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The ~ f i c s  d ~ t e r ~ n  ~ aqu~us sus~mions d p h o s p h ~ d y l e t h ~ a m i ~  derivatives ~ sinOe 
~ i ~  ~ g  y~k ~ o s p h ~ l c h ~ i n e  ~ P ~  ~ f i d ~  ~ s  ~ sm~e& F ~  ~ ~ r p o ~  % ~ o ~ - ~ o ~ -  
I ~ - ~ ~ I  ~ B ~  w ~  ~ t ~  ~ t ~  free a ~  ~oup ~ ~ ~ ~ a m i n e ,  ~ l a ~ o y l  
~ d  ~ m y ~ t o y l  ~ ~ ~NBD-DLPE f l~  ~ d  ~ N B ~ D M P E  0 ~ .  ~ o n  ~ c m ~ y  aM a~ ~ N M R  
~ d m e ~ s  ~ d o r m ~  ~ 0 ~  ~ c a t e d  ~ t ~  labe~d ~ d s  ~ aqu~m buff~ ~ e  ~ e ~  in ~ e  ~rm ~ 
n c n ~  ~ e g a t ~  ~ I ~ - 2 ~  ~ ~ameter ~ a ~ g ~ y  disorder~ ~ M ~ o u p  arrangemen~ The 
t i m ~ u f i o n  ~ t ~  NBD e ~  ~ e n f i ~  ~ ~ e  ~ c ~  ~ x ~ s  ~ ~ ~ s m ~  ~ d  ~ g e  
u ~ a m ~ a r  verities (SUV and LUV) cofld ~ fi~ed ~ a douse ~ n f i f l  function. The f l u ~ e  
~ c ~  p a r a m ~ s  ~ the NBD ~ o ~  ~ d  d~ing ~ e  ~ f i o n  time ~ ~ ~ SUV ~ t  ~d  ~ t  ~ 
w ~ n  ~ e g a t ~  ~ ~ w e ~  ~ d  ~ LUV. A ~ n ~  m ~ e l  w ~  ~ f l u ~  wh~h ~ m ~  ~ e  adso~t i~  
~ a g i t a t e s  ~ ~ ~ t ~  surf~e ~ ~ e  H ~ m ~  ~ a primary step. The ~ t i ~  ~ a ~ c ~ d ~  ~ ~ 
~ n ~  H~d ~ s ~ f i ~  towar~ a mo~ ~ m ~ e ~ s  m e m ~ e  strucm~ c ~  ~ ~ n ~  ~ the 
presence ~ ~ o  ~ f l ~ t  poo~ of ~ and a fluorescent one ~ t ~  e ~  PC marx .  The rote c o n s ~ s  
for ~ d ~  of ~)  ~ e e n  those ~nefic poo~ as well as ~ f i u m  e ~  in~nfifies were f ~ n d  to 
d ~ e  ~ ~creas i~  len~h ~ t ~  f a ~  acid ~ n s  ~ ~ .  Th~ ~ v i ~ r  w ~  ~ a ~  ~ d ~ s  ~ 
• e p r o ~  ~ ~ e  d u ~ e ~  ~ ~)  ~ ~ e  egg PC mem~an~.  

In order to apply fluorescence ~chniques to 
membrane research (see ReL 1), su~able organic 

* To whom co~espondence shoMd be addressed. 
Abb~afions: AN~ l~Nhn~8~ap~hMen~M~na~; DLP~ 
dilaumyl-b~ph~phatid~hanMamine; DMP~ ~m3fism ~- 
~-a-phosphatidylethanNamine; egg PQ egg yNk phosphafi- 
dylchofine; NBD, %Ntrobenz-~oxa-l,3-di~ol-$~; NM~ 
nuclear magnetic resonance; P~ ph~phatid~hanMamine 
~om ~g y ~  SU~ small uNhmell~ egg PC ~sicl~; LU~ 
lar~ unihmell~ ~g PC ~ d e s ;  EM, d~tron mi~copy;  
TLC, tNn-lay~ chmm~ogaphy. 

molecules have to be tither dissolved in the bi- 
layers or cov~enfly attached to polar or apolar 
regions of phospholipid~ Whi~  a ~ i f i d ~  mem- 
branes can be readily labded by cosonication of 
the fluorescent compounds with the matrix fipids, 
the incorporation of the fluorescent probes into 
biologic~ membranes is more complicated. Nor-  
mal l~  the membranes are incubated with an aque- 
ous solution or suspension of the l abd  molecules 
and loosdy bound probe mo~cules are removed 
by washing For exampl~ this method has been 
used for the incorporation of diphenylhexatfiene 

0005-2736/86/$03.50 © 1986 Elsevier S~ence Pubfishers BN. (Biomedic~ Division) 



216 

into call membran~ [2], for the ~corporation of 
in~am~ec~ar  exdmer probes such as di- 
pymn~propane ~ to  ~ h r o c ~ e  ghost membran~ 
[3] and ~to  sa~ophsmic reticdum [4], and for the 
~corporation of N-NBD-PE in~ erythrocyte 
ghost membran~ [5]. Whe~as the spe~ro~op~ 
prop~fi~ of the labd m~ecu~ ~ membrane re- 
~ons have been ex~nsively ~u~e& ~ f o r m ~ n  
c o n c ~ n g  Me mecha~sms of ~ c o r p o r ~ n  of 
these m ~ e c ~  into lipid hihy~s is limi~d to a 
few case~ It was showm e.g., that the incorpora- 
tion of sm~l m ~ e c ~  ~ke 1-a~fin~8-naph- 
t h ~ e n ~ f o n ~ e  (AN~ [6-9] as well as that of a 
py~n~hbded  phospholip~ [10] in~ fi~d mem- 
branes f~low b~hafic ~netics. Rapid initi~ ad- 
sorption of the amphiphafic m ~ e c ~  to the 
membrane surface ~Howed by a s~w penetration 
into the membrane ~ f i o r  were ~sumed to be 
the reason for the complex ~ n ~  In the present 
paper the mecha~sm of interaction of aqueous 
suspenfions of two N-NBD-hbded fipids (Scheme 
I) with egg PC fin~e bHayer membran~ was 
studied, for the fol~wing reasons m ~ y :  (i) the 

CH 3 - (CH2) n - CO-0- ~H 2 
/ 

CH 3-(CH2} n-CO-O-CH 

~ H,- 0 -~03 - (C H2)2 - ~ H , ' - ~ - -  NO, 

Nx~N 

(Io) n=10~ N-NBD- DLPE 
lib) n=12;  N-NBD- DMPE 

Scheme I. ~ u r ~  ~rm~ae of ~-NBD-DLPE a~d N- 
NBD-DMPE 

compounds (I) show fluorescence properties which 
make them espedally surfed for kinet~ experi- 
ments u~ng emission ~chniques. They are practi- 
cMly non-fluorescent in aqueous suspension, they 
emit with high quantum yield when dissolved in 
membranes in concenwations of less than 0.5 mol% 
and they show swong sdGquenching when incor- 
pora~d in higher concen~ations or when aggre- 
gated in fipid domMns [11]. (fi) NBDdabded ~pids 
are wid~y used to study spontaneous transfer of 
fipids [12-14] and fu~on of membranes [15-18] 
by resonance energy transfer methods as wall as 
la~rM hpid diffu~on by fluorescence recovery 
after photob~aching (FRAP) [5]. Therefore, thor- 
ough knowledge of thor incorporation into fipid 

membranes is of importance for pracfic~ pur- 
poses. (iii) Betides the importance for ~ c h n ~  
appfications these resul~ can be seen from a more 
gener~ point of ~ew. A kinetic modal has been 
ev~ua~d which involves the formation of mem- 
brane ~ructures showing fipid di~fibufions far 
from equifibrium. The fluorescence measuremen~ 
presented here ~ve information on the k i n ~ s  of 
membrane reorgan~ation which is not accessible 
by convention~ fluorescence labeling experi- 
ments. 

In this connection it was the influence of the 
hydrophobic part of compounds (I) which at- 
tracted our at~ntion. It is well-known that the 
structure of the hydrophobic fipid pa~ is dominaV 
ing not only s~uctur~ and dynamic properties of 
membranes but ~so the rates of e~t and envy of 
hpids from and into bHayers. While the short 
chain lipid (Ia) ~ readily transferred between SUV 
with a h ~ t i m e  of 37 rain [12] we detected no 
~an~er of the homologous compound (Ib) for 
incubation times as long as 12 h. Therefor~ it 
seemed pertinent to ask whether fimilar di~ 
ferences could be obt~ned for the incorporation 
of the compounds (I) into hpid membranes. 

Ma~fiMs and M ~ h ~ s  

Chemicab 
NBD chloride was purchased from Fluka. N- 

NBD-eManolamine was from Molecular Probes 
and n-octyl glucofide from Sigma. 

L ~  
Egg PC, grade 1, and PE from egg ydk, grade 

1, were purchased from ~ d  Product~ DLPE 
was from ~uka  and DMPE from ~gma. NBD- 
hbded  fi~ds were prepared and purified as de- 
scribed ~ ReL 12. The compounds were cha~ 
acterized by 1H-NMR spectroscopy at 90 or 400 
MHz (T= 23°C, sdvent: d ~ e M ~ s ~ d ~ ) .  
The cov~ent~ attached NBD group gave rise to 
the f ~ o ~  p a r a m e ~ :  8 8.60 ~ ,  1 H, J = 9.0 
H~, d 6.51 (d, 1 H, J = 9.0 H~; (Me correspond- 
~g  data for NBD c~oride under the same con~- 
tions are: 8 8.78 (d, 1 H, J = 7.6 H~, 8 8.ll (d, 1 
H, J = 7 . 6 , H ~ .  The fign~s of Me h t ~  add 
ch ins  were obse~ed at ~ 1.30 (s, 40 H for (I~, 44 
H (Ib) (m~h~en~) and ~ 0.94 (m, 6 H, m~h~). 



The h b d e d  5p~s  were kept as a stock s~ufion ~ 
C H C I 3 / M e O H  under Ar. Concen~afions of the 
labeled phospholi~ds (CHC13/MeOH) we~  de- 
termined ~om the absorbance ufing a vMue of 
e = 6.4.10 4 M - 1  • c m  - ~  for the m~a r  absorption 
coeff iden~ of NBD at 460 nm [19]. The lipids 
showed f in~e spots on TLC in the solvent mi~ure  
C H C 1 3 / M e O H / H 2 0  (65 : 24 : 4, v / ~ .  

Preparation of vesicles 
Small unihmellar verities (SUV) were prepared 

by sonicating 30 mg of egg PC or 30 mg of 
mixtures of (I) and egg PC (m~ar  ratio of 0.5 : 100) 
in 3 ml of 10 mM potasfium phospha~ buffer 
cont~ning 80 mM NaC1 (pH 7.8). Sonication was 
performed with a Branson Sonifier B15 for 20 min 
under Ar at 4°C. The SUV were separa~d from 
aggregates and mul t i lamdhr  ~posomes by passage 
through a Sepharose 4B c~umn [20]. 

Large unilamellar verities (LUV) were obt~ned 
by de~rgent  removM ufing a 1 ml Lipoprep diMy- 
sis cell [21]. The ~arting mixtures cont~ned 10 mg 
egg PC and 20 mg n-oct~ ~ucofide in 1 ml buffer 
(10 mM potasfium phospha~ /80  mM NaC1 (pH 
7.8~. The pore-size of the diMysis membranes 
prodded  a mo~cular mass c u t o f f  at 10 kDa. 
According to Re~. 20 and 21 the diam~ers of the 
SUV and LUV are 250 ~ and 1800 ~, respec- 
tiv~y. From the dimenfion of the verities and a 
surface area of approx. 70 ~2 of egg PC [22] the 
totM number of ~pid molecules in SUV and LUV 
were estimated to be 6000 and 240000, respec- 
fivdy. 

Preparatwn of N-NBD-lipid aggregates 
For fluorescence measurement ,  an aliquot of 

the stock solution of (I) was evapora~d to dryness 
under Ar and exposed to high vacuum for 2 h. 
Buf~r  (10 mM phosphate /80 mM NaC1 (pH 7.8)) 
was added to the resulting film. The suspen~on 
was sonicated for 5 min with a Branson Sonifier 
B15 at ma~mum power until the fipid film was 
removed from the ~ass w~l. For fluorescence 
measurements, the concen~afion of the ~ b d e d  
fipids was 5 • 1 0  - 7  M. 

C h a ~ c t e ~ a ~ n  ~ aggregat~ ~ ~ N B D ~ l e d  
~ o ~ h ~ & ~ o ~ n ~  

E & ~ n  microscopy ~ ~ N B ~ D L P E  aggro 
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gates. For negative ~ n i n ~  aliquots from suspen- 
sions of NDB-lipid aggregates in 10 mM Tfis-HC1 
buffer (pH 7.~ 5.2- 10 -5 M fipid concentration), 
prepared by sonication as described, were placed 
on collodion-covered grids, negative~ ~ n e d  with 
ammonium molybdate (pH 7.4) and examined 
ufing a Siemens Elmiskop 102 dectron micro- 
scope. The diameters of individu~ aggregates were 
c~culated ~om photographs printed at 4-times 
negative enlargement~ multiplying lhe measured 
aggregate diam~er by 0.707, in the assumption 
that the measured surfaces represent disc surfaces 
resulting from collapsed spheric~ aggregates. 

To prepare indufions of NBD-lipid aggregates, 
more concentrated suspenfions in 10 mM Tri~HCI 
buffer at pH 7.4 (2.4.10 3 M ~pid concen~ation) 
were mixed with warm agar (Dffc~ 2% in 10 mM 
Tri~HC1, pH 7.4). 1 mm 3 pieces of the hardened 
mixture weIe incubated at 0 - 4 ° C  in a solution of 
3% ~utar~dehyde (Polys~ences Inc.) in 0.1 M 
sodium cacod~ate buffer (pH 7.4) cont~ning 
0.03% CaCIz. After washing at 0 - 4 ° C  in a solu- 
tion of 0.3 M saccharose in 0.1 M sodium cacody- 
late buffer (pH 7.4), cont~ning 0.03% CaCI~, the 
agar cubes were incubated at 0 - 4 ° C  with a solu- 
tion of 2% OsO 4 (Polysciences Inc.) in 0.1 M 
sodium cacod~ate buffe~ 0.15 M saccharose, 
0.03% CaCIz and then dehydrated ufing an ethanol 
gradient. The dehydrated agar cubes were in- 
cluded in Epon (Polys~ences Inc.). Thin sections 
on copper grids were ~ n e d  with uranyl acetate 
and examined. 

~ P-NMR spectroscopy. Proton-noise decoup~d 
31P-NMR spectra of egg PC, DLPE and (Ia) were 
obt~ned at 36.42 MHz with a Bruker WH 90 
N MR spec~ometer. The ~mperature was kept at 
32°C. Normall~ 100000 ~ee induction decays 
were accumula~d employing a 60 ° puls~ a 12000 
Hz sweep width and a dday  time of 0.4 s. The 
samples were prepared in the following way: 10 
mg of fipid in CHC13 solution was added Io a 
flask. The solvent was evaporated under Ar fol- 
lowed by exposure to high vacuum for 2 h. The 
~pid film was hydrated in 0.3 ml of buffer (10 
mM Tfi~HC1, 80 mM NaC1 and 10% 2H20 at pH 
7.0) and ~ a n g e ~ e d  to a 5 mm NMR tube under 
mr. 

Fluorescence measurements. Sample prepara- 
tion. In a t y p ~  experiment, aggregates of (I) 
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(5 .10  -v M) were p~pa red  as described above 
and mixed ~ the fluorescence call at zero time 
with u ~ a b d e d  verities (10 -4 M hpid concentra- 
tion) u n d ~  Ar. The call was ~ e d  afterwards 
with a Teflon stopcock to mi~mize  exposure to 
oxygen during the measu~ments .  

~ e a d ~ e  fluor~¢ence measu~ments  were 
performed on a P e r ~ n - E l m ~  LS 5 specVofluo- 
r o m p e r  ~ a t h e r m o s ~ d  ~amp~ h ~ d ~ .  NBD 
was e x ~ d  at 475 nm. For ~nefic m e a s u ~ m e n ~  
the emission ~ n f i ~  was m o ~ d  at lhe emis- 
s ~ n  m a ~ m u m  of NBD ( ~ m  = 530 nm). In order 
to compensam for ~ r u m e n t ~  fluctuations du~ 
ing the measu~men~ ,  emission ~ n f i t i ~  we~  
c ~ r a ~ d  with respect to a standard sample (10 -6 
M N - N B D - ~ h a n ~ a m i n e  in ~hanol).  The f luo~s-  
cence ~ n f i t ~ s  were ~ n f i t i v e  to genre  m a n u ~  
sha~ng of the samp~.  Thus it may be assumed 
that artifacts due to membrane aggregation and 
settling of fluorescent m ~ e r i ~ s  were ~f ig~f icant .  

N o r m ~ a t i o n  of emission i n ~ n f i t ~  Smad~  
state emission in~nf i f i~  ( F )  of the ~cubat ion  
mix tu r~  of (I) with SUV and LUV, of coso~-  
c ~ e d  sy~ems and of pelle~d s a m ~  w ~ e  no~  
malized to the emission ~ n f i t i e s  of the sampl~  
after ~ e ~ m e n t  with Triton X-100 (1% v / v  f in~ 
concentration). Con t r~  experiments had shown 
that the mean f i ~ t i m ~  and the s m a d ~ a ~  emis- 
fion intenfities of the Triton treated s a m ~  were 
independent of the hydrophob~ p a n  of (I) and of 
the vefide fize. 

Fluor~cence l i f ~ i m ~  w~e  determined by the 
t i m ~ c o ~ d ~ e d  f i n e , p h o t o n  counting me~od .  
The nanosecond fluorescence s p e ~ r o m ~  was 
eq~pped  w i ~  a PRA nanosecond flash h m p  (C25) 
f i led with N 2 at approx. 350 torr. E x ~ t i o n  and 
e m i ~ n  wavdengths of 354 nm and 535 nm, 
~ s p e c t i v ~  w ~ e  s~e~ed  by ~ r ~ n c e  f i ~ s  
of 20 nm bandwidth. A quartz wedge ~ r a m ~  
~ a t e  ~ the e x ~ t i o n  path and a film polarizer set 
at 35.3 ° rdative to the vertic~ ~ c t i o n  in the 
emission beam prodded  m a r c  an~e  geom~ry.  
The data were collected in an Ortec 6220 md t i -  
channd a n ~ y z ~  and transferred to a VAX 11/780 
compu te .  Deconv~ut ion and data fitting accord- 
ing to 

J 
F(t) = E a ,  e - ' / ~  ( j = l  and 2) (1) 

i=l  

was accompfished by an iterative deconv~ufion 
me~od .  The qualiff of the fit was judged by b o ~  
a reduced X ~ criterion and a p ~ t  of w ~ g h ~ d  
~ f i d u ~ s  [23]. Mean f i ~ f i m ~  (~)  ( ~ r  j = 2) w ~ e  
cMcda~d  ~ o m  ~ e  decay t i m ~  ~ and p~ex-  
ponenfi~s ag using Eqn. 2 [2~ 

~ = (o ,V + ~ V ) ~  ~ + ~ n )  (2) 

Lifetime measurements at various rea~ion times 
in the incubation mixtures of (I) with LUV and 
SUV were collec~d during time in~ rv~s  of 5-10 
rain. Despi~ the poor fign~-to-noise ratio ob- 
t~ned under these conditions it was posfible to 
perform sat isfa~ory fi~ of the data and lo resolve 
two decay componen t .  

Ultracentrifugation. Charac~rizat ion of the 
fize-distribution of aggrega~s of (I) and informa- 
tion on the extent of a~o~a t ion  of N - N B D - h b d e d  
~pids with LUV was ob t~ned  by centrifugation 
with a Beckman L5-65 ul~acentrifuge for 1 h at 
100000 × g (SW 60 Ti roto~ T =  20°CL The pal- 
lets were washed with buffer and centrifuged a 
second time. Con~ol experiments showed that ~ss 
than 15% of the aggregates of (I) and approx. 50% 
of the LUV were pd l e t ab~  under those condi- 
tion~ 

R e s ~  

The goM of the present study was to ob t~n  
information on the mechanisms of the incorpora- 
tion of N - N B D q a b d e d  phosphatidylethanola- 
mines into membrane b~ayers. In a typic~ experi- 
ment an aqueous suspenfion of the labded PE was 
mixed with a suspenfion of egg PC verities at zero 
time. Changes in emission intenfities and fluores- 
cence ~fetimes of the NBD-moiety were used to 
study the mechanism of the interaction of the two 
componen~ of the mixture. It is obfious that for 
an interpretation of these experimen~ the NBD 
aggregates must be characterized properly. For 
this purpose sever~ procedures were used: 

(a) E & ~ n  m~roscopy 
As ~ c ~ e d  in M~eriMs and M~hods  two 

&f f~en t  EM ~ c h ~ q u ~  w~e  applied: 
(1) EM mi~ographs  of indu~ons  of the h ~ d  

aggregates in Epon are shown in Fig. 1. The heavy 
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Fi~ 1. Elec~on mi~ograph showing a ~ c ~  fidd of NBD-agg~gates embedded ~ Epon. A~ows mark stru~ur~ w~ch may 
~pre~nt ~ ions  from hollow sphe~s. Associ~n of the NBD~ggrega~s to ~rm ~rger assembli~ ~ ~dicated by lhe appearance 
of larg~ g e n ~  sphefic~ e n ~ m ~ ,  shown ~ the ~ L  The bar represents 1000 A. 

met~  ion stains used in the preparations (osmium 
and uranium) a~e generally confidered to assoda~ 
with the phosphate moieties of the phospholipids 
and thus the observed images probably represent 
headgroup assembles. As shown in F ig  1, small 
intact spheres with diamete~ between 50 and 350 
,~ (maximum population approx. 140 ,~) as well as 
doughnut-shaped aggregates, which appear to rep- 
resent cross sections through hollow sphere~ were 
typic~ of the preparation. The different diameters 
of the aggregates can be expl~ned by a fize distri- 
bution of the intact aggregates a n d / o r  by the fact 
that the aggregates are sectioned at different levds. 
There ~ also evidence that these hpid aggregates 
form larger organizations with a spheric~ shape 
and having diameters between 300 and 1000 ,~ 
(see inset in Fig. 1). 

(2) Negafivdy ~ained NBD-aggregates were 
gener~ly spherical with a fize range of 70-400 ,~ 
(Fig. 2). In agreement with the observations of 

aggregates included in Epon, the negatively stained 
aggregates had a maximum population with a 
diameter between 100 and 200 ~.  Presumably, 
these aggregates represent a population deriving 
from larger organisations of particles such as those 
presented in the inset of Fig. 1. 

Trilaminar profiles characteristic of bilayer 
structures were not detected by transmission EM 
in the N-NBD-DLPE samples. Ufing an average 
diameter of 100 ,~ and a surface area of 80 ~2 for 
the panicles, the total number of (I) in one ag- 
gregate was estimated to be 500. 

(b) ~P-NMR spe~roscopy 
3a ~ N M R  spectroscopy ~ a conven~nt m~hod  

to s~d y  the p ~ y m o ~ h i c  phase behaviour of 
p h o s p h a t i d ~ h a n ~ a m i n e s  [25-27] Phosphofipids 
in large hydr~ed  bilayer ~ u r e s  ~ve  rise to 
broad ~ y m m ~ r i c  3a~NMR s p e ~  with a ~w- 
field s h c u ~  w h e ~  p h ~ p h a t i d ~ e ~ a n ~ a m i n e s  
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Fig. 2. Elec~on micrograph of negafivdy ~ n e d  NBD-aggreg~es. The bar measures 1000 ~. 

~ I ; I OI I _ 40 I I 

ppm 

~g. 3. 3 ~ N M R  spec~a of hydra~d samNes of (~ (I~, ~ )  
DLPE and ~) PE from hen egg yNk at T = 32°C. 

in the hexagonN (Nil) phase exhibit more narrow 
spec~a with a high-fidd shoulde~ Phospholipids 
in other available phases, e.g. cubic phase~ exhibit 
much narrower symmetricN 31p-NMR spec~a 
[29,30]. In agreement with Cullis and De KruOff 
[27] we obtNned the charac~fistic 31p-NMR spec- 
tra for DLPE 0amellar phase at 32°C) and for egg 
PE (hexagonN phase at 32°C) shown in Figs. 3b 
and 3c. In contrast to those resulu (Ia) Nves rise 
to a 31p-NMR spectrum (F~.  3a) with much nar- 
rower bandwidth and a chemicM shift vNue i n ~  
mediate between those of the spec~a in Figs. 3b 
and 3c. This shows that defivafizafion of the DLPE 
headgroup with NBD reduces the ability of the 
phospholipid to form ordered structures. 

Ultracen~ifugation 
About 20% of the initi~ aggregates of (I) were 

pelleted at 100000 × g  (1 h). When the pallas 
were recentfifuged after addition of buffed the 
same ~ze-di~fibufion as in the first centfifugation 



s~p was obt~ne& This indicates the presence of 
an equilibrium of large and small aggregates in a 
ratio of 1:4 which is established in less than an 
hour. 

Fluorescence decays of (I) in egg PC liposomes 
The fluorescence properties of N-NBD-~ha- 

nolamine in ethano~wa~r mixtures are ~ven in 
Table I. Increase in polarity of the solvent mixture 
~ads to a bathochromic shi~ of the emi~ion 
maximum whi~ emission intenfity and fluores- 
cence decay time are reduced. Whi~ the fluores- 
cence decays of N-NBD-~hanolamine in the 
ethanol-water mixtures were monoexponenti~ and 
independent of emission wavdengt~ a sum of two 
exponenti~ functions had to be applied to fit the 
fluorescence decays of (I) incorpora~d into egg 
PC fiposomes. The mean fi~times increase slightly 
towards the red edge of the emission spec~um 
(Tab~ I D which is an indication for the contribu- 
tion of solvent rdaxation in the exd~d ~ate [31,3~ 
~though ground state h~erogen~ty cannot be 
excluded. 

It is known that the emission of NBDqabded 
hpids incorpora~d into hposomes is extremely 
senfitive to sd~quenching effects [11]. When in- 
creafing amounts of the compounds (I) were 
incorporated into ~posomes the decay constants 
for both components decreased and the preex- 
ponentiM factors changed as indicated in Fig. 4. 
Compound (lb) showed fimilar beha~ou~ 

TABLE I 

E M ~ O N  PROPERTIES OF N-NBD-ETHANOLAMINE 
IN MIXTURES OF ETHANO~WATER 

5" 10 -6 M, hexc = ~ 5  nm ~r  s~ady-sta~ measu~men~, ~e~c 
= 354 nm ~r  fi~time measurement. 

% H20 ~max ~ z (nO R d ~ v e  
~ n s i ~  

0 533 6.7 100 
10 534 5.1 77 
25 536 4.1 57 
50 538 2.6 35 
75 540 1.7 19 

100 541 1.1 11 

10 

_.6 _8-~_2_ 

X 

I I I 1 I 
5 10 15 20 25 

mol % N - N B D - D L P E  

O 

100 
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Fig. 4. Fluorescence decay parameters of (la) incorporated into 
LUV for various molar ratios of (Ia)/egg PC. (a) decay times, 
(b) preexponenfial factors. 

Kinetic measuremen~ of the incorporation of (Ia) 
into liposomes 

(a) Influence of vesicle siz~ Liposomes were 
added to non-fluorescent aggregates of (I). The 
time-evolution of the steady-state emission inten- 

TABLE lI 

DEPENDENCE OF FLUORESCENCE DECAY PARAM~ 
TERS FOR (I~ INCORPORATED INTO LUV ON THE 
E M ~ O N  WAVELENGTH 

~exc = 354 nm. 

h ~  ~ r~ a~ a2 ( r )  
(nm) (ns) (ns) (ns) 

493 1.7 8.4 0.15 0.09 6.8 
535 2.8 8.5 0.06 0.09 7.4 
554 3.3 8.3 0.08 0.18 7.7 
573 3.4 8.5 0.08 0.17 7.7 
593 3.8 8.6 0.05 0.11 7.8 



222 

sides of mixtures of (Ia) with SUV and with LUV 
during the first 70 min is given in Fig. 5a. The 
initial tale of increase in NBD emission inten~ty 
in mixtures of (Ia) with LUV is much faster than 
in mixtures with SUV. At later reaction times the 
inten~fies of the incubation mixtures become ~m- 
~ar and reach identical equifibrium values a~er 
2000 min. The behaviour of fluorescence hfedmes 
of the two mixtures is also different (Fig. 5b). 
When (Ia) is incorporated into LUV the mean 
lifetimes, ( r) ,  are constant over the whole time 
range shown in Fig. 5b. On the other hand, im- 
mediatdy after mixing a suspen~on of (Ia) with 
SUV the <r) values were ~gnificanfly lower and 
showed a gradual increase in the first 60 min (Fig. 

; ~; ~o ~o 20 ~o do ~o 
~me [mini 

# 
8- 

~ ~ -+ ~ 
7- 

5- 

; ~ ~ ~ ~ ~ s; #~0% 
~me [mini 

F ~  5. (~ ~ m e  dependence of N B ~ e ~  ~ n ~ f f  ~ 
~ of N-NBD-DLPE ~ s  O" 10-7 ~ ~ t h  SUV 
~ d  ~ LUV ~5-10  -a ~ ~ m ~  by ad~fion ~ Tri~n 
X- I~ .  (~  ~ u ~ n ~  decay times of ~e  NBD group ~ 
~ of (I~ ~ h  SUV ~ or LUV (O) at various reaction 
dm~. 

5b). Idenfic~ (z) v~ues of 7.3 ns were obtmned 
for both incubation mixtur~ in the equilibrium 
state. ~m~ar behafiour as ~at  described in Fig. 5 
was ob~rved ~so for (Ib). Fu~on of SUV ~ 
larger verities under the ~fluence of (I) was ex- 
cluded by c~umn chroma~gr~phy and ~tta- 
centrifugation of the ~ a ~ n  m i x e r s  after eq~- 
~brafion. 

(b) Influence of acyl chmn &ngth. In the f ~ w -  
~g experiments we compared lhe time ev~ufion 
of the stead~state emission ~ n ~ t i ~  of mixtur~ 
of (I~ and (Ib) with LUV (Fig. 6~. We ~s- 
fing~sh a fast and a very s~w kinetic component. 
(Fig. 6b). The data can be fitted by an equation 
the form 

F ( t )  = a - b~ e x p ( -  ~ t ) -  b2 e x p ( -  ½t )  (3) 

The 7 v~ues for (Ia) were ~gnificanfly higher 
than those for (Ib) (see Table III). Be~des the 
differences in the kinetic paramem~ we observed 
different equifibfium emi~ion inani t ies  Fm~ of 
the NBD group after approx. 2000 min. (Fig. 6 
and Table IV). Fm~ and (~) have thdr highest 
v~ues for the shon~h~n compound (I~ and 
show a decrease with increa~ng ~ngth of ac~ 
chain~ The equilibrium v~ues Fm~ and ( r )  ob- 
t~ned by incorporation of the aggregates of (Ia) 
and 0b) were brow the i n a n i t y  v~ues of F = 2.2 
obt~ned by cosonicadon of the compounds with 
egg PC. 

Variation ~ ~ t r a t i o n  
The fluorescence fi~fim~ ~ r  the ~uilibrium 

states after ~ ~ n  of ~e  ~bded fip~s into 

TABLE III 

KINETIC PARAMETERS FOR THE INCORPORATION 
OF (I~ AND 0 ~  INTO LUV 

Rate con~ants k l - k  3 a~ c ~ c ~ e d  as described m text. The 
~men~on of ~ and k ~ min-L V~ues m brackets are 
h ~ f i m ~  ~ min ( t ~  = ~ 2 /~  or ~ 2 / k ) .  ~n~e  smnd~d 
dew. ions  are appro~ 10%. 

Y] ~2 b 2 / a  k l k2  k 3 

(Ia) 0.49 0.005 0.2 0.39 0 . 0 9 7  0.005 
(1.4) (136) (1.7) (7 .14)  (136) 

(Ib) 0 . 1 5  0.002 0.56 0.067 0 .083 0.002 
(4.62) (346) (10.3) (8.3) (346) 
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Fig. 6. (a) Time evolution of emission inten~ties in mixtures of (Ia) ( × )  and (Ib) (~) (5-10-7 M) with LUV (2.5.10- ~ M). Emission 
inten~ties were normalized with respect to Triton-treated sample~ (b) Logarithmic plot of inten~ty vs. reaction time for ( Ia) /LUV. 

LUV had to be fitted with sums of two exponen- 
fi~ functions fimilar to those described in Table 
II. The mean values are given in Table IV. The 
plots in Fi~s. 5 and 6 were obtained ~om incuba- 
tion mixtures containing 5 .10  -7 M of (I~ and 
2.5 • 10 -4 M egg PC. Proportional decrease of the 
concentrations of both componen~ down to val- 
ues of 5 . 1 0  -8 M of (I) and 2.5.10 -~ M egg PC 
had no influence on the kinetic constants How- 
ever, for the mixtures with low concentrations lag 
times between zero time and the onset of the 

TABLE IV 

E Q U I ~ B ~ U M  E M ~ O N  INTENSITIES Fm~ ~ AND 
MEAN FLUORESCENCE ~ F E ~ M E S  { r )  OF THE NBD 
G R O U P  FOR ~ AND ~ 

LUV b P ~ e t s  c Coso~c~ed  d 

Fm~ ~ ~ Fm~ $ ~ s )  Fm~ • ~ 

( I~  1.7 7.3 1.8 7.7 2.2 8.5 
(Ib) 0.9 6.4 1~ 6.7 2.2 8.5 

a Normafized with respect to the Triton X-100 treated sam- 
ples. Mean fifetimes (~)  of Triton-~eated samples were 
5 2 ± ~ 2  ns independent of the hydrophobic pa~ of (IL 

b Incubation mixtures of (I) with LUV after 2000 min; T = 
23°C. 

¢ Fractions of LUV after incorporation of (Ia) and (Ib) pel- 
leted by ul~acentrifugation. 

~ Sys~ms were produced by cosonicafion of (I) (0.2 mol%) 
with egg PC. 

increase in emission intensity of several seconds 
were observed. 

Ultracen~ifugation of reacaon mixtures in equi- 
6b~um state 

The fact that the equifibfium emission inten~ty 
Fma x is lower ~or (Ib) than for (Ia) gives rise to the 
question whether the extent of association of (I) 
with LUV derreases as a function of acyl chain 
length or whether the formation of non-fluo- 
rescent or weakly fluorescent states of (I) associ- 
ated with LUV is favoured by increa~ng chain 
length. 

In the first cas~ there should be free aggregates 
of (I) left in solution after equifibration and it 
should be possible to separate these ~om fipo- 
somes by ultracentfifuga)ion. The emission inten- 
~ties in the pelleted fiposomes should be indepen- 
dent of fatty acid chain length of (I) and show a 
value close to that found for the cosonicated sys- 
tem ( F  = 2.2). Howeve~ if the second ~tuatio~ is 
encountered the pelleted samples should show dif- 
ferences in fluorescence inten~fies. 

From the results given in Table IV we conclude 
that the extent of association of (D with LUV is 
not influenced by the structure of the hydrophobic 
part of the labeled fipid~ It is rather the average 
value of the fluorescence yield of the NBD moiety 
associated with the ve~cles which ~ respon~ble 
for the different values of Fm~. 
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Discuss~n 

Kine~c measuremen~ of the mcorporaaon of (I) into 
egg PC ~esicles of different s~e 

Mutu~ inf rac t ion  of fipid membranes may 
occur according to two extreme pathways depend- 
ing on the reaction conditions, namdy  (0 ~ansfer 
of phospholipids between bHayers through the 
aqueous phase ~ a  the monomer ~ate [12-1~3L34] 
and (ii) fufion of membranes by direct contact 
[15-18]. 

In the present study we investigated the inter- 
action of aggregates of NBDqabded  hpids with 
single b~ayer egg PC membranes. According to 
EM and NMR experiments the labded fipids are 
present in non-bHayer arrangemen~ in aqueous 
suspenfion. The question arises whether these 
structures wi~ interam with the egg PC bilayers 
via lipid uan~er  or via a fufion-hke process where 
intact aggregates assodate in a primary step with 
the verities. 

The experimental resul~ Nven in Fig. 5 show 
that there is a characteristic difference in the 
beha~our of fluorescence intenfifies and decay 
times in the mixtures of (I) with small and large 
egg PC vefide~ This is s~ong evidence for the 
interaction of whole aggregates of (I) rather than 
of monomers of labded fipids with the verities in 
a primary ~ep. The interaction of (I) with verities 

P1 • 

P 2  

m o n o m e ~  

Fig. 7. Kinetic modal ~ r  the ~ c o r p o r ~ n  of (I) into fipo- 
som~ (modal 1). 

can be rationalized in a simple scheme (Scheme 
II). 

(I) + v ~  v~ (step 1) 
v~ + v  -~ v2* (step 2) 

v~_~ + v  ~ v~ (s~p n) 

Scheme II. 

In step 1 the labded lipid aggregates assooate 
with unlabded verities V (SUV or LUV) to ~ve a 
fluorescent vef id~ v~. Afterwards, in step 2 and 
the following steps labded hpids are transferred 
from v~ to unlabded verities v tither as mono- 
mers or in a collision induced process. (A v~ue of 
37 min for the h ~ t i m e  of monomer ~ansfer of 
(Ia) between SUV at 23°C has been determined 
[12]). A~er the incorporation of one aggrega~ of 
(I) (approx. 500 hpid molecules, see Result~ into 
SUV (approx. 6000 ~pid molecules) we ob t~n  a 
molar concentration of (I) of approx. 8% while 
incorporation of the same amount of (I) into LUV 
(approx. 240000 ~pid moleculeO leads to a con- 
centration of approx. 0.2%. Due to the strong 
selbquenching effects in ~ in the case of SUV 
(see Fig. 4), steps 2 to n will lead to an increase in 
~fetimes. For the mixture of (I) wfih LUV steps 2 
to n will also occu~ HoweveL emission in~nfities 
are not reduced by selbquenching in V~ at short 
incubation times. Therefore, the fluorescence hfe- 
times have reached the equi~bfium v~ues of ( z )  
~ 7.3 ns at reaction times of sever~ minutes ~-  
ready. For the same reasons the emission inten- 
fities for the SUV wi~ be fignificantly lower in the 
f i~t  period of the reaction than for mixtures con- 
t~ning LUV. Gradually in~nfities as well as mean 
hfetimes reach identic~ v~ues (Fig. 5). 

KineHc model 
In order to exclude complications arifing from 

the sd~quenching e f ~ s  in the case of SUV we 
restrict the discusfion to the interaction of (I) with 
LUV only. The two m ~n  fads resulting from 
Figs. 5 and 6 and Table IV are: (~ While the NBD 
fluorescence fifetimes are constant for incubation 
mixtures of (Ia) and (Ib) for reaction times from 
sever~ minutes up to 2000 min, the increase in 
emission in~nfi ty is biphafic. (ii) The equilibrium 
emotion intensity Fm~ is lower for lhe incorpor~ 
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TABLE V 

A. KINETIC MODELS COMBINING TWO NON-FLUORESCENT POOLS AND A FLUORESCENT ONE 

Subscfip~ D and F ~ non-fluorescent and fluorescent pods, ~spe~Ne~. 

Modal lnifiM population Fit with experiment 

2a Pl (C~) not p o ~ e  
k~ k~ 

~ D o ~ ~ v  
2b P1 and ~ ( ~ ,  ~ )  p ~ e  

3a P1 ( ~ )  not p o s ~ e  
k~ k~ 

( ~ ) o ~ D ~  
3b ~ P1 and P2 (C~ and ~ )  p ~ e  

(P1)o*~ 
4 % (P3) v P1 and P2 (C~ and C~) posMbM 

(P2)o~ 

B. ALGEBRAIC SOLU~ONS FOR MODELS 2-4 

The s~m~ns  w~e obt~ned us~g ~e  op~a~r  me~od as described in the Appends. C~, C~ ~e  i~fi~ c o n c e n ~ n s  (~ t = ~ and 
CT=C~+C ~. 
R~ = - ~ and R z = - ~ are the roots of the expresfion P~ + P(ka + k 2 + ~)+ k~k z = ~ 

Modd S~ufion 

2a 

2b 

3a 

3b 

4 

F ( t ) = f C ~ O - ~ e  - ~ -  kl_kk 2 ~ e -*~] 

F(t)= f[CT-- k 2 ~ e  -k , ' -  CTk/~Zz°k2e-k~] 

F¢t)=yC~k~k2tR~R: ~ ( ~ ) _ ~ )  e - ~ ' -  ~:(~-R: 1 

F(t) = f[C v CTRR2 2 _ ~C~k2 e_a, , cva~ - C~k en2tR ~ _ R2 

F(t)= ftCT-C~e-k,'-C~e -~'1 

e-R2 t ] 

tion of (Ib) than for (Ia). UlUacentrifugation ex- 
pefimen~ showed that this is due to weakly fluo- 
rescent or non-fluorescent states preferentially 
formed by compound (Ib) and ~reverfibly amod- 
ated with the fiposomes. This drop in emission 
in~nfity with increase in acyl chain ~ngth was 
not observed for cosonicated sys~ms: Intenfities 
and fifetimes of compounds (Ia) and (Ib) were 
idenfic~ ( F m ~  = 2.2, (z)  = 8.5 n~ when inco~ 
porated into LUV by cosonicafion with egg PC 
(Table IV). 

Biphafic cr even more complex kinetics have 
been obt~ned for the incorporation of sm~l fluo- 

rescent molecules hke ~NS [6-9] as well as for a 
headgroup labeled phosphohpid [10] into fipo- 
somes. The occurrence of more than one kinetic 
phase has been assumed to be due to the presence 
of two different kinds of fluorescent binding ~tes, 
such a~ for exampl~ attachment of the fluo- 
rescent molecules to the membrane surface in a 
fast step followed by penetration into the hydro- 
phobic interior in a flow step [6-8]. Such a two-~te 
model with two fluorescent pools would net be 
able to explain the difference in the behaviour of 
the fluorescence hfetimes observed during the in- 
corporation of (I) into SUV and into LUV. It 
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would lead to monoexponentiN increase in emis- 
sion inWn~ty accompanied by increase in fluores- 
cence decay times with progressive incorporation 
of the Nbded fipid~ ObviouNy this does not fit 
our expefimentN resul t .  If we modify the modal 
assuming the exi~ence of a non-fluorescent pool 
and another one emitting with a hfetime of 7.3 ns 
we would obtNn fluorescence decays independent 
of the state of labd incorporation. Howevec the 
increase in emission inten~ty would be monoex- 
ponenfiN. This means that a kinetic modal which 
fits our data has to be more comp~x. 

Therefore we suggest the reaction scheme de- 
puted  in Fig. 7 (modal 1). In the first coll~ion- 
mediated stop, small aggregates of (I) adhere to 
the surface of hposomes. This step is concentra- 
tion dependent and it is respon~ble for the lag- 
time periods observed for low concen~ations of 
the componen~ of the incubation mixtures. In the 
following steps the aggregates of (1) di~olve into 
two pools as indicated in Fig. 7. The phase ~anfi- 
tion temperature of saturated phosphafidyl- 
ethanolamines are significantly higher than that of 
egg PC (Tp = 29°C for DLPE, 47.5°C for DMPE 
[35]). Although the phase ~anfition temperatures 
for the ~ b d e d  compounds (I) are not known we 
may assume that at 23°C thdr  hydrophobic pa~ 
is in the gd state. Therefore, we expect dupe r s  of 
solid phosphatidylethanolamines (I) in the hquid 
egg PC matrix [36]. It is reasonab~ to assume that 
these d u s ~  are non-fluorescent due to selb 
quenching effects. According to Fig. 7 they ~owly 
dissoda~ into monomers. The concentrations of 
N-NBDqabded  ~pids in the four different kinetic 
pools (P1-P4) are given by C1-C 4. k o, flo, k~, k~ 
and k 3 are the rate constants for the ~anfifions 
between the four state~ 

The collision-media~d step in which aggregates 
of (I) adhere to the ~posome surface is a fast 
process and therefore it can be neglec~d in the 
ev~uation of the long-time effect~ The pool P2 in 
Fig. 7 will be confidered as the starting pool for 
the incorporation proces~ 

Therefore, pene~ation of NBD-lipids into LUV 
can be described by the following system of di~ 
ferenti~ equations: 

d C 2 / d t  = - ( k ,  + k2)C 2 (4a) 

d C 3 / d t  = k2C2 - k3C 3 (4b) 

d C 4 / d t  = kiC~ + k3C ~ (4c) 

Eqns. 4a-4c  were s~ved by the o p ~ o r  m~hod  
[37] (see AppenN~.  The measu~d s ~ a d ~ e  
em~Non is ~ e  contribution from kinetic p o ~  P4 

F ( t )  = f C 4  (5) 

where f is the correlation factor between fluores- 
cence intenfities and the concentrations of (I) in 
P4. From Eqn. 5 and the expression for C4 given 
by A-5c (see Appendix) we obtain Eqn. 6 for the 
increase of fluorescence inten~ty: 

F ( t ) = a _ a l e - ~ + ~ _ a 2  e ~ (6) 

where, 

a = C ~ f  (6a) 

~1 = C ~ f ( k l  - k3)/(kl  + k2 - k3) (6b) 

~2 = c 2 f ~ 2 / (  < + ~ - ~ )  (6c) 

C~ is the starting concentration in pool P2. 
By comparing Eqns. 6 and 3 we obtain the 

three rate constants: 

kl = Y l - ( ~  - Y z ) ( b 2 / a )  (7a) 

k 2 = ( ~ -  y z ) ( b ~ / a )  (7b) 

k3 = ~2 (7c) 

VMues for k s obtNned from Eqns. 7 are shown in 
TaMe III. 

Generally speaking the ~mplest modal to ex- 
plain double-exponentiN increase of emission in- 
ten , t ies  (Eqn. 3) accompanied by constant fluo- 
rescence hfefime requires the contribution of two 
non-fluorescent pools and a fluorescent one. In 
modal 1 we suggest that those pools (P2-P4) are 
all located in the membrane and that they are 
connected by reactions with rate constants k l - k  3. 
To obtNn a more generN view of the ~tuafion in 
Table V we present variations of the modal to- 
gether with thor  algebrNc solution~ In modal 2 
P I - P 3  are finked by two consecutive reactions. 
For the case that at zero time all labded fipids are 
concentrated in P1, the modal is not in agreement 
with the experimentN resul~ because the Ngns for 
the two preexponentiNs are opposi~ (compare 



preexponentiMs in TabM VB for modal 2a). How- 
eveL when at zero time the NBD-labded fipids are 
present in P1 and P2 mathematicM agreement 
between modal and experiment is pos~bl~ The 
~tuation for modal 3 is ~milar whim the only 
vernon of modal 4 ~ in agreement with the experi- 
ment. 

As far as the physical Mgnificance of modds 
2b, 3b and 4 ~ concerned ~ ~ hardly conceivabM 
that two kinetically non-equivMent, non-fluo- 
rescent pools (P1)D and (P2)D are formed within 
the membrane by infraction with the aggregates 
of (I) at zero time. 

A second ~tuafion which has to be con~dered 
is the location of the non-fluorescent pools in the 
aqueous phase of the incubation mixtures. This 
can be excluded, howeveL from the observation 
that none of the ra~ con~ants was dependent on 
the concenuafion of (I) and of fiposomes in the 
solution~ Fu~her centrifugafion experiments (Ta- 
ble IV) showed that the non fluorescent hpids could 
be pelleted, indicating that the nonfluorescent 
pools are a~odated with fiposomes. Therefore, by 
exclu~on of the variations 2-4 we come to the 
condu~on that modal 1 (Fi~ 7) ~ves the best 
explanation of the expefiment~ result. 

Influence of ~e  hydrophobic pa~ of (I) on kinetic 
parameters and on e q ~ b ~ u m  emiss~n ~ n s i t i e s  

We have shown that the h~btimes for the 
increase in emission inten~ty (V v~ues in Eqn. 4) 
as well as the rate constants ka-k  3 were lower for 
the incorporation of compound (Ib) than for that 
of (Ia). 

In terms of modal 1 this means that the non- 
fluorescent d u ~ e ~  P2 and P3 di~olve more ~owly 
in the egg PC matrix when the fatty adds of the 
labded hpids are increa~ng in Mngth. 

As far as the lower vMue of equilibrium emi~ 
sion i n a n i t y  Fm~ of (Ib) as compared to that of 
(Ia) is concerned (Table IV) there are two possibM 
explanations. The fir~ one assumes that the totM 
di~ribution of compounds (I) as monomers in the 
membranes is inhibi~d by equihbria b~ween the 
pools P3 and P4. In the case of (Ia) the equi- 
fibfium would be shined more towards the 
monomers P4 than for the case of Ib. The second 
explanation would assume that be~des the pools 
depicted in Fig. 7 we have to expe~ non-fluo- 

227 

rescent aggregates of O) a~oda~d  with the 
liposomes which cannot be removed by ultra- 
centrifugation, and do n~t part idpa~ in the incor- 
poration reactions ~ven in modal 1. They are 
formed to a much higher extent in the incubation 
mixtures of (Ib) with LUV as compared to thcse 
containing (Ia) (Tab~ IV). 

Both assumptions lead to the conclufion that 
increase in ac~ c h i n  length of (I) ~ads to lower 
degree of homogendty of membrane ~ru~ures. 

Reorganization of membrane structures 
One of the m~n condufions from these resul~ 

is that upon adsorption of the aggregates of (I) to 
the fiposomes a high degree of h~erogen~ty has 
been created in the membrane. By our measure- 
ments we were able to study the rdaxation of this 
heterogeneous state towards a more homogeneous 
fipid di~ribution. It was not po~ible to study this 
type of rdaxation phenomena by convention~ 
methods of fluorescence labeling Such equifibr~ 
fion processes might be important in biolo~c~ 
problems hke e.g. membrane biogenesis or mi~ng 
of membrane re~ons by fu~on. Fluorescence 
measurements u~ng sel~quenching effects as pre- 
sented in this work should be suited to g~n in- 
~ght into those processes. 

Appen~x 

The solutions of the differenti~ Eqns. 4a-4c 
were obt~ned using the operator m~ho& In this 
method the dif~renti~s d / d t  are rephced by the 
operator P: 

dC 
--dr = PC ~r C(t = 0) = 0 (~1) 

dCdt = P C -  P C  ° for C ( t = ~ = C ° *  0 (A-2) 

ComNNng Eqns. A-1 and A-2 with Eqn. 3 we 
obtMn: 

(P  + k~ + k2) ~ = P C ~  ( ~ 3 ~  

- k 2 C  2 + ( P  + k3) G = 0 (~3b )  

- k ~ G  - k3C3 + P G  = 0 (~3c)  

This system of three hnear equations with the 
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unknowns C~ can be s~ved ufing CrameFs rule 
treating the operator P as a constanL The de- 
terminant of the sys~m A-3 is 

a=~(p+g~+k:)(e+~)  ( ~ 4 )  

The expressions obtNned for Ca, Q and C3 are 
functions of the operator P and can be ~ans- 
formed to original functions by a reverse 
Laplac~Carson transformation ufing the Tab~s 
of Trandorms in ReL 37. The compl~e set of 
solutions is Nven in Eqns. A-5: 

~ = ~ + ~  

~ = ~ k ~ [ k 3 _ ~ _  ~ + ~ +  

(A-5a) 

kl + ~_k3 e-~t] 
(A-5b) 

G = ~ [  1 k~2~k3e-(~÷~:~t-k~+2~_k3 e-~] 
(A-5c) 

From Eqns.A-5c and 5 a doubl~exponenti~ func- 
tion for the increase of the fluorescence inten~ty 
is obt~ned (Eqns. 6 and 7). 
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