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Cytochrome b 5 spontaneously binds to liposomes in a 'loose', or transferable form, whereas in vivo b 5 binds post-translationaily 
to the ER in the 'tight' or nontransferable form. The mechanism of tight insertion is unknown, except that it does not require 
SRP or energy input. The present study shows that prolonged incubation of b 5 with large unilameUar vesicles (LUVs) of 
phosphatidylcholine results in slow conversion of the loose to the tight form, with a halftime of days. However, the process is 
complex. When the bs-LUVs are depleted of loose bs, by transfer of b 5 to sonicated vesicles, the tight b 5 is found to be 
concentrated to near saturating levels in a small fraction of the LUVs. If the LUVs devoid of tight b 5 are recovered and then 
reincubated with fresh b 5, the same slow transformation recurs. Apparently, a new population of vesicles, containing tight bs, is 
generated during the prolonged incubation with the protein. The bs-enriched LUVs contain about the same level of trapped 
sucrose as does the original vesicle preparation, indicating that vesicle integrity is maintained throughout the process. When 
fresh b 5 is added to these tight bs-containing LUVs, all the freshly bound protein rapidly inserts (< 2 h) into the tight 
configuration. Apparently, the newly formed tight-bs/LUV vesicle population is 'insertion-active'. A model for these complex 
transformations is proposed. 

Introduction 

It is now well recognized that many water soluble 
proteins spontaneously bind to and insert into biologi- 
cal membranes [1-3]. The thermodynamics, kinetics, 
and other mechanistic features of this process have 
been, and will continue to be, ,extensively studied with 
liposomes as a model membrane system. The present 
report  describes some novel phenomena that occur 
when cytochrome b 5 is incubated with large unilamel- 
lar phosphatidylcholine vesicles for periods of time 
ranging from 2 to 96 h. 

Cytochrome b5, a component of the microsomal 
electron transport system, is an integral membrane 
protein with an N-terminal water-soluble catalytic do- 
main and a C-terminal membrane-binding anchor [4]. 
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Synthesized without a signal sequence on water-soluble 
ribosomes, this protein spontaneously inserts into 
intracellular membranes without using signal recogni- 
tion particle, receptors, ATP hydrolysis, or a mem- 
brane potential [5-8]. 

The purified detergent-free protein is water-soluble, 
as an equilibrium mixture of octomers and monomers 
[9], yet spontaneously binds to pre-formed lipid vesicles 
of phosphatidylcholine [10-16]. When added to pre- 
formed vesicles, cytochrome b 5 usually inserts in a 
so-called 'loose' binding form, characterized by the 
ability of the protein to spontaneously transfer from 
one vesicle population to another [17,18]. In the loose 
configuration the hydrophobic tail forms a hairpin 
structure that penetrates part way into the bilayer, 
leaving three to eight C-terminal residues in the exter- 
nal aqueous phase alongside the catalytic domain [4,19]. 
In contrast, the endogenous cytochrome b 5 in micro- 
sprees is bound in a nontransferable or 'tight' binding 
form [18]. The tight binding form can be generated in 
liposomes by using reconstitution procedures that are 
commonly employed to incorporate integral membrane 
proteins into lipid vesicles [18,20-22]. The configura- 
tion of the hydrophobic tail in the tight binding form 
has not yet been resolved; photolabelling studies indi- 
cate that it spans the bilayer [23] whereas other types 
of studies indicate that it does not [4,24,25]. 



In a previous study of inter-vesicle protein transfer 
in this laboratory, it was found that incubation of 
cytochrome b 5 for 2 h with preformed large unila- 
mellar vesicles (LUVs) of 1-palmitoyl-2-oleoyl-phos- 
phatidylcholine (POPC), dioleoylphosphatidylcholine 
(DOPC), or egg phosphatidyleholine leads to the spon- 
taneous tight insertion of about 10% of the protein 
[26]. This result, which suggested that the barrier to 
tight insertion might not be as large as had previously 
been thought, has prompted a more detailed examina- 
tion of the kinetics and mechanism of cytochrome b 5 
insertion into LUVs. The present study shows that 
after the initial 2 h, continued prolonged incubation of 
cytochrome b 5 with PC LUVs leads to a slow but 
steady increase in the percentage of tightly bound 
protein. However, the mechanism of tight binding is 
complex. The tightly bound protein is found to be 
concentrated in a small fraction of the LUVs and, what 
is most remarkable, these vesicles, though imperme- 
able to sucrose, are highly 'insertion-active': fresh cy- 
tochrome b5, added exogenously, rapidly inserts with 
100% efficiency into the tight configuration. The impli- 
cations of these results will be discussed. 

A preliminary report of these results has been pre- 
sented [27]. 

Materials and Methods 

Non-radioactive lipids were obtained from Avanti 
Polar Lipids and were used without further purifica- 
tion. 1-Palmitoyl-2-[1- t4 C]oleoyl-L-3-phosphatidylchol - 
ine ([ 14C]POPC), [6,6'(n)- 3 H]sucrose ([ 3H]sucrose), and 
ethyl [1-14C]acetimidate hydrochloride were obtained 
from Amersham; [9,10(n)-3H]triolein ([3H]triolein) 
from New England Nuclear; nonlabelled ethyl acetimi- 
date from Sigma. 

Bovine cytochrome b5 was purified to homogeneity 
as previously described [28]. [14C]Amidinated cy- 
tochrome b 5 was prepared by modification [28] of the 
method used by Dailey and Strittmatter [29] to prepare 
amidinated catalytic fragments. 

Homogeneous populations of small unilamellar vesi- 
cles (SUVs) were obtained by sonieation of lipid dis- 
persions followed by ultraeentrifugation to remove 
larger particles [26]. The buffer in all cases was 20 mM 
Tris/0.1 M NaC1/0.1 mM EDTA (pH 8.1) and will be 
simply referred to as Tris buffer. Lipid phosphorus was 
determined by the Bartlett procedure [30]. 

Large unilamellar vesicles (LUVs) of POPC and 
POPC/DMPC were obtained by reverse-phase evapo- 
ration followed by extrusion through polycarbonate 
membranes and fractionation by gel .filtration [26]. 
LUVs were also prepared by the detergent-removal 
procedure of Enoch and Strittmatter [31] with modifi- 
cations [26]. An additional fractionation step had to be 

employed for LUVs of DOPC and DOPC/DMPC in 
order to obtain a population of vesicles that could be 
cleanly separated from SUVs by sedimentation. These 
LUVs were sedimented through a 0.5% glycerol step 
gradient (see below for composition) for 60 min at 
45 000 rpm in a Ti50 rotor (Beckman ultracentrifuge). 
Ten fractions were collected, and the faster sediment- 
ing vesicles (usually obtained in fractions 6 and 7) were 
kept for subsequent studies. These fractions were 
pooled and dialyzed overnight against the Tris buffer 
before use. 

[14C]POPC or [3H]triolein was incorporated into the 
lipid bilayers by adding the labelled compounds to the 
chloroformic lipid solution prior to formation of the 
lipid dispersions. To prepare LUVs with trapped 
[3H]sucrose, the labelled sucrose was included in the 
buffer during the reverse-phase evaporation procedure. 
External sucrose was removed by gel filtration on a 
Sepharose 2B-CL column (1.6 × 55 cm) equilibrated 
with the Tris buffer. This column also removes small 
vesicles that are formed during LUV preparation. 

Cytochrome bs-LUV complexes were formed by in- 
cubating the protein with preformed vesicles of POPC, 
DOPC, or DMPC/DOPC (1 : 1) for at least 2 h at 30°C 
under argon. (A 2-h incubation ensures > 95% protein 
binding under the conditions that we employ.) The 
extent of tight binding was determined by depleting the 
LUVs of loose cytochrome b 5 via intervesicle transfer 
to an excess of SUVs, then separating the vesicle 
populations by sedimentation and analyzing the frac- 
tions for cytochrome b 5 and lipid. The SUV-acceptor 
to LUV-donor phospholipid ratio was 3:1 or 4: 1, 
which is more than sufficient to deplete the LUVs of 
loose cytochrome b 5 because the protein has a much 
higher affinity for the small vesicles [26]. Donors and 
acceptors were incubated for 2 h at 30°C prior to 
separation. 

The LUVs and SUVs were separated from one 
another by velocity sedimentation through a glycerol 
step gradient consisting of 0.5 ml sample at the top, 1.4 
ml of a solution in the middle that was varied from 
0.5-3% glycerol (w/w) (depending on the sedimenta- 
tion rates of the particles to be separated), and 0.1 ml 
60% glycerol (w/w) at the bottom. Samples were cen- 
trifuged for 60 min at room temperature in a Ti50 
rotor at 45 000 rpm, and then separated into ten equal 
fractions and analyzed for cytochrome b 5 and lipid. 
The concentration of non-radioactive cytochrome b 5 
was determined from the 413 nm absorbance as previ- 
ously described [26]. In experiments requiring levels of 
protein that are too low to be assayed spectrophoto- 
metrically, the labelled cytochrome b 5 was used. The 
concentrations of radioactive protein and lipid were 
determined by scintillation counting (Mark III Packard 
counter), using Beckman HP liquid scintillation cock- 
tail. 



A significant fraction of the radioactivity in the 
14C-amidinated cytochrome b 5 preparation (approx. 
25%) did not bind to vesicles even at very high 
lipid/protein ratios. Nonbound counts, which were 
assumed to arise from a cytochrome b 5 dimer formed 
by covalent crosslinking of the monomers during the 
amidination reaction [28], were determined in every 
experiment, and subtracted from the totals to deter- 
mine the fraction of cytochrome b 5 loosely and tightly 
bound. But after these studies were completed, the 
nature of this non-binding fraction was re-examined. 
No dimer was evident on SDS-polyacrylamide gel elec- 
trophoresis; the amidinated protein appeared to be as 
homogeneous as the starting protein. In a binding 
study, the amidinated protein was incubated with an 
excess of POPC-LUVs, then the mixture was subjected 
to gel filtration on a Sepharose 2B-CL column. The 
fractions were analyzed for lipid, 14C, and 413 nm 
absorbance. The results showed that nonbound 14C- 
containing material, which eluted in the included vol- 
ume, had an insignificant absorption spectrum in the 
visible region. When a fresh aliquot of LUVs was 
added to this material, none of the counts eluted with 
the vesicles. From these results we conclude that the 
nonbound material, though still uncharacterized, does 
not affect the results or interpretations of our experi- 
ments. 

Since there are no residues in the nonpolar tail that 
can be amidiniated, and since amidination is a rela- 
tively modest modification of amino groups, the lipid 
binding properties of amidinated cytochrome b 5 should 
be virtually identical to that of the native protein. This 
seems to be the case for several reasons: (1) Dailey and 
Strittmatter (1980) have shown that the amidinated 
protein binds to vesicles containing steoryl-CoA desat- 
urase; (2) we have found that when excess protein is 
added to POPC-LUVs, the saturation levels of native 
and amidinated cytochrome b 5 binding are compara- 
ble, with values of 7.0 and 8-9 mol per 1000 mol lipid, 
respectively; (3) as will be shown in Results (Fig. 7), 
when amidinated cytochrome b 5 is added to freshly 
prepared LUVs, the extent of loose binding is the same 
as with native cytochrome bs, and the rate of tight 
insertion is indistinguishable from that observed with 
native (compare Figs. 2 and 7). 

Results  

Appearance of nontransferable cytochrome b s upon pro- 
longed incubation with LUVs 

Cytochrome b 5 and LUVs of phosphatidylcholines 
were incubated for 2-96 h at 30°C. Aliquots were 
withdrawn at various times and an excess of SUV 
acceptors were added to deplete the LUV donors of 
loosely bound protein. After a 2-h incubation with 
acceptors, the vesicle populations were separated by 
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Fig. I. Glycerol gradient analysis of cytochrome b s - L W  incubations. 
(Panel A) Cytochrome b s (3.6 nmol) was incubated for 2 h at 30"C 
with POPC LUVs (3 ~mol of POPC containing as a marker 4.0-104 
dpm [3H]triolein/~mol phospholipid) in a total volume of 0.887 ml 
20 mM Tris, 0.1 M NaC1, 0.1 mM EDTA (pH 8.1). A 0.5-ml sample 
was then fractionated by sedimentation on a l%-glycerol step gradi- 
ent as described in Materials and Methods, and analyzed for cy- 
tochrome b 5 and 3H. (Panel B) After 2 h incubation of cytochrome 
b 5 (3.6 nmol) with LUVs (3.0 ~mol of POPC; total volume, 0.353 ml), 
SUV acceptors were added (12/zmol of POPC doped with 1.24.104 
dpm [14C]triolein//zmol PC; total volume, 0.887 ml) and the mixture 
was incubated for 2 h at 30°C to deplete the LUVs of loose 
cytochrome b 5. 0.5 ml was then applied to the glycerol gradient, 
fractionated, and analyzed for cytochrome b5, 3H, and 14C. (Panel C) 
Cytochrome b s and LUVs were incubated for 96 h before addition of 
SUV acceptors. Subsequent procedures were the same as in Panel B. 

sedimentation and assayed for lipid and protein to 
determine the fraction of cytochrome b 5 tightly bound 
to the LUVs. 

Fig. 1 shows typical results that are obtained when 
cytochrome b 5 is incubated with LUVs of phospha- 
tidylcholine for a short and a long period of time. After 
a 2-h incubation period (Panel A), the LUVs and 
protein essentially comigrate, reflecting the formation 
of a protein-lipid complex. The protein and lipid pro- 
files are not exactly coincident, however: a relatively 
higher ratio of protein to lipid is seen towards the 
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Fig. 2. Kinetics of tight binding. (Upper curve) Interaction with 
LUVs of equimolar DOPC: DMPC. Four identical mixtures contain- 
ing cytochrome b 5 and DOPC/DMPC LUVs (2.4 nmol protein and 
2 /zmol phospholipid doped with 2.3-104 dpm []4C]triolein/p, mol 
lipid; total volume, 0.555 ml) were incubated at 30°C for different 
periods of time: 2, 24, 48, and 96 h. At the end of each incubation, 
SUV acceptors (8/zmol of DOPC doped with 6.25.104 dpm [3H]tri- 
olein//zmol lipid in 0.445 ml buffer) were then added and the 
mixture was allowed to incubate for an additional 2 h. 0.5 ml was 
then applied to a 3% glycerol step gradient for fractionation and 
analysis. (Lower curve) Interaction with LUVs of POPC. Four incu- 
bation mixtures were used, as described above. The quantities, 
conditions and experimental protocol for measuring the amount of 

tight binding were the same as described in Fig. lB. 

bottom of the gradient. Addition of SUV acceptors to 
the protein-LUV complexes (Panel B) removes all but 
10-20% of the cytochrome b 5 from the LUV popula- 
tion, indicating that this smaller fraction of the protein 
is tightly bound at the 2 h time point. Moreover, the 
tightly bound protein is found to be concentrated in a 
relatively small fraction of the LUVs. 

Panel C shows the sedimentation profile after a 96 h 
incubation of cytochrome bs-LUV complexes followed 
by a 2 h incubation with SUV acceptors. Clearly, the 
amount of nontransferable cytochrome b5 is substan- 
tially increased by the long incubation as the tight form 
accumulates in a fraction of the LUVs. Analysis of 
samples taken at 2, 24, 48, 72, and 96 h shows that the 
changes in the sedimentation profiles evolve smoothly 
from the one in Panel B to the one in Panel C (data 
not shown). 

The kinetics of tight binding (Fig. 2) indicates that 
the process involves an initial rapid phase followed by 
a much slower phase. Since we cannot determine the 
amount of tight binding before two hours, we can only 
estimate the lower limit of the rate of the fast phase: 
For POPC-LUVs the halftime is < 8 h, whereas for 
LUVs composed of D O P C / D M P C  (1 : 1) the halftime 
is < 5 h. The halftimes for the slow phase are about 9 
days for POPC-LUVs and about 1.5 days for 
D O P C / D M P C  LUVs. 

The kinetics of tight insertion were insensitive to the 
starting lipid concentration, which was varied from 

1-10 mM phospholipid, and also insensitive to the 
starting mole ratio of cytochrome b 5 to phospholipid, 
which was varied from 1 : 833 to 1 : 208. 

In a control experiment, LUVs were preincubated 
for 72 h in the absence of cytochrome b 5 before 
addition of the protein; the results were indistinguish- 
able from those obtained with fresh LUVs. Other 
control experiments will be discussed later. 

Characterization of the fractions having tightly bound 
cytochrome b 5 

One cannot automatically assume that the newly 
formed fast-sedimenting particles are LUVs; it is con- 
ceivable that during the incubations with cytochrome 
b 5 the starting LUVs are converted to small vesicles, 
multilamellar vesicles, or even nonvesicular structures 
such as mixed micelles. (For small vesicles or mixed 
micelles to sediment so fast, supramolecular aggregates 
would have to form.) We therefore carried out experi- 
ments to characterize these complexes. 

To determine whether the protein-enriched parti- 
cles are structurally intact vesicles, the trapped volume 
of LUVs was determined before and after the incuba- 
tion with cytochrome b 5. A protocol similar to the one 
described in the legend to Fig. 1 was followed, but this 
time with LUVs containing trapped sucrose. After 
addition of SUV acceptors and sedimentation through 
the glycerol gradient, the bottom fractions were col- 
lected, dialyzed, brought to 25% in D20,  and cen- 
trifuged for 60 min at 45 000 rpm in a Ti50 rotor. As 
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Fig. 3. Characterization of fractions with tightly bound cytochrome 
b 5. Cytochrome b s (30 nmol) was incubated with POPC LUVs (25 
/~mol POPC doped with 7.2" 104 dpm [14C]triolein//~mol phospho- 
lipid; total volume, 3.13 ml). The vesicles also contained entrapped 
[3H]sucrose (1.25' 10 s dpm//zmol phospholipid). After 90 h incuba- 
tion, POPC SUVs (97 /~mol) were added and the mixture was 
allowed to incubate for an additional 2 h. 0.5-ml aliquots were then 
sedimented through 3%-glycerol step gradients, and the lipoprotein 
complexes containing tightly bound cytochrome b s were recovered in 
the bottom fractions. The fractions were pooled, dialyzed against 
buffer (to remove glycerol) brought to 25% in D20 and centrifuged 
for 60 min at 45000 rpm in a Ti50 rotor. The sedimentation profile 

from this last step is shown in the figure. 



shown in Fig. 3 sedimentation through the D 2 0  solu- 
tion cleanly separates the protein-enriched fractions 
from residual LUVs that have been depleted of cy- 
tochrome b 5. As shown, the trapped volume ([3H]- 

sucrose/phospholipid) of the protein-enriched com- 
plexes is comparable to that of the protein-depleted 
LUVs (and to the starting LUVs). We also found that 
all these particles elute in the void volume of a 
Sepharose 2B-CL column (not shown). 

These results show that the proteoliposomes are 
large, structurally intact vesicles. It is reasonable to 
conclude that they are LUVs rather than MLVs be- 
cause LUVs cannot be converted to MLVs without 
breaking and resealing, which would result in a loss of 
vesicle contents. It is conceivable, however, that larger 
LUVs arise from non-leaky fusion of smaller ones. 

The protein to lipid ratio in these fractions was 
found to be about 1 : 200. Recent studies in this labora- 
tory have shown that this is comparable to the saturat- 
ing level of binding (approx. 1 : 150) that occurs when 
excess cytochrome b 5 is added to POPC-LUVs. The 
significance of this observation will be disussed later. 

Attempts to find evidence for a pre-existing insertion-ac- 
tive fraction in LUV preparations 

The results presented above show that all of the 
tightly bound cytochrome b 5 is concentrated in a small 
fraction of the LUV population. One way to explain 
this observation is to assume that in any preparation of 
LUVs (prior to the addition of protein) a small fraction 
of the vesicles are in a strained, destabilized state that 
renders them 'insertion-active'. How such a population 
would arise is a matter of speculation: Perhaps the 
extrusion of multilamellar vesicles through polycarbon- 
ate membranes, which entails rupture and resealing of 
bilayers, occasionally leads to the formation of LUVs 
that seal before the lipids can organize into a stable 
structure. 

Whatever the mechanism might be, the existence of 
such particles would provide the simplest explanation 
for the results; if such a pre-existing subpopulation 
were present during the prolonged incubations with 
protein, it would act as a sink for the cytochrome b 5 by 
trapping transferable protein in the tight configuration. 
We therefore designed several experiments to see 
whether these putative pre-existing insertion-active 
vesicles exist. 

First, we pre-fractionated the LUVs obtained by the 
reverse-phase evaporation method by gel filtration (Fig. 
4) and sedimentation velocity (Fig. 5). The subfractions 
were then tested for tight-insertion activity with cy- 
tochrome b 5. In all cases the results were indistinguish- 
able from those obtained with unfractionated LUVs. 

Second, we performed a series of experiments simi- 
lar to those shown in Fig. 1, but with vesicles prepared 
by the detergent-removal procedure. Since the deter- 
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Fig. 4. Pre-fractionation of LUVs by gel filtration on Sephacryl 
S-1000. A 2-ml sample of POPC LUVs (13.4 ~mol of phospholipid 
doped with 3.0-104 dpm [14C]triolein//zmol lipid and loaded with 
2.8.10 4 dpm [3H]sucrose//~mol lipid) was subjected to gel filtration 
on a Sephacryl S-1000 column (1.6 × 30 cm) at 4°C and the fractions 
were analyzed for 3H and 14C. Fractions 17-20 (Roman numeral I) 

and 25-35 (Roman numeral II) were separately pooled. 

gent-removal method and the extrusion method of 
LUV preparation are based on entirely different prin- 
ciples (de novo vesicle formation from mixed micelles 
versus mechanical breakdown of larger particles) it 
seems unlikely that the same kind of unstable struc- 
tures could be produced by both methods. The results 
we obtained with the LUVs prepared by detergent 
removal were indistinguishable from the results ob- 
tained with vesicles prepared by reverse-phase evapo- 
ration. 

Third, we tried to selectively remove the putative 
active LUVs from the LUV pool by taking advantage 
of the observation that the LUVs enriched in tight 
cytochrome b 5 sediment faster than the LUVs that 
have been totally stripped of cytochrome b 5 (Panel C 
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Fig. 5. Pre-fractionation of LUVs by sedimentation velocity. A 0.5-ml 
sample of POPC LUVs (5/zmol of POPC doped with 3.25.105 dpm 
[3H]triolein//~mol PC) was layered onto 1.45 ml 2% glycerol and the 
step gradient was centrifuged for 15 rain at 45000 rpm in a Ti50 
rotor. Fractions were assayed for 3H. Fractions 3 and 7 were used for 

subsequent studies. 



of Fig. 1). If a clean separation were successful, and if 
our hypothesis is correct that LUV preparations con- 
tain pre-existing active and inactive subpopulations, we 
should be able to isolate a protein-free fraction of 
LUVs that has no tight binding activity. We should also 
obtain a protein-enriched fraction that could be tested 
for tight binding activity. The experimental protocol 
was as follows. After incubation of LUVs with cy- 
tochrome b 5 for 72 h, SUV acceptors were added and 
the mixture was sedimentec~ through a step gradient 
that contained 3% glycerol in the central layer. As 
shown in Fig. 6, these centrifugation conditions provide 
a good separation of protein-enriched LUVs from pro- 
tein-depleted LUVs. We refer to these as post-frac- 
tionated LUVs, since they are obtained after the incu- 
bation with cytochrome b 5. Protein-depleted LUVs 
(fractions 5 and 6) and protein-enriched LUVs (frac- 
tions 9 and 10) were collected and tested separately for 
their ability to incorporate freshly added cytochrome 
b 5 in the tight configuration. 

The results are shown in Fig. 7. The tight insertion 
activity of post-fractionated protein-depleted vesicles 
(Fractions 5 + 6 from Fig. 6) was indistinguishable from 
that of unfractionated LUVs, and the sedimentation 
profiles changed in the familiar way with time of incu- 
bation as illustrated by the experiment in Fig. 1. When 
the protein-enriched fractions (9 + 10 of Fig. 6) were 
tested for tight insertion activity, all of the freshly 
added cytochrome b 5 that bound became tightly in- 
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Fig. 6. Post-fractionation of LUVs after prolonged incubation with 
cytochrome b s. 30 nmol of [14C]amidinated cytochrome b 5 (3.7.107 
dpm//zmol) was incubated for 72 h with POPC LUVs (25 /.Lmol 
POPC doped with 4.2.105 dpm [3H]triolein//zmol phospholipid; 
total volume, 2.77 ml). POPC SUVs were then added (100 /~mol 
POPC in 4.26 ml) and the mixture was allowed to incubate for an 
additional 2 h. 12 aliquots were then fractionated simultaneously by 
sedimentation through as many 3%-glycerol step gradients (as de- 
scribed in Materials and Methods), and analyzed for 3H and Z4C. A 
representative gradient is shown in the figure; the shaded areas 
indicate the two pools (middle fractions 5 + 6, and bottom fractions 
9+10) that were used for subsequent studies. The arrow shows 

where SUVs elute. 
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Fig. 7. Kinetics of tight binding to postfractionated LUVs. POPC 
LUVs obtained from the gradient shown in Fig. 6 (0.47 ~mol of 
POPC from pooled fractions 5 + 6; 0.088 ~mol of POPC from pooled 
fractions 9 + 10)were incubated with [14C]amidinated cytochrome b 5 
(1 mol protein:416 mol lipid; total volume, 0.65 ml) for 2, 24, 48 and 
72 h. As a control, protein was also incubated with a sample of 
freshly prepared POPC LUVs (0.5 /zmol phospholipid). At the end 
of each incubation period, a 4-fold excess of POPC SUVs was added 
and the mixture allowed to incubate for an additional 2 h. After 
separation on 3%-glycerol step gradients, the fractions were analyzed 
for 3H and 14C. Results were corrected for unbound protein (see 

Methods). 

serted within 2 h, the shortest time that can be moni- 
tored with our assay. Evidently, the protein-enriched 
vesicles are 'insertion-active'. 

To ensure that exposure to glycerol and subsequent 
dialysis does not make vesicles insertion-active, control 
experiments were performed as follows. Fresh POPC- 
LUVs were incubated with either native or amidinated 
cytochrome b 5 for 2 h at 30°C to form complexes. Then 
an equal volume of 60% glycerol was added, and after 
a 1 h incubation, the mixture was dialyzed overnight. 
The fraction of protein tightly bound after this treat- 
ment was found to be, on average, 26%, which is 
indistinguishable from results obtained with vesicles 
that have not been subjected to this pre-treatment. 

The results with fractions 5 + 6 strongly suggest that 
the results shown in Fig. 1 do not result from a pre-ex- 
isting active fraction of LUVs in a LUV preparation. 
Rather, the protein-enriched particles appear to be 
generated from 'normal '  LUVs during the incubation 
with cytochrome b 5. 

The fact that post-fractionated protein-depleted 
LUVs show no greater insertion activity than do fresh 
vesicles also serves as a control to rule out the possibil- 
ity that tight insertion is caused by lipid degradation 
during the long incubations. If lipid degradation were 
responsible for tight insertion, all the vesicles should 
be equally insertion-active since there is no obvious 
reason why a subpopulation of the LUVs should selec- 
tively accumulate such degradation products. It should 
be noted that all the vesicles contain bound cyto- 



chrome b 5, either loose or tight, during the incubation 
period. Therefore, one cannot invoke a mechanism 
wherein only the protein-enriched particles become 
degraded. 

Additional controls showed that tight insertion into 
the protein enriched insertion-active vesicles (fractions 
9 + 10 of Fig. 6) is not due to lipid degradation. The 
insertion-active proteoliposomes were subjected to a 
Folch extraction, and the extracted lipids were used to 
form a second batch of LUVs. These LUVs, when 
tested for tight insertion activity, were found to be 
indistinguishable from fresh LUVs. Experiments per- 
formed with sterile solutions (Millipore filtered with 
sodium azide included) showed the same results: this 
rules out the possibility that bacterial contamination, 
which could cause lipid breakdown, might be responsi- 
ble for the insertion activity. Finally, no lipid break- 
down products were evident on thin-layer chromato- 
grams. 

Additional studies on the insertion-active vesicles 
A simple explanation for the insertion activity of 

fractions 9 + 10 is that cytochrome b 5 in the tight 
configuration facilitates the tight insertion of addi- 
tional cytochrome b 5. To test this possiblility, we first 
prepared proteoliposomes of cytochrome bs /POPC by 
a detergent-reconstitution procedure that incorporates 
cytochrome b 5 into the tight configuration [18]. Exoge- 
nous cytochrome b 5 was then added to the proteo- 
liposomes, and after a 2 h incubation period the frac- 
tion of tightly bound protein was determined by trans- 
fer to the SUVs. The results showed that 79% of the 
bound protein was transferable. This demonstrates that 
the proteoliposomes prepared by detergent-removal are 
not insertion-active, which seems to rule out the possi- 
bility that tightly bound cytochrome bs, per se, cata- 
lyzes tight insertion of more protein. 

Discussion 

We have shown that when cytochrome b 5 is incu- 
bated with LUVs, (1) initially, a small fraction of the 
protein is rapidly inserted in the tight configuration, (2) 
subsequently, the major fraction of the protein be- 
comes tightly inserted on a time scale of days, (3) all of 
the tightly inserted protein is found concentrated (at 
approximately saturating levels) in a small fraction of 
the vesicles, (4) all exogenously added cytochrome b 5 
that binds to the isolated protein-enriched vesicles 
becomes tightly inserted on a time scale too fast to 
measure with our assay (<  2 h). 

A reaction scheme to account for these results is 
shown (Scheme I). The numbers are postulated approx- 
imate halftimes for the individual steps. Po represents 
the initial form of cytochrome bs, i.e., mainly octomers 
in equilibrium with a small amount of monomers, which 
is added to the vesicles, V. The initial protein-lipid 
interaction forms a complex, LV*, comprised of a 
destablized vesicle, V*, with loosely bound protein, L. 
(Cytochrome b 5 has been shown to transiently destabi- 
lize vesicles [28]). LV* has two fates: conversion to a 
relatively relaxed vesicle with loosely bound protein, 
LV', and conversion to insertion-active vesicles with 
tightly bound protein, [TV]. If, for the sake of illustra- 
tion, the rate of LV' formation is 20-times faster than 
the rate of [TV] formation, the ratio of LV' to all 
vesicles containing tightly bound protein will be about 
20 after the first two hours of incubation, when all the 
Po is bound. 

LV' is the predominant lipoprotein particle present 
throughout the long incubation periods. It exists in 
equilibrium with monomeric cytochrome bs, Pm, and 
can be converted on a time scale of days to [TV] via 
LV*. The initial interaction of Pm with [TV] is postu- 
lated to produce a short-lived loose binding protein, 
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which is rapidly converted to the tight binding form. 
Continued binding of Pm to insertion active vesicles 
eventually produces TsatV, a subpopulation of vesicles 
saturated with tight binding protein. 

The halftimes for the initial binding of cytochrome 
b 5 to vesicles and the halftimes for the transfer of 
cytochrome b 5 between vesicles has been experimen- 
tally determined [18,34]. We have also determined that 
cytochrome b 5 added to insertion-active vesicles forms 
tightly bound protein within 2 h (Fig. 7). What remain 
as hypothetical halftimes in this scheme are the ones 
for interconverting the hypothetical intermediates LV*, 
LV', and [TV]. 

This scheme is rather elaborate because it is neces- 
sary to account for origin of the initial subpopulation 
of activated vesicles (i.e., those that have perhaps one 
or two tightly inserted proteins per vesicle) in a popula- 
tion of proteoliposomes that is expected to behave 
uniformly. While heterogeneity in vesicle activity might 
be understandable if the protein to vesicle ratio was 
very low, compositional heterogenity is unlikely in our 
system where the cyt0chrome b 5 to LUV ratio is at 
least 60 : 1. Though difficult to explain, functional het- 
erogeneity has been observed in systems that appear to 
be nearly homogeneous in composition; in this labora- 
tory, we have recently shown that addition of magainin 
2a to a population of phosphatidylserine LUVs causes 
a burst of solute release, via bilayer destabilization, 
from only a fraction of the vesicles even though the 
ratio of bound peptide per vesicle is at least 1000:1 
[35]. And detergents, in relatively high ratios of bound 
detergent per phospholipid, have also been reported to 
induce all-or-none release of solutes from cells [32,33]. 

An apparent inconsistency in this model is the fol- 
lowing: If the protein-enriched vesicles were saturated 
with protein, it should not have been possible to incor- 
porate additional protein into these isolated proteo- 
liposomes by adding exogenous cytochrome b 5 (Fig. 7). 
This inconsistency can be explained by assuming that a 
true saturation of the protein-enriched vesicles is not 
attained in the original incubation mixture because as 
saturation is approached, charge repulsion of the acidic 
catalytic domain of the protein, and perhaps steric 
effects, substantially reduce the affinity constant for 
remaining sites on the vesicle. In such a case, the 
partitioning of loosely bound protein between vesicle 
species could so heavily favor the vesicles with low 
protein/lipid ratio that further accumulation in the 
protein-enriched fractions would cease short of true 
saturation. However, when protein is added exoge- 
nously to the isolated proteoliposomes (Fig. 7) some 
binding occurs because in this case the protein is 
partitioning between the aqueous phase and a site on 
the vesicle rather than between donor and acceptor 
vesicles; even with a greatly reduced affinity constant, 
the bound state is preferred to the unbound state. 

We must also account for the observation that when 
tight cytochrome b 5 is produced by traditional methods 
such as reconstitution with detergents, the reconsti- 
tuted vesicles are not insertion-active as are the pro- 
tein-enriched vesicles obtained after long incubation. 
One possiblity is that the lipid packing is different in 
vesicles generated in different ways. But there is also 
the possibility that there may be more than one tight 
binding form of the protein. Since tight binding is 
defined operationally (as nontransferable protein) 
rather than structurally, it is possible that the nontrans- 
ferable form generated by detergent-reconstitution dif- 
fers structurally from the nontransferable form gener- 
ated by prolonged incubation. If so, these forms could 
have different effects on the insertion of exogenous 
protein. 

There is at present no way to know which reconsti- 
tution method produces the native stucture of non- 
transferable cytochrome b 5 and/or  the physical prop- 
erties of the native membrane. It has been shown that 
when cytochrome b 5 is incubated with liver micro- 
somes, all the protein inserts rapidly into the nontrans- 
ferable form [18]. This suggests the possibility that the 
insertion-active vesicles we have obtained represent a 
more native-like membrane than those obtained by 
traditional reconstitution methods. 

From a practical standpoint, these studies show that 
complex transformations leading to compositional and 
structural heterogeneity occur in a system that was 
chosen for its simplicity. 
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