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Abstract-Dibucaine-HCl inhibited mitochondrial cytochrome c oxidase activity in intact mitochondria 
with 50% inhibition occurring at 1.1 mM dibucaine-HCI. Dibucaine-HCI did not prevent the reduction 
of cytochrome oxidase by ascorbate plus N,N,N’,N ‘-tetramethyl-p-phenylenediamine dihydrochloride 
(TMPD) when measured at 604 nm but prevented 50% of the absorbance change at 445 nm; dithionite 
reduced the oxidase completely. Dibucaine prevented binding of CO to oxidase reduced with ascorhate 
plus TMPD by preventing the reduction of cytochrome a 3. The midpotentials of cytochrome c and 
cytochrome oxidase, the visible absorbance wavelength maxima, and the position and intensity of the 
signals of the EPR spectrum of the oxidase were not affected. Dibucaine-HCl prevented ascorbate plus 
TMPD-driven reduction of the near infra-red detectable copper center associated with cytochrome a; 
dithionite subsequently reduced this center. Dibucaine-HCl inhibited cytochrome oxidase activity by 
interacting between cytochrome a and its associated copper. Since respiration was B-fold less sensitive 
in submitochondrial particles, this site of inhibition is on the cytoplasmic side of the membrane. 

Local anesthetics such as lidocaine, tetracaine, and 
dibucaine are used for anesthesia as well as in the 
treatment of cardiac arrhythmias. In the micromolar 
concentration range, the local anesthetics depress 
nerve action and cardiac signal conduction by block- 
ing ion (sodium, potassium, calcium) channels in the 
membrane, either by interaction perturbation with 
the ion channels themselves and I or the surrounding 
membrane lipids. Local anesthetics are known to 
interact with membrane lipids [l-3], but protein 
perturbation by, and interaction with, local anes- 
thetics is also reported [4-71. 

To increase our understanding of anesthetic-pro- 
tein interactions, we have investigated the effects of 
dibucaine on the enzymatic activity and physic+ 
chemical ch’aracteristics of an integral membrane 
protein complex, cytochrome oxidase. While these 
studies do not attempt to explain the basis of ane- 
sthesia or antiarrhythmic action by interaction with 
specific ion channels, they may help explain the 
effects of general narcosis and mycocardial depres- 
sion associated with administration of these drugs. 

Inhibition of cytochrome c oxidase activity by local 
anesthetics has been described previously by others 
[8-121 as has the concentration dependence of the 
inhibition [8, 131. Singer [S] and Casanovas et al. 
[ll, 121 report that the molecule can interact elec- 
trostatically with the oxidase, possibly competing for 
the charged cytochrome c binding site to increase 
K,,,. Because of a strong correlation between the 
concentration dependence and the octanol/water 
coefficient for many anesthetics including dibucaine, 
Singer [8,9] and Casanovas et al. [ll] suggested a 
hydrophobic interaction, most likely with the lipid 
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2,3,5,6-tetramethyl-p-phenylenediamine. 

associated with the oxidase [13]. Chazotte and Van- 
derkooi [14] and Vanderkooi and Chazotte [15] 
demonstrated that the concentration of dibucaine 
needed to inhibit cytochrome oxidase in rat liver 
submitochondrial membranes is inversely related to 
temperature, further suggesting a hydrophobic inter- 
action. They suggested a reversible perturbation of 
cytochrome oxidase protein conformation but could 
not determine if the anesthetics react with the protein 
directly (as suggested by their observation of inhi- 
bition of lipid-free isolated mitochondrial ATPase 
[16-191) or with its “boundary lipid” [13]. 

Despite these extensive studies on the mechanism 
and type of inhibition, the site of action of dibucaine 
and other anesthetics in cytochrome oxidase has 
not been identified. In this report, we define the 
functional site of dibucaine inhibition in oxidation 
and reduction of cytochrome oxidase and suggest its 
topographical location in the membrane. 

MATERIALS AND METHODS 

Mitochondria containing endogenous cytochrome 
c were isolated from fresh beef heart by the method 
of Crane et al. (201. Cytochrome c-depleted beef 
heart mitochondria were isolated as described by 
Harmon and Crane [21]. Exogenous cytochrome c 
(Sigma, Type VI) was added to the mitochondria 
(100 pg cytochrome c/mg mitochondrial protein) 
prior to recording spectra. Differences in spectra or 
kinetic activity were not observed between these two 
mitochondrial preparations. 

Cytochrome c oxidase and succinate oxidase activi- 
ties were measured polarigraphically at 25” in a 1.7- 
mL volume water-jacketed glass chamber fitted with 
a Clark oxygen electrode in medium containing 
83 mM sodium phosphate buffer (pH 7.4) using 
100 pg mitochondrial protein and 200 pg cytochrome 
c (Sigma type VI) in each assay. Sodium ascorbate 
(9 mM) and 28.1 yM (final concentrations) 
N,N,N’,N’-tetramethyl-p-pheneylenediamine di- 
hydrochloride (TMPDt) were used as substrate to 
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measure cytochrome oxidase activity. Non-enzy- 
matic auto-oxidation of the substrates was deter- 
mined following the addition of 400 pg of neutralized 
protamine sulfate to inhibit the oxidase; this rate was 
subtracted from the overall rate to yield cytochrome 
oxidase-dependent oxygen consumption. Sodium 
succinate (27.6 mM final concentration) was used as 
substrate for succinate oxidase activity. 

Lipid-depleted purified cytochrome oxidase used 
for EPR spectra was isolated from beef heart mito- 
chondria by the procedure of Yu et al. [22]. 

Dual wavelength kinetics using the 445 minus 
465 nm or 604 minus 630 nm wavelength pairs were 
recorded at room temperature with a Johnson 
Research Foundation (University of Pennsylvania) 
DBS-3 scanning dual wavelength spectrophoto- 
meter. Spectra in the near infra-red region were 
recorded with the same instrument with a Kodak 
Wratten No. 15 filter used as a second order filter. 
Spectra of carboxy-oxidase were recorded at room 
temperature using a Varian DMS-100s spectro- 
photometer modified to function in dual wavelength 
mode. Ascorbate (5 mM final concentration) 
plus 28.1 PM TMPD or dithionite was used as 
reductants as noted in the figure legends. 

Beef heart mitochondria used in these experiments 
were suspended at 2 mg protein/ml in 0.25 M 
sucrose-50 mM sodium phosphate buffer (pH 7.4). 
Carboxy-oxidase (room temperature spectra) was 
generated by bubbling the ascorbate plus TMPD- 
reduced sample with 100% CO for 5 min. 

The oxidation-reduction potentials of cytochrome 
oxidase and cytochrome c were measured at room 
temperature with a platinum-calomel electrode pair 
as described by Dutton and Wilson [23] using the 
DBS-3 dual wavelength instrument as described pre- 
viously [24]. 2,3,5,6-Tetramethyl-p-phenylenedi- 
amine (DAD, 60 PM), 156pM phenazine metho- 
sulfate (PMS), and 3 PM duroquinone (final con- 
centrations) were used as potential mediators. The 
potential of the solution was varied by addition of 
ferricyanide and/or dithionite solutions. 

Electron paramagnetic resonance spectra were 
recorded at 810°K with an ER 2000 series Bruker 
spectrometer equipped with an Oxford Instruments 
helium transfer/dewar system. Samples contained 
approximately 6 mg purified oxidase/mL in 0.25 M 
sucrose-50 mM sodium phosphate buffer (pH 7.4). 
Spectra were recorded at approximately 9.49 GHz 
with 6.3 mW power, 100 KHz modulation frequency, 
and 4 G modulation. 

RESULTS 

The inhibition of ascorbate plus TMPD-driven 
oxygen consumption by cytochrome oxidase in intact 
beef heart mitochondria was dependent on the con- 
centration of dibucaine-HCl present (Fig. 1). In the 
presence of 1.1 mM dibucaine, 50% inhibition was 
observed with over 85% inhibition obtained with 
2mM dibucaine. Respiration was inhibited 70% at 
1.5 mM dibucaine, the concentration used in sub- 
sequent spectrophotometric measurements in this 
report. Complete restoration of activity following 
washing of 1.5 mM dibucaine-inhibited mitochondria 
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Fig. 1. Concentration dependence of the inhibition of cyto- 
chrome oxidase activity (oxygen consumption) by dibu- 
Caine-HCl in intact beef heart mitochondria at 25”. Control 

(uninhibited) activity: 592 ng-atom O/min/mg protein. 

with bovine serum albumin indicated that the effects 
were reversible upon removal of the drug. 

Addition of ascorbate plus TMPD to mitochondria 
in the presence or absence of 1.5 mM dibucaine- 
HCl resulted in approximately 90% reduction of 
cytochrome oxidase (compared to the dithionite- 
reduced sample) as measured by the absorbance 
increase at 604 nm (cf. Fig. 2, A and B). The absorb- 
ance at 445 nm upon reduction of the oxidase 
decreased in the presence of 1.5 mM dibucaine when 
ascorbate plus TMPD was used as reductant (in the 
absence of the drug, 90% reduction was observed as 
shown in Fig. 2, C and D). Addition of dithionite 
caused a 100% increase in the 445 nm absorbance in 
the presence of dibucaine; dithionite is a strong non- 
physiological reductant with a midpotential of 
approximately -436 mV at pH 7.4 and is capable of 
reducing the hemes of cytochrome oxidase directly, 
whereas ascorbate cannot reduce the oxidase in the 
absence of cytochrome c. Because of its low mid- 
potential, dithionite is capable of reducing all com- 
ponents of the respiratory chain. 

The extent of reduction of cytochrome oxidase 
as measured by the increase in 445 nm absorbance 
following the addition of ascorbate (relative to the 
total reduction with dithionite) was dependent on the 
concentration of dibucaine-HCl present, as shown in 
Fig. 3. In the absence of dibucaine, addition of 
ascorbate plus TMPD caused an increase in absorb- 
ance to a level 90% of that observed in the presence 
of dithionite. The extent of 445 nm absorbance 
decreased a maximum of 50% at 1.5 mM and did not 
decrease further in the presence of higher con- 
centrations of drug. Subsequent experiments were 
performed at 1.5 mM or higher concentrations where 
the maximal decrease in 445 nm absorbance and 
maximal inhibition of electron transfer from cyto- 
chrome u to cytochrome u3 occurred. 

The “neoclassical” model for cytochrome oxidase 
holds that approximately 80-90% of the absorbance 
of reduced oxidase at 604 nm is due to ferrous cyto- 
chrome a, and the remainder due to ferrous cyto- 
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Fig. 2. Reduction of cytochrome oxidase as measured using 
the 604 minus 630 nm pair in the absence (A) and presence 
(B) of 1.5 mM dibucaine-HCl at room temperature and 
the reduction of cytochrome oxidase as measured using the 
445 minus 465 nm pair in the absence (C) and presence (D) 
of 1.5 mM dibucaine_HCI. Cytochrome c-depleted mito- 
chondria were suspended at 2 mg/mL in 0.25 M sucrose- 
50 mM sodium phosphate buffer (pH 7.4). Ascorbate 
(5 mM) and TMPD (28.1 PM) with 200 pg cytochrome c 

(Sigma, type VI) were used as reductants. 

chrome a3; both cytochromes absorb light equally at 
445 nm [25]. The data in Figs. 2 and 3 are consistent 
with this model. Over 80% of the 604nm and 
approximately 50% of the 445 nm absorbance were 
recorded in the presence of the anesthetic when 
reduced with ascorbate plus TMPD. Addition of 
dithionite caused only a slight increase in 445 nm 
absorbance. In the absence of the anesthetic, essen- 
tially complete reduction of both cytochromes was 
observed. Thus, dibucaine-HCl inhibited electron 
transport between cytochromes a and a3, allowing 
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Fig. 3. Effect of dibucaine concentration on the reduction of 
cytochrome a3 following addition of ascorbate plus TMPD. 
Conditions were as described in the legend of Fig. 2. Total 
reduction of cytochrome oxidase and maximal absorbance 
increase was measured after the addition of dithionite. 
Control (uninhibited) activity: 592 ng-atom O/min/mg pro- 
tein. Full scale absorbance change was 0.05 A, cor- 

responding to 2.1 x lOmy moles cytochrome a. 

the reduction of cytochrome a (80% of 604 nm and 
50% of 445 nm absorbance) but not cytochrome a3. 

The presence of dibucaine did not alter the mid- 
potential of cytochrome c (Harmon HJ, unpublished 
results). The midpotential of cytochrome oxidase 
was increased from 234 * 4 to 255 * 4 mV in intact 
mitochondria in the presence of 1.5 mM dibucaine- 
HCl. 

In the presence of up to 10mM dibucaine-HCl, 
neither the position nor the intensity of the g = 3 
EPR signal due to ferric cytochrome a or the g = 2 
signal due to CuA was altered. The field position of 
the signal in the presence of dibucaine was within 
5 G that of the untreated enzyme while the half- 
bandwidth of the g = 3 signal in both cases was 53 G. 

As shown in Fig. 4, ascorbate plus TMPD was 
capable of reducing the “visible” CuA moiety in the 
absence but not the presence of either 1.5 or 2 mM 
dibucaine-HCl. Reduction of the CuA center is 
shown by a decrease in absorbance in the 840-860 nm 
region of a reduced minus oxidized difference spec- 
trum [26,27]. In the presence of dibucaine, addition 
of dithionite caused a decrease in near infra-red 
absorbance, indicating that the CuA center is capable 
of being reduced by a strong reductant. Similar 
results have been obtained using either isolated oxi- 
dase or mitochondria washed with bathophen- 
anthroline sulfate and bathocuproine sulfonate to 
remove adventitious copper [26-291. 

Reduced cytochrome oxidase exhibited a charac- 
teristic alpha band at 604 nm; addition of CO resulted 
in an increase in 590 nm absorbance due to formation 
of ferrous carboxy-cytochrome a3. In the presence 
of dibucaine, the alpha band at 604nm was still 
observed with ascorbate plus TMPD as reductant 
but the absorbance increase at 590 nm following CO 
addition was not observed; the 590 nm carboxy- 
oxidase band was observed when dithionite was 
added to the sample, however (data not shown). 
This is to be expected since dibucaine prevented 
reduction of cytochrome a3 by ascorbate plus TMPD . 

DISCUSSION 

Chazotte and Vanderkooi [14] reported LDSO 
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Fig. 4. Effect of dibucaine-HC1 on the reduction of the IR-detectable CuA center in intact mitochondria 
using ascorbate plus TMPD as reductant. Cytochrome c-containing mitochondria were suspended 
at 4 mg/mL in 0.25 M sucrose-50 mM sodium phosphate buffer (pH 7.4). The data represent the 
signal averaged from sixteen separate accumulations of spectra. The spectra were recorded at room 

temperature. 

values for dibucaine of 9 mM for cytochrome oxidase 
and 1.5 mM for succinate oxidase activities in sub- 
mitochondrial particles. Singer [8] reported 50% 
inhibition of cytochrome oxidase activity at a 5 mM 
concentration. The data presented in Fig. 1 illustrate 
that 50% inhibition of cytochrome oxidase activity in 
intact mitochondria occurred at 1.1 mM dibucaine- 
HCl. When succinate oxidase activity was measured, 
50% inhibition of activity was observed at 1.25 mM 
in intact mitochondria and at 9 mM dibucaine-HCl 
in 94% inverted submitochondrial particles isolated 
by the procedure of Harmon [30]. The concentration 
dependence of the inhibition by dibucaine-HCl 
(water soluble and apparently membrane imper- 
meant) was dependent on the orientation of the 
membrane vesicles used and indicates that the inhibi- 
tory site is present on the C side of the membrane 
and not on the M side. 

The midpotentials of cytochrome c, cytochrome 
a, and cytochrome a3 were not affected by the pres- 
ence of dibucaine-HCl, indicating that these centers 
are not altered directly by the drug. The wavelength 
maxima of the cytochromes were not altered; the 
wavelength maximum and extinction coefficients of 
cytochrome c (data not shown) also were not altered 
by the drug. The lack of change in the EPR spectrum 
and the small change in cytochrome oxidase mid- 
potential indicate that the site of action of the drug 
is not cytochrome a. The lack of change in the 
characteristics of carboxy oxidase suggests that the 
anesthetic does not alter the ligand-binding capa- 
bility of cytochrome a3 and that cytochrome a3 is not 
affected by dibucaine. 

The perturbation of the EPR spectrum of CuA by 
dysprosium compounds [31] indicates that the CuA 
center is on the C side of the membrane. Our data 
are in agreement with this conclusion since dibu- 
Caine-HCl acted at the CuA center and activity in 
intact mitochondria was more sensitive to the drug 
that activity in inverted particles; the dibucaine-sen- 
sitive site is on the cytoplasmic side. 

Dibucaine did not act directly at cytochrome a 
or a3, based on its inability to alter their physico- 
chemical characteristics. In this way it is much dif- 
ferent from the conventional oxidase inhibitors such 
as CO, sulfide, cyanide, azide, or fluoride but is 
similar to hydrophobic metal chelators such as batho- 
phenanthroline or bathocuproine which are believed 
to act at the coppers of cytochrome oxidase [29]. 

The action of dibucaine is similar to that of the 

inhalational anesthetic nitrous oxide in that it, too, 
does not act as a ligand to or oxygen donor for 
cytochrome oxidase. Nitrous oxide has been shown 
to not alter the CO binding to the oxidase (from IR 
spectra) or the Soret absorbances of the oxidase in 
either the oxidized or reduced state. Einarsdottir and 
Caughey [32] were able to demonstrate inhibition of 
electron transfer from cytochrome c to the oxidase 
but did not define the site of inhibition further. 
Nitrous oxide was shown to exist in both lipid (one 
IR resonance band) and protein environments 
(responsible for three IR bands). From our findings 
it is not possible to determine if the hydrophobic 
dibucaine acts by perturbing the lipid or protein 
components (or both) of the oxidase. Since only one 
site of inhibition was observed (at the visible copper), 
dibucaine likely interacts with the protein 
component; one might expect alteration of the cyto- 
chromes if dibucaine were to alter lipid-protein inter- 
actions. These experiments cannot exclude the 
possibility that multiple dibucaine molecules are 
involved in the effects reported here. That dibucaine 
inhibits oxygen consumption in lipid-depleted iso- 
lated oxidase as well (data not shown) strongly sug- 
gests interaction directly with protein components. 

Dibucaine will be useful as a tool to allow the study 
of the physico-chemical properties of cytochromes a 
or a3 without interference (optical absorbance or 
potential) from the other cytochrome. While a3+ aj2+ 

mixed valence oxidase can easily be made [33-351, 
dibucaine now allows the generation of the cor- 
responding a’+ a33+ mixed valence form of the 
oxidase. 

We propose that dibucaine may be useful in eluc- 
idating the role and sequence of the oxidation of 
cytochrome a in the formation of oxygen inter- 
mediates that form during the reduction of oxygen 
[33,34]. Further, blockage of electron transport from 
cytochrome a will allow more accurate measurement 
of the rates of electron transfer between the coppers 
and cytochrome a3 [36]. 

Acknowledgements-The assistance of Carol Hefter is 
gratefully acknowledged. The research was supported by 
the Air Force Office of Scientific Research, Air Force 
Systems Command, USAF under Grants AFOSR 84-0264 
and 89-0458 and by Grants-in-Aid from the American 
Heart Association and the American Heart Association, 
Oklahoma Affiliate. Funds for the purchase and modi- 
fication of the DMS-100 instrument were made available 



Dibucaine inhibition of cytochrome oxidase 1081 

by the University Center for Water Research at Oklahoma 18. Chazotte B, Vanderkooi G and Chignell D, Further 
State University. studies of F,-ATPase inhibition by local anesthetics. 

Biochim Biophys Acta 680: 310-316, 1982. 

REFERENCES 
19. Vanderkooi G and Adade AB, Stoichiometry and dis- 

sociation constants for interaction of tetracaine with 

1. Seeman P, The membrane actions of anesthetics and 
mitochondrial adenosinetriphosphatase as determined 

tranquilizers. Pharmacol Rev 24: 583-655, 1972. 
by fluorescence. Biochemistry 25: 7118-7124, 1986. 

2. Eftink MR. Puri RK and Ghahramani D. Local anes- 
20. Crane FL. Glenn JL and Green DE. Studies on the 

thetic-phospholinid interactions. The pH dependence 
of the-binding of dibucaine to dimyristoylphosphat- 
idylcholine vesicles. Biochim Biophys Acta 813: 137- 

21 
’ 

140, 1985. 
Seeling A, Allegrini PR and Seeling J, Partitioning 
of local anesthetics into membranes: Surface charge 

22. 

electron transfer system. Biochim Biophys Acta 22: 
475-487, 1956. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

effects monitored by the phospholipid head-group. 
Biochim Biophys Acta 939: 267-276, 1988. 
Hsia JC and Bogg JM, Protein perturbation hypothesis 

23. 

of anesthesia. In: Molecular Mechanisms of Anesthesia 
(Ed. Fink BR), pp. 327-338. Raven Press, New York, 
1975. 

24 

Mashimo T, Suezaki Y and Ueda I, Anesthetic-protein 
interactions. Suppression of dye binding and limitation 
of applicability of the Scatchard plot. Physiol Chem 
Phys 14: 543-551, 1982. 

25 

Lukas TJ, Marshak DR and Watterson DM, Drug 
protein interactions. Isolation and characterization of 
covalent adducts of phenoxybenzamine and 
calmodulin. Biochemistry 24: 151-157, 1985. 

26. 

Chan DS and Wang HH, Local anesthetics can interact 
electrostatically with membrane proteins. Biochim 
Biophys Acta 770: 55-64, 1984. 
Singer MA, Interaction of drugs with a model mem- 27. 

brane protein. Effects of four local anesthetics on cyto- 
chrome oxidase activity. Biochem Pharmacol29: 2651- 
2655, 1980. 

Wharton DC and Tzagoloff A, Studies on the electron 
transport system. The near infrared absorption band 
of cytochrome oxidase. J Biol Chem 239: 2036-2041, 
1964. 

Singer MA, Interaction of drugs with a model mem- 28. Beinert H, Hartzell CR and VanGelder BF, A reap- 

brane protein. Effect of dibucaine on cytochrome oxi- praisal of copper depletion from cytochrome c oxidase. 

dase proteoliposomes. Biochem Pharmacol 31: 527- J Biol Chem 245: 225-229, 1970. 

<?A 1’327 29. Harmon HJ and Crane FL, Inhibition of cytochrome 

Harmon HJ and Crane FL, Topographical definition of 
new sites on the mitochondrial electron transport chain. 
Biochem Biophys Res Commun 59: 326-333, 1974. 
Yu CA, Yu L and King T, Interactions of the cyto- 
chrome oxidase protein with phospholipids and cyto- 
chrome c. J Biol Chem 250: 1383-1392, 1975. 
Dutton PL and Wilson DF, Redox potentiometry in 
mitochondrial and photosynthetic bioenergetics. 
Biochim Biophys Acta 346: 165-212, 1974. 
Harmon HJ and Basile PF, Differential exposure of 
components of cytochrome b-c, region in beef heart 
mitochondria and electron transport particles. J 
Bioenerg Biomembr 14: 23-43, 1982. 
Wikstrom MKF, Harmon HJ, Ingledew WJ and Chance 
B, A re-evaluation of the spectral potentiometric and 
energy linked properties of cytochrome c oxidase in 
mitochondria. FEBS Lett 65: 259-275, 1976. 
Griffiths DE and Wharton DC, Studies of the electron 
transport system. XXXV. Purification and properties 
of cytochrome oxidase. J Biol Chem 236: 1850-1856, 
1961. 

d-7, I,“_. 

Oustrin J, Inhibition of cytochrome oxidase activity by 

10. Singer MA, Interaction of drugs with a model mem- 

local anaesthetics. Biochem Pharmacol32: 2715-2719, 
1983. 

brane protein. Effects of the local anesthetics on elec- 
tron transport and hydrogen ion uptake in ionophore 
stimulated cytochrome oxidase proteoliposomes. Bio- 
them Pharmacol32: 1619-1625, 1983. 

11. Casanovas AM, Nebot MFM, Courtiere Ph and 
magnetic resonance studies on the spatial relationship 
of redox components in cytochrome oxidase. Biochem 

c oxidase by hydrophobic metal chelators. Biochim 

Sot Trans 13: 607-611, 1985. 

Biophys Acta 368: 125-129, 1974. 
30. Harmon HJ, Isolation of totally inverted submi- 

tochondrial particles by sonication of beef heart mito- 
chondria. J Bioenerg Biomembr 14: 377-386, 1982. 

31. Onishi T, Harmon HJ and Waring AJ, Electron para- 

12. Casanovas AM, Labat C, Courriere Ph and Oustrin J, 32. 

Model for action of local anaesthetics with cytochrome 
oxidase. Biochem Pharmacol34: 3187-3190, 1985. 

13. Jost P, Griffith OH, Capaldi RA and Vanderkooi G, 33. 
Evidence for boundary lipid in membranes. Proc Nat1 
Acad Sci USA 70: 48C-484, 1973. 

14. Chazotte B and Vanderkooi G. Multiple sites of inhi- 
bition of mitochondrial electron transport by local anes- 
thetics. Biochim Biophys Acta 636: 153-161, 1981. 34. 

15. Vanderkooi G and Chazotte B, Cytochrome c oxidase 
inhibition by anesthetics. Thermodynamic analysis. 
Proc Nat1 Acad Sci USA 79: 3749-3753, 1982. 35. 

16. Adade AB, Chignell D and Vanderkooi G, Local anes- 
thetics. A new class of inhibitors of mitochondrial 
ATPase. .I Bioenerg Biomembr 16: 353-363, 1984. 

17. Adade AB, O’Brien KL and Vanderkooi G, Tem- 
perature dependence and mechanism of local anes- 36. 
thetic effects on mitochondrial adenosinetriphospha- 
tase. Biochemistry 26: 7297-7303, 1987. 

Einarsdottir 0 and Caughey W, Interactions of the 
anesthetic nitrous oxide with bovine heart cytochrome 
c oxidase. J Biol Chem 263: 91999205, 1988. 
Chance B, Harmon J and Saronio C, Cytochrome oxi- 
dase oxygen intermediates. In: Enzymes. Electron 
Transport Systems (Proceedings Tenth FEBS Meeting) 
Vol. 40, pp. 187-194. North Holland/American Else- 
vier, Amsterdam, 1975. 
Chance B. Saronio C and Leigh JS. Functional inter- 
mediates in reaction of cytochrome oxidase with 
oxveen. Proc Nat1 Acad Sci USA 72: 1635-1640. 1975. 
Ha&on HJ and Sharrock M, The effect of’ mito- 
chondrial energization on cytochrome c oxidase kin- 
etics as measured at low temperatures. I. The reaction 
with carbon monoxide. Biochim Biophys Acta 503: 56- 
66, 1978. 
Harmon HJ, Electron redistribution in mixed valence 
cytochrome oxidase following photolysis of carboxy- 
oxidase. J Bioenerg Biomembr 20: 735-748, 1988. 


