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1. In t roduc t ion  

A powerful  technique in m em brane  research is 
reconst i tu t ion o f  biologically active vesicles f rom 
purified m e m b r a n e  proteins  and  phosphoHpids [1 - -5 ] .  
Funct ional  reconst i tu t ion was achieved b y  ei ther  
sonicat ion o f  the proteins  together  wi th  the !ipids [3] 
or by  dissolving t h e m  with  detergents  and subsequent  
removal  o f  the detergents [1 - -3 ,5 ] .  Recent ly ,  direct  
incorpora t ion  o f  proteins into l iposomes has been  
described [6 ,7 ] .  Purified proteins were incubated  
with  p re fo rmed  l iposomes containing ei ther  low 
amounts  o f  iysolecitlfin [6] or  acidic phosphol ipids  
[7]. The incorpora t ion  "occurred wi th  no major  per- 
turbaf ion  o f  the  l iposomes.  A drawback  o f  aLl recon-  
s t i tut ion procedures  is the high lipid to pro te in  ratios 
required for  successful incorpora t ion  as compared  to  
the compos i t ion  o f  natural  membranes .  Whereas in 
the la t ter ,  the lipid to  prote in  rat ios vary be tween  
0 . 2 5  a n d  1 .0 ,  t h e  l i p i d  t o  p r o t e i n  r a t i o s  o p t i m a l  f o r  
reconst i tu t ion vary be tween  5 for  the reconst i tu t ion  
o f  ol igomycin sensitive ATPase [ 1 ] ,  and 29 000 for  
band  3 o f  red b lood cells [8 ] .  Cy toch rome  oxidase is 
incorpora ted  into a subpopu la t ion  o f  the liposon~tes 
while mos t  o f  the l iposomes are not  suitable for  
incorpora t ion  [9] .  In the present  work ,  we have 
character ized this subpopula t ion .  IAposomes were 
f rac t ionated according to  size and  incubated  with  
isolated c y t o c h r o m e  oxidase.  Only the  smaller Hpo- 
somes wi th  a d iameter  o f  approx .  22 n m  were suitabIe 
for  incorpora t ion .  Upon  incorpora t ion  o f  the prote in ,  
the d iameter  o f  the l iposomes increased to  22--35 nm.  
Cy tochrome  oyddase pro teof iposomes  prepared  by  
cholate dialysis exhibi ted a similar size distr ibution.  

2. Materials and  methodg  

C y t o c h r o m e  oxidase was prepared  according to a 
modif ica t ion  o f  the procedure  described [ 9 , ! 0 ] .  The 
enzyme  was fur ther  t reated to exchange the Tweer~ 80 
bound  to the enzyme  with  cholate .  For  this purpose  
the enzyme  (10 mg/ml)  was dissolved in potass ium 
cholate (1%) and precipi ta ted with  a m m o n i u m  sulfate 
(35% saturat ion).  This procedure  was repeated  twice.  
Rat  liver [32p] phosphat idylchol ine  was prepared 
according to described procedures [11] _ Egg phos-  
phat idylchol ine and cardio!ipin were purchased f rom 
Sigma (St Louis, MO). 

I_Jposomes were prepared by  drying the phospho-  
Hpid solutions under a s t ream o f  nit; ogen gas. The 
phosphol ipids  were redi~solved in e ther ,  dried and 
finally resuspended in a buffer .  The suspension was 
sonicated in a ba th  type  senifier (80 W, 50 kHz)  until 
the sample was clear. Tt~e buffer  used in the present  
w o r k  w a s  KC1 ( 4 0  mlM),  E D T A  ( 0 . 2  naN|)  i n  H o p e s  
(N-2-hydroxyethyl-piperazine-N'-2  ethanesulfonic 
acid, 10 mM, pH 7.4). Cy toch rome  oxidase pro teo-  
l iposomes were reconst i tu ted  either by  ~holate 
dialysis [2,3] or b y  direct incorpora t ion  [7 ] .  

IAposomes or pro teo l iposomes  were f ract ionated 
according to size b y  Sepharose 4B chromatography .  
The co lumn size was 0.9 X 140 cm and its f low rate 
was 4 ml/ll  Fract ions o f  2 ml  were collected.  The 
void volume was de termined wi th  dext ran  blue.  Lipo- 
sorties were negatively stained as described [3] .  The 
d iameter  o f  the l iposomes was measured in e lec t ron 
micrographs at a magnif icat ion o f  X 100 000.  

Cy toch rome  o ~ d a s e  was de te rmined  polarographi-  
cally essentially as described [3] .  The assay med iu m 
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consisted o f  the buffer  described above, cy toch rome  
c (1 mg/rnl) and ascorbate ( 2 0  raM). The respiratory 
control  ratio was defined as the ratio o f  activity rate 
measured in presence o f  FCCP (carbonylcyanidetr i -  
f l uo romethoxypheny lhydrazone ,  2 txg) to tha t  
measured in its absence. Phosphoiipid concentra t ions  
were expressed as #me!  phosphate/ml .  They  were 
determined by  total ashing o f  samples, hydrolysis in 
HC1 (0.5 N) and phosphate  analysis [13 ] .  
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3. Results 

3.1. Liposome size requirements for  activation and 
incorporalT"of7 o f  eytochrome oxidas~ 

The distribution pat tern o f  tiposomes~ prepared 
f rom phosphat idylchol ine and cardiolipin is shown 
in fig.1. Multi!ame:Aar vesicles, em er~ng  with the void 
volume, comprised less than 5% o f  the phospholipids 
loaded on the column.  The single ~ye red  l iposcmes,  
retained by the co lumn,  appeared as a broad asymetric 
peak_ Exmnaination o f  the different fractions with an 
electron microscope revealed clear separation o f  the 
liposomes according to size. The 6iameter o f  the 
majori ty  o f  the liposomes ranged f rom 1 8 ~ 0  nm 
(fig.I) .  Analysis o f  the lipid composi t ion  o f  the dif- 
ferent fractions revealed no heterogenei ty  in the 
phosphat idylcholine to cardiolipin ratio. In order to 

.check the capaci ty o f  the differently sized liposomes 
to participate in activation and reconsfi tut ion o f  
cy tochrome  oxidase, the enzyme was incubated with 
ten times its weig~tt o f  fract ionated !iposomes. Full 
activation occurred with liposomes v hose diameter 
ranged f rom 18--40 nm. The multilamellar vesicles 

and the largest single-layered liposomes were not  
suitable for activation o f  the enzyme_ Functional  
incorporat ion o f  the enzyme,  resulting in bo th  
activation and respirator" control ,  required liposomes 
with a diameter  o f  approx.  22 nm. Smaller and larger 
liposomes, al though suitable for activation o f  the 
enzyme,  were not  satisfacto _ry for reconstituti_on o f  
respiratory control  (fig.i)_ 

3.2. Size o f  cytoehrome oxidase proteoliposomes 
In order to determkne the size o f  cy tochrome  

oxidase proteoi iposomes,  the purified enzyme was 
incorporated into pref3rmed liposomes. The resulting 
mixture o f  proteol iposomes and protein-free lipo- 
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Fig.1. Selective incorporation of cytochrome oxidase into 
22  n m  l iposolr_es .  L i p o s o m e s  w e r e  p r e p a r e d  w i t h  [~2p]_ 
p h o s p h a f i d y l e h o l L n e  ( 6 4  btmol ,  6 .5  tzCi) and. ca.rd/olJpha 
(16 tzmol) by sonication to clarity ha 1 ml buffer. The lipo- 
seines were fractionated in a Svpharosecolumn and the 
fractions were analyzed for phospholipid content by radio- 
activity counting. The diameter of  the liposomes was 
measured ha electron micrographs. Samples of the fractions 
were diluted with the buffer to a f'ma~ phospho~dpid con- 
centra~on of C,.5 m_M. Cytoehrome oxidase (0.0.5 mg/ml) 
was added and incubated fez 30 mh~ at zoom temperature. 
Samples of the incubation were withdrawn and assayed for 
activity ha the absence and presence of FCCP (2 t~g). The 
specific activity of the enzyme before fractionation was 7 
/~a toms  oxyger=/mir~ rag .  A f t e r  L n c o r p o r a t i o n  o f  t h i s  e n z y m e  
into a 20-fold excess of unZ2aetionated l~posomes, its acti~ty 
in presence of  uncoupler increased to 25/zmol oxygen/n~n 
mg and its respkatory control ratio became 5.2. The recovery 
of phospholipid from the column was 92%. 

somes were analyzed by  chromatography  in a 
Sepharose column (fig.2). Under these condit ions 
cy tochrome  oxddase is hacorporated only  into 5 - 1 0 %  
o f  the liposomes [9] and thus it is no t  surprishag that  
the size distribution o f  all l iposomes was no t  signifi- 
cant ly chang~:d by incorporat ion o f  the protein.  The 
incorporated enzym,.' was not  distributed uniformly 
among all l iposomes but  was present only  in proteo-  
liposomes with diameters o f  25--35 nm. Thus,  upon  
incorporatiort,  the size o f  the functionally active 
liposomes increased f rom 22 nm to 25--35 nm. A 
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Fig.2. Size distr/bution of eytoehrome oxidase proteoHposomes 
prepared by dLrect/ncorporat~on. Liposomes (40 mg/ml) 
were prepared as described in {he legend to f/g.1. The l$po- 
somes we~c incubated with cytochrome oxidasc (2 mg/ml) 
for 30 rain at room temperature and the resu!ting mLgture 
was fracfionated on a Sephar~e column. Samples were with- 
drawn and assayed for phospt~o~pid concentration, iiposome 
s/ze, activity and respiratory co~trol. The specific activity of 
the reconstituted enzyme was 25 ,~atoms oxygen/rain rag and 
its respiratory control ratio was 5.5. k~he recovery of phos- 
phol/pid and activity after the column was _q6% and 84%, 
~spectively. 

smal l  a m o u n t  o f  e n z y m e  was e !u ted  f r o m  the  co lumn 
w i t h  t he  void  v o l u m e ,  b u t  as i t  e x h i b i t e d  n o  respira-  

t o r y  control, it probably was in an aggregated form 
a n d  was n o t  i n c o r p o r a t e d  i n t o  l i posomes .  

C y t o c h r o m e  oxJdase p r o t e o l i p o s o m e s  p repa red  b y  
cho la te  dia!ysis were  analysed/_n a s imi lar  fash ion .  
The  l iposomes  p repa red  b y  this  p r o c e d u r e  were  larger 

t h a n  those  p repa red  b y  sgn~cat ion w i t h o u t  de te rgen t s  
(fig.3).  However ,  the  size d i s t r i b u t i o n  o f  the  enzyrae -  

c o n t a i n i n g  vesicles was s~m/lar to  tha t  o f  the  p r o t e o -  
]$posornes p repa red  b y  d i rec t  i n c o r p o r a t i o n  o f  the  
e n z y m e .  

4 .  Discussion- 

We have ~--hown t h a t  o u t  o f  all l i posomes  f o r m e d  
b y  son / ca t i on ,  o ~ y  the  smal ler  ones  w i t h  a d i a m e t e r  

diameter 57rim 42 nm 27nm I 
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Fig.3. Size distribution of ey-toehrome oxidase proteoiipo- 
gomes prepared by cholate d,_'zlysi~. Cytoehrome o×idase 
proteofiposomes were prepared from the following mixture: 
[32P]phosphafidylchol/ne (20 #tool, 0.25 t~Ci), c~rd'~oEp~n 
(5 t~mol), cytochrome oxidase (1 rag) and potassium cholate 
(20 rag)/n I ml buffer, by dialysis overnight against 200 vol. 
buffer. The resulting proteoliposomes exhibited zespiratory 
control ratio of 8.0 and an uncoupled aclNity of 18 uatoms 
o:¢ygen]mha rag. The vesicles were fractionated in a Sepharose 
coluwm. Samples of the fractions were te:~ted for phospho- 
lipid content, respiratory control of the enzyme and its 
uncoupled aet/v~ty. Res~kat0~y control decreased Upon gel 
~ltratiort. The recover /o f  phospholipid and uncoupled 
activ/ty was 94% and 92%, respectively. 

o f  app rox .  22  n m ,  are su i table  for  ivy.corporation o f  
c y t o c h r o m e  oxidase .  This  expla ins ,  at  least  in  part~ 
the  h~g,h l ip id  : proteLn rat ios  r equ i red  for  r econ-  
s t i t u t i o n  o f  c y t o c h r o m e  o ~ d a s e .  The  size d i s t n b u -  

ti0n of proteoliposomes formed by direct incorpora- 
tion a n d  chola te  dialysis  is almost  iden t i ca l .  Thus ,  

despi te  the  a p p a r e n t  d i f fe rence  b e t w e e n  the  t w o  
p rocedures ,  t he  ac tua l  i n s e r t i o n  o f  the  p r o t e i n  i n t o  

, the  w:sicles m u s t  be  s imi lar  i n  b o t h  cases. I t  seems 

tha t  in  the  ch01ate dialysis  p r o c e d u r e ,  l i p0sgmes  are 
first  fo_rmed b y  par t ia l  dialysis ,  a n d  o n l y  a f te r  f u r t he r  
d ia lys i s / s  the  p r o t e i n  haserted i n t o  the  a l ready  
f o r m e d  l iposomes .  

The  size range o f  l i posomes  su i tab le  for  i n c o r p o r a -  
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t i on  o f  c y t o c h r o m e  o x i d a s e  is e x t r e m e l y  n a r r o w .  
S i m i l a r  s ize r e q u i r e m e n t s ,  althoug_h !ess s t r i n g e n t ,  
we re  d e s c r i b e d  fo r  o t h e r  f u n c t i o n a l  assays  o f  p h o s p h o -  

q p i d  m o d e l  s y s t e m s .  F u s i o n  occu r s  in  p r o t e o l i F o s o m e s  

c o n t a i n i n g  ac id ic  phc : :pho l ip ids  w i t h  d i a m e t e r s  up  t o  
1 0 0 - 2 0 0  n m  [ 1 4 ] .  F u s i o n  o f  l i p o s o m e s  la rger  thar.~ 
2 0 0  n m  can  be  i n d u c e d  b y  g e n e r a t i o n  o f  o s m o t i c  
p re s su re  ac ross  the l i p o s o m e  m e m b r a n e s  [ 1 5 ] .  Phos-  
p h o l i p i d  e x c h a n g e  p r o t e i n  c a t a l y z e s  the t r a n s f e r  o f  

p h o s p h a t i d y l c h o ! i n e  f r o m  so f l i ca t ed  n e u t r a l  l i po -  
s o m e s  b u t  n o t  f r o m  m u l t f l a m e l l a r  vesic les  [ 11 ] .  
I n c l u s i o n  o f  ac id i c  p h o s p h o l i p i d ,  e .g . ,  c a r d i o l i p i n ,  
- faci l i ta tes  t h e  t r a n s f e r  o f  p h o s p h a t i d y l c h o l i n e  a lso  
f r o m  m u l t i l a m e l ! a r  vesicles [ 1 6 ] .  

Smal l  l i p o s o m e s ,  c o n t a i n i n g  m o r e  t h a n  o n e  p h o s -  
phoU.pid,  a re  d i s t i n ~ i s h e d  b y  t h e  h / ~ l  c u r v a t u r e  a n d  
t h e  a s y m e t r y  o f  t h e i r  m e m b r a n a x  :___~,~,,~~* . . . .  • . . . .  t g tud ies  

w i t h  n u c l e a r  m a g n e t i c  r e s o n a n c e  [ 17 ] ,  d i f f e r e n t i a l  
s c a n n i n g  c a l o r i m e t r y  [18]  a n d  p h o s p h o l i p a s e s  [19]  
i n d i c a t e d  t h a t  t h e  h i g h  c u r v a t u r e  causes  a l o o s e r  a n d  
less t i g h t l y - p a c k e d  o r g a n i z a t i o n  o f  t h e  p h o s p h o i i p i d s .  
I n t r o d u c t i o n  o f  ac id i c  p h o s p h o l i p i d s  ha te  t h e  vesicles  
may" cause  a f u r t h e r  p e r t u r b a t i o n  o f  t h e  p a c i n g  o f  
t h e  m e m b r a n e ,  d u e  t o  e l e c t r o s t a t i c  r e p u l s i o n  o f  t h e  
a n i o n i c  h e a d  ~ roups .  

T h e  s t r i ngen t  size r e q u i r e m e n t s  o f  c y t o c h r o m e  

o x i d a s e  Lnco rpo ra t i on  Lnto l i p o s o m e s  m a y  i n d i c a t e  
t h a t  a lso  in vivo n a s c e n t  m e m b r a n e  p o l y p e p t i d e s  a re  
i n s e r t e d  p r e f e r e n t i a l l y  i n t o  c u r v e d  reg ions  o f  b i o l o g -  
ica l  m e m b r a n e s ,  e .g . ,  ap i ce s  o f  t h e  m i t o c h o n d r i a l  
c r i s tae  a n d  c h l o r o p l a s t  t h y l a k o i d s .  T h e  p r e s e n t  w o r k  

m i g h t  e x p l a i n  t h e  d i f f i cu l t i e s  e n c o u n t e r e d  in  inco r -  
p o r a t i o n  o f  m e m b r a n e  p r o t e i n s  i n t o  p l a n a r  b l a c k  
l ip id  m e m b r a n e s .  
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