constant K and the affinity constant 
defined as the reciprocal of the inhibition constant 
K,: 

LogK = 2.4 Log (K;‘) - 3.88, r = 0.94. n = 8, t = 
6.76, t(fj)O,,-Jfi5 = 3.707. 

The correlation is significant at 0.5% and is plotted 
on Fig. 8. 

The results obtained from the study on the inhibi- 
tory effect of the drugs on the cytochrome oxidase 
activity [9] agree with those of Singer [24.25] and 
led to the same conclusion: local anaesthetic reduces 
the enzyme turnover number by interacting, 
probably, with its boundary lipids. Moreover in the 
present study we show that the quinacrine bound to 
phospholipid environment of the enzyme is displaced 
by the drug molecules. The agreement between these 
two experiments supports the hypothesis of the 
hydrophobic interaction of the local anaesthetic with 
cytochrome oxidase. 

In our opinion the drugs act by altering the func- 
tionally required lipid-protein interaction in cyto- 
chrome oxidase activity. Such a proposal has been 
made by Wang et al. [26] to explain how local anaes- 
thetics affect membrane activities. Our results show 
that local anaesthetics interact with the model mem- 
brane protein cytochrome oxidase in a manner simi- 
lar to interactions with biological membranes involv- 
ing a site of action situated in the lipophilic region 
of the protein lipid interface. 
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