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1. Introduction

A powerful technigue in membrane reszarch is
reconstitution of biclogically active vesicles from
purified membrane proteins and phospholipids [1 -5} .
Functional reconstitution was achieved by either
sonication of the proieins together with the lipids 3]
or by dissalving them with detergents and subsequent
removal of the detergents {1—3,5]. Recenily, direct
incorporation of proteins into fiposomes has heen
described [6,7] . Purified proteins were incubated
with preformed liposomes containing either low
amounts of iysolecithin [6] or acidic phospholipids
[71. The incorporation occurred with no major per-
turbation of the liposomes. A drawback of all recon-
stitution procedures is the high fipid fo proisin rztios
required for successtul incorporation as compared to
the composition of naiural membranes. Whereas in
the latter, the lipid to proiein ratios vary between
0.25 and 1.0, the lipid to protein ratics optimal for
reconstitution vary between 5 for the reconstitution
of oligomycin sensitive ATPase {1}, and 29 000 for
band 3 of red blood cells [8]. Cytochrome oxidase is
incorporaizd into a subpopulation of the liposomes
while mast of the liposomes are not suitable for
incorporation [9]. In the present work, we have
characierized ihis subpopulation. Liposomes were
fractionated according to size and incubated with
isolated cytochrome oxidase. Qnly the smalier lipo-
somes with a diameter of approx. 22 nm were suiiable
for incorporation. Upen incorporation of the protein,
the diameter of the liposomes increased to 22—35 nm.
Cytochrome oxidase proteoliposomes prepared by
cholaie dialysis exhibited a similar size distribution,
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2. Materiais 2nd methods

Cytochrome oxidase was prepared according to a
modification of the pracedure described {9,10). Tha
enzyme waus further treated to exchange the Tweer: 80
hound ro the enzyme with cholate. For this purpose
the enzyme (10 mg/mnl) was dissolved in potassivm
cholate (1%} and precipitated with ammanium sulfate
{35% saturation). This procedure was repeated twice.
Rat liver [32P] phosphatidylcholine was prepared
according to described procedures [11] . Egg phos-
phatidylcholinz and cardiclipin were purchased from
Sigma (St Louis, MO). :

Liposomes were prepared by drying the phospho-
lipid solutions under a stream of niti ogen gas. The
phaospholipids were redissolved in ether, dried and
finally resuspended in a buffer. The suspension was
sonicated in a bath type sonifier {80 W, 50 kHz) until
the sample was clear. The buffer used in the present
work was KCi (40 m3), EDTA (0.2 mM} in Hepes
(W-2-hydroxyeihyl-piperazine V' -2 athanesulfonic
acid, 10 mM, pH 7.4). Cytochrome oxidase proteo-
liposomes were reconstituted either by gholate
dialysis [2.3] or by direct incorporation [7].

Liposomes or proigcliposomes were fractionated
according to size by Sepharose 4B chromatographv.
The column size was 0.9 X [40 cm and iis flow rate
was 4 mi/h Fractions of 2 ml ware collected. The
void volume was determined with dextran blue. Lipo-
somes were negatively stained as descriped {3] . The
dizmeter of the liposonies was measured in electron
micrographs at a magnification of X100 000.

Cytochrome oxidase was determined polarographi-
cally esseniially as described [3]. The assay medium
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consisted of the buffer described above, cytochroms
¢ (1 mg/ml) and ascorbate (20 mM). The respiratory
control ratio was defined as the ratio of activity rate
measured in presence of FCCP (carbonyicyanidetri-

fluoromethoxyphenyithydrazone, 2 ug) to that
measured in its absence. Phospholipid concentrations

were expressed as pymo! phosphate/ml. They were
determined by total ashing of samples, hydrolysis in
HCI (0.5 N) and phosphate analysis {13].

3. Results

3.1. Liposome size requirements for aciivation and
incorporation of cyiochrome oxidase
The distribution pattern of liposomes, prepared
from phosphatidylcholine and cardiolipin is shown
in fig.i. Multilamesilar vesicles, emerging with the void
velume, comprised less than 5% of the phospholipids
loaded on the column. The singlc ‘ayered liposcmes,

retained by the column, appeared as a broad asymeiric
pezk. Exzmination of the different fractions with an

electron microscope revealed clear separation of the
liposomes according to size. The ciameter of the
majority of the liposomes rangzd from 18—40 nm

- (fig.1). Analysis of the lipid composition of the dif-
ferent fractions revealed no heterogeneiiy in the
phosphatidylcholine to cardiolipin ratio. In order to
-check the capacity of the differently sized liposomes
to participate in activation and reconstitution of
cytochrome oxidase, the enzyme was incubated with
ten times its weight of fractionated liposomes. Full
activation occurred with liposomes whose diameter
ranged from 1840 nm. The multilamellar vesicles
and the largest single-layered liposomes were not
suitable for activation of the enzyme._ Functional
incorporation of the enzyme, resulting in both
activation and respiratory contrel, required liposomes
with a diameter of approx. 22 nm. Smaller and larger
liposormes, although suitable for activation of the
enzyme, were not satisfactory for reconstitution of
respiratory control (fig.1).

3.2.8ize of cytochrome oxidase protecliposomes

In order to determine the size of cytochrome
oxidase proteoliposomes, the purified enzyme was
incorporated into preformed liposomes. The resulting
mixture of protecliposomes and protein-free lipo-
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Fig.1. Seleciive incorporation of cytechrome oxidase into
22 nn liposomas. Liposomes were prepared with [32P]-
phosphatidylcholine (64 gmol, 6.5 uCi) and cardiolipin

(i6 zmol) bv sonicztion to clarity in 1 ml buffer. The lHpo-
somes were fractionated in a Sepharose coiumn and the
fractians were analyzed for phospholipid contemt by radio-
activity counting. The diameter of the liposomes was
meastred in clectron micragraphs. Samgles of the fractions
were dileted with the buflier to a final phospholipid con-
centzation of (.53 mM. Cyvtochrome oxidase (0.05 mg/mi)
was added and incubated for 30 min at soom ismperature.
Samples of the incubation were withdrawa and assayed for
activity in the absence and presence of FCCP (2 pg). The
specific activity of the enzyme before {ractionation was 7
paions oxygsi/miz mg. After incogporation of this enzyme
into a 20-fold excess of unizaciionated liposomes, 1is aciivity
iz presence of uncoupier increased o 25 umol oxygen/min
g and its respiratory control ratio became 5.2. The recovery
of phaspholipil from the column was $2%.

somes were analyzaed by chromatography in a
Sepharose column (fig.2}. Under these conditions
cvtochrome oxidase is incorporaied only into 5—10%
of the liposomes [2] and thus it is not surprising that
the size distribution of all liposomes was not signifi-
cantly changed by incorporation of the protein. The
incorporated enzyine was not distributed uniformly
among all liposomes b1t was present only in proteo-
liposomes with diameters of 25—33 am. Thus, upon
incorporation, the size of the functionally active
liposomes increased from 22 nm to 25335 am. &
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Fig.2. Size disiribution of cytochrome oxidase proteokiposomes

prepared by direct iIncorporation. Liposomes {40 mg/ml)
were prepared as described in the legend to fig.1. The lipo-
somas were incubated with cytoctrome oxidase (2 mg/ml)
for 30 min at room temperaturz and the resuliing mixture
was fractionated oun a Sepharose column. Samples were with-
drawn and assayed for phospholipid concentration, liposome
size, activity and sespiratory coairel. The specific activity of
the reconstituted enzyme was 25 gatoms oXygen/min mg and
iis respiratory control ratio was 5.5, The recovery of phos-
phaelipid and activity after the columa was 6% and 84%,
respectively.

small amount of enzyme was eluted from the coluemn
with the void volume, but as it exhibited no respira-
tory control, it probably was in an aggrepated form
~and was not incorporatad into liposomes.

Cytochrome oxidase proieoliposomes prepared by
cholate dialysis were analysad in a sirnilar fashion.
The liposomes prepared by this procedure were larger
than those prepared by sonication without detersents
(fig.3}. However, the size distribution of the enzyroe-
containing vesicles was similar to that of the proteo-
liposomes prepared by dirsct incorporation of the
ERTYINE.

4. Discussion

We have shown that out of ali liposomes formed
by sonication, only the smaller ones with a diameter
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Fig.3. Size distribution of eyitochroms oxidase proieociipo-
somes prepared by cholawe dizlvsis. Cyiochrome oxidase
pioteolipusomes were prepared from the foliowing mixture:
[3?P]phosphatidylcholire (20 umol, 0.25 uCi), cardislipin
{5 pmol), cytochrome oxidase {1 mg) and potassinm cholate
(20 mg) in 1 m! buffer, by dialysis overnight against 200 vol.
buffer. The resulting proteoliposomes exhibited respiratory
control ratio of 8.0 and an uncoupled aclivity of 18 uatoms
oxygen/min mz. The vesicles were fractionated in a Sepharose
soiemn. Samples of the fractions were testad for phospho-
lipid content, respiratory control of the enzyme and its
uncoupled activity. Recniratory control decreased upon gel
filtration. The recovery of phospholipid and uncoupled
activity was 94% and 92%, respectively.

of approx. 22 nm, are suitable for incorporation of
cytochrome oxidase. This explains, at least in part;
the high lipid : protein ratios required for recon-
stitution of cytochrome oxidase. The size distribu-
ion of protecliposomss formed by direct incorpora-
tion and cholate dialysis is almost identical. Thus,
despite the apparent difference between the iwo
procediures, the actweal insertion of the protein into
the vesicles must be similar in both cases. Ii seems
that in the cholate dialysis procedurz, liposomes are
first formed by partial dialysis, and only afier further
dialysis is the protein inserted into the already
formed liposomes.
The size range of liposomes suitzble for incorpora-
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tion of cytochrome oxidase is extremely narrow.
Similar size requirements, although less stringent,

were described for other functional assays of phospho-

lipid model systems. Fusion oceurs in protecliposomes
coniaining acidic pheipholipids with diameters up to
100200 nm [14] . Fusion of liposomes larger than
200 nm can be induced by generation of csmotic
pressure across the liposome membranes [15] . Phos-
pholipid sxchange protein caialyzes the transfer of
phosphatidylcholine from sonicated neutral lipo-
somes but nat from multilamellar vesicles [11].
Inclusion of acidic phaspholipid, e g., cardiolipin,
facilitates the transfer of phosphatidylcholine zlso
from muliilamellar vesicles [16].

Small liposomes, containing more than one phos-
pholipid, are distinguished by the high curvaiure and

the asy'metry of their membranes_ Rtructural studies
with nuclear magnetic resonance [17], differeniiai
scanning calorimetry {18] and phospholipases [19]

"indicated that the high curvature causes a looser and
less tiphtly-packed organization of the phospholipids.
Introduction of acidic phaspholipids intc the vesicles
may cause a further perturbation of the packing of
the membrane, due to ¢lectrostatic repulsion of the
anionic nead groups.

The stringent size requirements of cytochrome
oxidase incorporation into liposomes may indicate
that also in vive nascent membrane polypeptides are
inserted preferentizlly into curved regions of biolog-
ical membranes, e.g., apices of the mitochondrial
crisiae and chioroplast thyiakoids. The present work
might explain the diificulties encountered in incor-
poration of membrane proteins into planar black
lipid membranes.
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