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ABSTRACT 

Experiments on the reconstitution of cytochrome oxidase into 

phospholipid vesicles were carried out using techniques of selectively· 

energizing the suspensions with ascorbate and cytochrome £ or ascorbate, 

PMS, and internally trapped cytochrome £· + It was found that the K 

selective ionophore valinomycin stimulated the rate of respiration of 

cytochrome oxidase vesicles regardless of the direction of the K+ flux 

across the vesicle membranes. The stimulation occurred in the presence 

of protonophoric uncouplers and in the complete absence of potassium 

or in. de.tergent-lysed suspensions. Gramicidin had similar effects and 

it was determined that the ionophores actea by specific interaction with 

cytochrome oxidase rather than by the previously assumed collapse of· 

membrane potentials. 

When hydrophobic proteins and appropriate coup_ling factors were 

incorporated into the cytochrome oxidase vesicles phosphorylation of 

ADP could be coupled to the oxidation reaction of cytochrome oxidase. 

Relatively low P:O, representing poor coupling of the system, were prob-

lematical and precluded measurements of protonmotive force. However 

the system was used to study ion translocation. 

The primary problem in the study of ion transport in proteoliposomes 

is the difficulty of separating the small vesicles from the suspending 

medium by conventional techniques of filtration or centrifugation. A 

system of vesicle aggregration was developed which involved the addition 

of polylysine or protAmi.ne to vesicle suspensions to cause clumping so 

·that conventional filtrations could readily be used to quantitate ion 
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transport. The system was found to be applicable to a wide range of 

types of artificial and natural vesicles. 

Using this separatory system, cation uptake in submitochondrial par-

ticles and cytochrome oxidase vesicles was studied. A number of tests 

of the sidedness of the vesicles demonstrated the cytochrome oxidase to 

be in bidirectional orientation in both types of vesicles, and techniques 

of selective energization were developed to allow generation of ·either 

internally positive or negative membrane potentials in the vesicles. 
' 

Under these conditions of selective energization it was found that sub-

mitochondrial particles accumulated calcium when either internally neg-

ative or positive membrane potentials were generated. The characteris-

tics of the transp.ort we:re studied and uptake against the electrochemical 

gradient (in internally positive submitochondrial particles) of.both 

calcium and manganese was.found to l;Je inhibited hy levels of protonophoric 

uncoupler too low to dissipate the protonmotive force. Other experimen·ts 

indicated that the mechanism of this type of transport was either an elec-

trogenic pump coupled to oxidation or an antiport type of carrier, while 

the mechanism in the internally negative particles was consistent with a 

uniport. 

Cytochrome oxidase vesicles were found to take up calcium and man-

ganese when energized to generate inside negative membrane potentials. 

Uptake in inside positive vesicles or enhancement of uptake in inside neg-

ative vesicles could be obtained by co-reconstitution with eumplex V. 

This uptake was also sensitive to low levels of uncouplers auJ further 

experiments indicated similarity to the submitochondrial particle 

experiments, in that uptake in internally negative vesicles was mediated 



'ix. 

most likely by a uniport type of carrier while.uptake against the elec

trochemical gradient in the internally positive vesicles was.more con

sis_tent with an antiport or electrogenic pUm.p coupled to oxidation. 

Uptake of divalent cation: in. both submitochondrial particles and the 

reconstituted system was sensitive to uncouplers or inhibitors of oxida

tion~ 
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Preface 

·The nature of this work required the use of numerous techniques, 
I 

procedures and systems• The experimental methodology was quite diverse 

and variations of the same methods were frequently used in many phases 

of this research. Because of this the MATERIALS and METHODS sections are 

contained in a single chapter to minimize ~edundancy in the subsequent 

material.· The chapter~ on the different experimental areas each include 

a pertinent Introduction, Results, and~section. 

The experiment·al work was done in several phases e~.nd covers a 

·number of areas such as vesicle reconstitution, mitochondrial calcium 

transport, and oxidative phosphorylation. These areas are so broad 

that it was necewsary to present a somewhat condensed introductory sec-

tion on each focussed on the more relevant aspects of the topic and 

its relation to the present work. 

··~-- ····--· -··· ·-···-··--· -· __ ._, -·---....,.._-~.""' ... - ~~ ··-··· ........ ·- ..... '. 



. 'MATERIALS 

54Mn, 
45

ca, 
32

P, and 14c-sucrose were purchased both from Amersham 

·. . 't 

Searle and New England Nuclear. 32 d .. h f h . P was use w~t out any urt er ·pur~-

fication procedures. 
14 . 14 

C-ADP and c-ATP wer~ .purchased from Amersham 

Searle, and 86Rb and 22Na were purchased from New England Nuclear. 

All ammonium sulfate.used was Schwarz-Mann ultra pure enzyme 

grade. Deoxycholic acid and cholic acid were purchased from Sigma and 

purified as described later in this section. Lysolec±thin, phospha~ 
,/ 

tidy! choline, phosphatidyl ethanolamine, phosphatidyl serine, hexo-

kinase (type C-300), pyruvate kinase (type II), protamine, polylysine, 

cytochrome~ (type III, horse heart), PMS, CCCP, and valinomycin were 

purchased from si·gma Chemical Co. Soy asolectin was obtained from 

Associated Concentrates and from Sigma (type II-S). TheCa++ ligand 

was kindly supplied by Dr. W. Simon of the Swiss Federal Institute of 

Technology, Zurich. · FCCPwas a gift from Dr. P. G. Heytler of DuPont, 

A23187 was generously provided by Dr. R. J. Hosley of Eli Lilly Co., 

and the dicarbocyanine dyes Di-s-c
3
-(5), Di-0-C (5), a~d Di-o-c5-(3) 3 . 

were a gift from Dr. Alan Waggoner of Amherst. , Dr. E. Racker of ·~: 

Cornell kindly provided samples of hydrophobic protein, mitochondrial 

phosphatidyl choline and phosphatidyl ethanolamine, and antibodies to' 

F
1

. Samples of cytochrome oxidase were supplied by Dr. B. Love and 

highly purified F 1 by Dr. A. Senior. Dr. R. Mavis. provided a sample · 

of lisolecithin .. 



All distilled water used in these experiments was passed through 

an ion exchange column to remove residual heaVy metal ions. 

In the protein extraction p-rocedures which will be detailed below, 

modifications of the original procedures were liberally employed with 

respect to centrifugation. All centrifugations were designed to allow 

an amount of g force x minutes equivalent to the original published 

procedures, but frequently because of lack of availability of specific 

rotors or centrifuges, or differences in the amount of tissue processed,. 

substitutions had to be made. 

2 



METHODS 

Purification of phospholipids 

(A) Removal of neutral lipids from asolectin (Kagawa and Racker, 1971) 

5 grams of crude asolectin was placed in a flask with 100 ml of 

acetone and .5 mg of antioxidant (N,N'-diphenyl-p-phenylenediamine). 

The mixture was stirred with a magnetic stir bar at room temperature 

and under n~trogen for 24-48 hours. The acetone was carefully re~oved 

with a Pasteur pipet and the residue dried under nitrogen and then 

dissolved in 20 ml of diethyl ether containing approximately 20)Ug of 

antioxidant (usually a small speck was added). This solution was 

·centrifuged in a JA-20 rotor at 0°C. for 10-minutes at 10,000 rpm. 

The supernatant was decanted and dried under nitrogen. The yellow 

residue was. dissolved in a 4:1 chloroform:.methanol solution at a con

centration of abou.t 100 mg/ml (as determined by weighing an aliquot 

of known volume after drying it on a pre-weighed piece of paper). 

The phospholipid solution was stored in the dark under nitrogen at 

-20° c. 

(B) Ethanol extraction of asolectin (Small, Bourges~·Dervichian, 1966) 

Acetone-treated asolectin was extracted.with ethanol to produce 

a phospholipid fraction enriched in phosphatidyl choline and s.uitable 

for use in the reconstitution of ·oxidative phosphorylation (personal 

communication, A. Kandrach). An aliquot of the chloroform-methanol 

asolectin solution was dried under nitrogen and redissolved in a small 

3 



volume of diethyl ether (2 ml/g of phospholipid). 12.5 volumes of 

100% ethanol was added and the mixture stirred at room temperature 

under nitrogen for 2 hours. The solution became quite turbid upon 

addition of the ethanol. After the 2 hour incubation the suspension 

was centrifuged in a JA-20 rotor at 10,000 rpm for 10 minutes and the. 

supernatant was dried undef' nitrogen and redi.ssolved in 4:1 chloro-

form:methanol at· a concentration of 30-40 mg/ml. The ethanol extracted 

phospholipid solution was stored under nitrogen at -20°C. 

Purification of cholic acid and deoxycholic acid 
(Kagawa and Racker, 1971) 

100 g. of cholic acid or deoxycholic acid was dissolved in 800-900 

ml of 95% ethanol by heating on a magnetic stir plate. While boiling, 

a 250 ml beaker of activated charcoal powder was gradually added and 

the mixture allowed to gently boil for about 30 minutes. A large 

Buchner funnel was fitted with Whatman #1 filter paper, and.the filter 

paper then washed with hot ethanol to remove.any residual detergents. 

The charcoal mixture was poured into the Buchner funnel, to which 

vacuum was applied from a water aspirator. The filtrate was then 

refiltered through two layers of fresh filter paper which had been 

washed with hot ethanol. The clear filtrate was concentrated by 

boiling until the cholic acid or deoxycholic acid just started to come 

out of solution as a milky suspension. ·.367 volumes of distilled water 

was added to give .a final ethanol concentration of 70%, and the mix-

ture heated until complete dissolution of the solute occurred. The 

solution was then cooled to 4°C. and some seed crystals of either 
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cholic acid or deoxycholic acid were added. The crystallization pro

cess was allowed to proceed for about 48 hours at 4°C. The precipi

tate was removed by filtration through Whatman Ill filter paper in a 

Buchner funnel. Cholic acid crystals were washed with diethyl ether 

.and dried in a drying oven overnight. Deoxycholic acid crystals were 

not washed with ether (since it dissolves them) but· were simply dried 

in an oven overnight. All cholate and deoxycholate solutions were 

made from this purified material by gradually adding KOH or NaOH whil~ 

stirring and continuously monitoring pH until all the cholic acid or 

deoxycholic acid was in solution and the appropriate pH was reached. 

Protein measurement 

Protei~ concentrations were generally measured by a modification 

of the biuret technique (Jacobs, Jacob, Sanadi, Bradley, 1956). The 

modification simply involved subtraction of the intrinsic protein 

absorbance at 560 nm from the absorbance of the sample to be measured 

by using a control sample containing no copper. When the protein con

centration was expected to·. be less than 10 mg/ml the Lowry method was 

used (Lowry, RosQbrnngh, Farr, Randall, 1951). 

Preparation of beef heart mitochondria 

For protein extractions and other experiments beef heart mito

chondria were prepared as follows (Crane, Glenn, Green, l956): 

All operations were carried out at 0-4°C. Two beef hearts were 

trimmed to remove fat and connective tissue, cut into small pieces, 

and ground in a mea·t grinder. The ground heart tissue was homogenized 



by placing 100 ml of mince·, -300 ml of • 25 M sucrose, 10 mM Tris-Cl 

(pH 7.4), .4 ml of 1M EDTA (final concentration of 1 mM), and 1.0 ml 

of 6 N KOH in a 1-liter Waring b~ender and homogenizing for 40 seconds 

at the maximum speed. The pH of the homogenate was checked after the 

first aliquot was blended and the amount of KOH added to subsequent 

aliquots adjusted so as to give a final pH of 7.8. The homogenate was 

filtered first through 2 layers of cheesecloth and then through 4 lay

ers of cheesecloth, and the filtrate centrifuged at 3000 rpm in a JA-14 

rotor or at 2700 r.pm in a JA-10 rotor for ) minutes. The centrifuga

tion times were clocked from the time the rotor reached about 2/3 of 

its final speed. The supernatant was carefully uecanted through 4 

layers of cheesecloth and recentrifuged in a JA-10 or JA-14 rotor at 

2000 rpm for 3 minutes. The supernatant· was carefully decanted and 

centrifuged in a JA-14 for 20 minutes at 14,000 rpm or in a JA-10 at 

10,000 rpm for 40 minutes. These times and speeds apply to all subse

quent centrifugations. The brown pellet was homogenized using a glass

tube/teflon pestle in 1/8 of' the volume of the original homogenate of· 

.25M sucrose, 10 mM Tris-Cl, pH 7.4. After centrifugation the pellet 

was homogenized and centrifuged again. The final pellet was dark 

brown in the center (heavy layer mitochondria) and the rest of the pel

let is a lighter brown·in color and more fluffy in consistency (light 

layer mitochondria). The pellet was resuspended in about 25 ml of 

sucrose-Tris per liter of original homogenate and stored at 40 mg/ml 

(protein concentration determined by biuret method) in liquid nitro

gen. 



Preparation of rat liver mitochondria 

Rat liver mitochondria were made according to.a modification of 

the method of Schnaitman and Greenawalt ·(1968). Sprague-Dawley rats 

were killed by decapitation after being anesthetized with diethyl 

ether, and the livers were removed, blotted, and placed in ice cold 

mannitol prep solution (.22M mannitol, 70 mM sucrose,· 2 mM HEPES, and 

1 mM EDTA, pH 7~4-7.5). All subsequent operations were carried out 

at 0-4°C. The maximum amount of liver which could be conveniently 

processed was 60-65 g. The livers were finely chopped with. scissors 

and washed with the mannitol prep solution until the wash solution 

was clear. The mince was then homogenized in mannitol prep solution 

using a 40 ml glass tube with a motor-driven teflon pestle.· The final 

volume of the homogenate was approximately 320 ml. The homogenate was 

centrifuged in a JA-20 rotor at 1800 rpm for 12 minutes. The super

natant was decanted into cold centrifuge tubes and centrifuged at 1800 

rpm for 2 minutes. This supernatant was then centrifuged at 7000 rpm 

for 20 minutes. The supernatant was discarded and the loosely packed 

pellet retained. The white lipid layer which is adherent to the sides 

of the centrifuge tubP.s was removed by wiping with tissue paper. The 

pellets were then resuspended in mannitol prep solution as before and 

the suspension centrifuged at 8000 rpm for 11 minutes. The. superna

tant and loose upper portion of the pellet were decanted and the brown 

pellet was resuspended in mannitol-sucrose-HEPES (MSK; 135 mM man-

nitol, 45 mM sucrose, 24 mM HEPES, .5 mM sodium succinate,: pH 7.2 -

after Lowenstein, Scholte, Wit-Peeters, 1970) 

The homogenate was adjusted to a final volume of 40 ml and cen-



trifuged at 12,500 rpm for 5.5 minutes. The brown pellet was resus

pended in.MSH to a final protein concentration of 75 mg/ml as deter

mined by the biuret method. 

Preparation of submitochondrial particles 

Method 1 (digitonin method) 

· SMP for sidedness and cation uptake studies were generally made 

by sonication of mitoplasts made by digitonin treatment of Schnaitman 

and Greenawalt (1968). An aliquot of mitochondrial suspension 

(75 mg/ml) was treated with digitonin as follows: .12 mg digitonin/mg 

protein was weighed out and dissolved in a volume of suspending medium 

(MSH for rat liver mitochondria pr .25 M sucrose, 10 mM Tris-Cl, pH 

7.4 for beef heart mitochondria) equal to 1/2 the volume of the mito

chondrial suspension to be treated. The solution was heated while 

stirring to dissolve the digitonin, and was then cooled to 4°C. This 

digitonin solution was slowly added to the mitochondrial suspension, 

which was magnetically stirred with two small stir bars in a 40 ml 

centrifuge tube at 0°C. The suspension was stirred slowly for 15 

minutes and then rapidly diluted to a total volume of 80 ml with the 

buffer solution and centrifuged in a JA-20 rotor at 12,500 rpm for 

5.5 minutes. The pellet was resuspended in 80 ml of buffer with a 

glass/teflon homogenizer and recentrifuged. The pellets were resus

pended in a small volume (about 5 ml) of buffer and powdered cyto

chrome c was then added to a final concentration of 12 mg/ml. This 

step was omitted when beef heart SMP' were being made for protein 

extractions. The suspension was sonicated in an L&R type 210 



(or equivalent) bath sonicator for 15-20 minutes at 4°C. The sonicator 

was tuned to maximum sonic activity by observing the agitation of the 

suspension. The suspension was .then diluted to approximately 40 nil 

with .125M KCl, 10 mM HEPES, .5 mM sodium succinate, pH 7,2. For 

sMP·. made without cytochrome c the suspension was diluted with the 

previous suspending medium. The diluted suspension was then centri-

fuged for 1 hour at 40,000 rpm in a Sorvall type A-841 rotor and Sor-

vall type OTD-65 ultracentrifuge at 4°C. The pellet was washed with 

suspending medium and then. resuspended with a glass/teflon homogenizer 

in either MSH or sucrose-Tris at a protein concentration of 30-40 mg/ml 

as determined by biuret. The SMP were either kept on ice until used 

or frozen as described below. 

Method 2 (osmotic shock method; Loyter, Christiansen, Steensland, 
Saltzgaber, Racker, 1969) 

This methpd was used only to produce SMP · for protein extrac-

tions. After the last centrifugation of the beef heart mitochondrial 

preparation, the fluffy light brown layer of the pellet (light layer 

mitochondria) was removed by gentle agitation with a small amount of 

,25M ~ucrose, 10 mM Tris-C.l, pH 7.4 added to the centrifuge tube. 

The firm dark brown pellet remaining in the tube ·after decanting t:he 

liquid was separately resuspended in sucrose-Tris, and represented 

the heavy layer mitochondria. Both fractions of mitochondria were 

homogenized with a glass/teflon homogenizer to a final protein concen~ ~ 

tration of approximately 40 mg/ml, and were then stored at -20°C until 

needed. SMP. were made as follows: 



(A) Light layer SMP 

Light layer mitochondria were diluted to 20 mg/ml usirig 30 mM 

Tris-so
4

, pH 7.4. The suspension was sonicated in 75 ml batches· at 

the maximum setting of a Branson type W 140 probe sonicator for 2 

minutes. The sucrose concentration of the suspension was increased 

to .65 M by the addition of an appropriate amount of 2 M sucrose. 

The suspension was then homogenized using a glass/teflon homogenize! 

and stirred at 0°C. for 10 minutes. 9 volumes of cold·lO mM Tris-so4 

(pH 7.4) was added and the diluted suspension centrifuged in a JA-10 

rotor at 4000 rpm (2000 xg) for 5 minutes.. The ·pellet was discarded 

and the supernatant centrifuged at 10,000 rpm for 45 minutes in a JA-10 

rotor or at 14,000 rpm for 20 minutes in a JA-14 rotor. The pellet, 

representing the SMP ,. was resuspended in • 25 M sucrose,· 10 mM 

Tris-Cl (pH 7.4) and the protein concentration determined by the 

biuret technique. 

(B) Heavy layer SMP 

Heavy layer mitochondria were diluted to 20 mg/ml by addition of 

30 mM Tris-SO 4 .(pH 7. 4) and ·th~en sonicated at the maximum power set-:

ting of the Brancon probe sonicator in 60 ~1 hat~hes for 2 minutes. 

The sucrose concentration was increased to .65 M by addition of 2 M 

sucrose and the suspension was then homogenized and stirred for 10 

minutes. · 9 volumes of cold 10 mM Tris-SO 4 ··(pH 7. 4) were added and the 

suspension was centrifuged in a JA-10 rotor at 4000 rpm (2000 xg) for 

5 minutes. The pellet was resuspended in .25M sucrose, 10 mM Tris-Cl 

(pH 7.4) and protein concentration determined by biuret. 
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Freezing of mitochondria, submitochondrial particles, and mitoplasts 

Mitochondria, SMP , and mitoptasts were stored after freezing 

according to the method of Walton, Kervina, Fleischer, and Dow (1970). 

Mitoplasts were obtained by stopping the SMP preparation (digitonin 

method)· just before addition of cytochrome .£ and sonication. This 

was done because the yield of SMP made from mitoplasts which had 

beem frozen was greater than the yield of SMP · which was obtained 

after freezing them. Dimethyl sulfoxide was added to a suspension 

of mitochondria, mitoplasts or SMP to be frozen .to a final concen~ 

tration of 10% (v/v). Crystalline bovine serum albumin was added 

to a final-concentration of 10 mg/ml and the suspension stirred until 

the BSA was entirely dissolved. The suspension was then stored frozen 

in liquid nitrogen for up to 2-3 weeks. To remove the dimethyl sulf

oxide and BSA from a suspension before use, the suspension was thawed 

at room temperature and then diluted by a factor of approximately 

20-40 with cold suspending medium (usually MSH). The diluted suspen

sion was then centrifuged either in a JA-20 rotor at 12,500 rpm for 

6 minutes (for mitochondria and mitoplasts) or in a Sorvall A-841 

rotor at 40,000 rpm for 1 hour (for SMP>). The pelleted particles 

were resuspended in suspending medium using homogenization and then 

used or processed further. 

Preparation of cytochrome oxidase 

Cytochrome oxidase was prepared by both a modification ot the 

method of Kuboyama, ·Yong, and King (1972) and by the method of Fowler 

Richardson, and Hatefi (196.2). The Kuboyama method (Method 1) was 



more time-consuming and difficult, but produced oxidase which gave 

good respiratory control ratios in COV and was used for all recon

stitution experiments. The Fowter oxidase (Method 2) was used only 

for the experiments on subfractionation of the oxidase into component 

parts and was not fo"und to be suitable for reconstitution experiments. 

Method 1 

'l'he mince was made by the method ·of Yonetani (1966) as follows: 

Fat and connective .tissue were cut into. small pieces and ground in a 

meat grinder in a cold room at 4°C. The mince was washed 2 times with 

10 volumes·of crushed ice and distilled water for 30 minutes with occa

sional stirring, then with 10 volumes of 20 mM sodium phosphate (NaPi) 

buffer pH 7.4 and finally 2 more times with crushed ice and distilled 

water.. The mince was collected after each wash by squeezing through 

2 layers of cheesecloth. The washed mince was either processed further 

or stored overnight at 0-4°C. 

The mince was subsequently processed according to the method of 

Kuboyama et al (1972), and all further operations were carried out at 

0-4°C. 300 gram aliquots of the mince were homogenized at the maximum 

speed setting of a 1 liter Waring blender with 150 ml of .2 M sodium 

phosphate (pH 7.4) and 150 grams of crushed ice for 8 minutes. 2/3 

volume of distilled water was added to the homogenate and the mixture 

was centrifuged in a Beckman JA-10 rotor at 2700 rpm (800 xg) for 20 

minutes. The supernatant was saved and the loose precipitate rehomog

enized for 3 minutes with 1/5 volume (of the diluted homogenate) of 

20 mM sodium phosphate (NaPi), pH 7.4. This second homogenate was 

recentrifuged as before and the precipitate was discarded. The poole~ 



supernatant was acidified to pH 5.6 by gradual addition of 1 M acetic 

acid while stirring in centrifugable batches (3 liters for the JA-10 

rotor). Approximately 13 ml of acetic.acid was required per liter of 

supernatant. The suspension was immediately centrifuged in the JA-10 

rotor at 2700 rpm for 10 minutes. The precipitate was washed with 

10 volumes of distilled water and re.centrifuged. The washed precipi

tate was resuspended in approximately 40-60 ml (per liter of original 

diluted homogenate) of .2M NaPi, pH 7.4, using a 40 ml glass homoge

nizer tube with a motor driven teflon pestle. The pH of the homoge

nate was adjusted to 7.4 with ·3M ammonium hydroxide if necessary, and 

the homogenate then diluted by addition of an equal volume of dis

tilled water. ·ordinarily this particulate preparation was then stored 

overnight at 0-4°C. before further processing. 

While stirring, a 10% (w/v) solution of sodium cholate (pH 7.4) 

was added to give a final cholate concentration of 1%. Solid ammonium 

sulfate was ground to a fine powder with a mortar and pestle and then 

slowly added (over a period of about 30 minutes) to the suspension 

with continuous stirring to a final ammonium. sulfate saturation of .25, 

as calculated from. the formula 
.506 (S

2 
,... s

1
) 

X = ~~~~~--
1··- (.286 s

2
) 

where x is the amount of ammonium sulfate added in g/ml,_ s 2 is the 

desired fina;L ammonium sulfate saturation, and sl is the initial ammo

nium sulfate saturation of the suspension. Saturation here is used 

as a fractional value, with 1.00 representing a completely saturated 

solution of ammonium sulfate. At 0°C., this is about 4.1 Min ammonium 
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sulfate. Therefore at .25 saturation the solution contains 25% of 

the concentration of ammonium sulfate at full saturation, or 1.025 M 

ammonium sulfate. The pH was adjusted to 8.0 with 1 N sodium hydrox

ide (usually required about 1.2 ml/100 ml of suspension), and the sus

pension was then incubated for 1 hour with occasional stirring. Addi~ 

tional solid ammonium sulfate was then added to bring the saturation 

to .35. After 10 minutes, the suspension was centrifuged at 14,000 

rpm in·a JA-14 rotor for 90 minutes (or at 20,000 rpm in a JA-20 

rotor for 60 minutes, depending on the size of the batch). The clear 

and faintly orange supernatant was discarded and the precipitate was 

resuspended in .1M NaPi (pH 7.4) to a final volume equal to 3/4 of 

the previous particulate preparation volume using a glass/teflon homog

enizer. While stirring the suspension, 10% sodium chelate was added 

to give a final chelate concentration of 2%. Solid powdered ammonium 

sulfate was added as before to a saturation of .25 and the pH was 

adjusted to 7.6 with 1 N sodium hydroxide. The mixture was then 

incubated at 0°C. for 10-12 hours • 

. The suspension was centrifuged at 19,000 rpm in a JA-20 rotor 

for 30 minutes. The pellet was discarderl, and the supernatant filtered 

through Whatman #1 filter paper to remove any small particles of the 

pellet. The supernatant was then brought to .40 saturation of ammo

nium sulfate by addition of powdered ammonium sulfate as before. 

After 10 minutes of incubation with occasional stirring the mixture 

was centrifuged at 19,000 rpm in the JA~20 rotor for 15 minutes. All 

subsequent centrifugations in this preparation :were done at 30,000 rpm 

in a Sorvall A-841 rotor and a Sorvali OTD-65 ultracentrifuge for 20 
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minutes, or at 19,000 rpm in the JA-20 rotor for 30 minutes, depending 

on the batch. The supernatant was discarded and the dark green-brown 

precipitate was dissolved in 1/4' volume (of the previous particulate 

preparation) of .1M NaPi (pH 7.4) containing 1.5% sodium:cholate 

(y;/v). While this clear green solution was stirred, a saturated (at 

0°C.), neutralized (to pH 7.0 by addition of a small amount of 1 N 

ammonium hydroxide) solution of ammonium sulfate was added slowly 

until.a slight but persistant turbidity became apparent. This was 

usua.lly judged by observing a decrease in the vis·ibility of the grad-

uations on the side of the beaker when viewed through the solution 

from above. The turbidity usually occurred at an ammonium sulfate 

saturation of approximately .. 25. The amount of saturated ammonium 

s·ulfate solution t·o be added to a solution to achieve a desired satu-

ration was calculated from the formula 

y = 

where y is the amount of ammonium sulfate solution to be adqed in ml 

per ml of cytochrome oxidase solution, s
1 

is the initial ammonium sul

fate saturation, and s2 is the desired final saturation. The mixture 

was incubated for 30 minutes and then centrifuged. The brownish ,opaque 

pellet was discarded and saturated ammonium sulfate solution added to 

the supernatant to give .a saturation of .37. Since the oxidase should 

not be exposed to ammonium sulfate concentrations 'higher than necessary 

to minimize denaturation of the enzyme, whenever J.:_arge aggregates 

(visible clumping) of the precipitate occurred during ammonium sulfate 

addition, further addition of the saturated ammonium sulfate solution 
l 
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was discontinued. This would usually occur at about .36 saturation 

at this stage of the preparation. The turbidity and aggregation were 

used as criteria for determining' the cutoff points for ammonium sulfate 

ad4ition and the subsequent saturations suggested here are taken from 

the Kuboyama procedure (1972) and were only used as guidelines, since 

it was found that usually adding slightly less ammonium sulfate was 

necessary. Any floating oily precipitates noticed after centrifuga'"" 

tion were carefully removed by filtration through glass wool. 

After a 10 minu.~e incubation, the suspension was centrifuged and 

the clear or slightly green supernatant was discarded. ~he dark green-

brown pellet was dissolved in approximately 20,ml of .1M NaPi (pH 

7.4), 1.5% cholate per 100 ml of original particulate preparation. 

Saturated ammonium sulfate was again added to the solution until a 

slight but persistant turbidity appeared. After centrifugation, the 

supernatant was brought to about .36 saturation by addition of satu-

rated ammonium sulfate solution. The precipitate obtained by centri-

fugation was dissolved in 15 ml per 100 ml of original particulate 

preparation of .1M NaPi (pH 7.4) containing !%·Tween 20. The solution 

was brought to slight t~rbidity by addition.of saturated ammonium 

sulfate solution and incubated for 30 minutes with occasional agita~ 

tion. After· centrifugation the ammonium sulfate fractionation proce-

' dure was repeated twice, but each time the ammonium sulfate·· saturation 

used to precipitate out the oxidase was decreased by about .01. The 

final pellet was dissolved in .25 M sucrose and then dialyzed against 

about 25 volumes of .25 M sucrose for 8 hours. The dialysis solution 

was changed and dialysis then continued for an-additional 8 hours to 



remove residual detergents and ammonium sulfate. 

The oxidase protein concentration was determined b~ a modified 

biuret assay and the protein concentration was adjusted to 25 mg/ml 

by addition of .25M sucrose. The cytochrome oxidase was then stored 

in .5-1.5 m1 aliquots in liquid nitrogen. 

Method 2 (Fowler. et al, .1962) 

Beef heart mitochondria prepared as previousiy described were 

thawed and diluted with 3 volumes of .25 M sucrose, 10 mM Tris-Cl, 

pH 7.4. The.suspension was centrifuged in a JA-20 rotor at 14,000 

rpm for 15 minutes. The mitochondria were resuspended using glass 

tube/teflon pestle homogenizer in .66 M sucrose, 1 mM histidine, 50 

mM Tris-Cl (pH 8.0). Protein concentration was determined by the 

biuret method and adjusted to 23 mg/ml. 10% (w/v) .potassium deoxycho

late solution (pH 9.0) was slowly added with stirring to give a final 

concentration of .3 mg/mg protein. Crystalline KCL was then slowly 

added (72 g/1 of suspension) while stirring over a period of about 

15 minutes. After the KCL_was completely d~ssolved the suspension 

was centrifuged in a Sorvall A-841 rotor and Sorvall Model OTD-65 

ultracentrifuge .::tt 30,000 rpm for 30 minutes. 

The reddish supernatant was discarded and the dark green pellets 

were resuspended in an equal volume of .66 M sucrose, 50 mM Tris-Cl, 

1 mM histidine (pH 8.0), homogenized, and recentrifuged as before. 

The supernatant was discarded, and the pellet, which has 3 layers 

(a light brown fluffy upper la~er, a dark green middle layer repre

senting the bulk of the pellet, and a dark brown bottom layer) was 

selective!~· removed by aspiration of the top layer with a pasteur 
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pipet connected by plastic tubing to a water aspirator, with subse~ 

quent removal of the middle layer with a small spatula (avoiding any 

of the bottom layer). This separation is critical to the purity of 

the preparation, and must be done very carefully. The middle layer 

of the pellet :,~;as then resuspended and -homogenized in sucrose-Tris-

histidine to a final protein concentration of 19.mg/ml. 10% potas-

' 
sium deoxycholate was added to a final concentration of .5 mg/mg 

protein and then 74.5 g/1 of crystalline KCl. The suspension was 

then centrifuged for 20 minutes at 30,000 rpm and the pellet dis-

carded. The supernatant was dialyzed against 30 volumes of 10 mM 

Tris-Cl pH 8.0 for 90·minutes at 0°C. Ammonium sulfate was added 

(from a solution saturated at 0°C. and neutralized to pH 7.8 with 

ammonium hydroxide) in the amount of .19 ml/ml dialysate. After 10 

minutes of incubation at 0° the mixture was centrifuged in a JA-20 

rotor at 19,000 rpm for 15 minutes. The dark green pellet was resus-

pended in sucrose-Tris-histidine at 26 mg/ml (as determined by modi-

fied biuret technique). A second fraction was precipitated by adding 

.04 ml of saturated ammonium sulfate solution pe~ ml of supernatant 

and centrifuging at 19,000 rpm for 15 minutes after a 10 minute incu-

bation. · This green pellet was also resuspended in sucrose-Tris-his-

tidine at a protein concentration of 20 mg/ml. Both fractions were 

stored .in liquid nitrogen. 

Fractionation of cytochrome oxidase 

(A) Ammonium sulfate refractionation method (from Roger Carroll, 
personal communication, and Carroll and Racker, 1977) 

In order to incrcaoc the purity of the cytochrome oxidase used 



in the reconstitution of COV the following procedure was carried 

out: Cytochrome oxidase prepared by the Kuboyama method was thawed 

ou·t and diluted to 5 mg/ml wi"th NaPi (pH 7. 4) to a final concentra

tion of .1 M NaPi. 20% (w/v) sodium 'cholate (pH 7. 4) was added with 

stirring to give a final cholate concentration of 1.5%. Saturated 

ammonium sulfate solution (saturated at 0°C. and neutralized to 

pH. i.4 with ammonium hydroxide) was slowly added to the oxidase sus

pension until slight but persistant turbidity appeared (usually at 

about .25 saturation). The suspension was incubated lit 0°C. for 

30 minutes and centrifuged in a JA-20 rotor at 18,000 rpm for 25 

minutes. The supernatant was brought to .35 saturation by addition 

of saturated ammonium sulfate solution and the precipitate was col

lected by centrifugation and dissolved in .1M NaPi (pH 7.4) contain

ing 1% (w/v) Tween 20. The final volume was 1/2 the volume of the 

suspension of oxidase at 5 mg/ml. Saturated ammonium sulfate was 

added to give slight turbidity (approximately .28 saturation) and 

the mixture centrifuged as before. .The precipitate was dissolved 

in a small amount of .25M .sucrose and represented the first fraction 

of the oxidase. Further fractions were collected by sequential addi

tion of ammonium sulfate solution in increments of .02 saturation, 

followed by a 10 minute incubation period and centrifugation each 

time. The precipitates from each fraction were dissolved in a small 

amount of .25 M sucrose. This procedure was continued until no more 

green color remained in the supernatant (usually at about .36 satura

tion).· Any floating oily precipitates appearing in the supernatants 

after centrifugation were carefully removed by filtering the super-
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natant through glass wool several times. The various fractions of 

the oxidase were stored in small (.5 ml) aliquots in liquid nitrogen, 

and later the best fractions were select~d for use in further experi-

ments by ascertaining their ability to produce COV's with high respi-. 

ratory control ratios. 

(B) Purification of cytochrome oxidase made by the Fowler technique 

This method of purification of cytochrome oxidase was carried 

out according to the procedure of Kopaczyk, Perdue, and Green (1966). 

The 2 fractions of the oxidase were diluted to 1 mg/ml in .25M 

sucrose, ~0 mM Tris-Cl (pH 7.8), After approximately 10 minutes the 

solutions became turbid as the oxidase precipitated out of solution 

due to the dilution of the residual detergent in the preparation. 

The suspensions were centrifuged in a Sorvall rotor at 40,000 rpm 

for 90 minutes at 4°C. The crystal clear supernatants were discarded 

and the dark green pellets were resuspended in .25 M sucrose, 10 mM 

Tris-Cl (pH 7.5) at a protein concentration of 20 mg/ml. These pel-

lets were not soluble, since the residual detergent had been removed. 

The resuspension was accomplished with the use of a glass/teflon 
. ' 

homogenizer. The green, turbid suspensions were stored frozen in 

liquid nitrogen overnight and after thawing the next day the follow-

ing additions were made (in the_ indicated order) ~hile stirring at 

0°C.: 10% (w/v) potassium deoxycholate (pH 9.0) to a final amount of 

1.5 mg(mg protein, 20% (w/v) potassium chelate (pH 8.0) to a final 

amount of .75 mg/mg protein, .5 mM EDTA (pH 7.6) to a final concen-

tration of 1 mM, 1. 2 mg/ml of sodium dithionite powder, and 1 mg o.f 

vitamin E per 100 mg of protein. · The solutions were then brought to 
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.15 saturation of ammonium'sulfate by addition of appropriate amounts 

of saturated ammonium sulfate solution. The mixture was incubated 

in the dark at room temperature 'for 8 hours. 'After the incubation 

period the·suspensions were centrifuged at 30,000 rpm for 18 minutes 

at 0°C. A green-brown pellet and green supernatant were obtained. 

Saturated ammonium sulfate was added to increase the saturation to 

.28 and the suspensions were centrifuged at 30,000 rpm for 25 minutes. 

The supernatants were clear and colorless and the pellets were dark 

green and oily in consistency. The pellets were dissolved in .25 M 

sucrose, 10 mM Tris-Cl, 1 mM EDTA (pH 8.0) at a protein concentration 

of 10-15 mg/ml and dialyzed overnight against 100 volumes of the same 

buffer solution at 0°C., and then frozen in liquid nitrogen. 

(C) Fractionation of cytochrome oxidase into an electron transfer 
complex and an ionophore transfer complex (ETC/ITC; Kessler, Blon-
din, VandeZande, Haworth~ Green, 1977) · 

Method 1 

Cytochrome oxidase made by the method of Fowler and purified 

by the procedure of Kopaczyk was placed in dialysis tubing and dia-

lyzed for 12 hours at 0°C. against about 200 volumes of 50 mM Tris-Cl 

(pH 8.0) •. The protein concentration was· 10 mg/ml. While vortexing 

the cytochrome oxidase solution in a centrifuge tube 5 volumes of 

methanol containing 30 mM HCl was added. The suspension was coole9 

to -l0°C. for 10 minutes in a centrifuge and then centrifuged in a 

JA-20 rot.or at 8000 rpm for 10 minutes. The brown supernatant was 

decanted into a small bea~er. The pellet, which represented the ITC 

fraction, was rinsed with methanol containing 30 mM HCl and 16.7% 

water and then resuspended by homogenization in 10 mM Tris-Cl (pH 



8.0) to a final concentration of 5-10 mg/ml as determined by the · 

Lowry technique. The supernatant was adjusted to pH 6.5 by addition 

of approximately 1 drop of 3.8 M·sodiUm acetate (pH 7.7) per_ 10 ml 

of supernatant. A green precipitate appeared after this pH adjust-

·ment and was collected by centrifugation in the JA-20 rotor at 4°C. 

and 17,000 rpm for 20 minutes. The green pellets obtained were rinsed 

with 10 mM Tris-Cl (pH 8.0) and then resuspended by homogenization 

in .25M sucrose (the pellets were not soluble) to a.final protein 

concentration of S-10 mg/ml as determined by the lowry techinique. 

These precipitates represented the ETC. All aliquots of ETC and ITC 

were stored in liquid nitrogen. 

Method 2 

Cytochrome oxidase made by the method of Kuboyama was diluted 

with water, .2M potassium phosphate (pH 7.4), and 10% (w/v) potas-

sium cholate (pH 8.0) such that the final mixture contained 10 mg/ml 

protein, .1M potassium phosphate, and 2% potassium cholate. A satu-

rated sofution of ammonium sulfate was added with stirring at·0°C. 

to give a final saturation of .25 and the pH·was·adj.usted to 8.0 by 

addition of a small amount of 1 N KOH. The mixture was ·incubated 
>I 

at 4°C. for 4 days and then centrifuged in a JA-20 rotor at 17,500 

rpm for 45 minutes. A light green pellet was obatined which repre-

sented the ITC fraction, and the clear green supernatant contained 

.the ETC fraction. The supernatant was brought to . 36 saturation of 

ammonium sulfate and the green precipitate was removed by centrifuga-

tion in the JA-20 at 18,000 rpm for 35 minutes. Both pellets (ITC 

and ETC) were dissolved in .25M sucrose at 10-20 mg/ml and stored 



frozen in liquid nitrogen. 

Preparation of hydrophobic protein (Serrano, Kanner, Racker~ 1976) 

All operations were carried out at 0-4°C. Beefheart mitochon-

dria made as previously described were treated with.digit6nin as 

previously described under the digitonin method. of making SMP , 

' except that the particles were resuspended .in 75 ml of .25 M sucrose, 

10 mM Tris-Cl (pH 7.4) per gram of original mitochondria after the 

first centrifugation. Then the suspension was centrifuged in a JA-14 

rotor at 11,000 rpm for 6 minutes and the pellet resuspended in 

sucrose-Tris to a final volume equal to 33 ml/g original mitochon-

dria. The mitoplasts were sonicated in 80 ml batches at the maximum 

power setting of a Branson Wl40 probe sonicator for 2 minutes. The 

suspension was centrifuged in a JA-20 at 18,500 rpm for 1 hour and 

the pellets, representing SMP ,. were· resuspended in 10-15 ml sucrose-

Tris/g mitochondria and stored frozen at -20°C. overnight. The pro-

tein concentration was adjusted to 50 mg/ml prior to freezing. 

To 3 g of the SMP (60 ml) was added 40 ml of 30 mM Tris-so4 , 

1.5 mM EDTA,. 3 mM Mgso4 , 1.5 mM dithiothreitol (pH 7.5). 12 ml of 

a saturated neutralized solution of ammonium sulfate was added to 

give a final saturation of .10, and 9 ml of a 20% (w/v) solution of 

sodium cholate. (pH 7.5) to give a final cholate concentration of 

1.5%. The mixture was stirred for 7 minutes and immediately centri-

fuged in a 50 Ti rotor in a Beckman L-250 ultracentrifuge at 50,000 

rpm for 90 minutes. The supernatant was brought to .38 saturation 

of ammonium sulfate by addition of .45 ml of saturated ammonium sui-



fate solution per ml of supernatant.· After centrifugation in a J~-20 

rotor at 17,000 rpm for 20 minutes the saturation of the supernatant 

wa.s increased to .45 by addition·of .127 ml of saturated aiiiiilonium 

sulfate solution per ml of supernatant. After a 5 minute incubation, 

the mixture was again centrifuged at 17,000 rpm for 20 minutes. The 

supernatant was discarded and the brown pellet was resuspended by 

stirring with a glass rod. in· 23 mM Tris-so4, 1.2 mM dithiothreitol, 

1.2 mM EDTA, 2.3 mM Mgso
4

, 50 mM sucrose.(pH 7..5). The pale, yellow-

brown, clear solution was stored in liquid nitrogen in .5 ml aliquots, 

after adjusting the protein concentration to 30 mg/ml as determined 

with the biuret technique .. 

Preparation of oligomycin sensitivity conferring protein (OSCP) 
(Tzagaloff and MacLennan, 1968) 

6 g of SMP made as described for the preparation of the hydro-

phobic protein fraction were suspended at 10 mg/ml in .35 M sodium 

bromide (NaBr), .25M sucrose, ·10 mM Tris-Cl, 1 mM dithiothreitol 

(pH 7.5) and incubated at 0°C. with slight stirring for 20 minutes. 

_The suspension was centrifuged in a JA-20 rotor at 18,500 rpm for 90. 

minutes. The floating brown precipitate was resuspended irt the same 

volume of the NaBr solution again.and recentrifuged. The floating 

pellet was homogenized in the same final volume of .25 M sucrose, 

10 mM Tris-Cl (pH 7.4) and centrifuged at 18,5p0 rpm for 1 hour. 

The pellet was rehomogenized in sucrose:....Tris and the centrifugation 

repeated. After this centrifugation the pellet was resuspended in 

.3M KCl, 1.5 mM EDTA at 15 mg/ml as determined by biuret. 1/2 val-



ume of 1.2 N ammonium hydroxide was added with stirring arid the mix

ture incubated with slight stirring at 0°C. for 30 minutes. The sus

pension was centrifuged at 18,500 rpm for 45 minutes and the superna

tant decanted and set asid~ on ice while the pellet was resuspended 

in KCl-EDTA and treated with NH
4

0H as before. While 'stirring, 10 N 

acetic acidwas added to the combined supernatants to bring the pH 

to 8.0 (the amount·of acetic acid added was about equivalent to 6% 

of the total volume of the suspension). The suspension was then 

. centrifuged at 18,500 rpm for 30 minutes and the supernatant brought 

to .40 saturation of ammonium sulfate by addition of a saturated 

neutralized solution of ammonium sulfate. The suspension was centri

fuged at 18,500 rpm for 30 minutes and. the pellet dissolved in a 

small amount of 20 mM Tris-so
4

, 1 mM EDTA (pH '8.0). The solution 

was dialyzed for 4 hours against 30 volumes of this resuspension 

buffer, after which the dialysis solution was replaced with fresh 

buffer and the dialysis continued for 4 more hours, during which 

time the dialysate became turbid. The dialysis was centrifuged at 

17,000 rpm for 25 minutes and the protein concentration in the clear 

yellow supernatant determined·. The OSCP was frozen in· L 5 ml ali

quo'ts in liquid nitrogen • 

. Preparation of mitochondrial ATPase · (F1l (Horstman and Racker, 1970) 

6-7 g of beef heart mitochondria made as previously described 

were diluted to 15 mg/ml with .25M sucrose at 0°C. and centrifuged 

in a JA-20 rotor at 18,000 rpm for 20 minutes. The pelleted mito

chondria were resuspended with a glass tube/teflon pestle homogenizer 
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to a concentration of 30 mg/ml in .15· M sucrose, 2 mM ATP, and 2 

mM EDTA {pH 7.4). The suspension was sonicated in a single batch 

at the maximum power setting of a Branson Wl40 probe sonicator for 

30 minutes. The temperature was allowed to rise to 45°C. during the 

first half of the sonication and to 52-55°C. during the second half 

of the sonication period. The mixture was then cooled to r·oom tem

perature in a water bath and all subsequent operations were carried 

out at room temperature unless otherwise specified. The sonicated 

suspension was then centrifuged at 18,500 rpm in a JA-20 rotor for 

2.5 hours. All subsequent centrifugations were also done in a JA-20 

rotor. The precipitate was resuspended using homogenization in dis

tilled water (a volume equal to the volume of the suspension at 30 

mg/ml) and the sonication and centrifugation were repeated. The 

:;upernatants froni these two centrifugations were both processed 

separately. The pH of the first supernatant (#1) was adjusted to 

5.4 with 1 N acetic acid and the mixture was immediately centrifuged 

at 14,000 rpm for 5 minutes. The pH of the supern~tant was quickly 

adjusted to 6.7 by addition of unneutralized 2M Tris buffer. The 

total time of exposure to the acidic pH should not exceed 10 minutes. 

The acidification arid centrifugation procedure was then repeated on 

supernatant 112.. The next step in the procedure is a protamine pre

cipitatiop, but the amount of protamine to be used is extremely 

critical and varies from batch to batch so a pilot precipitation must 

be carried out. It was found that adding mor.e protamine than the 

minimum amount necessary to render the solution turbid would tend 

to precipitate out all the F1 , so protamine (from a freshly made .5% 

./ 
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sqlution adjusted to pH 6.0 with lN H
2
so

4
) was-added to 1 ml aliquots 

of supernatant #1 until the minimum amount producing turbidity was 

found. This -varied from .007-.0"18 ml/ml for different batches. The 

original preparative procedure suggests approximately .02 ml/ml. 

When the appropriate amount was determined, this amount of protamine 

was added dropwise with stirring into solution #1. After a 5 minute 

incubation, the suspension was centrifuged at 15,500 rpm for 5 minutes 

and the whi~e precipitate was discarded. 40 ml of the protamine 

solution per 100 ml of supernatant was then added and the suspension 

centrifuged at 14,000 rpm for 15 minutes after a 5 minutes incubation. 

With supernatant #2, the pilot precipitation step is ommitted and 

42 ml of the protamine solution per 100 ml of sup~rnatant added in 

one step. After 5 minutes of incubation the suspension was centri

fuged· at 14,000 rpm for 15 minutes. The bright yellow pellets were 

combined and dissolved in a small amount (5-10 ml) of .4 M ammonium 

sulfate, .25M sucrose, 10 mM Tris-so4 , .2 mM EDTA (pH 7.5). If 

turbid, the suspension was centrifuged at 15,500 rpm for 5 minutes 

and the precipitate discarded. An equal volume of ammonium sulfate 

solution (saturated at room temperature and neutralized to pH 7.2 

with 1 N NH
4
0H) was added while stirring. The suspension was cooled 

on ice for 10 minutes and centrifuged at 4°C. and .15,500 rpm for 10 

minutes. The pellet was resuspended in about 5 ml of .25 M sucrose, 

.10 mM Tris-so4 , 2 mM EDTA, 30 mM ATP (pH 7.4) and a small aliquot 

removed for.protein determination by Lowry or biuret assay. The 

protein concentration was diluted to 4 mg/ml by the addition of an 

appropria.te amount of the same solution used to resuspend the pellet. 



The solution was placed in a glass graduated cylinder and immersed 

in a 72°C. water bath until the temperature of the solution reached 

64°C. and was then transferred to a 64°C.·water bath for the remain-

der of the 4 minute heating period. After ~eing cooled in a water 

bath to 30°C. the suspension was centrifuged at room temperature at 

16,000 rpm for 10 minutes. An equal volume of a saturated ammonium 

sulfate S91Ution WaS then added to the SUpernatant and the SUSpension 

was cooled on ,ice for 10 minutes and centrifuged at 4°C. and 15,500 

rpm for 5 mim~tes. The white precipitate was resuspended in 10 ml 
. . . 

of .25M sucrose, ~0 mM Tris-so4 , 2 mM EDTA, 4 mM ATP (pH 7.4) and 

stored frozen in .5. ml aliquots in liquid nitrogen. When used for 

experiments, a vial of F1 was quickly thawed and kept at room temper

ature until being returned to storage. 

Preparation of complex V (Hatefi, Haavik, .Jurtshuk, 1961; Hatefi, 
Stiggall, Galante, Hanstein, 1974) 

All operations were carried out at 0-4°C. Beef heart or rat 

liver mitochondria were thawed at room temperature, diluted with .25 

M sucrose. to a protein concentration of 30 mg/ml, and centrifuged 

·in a JA-20 rotor at 19,000 rpm for 3U minutes. The sedimented mltu= 

chondria were suspended in 50 mM Tris-Cl, .66 M sucrose, 1 mM histi-

dine (pH 8.0) by homogenization with a glass/teflon homogenizer to 

a final protein concentration of 23 mg/ml. .3 mg of potassium deoxy-

cholate/mg protein ·were added from a 10% (w/v) solution (pH 9.0), 

and then 72 g/1 of crystalline KCl was added over a period of 15 

minutes with.continuous stirring. After complete dissolution of the 
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KCl the suspension was centrifuged for 45 minutes at 19,000 rpm (all. 

centrifugations weredone in the JA-20 rotor). According to the 

original published procedure the·supernatant is supposed to be red 

in color, but in 5 preparations, this was never· the case, and the 

supernatant was always a clear brown color. .25 volumes of distilled 

water was added to the supernatant and the suspension was recentri

fuged for 1 hour~ The supernatartt·(again, supposedly clear red.but 

actually clear ~rown) was dialyzed against 20 volumes of 10 mM Tris-Cl 

(pH 8. 0) fo~ 3-4 hours, during whici1 time the· dialysate beeame ·.;.: 

cloudy. The dialysate was then centrifuged at 19,000 rpm for 2.5 

hours (the actual procedure suggested centrifugation in a Spinco #30 

rotor for 90 minutes at 30,000 rpm, or 78,000 xg). The supernatant 

was decanted and the brown pellet (which should be red in color 

according to the original procedure) was discarded~ Instead of the 

Sephadex treatment suggested by the original published procedure, 

the supernatant was dialyzed overnight.against 20 volumes of 10 niM 

Tris-Acetate (pH 7.5), with the dialysis solution being replaced with 

fresh solution after 6 hours of diaiysis. The dialysate was brought 

to .42 saturation of ammonium sulfate by the addition ·of a saturated, 

neutralized solution. of ammonium·sulfate and was centrifuged at 

19,000 rpm for 35 minutes. The pellet was resuspended in .25 M 

sucrose, 10 niM T:ds-acetate (pH 8. Q) at a protein concentration of 

20 mg/mi as determined by the biuret reaction. Potassium chelate 

was then slowly added while stirring fi·om a 20% (w/v) solution (pH 

8.0) to a final concentration of .365 mg cholate/mg protein. The 

solution was then brought to .24-.25 saturation by addition of a 



saturated solution of ammonium sulfate, at which. time ·a whi.te precip

itate formed and ~as remo~ed by centrifugation for 35 minutes at 

19,000 rpm. Theclear yellow supernatant-was brought tO .42·sat:ura

tion by addition of more ammonium sulfate solution, and the yellow 

gelations pellet which was obtained after centrifugation at 19,000 

rpm for 35 minutes was dissolved in a smal:J_ amount of .25M sucrose, 

10 mM Tris-acetate (pH 8.01 to a final protein concentration. of 

15-25 mg/ml and stored in small aliquots in .liquid nitrogen. This 

solution represented the complex V preparation. 

The appearance of the beef heart mitochondria and rat liver 

mitochondria preparations was similar ~hroughout the protein extrac

tions. However, therewere some differences at the ammonium sulfate 

fractionation stage. With the rat liver preparation, the supernatant 

was· still yellow after the ~42 saturation .. centrifugation, so a second 

fraction of rat-liver complex V was_ recovered by increasing the satu

ration of ammonium sulfate to .50 and recentrifuging the suspension. 

The final supernatant was completely clear, and the yellow precipi

tate representing the second (_. 42-. 50) fraction of. the complex V was 

recovered as. a yellow gelatinous floating layer. This layer was best 

removed: by its adherance to the· tip of a J-shaped Pasteur pipet, 

with suosequent dissolution in .25 Msucrose, 10 :nlM T.ris-acetate 

(pH 8.0}. 

With. the beef heart preparation, the· supernatant was clear after 

the· .42 saturation centrifugation, and the pellet was a yellow gelat

inous floating layer~ ·However, the precipitation at .24-.25 satura

tion was variable, and if a clear yellow supernatant and white pellet 
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were not ob.tained, after the .25 saturation centrifugation or a. 

yellow gelatinous floating layer was not obtained after the .42 sat-

uration centrifugation, the frac.tionation procedure with potassium 

cholate and ammonium sulfate was repeated on the material obtain~d 

after the .42 saturation centrifugation. After the cholate addition,. 

the ammonium sulfate saturation was gradua;I.ly incre?sed until a white 

precipitate and clear yellow supernatant were obtained after centri-

fugation. It was necessary to increase the ammonium sulfate satura-

tion as high as ~ 3-1 for this to occur. Then the ·saturation was 

increased to .42 and after centrifugation the floating yellow precip-

itate was removed and dissolved in .25 M ~ucrose, 10 mM Tris-acetate 

(pH 8.0) as described above. 

Preparation of the adenine nucleotide transporter (Shertzer and 
Racker, 1976) 

SMP were made from beef heart mitochondria by the. osmotic 

shock method detailed previously. All operations were carried out 

at 0-4°C. 3.6 g of SMP were incubated at 30 mg/ml in 2% (w/v) 

sodium cholate, 1 mM dithiothreitol, 50 M EDTA, 125 mM sucrose, 

.4 M ammonium sulfate, and 10 mM Tricine-KOH (pH 8.0).for 30 minutes 

with stirring. The insoluble residue was removed by centrifugation 

·at 50,000. rpm in a Beckman 50Ti rotor for 1 hour. The supernatant 

was brought to .32 saturation of ammonium sulfate by addition of an 

appropriate amount ot a saturated neutralized solution of ammonium 

sulfate, and then centrifuged at 19,000 rpm iri ·a· JA-20 rotor for 30 

minutes. The precipitate was discarded and the supernatant was· 



brought to .40 saturation with ammonium sulfate and the precipitate 

obtained after centrifugation in a JA-20 for 30 minutes at 19,000 rpm 

was also discarded. The saturation of the supernatant was then 

increased to .45 and the yellow-brown pellet obtained after centri-

"fugation was dissolved in a small amount of 125 mM sucrose, 1 mM 

dithiothreitol, 10 mM Tricine-KOH (pH 8.0) at a protein concentra-

tion of approximately 10 mg/ml as determined by the biuret technique. 

The sup~rnatant was brought to .50 saturation by addition of ~ore 

ammonium sulfate solution and a second fraction of the adenine 

nucleotide transporter was obtained as another yellow·pellet which 

was also dissolved in sucrose-dithiothreitol-Tricine buffer at about 

10 mg/ml. Both fractions of the adenine nucleotide transporter were 

stored frozen ·in liquid nitrogen in small aliquots. 

Preparation of the phosphate transporter from mitochondria (Banerjee, 
Shertzer, Kanner, Racker, 1977) 

Beef heart mitochondria were prepared in the usual manner. 

A-particles ( SMP made by sonication in the presence of ammonia and 

EDTA) were made according to the procedure of Fessenden and Racker 

(1966) as follows: 5 g of·mitochondria were thawed at room tempera-

ture and then placed on ice. The mitochondria were diluted to 17 

mg/ml with .25M sucrose, 10 mM Tris-Cl (pH 7.4) and centrifuged in 

a JA-20 rotor at 15,000 rpm for 20 minutes. The pelleted mitochon-

<.l.cia w-=:re resuspended in 1,8 mM sucrose, . fi2 mM EDTA (pH 7. 45) using 

a glass/teflon homogenizer .to a final protein concentration of 

27.5 mg/ml. · An aliquot of this suspension which could be centrifuged 

in a sj_ngle hr:~.tf'.h in a Beckman 50 Ti rotor (120 ml) was then brought 
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to pH 9.2 by addition of 1 N NH
4

0H (approximatel~ .• Ol ml/ml of sus

pension) with continuous stirring and pH monitoring. The suspension 

was then sqnicated for 2 minutes at the maximum power setting of a 

Branson Wl40 probe sonicator in 30 ml batches. The sonicated solu

tion was centrifuged in a JA-20 rotor at 18,000 rpm for 10 minutes 

and the supernatant was carefully decanted and centrifuged in a 

SO Ti rotor at SO,OOO rpm for 4S minutes. The dark green-brown 

pellets were resuspended in .2S M sucrose, 1 mM EDTA (pH 7.S) by 

homogenization. _Any remaining mitochondrial suspension was processed 

to this point and_ the resuspended dark green-brown pellets were 

pooled and the volume adjusted to 120 ml by addition of .2S M sucrose, 

1 mM EDTA (pH 7.S). The suspension was then centrifuged in a SO Ti 

rotqr at SO,OOO rpm for 20 minutes. If the supernatant was clear 

further washing of.the suspension was omitted, otherwise_ the pellets 

should be resuspended and centrifuged again. The final pellet repre

sents the A-particles, and was resuspended in S% glycerol, 2 mM 

dithiothreitol, 10 mM EDTA, 50 mM potassium phosphate (pH 8.0). The 

A-particles were stored frozen in liquid nitrogen. 

All further operations were carried out at 0-4°C. The A-parti-

cles were thawed and diluted to 2.25 mg/ml in S% glycerol, 10 mM 

EDTA, 2 mM dithiothreitol, 50 mM potassium phosphate (KPi) (pH 8.0). 

Triton x..:.100 was added with stirring to a final concentration of 1%. 

This mixture was-stirred for 30 minutes and centrifuged in a JA-20. 

rotor at 19,000 rpm for S ho1.1rs (160,000g x hr.). The dark brown 

pellet was discarded and to the clear yellow supernatant was added 

SM-2 Biobeads which had been incubated overnight in 5% glycerol, 
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10 mM EDTA, 2 mM dithiothreitol, 50 mM KPi (pH 8.0} and drained on· 

a Buchner .funnel. 12 g of Biobeads were added per 90 mg of A-parti-

cies with which the preparation was started. The suspension was 

-
gently stirred for 2 .hours and then centrifuged in the JA-20 at 

15,000 rpm for 10 minutes. The supernatant was filtered through 

Whatman #1 filter paper in a Buchner funnel and then twice through 

glass ~ool. To the filtered supernatant was added an equal volume 

of saturated ammonium sulfate solution (pH 7.4). The suspension was 

incubated for. 10 minutes and then centrifuged in a JA-::-20 rotor for 

15 minutes at 19,000 rpm. The light brown, friable, floating 

precipitate was collected and resuspended by. homogenization in 5% 

glycerol, .05 mM dithiothreitol, 1 mM MgC1 2, .5 mM EDTA, 10 mM Tricine

KOH (pH 7.5). The pellet is not soluble in the solution and is 

stored as a suspension in small aliquots in liquid nitrogen. 

Preparation of antibodies to F1 

Antiserum to F1 was made by injection of rabbits with a sus

pension of F 1 ~ Antibodies have been mad.e ·previously using mice and 

horses (Fessenden and Racker, 1966; E. Racker, personal communication), 

but the· procedure for bleeding the mice is difficult and traumatic 

and the use of horses was precluded. because of their size and expense . 

. Rabbits and chickens have been used in the past, but give variable 

results. (Fessenden and Racker, 1966). However rabbits were used in 

these experiments because of the greater practicality of the proce-

dure. 3 rabbits weighing about 3 kg were immunized as follows: 

.4 ml of a suspension of highly purified F
1 

(supplied by Dr. A. 
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Senior) and containing 7.5 mg/ml was added to 2.1 ml of 40 fuM 

Tris-so
4

, 1 mM EDTA, 4 mM ATP (pH 7.4). 2.5 ml of a saturated solu

tion of ammonium sulfate and 5 ml of complete Freund's adjuvant were 

added to this. The mixture was emulsified with a Vertise homogenizer · 

for 10 minutes (or until a drop of the emulsion placed on the surface 

of distilled water remained intact) •. 2.5 ml of the emulsion was 

drawninto each of three·5 ml syringes. Using 1 1/2" 20 gauge 

needles, 1.25 ml of the emulsion was injected into the inner aspect 

of· the thigh muscle of each leg of the 3 rabbits. This -was repeated 

3 times at 1 week intervals. For the last 2 sets of these injections 

water was substituted for .the saturated solution of ammonium sulfate 

beacuse of possible irritant effects of· the ammonium sulfate. 

10 days after the last injection the rabbits were test-bled by nick

ing a vein in the ear and removing several ml of blood. The blood 

was placed in test tubes at 4°C. overnight and the tubes rimmed with 

a wooden stick to·allow clot retraction. The blood was then centri

fuged in a JA-20 rotor at 15,500 rpm for 15 minutes. The serum was 

decanted and recentrifuged at 18,000·rpm for 15 minutes to remove 

any residual bl.ood cells. The antibody titers. were then checked 

using the Ouchter.lony double diffusion assay (0. Ouchterlony, 1967). 

because the titers were low, the rabbits were given a booster injec

tion of F1 1 week later, and the blood removed from them by cardiac 

puncture 10 days after the booster injection. The blood was pro

cessed by centrifugation as above and the antiserum was stored frozen 

at -20°C. 
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Isolation. of the itimninoglobulirt · f:tactiort of· arttiSe:ttim ·to F 1 (P. Stelos, 1967) 

An equal volume of saturated neutralized ammonium sulfate solu-

tion was slowly added to an aliquot of antiserum with continuous 

. stirring at 0°C. The suspension was then incubated at 4°C. over-

night and then. centrifuged at 16,000 rpm for 20 minutes in a JA-20 

rotor. The pellet was resuspended in 60% saturated ammonium sulfate 

solution (pH 6.5) and recentrifuged. The precipitate was dissolved 

I 

in a volume of .85% NaCl equal to the original volume of the anti-

serum. An equal vol~me of a saturated solution of ammonium sulfate 

was added and after 15 minutes of.incubation at 0°C. the suspension 

was centrifuged as before. The pellet was dissolved in a small 

amount of . 9% NaCl ,. 10 mM HEPES (pH 7. 2) and dialyzed against approx-
' 

imately 30 volumes of this buffer for about 36 hours, with 2 changes 

of buffer at 12 _hour interVals. The protein concentration was deter-

mined by the biuret method and the immunoglobulins were stored at :... ·~. ·· _. 

Drying phospholipids for preparation of liposomes 

Phospholipids were. stored as a 4:1 chloroform:meth~moLsolution·.-

at -20°C. ~nder nitrogen. The phospholipids generally used for 

making liposomes and proteoliposomes were soy asolectin which had 

been acetone-extracted to remove neutral lipids as previously 

described. Generally the phospholipid solution contained about 100 

mg/ml of phospholipid. The appropriate amount of the phospholipid 
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solution was pipetted into a pyrex test tube and dried by blowing a 

stream of nitrogen on the aliquot of phospholipid solution. To allow 

more complete drying, the phospho~ipids were then dissolved in a 

small amount of room temperature diethyl ether (.5 ml/100 mg) and 

dried again. 

·Phospholipid .vesiCles· (PLVl 

Liposomes containing no proteins were made by one of two methods. 

Method 1 

An appropriate salt and buffer solution (usually 40 mM K2so4 , 

10 niM HEPES, pH" 7.0} was added to the dried phospholipids in an 

amount so as to give a final phospholipid concentration of 20 mg/ml. 

The total volume of a suspension to be sonicated in a single batch 

should not exceed 3-4 ml, or the suspension would take a very long 

time to clarify. The suspension was vortexed for about. 2 minute~ to 

partially suspend the phospholipids and then sonicated in an L & R 

·type· 210 (or equivalent) bath sonicator at· room temperature untii 

the suspension became clear (nonturbid). The length of time required 

for this sonication depends on the effectiveness of the sonic ·action 

at dispersing the phospholipids, which necessitates tuning the soni

cator for maximum visible agitation of the suspension. Upon clari

fica-tion (after 5-20 minutes of sonication) the suspension of lipo

somes (PLV) was placed on ice until used.· 

Method 2 

This method takes longer because of the time required for dial

ysis but was used when liposomes and proteoliposomes were being com~ 



pared in an experiment because this method of making the PLV more · 

closely parallels the methods of formation for most of the proteo

liposomes used. Distilled water and sodium cholate (from a 20% (w/v) 

solution, pH 7.4) were added to an aliquot of dried phospholipids to 

give a final ·phospholipid.coriceri.tration·of 80 mg/ml'and 2% cholate. - ' . 

The volume of the phospholipids was neglected in this calculation. 

The tube was vortexed for about 1 minute to partially solubilize the 

phospholipids. The suspension was then sonicated at room temperature 

under nitrogen at the maximum tunable sonic action of the L & R type 

210 (br equivalent) bath sonicator. Sonication continued until a 

clear (nonturbid) suspension was obtained. The maximum volume should 

not exceed 4-5 ml per batch or the sonication takes excessively long 

times. All sonication was done in pyrex tubes to minimize breakage. 

Only one tube was ever sonicated in the bath at a time. While phos-

pholipid suspensions were always sonicated at room temperature, pro-

tein-containing suspensions were generally sonicated at 0°C. After 

sonication the suspension was diluted to 40 mg/ml by addition of an 

appropriate buffer solution (usually 80 mM K
2
so

4
, 10 mM HEPES, 

pH 7.0). After mixing well the suspension was placed ih dialysis 

tubing both ends tied tightly with braided nylon string, minimizing 

any trapped air in the tubing. The liposomes were then dialyzed 

approximately 16 hours by either of the following methods: 

Dialysis. 

The dialysis tubing, after being tied shut with braided nylon 

string, was placed in a beaker or flask which contained approximately 

100-300 volumes of buffer solution (usually 40 mM K
2
so

4
, 10 mM HEPES, 
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pH 7~0) and gently stirred at 0°C. for 6-10 hours. The dialysis 

soluti.on was ~hen replaced with fresh solution and dialysis was con-

tinued for an additional 8-10 hours. 

Flow dialysis 

Because the above method of dialysis often required buffer 

changes· at inconvenient times a flow dialysis. was devised. (see . 
. . 

Figure 1 ). The system consisted of a 50 ml chamber (a plastic grad-

uated cylinder with spout cut off so as to create a completely 

round cross section at the top) with a stir bar in the bottom •. The 

dialysis solution was pumped through a tube in a 2-hole rubber stop-

per in the top of the chamber into the bottom of the chamber by a 

Sage model 375A peristaltic pump at a flow rate of approximately 

35 ml/hr. The solution effluxed from the top of the chamber through 

a tube in theother hole of the rubber· stopper and into a container. 

The chamber was placed on a small magnetic stir plate which allowed 

continuous stirring of the chamber. Stirring was ab~olutely essential 

for effective dialysis to occur. The entire assembly was housed in 

a refrigerator ~o that the operation could be carried out.at 4°C. 

Generally di<'!JyRi.s of a suspension of vesicles was accomplished by 

placing the suspension in dialysis tubing as usual and placing the 

tubing :ln the chamber (which had been filled with the appropriate 

dialysis solution) and pumping fresh dialysis solution thro~gh the 

chamber at a rate of 35-45 ml/hour for 12-16 hours. The peristaltic 

pump had ·4 channels, so up to 4 chambers could be operated simulta-

neously. 
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Preparation ~f cyt~chro~e oxidas~·~~sitl~s (COV) 

4 different methods are detailed below for the formation of 

COV. The method generally emp'loyed was cholate dialysis, since it 

gave the best respiratory control ratios. When multiple batches of 

COV · had to be made simultaneously to vary- certain parameters such 

as the buffer solution components or cytochrome.oxidase type or con

centration, it was more convenient to use the cholate dilution tech

nique. This method obviates the need for multiple dialysis chambers 

and dialysis solutions, and is also much more rapid than dialysis. 

The lysolecithin incorporation method was only used for the prepara

tion of large-volume COV since it was the· only effective means of 

forming large..;,.volume COV with good respiratory control. It was not 

used for standard preparation of COV because of low activity due 

to the low concentrations of cytochrome oxidase which must be used. 

The phosphatidyl serine incorporation technique was used only in 

attempts to form right-side out systems of oxidative phosphorylation 

since selective incorporation of cytochrome oxidase and hydrophobic 

protein into the same vesicles can be achieved with this technique 

O:ytan and Racker, 1977}. Relatively poor respiratory control 

ratios were obtainedwith the Phosphatidyl serine incorporation 

method. 

Method 1 - cholate dialysis 

COV:: were inade by cholate dialysis. according to the methods 

of Hinkle, Kim, and Racker· (1972). Acetone-extracted asolectin was 

dried in a pyrex tube as previously described, and sonicated to 

clarity after the addi.tion of sodium cholate and water as in the 



second method of making PLV , except that the volume of cytochrome 

oxidase which is to be added is subtracted from the volume of water 

added prior to sonication. The amount of cytochrome oxidase generally 

used was between .125 mg and .625 mg per ml of final COV suspension 

(at 40 mg/ml phospholipid concentration). After the buffer was added 

to the sonicated phospholipids (again this was usually 80 mM K2so
4 , 

20.mM HEPES (pH 7.0)) the appropriate amount of cytochrome oxidase 

was added and the suspension vortexed about 10 seconds and then son-. 

icated in·the bath sonicator at 0°C. for approximately 20 seconds. 

After the sonication the vesicle suspension was dialyzed as previ-

ously described. When making COV which coul~ be energized so as 

to form an internally positive membrane potential (usually referred 

to as inside-out energized vesicles by analogy with mitochondrial 

orientation of cytochrome oxidase and membrane potential), .75 mg/ml 

of cytochrome ~ was added at the time the cytochrome oxidase was 

was added to the suspension. The volume of the cytochrome ~· which 

was added· from a solution of 30 mg/ml, was also subtracted from the 

volume of water added to the phospholipids prior to the first soni

cation. After dialysis, the vesicle suspension was. treated by Sepha

dex filtration to remove excess external cytochrome c as will be 

described later in this section. 

·Method 2- cholate dilution (Racker, Chien, Kandrach, 1975) 

A more rapid method of making COV was the cholate dilution 

method of Racker et al. Asolectin was dried in the usual manner and 

sonicated to clarity at a phospholipid concentration of 80 mg/ml and 

a cholate concentration of 1.4-1.6%. Then the phospholipids were 
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diluted to 40 mg/ml by addition of an equal volume of buffer (80 mM 

. K
2
so 4, 20 mM HEPES (pH 7. 0)), and cytochrome oxidase was added.. The 

usual amount of cytochrome oxidase added was .25 mg/ml of suspension. 

The suspension was·incubated at least 1 hour at 0°C., and up to sev-

eral days. The vesicles were formed at the time of assay by dilution 

of at least 25-fold (and the usual dilution factor was about 125) 

into the appropriate assay mixture. COV made by the dilution tech-

nique were used primarily used for oxygen consumption studies and 

therefore were diluted by addition to J.O ml of buffer in an oxygen 

electrode chamber. 

Method 3 - lysolecithin incorporation (Eytan, Matheson, Racker, '1975, 
1976) 

Lysolecithin was added to the asolectin solution so as to com-

prise 10% of the total phospholipid· in the solution. The solution 

was then dried in the usual manner. Buffer solution was then added 

to give a final concentration of 20 mg phospholipid per ml of·suspen-

sion. After vortexing for 1-2 minutes, the suspension was sonicated 

to clarity •. Cytochrome oxidase was added to the suspension to a 

final ·concentration of .03-.10 mg/ml and the suspension was mixed by 

vortexing and incubated at 4 6 C. for about 20 hours. 

Method 4 - Phosphatidyl serine incorporation (Eytan and Racker, 1977) 

Phospholipids were dried as described after adding a solution 
. . 

of phosphatidyl serine t? comprise 30% of the total .Phospholipids. 

The phospholipids were sonicated to clarity after addition of 50 mM 

potassium phosphate, .5 mM EDTA (pH 7.0) to give a final phospholipid 

concentration of approximately 7.5 mg/ml. After sonication an equal 
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volume of the same buffer was added as well as .125-.500 mg of cyto-

chrome oxidase. The mixture was incubated for 30 minutes at room 

temperature and the vesicles then stored on ice until used. 

Preparation of ATP~32P exchange vesicles (Racker, Chien, Kandrach, 
1975) i 

Asolectin was dried in a pyrex test tube. Sodium cholate (from 

a 20% (w/v) solution (pH 7.4)) and water were added to the phospho-

lipids to give a final cholate concentration of 2.25% and a phospho-

lipid concentration of approximately 75 mg/ml. After vortexing the 

tube 1 minute to partially solubilize. the phospholipids the suspen-

sion was sonicated to clarity. 1.25 volumes of 8 mM Tris-so4 , .4 mM 

EDTA, .8 mM Mgso
4

, .4 mM'dithiothreitol (pH 7.5) were added. Hydro~' 

phobic protein was then added from a solution of 30 mg/ml to a final 

concentration of 4 ·mg/ml. The final phospholipid .concentration was 

30 mg/ml and the final cholate concentration was .85%. The mixture 

was incubated at 0°C. for 3 hours and the vesicles then assayed for 

32 ATP- P. exchange by dilution into an appropriate assay mixture as 
l. 

will be detailed later. 

Preparation of.phosphorylating cytochrome·oxidase,vesides (PCOV) 

PCOV were made basically according to the preparative proce-

dure <?f Racker and Kandrach (1973) with a few modifications. Ethanol-

extracted asolectin was dried in a pyrex test tube~ Sodium cholate 

was added from a 207. (w/v) solution to·a final concentration of 2.8% 

and water to give a final phospholipid concentration of 68 mg/ml. 

An equal volume of 10 111M Tricina,.,KOH, 40 mM ammoni1.1m sulfate, 2 mM 
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dithiothreitol, .2 mM EDTA, 50 mM sucrose (pH 8.0) was added and the 

tube vortexed 2 minutes and then sonicated to clarity in the usual 
. . . 

manner. The following additions were then made: hydrophobic protein 

from a 30 mg/ml solution (.133 ml added per ml of sonicated suspen-

sion), cytochrome.£ from a 30 mg/ml solution (.06 ml/ml of sonicated 

suspension), and cytochrome oxidase from a 25 mg/ml solution (.012 

ml/ml of sonicated suspension. The final concentrations of the coni-

ponents were: hydrophobic protein - 3.3 mg/ml, cytochrome£- 1.5 

mg/ml, cytochrome oxidase - ~25 mg/ml, cholate - 1.17%, and phospho-

lipid - 28 mg/ml. After mixing briefly the suspension was sonicated. 

at 0°C. and then dialyzed in the usual manner against 10 mM Tricine--

KOH, 1 mM dithiothreitol, 10% (v/v) methanol, . 2 mM EDTA, .. 1 mM ATP 

(pH 8.0). The PCOV were subsequently treated to remove external 

cytochrome c and assayed for oxidative phosphorylation as described 

elsewhere in the Methods section. 

Preparation of complex V-containing cytochrome oxidase vesicles 
(Complex v-cov) 

These vesicles were made.in the same manner as inside-out (cy.to-

chrome.£ containing) COV, except that in addition to cytochrome c 

and cytochrome oxidase, complex V was added just before dialysis. 

As with the other proteins the volume of the complex V added was sub-

tracted from the volume of water added to the phospholipids prior to 

sonicatidn. The buffer most often used for the preparation of com~ 

plex·v-cov was 80 mM_K
2
so

4
, 20 mM HEPES (pH 7.0), and the dialysis 

solution was therefore 40 mM K2so
4

, 10 mM HEPES (pH 7.0). Complex V 
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was added from a solution containing 25 mg/ml to a final concentration 

of .6-.8 mg/ml. 

Preparation of large-volume liposomes 

Following the ether vaporization techniques of Deamer and .·i:~·-~, ~; 

Bangham (1976) a device was developed which allowed the continuous 

infusion·of an ether solution of phospholipids into an aqueous solu

tion under partial vacuum, which caused vaporiza.tion ·of the ether 

solution at room temperature. A vaporization chamber was constructed 

by grinding away the bottom tip of a conical 50 ml graduated pyrex 

container and fitting it with a small rubber plug (see Figure 2). 

The top of the chamber was fitted with a one-hole rubber stopper with 

a tube which could be connected to vacuum. The chamber was placed 

in a plastic container through which water could be circulated for 

temperature control. A 25-gauge hollow needle was inserted through 

~ rubber plug in the center of the bottom of the water-bath container 

and through the rubber plug in the bottom of the vaporization chamber. 

The needle was connected to 17 feet of coiled .015" i.d~ polyethylene 

Intra-Medic tubing·which was placed in an ice bath below the chamber. 

The other end of the polyethylene tubing was fitted over a 25-gauge 

needle.attached to a 10 m1 glass syringe, which was a!"so kept on ice. 

The. vacuum.was produced by a water aspirator and was regulated by a • 

leak to the atmosphere through 3 6-foot plastic columns filled with 

water and connected in series so that air was drawn into the system 

against ft head of pressure determined by the total height of the 

water in the 3 columns •. 
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Figure 2. SCHEMATIC DIAGRAM OF LARGE-VOLUME LIPOSOME APPARATUS 
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The thin tubing provided flow .resistance which limited the rate of 

influx of the ether solution of phospholipids, which was contained 

in the glass syringe to a rate which produces effective liposome for

mation. The vacuum allows the vaporization to take place at room 

temperature or 4_°C. so that proteo;l:iposomes can be made without 

damage to the proteins beeause of heat. The vacuum also provides a 

. constant driving force for the injection of the ether phospholipid 

solution. 

From l to 5 ml of buffer solution was placed: in the vaporization 

chamber, and room temperature water was circulated around it. 10 ml 

of diethyl ether containing approximately 1.4 mg/ml of phospholipids 

was· drawn up in the 10 ml syringe after wetting the ground glass . 

plunger with distilled water to seal it. Vacuum was applied to the 

chamber and the syringe connected to the polyethylene tubing and 

placed on ice. The vacuum was adjusted by varying the height of the 

water in the columns until an injection rate of .5-1.0 ml/minute was 

obtained. After the 10 ml of ether solution had been injected the 

syringe was removed from the tubing and air was drawn through the 

tubing and bubb~ed through the suspension for 5 minutes to remove 

residual ether. The liposomes were removed from the chamber with a 

Pasteur pipet. 

Large-volume cytochrome oxidase vesicles 

These vesicles were made using a combination of the ether vapor

ization technique and the lysolecithin incorporation technique. 

The large-volume *iposomes were made ·as described above using either 

·- .......... ________________________________________________ , __ , ____ ~---·--------- --- ·-- ____ ........ . 
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90% asolectin, 10% lysolecithin, or 42% phosphatidyl ~holine, 

42% phosphat idyl ethanolamine, 6% cardiolipin and .10% lysol,ecithin 

in ether solution at 1.4 mg/ml. After formation of the vesicles in 

2.5 ml of aqueous buffer (usually 40 ·rnM K;iS0
4

, 10 mM HEPES {pH 7.0)) 

the suspension was cooled to 0°C. and .25 mg of cytochrome oxidase 

was added. The suspension was then incubated at 4°C. for approxi

mately 20 hours. 

Large-volume PCOV, hydrophobic· protein-containing vesicles, and 

complex v-cov were also made using the above techniques and adding 

the appropriate proteins. Details of these experiments will be dis

cussed irr the RESULTS section. 

Other vesicle preparations 

For testing the polylysine/protamine precipitation separatory 

technique red blood cell ghost vesicles and sarcoplasmic- reticulum 

vesicles were prepared. The red blood cell ghost vesicles were 

prepared by sonicating a suspension of red blood cell ghosts (made 

according to Dodge, Mitchell, Hanahan, 1963) in 20 rnM NaPi. The 

sonication w~c done for 20 minutes in an L&R.bath sonicator. The 

sacroplasmic reticulum vesicles· were made from rabbit .muscle accord

ing to the method of MacLennan (1970). 

Removal. of external cytochrome c 

. Two methods of removing external cytochrome£ w~re employed,· 

based on the methods of Jacobs and Sanadi (1960). The Sephadex 

method was used for proteoliposomes and the centrifugation method 
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was used for SMP . Proteoliposomes were difficult to resuspend 

homogeneously when pelleted by centrifugation and SMP suspensions 

tended to clog the Sephadex columns. 

Sephadex method 

All operations were carried out at 0-4°C. Sephadex G-150 was 

pre-equilibrated with a buffer with a high ionic stren.gth. For 

COV'~d complex·v-cov, .15M KCl, 10 mM HEPES (pH 7.0) was usually 

used. In experiments where no potassium was desired, NaCl was sub

stituted for KCL For Pcov· 10 mM Tricine-KOH, 1 mM dithiothreitol, 

.2 mM EDTA, .15M KCl (pH 8.0) was used. The vesicle suspension was 

removed from dialysis and carefully layered on top of a column of 

Sephadex. In general the shape of the column was not .critical as 

long as the total volume of the Sephadex it contained was at least 

10 times the volume of vesicle suspension to be treated. The vesi

cles were allowed to pass through the column by gravity and eluant 

was added frequently to the top of the column. The suspension sepa

rated into a fast-mpving pink to orange band which reprsented the 

vesicle fraction, and a slower-moving red to pink band which repre

sented the external cytochrom~ ~· The vesicles were ~ollected by 

visually following their progress in the column and stopping the 

collection of the effluent before the cytochrome £ band started to 

leave the column. The cytochrome c was flushed .from the column and· 

the column was then ready for reuse. The volume of the suspension 

was measured both prior to and after Sephadex filtration, and there 

was generally about 2-fold increase in volume. The vesicles were 

stored on ice until used. 
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Centrifugation method 

· SMP. were diluted into 15-20 volumes of .125 M KCl, 10 mM HEPES, . 

. 5 mM sodium succinate (pH 7. 2) "and centrifuged at 40,000 rpm in a 

Sorvall type A-841 rotor for 1 hour. The external cytochrome c 

remained in the sup.ernatant and the pellet was resuspended in MSH 

with a glass/teflon homogenizer at a concentration of·l0-20 mg/ml. 

Measurement of ion uptake 

Ion transport in vesicular systems such as SMP or proteolipo-· 

somes was measured by one or two techniques .. The first involves the 

use of ion exchange columns to remove external cations of a given 

type so that the fraction taken up can be measured. The second · 

method involves.precipitating the vesicles using basic polypeptides 

such as protamine or polylysine and subsequent separation of the 

aggregated vesicles from the medium using a modified millipore fil-

tration technique. The ion exchange technique was used in earlier 

experiments before the development of the aggregation-filtration 

method. It suffers from the disadvantages of being more difficult 

to process many samples (a separate ion exchange column is needed 

for each sample), retention of up to 20-40% of the particles in the 

column, and of high background activity when anions are pres.ent which 

bind the transported cation with high affinity (such as ATP with 

++ . ++ 
Mn orCa ). 

'· 
The aggr~gation-filtration method was the method of 

choice.for studying transport in vesicular systems and was used in 

all later experiments. 



Ion exchange 

Measurement of cation (Rb+, Mn++, Ca++) uptake in SMP or pro

teoliposomes was accomplished by first .converting Dowex 50-W cation 

exchange resin from the hydrogen to the sodium form. A quantity of 

resin (5-6 ml per sample to be_assayed) was placed in a beaker and 

washed with 2-~ volumes of distilled water several times. Then the 

water was·decanted and 2-3 volumes of 2 N NaOH was added and the 

resin stirred for about 5 minutes. The NaOH was decanted and 

replaced with fresh 2 N NaOH and the stirring continued until the 

resin ·turned a· deep orange color (which indicated complete conver

sion to the sodium form). The resin was washed with distilled water 

s"everal times to remove all residual NaOH and then washed twice with 

2~3 volumes of the buffer to be used in the experiment. This was 

usually 10 mM HEPE~, 40 mM K2so
4 

(pH 7.0) for proteoliposomes and 

MSH for SMP • 5-6 ml of the resin was· placed in 5 ml plastic pipets 

plugged with a small amount of glass wool at the tip. The pipets 

were held vertically in a plastic rack and were fitted with stopcocks 

at the bottom. Care was taken in packing the columns to avoid any 

air pockets in the resin. The buffer level in the columns was 1.0 

. ml above the top of the resin. The top of the column was fitted with 

a three-way stopcock through which·a sample could be introduced to 

the column via a 5 ml syringe, and eluant subsequently pumped through 

the column by a Sage mode 375A peristaltic pump (see Figure 3). 

Samples consisting of 2-4 mg of SMP protein or 4-12 mg of pro-

teoliposomes were incubated in medium containing appropriate buffer, 

salt, substrate, and substances required for cation uptake in a final 
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Figure 3·. DETAILS OF ION EXCHANGE COLUMN 
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volume of 2.0 ml. Uptake was initiated by the addition of an aliquot 

of radioactive plus carrier cation (usually about 1 ~Ci per sample). 

The samples were then incubated for a.variable length of time (0-30 

minutes) and oxygenated by continuous slow bubbling of oxygen into 

the samples'via a series of Pasteur pipets connected to an oxygen 

tank. At the end of the incubation time the sample was quickly drawn 

up into a 5 ml syringe, air bubbles expelled, and then forced into 

the top of the ion exchange column over about 5 seconds. The' stop-

cock was then turned so as to admit eluant to the top of the column 

and the peristaltic pump was simultaneously started. Eluant was 

pumped through the column at a flow rate of 14 ml/minute for 30-40 

seconds, or until approximately 8-10 ml of .eluant had been pumped 
. 

through the column. The external radioactively labelled cations 

were thus removed by the resin and the eluted volume contained the 

vesicles and any transported cation. In a given experiment all the 

eluted samples were normalized to the same final volume and an aliquot 

of each removed for gamma or scintillation counting for quantitation 

of the uptake. Because of the time-consuming nature of the elution 

of the radioactive cations from the resin using HCl washing, the 

plastic columns of r~sin were disposed of after being used for a 

single sample rather than being reconverted for reuse. 

ProtGmine filtration 

LatE!r experiments with .cation uptake by SMP and proteolipo-

somes were quantitated using the more convenient technique of aggre-

gation of the vesicles with basic polypeptides followed by modified 



·' 

Millipore filtrat~on. 

For any given type of vesicles. the optimum amount of polylysine 

or protamine which had to be add.ed to the sample of vesicles to form 

filterable aggregates had to be determined. This was most conven-· 

iently ·: done by monitoring the light scattering of the filtered 

suspension. Samples were made· containing .the solution and amount 

of vesicles to be used in subsequent uptake experiments. In general 

1-12 mg of the vesicles to be assayed were added to a volume of 

appropriate buffer solution such that the final volume after the 

addition of the protamine or poly lysine would be 2. 0 ml. Varying 

.amounts of protamine or polylysine were then added to the samples 

(0-1.5 mg) from a stock solution of 4 mg/ml. The· suspension was 

agitated 15-30 seconds and poured into a 5 ml syringe attached to a 

Swinnex type Millipore filter holder containing a glass prefilter and 

a .45 # Millipore filter. After filtration the filtrate was assayed 

by placing 1.0 ml of it in a 1 ml cuvette and reading absorbance 

against a blank solution containing no vesicles in a Beckman DU-2 

speci:rophotome~er. The wavelength used depended on the turbidity of 

_the vesicle suspension but was between 450 and 500 nm. More turbid 

solutions scattered more light at a given wavelength and the wave

length was accordingly adjusted to keep the filtered samples with 

no protamine or polylysine on readable absorbance scale. The amount 

of polypeptide to be- added to a given sample was the minimum amount 

which gave a filtrate with essent:i.ally no absorbance, indicating 

therefore complete removal of the vesicles from the medium. 

When the optimum amount of precipitating polypeptide for the 
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samples had been determined, the uptake experiment was done as fol

lows: An aliquot of vesicles (2-4 mg for SMP , and 8-12 mg for pro

teoliposomes) was added to a 20 ml plastic scintillation vial contain

ing buffer)salt, and substances required for the uptake (or inhibi

tors). Then substrate and radioactively labelled cation were added 

in that order and mixed by brief agitation. The sample was then 

placed in a mechanical shaker bath to insure adequate oxygenation 

and agitated for a predetermined length of time (up to 60 minutes). 

At the end of the incubation time, the appropriate amount of prota

mine or polylysine (usually about .8 mg for proteoliposomes and about 

.4 mg for SMP ) was added from a stock solution of 4 mg/ml, bring

ing the final -volume of the sample to 2. 0 ml. The sample was agi

tated by hand for 15 seconds to insure complete aggregation of the 

vesicles and then filtered through a glass prefilter and a .45 ~ 

Millipore filter. The filter was washed by forcing 5-10 ml of buffer 

(usually containing 10 mM of the carrier cation) through it. The 

filtration and washing was done by either of l-techniques. 

The first filtration technique involved the use of a modified 

Swinnex Millipore filter holder (see Figure4·) which contained an 

18 gauge x 1 1/2" needle (bevel up) inserted into the side of the 

filter holder above the filter and cemented in place with epoxy. 

The wash solution was drawn into a 5 or 10 ml syringe which was then 

plugged into the needle. This was referred to as the "side-wash" 

technique. The sample to be filtered was poured into a 5 ml syringe 

attached to the top of the filter holder and forced through the 

filter with a plunger while just enough pressure was exerted with 
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Figure 4. "SIDE-WASH" FILTRATION DEVICE 
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the other hand on the wash syringe to prevent reflux of the ·sample 

into the wash syringe. Immediately after filtration the wash was 

manually injected over about· 5 seconds. The uptake was quantitated 

by counting the filters using appropriate techniques. 

A second method employed in later experiments involved the use 

of a filtration device which gave more reliable and reproducible 

results •. The filtration device consisted of a series of Swinnex type 

filter holders which had the tops sawed off just beyond the gasket

holding surface and 20 ml syringe barrels were glued in place on the 

top with hot-melt glue (see Figure 5). A tube connected to the bot

tom of the filter holder contained a plastic valve which allowed 

application of a water-aspirator vacuum through a filtrate collecting 

trap to an individual given filter holder. A plastic pipet tip was 

inserted about 1/8" into the barrel of the syringe just above the 

top of the filter holder and served as an inlet for the wash solution 

and a stop for the plunger. The wash flow was also controlled by a 

plastic valve. Operation of the device was as follows: Samples for 

uptake of cations were prepared and incubated as previously described 

fur th~ "side-wash" t:echfiique. At the appropriate time for filtra

tion of a given sample the lower valve was opened on a filter holder, 

which had been fitted with a gasket, glass prefilter, and .45 ~ 

Millipore filter, thus applying vacuum to the filter .. The protamine 

· was added to the sample and the suspension agitated manually for 

10-15 seconds and then poured into the syringe barrel of the filter 

holder. The sample vial was quickly rinsed with 2 ml of wash buffer 

which was also poured into the filter holder. A plunger was quickly 
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Figure 5. VACUUM ASSISTED FILTRATION DEVICE 

Plastic tubing 

gasket 

fil-

~ 45p Millipore 
filter 

acrylic_plas
support rack 

tubing 

Beaker of ---Iii 
wash solution 

portion·of sawed-off 20 ml 
~plastic syringe 

piece of plastic pipet tip 

Third port of valve plugged with 
hot·melt glue 

t I 

... 

3 - way plastic stopcock 

tubing 

Rubber stopper 

water 
aspirator 

Glass jar for filtrate trap 



60 

inserted into the syringe and the sample forced through the filter. 

During this time the wash valve was closed. As soon as the plunger 

was forced all the way down the 'wash valve was quickly opened and 

5 ml of wash drawn into the syringe barrel. The valve was closed 

and the wash forced through the filter. This-wash was then repeated •. 

The entire filtration and wash procedure takes about 30 seconds. 
I . 

Generally the experiments were done by initiating the samples 1 

minute apart so that samples could then be filtered. sequentially. 

Gel electrophoresis 

Polyacrylamide gel electrophoresis of proteins was done using 

10% polyacrylamide·gels according to the method of Weber and Osborne 

(1969, 1975). A slab gel electrophoresis was constructed following 

the design of Reid and "Bieleski (i968) (see Figure 6). ~o glass 

plates (6 1/4" x 5 1/2" x 1/16" and 6 1/4" x 4 3/4" x 1/16") were 

clamped together· with 1/4" x 1/16" acrylic plastic spacers coated 

with Cello-Seal between them so as to form a compartment for the 

slab gel. A 10% polyacrylamide gel was made by adding 3.75 ml of 

3M Tris-Cl (pH 8.9), 10 ml of 30% (w/v) acrylamide, ·.8% methyl 

bisacrylamide, 15.5 ml of water, .3 ml of 10% sodium dodecyl sulfate 

(SDS), and .015 ml of N,N,N',N'-tetramethylethylenediamine (TEMED) 

to a 50 ml beaker; .18 ml of freshly made 10% (w/v) ammonium per-

sulfate was added and mixed well. The solution was immediately 

poured between the glass plated until they were filled to within 

1/2" of the top. ·A 1/16" acrylic spacer was inserted into the top 

of the plates to a depth of 1". ; The gel was allowed to polymerize 
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Figure 6. . POLYACRYLAMIDE GEL ELECTROPHORESIS APPARATUS 
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45 minutes to 1 hour. The spacer at the top of the gel was carefully 

removed. A 4.15% spacer gel was made by mixing 2.5 ml of .5 M Tris-Cl 

(pH 6.8), 1.4 ml of 30% acrylamide, .·8% methyl bisacrylamide, .1 ml 

of 10% SDS, .005 ml of TEMED and· 6 ml of water in a small beaker . 

. 1 ml of the 10% ammonium persulfate catalyst was added to this mix

ture and a comb~spacer placed in the top of the gel to create 12 

individual wells at the top of the gel. The spacer gel was quickly 

poured into the top of the gel to fill the cavities around the comb 

spacer, with care being taken to avoid any trapped air bubbbles. 

After allowing 30-60 minutes for the spacer gel to polymerize, 

the comb spacer and the bottom spacer were carefully removed from 

between the plates. The plates were fastened to the buffer reser

voirs shown in the figure and buffer (50 m}1 Tris, 384 roM glycine, 

.1% (w/v) SDS, pH 8. 5 ) was placed in the upper and lower .reservoirs 

such that the upper and lower surface of the gel was in uniform con

tact with the liquid. The platinum electrode wires were connected 

(negative to the top reservoir, positive to the bottom reservoir) 

to a 300 volt filtered DC power supply, which was connected to a 

variac for voltage control. A milliammeter was connected in series 

wi.th the gel to monitor tl:le current. 

The protein samples were l mg/ml in 50 roM Tris, 5% mercaptoetha

nol, 2% SDS, and 5% glycerol. To each ml of sample was added .05 ml 

of .1% bromthymol blue as a marker. . 05 ml samples (50 pg of protein) 

were injected into each well using a tuberculin syringe. The voltage 

source was adjusted by means of the variac to ·allow a current flow 

of 1.5-2.0 rna per well used. The current was stopped when the marker 
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dye was visible at the bottom edge of the gel (3-5 hours later) and 

the gel was removed from between the plates in water. The gel was 

then stained by incubation at 37°C. in 150-200 ml of 3 1/2% (v/v) 

acetic acid, 50% (v/v) methanol containing .20-.25% (w/v) Coomassie 

b~illiant blue stain for about 12 hours. The gel was then destained 

at room temperature in 3 1/2% acetic acid, 50% methanol for 12 hours 

and subsequently swollen in 7% (v/v) acetic acid for 24 hours. The 

gels were stored in 7% acetic acid solution at room temperature. 

Radioactive counting techniques 

Calcium-45. For counting of liquid samples (e.g., aliquots of 

eluant from ion exchange _columns, filtrates· from "si.de-wash" filtered 

samples, and standard solutions for quantitation), .1 or .2 ml of the 

liquid was placed in a plastic scintillation vial with 1.0 ml of a 

solution of 1 part Beckman Biosolve and 2 parts toluene-Omnifluor 

scintillation fluid. This mixture was vortexed to solubilize the 

aqueous sample. 9 ml of toluene containing 4 g/1 of Omnifluor (New 

England Nuclear) was added and the sample capped and vortexed to mix 

thoroughly. The sampl~::; were t:hen c..:uunt:ed using.a ~eckman LS-235 

::;cintillation counter with either a 0-600-or a wide 14c window. 

For countipg of filters, the filters were dried in a drying 

oven overnight and then added (both the glass prefilter and the 

Millipore filter) to a scintillation vial. 10 ml of toluene-Omnifluor 

scintillation fluid was then added and the vial. capped and vortexed. 

The samples were then counted in the scintillation counter. 

Manganese-54. For counting of liquid samples, :5 ml of the sample 
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plus 1.5 ml of water were placed in a plastic gamma-counting vial 

and counted in a Beckman Biogamma counter. The manganese samples 

were counted using a window of 0-400. For counting of filters, the 

filters were placed in the counting vials while still wet and ~ounted . 

the same way. 

Rubidium-86. These samples were counted either by gamma or scin-

tillation counting as described above except that for gamma counting 

a window of 0-560 was used and for scintillation counting a wide open 

window was used. 

Sodium-22. These samples were counted using the same technique 

described for Manganese-54 except that a window of 0-1000 was used. 

C b 14 S 1 · · 14c d · h ar on- . amp es conta1n1ng were counte 1n t ~ same manner 

45 . "d 14c . d . as the Ca samples w1th a w1 e w1n ow. 

Phosphorus-32. The solution in which 
32

P was extracted for mea

surements of oxidative phosphorylation and ATP-
32P. exchange reacted 

1 

with the toluene-Omnifluor scintillation fluid to. produce a yellow 

32 color and some turbidity so all P samples were counted by Cerenkov 

counting (Gelsema, deLigny, Luten, Vossenberg,_ 1975). 1.0 ml of the 

' 1 . . 32P dd d 1 . . "11 i aqueous samp e conta1n1ng was a e to a p ast1c sc1nt1 at on 

vial containing 10 ml of 2 M sucrose. After mixing well, the samples 

were counted in the scintillation counter with a wide open window. 

32 
P uptake in vesicles was measured by counting the filters as 

45 
described for Ca except that a wide open window was used. 

Volume determinations of proteoliposomes 

All operations were carried out at 0-4°C. Proteoliposomes were 
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made in the usual manner for the chola·te dialysis technique except 

that the suspension contained either 10 mM sucrose and 2 p Ci/ml of 

14
c-sucrose or 2 mM RbCl and 10 p Ci/ml of· 

86
Rb/ml in addition to 

40 mM K
2
so

4
, 10 mM HEPES (pH 7.0). The suspension was dialyzed 

against approximately 10-20 volumes of this same buffer for 4-8 

hours.. An aliquot of the dialysis solution was retained for later 

counting as a standard and the dialysis solution w~s change.d. The 

dialys~s continued as· before and the dialysis solution was changed 

2-3 more times. This series of dialysis changes was to insure com-

plete removal of the cholate in the presence of the radioactive label 

so that the label would be trapped in the internal volume of the 

vesicles in proportion to the fraction of the total volume which it 

represented. The suspension was then dialyzed against· 100-200 

volumesof dialysis buffer which was identical except that it did 

not contain any radioactive label. The suspension was dialyzed for 

6-8 hours and the dialysis solution changed. Dialysis was continued 

in this manner until no radioactivity could be detected in the dial-

ysis solution. This usually required a total of 3-4 changes of 

dialysis solution. The internal volume of the vesicle suspension 

was judged by counting aliquots of the suspension and comparing this 

.to the standard. 

· Flow dialysis· fat testing ·vesiCle ·lysis 

A flow dialysis chamber of the type used by Colowick and Womack 

(1969) was set up with stirring of two compartments on either side 

of a dialysis membrane ... 8 ml of a suspension of vesicles (20 mg/ml 
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. 14 
phospholipid) which had been labelled by trapping of C-sucrose 

inside with dialys·is to remove external label was placed in the upper 

chamber of the device~ Buffer, water or substances to be tested for 

lytic effect (detergents, protamine, polylysine) was added t.o.the 

suspension to bring the final volume to 1.2 ml. 40. mM K2so4 ,. 10 mM 

HEPES, 20 mM sucrose (pH 7.0) was pumped through the lower chamber 

by a peristaltic pump at. a flow rate of .36 ml/minute, and the. eff1u-

ent was collected in timed aliquots. The rate of appearance of the 

radioactive label in the effluent solution was used to judge the 

degree of lytic effects. 

Measurement of oxidative phosphorylation 

Oxidative phosphorylation was measured according to the method 

of Racker and Kandrach (1973) with some modifications due primarily 

to the use of a larger volume oxygen electrode chamber. .5 ml of a 

suspension of PCOV . which had been treated to remove external cyto-

chrome c. (usually by the Sephadex filtration method) and containing 

.5-.8 mg of protein was added to a test tube containing .5 ml of 80 

mM potassium phosphate, 2 mg/ml bovine serum albumin, 2 mM MgS04 

(pH 8.0). .05 ml of 20 mM Na-ATP (pH 7.0), .066 mg of OSCP (.Oi2 ml 

9f a 5.5 mg/ml solution), and .05 mg of F
1 

(.018 ml of a 2.8 mg/ml 

solution) were added.to the vesicle suspension and incubated for 10 

minutes at room temperature. .1 mg of polylysine, M.W. 70,000, was 

then added to 2.0 ml of.room temperature, air-saturated buffer which 

contained 25 mM D-glucose, .3 mM EDTA, 5~ antimycin A, 5.6 mM Mgso4 , 

2 mg/ml bovine serum albumin,. and 5 _mM Tris-so4 (pH 6.9) .. 05 ml of 
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20 mM Na-ATP (pH 7.0), .OS ml of .2M potassium phosphate (pH 7.0) 
. 8 . 32 

conta~ning approximately 2 x 10 cpm of P., and 86 units (.02 ml 
~ 

of a .suspension containing 4310 u./~1) of hexokinase were added in 

that order. After a 3 minute incubation at r~om temperature the 

reaction was initiated by addition of .1 ml of .5 M Tris-ascorbate 
. . 

(pH 6.8-7.0) containing lOpg of phenazine methosulfate (PMS). The 

final volume was 3.37 ml. The reaction was terminated after 10 

minutes by the addition of .3 ml of 50% (w/v) trichloroacetic acid.· 

Two parallel aliquots were run with each sample to allow quantitation 

of the P:O ratio. The first of these was identical to the sample 

except for the addition of .01 ml of oligomycin (from a 1.3 mg/ml 

solution- in 95% ethanol) during the initial incubation of the vesi-

cles with F
1 

and OSCP. This was to allow a determination of the 

. 32 
background, or nonextractable P. which could be subtracted from 

~. 

the total counts in the sample to give the actual amount of esteri

fied 32P .. An alternate method was to terminate the reaction of the 
~ 

parallel sample immediately after initiation with PMS-ascorbate. 

It should be noted that the PMS-ascorbate solution must be kept in 

the dark to prevent breakdown of the photosensitive PMS. The second 

parallel aliquot contained the same amount of carrier phosphate, but 

32 no P, and was used to quantitate oxygen consumption. This was 

necessary because of the tendency of 32P to adhere to the lucite 

oxygen electrode chamber. The sample for oxygen consumption deter-

mination was added to the 2.0 ml of buffer directly in the 3.4 ml 

~hamber of the oxygen electrode, and oxygen consumption was monitored 

after initiation with PMS-ascoroate.using a Yel1nw Springs type 5331 
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oxygen electrode connected to a polarizing voltage source (.8 volts) 

and a Hewlett Packard model 7100BM strip chart recorder. After tri

chloroacetic acid termination of the reaction in the 32P-~ontaining 

samples they were centrifuged at 10,000 rpm for 10 minutes in a'JA-20 

rotor to.remove phospholipids and protein .. 5 ml of the clear super-

natant was added to a 15 ml plastic test tube containing 1.5 ml of 

2.5% (w/v) ammonium molybdate, and .3 ml of 6 N H
2

so
4

. The solution 

immediately turned dark blue in color.. After about 5 minutes, 4 ml 

of isobutanol was added and the mixture vigorously shaken. Separa-

tion of the isobutanol and aqtieous phases was allowed to occur by 

incubating several minutes. The blue color (representing the reduced 

phospho-molybdate complex) partitions into the upper isobutanol 

phase, which is carefully removed with a pipet. The aqueous phase 

is re-extracted with 1.0 ml of isobutanol and then 1.0 ml of the 

aqueous phase is carefully removed and added to a scintillation vial 

containing lP ml of 2 M sucrose for Cerenkov counting. A standard 

was made by removal of .01 ml of the remaining TCA-treated super-

natant, dilution with buffer to 1.0 ml, and addition of this to 10 

ml of 2 M sucrose. From the concomitant oxygen consumption measure-

ments the P:O ratio was calculated. 

Measurement of ATPase activity 

An ATPase assay was developed which was convenient, allowed 

processing of many samples, and obviated the need for the usc of 

32
P-containing compounds. The technique is a combination of the P. 

1 

assay of Chen, Toribara, Warner (1956) and the molybdate-isobutanol 
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extraction procedure of Rose and Ochoa (1955). 20-SO)Ug of protein 

(ATPase) or .5-l mg of SMP was added to 1 ml of a solution con-

taining either 5 rnM Mgso4, 20 rnM Tris~so4 (pH 7.7) for ATPase or 

MSH containing 5 rnM MgS0
4 

for SMP • The reaction was carried out 

at room temperature, and was initiated by the addition of .025 ml of 

.2M Na-ATP (pH 7.2). The reaction was terminated after 1.5-2.5 

minutes by addition of .1 ml of 50% TCA. The test tubes were irnniedi

ately placed on ice to prevent any spontaneous breakdown of ATP and 

centrifuged at 0°C. in a JA-20 rotor at 10,000 rpm for 10 minutes. 

;5 ml of the sup·ernatant was added to 3.5.ml of water in a 15 ml 

plastic test tube at room temperature. Also a series of standards 

were pr~pared (usually 5) containing from 0-20~g of phosphorus in 

4 ml fo water. 4 ml of freshly prepared reagent consisting of 1 

part 10% ascorbic acid, 1 part 6 N H2so
4

, 1 part 2.5% ammonium molyb

date and 2 parts water was added to each tube. The samples were 

incubated at room temperature for 15-30 minutes until a discernible 

blue color change occurs in the standards. The color reaction is 

then terminated in the samples and standards sequentially in the 

same order in which the reagent was added to initiate the reaction 

so that each sample will· have been incubated the same length of time. 

TP.rmination is accomplished by addition of 4 ml of isobutanol fol

lowed by vigorous shaking. The blue color partitions into the upper 

isobutanol phase, which is removed with a pipet and placed in another 

tube as soon as possible to prevent the continuing color reaction 

in the aqueous phase from altering it. 

The isobutanol phase was placed in a quartz cuvette and its 
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absorbance read at 820 nm using a Beckman DU-2 spectrophotometer. 

By comparing to the standard curve and control samples which were 

terminated with TCA at t = 0, quantitation of the P. cleavage.from 
. . 1 

the ATP possible. 

. 32 
Measurement of ATP- P. exchange 

],; 

32 ATP- P. exchange was measured in both ATPase containing vesicles 
1 

and in SMP according to the method of Kagawa and Racker (1971), and 

Racker, Chien, and Kandrach (1975). 

ATP-32P. exchange vesicles 
l; . 

. 04-.05 ml of hydrophobic protein containing vesicles prepared 

as previously described was diluted into 1.0. ml of SO mM KCl, 20 mM 

Tris-so
4 , 2 mM Mgso

4
, .5 mM_ EDTA (pH 8.0) containing 2.5 mg/ml of BSA. 

Coupling factors were then added to the suspension, which was incu-

bated at room temperature. Generally. ~0-30~g of F1 and SS~g of 

OSCP were added and the rni~ture incubated for 5-10 minutes. For 

experiments involving antibodies .to F1 the appropriate serum (in .1 

ml volume) was added at this time and incubated for an additional -

10 minutes. The exchange reaction was initiated by the addition of 

.12 ml of .1M Na-ATP, .1 M MgS0
4

, .125M KPi (pH 8.0), containing 

. 8' 32 
approximately 10 cpm of .p. /ml. The suspension was incubated at 

. 1 

room temperature for 20 minutes and terminated by the addition of 

.1 ml of. 50/~ TCA. The samples were innnediately placed on ice and 

then· centrifuged in a JA-20. rotor at 10,000 rpm for 10 minutes . 

• 3-.5 ml of the supernatant was added to .3 ml of 6 N H
2

so
4

, 1.0 ml 
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of 2.5% ammonium molybdate, and .5 ml of water. The mixture was· 

incubated at room temp~rature for lO·minutes with occasional agita-· 

tion, and· then extracted with 4 inl of isobutanol. After removal of 

the isobutanol phase a second extraction with 1.0 ml of isobutanol 

was carried out, and 1.0 ml of the aqueous phase was added to 10 ml 

of 2 M sucrose ~or scintillation counting. A standard was made from 

.01 ml of the TCA supernatant and nonextractable phosphate was deter

mined from a parallel sample containing .. 01 ml of an ethanolic solu-

tion of oligomycin at 1.3 mg/ml. 

SMP 

.5 mg SMP protein was incubated at room temperature with .1 ml 

of antiserum or immunoglobulins (when used) for· 10 minutes. Then 

10-lSpmoles of Na~ATP, 10-lS.,umole of Mgso4 , 15-20)(moles of KP i 

were then added in .4-.8 ml of MSH to ·initiate the exchange reaction. 

After 10-20 minutes of incubation at room temperature the reaction 

was terminated by the addition of .1 volumes of 50% TCA. The samples 

were cooled on ice and centrifuged as described above," and then .3 

ml of the supernatant was added to .5 ml of 6 N H2so
4 

plus 2 ml of 

2.5% ammonium molybdate. After incubation at room temperature for 

15 minutes, extraction with isobutanol and counting of the samples 

was carried out as.described. 

Assay of uncoupler'binding 

To assay the uncoupler binding capability of complex V, 3 mg of 

the fraction of comp1e~ V to be tested was diluted to a final volume 
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of .2 ml by the addition of 1 mM histidine, 50 mM Tris-so
4 

(pH 8.0) 

and placed in a 3" x 1/4" piece of dialysis tubing which had one end 

tied shut. The tubing was placed in a 4 ml glass test tube contain

ing 3.0 ml of the same buffer with 3.5 nmole/ml of CCCP or FCCP 

(added from a 2.0 mM solution in 95% ethanol). A control sample 

containing buffer and dialysis tubing without the protein was pre:

pared. The samples were incubated at 4°C. for 24 hours. Absorbance 

of aliquots of the dialysis solution from each sample was read using 

a Beckman DU-2 spectrophotometer at 375 nm (for CCCP) or 362 nm (for 

FCCP), and quantitation of the amount of uncoupler bound was deter

mined from comparison with the absorbance of solutions containing 

known amounts of uncoupler. 

Density gradient separation of vesicles 

A density gradient forming device was constructed, consisting 

of two 50 ml plastic graduated 'cylinders connected at the bottom by 

a plastic tube containing a valve. Equal volumes of buffer (10 mM 

HEPES, 40 mM K
2
so

4
, pH 7.0 for COV, 10 mM Tricine-KOH, 50 mM sucrose, 

. 5 mM EDTA, 1 mM dithiothreitol, pH 8. 0 for PCOV ) containing the 

maximum and minimum amounts of ficoll desired for the. gradient range 

(generally 0-2% ficoll for the minimum density and 10-20% for the 

maximum density) were placed in each chamber of the device. Either 

18 or 5 ml was·the ·total·volume in each chamber, depending on whether 

~ 4Q rol c~ntrifuge tube or a . .10 ml centri:f;.J,lgt;! tube was to be used .. 

Both chambers were magnetically stirred and the valve between them 

was opened at which time a peristaltic pump began pumping buffer out 
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of the high density chamber and into a polycarbonate centrifuge tube 

at a rate of .5-1.0 ml/minute. This was continued until all the 

liquid had been removed from both chambers and pumped into the 

centrifuge tube. A vesicle suspension of either COV or PCOV 

from which the external cytochrome ~ had been removed by Sephadex 

filtration was carefully layered on top of the gradient using a 

Pasteur pipet. The volume of the vesicle suspension was 5-7 ml for 

a 40 ml tube and approximately 1.0 ml for a 10 ml gradient. The 

tube was carefully tilted and placed in a JA-20 fixed-angle rotor 

and centrifuged at 19,000 rpm for 24 hours at 4°C. The centrifuge 

was stopped without the brake to minimize swirling effects. The 

vesicle fractions were visible as bands in the tube and were·removed 

carefully using a J-shaped Pasteur pipet. The fractionated vesicles 

were stored at 0°C. until used. 

Fluorescence measurements with dicarbocyanine dyes 

Qualitative measurements of membrane potential in energized 

proteoliposomes and SMP using the fluorescent dicarbocyanine dyes 
. ) 

D1-s-c
3

- (5) and Di-O-C
3
-(.5) according to the methods of Sims, 

Waggoner, Wang and Hoffman (1974), and Laris,.Bahr, and Chaffee 

(]975) w,ere carried out as follows: -- ) 

SMP • The follmving substances were added to a quartz cuvette in 

a final volume of 1.2-1.3 ml, .9-1.0 ml of MSH, lfimole of ADP, 

1 pmole of MgS0,
1

, 14 nmole of antimycin A, 50 pmole of Tris-ascnr.

bate (pH 7.0), and either .25 mg of cytochrome~ (for right side 

out energization) or 1 pg of PMS and 28 pg of protamine (for inside 
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out energization). The cuvette was placed in an Aminco-Keirs spectro

phosphorimeter with Aminco corrected spectra attachment and magneti

cally· stirred. . 012 ml of a 21.3 pM solution of Di-s-c3~ (5) in 100% 

ethanol was added to the cuvette. Excitation was at 620 nm and emis-

sian was read at 670 nm. The fluorescence was monitored on a Mosley 

Model 7030AM Autograf recorder with a 50 second/inch sweep. .35~.65 

mg of SMP was added from a 10 mg/ml suspension which had been treated 

by centrifugation to remove external cytochrome .s:_. After a steady 

state fluorescence level was reached the sample was de-energized by 

the addition of .01 ml of .5 mM CCCP in 95% ethanol, and the fluores-

cence level was monitored until a new steady-state level was reached. 

When the Di-O-c
3
-(5) dye was used the same procedure was 

employed exce.pt that the amounts of substances added to the cuvette 

were . 9-1.0 ml of MSH', 10 pmole of Tris-ascorbate, 1 pmole of ADP, 

lpmo1e of MgSO 4 , 10 nmole of antimy_cin A, 150 pg cytochrome .s:_ (or 

20 pg protamine plus . 5 pg PMS), . 005-.025 ml of Di-o-c
3
-(5) (from 

an 81 pM solution in 100% ethanol) . 2-.6 mg of SMP (from a 10 mg/ml 

suspension), and .01 rn1 of .25 mM CCCP for de~energization. The 

excitation and emission wavelengths were 560 nm and 600 nm respec-

tively. 

Proteoliposomes. The Di-s-c
3
-(5) dye was used in the same manner 

as for SMP except that the following amounts of substances were 

used: 1.0 ml of 40 mM K2so4 , 10 mM HEPES (pH 7.0), 50 mole of Tris

ascorbate, and either (a) .5 mg of cytochrome£, .05 ml of proteo

liposomes from a Sephadex-treated suspension at 20 mg/ml, and .01 ml 

of 21.3)lM Di-S-c
3
-(5), for right side out energization; or (b) 40 
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pg of protamine, .5~g of PMS, .003 ml of the proteoliposome suspen-

sian, and . 025 ml of 21.3 pM Di-s-c3- (5) for inside out energization. 

The final. sample volume was 1. 2-·1. 4 ml and was constant for all sam-

ples .In a given experiment. The proteoliposomes were de-energized 

by the addition of • 01 ml of . 5 mM CCCP in ·95% ethanol. 

Oxidative sidedness assays 

(A) PMS-Ascarba.te 

A solution was prepared consisting of 29. ml of HSH, 1. 5 ml of 

. 5 M Tris-ascorbate (pH 7~ 0), .1 ml of 1. 2 mM antimycin A, .1 ml of 

20 mM CCCP, and .012 ml of PMS (from a 5 mg/ml solution). A second 

solution was made with the same components except that 1.0 ml of 

polylysine (from a 4 mg/ml solution) was added. Both solutions were 

incubated at room temperature in the dark (due to the photosensitiv-

ity of PMS) for about 1 hour. 3.1 ml of the first solution and .05 

ml of cytochrome~ (from a JO mg/ml solution) were added tq a 3.4 ml 
I 

lucite chamber containing a ¥ellow Springs Model 5331 oxygen elec-

trade which was attached to a polarizing voltage source and Hewlett 

Packard model 7100BM strip chart recorder. The chamber had a cool-

ing jacket through which room temperature water was circulated to 

minimize temperature variations, and was slowly stirred with a mag-

netic stir bar. After·a brief equilibration period .2 mg of SMP 

protein (or .5-1.0 mg of proteoliposomes) was added and the rate of 

oxygen consumption obtained. The contents of the chamber were removed 

and the chamber was thoroughly washed with ethanol and then water. 

·This.measurement was generally repeated several times. J.l ml of the 
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solution containing polylysine was then added to the chamber and 

after equilibration was reached· a quantity of SMP or prote·oliposomes 

equal to that used in the previo.us determinations was added to the 

chamber and the· rate of oxygen consumption again obtained. After 

repeating this measurement several times the percentage of inside out 

oxidation was calculated from the rate of the oxygen consumption with 

polylysine to the rate with cytochrome c. 

(B) Succinate 

2.9 ml of MSH, .1 ml of .1M sodium succinate, .05 ml of cyto-

chrome c (from a 30 mg/ml solution), .06 ml of .2M KP., and .01 ml 
l. 

of .3M Mgso
4 

were added to the oxygen electrode chamber and allowed 

to equilibrate several minutes. 1-3 mg of SMP ~ere added and the 

oxidation rate obtained. After cleaning the chamber 2.9 ml ofMSH., 

.1 ~1 of .1M sodium succinate, .06 ml of KPi' .Ol·ml of .3M MgS04 , · 

and .05 ml of protamine (from a 4 mg/ml solution) were added and the 

oxidation rate of an equal amount of SMP . · measured under these con-

ditions. The percentage inside out was calculated from the ratio 

of the rate with protamine to the rate with cytochrome c. 

Measurement of·respiratory·cantrol ratios in proteoliposomes 

All assays of respiratory control ratios (RCR's) were do~e at 

room temperature. The chart recorder was adjusted to zero oxygen 

by placing buffer in. the chamber which had been bubbled with nitro-

gen for 15-20 minutes and the gain of the recorder was adjusted so 

that air-saturated buffer would give a reading which was on scale. 

3.0 ml of the buffer in which the COV were made was placed in the 
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3.4 ml oxygen electrode chamber, and slowly stirred with a magnetic 

stir bar. .05 m1 of a 30 mg/ml solution of cytochrome £ and .15 ml 

of .5 M Tris-ascorbate (pH 6.8-7.0) was added to the chamber. Any 

background oxidation rate was noted (with K2so4-HEPES this was 

usually zero but it varied with other buffer solutions). .025-.05 

ml of a suspension of COV was added to the chamber and oxidation 

proc·eeded with a constant rate of oxygen consumption. When oxidation 

had continued long enough to obtain an accurate slope from the chart 

recorder .01 ml of an ethanolic solution of 10-20 mM CCCP was added 

and the uncouple.r-stimulated rate of oxidation recorded. The sample 
' 

was then withdrawn and·the chamber thoroughly washed with 95% ethanol 

and then with distilled water. The slopes of the lines representing 

graphically the rates of oxygen consumption were used to determine 

the RCR as follows: 

RCR (oxidation rate of uncoupled COV' - background oxidation rate) 
(initial oxidation rate of cov - . background oxidation rate) 
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I. RECONSTITUTION OF CYTOCHROME OXIDASE VESICLES 

Introduction 

Cytochrome oxidase, also known as complex IV (Hatefi, Haavik, 

Griffiths., 1961, "!962), is the terminal enzyme in the respiratory chain 

of the. mitochondrion and catalyzes. the transfer of electrons from cyto.~:.:~·L:: 

chrome c to molecular oxygen resultin~L.iri. the formation of water (Hatefi, 

Haavik, Fowler, Griffi.ths, 1962). A number of preparations for the .::: ... ;:::.·.: 

extraction of cytochrome from the mitochondrial membrane have been devel

oped (Kuboyama, Yong, King, 1972; Yonetani, 1966; Fowler, Richardson, 

ijatefi, 1962; ~o-chli, .~Hackenbrock, 1978) along with various purification 

procedures (Kopaczyk, Perdue, Green, 1966; Carroll, Racker, 1977). The 

enzyme is hydrophobic in nature and is cl·osely associated with mitochon-

drial phospholipids (Carroll, Racker, 1977; Marsh,. Watts, Maschke, Knowles, 

1978; Jost, Capaldi, Vanderkooi, Griffith, 1973). 

Purified enzyme has been reconstituted in-a functional manner in 

vesicles ·known as cytochrome· oxidase vesicles (COV) in which the enzyme 

is incorporated in the phospholipid bilayer membrane ·Of artificial 

phospholipid vesicles (Hinkle, Kim, Racker, 1972; Racker, '1972). These 

vesicles catalyze the transfer of reducing equivalents from an appropriate 

reductant (genral~y ascorbate plus cytochrome ~} to molecular oxygen, 

generating in the process a transmembrane proton gradient (Racker, 1974; 

Skulachev, 1974a, 1974b). The reconstitution of cytochrome oxidase ves

icles ... has .. been accomplished by a number of different methods. The oxi

dase is located in. A transmembranous orientaliun With the cytochrome ~ 
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reactive portion of the molecule on one side of the membrane and the 

o2-reactive portion of the molecule on the other side of the membrane. 

(Reuben, Telford, Carroll, 1976; Racker, Loyter, Christiansen, 1971; 

Erecinska, Wilson, 1978) •. Because of this vectorial arrangement elec-

tron transport by cytochrome oxidase is anisotropic and leads to for

mation of a membrane potential. Themembrane potential retards eiec-

tron transport and tends to limit the oxidative rate ~Racker, 1974; 

Miller, ... Racker, 1976). · This. causes,_ the phenomenon of respiratory con-

trol in COV, as dissipation of the proton gradient by an uncoupler will 

remove the inhibitory effects of the membrane potential on the electron 

transport process and thereby stimulate the rate of respiration (Hinkle, 

1970a; i970b; Hinkle, 1973). Inclusion of cytochrome£ in the interior 

of COV induces random bidirectional orientation of. the oxidase in the 

membrane and allows ·either energization with external cytochrome £ and 

·ascorbate of the mitochondrially oriented oxidase (cytochrome c-reactive 

portion of the oxidase on the outside of the vesicle) or ene!gization 

with membrane permeable PMS as a carr~er of reducing equivalents from 

externally located impermeant ascorbate to the internal cytochrome £ 

(Carroll, Racker, 1977; Skulachev, 1974a). The two modes of ene_rgiza-

tion are referred to as right side out (RSO) and inside out (ISO), re-

spectively. The energization schemes are shown in Figure .7. This pro-

vides a system of proton gradient generation which is readily controlled 

with regard to polarity. 

Among methods used for the reconstitution of COV are the chelate 

dialysis method, where a solubilized suspension of phospholipids and 
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Figure 7. ENERGIZATION OF RSO AND ISO COV 
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cytochrome oxidase with Na-cholate is dialyzed for detergent removal 

resulting in COV formation (Hinkle, Kim, Racker, 1972; Racker, 1972). 

Another me~hod is the chelate dilution procedure, where a solubilized 

"suspension forms cov·when diluted so as"to reduce the detergent concen

tration (Racker, Chien, Kandrach, 1975). Incorporation into preformed 

vesicles containing lysolecithin or phosphatidyl serine has-also been 

reported (Eytan, Matheson, Rack.er, ·1975; 1976; Eytan,-.Racker, 1977; 

Eytan, Broza, 1978a; 1978b). Sonication of a mixture of phospholipids 

and cytochrome oxidase has also been used to formCOV (Racker, 1973). 

Vesicles prepared by all of these methods demonstrate the property of 

respiratory control. The oxidase has been co-reconstituted in vesicles 

with other enzyme systems in a functional manner, including bacteria

rhodopsin (Hellingwerf, Arents, VanDam, 1976), hydrophobic mitochondrial 

proteins (Racker, 1972), and ATPase (Racker and Kandrach, 1971; 1973). 

Investigations of the phenomenon of respiratory control in COV have pro

duced evidence consistent with the concept that the stimulation of res

piration by uncouplers is in fac.t related to inhibition of the electron 

transport reaction by the proton grad"ient generated by the oxidative 

process (Hinkle, Kim, Racker, 1972; Hinkle,· 1970; 1973). Measurements 

have been made of the transmembrane potential generated by. cytochrome 

oxidase both in vesicles (Drachev et al~ 1974) and in planar phospholipid 

biiayers (Drachev et al, 1976). These measurements are consistent with 

the proposed scheme of membrane potential generation. The inhibition of 

the redox reaction by the formation of a transmembrane potential has 

also been demonstrated in reconstituted vesicular systems containing 

complex III (Wielbursk:i,, Nelson, 1978). Cytochrome oxidase is known to 
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consist of 6 peptide subunits (Keirns, Yang, Gilmour, 1971; Kessler, 

Blondin, VandeZande, Haworth, Green, 1977; Erecinska, Wilson, 1978). 

Recent work indicates that subunit II is probably the site of reaction 

with cytochrome c and is located ·an the outside of the mitochondrial· 

membrane (Frey, Chan, Schatz, 1978; Briggs, Capaldi, 1978). There is 
. . . 

also recent evidence for specific interactionsof cations with the oxi-

dase molecule, particularly potassium and calcium (Saris, Wikstrom, 

Saari, 1975; Wikstrom, 1974; Wikstrom, Harmon, Ingledew, Chance, 1976; 

Wikstrom, Saari, 1977). The mechanism of action of cytochrome oxidase 

is still a subject of much debate .(Erecinska, Wilson, 1978; Wikstrom, 

Harm~n, Ingledew, Chance, 1976). It has been proposed that in addition 

to functioning as a transporter of electrons cytochrome oxidase may be 

involved in active pumping of protons against an electrochemical gradient 

(Wikstrom, Saari, 1977; Wikstrom, 1977a; 1977b; Krab, Wikstrom, -1978). 

In RSO energized COV this would involve the addition of ·electrogenic 

proton transport outward by the oxidase in a stoichiometric fashion, tend-

ing to augment the formation of the proton gradient resulting from elec-

tron transport and proton consumption within the vesicle. Although there 

has been some dispute. concerning this model (Moyle, Mitchell, 1978), other 

workers have corroborated the finding (Brand, Harper, Nicholls, Ingle-

dew, 1978). This does not change the overall picture of the formation of 

a proton gradient in COV and the relation of the proton gradient to the 

phenomenon of respiratory control~ but does give evidence of a new type 

of ion pumping mechanism coupled conformationally to the energy of elec-

tron transport (Krab, Wikstrom, 1978; Wikstr~m, 1977a), and may have rele-

vance to ion transporting systems to be discussed later. 
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Experimental evidence indica·tes that cytochrome oxidase is only 

associated with a small fraction of the total phospholipid vesicles in 

a suspension of COV made by conventional techniques. (Carroll, Racker, 

1977; Eytan, Breza, 1978). This fact suggests that there is less dis

parity between the protein:phospholipid ratios in CO.V and mitochondria · 

·than would be indicated from the amounts of phospholipid and cytochrome 

oxidase in the suspensions. 

The controllable mode of the energization of COVwith generation 

of transmembrane proton gradients and the compatibility of the enzyme 

with other proteins makes these vesicles an ideal system for the study 

of ion transport. 
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Results 

Because of the importance of. ·functional cytochrome oxidase vesi

cles as an energy source for reconstituted systems of mitochondrial oxi-. 

dative -phosphorylation and calcii..DD. transport initial experimental work 

was directed toward the development of active preparations of COV. The 

activity of the preparations was judged by oxygen consi..DD.ption secondary 

to substrate oxidation, and the stimulation 9f respiration by uncouplers 

(respiratory control). 

The initial preparation of cytochrome oxidase was done according 

to the previously outlined method of Kuboyama (1972). The heme to 

protein ratio of this preparation (referred to as batch 1) was determined 

from the difference in the o.n. 605 between the reduced and oxidized form 

of the oxidase and was calculated to be 10.9 nmole heme.a/mg protein. 

This was judged to be an adequately pure· preparation to begin the produc

tion of COV. COV were prepared according to both the chelate dialysis. 

method of -Hinkle,Kim and Racker (1972) and the dilution procedure of 

Racker, Chien, and Kandrach (1975). Various salts were used in the vesi

cle solutions in an effort to optimize the RCR. As can be seen from 

Table 1, K2so 4 -HEPES and KP i worked better .than KCl-HEPES (which had been 

suggested by Dr. Chris Miller, Cornell) • The backgrouri:d oxidations 

obtained with Kzso4-UEPES were generally zero whereas those obtained with 

the KPi buffer were not, so K2so4-HEPES was selected as the best solution 

for general. use. The dialysis method consistently produced·COV with higher 

RCR than the dilution method. 

It can also be seen that slightly higher chelate· concentrations 
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Table 1. 

CONDITIONS FOR RECONSTITUTION OF COV 

Mode of preparation: Dilution 

Buffer [ cholate] : • 7% .75% .85% .95% 1.0% 

50 mM KP i 

40 mM K
2

so
4
-. 

10 mM HEPES 

40 mM KCl-

10 mM HEPES 

Respiratory Control Ratios (RCR'S) 

. 2. 64±.44(2)'. 2.52+~23(2)' 2. 77+~·38(3) 3.37+.26(3) 3.30j:.62(4} 

3.22+.30(3) 

1. 72+. 23 (2) 

3.20+.15(3) 

3.81+.29(4) 

2.17+.10(2) 

Dialysis 

1.0% 

.. ·; .. 4:41+.54(2) 

4. 72±.02(2) 

4.29+.23(2) 

COV were made as described under .METHODS using the buffers and final cholate concentrations 
shown above. Final asolectin concentration was 40 mg/ml, pH was 7 ~0, and cytochrome oxidase ;·: ·. ·-· 
(batch.),.) concentration was 417 llg/ml. The ·different samples of COV were made in .6 ml ali
quots and were assayed for RCR: by pla.cing ~ 025 ml of the vesicle suspension in an oxygen electrode 
chamber with 3.0 ml of appropriate buffer, .15 ml of .5 M Tris-ascorbate (pH 6.8), .75 mg of cyto
chrome c and dividing the respiration rate obtained into the rate obtained after the addition of
.01 ml ~f 16 mM CCCP in ethanoL The RCR's given above represent the mean +·one standard devia
tion of the number of observations in parentheses. 
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(around 1%) gave better RCR's than the concentrations recommended by 

Racker,· Chien, and Kandrach (1975) with the dilution procedure. It wa~ 

also foUnd that sucrose, EDTA, and histidine seemed to·have some dele

terious effects on the RCR's of COV. This was of concern in later recon

stitution experiments where these components were occasionally ~sed. The 

data is shown in Table 2. · A se.cond batch of cytochrome oxidase was 

extracted and then fractionated according to the method of Carroll and 

Racker (1977) as previously mentioned in the METHODS section.· A total of 

· four fractions were obtained. The RCR of the COV made from any parti

cular fraction depended on the relative concentrations of phospholipid 

and cytochrome oxidase. Figure 8 shows the variation of RCR with [cyto

chrome oxidase]. Each fraction of oxidase which was tested showed an 

optimum protein concentration which gave the hest RCR. 

The oxidative activity and RCR of COV made from.:. all the various 

batches of oxidase that were extracted are snown in Table 3. The cyto

chrome oxidase made by the method of Kuboyama (1972) shows consistently 

higher oxidative activity as well as RCR. The fractionation procedure 

of Carroll and Racker greatly improved the RCR's of the COV made from 

the Kuhoy~a oxidase, while the Kopaczyk purification o£ the Fowler 

oxidase di~ not seem to change the activity very much. It is noted that 

the fractions with greater oxidative activity per)lg of protein also 

gave higher RCR's, indicating that some removal of protein impurities 

had occurred. 

Polyacrylamide gel electrophoresis was.done on all the various frac

tions of cytochrome oxidase. Figure 9 shows .a gel electrophoresis pat-
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Table ,.: 2,. 

EFFECTS OF" VARIATION. IN.' BUFFER SOLUTION .. ON .. RCR' S OF COV . 

[histidine] * [K
2
so

4
] [HEPES] (pH 7). :· [sucrose] [EDTA] [DTT]..' .. ~ ; · :RCRu:·. 

40 mM 10 mM 7.95 

SmM 10 mM 7.16 

5 mM 10 mM 100 mM s. n.+L 26(2) 

SmM 10 mM 100 mM .2 mM 3.08 

SmM 10 mM 100 mM .2 mM 2~mM 1. 66+.·37 (2) 

SmM 10 mM 100 mM .2 mM 2-mM 1·-mM 2.12+.26(4) 

COY in the above experiment were made in .55 ml aliquots by the 

dilution technique described in the METHODS section. The final asolectin 

concentration was 40 mg/ml, cholate"concentration was .8%, and cytochrome 

oxidase ·(batch 2, fraction 1) concentration was .225 mg/ml. • 025 ml of 

COV were. added to an oxygen electrode chamber containing 3.0 ml of the 

buffer in which the vesic.lP.R w10>r.e made, .15 ml of .5 M Trio-ascorbate . 

. <PH 7.0), and 1.5 mg of cytochrome~· The rate of oxidation obtained was 

divided into the rate obtained after addition of .01 ml of 10 mM CCCP to 

d~tetminar: ther: RCRl: sc .ahown. 
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Figure 8. (CYTOCHROME OXIDASE] VERSUS RCR IN COV' 

COV were made by the d:Uution technique at a final cholate concentration of 1% and varying 

final cytochrome oxidase concentrations as shown. The COV . made using fractions I and III of 

batch 2 of cytochrome oxidase were made in a final buffer con~entration of 40.mM Na2so4- 10 mM 

HEPES (pH 7.0) and the COV made using unfractionated cytochrome oxidase from batch 1 were made. 

in a KPi buffer with a final concentration of 50 w1 (pH 7.0). RCR's were measured as previously· 

described, with 1.5.mg of cytochrome~ per sample for the COV . made from the batch 2 fractions, 

and . 75 mg of cytochrome ~ per sample for the. COV made from batch 1. 
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Table 3. 

OXIDATIVE ACTIVITY OF CQV ~~E FROM VARIOUS CYTOCHROME 

OXIDASE PREPARATIONS 

Max. (uncoupled) oxidation 
Cytochrome Oxidase RCR nmole o2/min/JJg'protein 

Batch 1 (unfractionated)* 3;05 4.20 

Batch 2 (unfractionated)* 4.9T 4.80 

Batch 3 (unfractionat~d)~ 5. 44+. 60 (3) 4.67+.41(3) 

Batch 2, fraction I ** 7.50 5.24 

Batch 2, fraction II ** 6.11+.58(3) 6 .28+.16 (J) 

Batch 2, fraction III ** 7.52+.45(2) 6.07+.48(2) 

Batch 2, fraction IV ** 5.49.±_.42(2) 6.75+.14(2) 

Fowler, fraction I II 1.15 

Fowler, fraction u· 11 1. 36 

Kopaczyk, fraction I 1111 1.10 1.59 

Kopaczyk, fraction II Ill! 1.66 2.28 

rate-

* Cytochrome oxidase made by the method of Kuobayama (1972) · 
**Cytochrome oxidase made by the method of Kuobayama and purified by the 
method of Racker (See METHODS section) 
tl Cytochrome oxidase made by the method of Fowler (1962) 
1111 Cytochrome oxidase made by the method of Fowler and purified by the 
wt:!Lhud of Kopaczyk (19~6) 

The above preparatioils of cytochrome oxidase.were incorporated into 
cov: and assayed for RCR using the chelate dilution technique. as pre
viously described. The final chelate concentration in the suspension 
was 1% and the cytochrome oxidase concentration was between 333 and 
417 JJg/ml of vesicle suspension. The COV ·. were made and assayed in 
40 mM K2so4 ,_ 10 mM HEPES (pH 7 .0). 
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Figure 9. GEL ELECTROPHORESIS OF VARIOUS CYTOCHROME OXIDASE FRACTIONS (I) 
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Polyacrylamide gel electrophoresis was done as described in the METHODS 
section. The gel contained 10% acrylamide and approximately 35)Ug of each of 
the above protein fractions was used per well. The cytochrome oxidase frac
tions in wells 2 - 8 were prepared by the method of Koubayama as detailed in 
"the METHODS section. 
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tern run on a 10% acrylamide gel~ Since this· type of gel works best 

for proteins in the molecular weight range ~f 10,000 :.. 100,000. (Weber 

and Osborne, 1969; 1975),. it was used as a screening gel. Numerous high 

molecular weight impurities- are evident in batches 1 and 3 of the Kuboya-

ma oxidase, as well as in the oxidase made according to the Fowler method. 

Batch 2 had the cleanest pattern on gei electrophoresis, and the. subse-
·'· . 

quent fractionation of batch 2 appeared to remove much of the higher 

molecular weight contaminants. 1'he 15% gel of Figure 10 shows much bet~\~ 
/ 

ter detail, particularly in the low molecular weight range. · What appears 

to be a single low molecular weight band at the bottom of the gel·of 

Figure 9 is resolved into the 3 low molecular weight subunits of the 

oxidase in Figure 10. (Note that the order of the proteins. is reversed 

in Figurec,lQ}L: This band does appear to be present in all the oxidase 

preparations to some extent. There also appears to be some correlation 

between the purity of the protein and the RCR, since the higher RCR•:s ... 

were. always found with the cleaner preparations. 

Phosphatidyl serine incorporation was also used as a method of pre-

paration of COV. It was felt that this method might be useful in the 

reconstitution of oxidative phosphorylation in a mitochondrial orienta-

tion, since proteins could be selectively incorporated into vesicles in 

this manner (Eytari,. Racker, 1977). Table 4 shows tfie RCR's obtained using 

the phosphatidyl serine incorporation method. The optimum protein con-

centration was much lower than that used by Eytan and Racker, but despite 

protein optimization and .variation of the type of phosphatidyl serine used, 

RCR' s greater than between 2 and 3 wer·e not obtained. 
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Figure 10. GEL ELECTROPHORESIS OF VARIOUS CYTOCHROME OXIDASE FRACTIONS (II)
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1 - Cytochrome oxidase (Fowler preparation, Kopaczyk purification,
fraction II)2 - Cytochrome axidase (Fowler preparation, Kopaczyk purification,
fraction I)

3 - Cytochrome oxidase (Fowler preparation, fraction II)4 - Cytochrome axidase (Fowler preparation, fraction I)
5 - Cytochrome axidase (batch 2, fraction IV)
6 - Cytochrome oxidase (batch 2, fraction III)
7 - Cytochrome oxidase (batch 2, fraction II)
8 - Cytochrome oxidase (batch 2, fraction I)
9 - Cytochrome oxidase (batch 2, unfractionated)

10 - Cytochrome oxidase (batch 3)
11 - Cytochrome oxidase (batch 1)
12 - Cytochrome f

Polyacrylamide gel electrophoresis was done according to the proceduredescribed in the METHODS section.  This gel contained 15% acrylamide andapproximately  50 Fg of protein  per  well. The cytochrome oxidase fractions
in wells 5 - 11 were prepared by the method of Koubayama as'detailed pre-
viously.



'I_. 

Table .4. 

VARIATION-:.OF CYTOCHROME OXIDASE CONCENTRATION IN COV MADE 

BY PHOSPHATIDYL SERINE INCORPORATION 

[cytochrome oxidase] 

400 llfi/ml 

200 llg/rill 

125 · ]Jg/ml 

62 .5 .. lJg/ml 

37.5 11g/ml 

Respiratory Control Ratio 

1:69 
L47 

2.19 

2.07 

2.26 

COV were made by the phosphatidyl serine incorporation. technique as 

described in the METHODS section. The phospholipid composition was 

3: parts mitochondrial· phosphat idyl ethanolamine, 1 p,art mitochondrial 

phosphatidyl choline, and 2 parts phosphatidyl serine (Brain extract, 

Sigma type III) at a final concentt:ation·of 3.7 mg/ml in 50 mM KPi, 

• 5 mM · EDTA (pH 7. 0). ~.2 ml aliquots of COV ·· were prepared using cyto

chrome oxidase from batch 2, fraction I. After a 30 minute incubation 

at room temperature,:the vesicles were as~ayed for RCR in the usual 

. manner~ · ·· · ... :~ ...... . •• ... ":· ~J : ·. . .. ~-. :~ ·: . ' " ·-
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It was desirable to produce large-volume cytochrome oxidase vesicles 

for the reconstitution of a mitqchondrially oriented sy~tem of oxidative 
·O 

phosphorylation.. Significant amounts of the large Fl molecule (dia. 90 A) 

must be incorporated into the interior of the vesicles for this type of 
0 

orientation. However, the diameter of the COV is typically 300-1000 A, 

so steric hindrance is likely. to impair the trapping of F1 within the 

vesicles. Therefore a procedure for the reconstitution of large-volume 

COV was developed. The basic technique involved the ether vaporization 

of a solution of phospholipids in buffer following the methods of Deamer 

and Bangham (1976). Because the ether vaporization only works well at 

about 40° C., deleterious effects on proteins could. occur. By using a 

vacuum to lower the vaporization temperature of the ether, the vaporiza-

tion process can be carried out at lower temperatures. The method of 

Deamer and Bangham did not allow continuous infusion of the solution, 

however, so only very small amounts of.the vesicles could be produced. 

By using a piece of small diameter polyethylene tubing to provide a flow 

resistance, the vacuum could be used as th~ driving force for the ether 

infusion, and continuous infusion of the phospholipid solution at the 

optimum infusion rate for giant liposome formation was possible. Table 

5 sh.ows a summar-y of the three metho.ds which were used to produce large-

volume GOye;:;:Jil!he first method involved vaporization of the ether solution 

in the presence of the oxidase in hope of incorporating the oxidase into 

the vesicles at the. ti.I)le of formation. The technique had limited. success 

at low protein concentrations, but the RCR's were too low to be useful. 

Then the incorporation was tried in the presence of small amc;mnts of chol-:-

ate~ as in the incorporation method of Eytan and Racker (1977). It was 
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Table 5. 

7-14 l,llg o.f asolectin ::J.n ether at 1.'4 mg/ml was inject~d iil.tO 2.5-:3.0 ml of 
40 mM K SO, .• 25M sucrose, ·1 mM EDTA, 10 mM HEJ;lES(pH,J.O) at a.rate of .5-1.0 
ml/minu~e itr.~room tempez:a)ture ·and under vacuum as .described in the .:t1ETHODS section • 
. For direct inc-:)rporation, cytochrome oxidase (patch 2, fract:J.on. I}. was _included 
in the buffer at the time of ether injection~ For .chelate in-corporation, the 
appropriate amount of sodium cholate was added either during vaporizatiOil. or tp 
preformed liposomes .prior to incubation. For lysolecithin incorporation, a 
1:1: .. 15:.25 ether solution of phosphatidyl choline : phosphatidyl ethanolamine : . 
card.iolipin .: ·lysolecithin at. 1. 4 mg/ml was injected into the buffer and an appro
priate. amount of cyto2hrome oxidase was added to the suspension. after .. vaporizcr,- ,' 
tion .. ~Th~ control sample for the lysolecithin incorporation technique was formed 

by·. sonical:ing phospholipids to clarity in the same .buffer at the same concentration 
and adding· :cytochrome oxidase. 



Table 5. LARGE-VOLUME CYTOCHROME OXIDASE VESICLES 

Method 1 

Direct 
incorporation 

Method 2 

Cholate 
incorporation 

Method 3 

Lysolecithin 
incorporation 

Incubation 

none 

24 hr., · 4 °C. 

none 

none 

none· 

none 

cholate { 16 hr., 4•c., 
added at dialysis 

.formation 
. , none 

cho1ate {12 hr., 4°C, 
added ~fter 12 hr., 4°C, 
format1.on . 

(Standard sonication 

* 

{Cytochrome 
oxidase.] [Phospholipid] · 

J'g/ml mg/ml 

208.3 2.3 

f08.3 2.3 

83.3 2.0 

62.7 2.7 

41.7 3.3 

8.3 3.0 

66.7 4.7 

66.7 4.7 

114.6 2.0 

83.3 3~3 

38.5 9.0 

33.3 9.0 

#Buffer contained only 40 mM K2so4 and 10 mM HEPES (pH 7.0) 
Control sample for lysolecithin incorporation. 

{Cholate] 

.1% 

.07% 

.04% 

;05% 

· RCR 

1.00 

1.03 

* 1.40. 

1. 52 

1.40 

1.65 

1.00 

1.00 

1.00 

1.00 

* 

* 3.30 

3.8o*) 11 



found that addition. of cholate either at the time of formation of the 

vesicles.or subsequently was not conducive-to the formation of COV which 

had respiratory control. Finally,.·the lysolecithin incorporation tech-

nique of _Eytan and Racker was employed. Lysolecithin was used as 10% 

. of· the total phospholipid in the ether solution. After formation of 

' large-volume, lysolecithin-containing liposomes by ether vaporization, 

cytochrome .oxidase was added and the mixture incubated at 4° C. over-

night. This method was able to produce COV with RCR's greater ·than 3. 

It was hoped that this method could subsequently be used to produce mito-

chondrially oriented PCOV. 

In order to measure membrane•.~p~;>tentials or transport of ions in 

reconstituted vesicular systems it is desirable to separate. the particles 

from the suspending medium~ Labelled cytochrome oxidase vesicles were 

formed with 86Rb trapped inside them. As is shown in Figure 11, even 

after 1.5 x 106 g-minutes of centrifugation, aimost half of the COV 

remained in the supernatant fraction. It is apparent that centrifugation 

is not an effective means for rapid separation of COV from suspending 

medium.· 

Filtration of COV suspensions:;using Millipore filters~·.was next em-

ployed as a separatory technique. Table 6 shows the results of these 

experiments. COV were generally labelled by trapping of a radioactive 

substance which was present during the first phase of the dialysis (chol-

ate removal phase). After the cholate had been removed and the vesicles 

were able to retain internal contents, a second phase of dialysis was 

employed to remove any label external to the vesicles. The labelled 

suspensions were then forced through Millipore filters of varying pore 
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Figure J,l. CENTRiFUGATION OF 86Rb-LABELLED COV.. . 

cov·were labelled by the dilution procedure by incubating .6 ml of cov . 
(made with 40 mg)inl phospholipid, 1% sodium cholate, SO mM KP i (HH 7 .O), and . : .· 
417 p.g/ml cytochrom~ oxidase, batch 1) with . 01 ml (2S7 p Ci) of Rb for 30 min
utes and then diluting into 4 ml of SO mM KPi(pH 7.0) containing SlS )ICi of 86Rb. 
After S minutes of incubation the mixture was further diluted to a final volume 
of lS ml by add~ tio:1 of SO ~1 KP 

1
, and then dialyzed 3 times against 1000 volumes 

of this buffer for 12 hours at 0 C. to remove external label. 4 ml aliquots of 
COV were then mix.:d with 4 ml of buffer and centrifug~d in a JA-20 rotor, with 
serial removal of aliquots of supernatant for radioactivity determination. 
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Table E~ FILTRATION OF CYTOCHROME OXIDASE VESICLES 

[Cytochrome Formation Filtration Results 
oxidase] 

Buffer. . ... Dialysis .1 . Dialysis . 2 [COV] Volume Filter Assay % retained 
JJ.g/mi mg/ml on filter 

250 40 mM Ktsof 3 volumes 139 volumes 3.2 2.0 ml .45)4 
14 5.5% c:..count-

10 mM H PE , 5-8 hours 8 hours ing of 
20 mM sucrose, x7 x4 filtrate 
2.35pCi/ml of 
14c-sucrose 

312 40 mM J<tsof· 8.3 volumes 208 volumes 4.0 2.0 ml . 45)4 
14 . 14.0% C-count-

10 mM H PE , 4-8 hours · 10 hours (&vg) ing of 
50 mM sucrose, x5 x3 filtrate 

· 2. 0 )CCi/ml of 
· 14~-sucrose 

417 40 mM KtSO~, 208 volumes 4.0 2.0 ml .• 45~ O.D. 470 of 12.0% 
10 mM H PE 11 hours and·· filtrate 

7 hours 

833 40 mM KCl, 833 volumes 833 volumes 1.0 1.0 ml .22H 
86 Rb,...count- 58.3% 

10 mM HEPES, 8 hours 6-12 hours -~-- ing .of 
2pCi/ml 86RbCl x2 x3 2.0 1.0 ml .221' filtr&te 44.7% 

_, 

417 50 mM KP i a .53 3.0 ml . 05)Cb';d 86 . 
65~0% Rb-count-

b ing of .53 3.0 ml . 0~ filtrate 
5:1,.0~ . 

.53 3.0 ml .05.Mc,d 79.0% 

• 53 3.0 ml- c • 05p- . .. 75.0%-- .. 
/" ., 



Table 6. 

a cov ·Containing trapped 86Rb as a label were formed by a combination dilution/dialysis 

b technique as ind'icated b the legend of Figure 12. 
Filters were placed in holder with shiny side distal to the sample. c Filters placed in h·Jlder with flat side distal to thesaniple. d were 
Filters were prewashed with 10 ml of water. 

·cov were made by th·= dialysis technique as detailed in the METHODS section using unfrac~ 
tionated cytochrome oxidas~ from batch 2 for the upp.er two experiments anq from batch 1 for 
the lower 2 experiments i~ the above table at the concentrations indicated. After sonication 
the.vesicle suspensions were dialyzed against the appropriate volume of the.indicated buffer· 
solution shown under Dialysis 1. The approximate length of time' of each dialysis cycle and 
the number of cycles (dialysis against fresh buffer solution) is also indicated under. Dialy~· 
sis· 1. The suspensions were subsequently dialyzed against buffer containing no radioactive 
label as ·indicated under Dialysis 2. Samples were diluted in the nonradioactive buffer to the 
[COV] (mg/ml of phospholipid) anq v~lurne shown and then filtered through Millipore type EH 
filters in Swinnex type filter holders. A glass prefilter was used with the .45~ filters. 
The % of COV rernoveq from the suspension was determined by radioactive counting of the fil
trates and comparison with unfiltered controls, or by measuring light scattering of the fil
trates at 470 nm and comparison with unfiltered controls. 

1.0 
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size. In one experiment the O.D. of the filtrate was. used to quantitate 

the vesicles. (The linearity of the vesiclesconcentration with the amount 

of light scattering at 470 niii is shown later in Figure 16). It is obvious 

£.l:omct~e table that the smalle'r por-e· ·size filters ret~in mo.re of the 

vesicles. However, even with a .05~ filter a significant fraction of the 

particle~ passes through, and any s~ller filters would be ~practical 

since it would be too difficult to force a significant amount of suspen-

sian through them due to clogging. In fact, a suspension of COV at .53 mg/ml 

can barely be manually forced through the .05~ filters. In addition, 

having to apply such large forces for filtration might increase the ten-

dency for the vesicles to lyse on the filter. 

Table 7 shows the results of filtration of COV made by the lysoleci-

thin incorporation technique (both large-volume and sonicated types). It 

can be seen that a .45)U filter (which removes 5.5-14% of dialyzed COV, 

or 4.5% oLsonicated lysolecithin COV) removes ·32.5% of the large-volume 

COV, indicating that these proteoliposomes are in fact larger in size • 
.__. 

It is also noted that the RCR's of either sonicated or large-volume ·COV 

rzript8~~ witli filtt~tiori: This implies ~ti~t fh~ Iarger:ves±cles have lower 

RCR's. 

In the · dialys.is ·type of labelling of cov· it. was assumed that the 

innate low permeability of proteoliposomes (which is presumably respon-

sible for the phenomenon of respirat_ory control in COV because pH grad-

ients and membrane potentials can be-:.maintained) allows retention of the 

internal label during the second phase of the dialysis. The fact that 

vesi·cles could be produced in which the external dialysis solution. had no 

radioactivity while the vesicles themselves retained significant radio-



Table 7. 

cov··, 

(J) Large-volume COV 

unfiltered suspension 

filtrate 

· (2) Sonicated COV 

unfilter.ed suspension 

· .. filtrate 

FILTRATION OF COV MADE BY LYSOLECITHIN INCORPORATION 

· .. Respiration tate· · 

... nmole ~2 /filin/pg· protein 
.. Initial ...... +.CCCP .... . 

2.1 ~ 

1.2 

1.8 

1..4 

6. 9." 

4.7 

6.6 

6.3 

RCR 

3.3 

4.0 

3.8 

4.5 

% oxidative activity 
removed by filtration 

32.5% 

4.5% 

. Large-volume COV ; were made by the ether vaporization technique as previously described. 
13.6 ·mg of phospholipid solution. (1·: 1: .15: .. 25 phosphatidyl choline: : phosphatidyl ethanolamine : 
cardiolipin : lysolecithi~) in ).O . .ml of ether was injected under vacuum into 2.5 ml of 40 mM K SO 
iliO mM HEPES (pH 7.0) at 40°C. over a period of 15 minutes. Cytochrome oxidase (batch 2, fractfon4, 

• II . . . . . 0 . 

I) was added to a final concentration of 38.5)ig/ml and the suspension was incubated at 4 C. for· 
20 hours. Sonicated COV were made by sonicating 13.6 mg of the same phospholipid mixture in 
1.5 ml of buffer until clarified and incubating the suspensiqn at 4°C. for 20 hours after adding 
cytochrome oxidase (batch 2, fraction I) to a final concentration of 33.3~g/ml. For oxidative 
assay . 2 ml of COV · was adddd to an oxygen electrode chamber containing 3.1 ml of 40 mM K2so4-
10 mM HEPES? 22.7 mM Tris-ascorbate (pH 7. 0) with 1.5 mg of cytochrome .£.· After obtaining ·the 
initial oxidation rate .01 ml of 10 mM CGCP was added and the uncoupled rate determined. .5 ml. 
of the suspension was dilt:.ted to 2. 0 ml and filtered through a . 45p EH type Miiiipore filter with 
a glass prefilter, and .8 ml of the filtrate was assayed for oxidative activity as above. The 
% of oxidative activity removed by filtration was determined from the uncoupled respiration rates. 

..... 
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activity support this assumption. Vesicles were made with sucrose as a 

label (to minimize any binding to the vesicles) ·and after the second 

phase of dialysis was complete, leakage of the label with time was fol~~· .. ·.: 

lowed, as is shown in Figure 1-2. It is apparent that COV retain the inter

nal label for long periods of time with very little efflux. The pre~·.:n~

sence of hydrophobic protein such as complex V appears to make the ves

icles more permeable.to the label. As is expected, chelate greatly 

accelerates the efflux of label by increasing the permeability of the 

membrane •. 

Because of the relative impermeability of COV to small molecules, 

it was possible to use the labelling experiments to _determine the inter

nal volume of the vesicle suspensions. During the initial labelling 

(chelate dialysis phase) samples of the dialysis solution were taken for 

radioactive counting. After the second phase of the dialysis was complete 

and no further radioactivitr could be detected-in the dialysis solution 

(all external label presumably having been removed) a sample of the ves

icle suspension was taken for counting. By comparing the initial and 

final concentrations of the radioactive~~ubstance the internal volume 

of ·the suspension could be determined. The experiments were not prac~ 

tical. as a routine determination of volume on vesicle suspensions because 

of _the enormous amounts of radioactive label which were required for the 

first dialysis phase. Table 8 shows the results of several volume deter

mination experiments on COV and complex V-COV. The percentages shown refer 

to suspensions of vesicles at 40 mg/ml phospholipid concentration. By 

using an. average of these volume measurements an estimate of concentrations 

of substances transported by the vesicle:·suspensions. in later experiments 

could be made. 
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Figure 12. RATE OF LEAKAGE OF INTERNAL RADIOACTIVE LABEL FROM 

.· COV AND. COMPLEX V-CONTAINING COV 

14c-sucrose-containing vesicles were made by dialysis. 1.5 ml of each 
suspension was prepared containing 40 mg/ml asolectin, 1% sodium cholate, 
40 mM K2SOH, 10 rnM HEPES, 5 mM sucr~se (pH 7.0), _417}tg/ml of. cytochrome oxi
dase (batcn 3), • 76 mg/ml cytochrome ..£~ 2/-( Ci/ml 14c-sucrose,. and, in the ali
quot of complex V_-COV- 633pg/ml of complex V (from beef heart,. batch 2). . ... ·~
The-~esicles were placed in separate dialysis tubing and dialyzed together 
against 20 ml of 40 mM K2so ll, 10 mM HEPES, 5 mM sucrose (pH 7. 0) ·containing 
2~Ci/ml of 14c-sucrose. Tne total time of dialysis was 57.5 hours, and the 
dialysis solution was changed at 2.5, 5, 26, 34, and 47.5 hours of dialysis. 
Then the suspensions were dialyzed against 500 ml of nonradioactive dialysis 
s6lution for 60 hours changed at 15, 22, and 47_hours. .3 ml aliquots of the_ 
vesicle suspensions were placed in dialysis tubing·and incubated in 4 ml of 
nonradioactive dialysis solution for the times indicated in the Figure , with 
serial removal of .1 ml of the dialysis solution for radioactive counting to 
allow quantitation of the rate of label efflux. All dialysis was carried out 
at 4°C. 
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Table 8. 

Radioactively labelled COV were made by dialysis as previously described for 
determinations of internal volume. All vesicles were made in 40 mM K2S0 4 , 10 mM HEPES 

· {pH 7. 0), with the additL:ms shown above. After a<}qit.ion of. the appropriate amounts of 
the proceins to give the fin?l concentrations shown, the vesicle suspensions were dialyzed 
against the indicated volume of buffer for the lengths of time (shown per each dialysis 
cycle) and for the number of cycles (dialysis against fresh buffer) indicated.under 
Dialysis 1. The vesicles were then transferred to a dialysis container with the indicated _ 
volume of nonradioactive buffer and dialyzed as shown under Dialysis 2. Aliquots of the 
initial labelled dialysis solution and the labelled vesicles were counted with appropri~ 
ate techniques to determine the internal ·volume. 
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Table 8. INTERNAL VOLUME DETERMINATIONS OF VESICLE SUSPENSIONS 

[Cytochrome. [Cyto- .. Buffer Internal Internal 
oxidase] [Complex V] chrome c] ··additions Dialysis 1 Dialysis 2 volume' volume 

J.ig/ml )l.g/m1 ).(g/ml % of suspen,- .)Cl/mg phospho-
sian lipid 

417 a 2.5 mM RbCl, 16.7 vol. 188 vol. 3.3% 0.83 
12. 5..U Ci/ml 8 hours 8 hours 

of86Rb' x3 x4 

417 b lOpCi/ml 83.3 vol. 83.3 vol. 5.3% 1.30 
of 86Rb 4-8 ho.urs 3 hours 

x3 X 3 

417 c 760 5 mM sucrose 8.3 vol. 208 vol. 3.3% 0.83 
2 pCi/ml of 3-12 hours 8-24 hours 

14c-sucrose x6 x4 

417 c 633 760 5 mM sucrose 8.3 vol. 208 vol. 3.9% 0.98 
2)iCi/ml of 3-12 hours 8-24 hours 

14c-sucros~ x6 x4 

550 c 800 760 5 mM sucrose 13.3 vol. 167 vol. 3.3% 0.83 
2)(Ci/ml of 8-24 hours 6-20 hours 

14c-sucrose x4 x4 

a Cytochrome oxidase from batch 2, unfractionated 
b Cytochrome oxidase from batch 1 c Cytochrome oxidase from batch 3 . 



Discussion 

' 
The reconstitution of COV was successful with regard to production 

of. vesicles with the characteristic of respiratory .control. As was 

demonstrated in the Restil'ts section COV produced by the chelate dialy-

"sis, chelate dilution, lysolecithin incorporation; and phosphatidyl. 

serine incorporation techniques all showed stimulation of respiratory 

·rate by uncouplers. Because the COV made by the dialysis teChnique 

possessed the highest RCR '.s, consistent with reports by other workers 

(Carroll and Racker, 1977), these preparations were used in most of the 

expe:ri.mental work. Dialyzed preparations would theoretically have the 

higher membrane potential and pH gradient formation. The variations in 

buffer solutions and cytochrome oxidase concentrations and fractionation 

procedures as detailed earlie~ were used to optimize the _RCR's of the 

COV. The electrophoresis results demonstrated that the cleaner fractions 

of cytochrome oxidase produced the better RCR's, probably secoadary to 

minimization of proton leakage due to incorporation of contaminating 

proteins in the preparations. The oxidative activity of the prepara-

· tions also correlated with the purity, whic.h would be expected. 

The development of .methods for reconstitution of large-volume 

COV did not prove to be useful for the investigations of oxidative phos-
. . 

phorylation and calciUm transport which were undertaken later and will 

be described. However the technique does demonstrate that functional 

activity of two memla-ane associated enzyme systems can indeed be recon-

stituted in large-voltime vesicles (cytochrome oxidase. and· the hydro-

32 phobic protein catalyzing the ATP- Pi exchange react-ion), and provides 
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an alternative method of proteoliposome reconstitution which may prove 

to have usefulness in other types of experimental investigation of recon

stituted systems. 

The extremely small size of the COV and other pr.oteoliposomes has been 

reported by others (Carroll, Racker, 1977; Eytan and Breza, 1978; Ruben, 

Telford, Carroll, 1976). The experiments related to development of sepa

ratory techniques for proteoliposomes clearly show the difficulty of 

using the conventional techniques of filtration and centrifugation. Fur

thermore recent studies h~ve shown that cytochrome oxidase is actually 

incorporated in a small fraction (only about 20%) of the total amount 

of phospholipid vesicles. This has been demonst~ated by fract~onation of 

COV on ficoll density gradient centrifugation. This work also indicates 

that the smaller diameter vesicles are the population associated with 

the oxidase (Carroll, Racker, 1977; Eytan, Breza, 1978a). This means 

that separatory methods such as filtration would tend to be :the most 'inef

fective with the most important fraction of the vesicles. Calculation 

of internal concentrations of transported substances is also rendered 

inaccurate because of the selective .incorporation of the enzyme in a 

subpopu1ation of the suspension of vesicles. 
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II. EFFECTS OF IONOPHORES ON COV 

Introduction 

The ionophore valinomycin (Brockman, Schmidt-Kastner,'l956) is 

known to be an uncharged cyclic polypeptide which can complex ·.with .. 

alkalai metal.ions and· mediate transmembrane transport in anelectro-

genic mode (Moore, Pressman, 1964;. Pressman, 1965; Mueller, Rudin,. 

1967'; Pt.essman, Harris, .:Jagger, Johnson, 1967;.Ste£anac, Simon,· 1967). 

+ + The cation selectivity for valinomycin has been shown to be Rb > K > 

+ + + Cs > Na > Li (Muell·er, Rudin, 1969;_;Simon, Morf~ 1972;Hayden, Hladky, 

1972). Gramicidin is another uncharged ionophore which mediates cation 

transport in an electrogenic mode by channel formation with. a stoichio-

metry ·of 2 graini.cidin molecules per channel (Urban, Hladky, Haydon, 1978)_. 

+ + + .+· The selectivity of gramicidin has been shown to be Rb > Cs > K ~ L~ > 

. Na:+ (Hladky, 1974), It has been noted that uncouplers increase th.e 

respiratory rate of COV by dissipation of the·membrane potential which 

is inhibitory to the electron transport process as previously discussed. 

Experiments have shown that valinomycin :i,n the presence of. potassium 

increases the respiratory rate of RSO energized COV (Racker, 1974) •. This 

was supposed to be due to the dissipation of.the membrane potential by 

inward diffusion of potassium. The combination. of valinomycin and nig~ 

· eric·in is more ··effective- than, -·:valinomycin alone, ... pres~mcibl)r ·because the 

exchange of potassium and protons allowed by nigericin causes breakdown 

of the pH gradient in addition to membrane potential dissipation (Racker, 

1974). Uncouplers such as CCCP also cause marked stimulation of the 

respiratory rate and addition of valinomycin increases this somewhat, 

106 



This has· been. explained as due. to dissipation _of the pH gradient by the 

CCCP and dissipation of the membrane potential by valinomycin in the pre

sen.ce of potassium (Racker, 1972;" 1974; _Skulachev, 1974a). Because of· 

this other workers have routinely used the combination. of valinomycin 

plus a protonophoric uncoupler for the measurement of RCR's in COV 

(I:arroll, Racker, 1977). Howeve_r, the rate of .oxidation is constant 

after addition of valinomycin~ which-would not be expected if inward 

diffusion were the sole mechanism because after equilibrium were reached 

the membrane potential should be re-established and the _initial oxidation . 

rate resumed. Furthermore since in .COV the membrane potential results 

from net proton pumping,dissipation of the proton gradient by protono

phoric uncouplers should eliminate both;~_-the membrane potential and the ·>;. 

pH gradient. Thus there is some question as to the validity of the ·model. 

proposed for the uncoupling of cov by valinomycin. 

The addition of valinomycin to a cellular, organelle, or vesicular 

system followed. by measurement of K+ or Rb+ distribution is a common 

technique for measurement of membrane potentials (Rottenberg, Scarpa, 

1974; Puskin, Gunter, Gunter, Russell, 1976;.Rottenberg, 1975; Azzone, 

Bragadin, Pozzan, DellAntone,_ 1977). It is important that the mechanism 

of. action of valinomycin be. understood for these measurements to be 

meaningful. Data will be discussed later which i)ldicates that there are 

.specific stimulatory effects o! valinomycin and gramicidin on cytochrome 

oxidase· which account for some of the findings mentioned above. 
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Res'l,lits 

· It was noted that the increased rate. of oxidation of COV in the··-' 
. + . . . . . 

presence of valinomycin and K . is· constant and does not return to a lower 

+ rate after time for K equilibration has occurred, as it should as long 

as electrons continue to be .transport~d. It ·was found ·that· the valine-

mycin-mediated stimulation of COV oxidation occurred not only when the 

[K+l was greater outside the vesicles (as would be expected if the break-
+ . 

down of membrane potential due to K influx is the mechanism), but also 

+ + . 
occurred when ~he [K l was greater inside the COV or when no K was pre-

sent at all. This data is summarized in Table 9. The amount of stim-

ulation is variable between· different batches of. cytochrome oxidase. and 

preparations. of> vesicles, but is always ·present. 

Uncouplers presumably stimulate the rate of respiration of COV by 

breaking down the proton gradient. Since the membrane potential and pH 
i 

gradient are both produced by the net transport of protons (Skulachev, 

1974b) and the vesicles are quite impermeable to most ions (Racker, 

1974), dissipation of 'the proton gradient by a protonophore should elim- . 

inate both membrane potential and pH gradient across the membrane. 

- + 
Therefore, addition of valinomycin and K should have little or no effect 

in the presence of CCCP. I.f any stimulation would occur, it would. have· 

to be due to a slightly positive (internally) diffusion potential resul

ting. from the inward transport of K+, which would quickly dissipate when 

equilibrium is reached. However as is illustrated by Table 10 the stim-

ulation of respiration occurred in the presence of CCCP and is indepen

dent of the direction of flux of K+. The stimulated rates are also con-
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Table 9. STIMULATION OF COV RESPIRATION BY VALINOMYCIN 

Formation Assay Initial respiration Respiration rate after 
buffer buffer rate addition of valinomycin 

nmole 0/min/,l.tg protein nmole o2/min/#g protein 

K2so4 Na2so4 1. 63 2.44 

Choline-Cl Choline-Cl 3.34 3. 71 

K
2
so

4
. Choline-Cl 1. 30 2.33 

Na2so4 Choline-Cl 1. 36 1. 99 

* Na2so4 
Na2so

4 
1. 61 2.9Q 

* * Na2so4 
Na2so

4 
0.91 1. 31 

Na
2

so
4 Na2so4 1. 0.7 1.45 

* N~2 so4 Choline-Cl 1. 29 1. 81 
II 

Kzso4 Na2so4 0.83 3.n 
II K2so4 Na2so

4
. 1. 26 -5.19 

* II Cytochrome oxidase from unfractionated batch 2 
Cytochrome oxidase from batch 2, fraction III 

% stimulation 

49.7% 

11.1% 

79.2% 

46.3% 

80.1% 

4"4. 0% 

35.5% 

40.3% 

472.3% 

.... 411.9% 

COV were made in :CO roM HEPES ·plus the salL indicated under Formation buffer (at 40 roM 
concentration) at pH 7,0. The dialysis technique was used to prepare the vesicles, .• 025-,05 ml 
of the dialyzed vesicle suspension was assayed for oxygen consumption in a volume of 3.2 ml of 
10 mM HEPES (pH 7.0} plus the salt (at 40 :mM concentration} indicated under Assay buffer above, 
The assay medium also contained 23 roM Tris-ascorbate and .75-1.5 mg of cytochrome c~ Vesicles 
assayed in choline+Cl me~ium were dialyzed against this medium prior to assay for 4 hours to 
remove external Na or~K . ·After obtaining the-initial respiration rate l).lg of valinomycin 
in .ol ml of ethanol was .added to obtain the stimulated rate of respiration. 
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Table 10~ STIMULATION OF COV RESPIRATION BY VALINOMYCIN IN THE PRESENCE OF CCCP 

Cytochrome Formation ·Assay ·:.·.Respiration· rates 
oxidase buffer ... buffer nmole c;O /min/ p. g protein 

·Initial· . ~CCP · ·+valinomycin 
% Stimulation 

r·2
8

04 
Na2so4 3.90 6.62 6.73 1.0% 

- .... K
2
so

4 
K2so

4 1. 24 3.96 4.53 14.4% oaten I 
K2so

4 
Choline-Cl 1.15• 4.23 -:5.18 22.5% 

Na
2
so

4 
Cpoline-Cl 4.15 4.50 8.4% 

batch 2, r·2S04 Na2so4 1.85 7.41 10.76 . 45.2% 
fraction I K2so4 

K2so4 2.03 12.16 18.48 52.0% 

batch 2, (K2so4 
Na2so

4 0.97 5.01 8. 20; 63.7% 
fraction III · 

.... .. G:~:~: Na
2
so

4 
0.81 3.81 4.05 6.3% 

batch 3 
Na2so

4 0.73 4.66 5. 25. 12.7% 

90Y·were made in 10 mM HEPES (pH.7.0) plus 40 mM of the indicated salt at a cyto
chrome oxidase concentration of 417~g/ml by the dialysis method •• 025-.05 ml of COV 
was· added to 3.2 ml of assay solution containing 40 mM of the appropriate salt, 10 mM 
.HEPES, .75-1.5 mg of cytochrome£, and 23 mM Tris-ascorbate (pH 7.0}. After obtaining 
the initial respiration rate .01 ml of a 20 mM ethanol solution of CCCP was added and 
the uncoupled respiration rate determined. Finally .01 ml of ethanol containing l~g 
of valinomycin was added to obtain the stimulated rate of respiration. The % stimulation 
was taken as the percentage increase in the valinomycin stimulated rate over the CCC~ 
stimulated rate. 

...... 

...... 
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stant with time and do.not show dissipation. Stimulation occurred 

· in the complete absence of K+; . or when the [K+] "t(ras greater inside the 

vesicles than outside. Because of the lack of dependence of the stim
. + 

ulatory effects of valinomycin on COV on the flux of K it is unlikely 

that these stimulatory effects are ·due to the dissipation of the membrane 

potential. 

A suspension of cytochrome oxidase mixed with phospholipids in an 

oxygen electrode chamber does. not show respiratory control. This is 

shown in Table 11. However valinomycin stimulates the rate of oXidation 

of substrate. + This occu~red in the absence of K or in the-presence of 

lytic amounts of det.ergent such as Tween-20. The stimulation dd.d~ not 

occur in the absence of added phospholipid. Furthermore the order of 

addition of the ingredients has an effect in that the phospholipids must 

be added after the ·oxidase for the stimulation to be observed. 

As is shown in Table 12, th~ stimulatory effect of a.constant amount 

of valinomycin is greater as the cytochrome oxidase concentration of the 

suspension decreases. This occurs in the presence. of a constant amount 

of phospholipid. The amount of stimulation appears to be related to 

the relative amounts of p~otein and valinomycin present. Table 15 shows 

increasing stimulatory effect with increasing amounts of valinomycin 

over a. 1000 fold concentration range. The effect is p~esent to a lesser 

extent in the absence of K+. 

Table 13 shows the effects of various other ionophores on the res

piration of GOV. Gramicidin stimulates COV in the absence of K+ or Na+. 

However this stimulation is probably largely due to transport of protons 
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Table 11. STIMULATION OF CYTOCHROME OXIDASE BY VALINOMYCIN 

[K+] [Tween-20] [Phospho- Initial respiration Additions Final respiration % change 
lipid) rate (final con- rate ·in rate 

rnM c./ (v/v) mg/ml nmole o2/min/ }<g protein centrations) nmole o2/min/pg prot. , 

0.0 0.0 0.66 3.65 63).(M CCCP 3.38 -7.4% 

0.0 0.0 0.66 3.65 63 ,U. M CCCP + 4.67 +27.9% 
.31 #g/ml valino-

mycin 

0.0 =-.o 0.66 1. 68 . 31 }Cg/ml valino- 2.09 +24.4% 
mycin 

7.3 0.0 0.66 2.29 ~ 31 P..g/ml valino- 2.63 +14.8% 
mycin 

7.3 0.0 0.00 2.87 . 3lp. g/ml valino- 2.75 -4.2% 
mycin 

Cy~ochrome oxidase was prepared as previously described (Koubayama method) and suspended in 
40 mM Na 2so , 10 rnM HEPES, 5% Tween-20 at pH 7.. 0 and at a concentration of 2. 5 mg/ml. . 01 ml of 
this suspen~ion was added to an oxygen electrode chamber containing 3.2 ml of 40 rnM Na?so

4
, 10 rnM 

HEPES (pH 7.0), 23 mM Tris-ascorbate with .47 mg/ml of cytochrome c and the indicated amounts of 
KCl, Tween-20, and asolec'-in. After obtaining the initial respiration rate the substances shown 
above were added in a volume of .01 ml of 95% ethanol and the change in respiratory rate noted. 



Table +2~ .. VALINOMYCIN STIMULATION VERSUS {CYTOCHROME OXIDASE] 

[Cytochrome oxidase] 
-J.l..g/ml .. 

208. 

417 

833 

In:l.tiai · 

4.08 

3.21 

0.95 

Respiration rates 
~mole 02/min(}4g protein . 
. + CCCP + Valinomycin 

% Stimulation 

17.96 20.91 16.4% 

11.43 12.14 6.2% 

4.94 .5.20 5.3% 

COV vere made by the cholate dilution method as previously described in 40 mM 

K2so4 , 10 ~ HEPES (pH 7.0) with the indicated concentrations of cytochrome oxidase 

(~atch 2, unfrac~ionated}. After 1.5 hours of incubation at 0°C •. 05 ml aliquots of the 

vesicle.s wer-e assayed for o2 consumption in the presence of 23 mM Tris-ascorbate arid 

1.5.,..3,0 mg of cytochrome .£• The uncoupled rate was determined by addition of .01 ml· 

of 20 mM CCCP in ethanol, ~nd the subsequent valinomycin-stimulated rate was obtained 

by adding ,01 ml of ethanol containing lA.g of valinomycin. The % stimulation was deter

. mined from the increase in the valinomycin-stimulated rate over the CCCP-stimulated 

rate. 



Table 13. 

# * These. measurements are the average of two experiments. 
Cyt·ochrome oxidase used in these experiments was from batch 2, unfractionated. 

COV were made in 10 mM HEPES plus the indicated salt (40 mM).as previously described. 
The pH was 7.0, the cytochrome oxidase concentration. (batch 1) 417)A.g/ml, and formation was 
according to the chelate dialysis method. .025 ml of vesicles was assayed for respiration 
in 10 rr~ HEPES, 23 mM Tris-ascorbate (pH 7.0) plus 40 mM of the indicated salt. The assay 
mixture had a final volume of 3.2 ml and contained .7S.mg of cytochrome £• After determin
ation of the initial respiration rate .01 ml of a 20 mM ethanolic solution of CCCP was added 
and the uncoupled rate obtained.where indicated. Subsequently, .01 ml of an ethanolic sol
ution cf the indicated ionophore (in an amount such as to give the final concentration s~own 
abov~) was added and the % change in the respiration rate was noted. COV formed in Na 
or K containing buffer and assayed in choline-Cl containing buffer were dialyzed f~r 4 + 
hours against the choline-Cl containing buffer prior to assay to remove external Na or K • 

,.. .. , 
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Table 13. STIMULATION OF RESPIRATION OF cov BY VARIOUS IONOPHORES 

Ionopho::e Formation Assay . Rates of respiration 

(final con- buffer buffer nmole o2/min/)Ug protein % change in 

centration) Initial + CCCP + Ionophore rate 

Gramicidin 

3.1)( .s/ml Choline-Cl Choline-Cl 3.22 4:68 +45.3% 

3.lp.s/ml Choline-Cl Choline-:-Cl 4;~6 5.92 6.23 +5.2% 

*3.1 ,u 5/ml Na2so4 Na2so4 0.55 5.33 7.39 +38.6% 

0. 3l)lg/ml Choline-Cl Choline-Cl 3.49 11 4.51 11 +29.2% 

0.3lpg/ml K2so4 
Choline-Cl 0.91 3.70 4.39 +18.6% 

0. 31)1 g/mil Na2so4 Choline-Cl 1.3211· 3.89
11 4.54 11 + 16 • .7% 

Nigericin 

0. 3lpg/ml Choline-Cl Choline-Cl 3.62 3.57 . ..,.1.4% 

0. 31)( g/ml · Choline-Cl Choline-Cl 3.25 5.28 5.28 0.0% 

0. 3l)C g/ml K2so4 Choline-Cl 1.34 2.26 2.04 -10.8% 

*0. 78 p.g/mJ. Na2so
4 

. Na2so4 0.96 . 5,24 4,7i -11.0% 

X537A 

*3.1)4-:g/ml Na2so, Na2so4 0.73 0.93 +27.4% 
"'-+ 

*3.1pg/ml Na2so4 Na2so4 4.74 4.78 +0.8% 

A23187 

*3.1).4g/ml ~ Na
2
so4 Na

2
so

4 
0.84 1.00 +19.0% 

*3 .1 )41g/ml Na2so4 
Na

2
so

4 
4.74 4.70 -1.7% 

Ca++ligand 
/ .. 

*15. 4 .'lA. g/ml Na2so4 Na2so4 0.54 1.88 1. 38 -26.6% 

. *15. 4 )A g/rr.l K2so
4 

I<
2
so

4 
.. 

0.67 3.32. 3.09. ..:6.9% 



by the nonspecific gramicidin (Myers, Ha}'don, 1972). When CCCP is used {·:''l 

to break down \the proton gradient. the stimulatory effect is much less but 
l 

is s~ill present. Significant stimulation also occurs when there is 

+ + internal K or Na ·but only choline externally. Therefore the stimula-

tory effects of gramicidin are also independent of ion fluxes. 

In the-. absence of K+, or with greater internal than external [K+], 

nigericin does not stimulate respiration of COV. X537A stimuiates COV 

respiration only in the absence of CCCP, implying that it is in this case' 

acting as a protonopho~e. In the presence of CCCP, significant stimula-

tion does not occur. A23187 also shows this property of stimulation 

only in the absence of CCCP and probably .acts the same way. 
-++ The Ca -. 

ligand of VuilleUmier, Gazzoti, Carafoli, and Simon (1977) does not stim-

ulate respiration but is somewhat inhibitory. 

Because valinomycin has been used to determine membrane potentials 

in mitochondria it is significant that there are specific stimulatory 

properties of valinomycin.on cytochrome oxidase, as this could alter the 

measurements considerably. However valinomycin was not found to have 

any stimulatory effects on mitoplasts as depicted in Table 14. The 

fact that there is stimulation of COV energized so as to have an internally 
} . 

positive membrane potential (using PMS-ascorbate and internal cytochrome ~) 

further indicates that breakdown of membrane potential is not.the mechanism 

of action of valinomycin in cov. 
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Table 14.· COMPARISON OF VALINOMYCIN-STIMULATED RESPIRATION IN ·. COV,,· INSIDE-OUT 

COV, AND MITOPLASTS 

Rates of respiration 
nmole 02/min/ ~ g protein 

+ 1 J-4g valinomycin. + 10 jJg valinomycin· % Stimulation , I::litial + CCCP Preparation 

cov 
(right side out 
e,nergizat:ion) 

cov: 
(inside out 
energization) 

. 35 mg of mitoplasts · 

.25 mg of mitoplasts 

2.03 

0.91 

0.13 

0.09 

·12.16 

0.94 . 

0.55 

0.52 

0.55 

0.52 

18.48 

1.00 

0.55 

52.0% 

6.4% 

0.0% 

0.0% 

.COV:· were made by the dialysis method, with 417 f'g/ml of cytochrome oxidase (batch 2, 
fraction!). Inside~out energized vesicles were made in the presence of 1.5 mg/ml of cytochrome c . 
Mitoplasts were made by subjecting rat liver mitochondria to digitonin treatment as described 
in the METHODS section to remove the outer membranes. COV· were made and assayed in 40 mM K2so4 , 
10 mM HEPES (pH 7.0), with 23 mM Tris-ascorbate and either 1.5 mg of cytochrome£ or, for 
inside out energization, 80 j4g of protamine and 1. 0 ...,Ug of PMS. Mitoplasts were assayed .in 
135 mM mannitol, 45 mM sucrose, 24 mM HEPES, .5 mM sodium succinate (pH 7.2) containing 1.5 mg 
of cytochrome c and 23 niM Tris ascorbate. Uncoupled rates were obtained by adding , 01 ml of 
.20 mM CCCP, and valin01pycin was subsequently added in . 01 ml of ethanol to obtain the stimulated 
rates. 

.' 
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7.3 

7.3 

7.3 

7.3 

0.0 

0.0 

0.0 

Table 15. VARIATION IN VALINOMYCIN STIMULATION OF COV WITH [VALINOMYCIN] 

In~tial ~espiration 

race 
nmole o2/min/ }4g protein 

3.93 

3.93 

3.93 

3.93 

3.70 

3.70 

3.70 

Valinomycin added Valinomycin-stimulated 
final concentration respiration rate 

in ng/ml n~ole o2/min/)Ug protein 

0."3 4.15 

3.4 4.30 

34.2 4.52 

342.2 4.78 

30.8 4.00 

338.8 4.05 

3418.8 4~20 

% Stimu
lation 

5.6% 

9.4% 

15.0% 

21.6% 

8.1% 

9.5% 

13.5% 

COV were made by the dialysis technique in 40 mH choline-Cl, .10 mM HEPES (pH 7. 0). 
with 41.7 pg/ml of cytochrome oxidase (batch 1). . 05 ml of the vesicle suspension was 
added to 3.2 ml of 40 mM choline-Cl, 10 mM HEPES (pH 7.0) containing 1.5 mg of cyto
chrome ~' 23 mM Tria-ascorbate, and the indicated concentration of KCl. After obtain
ing the initial respiration rate, the appropriate amount of valinomycin was added in 
.01 ml of ethanol and the stimulated rate of respiration was determined. 

...... 

...... 
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Discussion 

Previous explanations of th~ stimulatory effect of valinomycin on 

the.respiratory rate of COV have assumed the direction of the~+ flux 

to be inward with resultant collapse of the membrane potential initiating 

the stimulation. While this may be partly correct, such a ,=;mechanism 

would require a return to the ini.tial oxidation rate after equilibrium 

is re-established. This fact has been generally overlooked in the past. 

Investigations carried out here have demonstrated a lack of dependence. 

of the stimulatory effects on the K+ flux direction. Indeed the stim

+ ulation was found to occur in ·the complete absence of K , . under condi-

. + tions when· the K flux would be outward instead of inward, and in solu-

bilized cytochrome. oxidase where no membrane potential production would 

be possible. It is noteworthy that the stimulation o.ccurs in the pres-

ence of CCCP which dissipates the protonmotive force. Therefore it is 

concluded that the stimulatory effects of valinomycin on COV respiration 

+ are not solely related to the collapse of the membrane potential by a K 

flux •. Others have noted greater stimulation of respiration by the com-

bination of valinoruyeili. a:ml CCCP than by CCCP alone. and. ·nave· stated 

that this is due to the fact that the valinomycin dissipates the mem-

brane potential while the CCCP dissipates the p_H gradient. Since the 

membrane potential and pH_gradient may be both a result of net proton 

pUiil.ping it would ·-.:seem that CCCP could diss.ip.ate both without the need 

·for valinomycin to dissipate the membrane potential. 

The stimulation observed with valinomycin-was generally greater in the 

+ K+ . presence of K than when no was present. · It is also interesting that 

+ the stimulation occurred with batch 1 (extracted with only K salts) 
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as well as with batches 2 and 3 (extracted only with Na+ salts).· The 

decrease in the stimulatory effect of valinomycin with increasing concen-

trations of cytochrome oxidase supports the idea of valinomycin~protein 

interaction. 

The similar stimulatory effects of gramicidin with complete lack· 

of such effects by nigericin suggest that the effect may be common to 

+ electrogenic K ionophores, even though they operate by different iono-

phoric mechanisms. It has been suggested that cytochrome oxidase may 

'+ contain an i?nophoric polypeptide with K specificity (Kessler, Blondin, 

VandeZande, Haworth, Green, 1977; Blondin, Kessler, Green, 1977). The 

effects of valinomycin and gramicidin may be related to the interaction 

. with .or substitution for this ionophore. It is also known that pre-

parations of cytochrome oxidase contain significant amounts of bound 

·phospholipid (Jost,.. Capaldi, Vanderkooi, Griffith, 1973; Marsh., Watts, 

Maschke, Knowles, 1978). The ionophores may allow greater accessibility 

+ . 
of either bound or external K to a catalytic site within the oxidase 

which is shielded by the phospholipids. The lack of effects of 

valinomycin on mitoplasts or (from some recent work completed by. Pr. T. 

Gunter) mitochondria indicates that measurements. of membrane poten-

tials using valinomycin may not necessarily-be invalid, but the speci-

fie effects of valinomycin on the oxidase should be taken into account 

in ·these instances. Furthermore the routine use of the combination 

of CCCP plus v'alinomycin for measuring RCR's in COV by many researchers 

is probably not indicated and should be re-examined in the light of 

these data. The lack of stimulatory effects in intact. mitochondria 

may be related to the location of the rate-limiting step. in the ox.id-
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atioiJ. process. While the oxidation by cytochrome oxidase is rate-

limiting in the COV case, if this is not the case in mitochondria stim-
' 

ulation by valinomycin would not be expected. Furthermore interaction 

with the ma~ other proteins present in the mitochondrial membrane may 

alter or preve~t the interaction with these ionophores. 



III. RECONSTITUTION OF OXIDATIVE PHOSPHORYLATION 

Introduction 

The actual mechanism of the coupling of phosphorylation to sub-

Strate oxidation is not yet known. However there are at present three 

basic groups of theories which have been advanced.· They are the chemi-

cal intermediate, conformational and chemiosmotic coupling theories. 

The chemical intermediate theory was the earliest and was set forth 

by Lipman in 1946 and later modified by Slater (1953) and others (Skul-

achev, 1972). According to this idea a reduced electron carrier combines 

with an unknown chemical intermediate which forms a high energy phosphate 
' . 

bond upon oxidation, the energy of this bond subsequently being trans-

£erred to the binding of phosphate to ADP to form ATP. The conformational 

theory proposed by Boyer (1964; 1974) suggests that redox energy is trans-

£erred into conformational changes in proteins which is subsequently 

transferred to the formation of the bond of phosphate to ADP when relax-

ation of the strained conformation occurs. The chemiosmot~c theory of 

Mitchell (1961; 1966) proposes that coupling of oxidation and phosphoryl-

ation is through the protonmotive force established by a proton gradient 

which results from the anisotropic arrangement of the redox chain in the 

mitochondrial membrane (Skula:chev, 1972;Racker, 1975). Tlrls last theory 

re.quires coupling of· oxidation. to phosphorylation to occur only in closed 

membrane-bound systems in which a membrane potential can be ·developed, 

and experimental evidence supports this concept (Racker and Kandrach, 1973; 

So~e, Yoshida, Hirata, Kagawa~ 1977). Reconstitution of the third site 

of oxidative phosphorylatton in vesicles has been achieved by co-recon-
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stitution of cytochrome oxidase and the mitochondrial ATPase system 

(Racker and Kandrach, 1971; 1973; Kagawa, 1972). The protonmotive 

force generated by cytochrome oxidase appears to be· responsible for -

the coupling of oxidation and phosphorylation. Similar results have 

been obtained with protonmotive forces generated in reconstituted ves~ 

ic1es with bacteriorhodopsin· _plus the ATPase system: (Ra~ker, Stoeckenius,. 

1973). .. ... -

The exact stoichiometry of the _number of protons translocated 

through the ATPase per ATP molecule s1ynthesized is ~ subject of contro-

' versy, with numerous ~ecent reports indicating that the original num~ 

ber of 2 protons per ATP proposed by Mitchell (1966) may be inadequate. 

Current.expltrimental evidence indicates that probably 3 or 4 protons 

are transported per ATP synthesized (Alexandre, Reynafarje, Lehninger, 

1978; Reynafarje, Lehninger, 1978; Brand, Lehninger, 1977). This would 

allow oxidative phosphorylation to occur with lower ambient membrane 

potentials than originally proposed (Mitchell, 1966} .. 

One of the major problems associated with the reconstituted systems 

of oxidative phosphorylation is the low P:O ratios which have been 

obtained (Racker, Kandrach, 1973)~ This ma~es evaluation of the quan-

titative importance of the proton gradient in the coupling process 

rather difficult. The scheme proposed for the operation of the reconsti~ 

tuted system of oxidative phosphorylation in PCOV and the location of 

thQ component parts is shown in Figure 13. 

To date· the system has been reconstituted only in the ISO orien-

tation, ·though current work is being carried out toward development of 

a mitnchondrially-oriented system (Banerjee, Racker, in presc). Quan-



· Ascorbate --vPMS 

Dehydr~ascorbate ~PMS-H 

Figure 13. 

PCOV. 

+ 

( . + 
pass~ve . H 
diffusion) \. 

.. ~ 
P. + ADP ATP 
~ 
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titation of the protonmotive force in a reconstituted system of ATPase 

has produced results consistent with the chemiosmotic theory .(Kagawa, 1977). 

However the mechanism of oxidative phosphorylation· remains controversiaL. 

Investigations of a reconstitutedsystem of the third site of oxi-

dative phosphorylation h.as led to the development of recop.stituted iQn 

transpor~ systems. However, resolution of the problem of the mechanism 
/ 

of coupling of oxidation to phosphorylation will have to await the devel-

opment of techniques for reconstitution of the oxidative phosphorylation 

system with much more efficient coupling of the two .enzymatic processes. 



Results 

The various components for the reconstitution of the third site 

of .oxidative phosphorylation were extracted from beef heart· according 

to the procedures outlined in the METHODS section. Figure 14 ·shows 

the polyacrylamide_ gel electrophoresis pattern of various mitochondrial 

proteins. ·.It .is apparent .that the subUnits of .F 1 are common to several 

of the protein complexes : "OSCP'1, hydrophobic protein, complex ·V, 

adenine nucleotide transporter, and phosphate transporter. ·since all 

the protein;- e.xtracts are hydrophobic protein fractions, some overlap 

of the components would be expected. It is also noted that-the hydro

phobic protein and complex V preparations were fairly similar in elec

trophoretic patterns. 

In order to allow rapid quantitation of the ATPase activity of the 

various protein preparations, a simple ATPase assay was developed as is 

detailed in the METHODS section. ,Basically the phosphate assay of Chen· 

Toribara, .and Warner (1956) was used to form a reduced (colored) phospho

molybdate. complex. The reaction was stopped by the extraction of the comn 

plex into isobutanol, W:here~· the O.D. 820. could be read to quantitate the 

amourit of phosphate. This simple detection of phosphate cleaved from 

ATP was .~sed to judge the ATPase activity. Relatively large amounts of 

substrate were used so that the reaction would be fairly constant for 

a short period of time. However the build-up of ADP would rapidly inhi~ 

bit the reaction. This is shown in Figure 15. Because of this limitation 

of the assay, the enzyme was incubated for short periods of time only. 

Table 16 gives the ATPase activity of some of the mitochondrial protein . 

extracts.· The ATPase activity of the hydrophobic protein and complex V · 
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Figure 14. GEL ELECTROPHORESIS OF VARIOUS MITOCHONDRIAL PROTEINS __ 

1 2 3 4 5 6 7 8 9 10 11 12 

r --- -- r-- ~~ ..:..- -~ 
/ 

u 

~........... ', 

·-

\ 
\ 

I 
--~~-~--~~--~~ 

1 - F
1 

(batch 1) 
2 - F (batch 2) 
3 - O~CP (batch 2) 
4 - Hydrophobic protein (batch 2) 
5 Complex V (fr·um beef heart, batch 1) 
6 - Complex V (from beef heart, batch 2) 
7 - Complex V (from rat liver, fraction I) 
8 - Complex V (from rat liver, fraction II) 
9 - Adenine nucleotide transporter (fraction I) 

10 '- Adenine nucleotide transporter (fraction II) 
11 - Phosphate transporter 
12 - cytochrome c 

Polyacrylamide slab gel electrophoresis was done as described in the 
METHODS section. The gel contained 10% acrylamide and approximately 40~g 
of each of the above protein fractions was used per well. The protein 
fractions were extracted from beef heart except where otherwise indicated, 
and all extractions were performed as outlined in the METHODS section. 
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FigurE 15~ Time Dependence of the ATPase Assay 

200 pg of F
1 

was in::.ubated for the: indicated length of time at. room temperatt1re in· 

2. 2 m~ of 20 mM Tris-SO 
4

, 11 .. 4 mM HgSO 
4

, and . 9.1 mM Na..,.ATP at pH ] • 5. The reaction was 

terminated by addit:lon of .05 ml of 50% trichloroacetic acid and.centrifl:lga~ion in a 

JA-:-20 rotor at 10,000 rpm for 10 minutes. .5 ml of the supernatant was added to ],5 .llll 

of 1% ascorbic acid, .25% ammonimn molybdate and .6 N H2so
4 

and incubated at room tempera..,. 

ture for 30 niinutes. The solution was ~tracted with 4 ml of is.obutanol and the ahsor:

bance of the isobutanol phase read at 820 nm and compared with controls containing known 

amounts of Pi to quantita~e the Pi cleaved from ATP. Samples were corrected for spon~ 

taneous nonenzymatic hydrolysis of AT:P. The points shown represent the average 

for two experiments. 
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Table 16·. ATPase Activity of Various Proteins 

Protein 
Rate of ATP hydrolysis 

p. mole/mg/min 

Hydrophobic·. protein (1) · 

Hydrophobic'. protein (2) 

Hydrophobic protein (1) + 250Pg asol~ctin 

Fl (1) 

Fl (2) 

Fl (1) + 6/A g oligomycin 

Fl (1) + 20 pg OSCP (1) 

Fl (1) + 20)'g OSGP (1) + 6~ g oligomycin 

Complex v (from beef heart (1)) 

Complex V (from beef heart (1)) + 250)Ug asolectin 

Complex V (from beef heart (1)) + 250~g asolectin + 
? r g oligomycin 

Complex V (from beef hea~t (2)) 

' Complex V (from rat liver, fraction I) 

.18 

2.0 

.75 

22.2 

15.7 

23.0 

19.0 

17.0 

.25 

.25 

.25 

0.0 

0.0 

20 - SO.pg of the appropriate protein was incubated at room tempera
t.ure for 1.5 - 2. 5 minutes· in 1. 0 ml of 20. niM Tris-SO 

4
, 5 mM MgSO 

4
, and 

5 .mM Na-ATP at pH 7.6. The reaction was terminated by the addition of 
.1 ml of 50% trichloroacetic acid. After centrifugation at 0°C •• 5 ml of 

128' 

the supernatant was added to· 7.5 ml of 1% ascorbic acid, .25% ammonium molyb
date, .6 N H2so4 and incubated at room temperature for 15 minutes~ The 
solution was extracted with 4 1ill of isobutanol and the absorbance of the 

,isobutanol phase was read at 820 nm and compared with standards to allow 
quantitation of the P·. which had been cleaved from ATP. The number in 
parentheses after eacfi protein indicates the batch number of the protein. 



is quite low compared to the purified ATPase. The OSCP was found to 

confer a slight degree of oligomycin sensitivity to F
1 
•. The OSCP from 

batch 1 was insoluble, however, and might have· contained some phospholipids 

which could have resulted in some fraction of membrane-bound ATPase which 

would be sen~itive to oligomycin • 

. Having found the.ATPase to ~e functional, tQe next phase ot the 

reconstitution was to reconstitute ATP-32p. excharige. ·.Table·l7 summar-
~ . 

32. 
izes the reconstitution of the ATE'- P. exchange. It· can be seen that 

~ . 

the coupling tactors F1 and OSCP stimulated the exchange. The An>:.. 3~ . 
l. 

exchange was completely sensitive to oligomycin. The hydropQobic protein 

fraction from batch 1 was not effective in the reconstitution of tQe · 

exchange reaction. Later this batch of hydrophobic protein was incor-

porated into COV. According to Racker (1972), this should result in 

loss of respiratory control which can be restored by rutamycin or oligo~ 

mycin. The.restoration of respiratory control is due to blockage of the 

oligomycin-sensitive proton pore. Batch 1 of hydrophobic protein 

did not confer an oligomycin-sensitive loss of respiratory control to 

COV. Because of this a second batch of hydrophobic protein was extrac

ted and found to be effective in the reconstitution of the ATP-32P. 
~ 

exchange reaction. The temperature at which the. assay was run was found 

to have a large effect on the rate of exchange as can be seen from the 

Table. Hydrophobic protein obtained from Dr. E. Racker did not produce 

as high a rate of exchange as the second batch made in this laboratory. 

Large-volume ATP-32P. exchange vesicles were also reconstituted using 
~ 

the lysolecithin incorporation technique described earlier. This,-,was 

done as a test of the comp!:ltibility of the phospholipid mixture used 
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Table ·v. Reconstitution of ATP-32Pi exchange 

Type of vesicles a HP /sample [HPJ 

32 " . 
Added coupling factors Incubation ATP.-· · Jl exchange 

... F OSCP .. . .temperature.·. ·nmolefminute/mg W . 1 

HP vesicles b 
155JA g 3. 9 mg/ml 

HP vesicles b 
155j(g 3.9 mg/ml 30 )Age 

HP vesicles b 155pg 3.9 mg/ml 30 )lgc 55)lg 
b HPvesicles + 

12 ng oligomycin 155).(g 3.9 mg/ml 30pgc 55 JAg 

HP vesicles 193 }tg 3.9 mg/ml 2lpg 55 p.g 

Large-volume HP 
80pg 0.6 mg/ml lljlg 25 j(g vesicies 

HP.vesicles 170)Cg 4. 3 mg/ml 14f.C·g 28 }(g 

HP vesicles d 
170~g 4.3 mg/ml 14 pg 28)l g 

PCOV 30)Ag 5.2 mg/ml 14 }fg 28)lg 
d 

30)lg 5.2 mg/ml J4)lg 2~).1&. PCOV. 
.. 

aHP = hydrophobic protein 
b 
•. Pi in. these samples.was 2S)Imole instead of 15pmole. 

30°C. 

30°C. 

30°C. 

30°C. 

30°C. 

30°C. 

0 23· c. 
23°C. 

23°C. 

23°C. 

cF1 in these samples was from batch 1. 

dHP for these experi111ents was obtained from E. Racker ~ .Cornell Univ~rsity. 

36.5 t 0.4 (_2) 

78.6 

113.8 t 2.8 (2) 

0.0 

188.9 * 5.7 (4) 

9.8 * 1.0 (2) 

18.3 

11.6 

11.3 

4.1 

...... 
w 
0 



Table ·17. 

Vesicle Formation: 

HP vesicles - Asolectin was sonicated to clarity at a concentration of 28.9 mg/ml in 4 mM Tris-so4 .2 mM EDTA, .4 mM MgSOt.., .2 mM dithiothreitol, and 1% (w/v) sodium cholate at pH 7.5. HP from batch 
2 was added to give the fiinal concentration shown above. The suspension was then incubated at 0°C. 
for 3 hours. 

Large-volume HP vesicles - An ether solution of 9:1 asolectin:lysolecithin at 1.3 mg/ml was injected 
into 4 mM Tris-so4 , .2 mM EDTA, .4 mM Mgso

4
, .2 mM dithiothreitol (pH 7.5) at 38 C. at a rate of about 

.8 ml/minute under vacuum as described in the METHODS section.The final phospholipid concentration in 
the suspension was approximately 8 mg/ml. After addition of the appropriate amount of HP the suspen
sion was incubated for 3 hours at 0°C. 

PCOV (phosphorylating cytochrome oxidase vesicles) - A 4:1 mixture of mitochondrial phosphaditylethan
olamine: phosphatidylcholine was sonicated to clarity at a phospholipid concentration of 40 mM in 4 mM 
Tricine-KOH, 16 mM (NH

4
) 2so

4
, .8 mM dithiothreitol, .1 mM EDTA, 20 mM sucrose, and 1.8% (w/v) sodium 

cholate at pH 8.0. Cytochrome oxidase (batch 2, fraction Ill) was added to a final concentration of 
.5 mg/ml and cytochrome c to a final concentration of 2 mg/ml. After addition of HP to a concentration 
of 5.2 mg/ml the suspension was dialyzed overnight against 160 volumes of 10 mM Tricine-KO~, 1 mM di
thiothreitol, .2 mM EDTA and 10% (v/v) methanol at pH 8.0, with one change of buffer after 6 hours. 
Defatted BSA was added to the suspension to a final concentration of 16 mg/ml and dithiothreitol to a 
final concentration of 3 nM, and .5 ml of the suspension was then layered on top of 9 m1 of 10 mM 
Tricine-KOH, 1·mM EDTA, and 10 mM MgC1

2 
(pH 8.0). The suspension was centrifuged in a Beckman 50 Ti 

rotor at 50,000 rpm for 90 minutes and-the pellet resuspended in 1.6 ml of 10 mM Tricine-KOH, 1 mM 
EDTA, 1 mM dithiothreitol~ and .25M sucrose at pH 8.0. 

Assay: 

An aliquot of vesicles was added to 1.0 ml of 50 mM KCl, 20 mM Tris-so4 , 2 mM Mgso4 , and .5 mM 
EDTA (pH 8. 0). 'F 

1 
(batch 2) and OSCP (batch 2) were added and the mixture incubated at the appropriate 

temperature for 5 - 10 minutes. Defatted BSA was added to a final concentration of 2.5 mg/ml. The 
reaction w&s in}tiated b~~addition of .12 m1 of .1M Na-ATP, .1M Mgso4 , and .125 M KPi (pH 8.0) con
taining 10 - 10 cpm of LP. After 20 minutes the reaction was discontinued by addition of .12 ml of 
50% trichloroacetic acid and after centrifugation .3 - .5 ml of the supernatant was added to 1.0 - 1.5 
ml of 2.5% ammonium molybdate and .2 - .3 m1 of 6N H2so4 • After two extractions with isobutanol 1.0 ml 
of the aqueous phase was counted to quantitate the exchange. 



in the large-volume vesi.cles with the functionality of the proteins. 

The reconstitution was carried out in the "inside out" mode (F1 and 

OSCP on the outside of the vesicle). Because of ;the difficulty in recon-

stituting the third site of oxidative phosphorylation at this time, 
.. 32 

PCOV were also tested for ATP- Pi exchange and found to be almost as· 

active as hydrophobic protein vesicles assayed under the same condi-

tions. 

Although the exchange rates were not quite ·as high as those repor-

ted by Kagawa and Racker (1971), they were reasonably good and the pro-

teins were judged to be functional in phosphorylation. The next phase 

of the reconstitution was the aombination of the COV system with the 
·::32 . 

ATP~ P. exchange system to form a substrate dependent system of ADP 
~ 

phosphorylation. 

Table 18 summ~rizes some of the reconstitution of oxidative phos-

phorylation. HP(l) only produced phosphorylating vesicles in one exper-

iment and was later abandoned in favor of the second batch of HP, which 

consistently produced phosphorylating vesicles, although the rates of 

phosphorylation were low. The use of mitochondrial phospholipids and 

hydrophobic protein obtained from Dr. Racker produced no better results 

than the asolectin and hydrophobia protein from this laboratory. An 

ethanol extract of asolectin (E. Racker, A. Kandrach, personal commun-

icad.on) was used instead of the crude asolectin and produced slightly 

better results. In view of the high RCR's attainable with batch 2 of the 

. 32 
cytochrome oxidase and the presence of ATP- P. exchange.in PCOV it 

~ 

seemed likely that two populations of vesicles were present: COV.and 

exchange vesicles , in which both sets of proteins were somewhat segre-



Table 18. 

PCOV' were made essentially as detailed in the METHODS section with the modifications 
detailed in the above table. The indicated _phospholipids were sonicated in a cholate solut.ion 
to clarity and an equal volume of 10 mM Tricine-KOH, 40 mM (NH4}2so4 , 2 mM dithiothreitol, 
.2 mM EDTA, 50 mM sucrose (pH 8.0) was added. Then cytochrome oxidase (batch 2, fraction III}, 
cytochrome_£, and hydrophobic protein were added in the appropriate amounts. At this time-
the suspensions were sonicated at Q°C. for the indicated lengths of time. The suspensions were 
then dialyzed against 10 mM Tricine-KOH, 1 mM dithiothreitol, 10% (y/v} :methanol, .2 mM EDTA, 
.1 mM ATP (pH 8.0) overnight. The dialyzed suspension was treated to remove external cyto
chrome .£ either by passage through a G-150 Sephadex column equiUbrated with 10 .mM Tricine-KOH, 
1 mM dithiothreitol, . 2 mM EDTA, .15 M KCl (pH 8. 0), or by adding 10 ... 20 ·:mg/ml of defa.tted 
BSA , layering the suspension on about 10 volumes· of . 25M sucrose, 10 mM ·rricine..,.KOH, 10 111M · 
MgCl , 1 mM EDTA, lmM dithiothreitol (pH 8.0), and centrifugation in a 50 Ti rotor at 50,000 . 
rpm ror 60- 90 minutes, followed by resuspension of the pellet.in a small volume of ,25M sucrose 
10 mM Tricine-KOH, 1 niM EDTA, 1 mM dithiothreitol (pH 8.0). . 

Oxidative phosptorylation was measured using .5 ml of the vesicle suspension, preincu-· 
bating with appropriate amounts of F1 and OSCP, and making the parallel measurements of oxid..
ation and phosphorylation in a volume of 3.4 ml as detailed in the METHODS section. 



Table: 1~. RECONSTITUTION OF OXIDATIVE PHOSPHORYLATION 

a HP type HP(l)d HP(l) HP(l) HP(2) HP(2) HP(R) HP(2) HP(~) 
[HP] - mg/ml 

[cytochrome ~] ~ mg/ml 

b Phospholipid type 

[Phospholipid] - mg/ml 

[Cholate] - .. % 
- mg/mg HP 

3.9 

1.9 

A 

46 

1.3 
3.3 

[Cytochrome oxidase] - lA ~/mlHP 390 
- pg/mg 100 

Sonication time (seconds) 20 

c . Hethod of cytochrome ~ removal cent. 

Respiration rate - nmole 0/ainute 142 

P9osphorylation rate - hmole ATP/minute 0.0 

P:O 0.0 

3.7 

1.8 

A 

44 

1.7 
4.7 

490 
133 

none 

cent. 

34 

0.0 

0;0 

3.6 

2.5 

A 

43 

1.7 
4.7 

3.9 

2.0 

A 

47 

1.8 
4.7 

600 520 
167 133 

15 none 

seph. s~ph. 

37 61 

2.3 0.0 

0.062 0.0 

5.2 

2.0 

A 

47 

1.8 
3.5 

5.3 

2.0 

M 

37 

L8 
3.5 

5.3 2.6 

M ~EE 

37 25 

1.8 
3.5 

2.0 
7.8 

. 330 490 490 430 
82 "93 93 167 

30 none none 45 

cent. cent. cent. cent. 

225 75 68 322 

1.8 0.3 0.7 14.1 

0.008 0.004 0.010 0.044 

a HP type= hydrophobic protein from batch 1- (1), batch 2- (2), or from E. Racker, Cornell 
University - (R) 

b A= soy asolectin, M = 4:1 mixture of mitochondrial phosphatidyl ethanolamine : phosphatidyl 
choline, EE = ethanol extracted asolectin. 

c cent. = centrifugation method, seph. = sephadex method 

d In this experiment .43 mg/ml of Fi (batch 1) and .36 mg/ml of OSCP (batch 1) were added to 
the suspension prior to dialysis. 



gated. This would explain the presence of ample oxidation rates and 

functional phosphorylating proteins but miniscule P:O ratios, since 

the proton gradients of the COV were not driving the·ADP phosphorylation 

reaction in the exchange vesicles. Instead of mixing the proteins. 

in the suspension prior to dialysis a brief sonication was employed to 

try to"scramble"the proteins so as to allow a more homog.eneous distri

bution. Better P:O ratios were obtained with this technique (compare 

last two columns of Table 18). Next the amounts of the hydrophobic prp

tein and cytochrome oxidase were varied. The amounts of proteins are 

quite critical according to Racker and Kandrach (1973). The optimization 

of the protein concentrations is shown in Table 19. At optimum [HP] 

and [cytochrome oxidase] the P:O rose to .133. It was also found that 

using the Sephadex method of cytochrome ~ removal instead of the centri

fugation method gave higher P: 0 rati.os (See Table 20). 

The P:O ratios were still not high enough to allow any quantitation 

of the protonmotive forces to be meaningful. The problem ,.,_as thought to 

be still a matter of nonhomogeneity of the protein distribution in the 

vesicles. It had been shown by Carroll and Racker (1977) that a popu

lation of COV can be separated into two separate groups of vesicles: 

phospholipid vesicles devoid of any cytochrome oxidase and vesicles 

containing the oxidase. The separation of the two populations was effec

ted by density gradient. centrifugation. PCOV were run on a ficoll 

density gradient as described in the legend of Table 20 in order to 

separate the denser proteoliposomes (hopefully those containing the cyt

o.chrome oxidase plus hydrophobic protein) from the lighter fraction 

(COV, hydrophobic protein vesicles, or phospholipid vesicles). Three 

133 



Table 19. OPTIMIZATION OF [HYDROPHOBIC PROTEIN] AND [CYTOCHROME OXIDASE] IN PCOV 

[HP] [Chelate] [cytochrome .£.] [cytochrome oxidase] Respiration Phosphorylation P:O 
mg/ml % - mg/mg HP mg/ml pg/ml - P.g/mg HP rate rate 

nmole 0/min. nmole ATP/ min. 

1.8 1.5 8.4 0.9 :...95 52 111 4.0 0.036 

3.8 1.5 4.0 1.9 190 50 121 7.1 0.059 

7.2 1.4~ 1.9 2.5 260 36 110 2.1 0.019 

3.4 1.2 3.5 1.5 125 35 149 17.0 0.113. 

3.4 1, 2 ..... 3,5 1.5 250 75 177 23.4. 0.133 

3.4 1.2- 3. 5 1.5 500 150 304 29.4 0.097 

'· 

PCOV were made as previously described with the amounts of chelate, cytochrome .£., cytochrome· 
oxidase (patch 2, fraction III), and Hydrophobic p~otein (batch 2) indicated above. Ethanol extrac
ted soy asolectin was the type of phospholipid used in these experiments and the final concentration 
was between 24 and 28 mg/ml of suspension. The suspensions were sonicated at·0°C, for 30- 45-
seconds in a bath sonicator prior to dialysis. After dialysis the external cytochrome c was rem6ved 
by the sephadex~e~hnique. ·After addition of the coupling factors F

1 
(batch 2l and OSCP (batch 2) · 

.5 ml aliquots·of the. vesicle suspensions were assayed for oxidative phosphorylation as detailed in 
the METHODS section. · 



Table 20. FICOLL DENSITY GRADIENT PURIFICATION OF PCOV 

Cytochrome .£ Ficoll gradient Respiration Phosphorylation 
removal fraction rate rate P:O 

nmole 0/niin. nmole ATP/min. 

Sephadex 53.: 4.4 .084. 

Centrifugation 106 1.6 .015 

Sephadex 3-4% ficoll 86 0.0 .000 

Sephadex 5-6% ficoll 111 5.6 .051 

Sephadex 7-8% ficoll 98 18.5 .189 

* Sephadex 7-8% ficoll 98 20.9 .213 

* The . ATP added to this sample was increased from 2p moles to 20)-fmoles 
at the time of assay for phosphorylation. 

PCOV were made as previously described with 26 mg/ml ethanol 
extracted asolectin,· 4.6 mg/ml hydrophobic protein (batch 2), 1.5% sodium 
chola te, 2. 3 mg/ml cytochrome c ,. 240 )4 g/ml cytochrome oxidase (batch 2 frac
tion' III). The suspension was-sonicated in a bath sonicator. for 45 seconds 
prior·to dialysis. External cytochrome c was removed from one aliquot by 
the centrifugation method previously described and from another aliquot by 
the Sephad~ method. P:O ratios were then measured on the two aliquots in 
the usual manner. 7 ml of the Sephadex treated suspens~on was layered on · 
top of a linear density gradient containing 10 mM Tricine-KOH, 50 mM sucrose, 
.5 mM EDTA, and 1 mM dithiothreitol (pH 8.0). The volume. of the gradient 
was 32 ml arid the ficoll concentration ranged from 0% at the top of the 
tube to 20% at the bottom. The gradient was centrifuged in a JA-20 rotor 
at 19,000 rpm for 36 hours at 0°C. Three bands were visible aft.er cen
trifugation and were removed using J-shaped Pasteur pipets. Each fraction 
of the gradient was assayed for oxidative phosphorylation in the usual . 
manner. 



bands were visible on the ficoll gradient. The upper most band was pink 

. in color and located at 3~4% ficoll; the middle band was yellow-orange, 

and was located at 5-6% ficoll; and the lower band was yellowish and 

slightly turbid, located at 7-8% ficoll. The P:O ratios of the various· 

fractions are shown in Table 20. The lower ~and had by far the most phos

phorylation coupled to oxidation. The upper band had oxidative activity 

byt no phosphorylation.· This was consistent with the idea that the heavier 

vesicles contained.both proteins. 

H9wever despite all the variables which were optimized in the recon

stitution. of the third site of oxidative phosphorylation, the highest 

attainable P:O ratio was 0.213, which was still not 'high enough to allow 

meaningful quantitation of the role of protonmotive force in oxidative 

phosphorylation. 

Attempts were made to produce a right side out {mitochondrially 

oriented) reconstituted system of oxidative phosphorylation. This was 

undertaken because of the availability of cation ionophores, which would 

allow quantitation of the membrane potential from the Nernst distribution 

after cation uptake had reached steady state values in respiring vesicles. 

Cation uptake would only occur in vesicles with. an inside negative mem

brane potential which would be produced by the cytochrome oxidase in a 

mitochondrially oriented system. 

Because of the large diameter of F
1 

(90 K) compared to the inside 

diameter of the COV made by conventional techniques (200-400 A), inclu

sion of adequate amounts ,of F 1 inside these vesicles to reconstitute 

oxidative phosphorylation was felt to be sterically unfavorable. For 

this reason these experiments involved the use of the l~rge~volume lipo-



-somes previously discussed. The fact that both ATP-32P. exchange and 
l. 

cytochrome oxidase activity with respiratory control were reconsti-tuted 

in thelarge-volume liposomes inCiicated that the proteins were compati-

ble with the lysolecithin-asolectin phospholipid membrane systemof the 

large-volume liposomes. Several experi~ents were carried out with the 

large-volume liposomes in which F1 and OSCP.were placed in _the vaporiza

tion chamber at the time of ·formation_ of the vesicles, _with external. 

proteins su,bsequently being removed by centrifugation. After this, hydro-

phobic protein and cytochrome oxidase· were added to the lysolecithin-con-

tai~ing vesicles and incorporated by overnight incubation. In some exper-

. t; 32P h k. · 1 d ADP · 1 d d t th t1.·me f 1.men s ., exo 1.nase, g ucose, an were 1.nc u e a e o 
l. 

vesicle formation·:{so that the substrates for ATP formation and assay 

were retained inside the :Vesicles with the F 
1
), _and in other .experiments 

the phosphate transporter and adenine nucleotide transporter (isolated 

as previously described) were incorporated along with the hydrophobic 

proteins and the cytochrome oxidase so that the substrates for phosphoryl-

ation could be added externally and the ATP formed could also be measured 

externally. However despite variation in buffers, amounts of protein, 

and phospholipids no phosphorylation coupled to oxidation ~as obtained 

in any of. these experiments. More recently it has been found by Baner

jee and Racker (in press) that ATPase incorporation into the interior of 

phospholipid vesli:cles requires a very alkaline pH (about 10) at the 

time of vesicle formation. 

Although the experil!lents leading to the reconstitution of oxicfative 

phosphorylation did not produce a §'yst~m which was tightly coupled enough 

to allow quantitation of the protonmotive forces involved in oxidative 

··-··- --~- .... -·- ...---~----"'::""';"-- .... ---· .. - ... ·- .... 



phosphorylation, it did produce· a technology for formation. of ·proteo

liposomes which .could produce and maintain protonmotive forces across 

their membranes in a controlled· fashion. This seemed to be an ideal. 

system for the study of ion transport in vesicles. The only impediment 

to using cytochrome oxidase and/or ATPase vesicle.s as ion transporting 

systems was _the difficulty of separating the .vesicles from the suspend-

ing medium to quantitate the transport. Because of this problem a tech...,· 

nique was developed which allowed -rapid and complete separation of proteo,=

liposomes from suspending media. 



Discussion 

The original goal of the investigative efforts.presented in this 

dissertation was examination of the role of the protonmotive force 

in a reconstituted system of oxidative phosphorylation. The experi~ 

mental work was· directed at production of functional vesicles coupling 

oxidation and phosphorylation of ADP and at methods of measurement 

of the p'H gradients and membrane potentials developed by th.ese systems. 

Most of the methods of measurement of protonmotive force depended on the 

separation of the vesicles from· the suspension media, and it was for 

this reason that the physical characteristics of the vesicles and var-

ious separatory techniques were investigated to such a great eictent. 

The development of functional cytochrome oxidase vesicles repre-

sented the first step in the process of the reconstitution of oxi.dative 

phosphoryH.tion. The methods of Racker and Kandrachi· .. (1973) were gener-

ally followed in this work. The protein extractions of F1 , OSCP,; and 

32 
HP were in.'·. genez:al successful and the ATP- P. exchange reaction was 

~ 

reconstituted without difficulty. However when the oxi.dative and phos-

phorylating systems were co-reconstituted the results were generally 

poorer than those obtained by previous workers. The introduction of 

sonic mixing of the proteins prior to dialysis. greatly improved the 

results, as did ficoll gradient ·separation of the vesicles to enrich 

the population of vesicles contain~ng both proteins. Despite. multiple 

preparations of. proteins and the use of preparations from Dr. E. Racker 

P:O ratios greater than about 0.2 were not obtained. Since tQe recon-

stitution is.so strongly dependent on the incorporation of·both oxida~ 

: .· 



tive and phospho.rylating enzymes in the same vesicles, and the proteins 

when assayed separ.ately seemed to be adequately functional, it appears 

that the difficulty was in the co-reconstitutive process. The use of . 

purified mitochondrial phospholipids instead of asolectin .did not sig

nificantly improve the co-reconstitution. The reason for the lack of. 

success with the technique is not clear. It is possible that a diffen;: 

ence in the typ.e of sonicators used was respnnsible, though the use 

of several different sonicators did .. not appear to make a difference. Even 

though the proteins possessed adequate ·individual functional capabilities 

it is possible that subtle differences in the extraction.procedures 

caused.alterations which interfered with .co-reconstitution. Certainly 

the OSCP was not extracted as a pure protein (as judged from gel elec

trophoresis patterns) though since this was added at the time of assay 

it probably did not affect the reconstitution process. However, the 

HP preparations also contained impurities when compared with previous 

published results (Serrano., Kanner, Racker, 1976), and this may have 

caused the faulty co-reconstitution. 

Other difficul~ies were subsequently encountered which would have 

made measurements of· the protonmotive force difficult in any event. One 

of these is the previously mentioned tendency of the proteins to incor

porate into only a fraction of the phospholipid vesicles. This makes 

volume determinations for calculation of accumulated concentrations of 

ions quite inaccurate. Also calibration of dicarbocyanine dyes for meas

urement of internally positive membrane potentials in the anticipated 

range (50-200 mV) was found to be difficult and inaccurate (Dr. A. Waggoner, 



personal communication). A method of measurement using the lipophilic 

anion tetraphenyl boron was tried but required precipitation of the TPB 

from the solutions, which was found to be experimentally impossible at 

the low concentrations which had to be used to prevent uncoupling. 

. (R. 'Rosiet,; ·unpublished-.. observations). Preliminary measurements of 
..... ·~ . . --. 

d 1 - + membrane potentials in COV were ma e using equi ibration of Rb in the 

presence of very low concentrations of valinomycin (lower than those 

which cause a stimulatory effect on respiration) with ion exchange col-

umns to remove external cation. Calculations gave.membrane potentials 

in the range of 40 mV (based on the use of the total internal volume of 

the suspension and corrections for both external and internal binding), 

for a number of different experiments. Because of- the uncertainty of 

the internal volume of the active fraction of the suspension the actual 

membrane potentia~ may have been somewhat higher, although these results 

compare favorably with the results of others (Drachev et al, 1974; 1976). 

Reconstitution of RSO (mitochondrially .oriented) PCOV was unsuccessful, 

however, as previously described in the METHODS section.-

Recently a system of measurement of membrane potentials using 

sensitive SCN- and N0
3

- electrodes has been introduced for internally 

positive membrane potentials (Kell, .John, Sorgato, Ferguson, 1978). Such 

a system would be readily applicable to the measurement of membrane paten-

tials in oxidative phosphorylation if the difficulties of co-reconstitu-

tion and volUme determination could be overcome. 

The development of functional membrane potential generating systems 

of proteoliposomes did provide a vehicle for the study of ion transport 

in simplified reconstituted systems. The method of measurement of ATPase 
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activity which was used for assay of various preparations of ATPase 

was another useful development of the investigations· of oxidative plios-
. . 

phorylation. This assay has advantages over previously used assays 

(Kagawa, Racker, 1966; Pullman, Penefsky, Datta, Racker, 1960) in that 

. d' . h f d. . 32P . . i. d 1 ~t . oes not requr.re t e use o . ra ~oact~ve . i ,. ~s ·~nexpens ve, an a lows 

for rapid processing of many samples convenient.ly. The primary draw- . 

back.;of this method is the dependence of the assay on the incubation time. 

For the experimental purposes of this work, relativeamounts of ATPase 

activity were of more concern than absolute numbers, and since .all sam-

ples were incubated for the same lengths of t!L:me, this was not a prob-

lem. A subsequent improvement in the technique was developed which 

circumvents this difficulty. A lower concentration of ATP is used in 

conjunction with an ATP regeneragint system (phosphoenolpyruvate plus 

pyruvate kinase) t.o ensure a constant ATP concentration without time 

dependence. With this modification bhe ATPase assay is more accurate 

and. applicable to the determination of.a~solute rather than relative 

ATPase activity. 



IV. AGGREGATION OF VESICLES WITH BASIC POLYPEPTIDES 

Introduction 

The study of ion ~~ansport in reconstituted vesicular systems 

requires methods of separating the vesicles from the suspending medium 

after the transport.has taken place so that it can be quantitated. COV 

0 

have been shown to be extremely small in size, ranging. from 250-1000 A 

in diameter (Ruben, Telford, Carroll, 1976·; ,_ Racker, 1972). _ Filtrat_ion 

with conventional-filtration techniques often gives satisfactory results 

where the vesicle diameter is larger than the pore diameter of the fil-

ter. However the amount of vesicular material which can be separated 

by filters of small pore size is limited because of clogging of the 

filters and decreases with decreasing pore size. In addition it is 

often desirable to work with vesicles whose diameter is· less than the 

smallest available pore size for conventional- filters. Since it has 

·been shown that the cytochrome oxidase in COV associates with the small-

est vesicles (Carroll, Racker, 1977; Eytan, Broza, 1978b) filtration or· 

centrifugation techniques run. the risk of losing a significant frac-

tion of the active vesicles even when most o~ the vesicles are recovered 

in the pellet or on .the filter. With small vesicles centrifugation is 

a slow technique_ and rapid time points cannot be resolved. 

Ion· exchange columns have been used for quantitation of ion uptake 

in vesicles (Gaska, Knowles, Shertzer, Suolinna, Racker, 1976). The dis-

advantages of this technique are (1) retention of some of the particles 

in the columns (2) time consuming and expensive set-up of equipment _ 

for processing rcaoonablc. numbers of samples (3) interference -w:ith .. 
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measurements by any :. ~ubstances which are used in the samples which bind 

s~gnificant amounts of.the ions (4) lack of usefulness of the technique· 

for quantitation .of the transport of nonionized substances (5) minimum 

time resolution of 45 to 60 seconds (6) d~lution of samples so .that very 

small. amounts of ion transport are measured with poor accuracy. 

The. aggregration of vesicles with basic polypeptides such as pro

tamine and polylysine provides a method ·of separation which. is rapid, 

inexPensive, complete, and versatile. The method is effective for use 

in combination with· either centrifugation or filtration, ·and can be used 

for a wide variety of natural and artificial membranes. 
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Results 

It was. necessary to achieve separation of vesicles in order to 

measure membrane potentials and ion _transport in SMP_,and proteolipo-

somes. Ion exchange columns were used in early experiments, but 

recovery of vesicles was found to.be only 60-90% (R. Rosier, unpublished 

observations), and quite variable. Furthermo·re in the presence of 

highly charged proteins sych. as polylysine whichare used in. the selec-. 

tive energization of SMP and COV with PMS and ascorbate, even. higher· 

percentages of the vesicles are lost due to retention in the :colunu1s 
. I 

of ion exchange resin. when substances such as ATP. are included in the 

samples during divalent cation transport large amounts of cation are 

not removed by the resin and result in very high background activities 

observed in the eluant solution. Setting up and reconverting the 

resins to the appropriate ionic form is time consuming, and processing 

a s~ple takes a minimum column transit time of about 1 minute, which 

does not allow resolution of shorter transport times. 

For these reasons ion exchange resins were not found to be satis-

factory as a separatory techriique. The results discussed· earlier indi-

cate that centrifugation and filtration of proteoliposomes is impractical 

because of their extremely small size. Rowever it was noted: that when 

basic polypeptides stich as polylysine were added to suspensions of pro-

teoliposomes the turbidity of the suspensions greatly increased, and 

with large amounts of polylysine macroscopically visible _aggregrates of 

the particles appeared. 

It was also noted that the .light scattering of a suspension of 

vesicles was essentially directly proportruonal to the concentration of 



the vesicles in the suspension, particularly at low concentrations. 

Figure 16 shows a plot of the optical density of various. suspensions 

of vesicles versus concentration. Aggregration of vesicle.s with basic 

polypeptides produced suspensions of particles which were readily . 

filterable using conventional Millipore filtration techniques. Since· the 

objective was rem~val of as many vesicles from the suspensions as pos-

sible. (optimally greater than 95%), monitoring of optical density of 

the filtrates provided an easy and rapid assay for the presence of 
·~ 

unfiltered particles.- Obviously the size of the particles increases 

with aggregration so that the optical density is not a quantitative 

.measure of the amount of unfiltered vesicles. However. since the end 

point of the procedure is complete rem()val of vesicles and aggregation 

increases the effective size. of the light scattering particles (thereby 
. I 

increasing the O.D •. of the suspension), the sensitivity of the light 

scattering measurements of residual particles in the filtrates is actually 

increased b~ the aggregration. Thus measurements of the optical density • 

of the filtrates provides a sensitive measure of the completeness of the 

filtration. 

Figure 17 and 18 show the optical density of filtrates of suspen-

sions of vesicles. as a function of·the amount of polylysine added. There· 

is an· optimum amo.unt of polJ~lysine. w:hich causes essentially complete 

. r.emoval of aiireiate<i vesi~;J,~s by a .• 4:~;4 Millipore filter wi.th. a slass 

prefilter to pt"eVe!lt c~~gging. This optimum amount of polylysine· is 

slightly .different for each type of vesicle tested, as can be seen from 

the Figures. A.t larger amounts of polylysine the light .s.cattering of 

.L4t) 



Figure 16. OPTICAL DENSITY OF SUSPENSIONS OF VESICLES VERSUS CONCENTRATION 

SR-vesicles, RBC-vesicles, COV, SMP', and Liposomes were prepared as described in the 

METHODS section. The protein concentration of the SR-vesicles, RBC-vesicles, and SMP·. was measured 

by the biuret technique •· ,The vesicles were suspended in the following ·buffers: SR-vesicles, 

.25M sucrose, 10 mM Tris, 1 mM histidine (pH 8.0); RBC vesicles, 9 mM NaPi (pH 7~4); SMP ~-· . .MSH · .. 

(pH 7.2); COV and liposomes, 40 mM K2so4 , lOmM HEPES (pH 7.0). The phospholipid concentration 

of the U.posomes and COV was 40 mg/ml. Suspensions of the particles were diluted to the approp

riate concentrations of protein or phospholipid and the o.n. 500 was read on a Beckman DU-2 spectro

photometer (or the O~D. 470 for cov· and liposomes). 
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Figure 17. OPTICAL DENSITY OF-FILTRATES OF SR-VESICLE, $MP, AND RBC-VESICLE SUSPENSIONS 

WITH VARYING AHOUNTS OF POLYLYSINE 

SR-vesicles, SMP and RBC-vesicles were prepared as previously described and suspended in _ 

the media given in the legend of Figure 16. 2 ml samples were made containing 5 mg of SMP or 

SR-vesicle protein,' or 4 mg of RBC-vesicle protein in the appropriate ·buffer. Varying amounts 

of polylysine were also inclu~ed in each sample (MW 70,000). After several minutes of incubation 

. at room temperature the samples were filtered through a .45~EH type Millipore filter with a 

glass p·refilter, and the optical density of the filtrate was read at 500 nm. · 
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Figure 18. OPTICAL DENSITY OF FILTRATES OF COV AND LIPOSOME SUSPENSIONS WITH 

VARYING AMOUNTS OF POLYLYSINE 

cov· and lipos.omes (PLv·) were made as previously described in 40 mM K
2
so 

4
, 10 mM HEPES 

(pH 7.0). The chelate dialysis procedure was used for the formation of the vesicles. The cyto

chrome oxidase was'from catch 2 (unfractionated) and was at a final concentration of 417~g/ml 

in the COV suspension. 8 mg of vesicles (phospholipid weight) was placed in 2.ml aliquots of 

buffer containing varying amounts of polylysine (MW 70,000). After incubation for several 

minutes at room temperature, the suspensions were filtered through a .451' EH type Millipore 

filter and the optical density of the filtrates were read at 470 nm. 
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the filtrate begins to increase again, implying that the passage of 

particles through the filters occurs. It is possible that the excess 

·of polylysine results in more binding ·of the highly charged polylysi.Be 

molecules to individual vesicles with le.ss bridging of polylysine between 

binding sites on different vesicles. This would explain the decrease· 
~ .. ·~,· .. 

~ effectiveness of aggregation-with larger amounts of polylysine. Simi-

larly, too little polylysine would not bind enough of the vesicles toge-

ther and result in incomplete aggregation. The opti~um amount of poly-

l~sine for a given suspension of vesicles. can thus readily be determined· 

from light scattering. It can be seen from Figure 18 that vesicles 

such as COV and liposomes which contain a greater proportion of phospho-

lipid and less ·protein require relatively more polylysine to attain 

maximum aggregation. Protamine was also found to be effective as an .. 
aggregating polypep.tide for vesicle filtration. The filtration of pro-

tamine-aggregated vesicles as a function of protamine concentration is 

shown in Figure 19. Excess protamine in contrast to. polylysine does not 

appear to impair aggregation of the vesicles. 

The aggregatio~ of the·vesicles begins immediately upon addition 

of the precipitating polypeptide and proceeds rapidly so that.within 

seconds macroscopically ·yisible aggregates are present. Table 21 shows 

the O.D. of a suspension of COV at various time points after addition 

o.f an aggregatins amount of polylysine. It can be seer1, that ;. the. 

aggregation is instaneous and is complete within 3.0 seconds. 
. . 

Table 22 shows -the results of filtration of SMP with varying amounts 

of polylysine of high and low molecu1ar weight and protamine. In addition 

to monitoring the optical density of the filtrates the actual protein 

-·---. ---=-·-:-· --~--~ -:. - -~ -····· .. ··-·-·· -.---------- ----_--------·····-··. 
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Figure 19. OPTICAL DENSITY OF ·FILTERED SMP AND COV SUSPENSIONS 

WITH VARYING AMOUNTS OF PROTAMINE 
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SMP · · and COV . were made by the previously described techniques. 

· SMP · · were suspended in MSH (pH~ 7. 2). arid COV· , were made by the dialysis 

method and suspended in 40 mM K2so4 , 10 mM HEPES (pH 7.0). 6 mg of 

COV or 4 mg of SMP was diluted in the appropriate ~uffer to a final 

volume qf 2 ml. Each sample contained protamine in the amount shown 

above. After incubation at room temperature for several minutes the 

suspensions were f i1 tered through a .• 45p. EH type Millipore filter with 

a glass prefilter and the O.D. of the filtrate was read. The SMP fil

trates were read at 500 nm and the COV filtrates at 470 nm. 
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Table 21.. POLYLYSINE AGGREGATION OF · ·'COV.; AS A FUNCTION 

OF TIME 

:.~.-.Sample 
Incubation 

· · ..::.:,:· :_.~. time · 

Control 
•.):~f··~ ~:{N·9~~-polylysine) 

Control 
(10 ~g/mg poly.

lysine;~no additional 
polylysine before fil-

tration) 

90 p g/mg poly lysine 

90)Wg/mg polylysine· 

90 ;«g/mg poly lysine 

90)Wg/mg polylysine 

~:-. ....: 

t = 0 

t = 5" 

t = 15" 

t = 30" 

o.n. 450 of.fi~trate 

.047 

.012 

.008 

.008 

.006 

.000 

COV were prepared by the chelate dialysis technique in the 

usual ~~~er: .1 ml of the COV su~pension (4 mg of phospholipid) 

was added to 2. 3:.:.ml of 40 mM K2so 4 , 10 mM HEPES, 4 mM MgSO 4 (pH 7". 0) 

containing (except in the control abov,e with no polylysine) 10)/g 

of polylysine (MW 70,000) ·per mg of vesicles. After 30 minutes of 

incubation at.room ·temperature, 90}Lg 'of polylysine was added per 

mg of vesicles(in~.a voluine'.of-.. .. 09 ml.of water)to each sample (except 

the control above with no. additional polylysine) and after an incubation 

for the indicated length of time the sample was filtered through a 

.45,u EH type Millipore filter with a glass prefilter. The O.D. 450 
of the filtr~tes was. read on a spectrophotometer. 

J..).G: 
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Table 22,. OPTICAL DENSITY AND PROTEIN MEASUREMENTS ON FILTRATES OF SMP SUSPENSIONS 

WITH VARYING AMOUNTS OF P.ROTAMINE AND POLYLYSINE 

Protamine or Protamine :. · PoJ;ylysine· (MW 3400) ·., Poly lysine (~1 70,000) 
polylys~ne 

O.D_. 450 [protein] O.D. 450 [protein] O.D.450 [protein] concentration 
Pl/mg SMP Jlg/ml ~g/ml Mg/ml 

0 1.790 945 1. 790 945 1. 790 945 

10 .940 403 .019 54 .005 52 

25 .007 39 .005 33 .005 28 

50 .008 35 .010 37 .195 138 

100 .008 36 .012 58 1.070 383 

.. 

6.7 1.630 1090 .304 175 .128 126 

10 .125 103 .016 51 .016 61 

20 .008 25 .008 18 .000 16 

40 .003 10 .004 8 .007 10 

80 .004 10 .007 12 .017 14 



Table .22! 

SMP were made as described and suspended in LSS. Iri part ·(A) SMP were suspended 
at a final. concentration· of z, mg/ml;.:in . 2 ml final volume of HSH · containing the indic.ated 

. amounts of protamine~ 3400 MW polylysine or 70,000 MW polylysine. After several minutes of 
incubation at room temperature the suspensions were filtered through two glass prefilters 
and the O.D. of the filtrates were read at 450 nm. An aliquot of SMP , was diluted to 
concentrations ·between 1 and lOO.Ug/ml in 25 mM KP containing .1% SDS • The fluorescence 
of the suspensions (excitation 280 nm, emission 33b nm) was measured and a standard linear 
plot of SMP protein versus fluorescence obtained. Aliquots of the filtrates were then · 
assayed! for fluorescence to determine the protein concentration. 

In part (B) the procedure was similar except that 40)Ug of protamine or the appropriate 
HW polylysine was added to each of a series of samples. SMP · ·. were then added i-q .varying 
amounts to give the polypeptide/SMP protei~ ratios shown. After filtration the O.D. a~d 
protein conce~trations of the filtrates were determined as above. 

:"' ., 



. content was measured using calibrated fluorescence as described in the 

legend of the table. It can be see~ that the O.D. of the filtrates 

correlates well with the actual. amount of SMP·protein'passing through 

the filters. Again the existence of an optimum amount of polylysine is' 

evident above which the .filtration is less complete~ These data show 

the lack of this effect with protamine over the concentration range employed. 

Furthermore the second part of this table illustrates ·that the amount of 

polypeptide needed to bring about effective aggregation does nqt depend on 

the concentrations, but·rather the relative amounts of particles. and 

polypeptides. App~oximately the same minimum amount of polypeptide is 

required per mg of particles regardless of whether the amount of poly

peptide is held constant and the amount of particle concentration varied 

or the particle concentration held constant and the polypeptide concen

tration varied. Th~ absolute particle and polypeptide concentrations in 

part (A) and part (B) of Table 22 at maximum filter retention of SMP 

differ by a factor of about 2-4 while the relative amounts of polypeptide 

and particles (}Ag/mg) at which optimum filtration occurs are about ~he 

same. 

Table 23 shows the removal of oxidative activity of SMP by Millipore 

filtration with and without added polylysine. It can be seen that removal 

of the particles by the filter as judged from the presence of oxidation 

is only partl.al without polylysine, but that with added polylysine (at 

an amount which was judged to·be optimal from the. O.D. measurements ) 

filtration is complete·. 

The presence of such strongly charged polypeptides in membrane 



Table.23. OXIDATIVE TEST OF POLYLYSINE FILTRATION OF SMP 

Sample 

Control 

Control + polylysine 

Filtrate (no polylysine) 

Filtrate (+ polylysine) 

Respiration rate 

-:_:-: nmole:.:O'i/titinu te 

51 

54 

37 

0 

SMP were made from rat liver mitochondria as detaiLed in the 

METHODS section. After removal of external cytochrome .£ by·:the cen-

. trifugation method 100 jAg of SMP protein was placed in an OXygen elec.:.;· ... :. 

trode 'contaiTJ.ing 3.1 ml of MSH with 24 mM Tris-ascorbate, 65,UM CCCP, 

3.9)AM antimycin A, 2·)lg PMS,.pH 7.2. After obtaining the respira

tion rate ± 130 pg of poly lysine, parallel aliquots were filtered 

through a .45pMillipore filter with a glass prefilter anp the fil

trates analyzed for respiration rate. 

·-' -· ---- --·~~~----·-·· -----. - -·"' - . ·--- . . ··.··· ~ .. .--. -·····: -.---· .. ..., .. _ .......... ---· ·~---



aggregation brings up the issue of disruption of the integrity of the 
++ 

membranes by the polypeptides. F;!;gure 20 shows uptake of. Ca in SMP 

with both RSO and ISO energization. The particles were removed from the . 

suspension to quantitate the uptake either by the use of protein-binding 

HATF-type Millipore filters or by protamine aggregation and filtration 

w~th nonbinding filters. The protamine technique results in retention 

++ of even more of the transported Ca than .!=he other method, so lytic 
- . ++ 

effects do not appear to be reducing the amount of retention of Ca . 

with the aggregration technique. 

.!..)() 

Table 24 shows filtration and centrifugation of COV which were labelled 

14 with internally trapped . C-sucrose. The polypeptide was incubated with . 

the particles for varying lengths of time prior to filtration or centri-

fugation of the suspension to determine whether leakage-of the label was 

induced by aggregation. . The data show that protamine produces the most 

effective particle aggregation without appreciable lysis with time. 

Polylysine appears to induce some lysis of the vesicles with retention of 

only 60-70% of the internal label in the centrifuged pellet or on _the 

filter. 

Flow dialysis. monitotlng of leakage ot 14c-sucrose is shown in 

Figure 21. There appears to be s:ignificant leai<:age induced by polylysine, 

whereas the leakage due to protamine is not much more than control until 

after several minutes of exposure to the polypeptide have Qc;curred. 

Since aggregation is complete in 15-30 seconds the vesicles can be filter.P.n 

and washed before significant lytic effects occur. 

Table 25 shows filtration of vesicles of varying phospholipid com-

position. The data·indicate that the presence of acidic phospholipids is 
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Figure 20. COMPARISON OF CALCIUM UPTAKE IN . S~ FILTERED WITH PROTAMINE 

FILTRATION AND, WITH PROTEIN-BINDING FILTERS. 

SMP'; were made from rat liver mitochondria as described in the HETHODS section. • The 

p~rticles were suspended in l1SH after removal of external cytochrome c by centrifugation. Sam-·:. . - . * 
ples consisted of 3. 4 mg of SMP :; in 2 ml final volume of MSH plus 882 nmole/mg of Ca with 

lj.4Ci of 45ca~ (added last), 4 mM ADP, 4 mM Mgso
4

, ·so mM Tris-ascorbat~, 3pM-antimycin:_-A:;: __ and 

either. 5 )lg PMS ·(for Inside-out energization) or 3 rng of cytochrome ..£ (for Right side. out 

energization). After incubating for an appropriate length of time with agitation to insure 
-

adequate oxygenation of the samples, the sample was either filtered through a .45}1 HATF type 

protein-binding Millipore filter with glass prefilter, or mixed with 200)( g of protamine and: 

then filtered through a Millipore . 45)J EH type Millipore filter with glass prefilter. 
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Table ·24~· POLYLYSINE AND PROTAHINE FILTRATION AND CENTRIFUGATION OF 14c-SUCROSE LABELLED COV 

Incubation % of COV's retained on filters or in pellet 
time 

Control Control + Lubrol + Polylysine + Protamine 

t = 30" 1.8% 0.7% 60.0% 97.9% 

Filtration t = S' 60.6% 96.6% 

t = 101 61.3% 96.3% 

t• = 30'' 8.8% 6.9% 70.6% 97.0% 
Centrifugation 

t = S' 63.8% 96.5% 

14 . . . . 
C-sucrose labelled COV were prepared as described previously with 277)lg/ml of cytochrome 

oxidase (batch t4 unfractionated) in 40 mH K2so4 , 10 mM HEPES, 20 mH sucrose (pH 7.0), with 
2. 85 pCi/ml of C-sucrose in the first dialysis phase (against 2. 7 volumes for 5-8 hours lx7). 
After the second phase of dialysis to remove external label ( against· 167 volumes of nonradioactive 
buffer for 6-24 hours x4) samples were made in the same buffer solution consisting of .3.2 mg/ml 
of vesicles, with 180 ,Ug/ml of polylysine (MW 3400), 180 pg/ml of protamine, or .5 mg/ml of 
Lubrol in the appropriate samples. The samples for centri~ugation were 1 ml and ·those for fil
tration were 2 ml in volume •. The samples were incubated at room temperature for the indicated 
lengths of time after addition of the vesicles and were then either filtered through a .45 
EH type Millipore filter with a glass prefilter.or centrifuged in a JA-20 type rotor for 3 min
utes at 15,000 rpm (the centrifugation time being started when the1~otor reached· a speed of 
10,000 rpm). The filters were washed with 4 ml of buffer and the C-sucrose activity in the fil
ters, filtrates and wash was determined to obtain the % retention of the COV'. on the filter. The 
% of COV in the pellets was determined from the decrease in the radioactivity of the supernatants. 

/ ., 



Figure 21. FLOW DIALYSIS DETEID1INATION OF LEAKAGE OF 14c-SUCROSE FROM 

'LIPOSOMES BY POLYLYSINE AND PROTAMINE 

Liposomes were made by sonicating asolectin in 40 mM K2so4 , 10 mM 
HEPES ,- 20 mM sucrose (pH 7. 0) containing 3 ;,-ci/ml of _14c,..._sucii.ose at 
a phospholipid concentration of 20 mg/ml until the suspension clarified. " 
The suspension was then dialyzed against nonradioactive buffer solution 
using the flow dialysis technique at an average flow rate of about 
40 ml/hr for about 30·.hours (until no detectable radioactivity was pre-
sent in the dialysis solution). · 

Samples were made consisting of .8 m1 of vesicle suspension (16 
mg of vesicles) in a final volume of 1.2 ml of 40 mM K SO , 10 mM 
HEPES, 20 mM sucrose (pH 7.0) containing 75)(g 'of polyfystne(MW· 3400.) 
or prot~ine per mg of phospholipid in the appropriate samples, or 
.3% sodium chelate+ 4.1% (final concentration ) of trichloroacetic 
acid in the lysis sample. Each sample was placed in the flow dialysis 
chamber of Colowick and Womack~l96~,immediately after addition of the 
liposomes and buffer: solut±on.ptimped. through the other part of the 
chamber at a rate o.f • 36 ml /minute. The radioactivity of the effluent 
solution was measured at the time points indicated and the total· 
cumulative efflux quantitated. 
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Table· 25. PROTAMINE FILTRATION OF VARIOUS TYPES OF PHOSPHOLIPID VESICLES 

Phospholipid. composition Without protamine With protamine 
O.D. 450suspension .O.D. 450filtrate O.D. 450filtrate 

PC .144 .114 .111 

. 1:·1 PC:PE .101 .077 .099 

5:5:2 PC:PE:CL .086 .076 .003 

1:1:1 PC:PE:PS .110 .068 .002 

Asolectin .098 .083 .001 

PC= phospnatidyl choline (egg yolk, Sigma type IX E), PE = phosphatidyl ethanolamine 
(ovine brain, type II-S), PS = phosphatidyl serine (brain extract, type III), CL = 
cardiolipin (beef heart). 

The different types of phospholipid vesicles shown above were made by drying 
the appropriate phospholipids under nitrogen and suspending them at a concentration 
of l8 mg/ml in 40 mM K2so4 , 10 mM HEPES (pH 7 .0) by sonicating to clarity. A 2 ml 
sample of each aliquot was prepared by adding 5.5 mg of vesicles (.3 ml) to the 
appropriate amount of buffer ± 600 )l g of protamine. After reading the 0. D. 

4 
of the 

suspension containing no protamine it was filtered through a .45~ Millipore t~lter 
with a glass prefilter and the O~D. 450 of the.filtrate was read. The aliquots with 
protamine were filtered similarly ana the O.D.

4 0 read to determine the amount of 
vesicle retention due to the protamine. The rat~os of all phospholipids are based 
on weight. 

/ .. 
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necessary for aggregation by .protamine to occur. It is likely that 

the aggregation process works by binding of the positively·cQarged pro

tamine molecule to acidic phospholipid groups in the membrane of the 

vesicles and·thereby binds the vesicles together. Since acidic phospho

lipids .are present in virtually all natural membranes, this process c·a"!. 

be used for separat'ion of a wide variety of small. vesicles. from sus

pending media to allow quantitation of transported substances. 

It has also been. noted that strongly charged substances change 

the optimum amount of polylysine or protamine necessary for .complete fil

tration. Negatively charged substances such as adenine nucleotides greatly 

increase the amount of polypeptide needed for filtration, presumably by 

binding to some of the positively charged polypeptide. Addition of dival-· 

ent cations in the presence of adenine nucleotides negates ·this effect •. 

Since ionic interac·tion is the basis of the aggregation technique the 

ionic species present in the suspension will obviously affect the aggre~ 

gation. For this reason it is-important to test the filtration using 

the simple optical density measurement to determine the necessary amount 

·of protamine for any given system of vesicles, transported substances, 

&ld suLs trates. 
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Discussion 

The major impediment to the. study of ion translocation in recon

stituted proteoliposomes is the lack of adequate separatory technology. 

Turbidity noted when polylysine was added to suspensions of PCOV to dis

place external cytochrome ..£ led to the development of the aggregation

filtration technique for vesicle separation from suspension media. The 

use of light scattering as a monitor of completeness of vesicle filtration 

is a simple and sensitive method of optimizing the aggregation- filtra

tion procedure for a given system. Since the polypeptide addition causes· 

aggregation of the vesicles, aggregates which are not filtered out will 

be present in the filtrate and will be larger sized particle's .than the 

original vesicles. The square law dependence of light.scattering on: 

particle size will accentuate the apparent amount of unfiltered material. 

The filtration is seen with both O.D. and protein measurements of the 

filtrate to be qui~e complete for both natural and reconstituted parti

cles. The depende:r,1.ce of the aggregation on the relative amounts of the 

vesicles and polypeptides rather· than on the concentrations supports the 

idea that it is binding of the polypeptides to the vesicles which causes 

the. aggregatio~. This is not unreasonable .since protamine and polylysine 

are both highly positively charged molecules (Kurt, 1960; Harmon, Hall, 

Crane, 1974; Smith, Conrad, 1956) , and the Results section shows that 

the presence of acidic phospholipids (negatively charged) in the membranes 

of vesicles is necessary for aggregration to occur. One ot the .main 

differences in the use of polylysine or protamine for the aggregation-fil

tration process is the response to amounts of·polypeptide whic~ are 

larger than the optimum amounts for .aggregation (which is usually in the 
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range of 50-lOO,Ug/mg particles for most types of particles tested) . 

. With larger amounts of polylysine aggregation is inhibited and increas-

ing amounts. of the particles pass through the filters. Polylysine is a 

highly charged random coil which probably occupies a larger volume than 

a less charged protamine of similar molecular~weight. At low amounts 

of polypeptide relative to a given amount of vesicles both polylysine and 

protamine may bind to ionic sites on different vesicles, causing aggre-

gation. As the amount of polylysine is increased more vesicles will 

have polylysine associated with them, which will tend to repel other 

polylysine molecules seeking to bind to the vesicles. There~may then be 
:, 

an increased tendency for polylysine to bind to multiple binding sites 

on the same vesicle and less bridging between vesicles would occur. Pro-

tamine would not be expected to be as effective in covering the surface 

of a vesicle with positively charged areas and would not be as effective 

as polylysine in repelling the binding of other protamine molecules to a 

given vesicle. The situation with polylysine would be analagous to anti-

gen-antibody interaction, which produces aggregation only in a certain 

optimum range of antigen and antibody. 

Another difference in the behavior of polylysine and protamine is 

the amount of leakiness induced in the vesicles by the aggregation 

In the first 1-2 minutes of exposure protamine produced no more leakage 

of internal label from vesicles than control. This is more than enough 

timil for fj.l trr~.tion. Polylysine on the other hand causes much more 

leakage. This is probably due to the more highly charged nature of the 

polylysine molecule, which.would tend to interact with more of the phos-

pholipid groups of the vesicle membrane and may tend to pull some of the 
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acidic phospholipids from the membrane or disrupt the packing of .the 

phospholipids in the membrane. For this reason protamine was felt to 

be.a better aggregating agent ana was used routinely in uptake experi

ments. The leakage was less of a proble~ in membranes such as SMP ·which 

contained higher proportions of protein, and polylysine was found to 

aggregate these types of vesicles with minimal evidence of lytic effects. 

The convenience, low cost, and complete filtration afforded by the 

. protamine filtration method made it the method of choice for separation 

of all types of vesicles from suspending media. Ion exchange columns 

. are harder. to use and suffer ... ·from variable vesicle retention in the 

columns (Gaska et al, 1976). They cannot be used in the presence of. 

polylysine or protamine because of this problem, and this is importaK~< ···' 

in the selective energization technique for COV and SMP. The protamine 

filtration technique is also a more general technique as it can be used 

for the quantitation of uptake in vesicles of.uncharged substances such 

as sugars as well as ions. This technique should be invaiuable in the 

reconstitution of sugar transporting systems. 
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