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SUMMARY 

The rotational mobility of spin-labelled bovine heart nilto-

cnondrial cytochrome c oxidase in purified form, and incorporated 

into liposomes, was studied 	A rigidly attached short-chain 

maleimide spin label permitted the measurement of the protein's 

overall rotational niobility by saturation transfer electron 

paramagneti.c resonance. 	A long-chain maleimide spin label was 

used to detect the fluidity of the lipid hydrocarbon region 

adjacent to the protein by conventional EPR ' . 	The oxidase activity 

and cytochrome C binding were not affected by labeling. 	Recon- 

stituted membrane vesicles, containing functionally incorporated 

enzyme( as indicated by high electron transport activity and 

respiratory control ), were prepared by either sonication or,  

cholate aialysis 	One method of preparing the purified enzyme 

resulted in a high degree of proteinrotational mobility at 4°C 

both in t h e purified •detergent-solubilized e.nzyme(.effetiv 

rotational correlation time of 100 ns 	and in reconstituted 

membranes( coPrelati on time of 40 11 s 	By contrast, another 

purification procedure resulted in little or no 	ub-rniliisecond 

protein rotational mobility both in purified form and in recon-

stituted nernbranes, suggesting thepresence of l&rge protein 

aggregates. 	Thus, the state ofaggregation of cytochrome 

oxidase in membranes appears to depend onthe state of aggregation 

prior to reconstitution 	The mobile and immobile enzymes had 

the same high activity. 
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In both reconstituted preparations, the bulk of the lipid 

was quite fluid at 4°C, as probed by a free fatty acid spin 

label 	The lipid hydrocarbon region adjacent to the protein, 

as probed by the long-chain nialeimide spin label, was also 

quite fluid in the membranes containing mobile enzyme, but was 

strongly immobilized in the membranes cOntaining immobile enzyme. 

Thus, the strong immobilization of lipid in our preparations of 

cytochrome oxidase is apparently caused by protein-protein 

interactions, not by rigidity at the protein-lipid boundary.  



r 

Information on macroniolecular notion is important f o r 

understanding the physical mechanisms of membrane functions. 

This seems particularly evident for the electron transport chain 

of the niitochondrial inner membrane since its function involves 

the dynamic interaction of several membrane-bound enzyme 

complexes. 	The present study focuses on the rotational dynamics 

of the terminal component of the electron transport chain, 

cytochrome c oxidase( ferrocytochrome c:oxygen oxidoreductase, 

EC 1.9.3.1), a transmernbrane and oligomeric enzyme consisting 

of six to ten polypep-tides, two a-type henies, two copper atoms, 

and lipid(1-4). 

Freeze-fracture electron 	nicrographs of isolated mitochondrial 

inner membranes, obtained by Wrigglesworth et al(5), showed the 

appearance of randomly dispersed intramembrane particles. 	These• 

observationsled tothe suggestion thatthe electron.transport 

complexes could possess considerable lateral and rotational 

nobility(6). 	Evidence for the lateral mobility of cytochrorne 

oxi dase in isolated mi tochondri al inner membranes was obtained 

by Hchii and Hackenbroc.k(7). 	Their freeze-fracture electron 

mi crographs indicated that rapid changes in the lateral di tributi ofl 

of irtramembrane particles occur,  as a result of therinotropic 

phase transitions or the additi on of antibodies nionospeci fi c for 

cytochrome oxidasé. 

By contrast, Sjstrand and coworkers(8.9) have produded 

evidence that cristae membranes in intact mitochondria contain 
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densely packed protein, suggesting that the inner membrane of 

mitochondria may be highly viscous. 	Junge and DeVault(lO) have 

studied the rotational mobility of the c'tochronie a 	 component 

of cytochrome oxidase by observing the time dependence of linear 

dichroism following flash photolysis of a C0-aa 3  complex in 

intact mitochomdria, and have interpreted their data to suggest 

that the rotational correlation time of the a 3  is at least 100 

ms(ll). 	Also, several laboratories have demonstrated that 

it is possible to obtain a tmembranous' preparation of cytochronie 

oxidase which, is active(1213), and in which the enzyme apars 

to be packed in an ordered array(14-16.) . 	These latter lines 

of evidence(8-13) suggest that cytochrome oxidase is densely 

packed',within the mitochondrial membrane and rotationally,  

immobilized by protein-protein interactions., 	. 

Apart from this controversy concerning the mobility of the 

cytochrorne oxidase complex within the mitochondrial inner membrane, 

another question involves how lipid associates with protein 'iithin 

the complex. 	The mobility of lipid in 'membranoUs' cytochrome 

oxidase has been studied with nitroxie spin labels(17). 	The 

'finding of an.immobilized'lipi'd component in.these membranes 

hasled to the proposal of an immobilized 'boundary' layer 

of lipid surrounding the enzyme 	An alternative explanation 

is that lipids are immobilized by protein-protein interactions 

as found in other densely packed membranes(18,l9). 





EXPERIMENTAL PROCEDURE 

Materials- 	Asolectin containing 95% soy phosphatides was 

obtained from Associated Concentrates, Woodside, Long Island, 

N Y , and was partially purified by acetone extraction(22) 

Spin label I, 4-maleimido-2,2,6,6--tetramethyl piperidinooxyl 

was purchased from Syvà. 	Dr. P. Devaux kindly provided us 

with spin label II, 2-(14-carboxyl tetramethyl-N-ethyl nialeic 

ester)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxyl, and Dr. R 	Cooke 

with spinlabel III, 2-(l4-carboxytetradecyi-2-ethyl4,4-dimethyl- 

3-oxazolidinyloxyl. 	The three spin labels used in this study 

are shown below. 

Cholic and deoxycholic acids were from Aldrich and were 

recrystallized twice from ethanol(23). 	Tween 20( polyoxyethylene 

sorbitan monolaurate ), Tween 80( polyoxyethylene sorbitan 

monooleate ), Triton X-lOO, Triton X-114,phosphatidyl choline 

( egg  ), and cytochrome C ( type VI ) were from Sigma 	Ficoll 

was obtained from Pharmacia and electrophoresis purity reagents 

were purchased from Bio-Rad. 

Pparations- 	Beef heart mitochondria were prepared by 

the iiethod of Blair(24) 	Cytochronie C oxidase was isolatea 

from these mitochondria using Triton X-114 or deoxycholate as 

detergents, and we will refer to these preparations as Triton- 

oxidase(25) and DOC-oxidase(26). 	Enzyme preparations were stored 
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in liquid nitrogen in the form of, small beads 	This method 

allows the removal of small quantities 	Of enzyme at a time 

and the.activity remains constant for at least six moths. 

Mi Lochondrial lipids were extracted with chloroform-methanol 

(27) 

Incorporation and reconstitution of cytochrome oxidase 

into liposomes was attempted in two 'vays 	The first method 

involved using pure neutral lipid according to the procedure 

of Ka 11 son et a] (28) in a 50 ml borate buffer, pH 7 7, containina 

150 mM NaC1.. 	Phosphàtidyl.choline(. egg ) Was suspended in the 

above borate buffer to a concentration of. 25 mg/mi and sonicated 

under a water-saturated argon stream for 30 min using a conical 

centrifuge tube in an ice bath. 	..After centrifugation of this 

suspension at 14,000 x g for 60 mm, 1 ml of the supernatant was 

removed and mixed with 0.2 ml of cytochrome oxmdase( aa 3  ) to 

obtain a final concentration of 30 TJM aa 3 	In the case of the 

.Triton-.oxid.ase( 2-6% lipid by weight ) the enzyme was inubate.d 

with the liposomes for 60-m in at 0°Cprior to sonication, since 

immediate sonication led to inactivation of the oxidase. 	The 

mixture was then sonicated 1 nun on/i min off/i min on at 0°C 

The second method involved preparing lmposomes using 

partially pure aoiectin or mitochondri al lipids either by 

cholate dialysis(29) or by a modification of the sonication 

procedure of Racker(30) 	For the sonmcation procedure, 



phospholipids( 50 mg ) were dried under a stream of nitrogen 

redissolved twice in a small volume of ether and dried again 

under nitrogefl 10-20 mm. 	To this dried p'eparation 2 ml of 

50 mM KH 2 PO 4 pH 7 7 5 was added and sonication of this suspension 

was performed in a bath-type sonifier under argon for 15 mm 

at 22°C. 	Immediately after sonication, 2.4mg of cytochrome 

oxidase wereadded to 1.2 ml of the phospholipid suspension, and 

the mixture was incubated at 22°C for 30 mm. 	At the end of 

the incubation period, the mixture was sonicated for 5 min under 

argon. 	Concentration of both types of vesicle suspension was 

achieved by centrifugation at 180,000 x g for 90 mm. 	The 

resulting pellet was resuspended to a final aa 3  concentration 

of 50uM. 	. 	 . 

In order to immobilize the membrane vesicles, they were 

placed in an EPR capillary which was inserted into a specially 

ae:gned Lucite tube and centrifuged at 48,000 x g for 24 hr. 

Spin Labeling - 	Tostudy protein rotational mobility, 

•ytohrome oxidase was spin labeled With spi.n label. I( MSL ), 

using 2 moles of label per niole of. Tr.itonoxidase 	and 5 moles 

per mole ofDOC-oxidase. 	Preparations were incubated 10 mm 	at 

22°C and thenon-covalently attached label was eliminated by 

Sephadex G-25 chromatography in.50 mM KH 2 P.0 4 .pH 7.5 and 0,25% 

Tween 20 	In the case of both the Triton-oxidase and DOC-oxidase 

it was necessary to treat the spin-labeled oxidase with 1 mM 
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cysteine and 10 mM potassium ferricyanide for 60 nun in order 

to minimize the weakly immobilized signal. 	At the end of the 

incUbation period, the sample was diluted ten-fold in the above 

buffer and precipitated with anumonium sulfate( 0.35 saturation ). 

In the case of the Triton-oxidase it was not essential to 

chromatograph the preparation;the cysteine and ferricyanide 

treatment was enough to eliminate both the unreacted and the 

weakly immobilized spin label. 	This pellet was brought up 

in either 0.25 M sucrose for incorporation into liposomes by 

the sonication procedure, or detergent-containing buffer( 

50 mM KH 2 0 4 pH 7.5, 025 Tweeh 20, 0.05% cholate ) for 

incorporation by the cholate dialysis procedure. 

Labeling of cytochrome c oxidase with spin label Ii, MSL 

11,14  ), was performed acording to Fave et al (18) at a spin 

label :oxidase ratio of 2:1. 	The amount of MSL( 1,14 ) bound to 

the lipid in the cytochrome oxidase complex was determined after 

alkalinechloroforrn-methanol extraction of the enzyme(31). 

Ficoll gradients- 	To determine the amount of cytochrome 

oxidase incorporated into lipid vesicles by the different 

reconstitution procedures, discontinuous Ficoll gradients were 

prepared according to Carroll and Racker(32) in 50 mM KH 2 PO 4 ,pH 

7.5 using steps of 5 1  6, 8,. 10, 15, and 30% Ficoll; 	A f t e r 

temperature equilibration of the gradients at 4°C for 4 hr. 

1 ni aliquots of the cytochrome•oxidase liposomal suspension w2re 

carefully applied to the top and centrifuged at 150,000 x g for 



17 hr at 4°C. 	Each step of the gradi ent was analyzed for phos- 

pholipid content by a total phosphorous determination(32) of an 

alkaline chioroform:methanol (2:1) extract, and expressed as 

mg/tug protein. 	Protein was dote rmi ned by the method of Lory 

et al (33) using defatted bovine serum albumin(Sigma Chemicals) as 

a standard. 	Heme a content was determined from the reduced 

niinus oxidized difference spectrum usin a Ac 605630 - 13l mMT 1  

c111 (34). 	Herne a 3  concentration was determined froni difference 

spectraof reduced minus reduced plus CO using a Ac428 5445 

148 hiMcm 	(34). 

Enzyme activity- 	Polarograph.ic assays in 4.0 ml of buffer 

at 25°C.were carried out either according to Nicholls et al(35) 
0.5% Tween 80 

in the presence of 1% asolectin, 67 mM KH 2 PO 4 ,pH 7.4jusing 12.5 

mM potassium ascorbate, 0.5 niM TMPD and 2.5 to 25 jM cytochrome 

c, or according to Ferguson-Miller et al(36) for the determination 

of the dissociation constant for high affinity binding using 

25 mM Tris-acetate,pH 7.8 and 7 mM potassium ascorbate, 0.7 mM 

TMPD, an.d 0.004 to 4.0 jiM cytochrorne C with 50 nM cytochrome 

oxidase( final concentration ). 	In the latter case monomeric 

ferrocytochrome c was obtained by gel filtration through G-75 

Superfine (.Pharmacia 	in a column (0.7 x 30 cm ) equilibrated 

in 50 mM Tris-acetate pH 7.5(37). 

• 	Assays for the activity and orientation of oxidase incor- 

porated into liposomes were performed at 20°C in 50 mM KH 2 PO 4  

pH 75 using 25 mM potassium ascorbate and 1, mg/rl cytochrome c(32). 
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Uncoupling was achieved by0.5 iig/ml valinomycin and 2.5 IiM 

FCCP, while functional orientation was determined in the  presence 

of 3% Tween 80( v/v ). 	The respiratory control ratio ( RCR 

was determined as the ratio of the rate of 02  uptake in the 

presence of valinomycin and FCCP to that measured in their 

absence. 	The baseline rate in the absence of cytochrome c is 

determined in all cases and subtracted from the rates at t h e 

various cytochrome c concentrations. 

Gel filtration in sodium dodecyl sulfate-urea- 	Spin -  

labeled cytochrome c oxidase( 20 mci ) was dissolved in 1 ml of 

buffer containing 5% sodium dodecyl sulfate, 8M urea, and 0.05 M. 

NaH 2 PO 4 ,pH 7.2 by heating 	at 37°C 	for 30 min(38). Chromatography 

was 	carried out at 22°C 	in 	a column( 1.5 x 	85 	cm 	) of 	Sephacryl 

S-200 Superfine equilibrated with 5 mM SDS, 8M urea, 0.05 M 

NaH 2 PO 4 ,pR 7.2 at a flow rate of 5 cm/hr. 	Fractions were 

collected in three pools cbrresponding to elution peaks and 

lyophilized after desalting by dialysis  against deionized water. 

After lyophilization, the samples were brought up in 04 ml of 

the elution buffer and the amount of spin label present was 

me as u red. 

Gel electrophoresis- 	Sodium dodecyl sulfate polyacrylamide 

gel electrophbresis was performed in.a Bio-Rad Model 200 dual 

vertical slab cell using 1.5mm spacers and 20-well combs at 

50 mA per gel for 90 mi n . 	Gels were made according to Laemmli 

(39) as follows: 5% stacking( acrylamide/bisacrylaniide stock, 

30/0.8%) and 13.5 7 160% gradient separation gels( acrylamide/ 



bisacrylamide stock, 30/1.6% ). 	Samples were placed on the 

gels after treatment with 1% SDS and' 1% mercaptoethanol in 

stacking buffer containing 12.5% glycerol and a trace of bromo-

phenOl blue tracking dye. 	The samples were not frozen prior 

to gel electrophores.is  or heated in solubilization cocktail 

at 100°C in order to avoid the polypeptide aggregation which 

occurs as a result of these procedures. 	SDS-urea gel electro- 

phoresis was performed according to Downer et al(38). 	Gels were 

fixed, stained with coomassie blue(40), and , for calibration 

of the relative mobilities corresponding to eachof the enzymes 

subunits, densitometric tracings were recorded at 545 nm using 

a Gilford Model 240 spectrophotometer( data not shown ). 	The 

molecular weight profiles of both types of gels were calibrated 

using phosphorylase a, bovine serum albumin, ovalbumin, chymotry-

psin A,niyoglobin. lyzozyme, cytochrome c, and bovine trypsin 

inhibitor. 

EPR- 	A Varian E-109E spectrometer was employed in the 

absorption mode for the 1st harmonic in phase( V 1  ) and the 

2nd harmonic out of phase( V 
21) 

 spectra. 	A 1.0 mm inside 

diameter glass capillary cell was used together with a quartz 

dewar. 	Temperature was controlled with a Varian E4540 Variable 

Temperature Controller 	The micorwave field strength received 

by the saiiiple was determined by calibration with a solution of 

Frerny's salt(41) 	Microwave power setting was 10mW for the 



V 1  spectra, corresponding to a field strength of 0 13 gauss 

Conventional EPR spectra( V 1  ) were recorded with a 100 kHz 

field modulation( 1 gauss p e a k to peak amplitude ) Saturation 

transferspectra( V 2 4  )wererecorded 	with a field modulatioh. 

of 50 kHz( 6.3 gauss amplitude ) and p h a s e sensitive detection 

at 100 kHz( second harmonic ), out of phase. 	The phase was 

set by rnininiizing the signa.l at low microwave power( 0.5 niW ). 

To record the V 2  spectrum, the microwave nower settinq w a s then 

nceased to 40 mW corresponding to a field strength of 0.25 

gauss 
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RESULTS 

Characteristics of enzyme preparations- 	The preparations 

which were utilized for the determination of the rotational 

mobility of the soluble and membrane-bound cytochrome oxidase 

are described in Table I. 	Data for chymotrypsin-treated pre- 

parations is also presented for comparison with previous re- 

suits (32). 	Triton-oidase had the smallest amount of polypeptide 

contamination, while DOC-oxidase was much more contaminated as 

ig. 1 	shown in Fig. 1. 	It should be noted that this discontinuous 

buffer gradient gel allows the resolution of many high niolecu-

lar weight contaminants not detected on continuous buffer gels 

employing urea and SDS (38)2 	These high molecular weight 

contaminants could be eliminated by further purification using 

cholate and ammonium sulfate (32) and gel filtration on Sepha- 

rose 4B (38) 	The nine polypeptides seen in Fig 	1 are the 

seven polypeptides of bovine heart cytochrorne C oxidase plus 

the two contaminants Va and VIb described by Downer et al (38); 

these could not be entirely eliminated by incubation of the en-

zyme with chymotrypsin (10 pg/mg oxidase protein) at 25 0 C in 

OJ M NaH 2 PO 4 , pH 7.8,0.5% c.hol.ate for two hour 	(32,42) 	In 

the case of the Triton-oxidase no reduction of the specific 

activity. occured as a result of the proteolytic digetion,whe-

reas in the case of the DOC-oxidase the activity declined from 

40.0 to.140 electrons/s per aa 3  unit.. 



-1 

Assays of the activity of pin-labeled Triton-oxidase and 

F i g 	2 	DOC-oxidase are shown in Fig 	2 	No differences could be de- 

tected between the nativeand spin-labeled enzymes. 	As shown 

in Fig. 2a, only the lipid-poor Triton-oxidase preparation 

could be activated by the addition of lipid, as previously re- 

ported (28). 	The binding affinity constant (Kd) of cytochrorne 

c at the high affinity site is 0.03 pM (Fig 	2b) in good agree- 

ment with other results (36). 

able II 	As can be seen from Table II approximately one MSL spin 

label per oxidase remained after spin-labeling and the cystei-

ne and ferricyanide treatment. 	In order to determine whether 

the spin population was bound to one distinct subunit of the 

enzyme, the preparation was dissociated with 2% SDS and 8 M 

urea and chromatographed as detailed in the Methods section. 

EPR was used to determine the amount of spin associated with 

each fraction. 	SDS-urea gel electrophoresis was then perfor- 

med as in (38), and it was found that spin was associated only 

with fractions containing subunits II and III (MW 22,000 and 

20,500); 	these were not resolved further because of spin loss 

which occured during the chromatographic procedure. 	Kornblatt 

et al (43) have previously demonstrated that ( 14 C)-NEM and MSL 

both react with a subunit of MW 25,000 at pH 8.5, but subunits 

II and I I I were not resolved in their electrophoretic study. 

Recently, these investigators have produced evidence that 

NEM 	reacts with subunits III and VIa at pH 7.0 with the labe- 
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ling of subunit III being predoiinant (44) 

Reconstitution using phosphatidyl choline- 	Following 

spin labeling and chromatography the DOC-oxidase eluted always 

from the column as a turbid suspension, whereas the Triton-oxi-

dase remained optically clear. The turbid suspension had the 

opalescent appearance characteristic of a vesicle suspension. 

An electron mIcrograph of a negatively-stained preparation of 

.ig. 3 

	

	DOC-oxidase after chromatography (Fig. 3), demonstrates that 

it consists of a very heterogeneous population of vesicles 
0 

with diameters ranging from 500 to 250,0 A; 	some multilamellar 

vesicles were also detected, but wefound no respiratory con-

trol in these preparations. 

Since saturation transfer EPR experiments require spin-la-

bel concentrations on the order of 10 pM or higher, a reconsti- 

• 

	

	
tutionprocedure developed by Karlsson et al (28) was used at 

a low lipid to protein ratio (1:1, by weight), permitting con- 

venient concentration of the enzyme to 50 pM. 	Negatively- 

stained preparations of DOC-oxidase reconstituted in this manner, 
0 

showed vesicles of mean diameter 1020 ± 100 A (Fig. 3), but 

with no detectable respiratory control; 	an analysis of these 

Hg. 4 	samples on a discontinuous Ficoll gradient (Fig. 4), demonstra- 

ted little or no enzyme incorporation in the phosphatidyl cho- 

line vesicles, in agreement with previous results (45). 	Using 

partially purified asolectin we were able to obtain 20/ incor-

poration of cytochrome oxidase by this technique (as detected 

by Ficoll gradient analysis). 	However, with 80% of the enzy - 



me unincorporated, the respirat y control ratio was very low 

(RCR = 1 3 ± 0.2) 

Preparations with much greater respiratory control ratios 

were obtained by different reconstitution procedures using much 

higher lipid to protein ratios. 

Reconstitution with high respiratory control- 	These 

cytochome oxidase vesicles were prepared by a modification of 

Racket's sonication technique (30), and cholate dialysis tech-

nique (29), using partially puified asolectin or mitochondrial 

lipids. Only Triton-oxidase was used, whichafter spin-labe-

ling and chromatography can be showh to be in a disaggregated 

form (see later Results). 

The complete incorporation of Triton-oxidase Jnto parti-

ally purified asolectin vesicles is shown in Fig. 4. 	Similar 

results were obtained with mitochondrial lipids. 	Electron. 

micrographs of these negatively-stained preparations are shown 
0 

at the bottom of Fig: 3 (mea.r vesicle diameter 420 ± 30 A). 

EPR spectra of the various preparations- 	Determination 

of rotational motion of proteins by the technique of saturation. 

transfer EPR requiresthat a spin-label bebound toaniacromo-

lecule such that the population of weakly immobilized spins is 

minimized as detected on the V 1  spectrum. 	The molar ratio of 

MSL to cytochrome c oxi dase, the i ncubatio 	time and the tempe- 	. . 

rature were adjusted to minimize this weakly immobilized popu- 

lati on, but in the case of both the DOC- and Tn ton-oxi dase 
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additional treatment with cyste.e and ferricyanide was requi-

red.. 	This treatment affected neither the activity 	of the 

enzyme nor the Kd  for high-affinity binding of cytochrome c 

measured at low ionic strength. 	Both DOC- and Triton-oxidase 

Fig. 5 	preparations possess nearly identical V 1  spectra at 4
0 C (Fig. 5), 

but when the Triton-oxidase is reconstituted by the cholate 

dialysis or sonication (our modification of (30)) procedures, 

a small weakly immobilized population of spins (at arrows) can 

be seen at 22
0 C but not at 4

0
C. 	To avoid ambiguities all the 

spec.tra.were recorded.at  4C. 

Lipid versus protein mobility- 	As described by Jost et 

al (46,47), when lipid (including some sp.in-labeledhydrocar-

ban chains) is added to oxidase which has been partially phos-

pholipid depleted, the spin labels become strongly immobilized. 

The DOC-oxidase was clearly in a membrnous form (Fig. 3). 

}ig. 6 	As shon in Fig. 6, the fatty-acid spin-label FASL(1,14), be 

comes iiobiliz.ed (V 1  spectrum) when it is added to this prepa-

ratior, in agreement with results obtained with simiiar.oXidase 

preparations (46). 

However, Fig. 6 also shows that the rotational correlation 

time of the MSL spin-labeled DOC-oxidase is > 1 ms (V 	spectrum). 

Rotational correlation times ofpurified and reconstituted 

Triton-oxidase Apreparation of Triton-oxidase was spin-la-

beled. and either (a) •chomatographed and then . treated with cys 

teine and ferricyanide or (b) directly treated without chroma- 
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tography. 	Both preparations wLre then precipitated at 0.35 

saturation of ammonium sulfate and redissolved in detergent-

containing buffer. These two types of spin-labeled Triton-

oidase were then reconstituted using partially purified aso-

lectin or mitochondrial lipids by the cholate dialysis proce-

dure. Similar results were obtained by our modification of 

the sonication procedure (30). 

Saturation transfer spectra of the four types of prepara- 

Fig 	7 	tions are shown in Fig 	7, 	indicated are the paratieterS L, L", 

C andC', used to estimate the rotational correlation times. 

The Triton-oxidase, which was c hromtographedf011Owiflg .  spin-

labeling, possessed an effective rotational correlation time 

(T2) of about 100 ns, as determined from the above parameters 

of. its spectrum (see Fig. 8). 	This is the correlation time 

predicted 3  for a sphere with a molecular weight of 200,000 

at 4 0 C; 	T h i s preparation contains only 4% lipid (by weight) 

and the proteints estimtedMW is 140,000 (4); 	it appears 

therefore that the chromatographed Triton-oxdase exists in a 

disaggregated.form, in agreement withanalytical ultra-centri-

fugation studies in Triton x-100 (48) and Emasol 1130 (49). 

The.Triton-oxidase that was not chromatographed prior to 

cysteine and ferricyanide treatment displayed a . rotational 

correlation time of > 1 ms, indicating protein aggregation. 

Since a large part of this preparation aggregated on the Sepha-

dex G-25 gel filtration column when chromatograPhed, and could 
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only be solubilized by continue 	elution, it appears thát.th.e. 

enzyme exists in a heterogeneous mixture of particle sizes and 

that gel filtration in detergent slowly eliminates the higher 

molecular weight aggregates from the population. 

As can be seen in Fig. 7, the Triton-oxidase which was mo-

bile in the chromatographed form remained relatively mobile when 

reconstituted (T2 	40 us), while the immobilized unchromato- 

graphed preparation remained ininiobilized when reconstituted. 

The vesicles made from the immobile and the mobile preparations 
0 

were quite similar in size with diameters of 410 ± 30 A and 
0 

420 ± 30 A respectively (Fig. 3). 	Both preparations were fully 

active (Vax = 400 electrons/s) and possessed high respiratory 

control ratios (in some cases close to 5), indicating that most 

of the enzyme was functionally incorporated (32). 

The rotational time of reconstituted cytochrome oxidase 

appeared to be independent of vesicle mobility, since centri-

fugation of the vesicle suspension to form a compact gelatinous 

pellet did not alter the.V 	spectra. 

Treatment of the mobile Triton-oxidase in reconstituted 

vesicles, at low oxidase concentration (0.38 mg/nil) with the 

bifunctional iniidoester, dime.thy] suberimidate, at a final con-

centration of 10mM does not result in a further immobilized 

spectrum. 	Electron micrographs of these vesicle preparations 

indicate that no intervesicular cross-linking occurs under these 

conditions, whereas SDS gel electrophoresis demonstrates exten- 
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sive polypeptide coupling of ali, the o x i d a s e subunits, except 

for subunit I (MW 35,500) (4) 	Since the MSL spin-probe is 

bound to either subunit II or III, our cross-linking results 

indicate that we are not observing the independent rotational 

motion of these subunits. 	Under these conditions no inter- 

cytochrome oxidase cross-linking is believed to occur (4). 

Glutaraldehyde tretment (40mM final concentration) of concen-

trated vesicle suspensions (5mg/mi) does result in an immobi- 

lized V 	spectrum of the mobile preparation (T2 	increases from 

40 ps to 	1 ms) ; 	glutaraldehyde treatment of the immobile 

reconstituted oxidase did not appreciably alter the V spectrum 

(L'/L increased from 1.20 to 1.25). 

A suhimary of the saturatior transfer data obtained for the 

various preparations of cytochrome oxidase used in this study 

Fig.- 8 

	

	(Fig.. 8), shows how effective correlation times were estimated (50). 

The spectra-i parameter C'/C is. especially sensitive in the 10 

to io8  s range, while L'/L is sensitive in the range of l0 

to io6 

Lipid mobility correlates with protein mobility- 	S i n c e 

the reconstituted Triton-oxidase vesicle preparations contained 
molar 

a lipid to proteinLratio of > 3000:1, it is virtually impossi- 

ble to selectively study the lipid adjacent to the protein 

using free spin-probes of the lipid phase. 	Therefore a lipid 

probe was used that was covalently attached to the protein, 

MSL(l 
.

,l4). 	The nitroxide group of this probe is attached near 
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one end of the acyl •chai n and the other end reacts with the 

sulfhydryl group at pH 7.0 through the N-ethyl maleimide linka-

• ge. 	This probe has been used to study the lipid environment 

of rhodopsin in retinal disk membranes (18). 	MSL(1 ,14) was 

added at a molar ratio of 2:1 to aa 3 . Determinations of the 

total spin bound to the enzyme, fol1oiing elimination of the 

non-covalently bound MSL(l ,14), were performed as in (18) and 

lipid was then extracted by the alkaline chloroform-methanol 

procedure described in Methods. These results indicate that 

90 ± 5% of the total spin was bound to the protein portion of 

Fig. 9 	the enzyme. 	As can be • seen in Fi g. 9, MSL (1., 14) is immobi 1 i - 

zed on both the chromatographed (mobile protein) and the non-

chromatographed (immobile protein) purified Triton-oxidase, but 

a greater proportion is immobilized on the non-chromatographed 

preparations. 	When • these two types of Triton-oxidase were re- 

constituted, the preparation containing mobile protein displayed 

no evidence of a strongly immobilized MSL(l ,l4)(Fig. 9, center 

right), whereas the preparation containing immobile protein 

showed a large ammount of immobilized MSL(1,14)(Fig. 9, center 

left). 	The spectra of added FASL(1 ,14)(free fatty acid) to 

these preparations(molar ratio of FASL(1,14) : oxidase was 1:1) 

are depicted at the bottom of Fig. 9. 	As expected, neither 

Triton-vesicle type immobilized asignificant fraction of this 

free fatty-acid label at these high lipid to protein ratios 

It is 
I

interesting to note that the spectrum of the MSL(l ,14) 



in the mobile Triton-oxidase (F 	9, center right) is slightly 

broader than that of the FASL(l ,l4) - MSL(l ,14) difference 

spectrum in the same preparation (rig 	9, bottom right) 	Thus, 

although the adjacent hydrocarbon chains are not strongly immo-

bilized by the protein, they are slightly less mobile than the 

liid chains far from the protein. 	The hyperfine splitting 

of the covaently labeled MSL(l ,14) differs 	at most by 0.2 

g a u s s from that of FASL(1 ,14) in the reconstituted systems in-

dicating that the two probes are probably in similar hydropho 

bic environments. 

DISCUSSION 

The rotational mobility of isolated and reconstituted 

cytdchrome c oxidase • from beef heart mitochondria has been stu-

died and correlated with the fluidity of the hydrophobic envi-

ronment adjacent to the protein. 	Prior tochromatography, the 

spin-labeled complex never displays rotational motion in the 

sub-niillisecond range of correlation times (Fig 	7) 	Chroma- 

tographed DOC-oxidase, which contains considerably more lipid 

and contaminant polypeptides (Fig. 1) than the Triton-oxidaSe 

preparation, has a tendency to vesiculate and/or from enzyme 

sheets even in detergent, and shows no sub-millisecond rotati- 

onal motion. 	However, chromatographed preparations of spin- 

labeled Triton-oxidase, in the presence of detergent, display 
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rotational correlation times in 	he 100 ns ra.nge (Fig. 7), mdi- 

cating that the enzyme is probably disaggregated 	These re- 

sults suggest that, as isolated, cytochrome oxidase is poba-

bly in the form of aggregated patches (as previously observed, 

Ref. 17), and that chromatography in the presence of detergent 

can, under certain conditions, disaggregate these patches 

Functional incorporation of cytochrome oxidase into lipid 

vesicles was achieved at hih lipid to protein ratios (12.5:1 

by weight), by the cholate dialysis or soniation procedures, 

but this did not seem to modify the aggregation state of the 

oxidase. 	Following the incorporation of non-chromatographed 

samples of cytochrome oxidase into liposomes, the rotational 

correlation time of•the protein remains 	1 ms;. incorporation 

of chromatographed oxidase into liposomes results in a rota -

tional correlation time in the 40 lis range, indicating that the 

oxidase probably remains in a disaggregated form in the membra- 

ne. 

The activity of the complex in the reconstituted prepara-

tions does not seem to depend on its rotational correlation 

time; 	the respiratory control ratios are also very similar in 

the two Iinds of reconstituted preparationsand. so  are the li-

pid to protein ratios of the various populations of vesicles 

obtained in the Ficoll gradients. 	These results are indepen- 

dent of whether mitochondrial or partially purified asol ectin 

is used forreconstitution. 	Therefore, sub-millisecond rotati 



onal mobility of cytochrome c odase is not required for elec-

tron transfer from cytochrome c (its natural donor) to oxygen 

Aggregated patches of the complex will efficiently transfer 

electrons from cytochrome c to 02 a n d may in fact be present in 

the inner membrane of mitochondria, as previously suggested (51) 

Incontrast to non-chromatographed oxidase, both Ca++_ATPase 

(MW 	100,000) from sarcoplasmic reticulum (21 ,50) and rhodo- 

psin (MW 	p0,000) (52) display a high degree of sub-millise- 

cond rotational mobility both innative and reconstituted mein- 

banes (Fig. 8) 	In addition, when themohility of the Ca- 

ATPase is inhibited 	the enzyñie activity is also inhibited. 

Like the immobile cytdchrome oxidase preparations, spin-labeled 

recombinantacetyl chol i ne receptors have no sub-millisecond 

rotational mobility, indicating protein aggregation (53). 

The results with reconstituted cytochrome oxidase covalen-

tly labeled with MSL(l ,14) at a lipid to protein ratio of 12.5:1 

by weight) indicate thatthe hydrbphobiceviroflmeflt of the 

oxidase is very viscous in the aggregated form, and very fluid 

in the disaggregated form (Figs. 8 & 9). 	It is difficult to 

identify precisely the region a'ound the oxidase sampled with 

this probe; 	the maximum distance from the maleimide moiety to 
0 

the nitroxide radical is about 30 A and therefore no more than 

the first three layers of lipid around the enzyme are sampled 

by the probe. 	It is not surprising that, in the aggregated 

form, the immediate environment Of the oxidase should be so 
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viscous; 	in this case on1ya.t.i lipid molecules are expected 

to be trapped between the oxidase complexes with their fatty 

acid chains in a constrained environment. 

Earlier EPR studies with spin-labeled fatty acid chains. 

and lipids in cytochrome oxidase preparations have shown a high 

degree of immobilization of lipids at low lipid to protein ra-

tios (17,46,54); 	the results obtained with DOC-oxidase and 

the fatty acid spin-probe FASL(1 ,14) (Fig. 6) have confirmed 

this. 	In the previous studies (17,46,54),the amount of 

strongly immobilized lipid was shown to be proportional to the 

aiiount 	of protein, and the results were interpreted to mean 

that each protein independently immobilized a constant number 

of lipid molecules. 	This was visualized as a boundary layer 

of strongly immobilized lipid. 	An equally probable explanation 

forthese results could have been the immobilization of lipid 

trapped within protein aggregates which do not disaggregate at 

high lipid concentrations. 	The lat ter explanation is supported 

by the results of the present investigation. 

Furthermore, in the disággregated form of the reconstituted 

enzyme, the fluidity of the hydrophobic environment around the 

oxidase measured with the MSL(l ,14) probe is only slightly less 

than the fluidity of the bulk lipid hydrophobic environment. 

easured with the FASL(1 ,l4) probe (Fig..9). 

Theoretical considerations (55) and NMR data (56 - 59) 

suggest that, if a boundary layer of lipids exists around 
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proteins then, compared to the uulk lipids 	its fatty acid en- 

vironment may be more fluid below the bulk lipid phase transi-

tion and less fluid above the phase transition 	The protein 

may act like animpurity or defect in the lipid lattice, altering 

somewhat the ordering of the fatty-acid chains near its hydro-

phobic environment. 	Dahiquist and coworkers (60,61) have per- 

forned deuterium NMR experiments on a DOC-purified oxidase pre- 

paration. 	They found evidence for two distinct populations 

of lipid hydrocarbon chains, one strongly immobilized and one 

approximately as mobile as pure lipid in the absence of protein. 

Under similar conditions of preparation, the DOC-oxidase used 

in the present investigation is aggregated. 	Oldfield et al 

(57) performed analogous NMR experiments on a cholate-purified 

cytochrome oxidase preparation and have not detected an immobi- 

lized phospholipid population. 	If this latter preparation 

contained disaggregated enzyme, then the discrepancy between 

those two NMR studies may be explained by our analysis; 	that 

is, a distinct strongly immobilized population of hydrocarbon 

chains exists only when the enzyme is aggregatd. 

A similar situation arises in r hodopsin_containiflg mem-

branes (18), where the immobilization of the protein and lipid 

occur only at low lipid to protein ratios. 

Acknoledgement- 	We wish to thank L. Packer, in whose 

laboratory most of this work was conducted, for helpful dis- 

S.. 





- S)'- -.  

FOOTNuES 

* 
This work was supported by the Energy andEnvironrnentDivision 

of the Lawrence Berkeley Laboratory, U.S. Department of Energy 

under contract No W-7405-ENG-48 For a portion of this work 

M.S. was the recipient of a Chancellors• Pa.tet Fund Grant from 

the University of California D D T was supported by a Helen 

Hay Whitney Postdoctoral Fellowship 

The abbreviations employed are: 	EPR, electron parainagnetic 

resonance; 	aa 35 
 cytochrome C oxidase; 	Triton-oxidase, cytochro - 
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2 =  ( Vn/kT), where V=cm 3 /molecule 
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TABLE I 

Characteristics of the cytochrome oxidase preparations 

Purity Activity 
a Lipid Content b 

Preparation nmoles 	heme electrons! mg 	lipid! SH 	Groups 
a 1/mg protein s 	per 	aa mg protein 

DOC-oxidase 9.0-10.5 400 0.35-0.42 9 

10 	0-11 	8 400 0 02-0 	06 7 
oxidase 

Ch y motryp sin 10 ' 40-11 	7 140 NDC 7 
DOC-oxidase 

Chymotrypsin 10 	5
- 
 12 	0 400 ND 7 

Triton-oxidase 

pH 	7.4 aActivity is 	expressed as 	Vmax 	value 	in 	67fl1M KH 2 PO 4 , 

0.5 1/0 	Tween 80 	in 	the presence 	of 1% 	asolectin at 	25°C. 

bDetermined according to 	(62), 	in 0.1% 	SDS. 	Values, the 

mean 	of at 	least 	three determinations, 	were 	rounded to 

the 	nearest whole 	number. 

cNO 	determined. 



# spin labels 	# spin labels.
a 	

spin labels 
b 

Preparation 	
added/aa 3 	reactediaa 3 	not reduced 

Triton- 	
2 	 1 5 o x i d a s e 

DOC-oxidase 	 5 	 3.2 	 1.4 

• aBased on the number of SH groups available for. DTNB 

reaction (60) before and after spin-labelling (mean of 

• 	5 determinations). 	 . 

bCalculated by double integration of spectra taken before 

and after cysteine and ferricyanide treatment (mean of 

5 .deterrninatioñ). 	. 	. . 	 . 	. 
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FIGURE 	LENDS 

Fig 	1 	S D S gel electrophoesis of the cytochrome oxidase 

preparations used in this study. The numbers, at the bottom  of 

the gel profile refer to the number 'of pg loaded per channel . 

The stacking gel was removed for convenience, and did not con-

tain any stained material. 

Fig. 2. 	Polarographic activity assays of spin-labeled 

ctochrome c. oxidase. 

Lineweaver-Burk plot of steady-state 0 2 

consumption. 

Eadie'-Hofstee-Scatchard plotshowing h i g h affini -  

ty binding kinetics of cytochrome c 

All points represent mean averages of at least five separate 

determinations. 	Activity assays of native and spin-labeled 

cytochrome oxidase yielded identical results. 

Fig. 3. 	Electron micrographs of preparations negatively- 

stained with 1% phosphotungstate (pH 7.0) followed by 1% 'uranyl 

acetate. 

Fig. 4. 	A Ficoll discontinuous gradient analysis of protein 

incorporation into lipid vesicles. 	The sonication procedure 

of (28) was employed using preformed phosphatidyl choline ye-

sides and DOC-oxidase, and the cholate dialysis procedure of 

(29) was used employing either mitochondrial lipids or partially-

purified aolectin and the Triton-oxidase, either chromatographed 
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or not. 	The use of iiitochondrial lipids in the cholate 

dialysis procedure did not change our results in any detectable 

fashion. 

Fig. 5. 	Conventional (V 1 ) spectra of the purified (in 

detergent) and reconstituted cytochrome oxidase (50 pM) prepa-

rations spin-labelled with MSL. The arrows designate the 

weakly immobilized signal present at 22°C in the Triton-

oxidase preparations reconstituted by the cholate dialysis 

procedure. 

Fig. 6. 	A conventional (V 1 ) spectrum of added FASL (1, 14) 

and second harmonic (V 2 1 .) spectrum 	of covalently bound MSL 

to purified DOC-oxidase (50 pM) in 50 mM•KPi , pH 7.5, 0.25% 

Tween 20, prior to lipid addition. 

Fig. 7. 	Second harmonic spectra (V 2  ) of purified and 

reconsti tuted Tn ton-oxi dase preparations which were either 

not chromatographed or chromatographed after spin labelling. 

The spectral parameters L, L", C, C' are used to calculate 

effective rotational correlation times as described in Methods. 

Fig. 8. 	Plots of the spectral parameters C/C and L"/L and 

their relationship to the rotational correlation tinle,T 2 , 

illustrating the procedure used to determine effective correla -

tion times for nitroxide spin label saturation transfer EPR 

spectra (V 2 1 ). The curves were obtained from theoretical 



studies and model system experiments on isotropic rotational 

diffusion (41). 	P u r i f i e d Triton-oxidase (in detergent) after 

chrQrnatogaphy(—); Purified DOC-oxidase (in detergent) 

after chromtography (O—O) ; Tri ton-oxi dase , chromatographed 

and then reconsti tuted (.—A) ; Tn ton-oxi dase , not chromato-

graphed and then reconstituted (--); rhodopsin, as deter- 

mined by (18) (y 	y); Ca-ATPase 	native lipids (); Ca 

-ATPase, native lipids replaced with dipalmitoyl lecithin 

Both of the of Ca-ATPase values were determined by 

(49). 

Fig: 9. 	Conventional (V 1 ) spectra of MSL(1,14) covalently 

bound to Triton-oxidase. The difference spectra of FASL(l,14)-

MSL(1 ,14) at the bottom of the figure were obtained by computer 

subtraction using a PDP 11/34 computer attached to the EPR 

recorder. Purified aa 3  concentration was 100 1iM in 50mM 

KH 2 PO 4 , pH  7 5, 0 25% Tween 20, 0 05 1 	cholate 	Reconstituted 

aa 3  concentration was 50iM in 50 mM KH 2 PO 4 , pH 7.5. 
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