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Summary 

The mode of  interaction of  aqueous dispersions of  phospholipid vesicles is 
investigated. The vesicles (average diameter 950 A) are prepared from total 
lipid extracts of  Escherichia coli composed of  phosphatidylethanolamine,  phos- 
phatidylglycerol and cardiolipin. One type  of  vesicle contains trans-A9-octa - 
decenoate,  the other  type  trans-A9-hexadecenoate as predominant  acyl chain 
component .  The vesicles show order~disorder  transitions at transition tem- 
peratures, Tt = 42 ° C and Tt = 29 ° C, respectively. A mixture of  these vesicles is 
incubated at 45°C and lipid transfer is studied as a function of  t ime using the 
phase transition as an indicator. The system reveals the following properties: 
Lipids are transferred between the two vesicle types giving rise to a vesicle 
population where both lipid components  are homogeneously mixed. Lipid 
transfer is asymmetric,  i.e. trans-A9-hexadecenoate-containing lipid molecules 
appear more rapidly in the trans-A%octadecenoate-containing vesicles than vice 
versa. At a given molar ratio of  the two types of  vesicles the rate of  lipid 
transfer is independent  of  the total vesicle concentration. It is concluded that 
lipid exchange through the water phase by way of  single molecules or micelles 
is the mode of  communicat ion of  these negatively charged lipid vesicles. 

Int roduct ion 

Which mechanisms govern the interaction of  biological membranes? This 
basic question can be addressed to highly complex processes like cell-cell recog- 
nition and membrane fusion [1--4] or, on a somewhat  lower level of  sophistica- 

* To whom reprint requests  should be addressed.  
Abbreviat ions:  P- and E-llpids, phospho l ip id  h y d r o c a r b o n  chains containing trans-A 9.hexadecenoate 
and trans.A9-octadecenoate, respect ively .  
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tion, to the interaction of  isolated membrane vesicles [5,6] or the interaction 
between cells and phospholipid vesicles [7--13].  Alternatively, model studies 
on the mode of  interaction of  phospholipid vesicles with defined composit ion 
should reveal some of the basic features o f  more complex systems. This paper is 
devoted to the analysis of  such a model  system. 

A mixture of  two types of  phospholipid bilayer vesicles may communicate  in 
four distinctly different ways: (1) The vesicles do not  interact directly. How- 
ever, since there is an equilibrium between vesicle-associated and water-dis- 
solved phospholipid molecules, molecular exchange between the vesicles may 
occur through the water phase. (2) In addition to freely dissolved and vesicle- 
associated lipids a dispersion may always contain a small fraction of  the lipids 
in the form of  micelles. An association-dissociation equilibrium between 
micelles and vesicles may lead to transfer of  lipids between vesicles. (3) The 
vesicles may exchange phospholipid molecules upon collision. (4) The vesicles 
may fuse upon collision giving rise to recombinant  vesicles which may separate 
again by fission. We will designate these four mechanisms:molecular  exchange, 
micellar exchange, collision-exchange and fusion, respectively. Provided that 
the lipid species are miscible, all four mechanisms will eventually lead to a 
homogeneously mixed vesicle population. 

The mechanism(s) and kinetics of  vesicle interaction will depend on the fol- 
lowing parameters: the structure of  the phospholipids and their critical micellar 
and "critical bilayer" concentrat ion (cf. mechanisms 1 and 2, respectively), the 
size and concentrat ion of  vesicles, variables such as pH, ionic strength, and tem- 
perature as well as the presence or absence of  other lipidic or non-lipidic com- 
ponents.  In view of  the large number  of  variables no rules have emerged as to 
which mechanism of interaction will dominate  the events under a given set of  
conditions [ 14--23 ]. 

In the present study,  we chose to investigate the interaction of  bilayer vesi- 
cles formed from total phospholipid extracts of  the bacterium Escherichia coli. 
The lipids contain about  80% of the zwitter-ionic phosphatidylethanolamine 
and 20% of  the acidic lipids phosphatidylglycerol and cardiolipin. Vesicles 
formed from these lipids will thus be negatively charged in the neutral pH 
region. It will be shown that exchange of  molecules through the water phase by 
way of  single molecules or micelles appears to be the predominant  mode of  
communicat ion of  such vesicles. 

Lipid exchange will be analyzed using two vesicle populations having a dif- 
ferent phospholipid hydrocarbon chain composition. One type  contains trans- 
Ag-hexadecenoate, the other  trans-AO-octadecenoate as predominant  fat ty  acid. 
The lipids will be referred to as P-lipids and E-lipids, respectively. Aqueous dis- 
persions of  P- and E-lipids show order~disorder  phase transitions at distinct 
temperatures [24] which serve as the tool  for analyzing the mechanism of  lipid 
transfer. 

Materials and Methods 

Phospholipids. The lipid samples used in this s tudy were isolated from the 
unsaturated fat ty acid-requiring E. coli mutant  strain K1062. Their prepara- 
tion and properties have been described in detail in a previous communication 
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[24].  Total lipid extracts from whole cells grown in the presence of  trans -A9- 
Cls:l * or  trans-A9-C16:l were fractionated by silicic acid chromatography 
and all phospholipid-containing fractions were pooled. The samples contained 
82 mol % phosphatidylethanolamine,  11 mol % cardiolipin and 7 mol % phos- 
phatidylglycerol as determined for a representative sample of  E-lipid extract.  
The fat ty acid composi t ion of  the E-lipids (in mol %) was: C12.0 = 1.6, C14:o = 
14.0, C16:0 = 13.5, Cle:S = 2.6, trans-A%Cls:l = 68.3. The P-lipids contained 
C14:o = 4.3, C16:o = 12.8, trans-Ag-C16:l = 82.8. The average molecular weight 
was 809 and 760 for the E- and P-lipids, respectively. 

10 mg lipid in 4 ml bidistiUed water were sonicated for 10 min at 45°C 
under  nitrogen using a Branson Sonifier at a power  setting of  30 W. The disper- 
sions were diluted to a concentrat ion of  2 • 10 -3 M and incubated for 12 h at 
45°C. The transition temperature of  E- and P-lipids remained unaffected by  
incubation times up to 60 h. This is taken as evidence that  lipid breakdown is 
negligible under these conditions. The samples had a pH 5.5--5.8. 

Electronmicroscopy of highly diluted lipid dispersions (10 -8 M) was per- 
formed by the agar filtration technique described by Kellenberger and Arber 
[25].  In this technique, the vesicles are filtered onto  a collodium film which 
covers the surface of  an agar plate. The collodium film is subsequently trans- 
ferred to a grid and shadowed with platinum. The diameter of  the vesicles is 
taken from electron micrographs of  the platinum replicas. 

Measurement o f  lipid phase transitions. These were monitored by 90 ° light 
scattering in a Hitachi-Perkin-Elmer Model MPF3 spectrofluorimeter at a wave- 
length of  400 nm for both excitation and ~mission as previously described 
[24].  The temperature in the cure t  was changJd between 20 and 50°C at a rate 
of  1 ° C/rain. 

Normalization o f  the transition curves. Above and below the transition (cf. 
Fig. 2) the curves show a non-linear decrease in intensity (I) as a function of  
temperature (T), which can be described by an exponential function of  the 
form 

n l . 2 ( T  ) = a "  e - b T  + el ,  2 (1 )  

The indices 1 and 2 refer to the low-temperature and the high-temperature part  
of  the curves, respectively. The functions nl. 2(T) were extrapolated to the tem- 
perature range of  the transition. Choosing n2(T) as base line, a normalized 
transition curve N(T)  between 0 and 1 was obtained: 

I(T) -- n2(T) 
N(T) - (2) 

Cl - -  C 2 

The same procedure was applied to composi te  curves of  mixtures of  two lipid 
components  (cf. Figs. 2 and 3). 

Numerical fitting o f  the transition curves. The normalized transition curves 
were numerically fitted to an empirical function. For  single components  E or P 
(cf. Fig. 2B) a modified hyperbolic tangens of  the following form was used 

fE, p ( T )  = 1/211 -- tanh{SE,p(T - -  TtE, p) + k (T  - -  TtE.p)3) ]  (3 )  

* F a t t y  acids  are des ignated  b y  th e  n u m b e r  o f  carbon  a t o m s  b e f o r e  the  c o l o n  and the  n u m b e r  o f  
d o u b l e  b o n d s  af ter  th e  c o l o n .  
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S denotes  the slope of  the curve. The transition temperature,  Tt, is defined as 
the point  o f  inflection of  the curve. The third-order term k (T--Ttze) 3 was 
introduced in order to describe the sharp shoulders of  the curves. Fitting of  the 
single component  curves yielded a value for h = 0.006. This value was sub- 
sequently also used for composi te  curves obtained for mixtures of  E- and P.ves- 
icles. 

In composi te  curves of  two vesicle populations (cf. Fig. 3B) f(T} can be 
described by  the sum of  the two components  

f ( T ) E + p  = 1/2Ap[Zp]  + 1/2(1 - -  A p ) [ Z E ]  (4) 

Here Zp and ZE refer to the term in brackets in Eqn. 3 for the E- and P-com- 
ponent ,  respectively. Ap and AE = 1--Ap denote  the amplitudes of  the two com- 
ponents.  

Eqn. 4 was used to determine the free parameters Ap, SE, Sp, TtE, and Ttp by 
fitting the function f(T)z÷p to the normalized curves using a chi-square-fit. 

Results 

Properties of lipid vesicles 
Size distribution. The size distribution of  the lipid vesicles used in this s tudy 

is shown in Fig. 1. The average diameter,  d, for the E-vesicles is 950 & Within 
the experimental error, d did no t  change when the vesicles were incubated for 
4800 min at 45 ° C. Moreover, the size distribution of  an equal mixture of  E- 
and P-vesicles is similar directly after mixing and after 2400 min at 45 ° C. Thus, 
the size distribution appears to be in a state of  equilibrium. However,  this con- 
stancy could either indicate that  the vesicles do not  interact at all or it could be 
maintained in spite of  the occurrence of  complex fusion/fission or exchange 
processes. 
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Lipid phase transitions of the individual components. E- and P-vesicles reveal 
reversible changes in 90 ° light scattering intensity at the orders+disorder transi- 
tion (cf. Fig. 2A and ref. 24). On a molar basis, the change in intensity at the 
phase transition is smaller for P-vesicles than for E-vesicles. The rising tempera- 
ture scans were normalized and fitted to an empirical formula (see Eqn. 3 in 
Materials and Methods). Fig. 2B shows the agreement between the experi- 
mental and the computer simulated curves. Values for the transition tempera- 
tures are Tte = 29°C and TtE = 42°C for the P- and E-vesicles, respectively. 

In a mixture of  vesicles the light scattering characteristics of  the individual 
components  are retained and can be described by the following additive func- 
tion: 

r/(T)E + (1 - -  r)I(T)p = I(T)E+p • (5) 

I(T)E, I(T)p and I(T)E+e denote the scattering intensity as a function o f  temper- 
ature for the single components  and the mixture, respectively. The mol  fraction 
of  the vesicle mixture,  r, is defined as 

[E] 
r = (6 )  

[ E l  + [ P l  

where [E] and [P] denote the concentration of  E- and P-lipids, respectively. 
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For a given value of  r, I(T)E+p remained constant  throughout  an exchange 
experiment  (cf. Fig. 5) both for T >> TtE, Ttp or T << TtE, Ttp. 

In Fig. 3A an experimental curve I(T)E÷p for an equimolar mixture of  vesicles 
(r = 1/2) is compared with a curve calculated from I(T)E and l(T)p (cf. Fig. 2A) 
according to Eqn. 5. Since the E- and P-vesicles evidently contribute to the 
total light scattering intensity in an additive way, the characteristics of  the two 
components  regarding both the values for the transition temperature,  Tte and 
TtE, as well as their relative contribution to the amplitudes of the intensity 
change at the transition, A E and Ae, are retained after normalization (cf. Fig. 
3B). 

Phase diagram of lipid mixtures. Lipid exchange between E- and P-vesicles 
will be analyzed in terms of changes in the transition temperatures, T t and 

E 2  
changes in the amplitudes, As, l,. Therefore, it was important  to study the 
behaviour of homogeneous mixtures of the two components.  E- and P-lipids 
were dissolved in benzene and mixed in various proportions. After  removal of  
the solvent, aqueous dispersions were prepared by sonication and analyzed by 
90 ° light scattering. Fig. 4A demonstrates that  the Tt values of mixed vesicles 
fall on a straight line between the extremes, Ttp and TtE, i.e. 

T t ( x  ) = ( T t E  - -  Ttp)x + Ttp ( 7 )  

where x refers to the molar ratio of E-lipids in the mixed vesicle population. 
This result suggests that  E- and P-lipids are completely miscible at all values of x 
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both  in the ordered and fluid states as expected from previous in vivo experi- 
ments [26].  

Provided that  the vesicle size distribution is the same (cf. Fig. 1), it may be 
assumed that the difference in the light scattering intensity, I, observed for P- 
and E-vesicles (cf. Fig. 2A) is a characteristic property of  the P- and E-lipid 
molecules themselves. This view is supported by the diagram shown in Fig. 4B. 
By plotting the intensity of  mixed vesicles as a function of  x, a straight line is 
obtained between the extremes IE and Ip for the single component  vesicles. It 
thus appears that  each lipid molecule contributes specifically to the total scat- 
tering intensity. 

Analysis o[ lipid exchange 
Kinetics. Aqueous dispersions of  E- and P-vesicles, preequilibrated by incu- 

bation for 12 h at 45°C, were mixed at a molar ratio, r = 1/2, and a total lipid 
concentrat ion,  c = 2 • 10 -3 M. The mixture was incubated at 45°C, i.e. at a 
temperature,  Ttp << T > TtE, where the lipids in both types of  vesicles are in a 
fluid state. At various times, samples were analyzed by 90 ° light scattering and 
the rising temperature scans were normalized as described above. 

It is immediately clear from the representative curves shown in Fig. 5 that  E- 
and P-vesicles interact and eventually give rise to a population of  mixed vesicles 
characterized by a single transition with a transition temperature,  (T tE+P) r= l /2  -- 
36°C (compare Fig. 4A). The two transitions gradually merge indicating lipid 
transfer in both  directions. The two arising mixed vesicle populations will be 
designated I and II, i.e. type  I-vesicles are formed from P-vesicles by  incorpora- 
tion of  E-molecules and type  II-vesicles are formed,.from E-vesicles by incorpo- 
ration of  P-molecules. 

The function f(T) (cf. Eqn. 4 for P - I  and E = I I )  can be fi t ted to the 
experimental curves with a remarkable degree of  accuracy (compare dashed and 
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solid lines in Fig. 5). This suggests that  throughout  the mixing process the dis- 
persion can be considered to be composed of  only two vesicle populations, I 
and II. As discussed below, this behaviour argues strongly against vesicle fusion 
as a mechanism of  lipid mixing. 

Vesicle populations I and II can be defined by  respective values for the tran- 
sition temperature Tti.i I and the amplitude AI,II which are obtained from the 
fitted curves such as those shown in Fig. 5. This evaluation of  the curves im- 
plies that  in the type  I- and type  II-vesicle populations the P- and E-molecules 
can be considered to be homogeneously  mixed in the way discussed above for 
Fig. 4. Tq ,i define the composi t ion of  the two populations, while AI,II are a 
measure o~ the amount  of  lipid present in each population. In Figs. 6B and 7B 
Tti,n and AI.II are plot ted as a function of  time. Clearly, for t ~ oo Tt I and Tt, I 
become equal to TtE+e, i.e. x, = xi, = r. 

Tt,ji and A,.I, can be used to calculate the number  of  molecules in the two 
vesicle populations as a function of  time. The molar ratios x, and Xn are related 
to the transition temperature (Eqn. 7) as follows: 

Tt, --  Ttp _ [E] ,  
x ,  - (8) 

TiE - -  Ttp [P]I + [E]I 

Ttli --  Ttp [ E ]  ,I 
X I I  = " = (9) 

TtE --  Ttp [Pin  + [E]H 

where [E] iji and [P],.n denote  the concentrat ion of  molecules in the respective 
vesicle population.  

Mass conservation requires that  

[P]I + [P]I, = I -- r (I0) 
[El + [P] 

and 

[E]I + [E],I 

[E] + [P] 
- r  (11) 

The cont inuous change of  Ttl and Ttu was first described by approximating the 
experimental values to an exponential  function. This function was subsequently 
used to calculate [E]i,u and [P]i,n as a function of  time using Eqns. 8--11. The 
result is shown in Fig. 8B. 

The time course of  [E]xji and [P]I,II can be used to calculate the expected 
values for A I and An since each E- and P-molecule contr ibutes specifically to 
the amplitude in both  populations: 

Ap A E 
= - + [ E ] I  ( 1 2 )  At [P]I I - -  r r 

Ap A E 
All = [P]II + [E]n (13) 

1 - - r  r 

In Fig. 7B the solid lines show the calculated t ime course of  AIjI. The remark- 
able agreement between calculated and experimentally determined amplitudes 
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shows that the whole analysis is self-consistent. 
It is evident from Fig. 8B that lipid exchange is asymmetric, i.e. transfer of  

P-molecules to E-vesicles is faster than transfer of  E-molecules to P-vesicles. 
This leads to a decrease o f  the total amount o f  lipid molecules in population I 
and a corresponding increase in population II. Extrapolation according to an 
exponential time course beyond the time covered by the experiments (t > 3600 
min) suggests that population I will disappear. Because population I will at all 
times have a higher percentage of  the faster exchanging P-component, i.e. a 
higher ratio [P]/( [E]  + [P]), than population II, the total amount of  lipid in 
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Fig. 7. A m p l i t u d e s  as a f u n c t i o n  o f  t i m e  for  r = I I 3  (A),  r = 112 (B) and  r = 2]3 (C). Th e  curves  are  calcu- 

la ted  f r o m  T t I  (t)  and  T t l I  (t);  see t e x t  for  exp l ana t i on .  

Fig. 8. F r ac t i on  o f  m o l e c u l e s  in vesicle p o p u l a t i o n s  I and  II  as a f u n c t i o n  of  t i m e  as ca lcu la ted  f r o m  the  
e x p e r i m e n t s  s h o w n  in Fig. 6. T h e  t i m e  course  has  b e e n  e x t r a p o l a t e d  b e y o n d  t h a t  d e t e r m i n e d  b y  experi-  
m e n t  ( c o m p a r e  Fig. 7). T h e  inse t  in C s hows  the  t i m e  course  o f  [E ]  I on  an  e x p a n d e d  scale.  

populat ion I will decrease continuously.  This implies that  [EJ [ passes through a 
maximum. The t ime course of  [E]~ in Fig. 8B (see also inset to Fig. 8C) is con- 
sistent with this suggestion (see also Discussion}. 
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D epe nde nc e  on  molar  ratio. A kinetic analysis similar to that  shown for r = 
1/2 has been performed for molar ratios, r = 1/3 and r = 2/3. The results are 
plot ted in the upper (A) and lower parts (C) of  Figs. 6--8. Worthy of  note, the 
rate of  lipid transfer was found to be dependent  on r. As a measure of  this 
dependence one can compare the times, tl/2, when half of  the P-molecules have 
left populat ion I, i.e. at [P]I = [P]tl (cf. Fig. 8). tl/2 was found to have values of  
5000, 2550 and 1800 min for r = 1/3, 1/2 and 2/3, respectively. Therefore, the 
rate of  transfer of  lipids from donor  to receptor vesicles becomes faster as the 
receptor  vesicle concentrat ion is increased. 

Concentra t ion  dependence .  The rate of  lipid transfer between the vesicles is 
independent  of the total lipid concentration.  This is evident from Figs. 6 and 7 
where the filled and open circles refer to experiments at a total lipid concen- 
tration of  2 • 10 -3 and 2 • 10 -4 M, respectively. This result provides a clearcut 
argument for exchange through the aqueous phase as the mechanism of lipid 
exchange. Both collision-exchange and fusion are expected to show second or 
higher order kinetics. 

Temperature  dependence .  The experiments described so far were all per- 
formed at 45 ° C, i.e. a temperature above the order ~+ disorder transition of  both 
components  (of Fig. 2B). It appeared of  interest to s tudy the influence of  the 
physical state of  the lipid vesicles on the exchange process. If the two vesicle 
populations are incubated at T = 20°C, i.e. below the transition of  both  compo- 
nents, T ~  Tte<  TtE, or at T = 36.5°C, i.e. at a temperature where only the 
P-vesicles are in a fluid state, Tt, < T < T t E  no discernible change in AE2 and 
Ttp, E occurred within 1700 min. These observations appear reasonable, because 
the decrease in mobil i ty of  lipid molecules in the ordered state will greatly 
reduce the probabil i ty for lipids to enter or escape from the bilayer. 

In view of  the proposed maximum of  lateral compressibility and associated 
fluctuations in packing and density of  lipid molecules within the range of  the 
thermal transition [20,27] it was more interesting to study the exchange at a 
temperature,  T =TtE > T t e ,  where ordered and fluid domains coexist  in the 
E-vesicles. The E- and P-lipids used for these experiments had transition tem- 
peratures TtE = 37.1°C and Tte = 29.8°C, respectively. After an incubation 
time, t ~ 1000 min, the change in amplitude, ~AE,pWaS about  twice as high for 
the sample incubated at 45°C than that incubated at 37°C. Thus, the rate of  
lipid transfer is decreased, when the available surface area of  fluid E-lipids is 
reduced, i.e. the experimental situation corresponds to an effective decrease in 
r. 

Discussion 

The lipid vesicles used in this s tudy are negatively charged. They have 
a broad size distribution and are, on the average, large enough so that  the surface 
curvature is not  expected to cause any strain on the lipid molecules on either 
side of  the bilayer. According to these criteria the system provides a fairly 
realistic model  for the behaviour of  the lipid part of  negatively charged bilayer 
membranes in vivo. 

The experiments reveal the following distinctive features of  the system: 
Firstly, the rate of  exchange is independent  of  the vesicle concentrat ion 
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between a total lipid concentration of  2 • 10 -4 and 2 • 10 -3 M. Secondly, at any 
given time throughout  the exchange, the transition curves can be considered to 
be composed of  two populations of  vesicles with respective transition temper- 
atures and amplitudes. Either of  these parameters can be used to calculate the 
composi t ion of  the two populations as a function of  time. 

These results can be interpreted in terms of  the mechanisms of vesicle-vesi- 
cle interaction considered in the int roductory part of this paper. Fusion of 
vesicles is expected to show a quadratic dependence of  the vesicle concentra- 
tion. Furthermore,  fusion of  P- and E-vesicles would give rise to hybrid vesicles 
having an intermediate Tt value. These hybrid vesicles could subsequently fuse 
again with P- and/or  E-vesicles, etc. This mechanism would rapidly lead to a 
single broad transition instead of  the two distinct transitions observed in Fig. 5. 
Extensive fusion would also cause a significant change in the size distribution 
of  the vesicles which is not  observed (cf. Fig. 1). Therefore, the experimental 
facts appear to rule out  fusion as a prevailing mechanism of vesicle-vesicle inter- 
action. The absence of  vesicle fusion is in accordance with the inability of  
intact membrane vesicles of  E. coli to fuse upon mere incubation [5]. 

Collision-exchange is likewise expected to show a quadratic dependence on 
the vesicle concentration.  Therefore, such a mechanism appears to be inconsis- 
tent  with the observed concentrat ion independence. 

The two remaining mechanisms, molecular and/or  micellar exchange, sup- 
pose the transfer of  lipid molecules through the water phase. Regarding the 
first mechanism, the presence of  an extremely low but  constant  concentrat ion 
of  water<lissolved free lipid molecules is generally assumed above the critical 
micellar concentration.  On the other  hand, there is to our knowledge only very 
limited evidence for the presence of  a likewise constant  and low concentration 
of  small lipid micelles above, what  may be called the critical bilayer concentra- 
tion [34].  Lipid exchange by both mechanisms is expected to be concentra- 
tion independent  and either mechanism is consistent with the kinetics of  
mixing observed in Figs. 5--7. A differentiation between these mechanisms is 
beyond  the resolving power  of  our approach. 

Beyond these qualitative conclusions, a quantitative analysis of  the exchange 
kinetics revealed the following distinctive features: Firstly, the total  amount  of  
lipids in populat ion II increases, i.e. the exchange of  lipids is asymmetric. 
Secondly, transfer of  P-lipids to populat ion II occurs faster for increasing values 
of  r. These observations allow a kinetic interpretation in terms of  a rate con- 
stant, k_, for the escape of  lipid molecules from the bilayer surface (see accom- 
panying paper [37] by L. Thilo). 

Lipid exchange has been followed for approx. 3500 min (cf. Figs. 6B and 
7B). At this time about  half of  the P-molecules have left vesicle population I. 
At the same time populat ion I has received about  10% of  the E-lipid molecules 
(Fig. 8). Thus, the average diameter o f  the type  I-vesicles will have decreased by  
about  25% while the average diameter of  the E-vesicles will have increased by  
about  20%. These changes are too  small to cause a discernible effect  on the 
size distribution within the experimental accuracy (cf. Fig. 1 ). 

As discussed with reference to Figs. 7 and 8, extrapolation of  the data 
assuming an exponential  t ime dependence of  Tt (cf. Fig. 6) leads to  the conclu- 
sion that,  eventually, the populat ion I will disappear completely because all 
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P-molecules will have been incorporated into population II. However,  as the 
type  I-vesicles decrease in size the increase in surface energy will counteract  
further shrinking. Therefore, these vesicles may simply exchange E- and P-lipids 
wi thout  alteration of  size. 

It should be noted that  our analysis of  the mixing process assumes an equal 
distribution of  the exchanged molecules to both sides of  the bilayer. Support  
for this assumption comes from an analysis o f  the slope of  the transition curves 
at the transition temperature,  Swt (cf. Eqn. 4). Within the experimental accu- 
racy, the slope, S% = 0.4 + 0.08 (maximum deviation of  the mean) is the same 
for E-, P-, type  II-, and type  I-vesicles as well as for homogeneously mixed vesi- 
cles at various values of  r. If the distribution of  E- and P-lipids in the I- and II- 
vesicle populations would be grossly asymmetric,  we would expect  a broaden- 
ing of  the transition, i.e. a decrease in Sit  as a function of  time because the two 
halves of  the bilayer are not  expected to undergo separate order+disorder  tran- 
sitions. In the system considered here, a net transfer of  P-lipids occurs from the 
P- to the E-vesicles. Thus, the outer  leaflet of  the receptor lipid bilayer will 
expand. At the same time, the bilayer will become asymmetric with regard 
to the lipid hydrocarbon chain composition. If the rate of  flip-flop of  lipid 
molecules between the two sides of  the bilayer is fast compared to the 
exchange rate an asymmetric lipid distribution cannot  be maintained. Half 
times for lipid flip-flop in 300 h diameter, single walled phosphatidylcholine 
vesicles are of  the order of  />10 days [28--30].  The rate of  flip-flop for the 
lipids used in this s tudy is unknown.  It is possible, for instance, that  some 
minor impurity in the E. coli lipid extracts catalyses the equilibration of  lipids 
across the bilayer. 

It is difficult to compare the results presented in this report  with a number  
of  related studies which have concentrated largely on the behaviour of  disper- 
sions of  phosphatidylcholine vesicles. Under certain conditions, such vesicles 
appear to undergo a rapid fusion process (half t ime v < 1 h) which is accelerated 
by impurities such as free fat ty  acids and is fastest near the transition tempera- 
ture, T t [15,19,22,31] .  However, once "annealed" by incubation above the 
transition temperature,  phosphatidylcholine vesicles appear to be stable for 
extended times (v > 12 h; cf. refs. 31 and 32). The latter type  of  prepara- 
tion was recently analyzed by Martin and MacDonald [22] in a s tudy of  lipid 
exchange between dimyristoyl phosphatidylcholine and dipalmitoyl phosphati- 
dylcholine vesicles. Using a similar experimental approach as taken in this s tudy 
their system reveals striking similarities to the E. coli system: Transfer of  lipids 
occurs exclusively from dimyristoyl  to dipalmitoyl phosphatidylcholine vesi- 
cles {half time v approx. 6 h). It occurs most  rapidly at a temperature where 
both lipid components  are in a fluid state. Finally, the arising mixed vesicle 
populat ion shows a well defined ordered+fluid transition suggesting a symme- 
trical distribution of  the transferred dimyristoyl  phosphatidylcholine molecules 
to both sides of  the bilayer. Similar features of  lipid mixing are revealed by the 
recent s tudy of  Sengupta et al. [33].  In our view, exchange through the aque- 
ous phase appears to be the most  likely mechanism of  lipid transfer in all these 
cases. 

Transfer of  lipid molecules through the water phase is a basic phenomenon 
of  membrane-membrane interaction. It is expected to occur between surface 
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membranes of  eucaryotic cells in tissue culture or in intact tissues in vivo as 
well as between different membrane systems within a single cell. Although a 
slow process, lipid exchange tends to randomize the lipid composit ion of  differ- 
ent membranes in a time scale of  days. Its functional significance for mem- 
brane dynamics remains to be determined. In comparison to more effective 
ways of  membrane interaction such as fusion and protein-catalyzed lipid 
exchange (see refs. 35 and 36 for review) spontaneous lipid exchange, as anal- 
yzed here for a model system, may only constitute the background noise of  
membrane communicat ion.  
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