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ABSTRACT Membrane  fusion of  a phospho l ip id  vesicle with a p lanar  l ipid bilayer is pre- 
ceded  by an initial prefusion stage in which a region of  the vesicle m e m b r a n e  adheres  to the 
p lanar  membrane .  A resonance  energy transfer  (RET) imaging microscope,  with measured  
spectral  t ransfer  funct ions and  a pair  of  radiometr ical ly  cal ibra ted video cameras,  was used to 
de t e rmine  bo th  the area  of  the contact  region and  the distances between the membranes  
within this zone. Large vesicles (5-20 ~m diam) were labe led  with the d o n o r  f luorophore  
coumar in -phospha t idy le thano lamine  (PE), while the p lanar  m e m b r a n e  was labe led  with the 
acceptor  rhodamine-PE.  The  d o n o r  was exci ted with 390 nm light, and  separate  images of  
d o n o r  and acceptor  emission were fo rmed  by the microscope.  Distances between the mem- 
branes  at each locat ion in the image were d e t e r m i n e d  f rom the RET rate constant  (kt) com- 
pu ted  f rom the accep to r :donor  emission intensity ratio. In the absence of  an osmotic gradi- 
ent, the vesicles stably a d h e r e d  to the p lanar  membrane ,  and  the dyes d id  not  migrate  be- 
tween membranes .  The  region of  contact  was de tec ted  as an area  of  p lanar  membrane ,  
co inc iden t  with the vesicle image,  over which rhodamine  f luorescence was sensitized by PET. 
The  total area  of  the contact  region d e p e n d e d  biphasically on the Ca 2+ concentra t ion ,  but  
the distance between the bilayers in this zone decreased  with increasing [Ca'2+]. The  changes 
in area  and  separa t ion  were probably  re la ted to divalent  cat ion effects on electrostat ic screen- 
ing and b ind ing  to charged  membranes .  At  each [Ca2+], the i n t e r m e m b r a n e  separa t ion  var- 
ied between 1 and 6 nm within each contact  region,  indica t ing  m e m b r a n e  undula t ion  pr ior  
to adhesion.  I n t e r m e m b r a n e  separa t ion  distances <~2 nm were localized to discrete sites that  
fo rmed  in an o rde r ed  a r r a n g e m e n t  t h roughou t  the contact  region.  The  area  of  the contact  
region occupied  by these puncta te  a t t achment  sites was increased at high [Ca2+]. Membrane  
fusion may be ini t ia ted at these sites of  closest m e m b r a n e  apposi t ion.  

I N T R O D U C T I O N  

M e m b r a n e  fus ion  is a key m e c h a n i s m  u n d e r l y i n g  m a n y  
ce l lu la r  processes ,  i n c l u d i n g  exocytosis ,  i n t r ace l l u l a r  
m e m b r a n e  t raff icking,  a n d  fer t i l iza t ion ,  as well as 
p a t h o l o g i c a l  events  such  as the  in fec t ion  o f  cells by bac- 
te r ia  a n d  viruses (White ,  1992). In  fusion,  two phos-  
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p h o l i p i d  m e m b r a n e s ,  each  d e m a r c a t i n g  s epa ra t e  aque-  
ous  c o m p a r t m e n t s ,  m e l d  in to  a c o n t i g u o u s  lamel la ,  
a n d  c o m p a r t m e n t s  ini t ial ly d e l i n e a t e d  by the  o r ig ina l  
m e m b r a n e s  a re  j o i n e d  ( Z i m m e r b e r g  e t  al., 1993). Al- 
t h o u g h  these  d i f f e r en t  b io log ica l  p rocesses  a re  regu-  
l a t ed  by d i s t inc t  sets o f  p r o t e i n s  ( B e n n e t t  a n d  Schel ler ,  
1993), m e m b r a n e  fusion,  the  c o m m o n  f ea tu re  con-  
t ro l l ed  by these  p ro te ins ,  is essent ia l ly  the  coa l e scence  
o f  two h igh ly  an i so t rop ic ,  viscoelast ic  f luids.  

We  d e v e l o p e d  a m o d e l  system in which  p h o s p h o -  
l ip id  vesicles fuse wi th  a p l a n a r  p h o s p h o l i p i d  m e m -  
b r a n e  to d e t e r m i n e  the  m e c h a n i c s  a n d  e n e r g e t i c s  
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c o m m o n  to all biological occurrences  of  m e m b r a n e  
fusion (Z immerbe rg  et al., 1980; Cohen  et al., 1980). 
Fusion occurs in at least two exper imenta l ly  resolvable 
stages. In the first stage, the vesicle approaches  and 
binds stably to the p lanar  m e m b r a n e  (Akabas et al., 
1984), but  the lipid bilayers do not  generally coalesce 
(Niles and  Cohen,  1987). The  hydrat ion of  the polar  
m e m b r a n e  surfaces (LeNeveu et al., 1976) and  elastic 
proper t ies  such as bend ing  and  surface energies (Hel- 
frich, 1978) limit their  close approach  and  contact.  
Membranes  containing anionic lipids require  Ca 2+ or 
o ther  divalent cations to fo rm the adherent ,  prefusion 
state (Akabas et al., 1984). This stage is long lived, be- 
cause bilayers are stable (Evans and  Waugh,  1977; 
N e e d h a m  and Haydon,  1983) and  externally appl ied 
energy, such as osmotic  swelling of  the vesicles (Co- 
hen  e t  al., 1980), is necessary to drive the m e m b r a n e s  
into the second stage, in which the two m e m b r a n e s  
mix into a single lipid bilayer and  the vesicle contents  
are released to the opposi te  side of  the p lanar  mem-  
brane.  

The  extent  of  the adhesion interaction between 
membranes  in the prefusion state has remained  uncer-  
tain. Both the fraction of  the vesicle's surface area close 
enough  to the planar  m e m b r a n e  to be considered in 
contact  and the distance between the membranes  in 
the contact  region have remained  unknown. These pa- 
rameters  affect the ability of  an osmotic water flux 
across the planar  m e m b r a n e  to generate  an intravesicu- 
lar hydrostatic pressure sufficient to cause fusion (Niles 
et al., 1989). In addition, certain m e m b r a n e  mixtures, 
such as those containing concave-shaped lipids like 
phosphat idyle thanolamine (PE) in the two facing leaf- 
lets, sometimes undergo  monolayer  mixing to fo rm a 
partially fused intermediate  (Chernomord ik  et al., 
1995), a l though we have found  contacting membranes  
to remain separate and distinct without mixing of  the 
apposed monolayers  (Niles and Cohen,  1987). Because 
the conformations of  membranes  dur ing stages of  fu- 
sion define the process, the structure of  membranes  in 
the region of  contact  between the vesicle and the pla- 
nar  bilayer in the adheren t  state is of  interest. Distor- 
tions f rom smoothness between adher ing m e m b r a n e  
surfaces could impar t  stresses needed  for the localized 
m e m b r a n e  breakage leading to fusion. It remains to be 
de te rmined  whether  distinct conformat ions  of  mem-  
brane  exist at discrete stages of  fusion or whether  mem-  
brane  reorganizat ion is so fast, r andom,  and  complex  
that exactly reproducible  lipid configurations do not  
exist but  ra ther  are the strange attractors of  a dynami- 
cal system (Ruelle, 1989). Nonetheless,  one  discrete 
stage, adhesion, has been  found and we characterize it 
in this paper.  

To observe adhes ion as well as o ther  long-lived 
structures of  m e m b r a n e s  dur ing  fusion, we have 

tu rned  to resonance  energy transfer  (RET) imaging 
microscopy (Herman ,  1989; Ludwig et al., 1992; Niles 
et al., 1993). To develop this new m e t h o d  for the mea- 
su remen t  of  molecular-scale distances, we have ini- 
tially focused on  stationary interact ions between vesic- 
ular and  planar  m e m b r a n e s  in the region of  contact  
that  forms pr ior  to fusion. The  dono r  p robe  was a 
dimethylaminocoumarin-4-acetyl  g roup  covalently at- 
tached to the headg roup  amine  of  PE (cou-PE) (Sil- 
vius et al., 1987) and  the acceptor  p robe  was Lissa- 
mine  r h o d a m i n e  B-PE (rho-PE) (Massari et al., 1988). 
The  d o n o r  was present  in the vesicle m e m b r a n e ,  and  
the acceptor  was placed in the p lanar  m e m b r a n e  as 
schemat ized in Fig. 1 A. The  dono r  was directly ex- 
cited, and the f luorescence emissions of  bo th  dono r  
and  acceptor  probes  were s imultaneously observed. 
The  two separate  images were overlayed in spatial cor- 
r e spondence  and  their  intensities were used to calcu- 
late a ratio image that  indicated the rate constant  o f  
RET (kt) at each location. As k t varies with the distance 
of  separat ion between the probes  (F6rster, 1948; 
Drake et al., 1991), the ratio image de t e rmined  both  
the contact  area of  the vesicle and  planar  m e m b r a n e  
and  the separat ion distances between them.  We exam- 
ined the RET ratio images for indicators of  m e m b r a n e  
conformat iona l  in termedia tes  of  fusion and  charac- 
terized the contact  region in terms of  the forces nec- 
essary to br ing m e m b r a n e s  into close apposit ion.  
Structures we found  may provide the nucleat ion sites 
necessary to initiate m e m b r a n e  fusion. 

T H E O R Y  

RET occurs between two fluorescent  molecules when a 
donor  f luorophore ,  which is directly excited by the illu- 
minat ing excitation light, is located close to an unex- 
cited acceptor  f luorophore .  It originates f rom the in- 
teraction of  the wavefunction of  the excited donor  with 
the wavefunction of  the ground-state acceptor  (F6rster, 
1948). This occurs when the donor  emission and ac- 
ceptor  absorpt ion spectra overlap, and the excited do- 
nor ' s  emission dipole is not  perpendicular  to the unex- 
cited acceptor 's  absorption dipole (Dale and  Eisinger, 
1974). The  RET rate constant  (kt) indicates the rate at 
which the donor ' s  excitation probability is t ransferred 
to the acceptor  (F6rster, 1948). For two probes  sepa- 
rated by a distance R, 

kt = l/,r D (R/Ro) -6, (1) 

where "r D is the lifetime of  the excited state of  the donor  
in the absence of  RET and Ro is the F6rster critical dis- 
tance. R0, the distance at which the excited donor  
transfers its energy to the acceptor  with a probability of  
1/2, is given (in nanometers)  by 
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FICtrRE 1. RET imaging of the  region of contact between vesicu- 
lar and planar  membranes.  (A) Locations of RET fluorescent 
probes. The vesicle membrane  is labeled with the donor  cou-PE 
and the planar  membrane  is labeled with the  acceptor rho-PE. Ves- 
icles are introduced to the planar membrane  on the c/s side. Epi- 
i l lumination and observation are done through the trans compart- 
ment.  The donor  is excited with 390 n m  light from a monochro-  
mator. The light emitted by the donor  and  acceptor f luorophores 
through the trans compar tment  is collected by the objective. (B) 
Geometric a r rangement  of probes and calculation of RET rate 
constant. The donor  is confined to the two top planes represent- 
ing the two monolayers of the vesicle membrane.  The acceptor is 
located in the bot tom two monolayers of the planar membrane.  
We assumed that  each probe was located at the amino end  of the 
0.5-nm long headgroup and  resided at the headgroup-water  inter- 
face. The normal  separation between the probes in the monolay- 
ers of the same membrane  was 4 nm to account  for the 3-nm thick- 
ness of the hydrocarbon core (the idealized junc t ion  between the 
headgroup and  tail regions of  each monolayer is denoted  by a 
dashed line). The nearest approach of any donor-acceptor pair is 
a. The  RET rate constant is calculated for any point  in the donor  
plane using the normal  separation distance and the radial vector R 

R o = 979 [K2~on-4j(h) ] 1/6, (2) 

where K 2 is the geometrical orientation factor describ- 
ing the average a l ignment  between the transition di- 
poles of  the acceptor and the excited donor ,  ~D is the 
quantum yield of the donor  in the absence of  accep- 
tor, n is the refractive index of  the medium in which 
the electromagnetic wave propagates, and J(k) is the 
spectral overlap integral (Ftrster,  1948; Herman,  
1989). We de termined Ro spectrofluorimetrically in 
separate experiments with liposomes labeled by the 
phospholipid probes (Estep and Thompson,  1979; 
Wolber and Hudson,  1979; Snyder and Friere, I9:82) 
as well as by measuring the parameters of  Eq. 2. 

In vesicle-planar membrane  experiments, RET was 
determined as the sensitization intensity ratio AIA/II) 
calculated at each image location, where A/_A is the ac- 
ceptor fluorescence intensity sensitized by RET from 
the donor,  and I D is the donor  emission intensity (Her- 
man, 1989; Ludwig et al., 1992). The ratio image pro- 
vided a pixel-by-pixel evaluation of kt, which is related 
to AIA/ID by the photophysical reaction described be- 
low. We present a complete derivation tacitly assumed, 
but never explicitly shown in prior treatments (Brand 
and Withold, 1967; Herman, I989; Ludwig et al., 
1992). We assume that kb • and k~, x are the excitation 
rates of ground-state donors D and acceptors A by the 
illuminating light and that k f and kfA are the fluores- 
cence rates of  excited-state donors D* and acceptors 
A*. The equations 

to each acceptor, where R = ~R~ is the distance of separation be- 
tween the donor  probe and  a particular acceptor in one of the op- 
posite monolayers. The total amount  of RET between the donor  
and  all the acceptors in the opposite plane is obtained by sweeping 
the angle between R and the normal,  O, from 0 to "rr/2, and by 
sweeping R around the normal  by 2~r radians. The unit  increment  
of circular area in the acceptor plane around the normal at a is 
2~ra 2 tanO d(tanO). From Eq. 1, 

~v/2 

kt = [ (Ro) 6/'ro] 2~ra2 f R-6 tan |174  = 
0 

a t /2  

[ (Ro) 6/TD] 27ra2 I (a  s e c t )  -6tanOsecZOdO. 
0 

The results are given in Eq. 4a for a single pair of donor  and  accep- 
tor planes at separation a and in Eq. 4b for all four possible pairs of 
donor  and  acceptor planes. (C) Differences of the RET rate con- 
stant k t obtained using Eq. 4a (~ben boxes) and 4b (filled diamonds). 
h t is plotted as a function of the separation distance between the 
nearest pair of donor  and  acceptor monolayers, a. Differences be- 
tween the two expressions are only significant at relatively large 
separation (>5  nm).  Thus, we used Eq. 4a to express the geometri- 
cal dependence  of kt for computational simplicity. 
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describe the excitation, RET and  f luorescence processes. 
The  rates o f  format ion  and decay of  the excited states are 

e x  [' 
d D * l d t  = k o D - ( k  o + ktA) D* and 

e x  
d A * / d t  = (k A + k I D * ) A - k ~ A *  

with the assumpt ions  that  the PET process is identical  
for  all donor -accep to r  pairs and  that  p robe  pairs inter- 
act i ndependen t ly  o f  o the r  p robe  pairs in the spec imen  
(F6rster, 1948). T he  total surface area densities o f  do- 
no r  and  accep tor  are Dr = D + D* and  A T = A + A*, 
and  we assume that  only a small fract ion o f  acceptors  
are excited at any instant  o f  t ime such that A ~AT. At 
steady state, 

e x  e x  |" 
D* = k o Dz /  ( k D + ki~ + k~Av) and 

A* = ~tk~A + k tD*)AT/k~"  

The  emission intensities are ID = k fD  * for  the donor ,  
and  I a = k f A  * for  the acceptor .  T he  b a c k g r o u n d  inten- 
sity o f  the accep tor  due  to direct  excitat ion by illumina- 
t ion is IA ~ = k~;~AT, so that  the intensity o f  accep tor  
emission sensitized to f luorescence  by RET f rom the 
d o n o r  is AIA = /A - / a  ~ = ktD*Ar. Thus,  the ratio o f  sen- 
sitized acceptor  to d o n o r  intensities is 

A I A / I  D = ktAT/k~l~ (3) 

and,  at each locat ion in the ratio image,  the sensitiza- 
t ion ratio is p ropor t iona l  to the PE T  rate cons tan t  k,. 

I n t e r m e m b r a n e  separat ion distances at each image 
locat ion were extracted f rom k~ by assuming that  each 
m e m b r a n e  consisted o f  two infinite parallel planes cor- 
r e spond ing  to the two monolayers  compr i s ing  each bi- 
layer as dep ic ted  in Fig. 1 B. T he  d o n o r  probes  were 
distr ibuted r andomly  at surface density Dr on  the sur- 
faces o f  the two vesicular monolayers ,  and  the acceptor  
probes  were similarly a r r anged  at density AT in the two 
monolayers  o f  the p lanar  m e m b r a n e .  T he  headg roups  
o f  the two facing monolayers  o f  the apposed  vesicular 
and  planar  m e m b r a n e s  were separa ted  by a no rma l  dis- 
tance (the separat ion distance a long the no rma l  or  per- 
pend icu la r  in terp lane  distance) o f  a, the m i n i m u m  sep- 

ara t ion between any d o n o r  and  accep tor  pair. As the 
p robe  moieties were at the amino  end  of  each labeled 
lipid's 0.5 n m  long  headg roup ,  we assumed that  each 
p robe  lay at the headgroup-wate r  interface and  the 
measu red  i n t e r m e m b r a n e  separat ions  were distances 
between these interfaces. T h e  RET rate cons tan t /~  for  
any d o n o r  was f o u n d  by in tegra t ing Eq. 1 over the sur- 
face area o f  the oppos ing  p lanar  array o f  acceptors  
(Kuhn,  1970; Gibson and  Lowe, 1979) to yield 

6 
k t = (Ro) ~r/(2-rDa4). (4a) 

Each d o n o r  interacts with two parallel planes o f  accep- 
tors separa ted  by 4 n m  (the bilayer thickness),  how- 
ever, and,  at each spatial locat ion in the image, the ac- 
ceptors  are sensitized to f luorescence  by interact ion 
with two planar  arrays o f  donors .  The  RET rate con- 
stant  for  all interact ions is given by 

6 
k t = [ (Ro)  qv/2"rD] [1 /a  4 + 2 / ( a  + 4 )4 

(4b) 
4 

+ 1 / ( a + 8 )  ] .  
In Fig. 1 C, k~ (normal ized  by (Ro) 6 v / 2  %) is p lo t ted  as 
a func t ion  o f  separat ion distance a as pred ic ted  by both  
Eqs. 4a and  4b. Cont r ibu t ions  f rom the latter two terms 
in the d e n o m i n a t o r  o f  Eq. 4b are appreciable  only at 
separat ions > >  R~,. Thus,  we used Eq. 4a to de te rmine  
in t e rmembrane  separation distances in the ratio images. 

M A T E R I A L S  A N D  M E T H O D S  

Determination o f  Fluorescence and RET Properties o f  

Coumarin- and Rhodamine-PE 

Accurate interpretation of RET ratio images as distances between 
vesicular and planar membranes required determination of the 
fluorescence and energy" transfer characteristics of the donor and 
acceptor probes. Because cou-PE and rho-PE have not been used 
as an RET pair in microscopy, we measured their fluorescence 
characteristics in liposomes in order to determine R 0 by both ex- 
periment and calculation. As these fluorescence properties are 
needed to obtain the microscopy results, we present the fluori- 
metric data in this section, together ~dth the procedures used in 
their measurement. 

Phospholipids. The fluorescently labeled phospholipids, 1-pal- 
mitoyl, 2-oleoyl-sn-glycero-3-phosphoethanolamine-N-[ 7-dimeth- 
ylaminocoumarin-4-acetyl], and 1,2<lioleoyl-sn-glycero-3-phospho- 
ethanolamine-N-[lissamine rhodamine B sulfbnyl], rho-PE, were 
used as donor and acceptor probes, respectively. Cou-PE was syn- 
thesized by reaction of PE with succinimidyl 7-dimetb- 
ylaminocoumarin-4-acetate according to published procedures 
(Silvius et al., 1987). Rho-PE was purchased commercially (Avanti 
Polar Lipids, Inc., Pelham, AI,). Cou-PE and rhn-PE in CHCI.~ 
stock solutions remained stable tor ~30 d at -20~ as checked by 
thin-layer chromatography on silica gel plates run in CHCI:J 
methanol/NH4OH (65/32/3 by vol) or CH('l:~/mcthanol/ 
CH~GOOH (65/30/5), respectively. The unlabeled phospholip- 
ids egg lecithin (PC), dioleoyl PE, and brain phosphatidylserine 
(PS) were pnrchased commercially (Avanti Polar lfipids, lnc.), as 
were cholesterol and triolein (Sigma t]hemical Co., St. Louis, MO). 
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Detergent-dialysis liposomes. The fluorescence and  RET proper- 
ties of the dyes were de te rmined  using detergent  dialysis lipo- 

somes. To obtain the desired mole fractions of labeled lipids in 
the liposomes, aliquots of chloroform stock solutions of the 
probes were mixed with a chloroform solution consisting of unla- 
beled 6:1 (4:1 PC:PS):cholesterol (by mole fraction). The  chloro- 
form was dried unde r  a stream of Ar and then  in vacuo for 45 
min. The dried lipid mixture (6.8 Ixmol total) was resuspended 
in 0.5 ml of 20 mM cholic acid, 120 mM NaCI, 10 mM HEPES, 
3 mM MgCI~, 1 mM EDTA, pH 7.4, with vortexing, and the sus- 
pension was sonicated to clarity in a bath  sonicator at room tem- 
perature.  The suspension was placed in a dialysis bag (1 • 7 cm, 
SpectraPor 2, Spectrum Medical Industries, Los Angeles, CA) 
and  dialyzed against 1 liter of the buffer solution 120 mM NaC1, 
10 mM HEPES, 3 mM MgC12, 1 mM EDTA, pH 7.4. The buffer 
was replaced every 12 h for five changes to remove the cholate 

and  to produce a cloudy suspension of liposomes that  should 
have been  homogeneous  with a diameter  of ~100  nm (Szoka 
a n d  Papahadjopoulos,  1980). Cholesterol was included in these 
liposomes because sterol was used in the vesicle-planar mem- 
brane  experiments,  and it is known to affect rho-PE fluorescence 
(Massari et al., 1988; MacDonald, 1990). 

Spectrofluorimetry. Absorption spectra and  quan tum distribu- 
tion functions of cou-PE and rho-PE emission (see Fig. 2 A) were 
measured with the fluorescently labeled detergent  dialysis lipo- 
somes in a spectrofluorimeter  (SPF 500C, SLM-Aminco, Urbana,  
IL) equipped with automated polarization analysis filters. 25 Ixl 
of the liposome suspension, containing 0.1, 0.2, 0.5, 1.0, or 2.0 
mol% of ei ther  probe, was added to 3 ml of the buffer solution in 
a 1 • 1 • 4 cm quartz cuvette. The tempera ture  of the cuvette 
holder  was held at 25~ and  the cuvette was stirred continuously 
with a Teflon-coated flea. Excitation and emission wavelengths 
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FIGURE 2. Fluorescence and RET properties of cou-PE and rho-PE de- 
termined by spectrofluorimetry of phospholipid vesicles prepared by de- 
tergent dialysis. (A) Absorption spectra and quan tum distribution func- 
tions of fluorescence emission. The absorption spectra, with amplitudes 
shown as extinction coefficients (molar absorptivities) were de termined 
from liposomes containing either labeled PE at 0.1, 0.2, 0.5, or 1.0 mol% 
of the total phospholipid. Differences in absorbance between the first 
three probe densities were used to calculate the extinction coefficients. 
The emission spectra were normalized by the maximum quantum yield of 
each probe. The shaded portion shows the overlap between coumarin 
emission and rhodamine  absorption spectra. Cou-PE: (solid line) absorp- 
tion; (dotted line) emission. Rho-PE: (dashed line) absorption; (dashed-dotted 
line) emission. (B) RET between cou-PE and rho-PE in liposomes. Deter- 
gent-dialysis liposomes containing 5.0 inol% cou-PE and 0, 0.2, 0.5, 1.0, 
2.0, or 5.0 mol% rho-PE bathed in buffer. Self-quenching of rho-PE was 
minimal at <5.0 mol%, as the rhodamine fluorescence intensities all 
crossed the coumarin fluorescence curve (obtained with liposomes con- 

mining no rho-PE) at the same wavelength. At 5 mol%, the crossover waveIength was red-shifted, indicating self-quenching of  rhodamine  
fluorescence. RET measurements with probe mole percentages <5% were not  significantly affected by self-quenching. (C) Rho-PE 
quenching  of cou-PE fluorescence by RET in liposomes. For each emission spectrum of cou- and rho-PE colabeled liposomes, the cou- 
marin fluorescence intensity at 440 nm was divided by the 440-nm intensity obtained with liposomes labeled only with 5 mol% coumarin- 
PE. This determined ~bDA/~ o ratios plotted against the rhodamine:coumarin  ratio for each labeled liposome preparation. The curve, ob- 
tained by non-linear regression, is q~DA/~D = 0.087 ~)-0.67~ (R 2 = 0.91). /~, determined from the surface density of rho-PE (0.00563) 
where dPDA/dOr~ = 0.5, was 3.211 --+ 0.301 nm. 
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T A B L E  I 

Absorption and Emission Characteristics of Coumarin- and Rhodamine-labeled PE 

Coumarin-PE Rhodamine-PE 

Absorption maximum (nm) 

Molar absorptivity maximum (M-m-cm- l) 

Emission maximum (nm) 

Quantum yield 

Emission anisotropy r 

Axial depolarization factor <d~*> 

K 2 minimum 

K 2 maximum 

Spectral overlap integralJ(~.) (cm6-mo1-1) 

381 549 

1.68 • 104 7.13 • 104 

443 570 

0.277 0.308 

-0.0496 + 0.0027 -0.1150 +_ 0.063 

-0.353 + 0.052 -0.411 + 0.147 

0.3 to 0.4 

0.8 to 0.9 

3.841 _+ 0.082 • 10 14 

were scanned at 1 nm/0.25 s and the intensity data was collected 
by computer.  Each fluorescence spectrum was obtained simulta- 
neously with an absorbance reference spectrum. The quantum 

distribution function of emission for each probe in Fig. 2 A was 
obtained by correcting the measured fluorescence spectrum for 
the absorbance of the sample at each wavelength (Brand and 
Withold, 1967). The molar absorptivities (extinction coeffi- 
cients) at each wavelength were calculated from differences be- 

tween absorption spectra obtained with mole percentages of la- 
bel between 0.1 and 0.5%. The photomuItiplier tubes and gain 
circuitry of the fluorimeter were standardized with an aqueous 
solution of 35 ~M 6-carboxyfluorescein, which has a known quan- 
tum yield of 0.95 at 517 nm (Campbell and Dwek, 1981). The 
quantum yields of couPE and rho-PE, measured relative to the 

quantum yield standard 4 m g / m l  quinine sulfate in 0.5 N H2SO 4 
(Brand and Withold, 1967; Campbell and Dwek, 198I), were 0.28 
and 0.30. Data from these experiments used in the calculation of 

R0 are shown in Table I. 
Spectral overlap integral. We evaluated the overlap integral be- 

tween the cou-PE emission and rho-PE absorption spectra of Fig. 

2 A. The spectral overlap integralJ(k) is f ~(k)f(~.)k4d~, where 
~(k) is the molar absorptivity (extinction coefficient) of the ac- 
ceptor at wavelength k (in M-lcm -1) and f(X)dX = F(X)dk/ 
fF(X)d~, the emission intensity of the donor  in the interval 
[k,k+d~] normalized by the total total fluorescence intensity 
(Brand and Withold, 1967; Herman, 1989). We obtainedJ(k)  = 
3.841 (+ 0.082 SE) • 10 -14 cm6-mo1-1. 

Fluorescence polarization analysis. The geometrical orientation 
factor K z, from Eq. 2, was determined from the emission polariza- 

tion anisotropies (r) of the probes contained in detergent  dialysis 
liposomes. Each sample was excited with vertically polarized light 
and the emission components  were measured in the vertical and 
horizontal directions of linear polarization. Cou-PE, present  in 
the liposomes at either 0.5 or 2.0 mol%, was excited at 390 nm 
and rho-PE, present in different liposomes at the same molar 
percentage, was excited at 540 nm. The emission wavelength was 
scanned twice from 400 to 700 nm, once with the vertical polar- 
izer in the emission path to obtain Iw and then with the horizon- 
tal polarizer to obtain IvH. After correction for the polarization 
transfer functions, the r was computed at each emission wave- 
length as (lw - IvH)/(lw + 2 IVH) (Dale and Eisinger, 1974). 
Our measured emission anisotropies of cou-PE and rho-PE are 

listed in Table I. Both indicate orientational freedom of the 
headgroup-attached probes. 

We determined K 2 from the axial depolarization factors d]', 

which describe the change in scalar product of  a fluorescent 
probe 's  transition moment  when it spatially reorients after excita- 
tion but prior to emission (Dale and Eisinger, 1974; Dale et al., 
1979). In the absence of PET, < d ~ >  = (2.5 r)l/2 (Dale and Eis- 
in.ger, 1974). The RET axial depolarization factor d r was mea- 
sured in detergent  dialysis liposomes colabeled with cou- and 

rho-PE at 0.5 and 1.0 mol% by exciting with 390 nm vertically po- 
larized light and scanning the emission wavelength from 400 to 
700 nm. We determined minimum and maximum ranges of K 2 
from published contour plots of axial depolarization factors 
(Dale and Eisinger, 1974). As shown in Table I, these measure- 
ments narrowed K z from its possible range of [0, 4] to [0.35, 

0.85], which improved the precision of our calculated estimate of 

R0. This range of K ~ is consistent with the often-assumed random 
orientation value of  2/3 (Date and Eisinger, 1974), in accord 
with free rotation of the headgroup probes. Control experiments 

showed no effect of Ca2+-induced vesicle aggregation on the geo- 
metrical factors. 

Concentration-quenching of cou-PE and rho-PE fluorescence. We mea- 
sured self quenching of probe fluorescence in detergent  dialysis 
liposomes separately labeled with a single probe at 0.2, 0.5, 1.0, 
2.0, and 5.0 mol%. Cou-PE was excited at 390 nm and the emis- 
sion at 450 nm was measured, while rho-PE was excited at 570 nm 
and the emission at 590 nm was recorded. To determine self- 
quenching, the emission intensities recorded for the intact lipo- 
somes (F) were compared with the intensities (/~) obtained at 
the same wavelengths after disruption of the liposomes in 0.5% 
sodium dodecyl sulfate, which did not alter the fluorescence of 
either probe. The amount  of self-quenching was calculated as 
1.0 - F/F~. We found that cou-PE at 5 mol% was self-quenched 
by ~15%, while rho-PE over the range of 1.0 to 5.0 tool% under- 
went self-quenching from 20 to 80%. 

Determination of the F6rster critical distance Ro. We experimentally 
determined the R0 for the cou-/rho-PE dye pair by measuring the 
quenching of cou-PE emission intensity at 440 nm by rho-PE in 
the same liposomes. The cou-PE molar percentage was fixed at 5 
mol% in all liposomes. Separate batches of cou-PE-labeled lipo- 
somes were made containing 0, 0.2, 0.5, 1.0, 2.0, or 5.0 mol% 
rho-PE. The cou-PE was excited at 390 nm and the emission wave- 
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length was scanned from 400 to 700 n m  to detect  the fluores- 

cence of  bo th  probes (see Fig. 2 B). RET between coumarin  and  
rhodamine  in liposomes was minimally affected by self-quench- 
ing of  e i ther  probe  except  at 2 and  5 mol% rho-PE, where the 
wavelength of peak rhodamine  emission was shifted from 567.3 
nm to 572.1 nm. 

To de termine  R0 from the data in Fig. 2 B, we divided the cou- 
PE emission intensity at 440 nm by the intensity measured  in the 
absence of rho-PE for each propor t ion  of rho-PE to cou-PE. This 
fractional intensity was assumed to be the ratio of the q u a n t u m  
yield of  couPE  undergo ing  RET to its quan tum yield in the ab- 

sence of RET, ~DA/qbD, which equals 0.5 at an  acceptor density 
equivalent to 1 acceptor in a circular area of 5~rR02 (Estep and  
Thompson,  1979; Wolber  and  Hudson,  1979; Dewey and  

Hammes,  1980). qbDA/qb D is plot ted as a function of rho-PE:cou- 
PE in Fig. 2 C. This parameter  is reduced to 0.5 at  a rho-PE mole 
fraction of 5.63 • 10 -~, which, at  0.6 nm 2 area/ l ipid,  leads by the 

above relation to an  experimentally de te rmined  R0 of 3.211 -+ 
0.301 nm. Using 1.334 as the refractive index, n, and  the other,  
experimentally de t e rmined  parameters  listed in Table I, we cal- 
culated estimates of R0 as 3.060 + 1.605 nm for  K 2 = 0.35 and  as 
3.548 +_ 2.264 n m  for K 2 = 0.85. As these calculated estimates 
bracketed the experimentally measured  value, we used R0 = 
3.211 nm to in terpret  the RET images. 

R E T  Imaging of Vesicle-Planar Membrane Interactions by 
Video Microscopy 

Fluorescent lipid vesicles used for RET with planar membranes. 
Large tiposomes, 1-20 p~m in d iameter  and  labeled with cou-PE, 
were prepared  as previously described (Kim and  Martin, 1981; 
Niles and  Cohen,  1987). T h e  total lipid used in each vesicle prep- 
arat ion was 15.51 p~mol, which consisted of  3.35 p, mol PC, 3.35 
p, mol PE, 2.51 p, mol PS, 7.5 ~mol  cholesterol, and  3.0 p~mol tri- 
olein. Cou-PE was added to the lipid mixture to obtain the de- 
sired mole fraction of donor  probe,  which was e i ther  1.0, 2.0, or  
4.0 mol%. Vesicles were prepared  fresh daily and  stored on  ice 
before use. 

b7uorescentplanarn~nbranes. Planar membranes  were formed 
across a .circular orifice 160 p,m diam in a 50-p,m thin septum of 
black Teflon submerged in buffer  solution, consisting of 120 mM 
NaC1, 10 mM HEPES, 3 mM MgC12, 1 mM EDTA, pH 7.4. Mem- 
branes  were formed by brush ing  a solution of 50 m g / m l  lipid in 
squalene across the hole (Needham and Haydon, 1983). Thinning  
was de te rmined  both  optically by the formation of the Plateau- 
Gibbs borde r  in bright-field transil lumination and  electrically by 
the growth of bilayer ~apacitance. Sometimes membranes  were 
formed by spreading 5 p~l of  10 m g / m l  lipid in pen tane  at the air- 
water interface with the solution level below the squalene-coated 
orifice. Solution was then  added to raise the lipid monolayers 
over the hole (Montal and  Mueller, 1972). Both types of  mem- 
branes  p roduced  identical results. The  lipid composit ion of the 
membrane- forming  solutions was 3:1 phospholipid:cholesterol  
(mole fraction) and  the composit ion of the phosphol ip id  por- 
t ion was 2:2:1 PC:PE:PS. The  mole fraction of the acceptor probe 
rho-PE was e i ther  1.0, 2.0 or 4.0 mol% of the total phosphol ip id  
in the membrane- forming  solution. 

Planar membrane chamber. The septum in which the planar  
membrane  was formed divided a Teflon chamber  into two solu- 
tion-filled compar tments  (Niles and  Cohen,  1987). The  front  

and  back sides of  the chamber  were No. 1 cover slips to allow op- 

tical moni to r ing  o f  the membrane .  The  chamber  was moun ted  in 
a calibrated RET video microscope (Niles and  Cohen,  1995). Do- 
nor-labeled vesicles were ,delivered to the planar  m e m b r a n e  by 
pressure-ejection from an  L-shaped micropipet te  in the cis com- 
par tment ,  as described (Niles and  Cohen,  1987), while the  mem- 
brane  was viewed with the microscope th rough  the  trans compart-  
ment .  The  cis compar tmen t  was continually stirred by a Teflon- 
coated flea. 

RET imaging video microscope. The d o n o r  coumarin  in the vesi- 
cles was excited by epi-illumination with monochromat ic  390 n m  
light. The emissions f rom both  the  coumarin  and  rhodamine  
probes were collected by the microscope objective (MPlan 25X/  
0.4 NA, 11 m m  working distance, E. Leitz, :Edison, NJ) and  sepa- 
rated by a series of filters into coumarin-  and  rhodamine-originat-  
ing components  (Niles and  Cohen,  1995). Emitted l ight  with 
wavelengths <510 nm was directed to a KS1380 multichannel plane 
image intensifier (Videoscope Internat ional ,  Washingtion, DC) 
coupled to a CCD-72 camera (Dage-MTI, Inc., Michigan City, IN) 
to detect  the donor  fluorescence from .couPE in the  vesicles. 
Wavelengths >510 n m  were .directed to a KS1381 intensifier-CCD 
camera to observe the acceptor fluorescence image originat ing 
from the rho-PE in p lanar  membrane .  The donor  and  acceptor 
images were observed simultaneously and  archi~ed on tape using 
two video tape recorders. Time stamps written on each video frame 
were used to synchronize the  two images. Tape records were 
transferred to optical disk for subsequent  analysis with an  image 
processor (Series 151, Imaging Technology, Inc., Woburn,  MA). 

RET ratio images. RET was analyzed by calculating the sensitiza- 
tion ratio AIA/ID (Eq. 3) at  each pixel location. Each ratio image 
was computed  from one image of donor  coumar in  fluorescence 
and  two images o faccep to r  rhodamine  fluorescence. One  accep- 
to t  image was obta ined simultaneously with the  d o n o r  image in  
the presence of  energy transfer. The second acceptor image was 
obtained at a t ime pr ior  to RET and  was used to remove acceptor  
fluorescence unrela ted to RET from the first image.. We con- 
verted the video brighmesses in each image, which corresponded 
to photometr ic  intensities, into area-normalized energy fluxes 
(radiometric intensities) using calibrat ion procedures  tha t  we 
have established for this video microscope--video luminance  
brightnesses were ,converted to irradiances by calibrating against 
a photode tec tor  corrected for its own spectral response (Niles 
and  Cohen,  1995). This enabled  the  sensitization ratios to be  
computed  as energy ratios, allowing accurate i n t e rmembrane  
separation distances to be calculated. 

We computed  sensitization ratio images for each exper iment  
by the following procedure.  The  donor  image was selected after 
u n b o u n d  vesicles ejected from the pipette were swept away by 
stirring. The coumarin  emission intensity 19 was calculated by 
temporally averaging 4-32 frames of  the donor  image and  sub- 
tracting a 32-frame average background brightness image, ob- 
tained before vesicle ejection. The averaged brightness of each 
pixel in the frame was t ransformed to the  irradiance failing on  
the donor  camera  using its brightness-irradiance relat ion (Niles 
and  Cohen,  1995). The  total emission intensity of  acceptor a t  
each pixel IA was de te rmined  from a temporal  average of  32 
frames of  the  rhodamine  image starting at the same time as the 
first frame of  the donor  image, which was then  converted using 
the acceptor camera  brightness-irradiance relation. IA conta ined  
acceptor emission sensitized by RET from coumarin,  but  it also 
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included rhodamine fluorescence due to direct excitation by the 
390 nm illumination. To remove the background intensities, 32 
frames of the rhodamine image of the planar membrane ob- 
tained before the ejection of vesicles were averaged and trans- 
formed to I ~ AIA, the rhodamine emission intensity due to RET, 
was calculated as IA -- I ~ Before calculation of the sensitization 
ratio, the irradiances AI A and I D were divided by the spectral 
transfer factor of the respective emission pathway, listed in Table 
II, to convert them to radiances at the specimen plane (Niles and 
Cohen, 1995). As transmission of the coumarin emission through 
the acceptor pathway and rhodamine emission through the do- 
nor pathway were negligible, we corrected the coumarin and 
rhodamine intensities only with the spectral transfer coefficients 
of their respective pathways. 

The sensitization ratio AIA/I D was computed for each pixel and 
then converted into the intermembrane separation distance at 
that location. Substitution of Eq. 4a into Eq. 3 yields the expres- 
sion for AIA/I D as a function of the intermembrane separation 
distance a. Using k~ = 1/"~D, we applied the inverse formula 

= F (,rr/2) AT11/4 3/2 
a L AIA]ID J (R~ (5) 

to the sensitization ratio value at each pixel in the image to ob- 
tain a. The area density of rho-PE (AT) was determined from the 
mole fraction of acceptor in the membrane forming solution. 1 
The computed distances were then mapped to the brightness 
scale of [0,255] with 6 nm represented by 0 brightness units and 
1 nm by 255, with unit increments in the linear greyscale denot- 
ing logarithmic decrements in distance. 

Distributions of the fractional surface area of the vesicle in contact with 
the planar membrane. Distributions of the area of the vesicle in 
contact with the planar membrane were calculated as functions 
of intermembrane separation. For each intermembrane separa- 
tion distance a, we determined the fractional area of the vesicle 
with a separation distance from the planar membrane ~<a. With 
each vesicle, we counted the number of pixels, ND, in the donor 
coumarin image with brightnesses equal to or greater than a 
threshold brightness. We assumed that the donor image pro- 
vided a hemispherical profile of the vesicle, so that the total sur- 
face area of the vesicle was 2 ND ap, where ap is the area per pixel 
(0.2384 ~zmZ). We overlayed a boundary on the ratio image at the 
spatial location corresponding to the edge of the vesicle in the 
donor image, to ensure spatial coincidence of the ratio image 
pixels used to determine the area of contact and the particular 
vesicle. Because the true edge of a spherical vesicle was indeter- 
minate in a discretely sampled 2-dimensional profile, the bound- 
ary in the ratio image was made three pixels wide extending away 
from the edge of the vesicle determined in the donor image. A 
brightness histogram of the pixels in the ratio image both within 
and directly under the vesicle boundary was constructed, yielding 

1We attempted to observe lateral separation of lipids into domains of 
similar curvature by bathing rhodamine-labeled planar membranes 
in 100 mM Ca 2+ in the absence of vesicles and directly exciting the 
rho-PE. We expected phase domain formation to be accompanied by 
the formation of spatial regions of high and low fluorescence, be- 
cause the rho-PE is anionic and might be expected to cosegregate 
into a region of anionic lipids by the formation of lateral cross- 
bridges by Ca ~+. This was not observed to occur; sterol may be azeo- 
tropic and prevent phase separation. 

T A B L E  I I  

Spectral Transmission of Coumarin-PE and Rhodamine-PE Emission 
through the Donor and Acceptor Optical Pathways of the RET Microscope 

Probe emission 

Optical pathway Coumarin-PE Rhodamine-PE 

Donor 0.05949 8.2 x 10 -~ 
Acceptor 7.31 X 10 4 0.2623 

The spectral transfer function for a given pathway i is f ,'~(k)f(k)dX, 
where Si (k) d~ is the spectral transfer coefficient for the/-th emission path- 
way over the wavelength range [k,~.+ dk] andf(k) dX is the relative fluores- 
cence of the j-th probe over the same wavelength range (Ludwig et al., 
1992). 

the histogram of intermembrane separation. To generate the dis- 
tribution, we counted the number  of pixels with intermembrane 
separations equal to or greater than each possible distance a, de- 
noted as Na(a). The fraction of the vesicle's total surface area 
separated by a distance ~< a from the planar membrane was calcu- 
lated as NA(a)/2 ND. 

R E S U L T S  

R E T  between Coumarin and Rhodamine 

T h e  f l u o r e s c e n c e  a n d  R E T  p r o p e r t i e s  o f  c o u -  a n d  r h o -  

PE in  m e m b r a n e s  v i e w e d  wi th  t h e  v i d e o  R E T  m i c r o -  

s c o p e  w e r e  t h e  s a m e  as t h o s e  d e t e r m i n e d  by s p e c t r o f l u -  

o r i m e t r y  o f  d y e - c o n t a i n i n g  l i p o s o m e s .  E x c i t a t i o n  spec-  

t ra  o f  so lven t - f r ee  p l a n a r  m e m b r a n e s  c o n t a i n i n g  2 

m o l %  c o u m a r i n -  o r  r h o - P E  (Fig. 3 A) w e r e  o b t a i n e d  

f r o m  t h e  f l u o r e s c e n c e  i n t ens i t y  m e a s u r e d  at  e a c h  exci -  

t a t i o n  w a v e l e n g t h .  T h i s  was t h e  i n t e g r a l  o f  t h e  f luo res -  

c e n c e  e m i s s i o n  in tens i ty-spec t ra l  t r ans fe r  f u n c t i o n  p r o d -  

u c t  o v e r  t h e  p a s s b a n d  o f  t h e  m i c r o s c o p e  e m i s s i o n  pa th -  

way. T h e  e x c i t a t i o n  s p e c t r a  o f  t h e  p r o b e s  in  so lven t - f r ee  

p l a n a r  m e m b r a n e s ,  m e a s u r e d  wi th  t h e  m i c r o s c o p e ,  

w e r e  s imi la r  to  t h e  a b s o r p t i o n  s p e c t r a  o f  t h e  p r o b e s  in 

de t e rgen t -d i a ly s i s  l i p o s o m e s ,  o b t a i n e d  f l u o r i m e t r i c a l l y ,  

i n c l u d i n g  t h e  d e c r e a s e d  i n t ens i t y  o f  c o u - P E  re l a t ive  to 

rho-PE.  T h e  R E T  cha rac t e r i s t i c s  o f  t h e  p r o b e s  in p l a n a r  

m e m b r a n e s a l s o  w e r e  t h e  s a m e  as t h o s e  o b t a i n e d  in li- 

p o s o m e s .  W e  c o m p a r e d  AIA/ID m e a s u r e d  s p e c t r o f l u o r i -  

m e t r i c a l l y  f o r  l a b e l e d  d e t e r g e n t  dialysis l i p o s o m e s  wi th  

t h o s e  o b t a i n e d  in  t h e  R E T  m i c r o s c o p e  wi th  p l a n a r  

m e m b r a n e s  t h i n n e d  f r o m  s q u a l e n e  s o l u t i o n s  c o n t a i n -  

i n g  t h e  s a m e  m o l e  p e r c e n t a g e s  o f  p r o b e s  as t he  l ipo-  

s o m e s  (see Fig. 3 B). T h e  s ens i t i z a t i on  ra t ios  o f  t h e  l ipo-  

s o m e s  (open squares) w e r e  g r e a t e r  t h a n  t h o s e  o f  t he  

p l a n a r  m e m b r a n e s  (closed diamonds) at  t h e  s a m e  p ro -  

p o r t i o n  o f  l a b e l e d  to u n l a b e l e d  p r o b e .  T h i s  was 

b e c a u s e  /1) va lues  m e a s u r e d  in  t h e  m i c r o s c o p e  w e r e  

e m i s s i o n  in t ens i t i e s  i n t e g r a t e d  o v e r  t he  p a s s b a n d  o f  t he  

d o n o r  e m i s s i o n  p a t h w a y  o f  t h e  m i c r o s o p e  (see T a b l e  
I I ) ,  w h i c h  w e r e  p r o p o r t i o n a l l y  l a r g e r  t h a n  t h e  f luor i -  

m e t r i c  c o u - P E  in t ens i t i e s  m e a s u r e d  a t  a s ing le  wave- 

l e n g t h  fo r  t h e  l i p o s o m e s .  B o t h  m e t h o d s  r e v e a l e d  self- 
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FIGURE 3. Fluorescence and RET properties of cou-PE and rho- 
PE in planar membranes measured by radiometric fluorescence 
microscopy (open boxes). (A) Excitation spectra of planar mem- 
branes labeled with cou-PE and rho-PE (filled circles). Planar mem- 
branes, thinned from phospholipid solutions in squalene, con- 
mined 1 mol% of either label and were bathed in solution contain- 
ing 15 mM CaC12. The wavelength of the excitation epi- 
illumination light was swept with a monochromator through the 
range indicated on the abscissa. The couPE emission was re- 
corded with an intensifier-CCD video camera at the donor emis- 
sion port which received wavelengths <510 nm. The rho-PE emis- 
sion was recorded with a second intensifier-CCD operated at 
higher gain at the acceptor port which received wavelengths >510 
nm. The intensities indicated on the ordinate are 32-frame aver- 
aged video brightnesses converted to radiances using the spectral 
transfer functions of the emission pathways of the microscope and 
the irradiance~brightness relations of the cameras (Niles and Co- 
hen, 1995). (B) Sensitization ratios of rho-PE fluorescence inten- 
sity to cou-PE intensity for liposomes (open squares) and planar 
membranes (filled diamomh). Detergent-dialysis liposomes con- 
rained 1:1 mole fraction ratios of cou- to rho-PE. The mole ratio of 
each probe relative to unlabeled lipid was 0.005, 0.075, 0.1, 0.15, 
0.2, 0.5, 1.0, 2.0, or 4.0 tool%. Sensitization ratios (AIA/ID) for each 
probe ratio were calculated from emission spectra (excitation at 
390 nm) by dividing the emission intensity at 570 nm by the inten- 
sity at 440 nm. Background excitation of rho-PE at 390 nm was de- 
termined with a second preparation of liposomes containing only 
rho-PE at the same mole percentage. The background emission in- 
tensity at 570 nm was subtracted from the intensity obtained with 
colabeled liposomes to calculate AIA. The planar membranes were 
formed from lipid mixtures in squalene identical to those used to 
make the labeled liposomes. The solution bathing the membranes 
contained 20 mM CaCI~. The coumarin was excited at 390 rim, and 
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q u e n c h i n g  of  rho-PE f luorescence  at 4 mol%,  which 

decreased  the  sensi t izat ion ratios in  Fig. 3 B. T h e  im- 

p o r t a n t  fea ture  is the ident ica l  var ia t ion of  the sensiti- 

zat ion rat io with p robe  separa t ion  over the 2 to 6 n m  
dis tance range,  where  we m e a s u r e d  vesicle-planar  
m e m b r a n e  separat ions.  Thus ,  the RET charaterist ics 

m e a s u r e d  f luor imetr ical ly  with l iposomes are applica- 

ble to microscopic measu remen t s  of  vesicle in teract ions  
with p l ana r  m e m b r a n e s .  

Interactions between Vesicles and Planar Lipid Membranes 

Delivery of vesMes to the planar membrane. We pressure-ejected 

large vesicles at the  p l a n a r  m e m b r a n e  f rom a pipet te  lo- 

cated in the c/s c o m p a r t m e n t  that  was b r o u g h t  close to 
the m e m b r a n e .  Vesicles were very b r igh t  in  the field of  

view a nd  so the d o n o r  camera  was ope ra t ed  at an  in ten-  
sifier ga in  r a n g i n g  f rom 0.67 to 3.5% of  m a x i m u m .  

Some of  the e jected vesicles a d h e r e d  to the p l ana r  
m e m b r a n e ,  when  mi l l imola r  concen t r a t i ons  of  Ca 2+ 

were p re sen t  in  the c/s solut ion.  A 3-ms d u r a t i o n  ejec- 

t ion  typically re leased 20-50  vesicles, a n d  5 -20  of  these 
vesicles e n c o u n t e r e d  the p l ana r  m e m b r a n e  in  that  they 

rapidly dece le ra ted  a n d  a p p e a r e d  in  focus at a single 
p lane .  O u t  of  these vesicles, 0 -10  vesicles adhe red ,  with 
the actual  n u m b e r  b o u n d  d e p e n d e n t  o n  the calc ium 
concen t r a t i on .  The  adsorbed  vesicles were easily distin- 

gu i shed  f rom thei r  u n b o u n d  counte rpar t s ,  as the lat ter  

were r emoved  f rom the field of  the view by the con t inu -  
ous s t i r r ing of  the cis solut ion,  of ten  mov ing  ou t  of  fo- 
cus before  leaving the field of view. The  b o u n d  vesicles, 

in  contrast ,  r e m a i n e d  in  focus at the p l a n a r  m e m b r a n e ,  
somet imes  m o v i n g  slightly u n d e r  the force of  the con- 
t inual  sweep of  the s t i rred buffer  (Niles a n d  Cohen ,  

1987, 1991), In  the absence  of  any osmotic  gradients  

caus ing  swelling, the b o u n d  vesicles were stable a n d  did  
no t  fuse with the p l a n a r  m e m b r a n e ,  as soluble  intrave- 
sicular f luorescen t  dyes were n o t  re leased (Niles and  
Cohen ,  1987). 

Lack of intermembrane transfer of probes. By measuring RET, 

we es tabl ished that  f luorescen t  lipids in  cou-PE a n d  
rho-PE co labe led  l iposomes (4:1 PC:PS) did  n o t  spon- 

the video brighmesses recorded by the two cameras were trans- 
formed to radiances at the specimen plane as described in Materi- 
als and Methods. Ratios were calculated after subtraction of the 
background I ~ from the radiance measured with the acceptor 
camera. I ~ was measured at 390 nm excitation of a planar mem- 
brane containing only rho-PE (no couPE) at the same mole per- 
centage of acceptor as in the membrane RET mixture. The ab- 
scissa denotes the median radial separation between probes calcu- 
lated for each mole percentage as previously described (Niles and 
Cohen, 1995). The AIA/ID of the planar membranes are slightly 
below those obtained with liposomes as described in Results. The 
variation of AIA/I D With median probe separation is the same for 
both tiposomes and planar membranes. 



taneously transfer  to un labe led  l iposomes over a per iod  
o f  3 h (data no t  shown).  This result  agrees with previ- 
ous observations that  ne i ther  rho-PE n o r  an acyl-chain- 
labeled ana logue  of  cou-PE exchange  between lipo- 
somes over this t ime (Hoekst ra  et al., 1984; Silvius et 
al., 1987). 

T h e  intensifier-CCD cameras  o f  the RET mic roscope  
are sensitive to the low intensities emi t t ed  by a small 
n u m b e r  o f  p robes  and  were capable  o f  de tec t ing  dye 
transfer,  if any, be tween the vesicular and  p lanar  m e m -  
branes  in the reg ion  o f  con tac t  (Niles and  Cohen ,  
1995). We ejected large vesicles con ta in ing  5 mol% 
cou-PE at un labe led  p lanar  m e m b r a n e s  b a t h e d  in 20 
mM Ca ~+. We assessed redis t r ibut ion o f  the cou-PE 
f rom the  b o u n d  vesicles by look ing  for  changes  in 
their  br ightness  distr ibutions.  We assumed  that  cou-PE 
t ransferred  to the p lanar  m e m b r a n e  would  laterally 
diffuse and  p r o d u c e  an image  increased  in d i ame te r  
and  d imin i shed  in intensity relative to the initial vesi- 
cle profile.  

With p lanar  m e m b r a n e s  t h inned  f rom squalene,  
which are effectively solvent-free ( N e e d h a m  and  Hay- 
don,  1983), c o u P E  rarely migra ted  f r o m  the vesicular 
to the p lanar  membranes .  The  stability o f  cou-PE in ves- 
icles is shown in Fig. 4 A. T he  top panel  shows images 
o f  two vesicles ~ 3  s after e n c o u n t e r i n g  and  b ind ing  to a 
p lanar  m e m b r a n e  th inned  f rom squalene.  The  same 
two vesicles 10 s later are shown in the b o t t o m  panel.  
The  two images o f  each vesicle were nearly identical  at 
bo th  times with no  change  in their  br ightness distribu- 
tions. In  119 vesicles b o u n d  to squa lene- th inned  films, 
lateral spread o f  cou-PE f luorescence  was de tec ted  in 
only 4 vesicles ( < 3 % ) .  Therefore ,  hemifus ion  was a 
rare event. 

With p lanar  m e m b r a n e s  t h inned  f rom decane ,  how- 
ever, migra t ion  o f  cou-PE f rom the vesicular to p lanar  
m e m b r a n e s  was de tec ted  m o r e  frequently,  in 9 ou t  o f  
53 vesicles observed (~-,16%). Two examples  are shown 
in Fig. 4 B, in which the b o u n d  vesicles ~ 3  s after en- 
coun te r ing  the p lanar  m e m b r a n e  are shown in the top 
panel  and  the same vesicles 10 s later are shown in the 
b o t t o m  panel.  For  bo th  vesicles, the dye spread laterally 
f rom its initial dis tr ibut ion du r ing  the 10-s period,  
which increased the appa ren t  vesicle areas and  dimin-  
ished their  brightnesses.  T he  extent  o f  dye redistribu- 
t ion was no t  the same for  the two vesicles, a l though  
each vesicle's brightness in tegra ted  over the area o f  
each profile was the same before  and  after dye spread.  
The  extents o f  dye redis t r ibut ion were consis tent  with 
diffusion in decane  films. The  brightness profiles were 
relatively stat ionary after the initial spread,  however,  
suggest ing that  dye spread stops. This is consis tent  with 
the meld ing  o f  the facing monolayers  o f  the vesicle and  
planar  m e m b r a n e s  and  the fo rmat ion  of  a microlens  
with an aqueous  core  in the decane  film, which limits 

FIGURE 4. Probe does not migrate to solvent-free membranes 
but does to solvent-containing membranes. Large vesicles labeled 
with 5 mol% cou-PE were ejected at unlabeled planar membranes 
bathed in buffer containing 20 mM CaCI2. Each vesicle image was 
recorded with the donor camera operated at the intensifier gain 
set at 5% of maximum. In both A and B, the top two images are 
eight-frame averages of different vesicles at ~3 s after contacting 
the planar membrane, as determined by their remaining within a 
fixed plane of focus. The bottom two images are the same vesicles 
10 s later. (A) Solvent-free membranes thinned from squalene. 
The dye remained confined to the vesicle and did not migrate to 
the planar membrane, as the profiles of each vesicle at the two 
epochs are essentially identical. The low intensity wisps extending 
away from the vesicle profiles were extraneous background fluores- 
cence unrelated to the vesicles. Less than 3% of labeled vesicles 
lost dye to solvent-free planar membranes. (B) Solvent-containing 
planar membranes thinned from decane. For both vesicles, after 
10 s, sufficient dye had migrated to the planar membrane and dif- 
fused from the region of contact so that each vesicle image occu- 
pied a larger area and was decreased in intensity at each spatial lo- 
cation. Scale bar, 5 Ixm. 

the spread o f  the lipid dye conf ined  by the vesicle and  
hemifus ion  d i a p h r a g m  (Perin and  MacDonald ,  1989). 
We observed no  transfer  o f  rho-PE f rom vesicles to sol- 
vent-free m e m b r a n e s  in separate exper iments .  

The Region of Vesicle-Planar Membrane Contact 

Calibration of intermembrane separation in acceptor sensitiza- 
tion ratio images. To study the localized interact ions be- 
tween the m e m b r a n e s  in the reg ion  of  contact ,  we 
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ejected large vesicles labe led  with 1-4  mo l% cou-PE at 

p l a n a r  m e m b r a n e s  labe led  with 1-4  mo l% rho-PE. 

To  ob ta in  i n t e r m e m b r a n e  separa t ion  distances f rom 

the ratio images, we assumed that  the d o n o r  a n d  accep- 
tor p robes  were c o n f i n e d  to dis t inct  p lanes  separa ted  
by a cons t an t  dis tance wi th in  the area of  each image 

pixel. Deviat ions of  the actual  geomet ry  f rom the as- 
s u m e d  a r r a n g e m e n t  p r o d u c e d  errors  in  the deter-  

m i n e d  i n t e r m e m b r a n e  separa t ion .  To  m i n i m i z e  this 

source  of  error ,  large dye c o n c e n t r a t i o n s  were used to 
pack e n o u g h  probes  at each loca t ion  in  the image to 

validate the p l a n e - p l a n e  in t e rac t ion  a s sumpt ion  wi thin  

each pixel.  The  h igh  p robe  densi t ies  p r o d u c e d  self- 
q u e n c h i n g  of  the p robe  f luorescences,  pr imar i ly  of  
rho-PE, at the densi t ies  used.  This decreased  the in ten-  

sity of  the sensi t ized acceptor  f luorescence  a n d  lowered 

the effective R0 es t imated f rom the d i m i n u t i o n  of  do- 

n o r  f luorescence  in  l iposomes (Ludwig et al., 1992). 

Errors in the distance measurements. The  effect of  R0 o n  
the p robe  separa t ion  p r o d u c i n g  each kt is shown in  Fig. 

5 A, in which the kt ca lcula ted with Eq. 4 A is p lo t ted  as 

a f u n c t i o n  of  separa t ion  dis tance be tween  the planes,  a, 
for R0 of  2.8 (boxes) a n d  3.6 n m  (diamonds), a r ange  that  

spans  the possible values of  R0 in  our  exper imen t s .  At a 

f ixed value of  kt, the di f ference in  the distances pre- 

d ic ted us ing  the two d i f fe ren t  values of  R0 ranges  f rom 
<0 .5  n m  at a ~<1.0 n m  to ~ 1 . 5  n m  at a = 6.0 n m ,  be- 

cause the separa t ion  dis tance es t imated  with the sensiti- 

zat ion ratio varies with the 3 / 2  power  of  R0 (Eq. 5). For  
the R0 that  we used,  3.21 n m ,  midway in  the range ,  the 
e r ror  was <0 .5  n m  at d i s tances />1 .0  nm,  a n d  errors  in  

ou r  est imate of  R0 due  to se l f -quench ing  of  the accep- 
tor f luorescence  p r o d u c e d  relatively small  errors  in  the 

es t imated  distances.  T h e  ca l ibra t ion  curve (Eq. 5), used 

to d e t e r m i n e  a f rom AIa/Io, is shown in  Fig. 5 B. Be- 
cause the ratios at a < 1.0 n m  are very large and ,  

hence ,  very sensitive to errors  due  to acceptor  self- 
q u e n c h i n g ,  1.0 n m  is the closest separa t ion  dis tance 

ca l ibra ted  in  the rat io images. In  addi t ion ,  the probes  

are assumed to in te rac t  as dipoles  in  F6rster  theory, 
a n d  this a s sumpt ion  breaks down at separa t ions  close 

to the d i m e n s i o n s  of  the f luo rophores  (Kuhn,  1970). 

The Region of Adhesion between Vesicles and Planar 
Membranes--Ca z+ Dependence 

General observations. W h e n  cou-PE labe led  vesicles were 
e jected at rho-PE labe led  m e m b r a n e s ,  sensi t izat ion of  

rho-PE f luorescence  by RET was observed w h e n  the cis 
so lu t ion  c o n t a i n e d  Ca 2+. Representa t ive  images of  two 
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FIGUR~ 5. Calibration of the sensitization ratio as intermembrane separation distances. The donor and acceptor probes were assumed to 
be located in separate parallel planes. (A) The effect of variation in R0 on the RET rate constant kt. The RET rate constant is shown plotted 
as function of inten~aembrane separation distance, a, predicted by Eq. 4a for limits of the critical distance R0 that span the range calculated 
and measured for the cou-PE/rho-PE dye pair. (Open boxes) R~I = 2.8 nm; (q0en diamonds) R0 = 3.6 nm. At any fixed a, the two values of k~ 
differ by a factor of 4.5, due to the variation of k~ with the sixth power of R0. However, the separation distances change by a factor of only 
1.46 at a fixed k~ over this range of R0 because a varies as the 3/2 power ofR 0. For intermembrane separations between 1/3 and 3 times R0, 
the error in a is small. We used the value of R0 = 3.2 nm determined experimentally from liposomes under conditions very similar to those 
in the vesicle-planar membrane binding experiments. Errors in distance due to uncertainties in R0 were at most "~50%. (B) The calibration 
of the sensitization ratio with intermembrane separation distance. Eq. 5 was used to determine the variation of AIA/I D with a. The curve 
shown was calculated with A T = 1.67 • 101Zcm -2, corresponding to 1.0 mol% acceptor. This curve was used to convert the experimentally 
measured ratios in vesicle-planar membrane binding experiments to intermembrane separation distances. Although the model used to de- 
termine Eq. 4 assumed that the planes in which the probes were confined were infinite in area, the difference introduced by truncating the 
limits of integration was very small. For a square pixel 488 nm in length on a side, at a constant intermembrane separation distance of 6 
nm, the limits of integration are decreased from 90 to 89.2 ~ 
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vesicles ob ta ined  at each [Ca ~+] are shown in Fig. 6. 
The  u p p e r  panel  in each row is the cou-PE fluores- 
cence  image  o f  the b o u n d  vesicle in con tac t  with the 
p lanar  m e m b r a n e  and  the lower panel  is the sensitiza- 
t ion ratio image  c o m p u t e d  for  the same vesicle with the 
i n t e r m e m b r a n e  separa t ion distance e n c o d e d  as a pseu- 
d o c o l o r e d  brightness.  In  all cases, sensitization o f  ac- 
cep to r  f luorescence  was spatially localized within the 
pe r ime te r  def ined  by the edge o f  the vesicle. 

T h e  charac te r  o f  the ratio image  was greatly influ- 
e n c e d  by [Ca2+]. In the nomina l  absence  o f  Ca 2+ in the 
solut ion o f  the cis c o m p a r t m e n t ,  very little if any sensiti- 
zation o f  rho-PE f luorescence was observed (not  shown).  
The  solut ion in the zero Ca 2+ exper iments  con ta ined  
no  a d d e d  Ca 2+, bu t  did conta in  ~ 2  mM free Mg 2+ (a 
small a m o u n t  o f  divalent cat ion was necessary for  stabil- 
ity o f  the p lanar  m e m b r a n e ) .  T he  very small amoun t s  
o f  RET rarely de tec ted  at 0 Ca z+ mus t  have been  due  to 
adhes ion  med ia t ed  by the free Mg 2+. This is consis tent  
with the absence  o f  vesicular b ind ing  to p lanar  m e m -  
branes  u n d e r  these condi t ions  (Niles and  Eisenberg,  
1985; Niles and  Cohen ,  1987), and  verifies that  the lack 
o f  m e m b r a n e  fusion in the p resence  o f  an osmotic  gra- 
d ien t  bu t  zero Ca 2+ arises f rom the inability o f  the vesi- 
cles to stably con tac t  the p lanar  m e m b r a n e  (Cohen  et 
al., 1980; Akabas et al., 1984). 

At increased  Ca z+, the f luorescence  o f  the rho-PE in 
the p lanar  m e m b r a n e  was sensitized by RET due  to the 
e n c r o a c h m e n t  o f  the cou-PE localized to the vesicular 
m e m b r a n e .  Because RET between the headg roup -  
located p robes  o c c u r r e d  appreciably  only at m e m b r a n e  
separations < 10 nm,  we regarded  the area o f  r h o d a m i n e  
f luorescence  sensitization to be co inc iden t  with the ad- 
hes ion in terac t ion  between vesicular and  p lanar  mem-  
branes  and  the fo rma t ion  o f  a stable reg ion  o f  close ap- 
posi t ion o r  contact .  We a dop t e d  a m i n i m u m  distance 
o f  6 n m  as an arbitrary i n t e r m e m b r a n e  separat ion that  
def ined  contact .  A l though  the RET cal ibrat ion was sen- 
sitive to distances o f  35 nm,  we rarely de tec ted  inter- 
m e m b r a n e  separat ions  > 6  nm.  

The contact regions were stable. Lower ing  [Ca 2+ ] by the 
addi t ion  o f  excess EDTA to the cis solut ion after vesicu- 
lar b ind ing  did no t  cause the vesicles to de tach  or  the 
contac t  regions  to change  for  up  to 10 min  (the longest  

t ime observed) so we assumed the vesicle-planar mem-  
brane  r eached  equil ibr ium. Thus,  the [Ca 2+] necessary 
to obtain  stable adhes ion  was unre la t ed  to the [Ca 2+] 
necessary to main ta in  it. At 4 and  6 mM, we observed 
that  a few vesicles with separat ion distances />4 n m  
f rom the p lanar  m e m b r a n e  occasionally de t ached  after 
a few seconds  or  minutes  o f  contact .  The i r  ratio image 
profiles did no t  change  as long  as they were at tached.  

The  mos t  striking feature  o f  the reg ion  o f  vesicle-pla- 
na r  m e m b r a n e  contac t  was its variability in area  and  in 
the distances between the membranes .  Some contac t  
regions were highly var iegated in shape, to the ex tent  
o f  f o rming  d iscont inuous  zones on  the same vesicle, 
while o thers  were con t inuous  with relatively smoo th  
edges. The  distances be tween the m e m b r a n e s  were 
highly variable. Areas o f  relatively smoo th  change  in in- 
t e r m e m b r a n e  separat ion were abrupt ly  in t e r rup ted  by 
punc ta te  zones where  the m e m b r a n e s  were very closely 
applied. This variation o f  distance within the contact  re- 
gion was a c o m m o n  feature. Because tension ( N e e d h a m  
and  Haydon ,  1983) damps  the undula t ions  o f  p lanar  
m e m b r a n e s  (Evans and  Ipsen,  1991; Lipowsky, 1991), 
this indicated that  the m e m b r a n e s  o f  the unpressur ized  
vesicles were flexible and  capable  o f  undu la t ion  pr ior  
to adhesion.  

The surface area of the vesicle in contact with the planar 
membrane. The  region o f  contac t  established by mem-  
b r a n e - m e m b r a n e  in teract ion in the p resence  o f  Ca 2+ 
varied in a mult iphasic  way with concen t ra t ion .  As 
[Ca 2+] was increased f rom 0 to 15 raM, the reg ion  of  
contac t  became  larger  in area, while at concen t ra t ions  
> 1 5  mM, the m e m b r a n e s  came  closer together .  Th e  
distributions o f  the i n t e rmembrane  separation distances 
in the reg ion  o f  contac t  at d i f ferent  [Ca 2+] illustrate 
this on  a quanti tat ive basis in Fig. 7 A. The  distance dis- 
t r ibutions show the fract ion o f  the vesicle surface area 
in contac t  with the p lanar  m e m b r a n e  at distances less 
than  or  equal  to the indicated  i n t e r m e m b r a n e  separa- 
tion. The  errors  associated with these distr ibutions 
were small, the coeff icient  o f  variat ion at each distance 
o f  i n t e r m e m b r a n e  separat ion was < 4 % ,  so differences 
between these curves are meaningful .  

At concen t ra t ions  ~<15 raM, increased Ca 2+ b r o u g h t  
a greater  p r o p o r t i o n  o f  each vesicle's area into apposi- 

FIGURE 6. Images of coumarin-PE labeled vesicles adhered to rhodamine-PE labeled planar membranes at different [Ca2+]. Below the 
text denoting each [CaZ+], the top two images are 16-frame brightness averages of vesicles labeled with 2 mol% coumarin-PE obtained with 
the donor camera operated at an intensifier gain of 3.5% of maximum. Two vesicles, one relatively large in diameter and the other rela- 
tively small, are shown for each [Ca2+]. The brightnesses are those directly recorded by the camera and are not transformed to radiances. 
The image below each vesicle is the sensitization ratio image for the same vesicle calculated as described in Materials and Methods. The 
sensitization ratio at each pixel was converted to intermembrane separation distance with Eq. 5. The resulting intermembrane separation 
distances were encoded as pseudocolor brightnesses shown in the scale at the lower right. At [Ca 2+] <15 mM, the area of the contact re- 
gion increased with [CaZ+]. At larger [Ca2+], the total area of the contact region decreased, but the proportion of membrane with bilayer 
separations <2 nm increased. Scale bar, 5 ~m. 
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FIC;~JRE 7. Intermembrane separations in the region of vesicle-planar membrane contact. (A) Distributions of intermembrane separation 
distance in the contact region at [Ca 2+] ranging from 4 to 30 mM as a three-dimensional area plot. Area distributions of the contact region 
at each intermembrane separation distance were calculated for each vesicle as described in Methods and Materials and Results. At each 
[Ca')+], the distribution values at each intermembrane separation were averaged for all vesicles. The ordinate denotes the fractional sur- 
face area of the vesicle membrane located from the planar membrane at distances less than or equal to the intermembrane separation dis- 
tance indicated on the distance abscissa. The number of vesicles used to determine the average area in contact with the planar membrane 
at each [Ca2+]: 4 mM, 121; 6 mM, 130; 10 mM, 146; 15 raM, 102; 20 mM, 71; 25 mM, 48; 30 mM, 126. The coefficient of variation in the dis- 
tributional area at each intermembrane separation was <4% for all [Ca2+]. (B) The area of contact at intermembrane separation distances 
<~6 (filled circles), 4 (open circles), 3 (filled diamonds), 2 (open boxes), and 1.3 nm (filled boxes) as functions of [Cff~+]. The distributional areas at 
these separation distances in A are replotted against [Ca2+]. The intermembrane separation distance is indicated above each plot. The 
area of contact at separations ~< 1.3 Jam was increased with [Ca2+], although the total area of the vesicular membrane in the contact regions 
was decreased at high [Ca~+]. 

t ion with the p l ana r  m e m b r a n e .  This is seen us ing  6 

(filled circles), 4 (open circles), 3 (filled diamonds),  a n d  2 
n m  (open boxes) separa t ion  distances as cri teria a n d  

p lo t t ing  these values of  the f ract ional  area of contac t  as 
a f unc t i on  of [Ca 2+] (Fig. 7 B). This in t e rac t ion  was 
most  likely due  to electrostatic sc reen ing  of the nega-  

tively charged  m e m b r a n e s  by the divalent  cation,  ra ther  
than  by specific b i n d i n g  of  Ca 2+ to the an ion ic  head- 
groups  a n d  fo rma t ion  of Ca(PS)2 cross-bridges be tween  
facing monolayers  of  the apposed  m e m b r a n e s  (Portis 
et al., 1979). Very little of  the contac t  area at these 
[Ca 2+] was in  regions  with < 2  n m  i n t e r m e m b r a n e  sep- 

arat ion,  which would be expec ted  for cross-bridge for- 
mat ion .  By 15 raM, the fract ional  area of  contac t  at 6 
n m  separa t ion  increased  to 54%, suggest ing that  the 
adhes ion  was sufficiently attractive as to i n d u c e  curva- 
ture  in the p l ana r  m e m b r a n e ,  e n a b l i n g  it to cover more  
t han  hal f  of  the vesicle surface area (Akabas et al., 
1984). 

Between 15 and  20 mM [CaZ+], the n a t u r e  of  the ad- 
hesive in te rac t ion  between the m e m b r a n e s  was changed.  
Fu r the r  increases in  [Ca 2+] no  l onge r  increased  the to- 

tal a m o u n t  of  the vesicle m e m b r a n e  b r o u g h t  close to 

the p l ana r  m e m b r a n e ,  par t icular ly at 2 and  3 n m  crite- 

r ion  separat ions  (Fig. 7 B). In  fact, the area of  the con- 
tact reg ion  was smal ler  than  at lower concen t r a t i ons  for 
the 4 a n d  6 n m  distances. For  example ,  at 30 mM Ca 2+, 

the f rac t ional  area  of  con tac t  wi th in  6 n m  was < 2 5 %  
of  the vesicle surface area. Instead,  the i n t e r m e m b r a n e  
separa t ion  dis tance was decreased;  the m e m b r a n e s  
moved  closer together .  This  is seen by a d o p t i n g  1.3 n m  
as the c r i te r ion  dis tance of  separa t ion  de f in ing  contac t  
(filled boxes, Fig. 7 B). The  area of  the reg ion  of close 
contac t  con t inua l ly  increased  with [CaZ+]. This re la t ion  

was similar  to the n u m b e r  of vesicles that  at tach to the 
p l ana r  m e m b r a n e  as a f unc t i on  of  [Ca z+] (Niles and  
Cohen ,  1987). The  decrease in  the total area of  contac t  
at h ighe r  [Ca 2+] was cons is ten t  with d ivalent  cat ion 
b i n d i n g  to an ion ic  headgroups  on  each individual  
m e m b r a n e ,  reversing the sign of the surface potent ia l ,  
a nd  caus ing  the two m e m b r a n e s  to repel  one  a n o t h e r  
instead of  cross-br idging the two m e m b r a n e s .  T h e  zeta 
potent ia ls  of  l iposomes c o n t a i n i n g  20% PS in 100 mM 
NaC1 are know n  to reverse sign when  the bu lk  [Ca 2+] is 
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in the range of  12 to 17 mM (McLaughlin et al., 1981). 
The  increase in the propor t ion of  the region of  contact 
occupied by close in te rmembrane  separation distances 
did suggest, however, that cross-bridge formation had 
occurred at discrete sites. 

Punctate attachment sites between membranes. The close in- 
teraction between vesicular and planar membranes  was 
characterized by small, punctate regions where the 
membranes  were pulled to separations <2.0 nm. These 
punctate zones were surrounded by regions where the 
in te rmembrane  separation was greater. They some- 
times appeared in ratio images as single pixels of  large 
intensity embedded  in darker  regions. We have termed 
these regions "punctate a t tachment  sites." As seen in 
Fig. 6, at least a few of  these punctate a t tachment  sites 
were present  in the region of  contact  at nearly all 
[Ca2+]. As [Ca 2+] was increased above 15 mM, the den- 
sity of  the punctate attachments increased, and the 
sites represented a larger propor t ion of  the region of 
contact  (Fig. 7 A). 

We examined the spatial relations between the punc- 
tate a t tachment  sites in the contact regions to deter- 
mine whether  they were distributed randomly or were 
regularly spaced. Regular spacing might indicate the 
development  of  long-range order  in membrane  struc- 
ture within the contact region (reminiscent of  a ther- 
modynamic phase transition) that could be due to the 
formation of  lipid structures preceding membrane  fu- 
sion. The presence of  spatial order  was assessed by cal- 
culating the two-dimensional autocorrelat ion function 

of  each contact region's ratio image (Russ, 1992). For a 
pair of  correlation lengths (~,~), the correlation ampli- 
tude is c(~,'q) = f f  b(x,y) b(x+~,y+'q) dx dy, where 
b(x,y) is the brightness of  the pixel in the ratio image at 
location (x,y). We calculated the correlation ampli- 
tudes for each ratio image as c(~,'q) = f f ]  H(u,v) I 2 
e 2~ri(ux+vy) du dv, where H(u,v) was the two-dimensional 
Fourier transform of  the ratio image, H(u,v) = f f  
b(x,y)e -2~i(ux+~y) dx dy. For each [Ca2+], c(~,'q) was aver- 
aged over all the contact  regions for each pair of  spatial 
correlation lengths. The logarithms of  the average 
correlation amplitudes were scaled to a 256 unit bright- 
ness range. The resulting average two-dimensional au- 
tocorrelation images are shown for each Ca 2+ concen- 
tration in Fig. 8 A. 

The autocorrelat ion images were dominated by the 
pattern of  punctate a t tachment  sites in the region of  
contact. Nonzero amplitudes occurred at discrete cor- 
relation length pairs (~,'q), which were repetitions of  
the fundamental  pair (3,1) in a sparse tesselafion pat- 
tern (Russ, 1992). All points in each correlation image 
were located at positions (3m, 1 n), where the repetition 
index mwas drawn from the range of  integers {1, N/3}, 
where Nis the length (or width) of  the contact  area im- 
ages used in the correlation calculation, and n was 
drawn from {1,N}. Because m = n in the patterns we ob- 
tained, all points fell along discontinuous lines (runs) 
oriented at the same angle. While its physical basis is 
uncertain, the pattern indicated order  in the region of  
contact. A random arrangement  of  intensities would 

FIGURE 8. (A) Two-dimensional autocorrelation images of contact regions as a function of [Ca2+]. Two-dimensional correlation func- 
tions were calculated as described in Results. Each panel is the averaged amplitude at each pair of correlation lengths for the regions of 
contact obtained at the indicated Ca 2+ concentration. The correlation patterns were mapped to a fixed grid of 64 • 64 pixels, because the 

majority of ratio images were 64 x 64 pixels in size = 212 pixels. However, we included all contact regions in the correlation calculations, 
some of which were 128 • 64 and 64 X 128 pixels in size (these were folded into the 64 • 64 grid). The amplitudes were logarithmically 
encoded as brightnesses, with the 0 level arbitrarily set to a correlation amplitude of 106, because this was the background amplitude uni- 
folanly distributed among all pairs of correlation lengths at [Cag+] > 0. The 255 level was set to 109. The nonzero amplitudes occur at dis- 
crete correlation length pairs arranged along lines (runs), indicating a set of fixed phase relations in the regions of contact. The breaks in 
the runs and the vertical shifting of run segments resulted from the inclusion of nonsquare ratio images in the correlation calculation. (B) 
Order parameter as a function of [Ca2+] in the regions of contact. The order parameter amplitude at each [Ca 2+] was calculated as de- 
scribed in Results. The increased strength of the two-dimensional correlation at higher [Ca 2+ ] indicated that as the number of punctate at- 
tachment sites was increased, they were arranged in the same pattern observed at lower [Ca2+]. 
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produce a uniformly grey correlation image, with all 
length pairs having equal intensity as the fundamental  
length pair would be (1,1) and m and n would com- 
pletely cover the range {1,N} in all pairwise combina- 
tions. Random components  in our  correlation images 
were less than the threshold criterion established in the 
logarithmic scaling. The nonzero amplitudes origi- 
nated from the punctate at tachment  sites. Binary mask- 
ing of  the ratio images, so that only pixels representing 
in termembrane  separations ~<2 nm had brightnesses of  
255 (with all other  separations set to a brightness of 0), 
produced autocorrelat ion images similar to those of  
Fig. 8 A. Thus, regions with in termembrane  separations 
>2 nm were only weakly correlated and occurred inde- 
pendently of each other, and the regions of the area of 
contact with separations ~<2 nm comprised the most 
strongly spatially correlated parts of the ratio images. 
The patterns indicated that occurrence of  a punctate 
at tachment  site at one location restricted the places at 
which subsequent sites could be formed so that the ar- 
rangement  of punctate a t tachment  sites in the region 
of  contact was regular and not  disordered. 

As the punctate a t tachment  sites became more fre- 
quent  at increased [Ca2+], their a r rangement  was a 
repetition of  the closely spaced pattern seen at lower 
[Ca2+]. This is seen qualitatively in Fig. 8 A by the in- 
creased length of  the runs at progressively higher  
[Ca2+], in which the repetition indices increased with- 
out  a change in the fundamental  length pair. In addi- 
tion, the total correlation amplitude increased with 
[Ca2+]. We calculated an order  parameter  as 

~-'~ c(~,~) 
~,~ 

by summing the correlation amplitudes over all correla- 
tion lengths at each [Ca2+]. These order  parameters 
are plotted as a function of  [Ca 2+] in Fig. 8 B. The in- 
creased order  parameter  at higher  [Ca 2+] indicated 
that the total correlation amplitude was increased as 
the number  of  punctate at tachment  sites in the contact 
region increased, and the short-range spatial order  was 
preserved in the long-range pattern. Therefore,  vesicle 
membrane  in the region of contact is more  structurally 
ordered  than in free, unat tached locations. 

Membrane curvature in the region of contact. The pattern 
of  variation of  in termembrane  separation within the 
contact area, in which the separation was small in one 
location, greater in adjacent locations, and then smaller 
in surrounding locations, suggested that the mem- 
branes within the region of  contact were under  a bend- 
ing or curvature stress. This would be the case if the lo- 
cal curvatures in the region of contact were different 
from the intrinsic curvatures of  the consti tuent lipid 
molecules (Helfrich, 1973). Lipids within the region of  
contact could have phase separated into different mi- 

crodomains, decreasing the local bending energy. We 
determined the magnitudes of  the curvatures within 
each region of contact by calculating the average and 
maximum changes in in termembrane  separation dis- 
tance between each pixel and its immediate neighbors. 
To quantify the apparent  undulatory pattern of  inter- 
membrane  separation, we computed  the absolute val- 
ues of the differences in in termembrane  separation be- 
tween each pixel and its eight surrounding neighbors. 
Pixels at the edges of  the contact regions were com- 
pared only with other  edge pixels and the adjacent in- 
terior pixels. The average change in in termembrane  
separation at each pixel was calculated as the arith- 
metic mean value of  the 8 (or fewer) differences, and 
the largest difference between each pixel and its neigh- 
bors was tallied as the maximum change in separation. 
These averages and maxima were accumulated as distri- 
butions (Fig. 9, A and B) and normalized by the total 
number  of  pixels in all the regions of contact studied at 
each [Ca2+]. In other  words, the ordinate denoted  the 
probability that the average (Fig. 9 A) or maximum 
(Fig. 9 B) in termembrane  separation changed by at 
least the distance indicated on the abscissa on travers- 
ing a lateral distance of one pixel width, 488 nm. 

The average and maximum pixel-to-pixel change in 
in termembrane  separation was increased at greater 
[Ca2+]. Quantitative interpretat ion of  the change in 
separation distance as a curvature energy requires as- 
suming the location of a neutral reference plane be- 
tween the membranes and apport ioning the curvatures 
between the two membranes (Siegel, 1993). Nonethe- 
less, even without such an assumption, the distributions 
in Fig. 9, A and B, reveal that the the pixel-to-pixel 
change in in termembrane  separation increases with 
[Ca2+]. Between 4 and 15 mM [Ca2+], average pixel-to- 
pixel changes in in termembrane  separation were con- 
fined to less than 3 nm, and at 30 raM, the average 
change was <4  nm (Fig. 9 A). Therefore ,  the average 
curvature free energies in the region of  contact were 
relatively small, because the changes in membrane  sep- 
aration were relatively gradual with lateral distance, on 
average. The distributions of  maximum change in in- 
termembrane separation, however, revealed that a small 
but  significant propor t ion of  the region of  contact was 
thrown into relatively large folds on the spatial fre- 
quency scale de termined by the pixel width. At [Ca 2+] 
>10 mM, the fraction of the region of contact with 
maximum pixel-to-pixel changes in membrane  separa- 
tion >4  nm was between 15 and 25%; the exact propor- 
tion depended  on the [Ca 2+] (Fig. 9 B). The partition 
of  a relatively large proport ion (~10%) of the contact 
area into discrete punctate a t tachment  sites distributed 
across the face of the vesicle (Fig. 7, A and B) was con- 
sistent with the relatively large pixel-to-pixel change in 
separation. At [Ca 2+] <15 mM, where the presence of  
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FIGURE 9. Pattern of membrane curvature in the region of contact (ROC) as a function of [Ca'~+]. The curvature pattern of intermem- 
brane separation distances was characterized as the change in intermembrane separation between adjacent pixels. (A) The changes in in- 
termembrane separation between each pixel and all of its adjacent pixels in the region of contact were averaged. (B) For each pixel, the 
maximum change in intermembrane separation distance between it and its adjacent neighbors was selected. The ordinate shows the pro- 
portion of pixels in the ROC with changes in separation i> the value indicated on the abscissa. The change in intermembrane separation 
increased with [Ca 2+] for both the average and maximum distributions, indicating greater membrane wrinkling in the region of contact. 
The pattern of membrane separations observed represents the freezing of membrane undulatory motions of the vesicle membrane when it 
adhered to the planar membrane. 

punctate  a t tachment  sites was rare, < 15% of  the region 
of  contact  was characterized by pixel-to-pixel changes 
in separat ion > 3  nm. Thus, increased [Ca 2+] caused 
the membranes  to become  closer by p inning them to- 
ge ther  at more  a t tachment  sites. Membranes  in the 
contact  region became permanent ly  wrinkled due to 
these close attachments.  

D I S C U S S I O N  

The Use of RET Optical Microscopy to Study 
Membrane Interactions 

The close approach  of  two phosphol ip id  bilayer mem-  
branes is the first stage in the sequence of  reactions 
leading to fusion (Akabas et al., 1984; Niles and Cohen,  
1987). We have used RET imaging video microscopy to 
discern structural features of  the stable adhesion of  
large lipid vesicles to planar  membranes ,  which may be 
impor tan t  for m e m b r a n e  fusion. The  informat ion pro- 
vided by RET microscopy is a two-dimensional spatial 
map  of  the distances of  separat ion between the head- 
groups of  the two membranes .  The  accuracy of  the in- 
t e r m e m b r a n e  separat ion distances is l imited by the 
ability to calibrate RET in the specimen (Niles and Co- 
hen,  1995). The  two-dimensional localization of  inter- 
m e m b r a n e  separation distances is ultimately limited by 
both optical diffraction and the digitization rate of  im- 

age processing. The  two-point resolution of  our  system 
is ~0.75 Ixm, as de te rmined  by the roll-off of  the modu-  
lation transfer function (Niles and Cohen,  1995). This 
makes the effective d iameter  of  the point-spread func- 
tion at hal f -maximum intensity ~0 .4  Ixm, while the 
width of  a digitized pixel is 0.488 Ixm, so that individual 
image points are localized to individual pixels. The spill- 
over of  point-spread function ampli tudes into adjacent 
pixels, and the lack of registration between image 
points and the centers of  pixels, however, cause subres- 
olution features in the image to be delocalized. Thus, 
the area resolution of  the region of vesicle-planar mem-  
brane  contact  is confined to a relatively low range of  
spatial frequencies, defined by a length of  ~0 .5  p.m. 
Our  rather  low spatial resolution map  of  the region of  
vesicle-planar m e m b r a n e  contact  (at separation dis- 
tances >1 nm) shows the interaction to be more  com- 
plex than previously suspected. 

We chose coumar in  and rhodamine  as the dye pair 
because the R0 is relatively small, ~3 .2  n m  due to small 
spectral overlap, placing it within the range of ex- 
pected in t e rmembrane  separation distances. Energetic 
interactions between membranes  are significant at dis- 
tances less than 5 rim, and the force regimes that pro- 
duce large disjoining pressures (forces that oppose  
close approach)  typically attain very large values at dis- 
tances <2  nm (Rand and Parsegian, 1984; McIntosh 

3 4 5  NILES ET AL. 



and Simon, 1986). Our  choice of  probes  ensured that 
AIA/ID varied reliably over this range of  separation dis- 
tances and was not  confined to an ext reme range 
(Drake et al., 1991). We calibrated RET under  circum- 
stances designed to account  for the major  source of  er- 
ror, self-quenching of  acceptor  f luorescence (Ludwig 
et al., 1992), so that the experimental ly validated R0 en- 
abled in t e rmembrane  separations >1 nm to be reliably 
measured.  To study m e m b r a n e  interactions such as the 
adhesion and fusion of  biological membranes ,  differ- 
ent  RET probe  pairs will prove more  efficacious. For 
example,  cell-cell interactions are limited by a 10-20 
nm-thick glycocalyx (Hammer  and Lauffenburger, 1989) 
and will require a dye pair with a longer critical dis- 
tance, a l though the methodology  adopted  in this study 
can readily be applied to biological membranes .  In ad- 
dition, suitable p robe  pairs can be found to study inter- 
actions between different parts of  phosphol ip id  mole- 
cules, such as interactions between hydrocarbon do- 
mains dur ing fusion. The  dyes utilized in this study 
were ideal for studying the stable adhesion between 
membranes  because they were located on the head- 
groups of phospholipids  and p robed  the aqueous envi- 
r onmen t  between the membranes .  For studies of  mem-  
brane  fusion and its structural intermediates,  hydro- 
phobic  probes  at tached to aliphatic chains will prove 
most  feasible. The  hydrocarbon envi ronment  provides 
a three-dimensional  space in which the probes  interact  
and allows a greater  RET signal due to an increased 
n u m b e r  of  combinator ial  interactions (Kuhn, 1970; Es- 
tep and Thompson ,  1979; Wolber and Hudson,  1979; 
Dewey and Hammes ,  1980). The  headgroup-localized 
coumar in- rhodamine  pair is poorly suited for mem-  
brane  fusion studies. As long as the headgroup  probes 
are located on separate planes, k t varies with the fourth 
power of  separation, according to Eq. 4a. When the 
probes located on fusing monolayers start to mix, they 
interact  within the two dimensions of  a single plane, 
and kt reverts to variation with the inverse sixth power 
of  separation.2 

Vesicle-Planar Membrane Binding and [Ca 2+] 

This study reveals the presence of  large gaps between 
the headgroups  of  the vesicle and planar  membranes  
on the order  of  1-6 nm. This and other  structural fea- 
tures of  the region of  contact  explain several phenom-  
ena encounte red  in this model  system of  exocytosis. 
The  osmotic gradients experimental ly required for fu- 
sion (Cohen et al., 1989) were always predicted to gen- 

erate hydrostatic pressures much  greater  than those 
necessary to rupture  or lyse the membranes ,  with the 
assumption that all the water flow across the planar  
m e m b r a n e  in the region of  contact  entered  the vesicle 
(Woodbury and Hall, 1988; Niles et al., 1989; Cohen  
and Niles, 1993). One  explanat ion offered was that the 
adheren t  vesicle and planar  membranes  remained  sep- 
arated by a gap or corr idor  and that  most  of  the water 
flow genera ted  by the osmotic gradient  across the pla- 
nar  m e m b r a n e  was shunted a round  ra ther  than into 
the vesicle (Akabas et al., 1984). A comparison of  the 
osmotic gradient  necessary to p roduce  m e m b r a n e  lysis 
with the osmotic gradient  experimental ly required for 
fusion resulted in an estimated gap width of  5 nm with 
~m-diameter  vesicles (Niles and Cohen,  1991). In fact, 
this study shows that  the membranes  are separated by 
>1 nm in most  of  the contact  region, and only a small 
p ropor t ion  of  the contact  area is separated by a gap less 
than 2 nm. We have found  that the gaps are large 
enough to accommodate  large osmotic water flows. 
The  water flow into the gap creates a hydrostatic pres- 
sure within the corridor,  which, in turn, drives water 
into the vesicle as well as a round  it. The  intravesicular 
hydrostatic pressure expected with an in t e rmembrane  
gap is adequate  to induce fusion (Niles et al., 1989). 

Structural details in the area of  contact  revealed by 
RET microscopy account  for the strong CaZ+-mediated 
adhesion of vesicles to planar  membranes  found in ear- 
lier studies (Akabas et al., 1984; Niles and Eisenberg, 
1985). One  of the most  striking features in the contact 
region is the presence of  punctate  a t tachment  sites, 
where small localized areas of  the two bilayers are 
pulled to within separation distances ~<2 nm. Although 
the total area of  the contact  region as a function of 
[Ca 2+] is biphasic (Fig. 7 B), consistent with the known 
electrostatic behavior  of  divalent cation interactions 
with anionic membranes  (McLaughlin et al., 1981), the 
density of  punctate  sites is the one feature that in- 
creases with [Ca2+]. The  propor t ion  of  the region of  
contact  compris ing these sites is small (Fig. 7 B), but  
their [Ca 2+] dependence ,  in contrast  to that of  the to- 
tal area of  the region of  contact, parallels both  the 
n u m b e r  of  vesicles bound  to the planar  m e m b r a n e  
(Niles and Cohen,  1987, 1991) and the rate of  mem-  
brane  fusion (Zimmerberg  et al., 1980; Niles, unpub-  
lished data). This suggests that the adhesion interac- 
tion is strongest at the punctate  a t tachment  sites; we en- 
vision that fusion is initiated at these sites, where 
membranes  are closest. 

2This can be seen from the theoretical development of Eq. 4a given 
in the legend of Fig. 1 B. When the donor and acceptor probes inter- 
act in a single plane, the angle O between the radial vector R and the 
bilayer normal is no longer swept from 0 to ~/2 but remains fixed at 
�9 r/2, and kt is determined by the radial distribution function of accep- 
tors relative to each donor (Estep and Thompson, 1979). 

Adhesion at Punctate Sites 

We propose  that the punctate  a t tachment  sites are lo- 
calized regions where the Ca 2+ has bound  two anionic 
phospholipids  such as PS, one each f rom the facing 
monolayers of  the two membranes ,  to form cross- 
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bridges between the membranes  and a site of  small in- 
t e rmembrane  separation (Portis et al., 1979). Although 
individual Ca(PS)2 cross-bridges are too small to be spa- 
tially resolved by any optical system, the punctate  at- 
tachment  sites could be localized regions where a large 
number  of  cross-bridges have formed to create a rela- 
tively large domain of  closely apposed two membranes.  
As a single square pixel in our  ratio images represents 
an area of  ~2.38 X 10 ~ nm 2 containing ~1.42 X 105 
phospholipids in each monolayer,  at 16 mol% PS, a sin- 
gle punctate a t tachment  site could contain as many as 
23,000 Ca(PS)2 cross-bridges (ignoring lateral phase 
separation). Lateral aggregation into Ca(PS)~-rich do- 
mains would increase this number.  While the acceptor 
probe might be excluded from these domains, the dye- 
labeled PEs are negatively charged and, therefore,  
could participate in cross-bridge formation. The varia- 
tion of  the sensitization ratio with the phase state of  the 
lipids is unknown, al though coumarin is much less sen- 
sitive to environmental  perturbat ion than probes such 
as bimane and NBD (Silvius et al., ]987). Moreover, we 
did not  observe Ca2+-dependent aggregation of  the flu- 
orophores.  The phase state of  the punctate a t tachment  
sites remains uncertain. Vesicles initially adsorbed to 
planar membranes  in mM [Ca 2+] did not  subsequently 
detach when [Ca 2+ ] was lowered (to ~10  p~M) by the 
addition of  EDTA. This is suggestive of  Ca(PS) 2 com- 
plex formation with equilibrium dissociation constants 
in the micromolar  to nanomolar  range as observed in 
complexes formed in fully hydrated multilayers of  PS in 
ion-free water (Feigenson, 1986, 1989), al though these 
complexes result in phase separation (Coorssen and 
Rand, 1995) and the electrolyte conditions are differ- 
ent. It is possible that vesicle a t tachment  is h indered  by 
hydrodynamic forces due to propulsion and the con- 
vection of  the bathing solution, so that formation of  
the contact region does not  occur  unde r  equilibrium 
conditions. The [Ca 2+] dependence  of  the formation 
of  the contact region may be de termined  by divalent 
cation absorption to single bilayers, with Ka's in the 
tens of  millimolar range, which does not  result in phase 
separation (McLaughlin et al., 1981). 

The spatial order  of  the ar rangement  of  a t tachment  
sites within each contact region de te rmined  in the au- 
tocorrelation images could arise by formation of  a 
structural phase domain. If the submicroscopic order- 
ing within a site scaled to optically resolvable lengths, 
then site formation would be analogous to crystalliza- 
tion phenomena .  But this would produce  a continuous 
two-dimensional correlation function (Reichl, 1980), 
which we did not  observe. The regular pattern in the 
contact  region could arise by a superimposed mechani- 
cal constraint, such as an increased rigidity due to Ca 2+ 

binding. The  reduced flexibility of  the membrane  
would prevent the formation of  adjacent a t tachment  

sites, and effectively "comb" the correlation function 
into the discrete pattern observed. In any case, it is 
clear that the at tachment  sites are related to membrane  
adhesion. To unders tand their possible roles in the 
membrane  rearrangements  of  fusion, it is worthwhile 
to examine the forces between membranes  and the 
stresses that close apposition imparts to lipid bilayers. 

Forces between Membranes 

Adhesion between membranes  represents a balance of  
attractive and repulsive forces that is biased toward the 
attractive forces (Parsegian and Rand, 1983). The  work 
of  close approach is the integral of  the force required 
to bring the two membranes  from infinite separation to 
a particular distance. Therefore ,  the spatial map of  in- 
te rmembrane  distances represents the energy profile of  
the region of  contact, and we can estimate the magni- 
tude of  the adhesion force from the magnitudes of  the 
repulsive forces. Some of  these pressures (force per  
unit  area) as a function of  distance from a fixed mem- 
brane surface are plotted in Fig. 10 A. We chose the in- 
terface between the aqueous milieu and the lipid head- 
groups as our  plane of  reference,  because this was the 
most probable location of  our  RET probes, and we re- 
fer our  distances to this plane. The largest repulsive 
force between membranes  originates f rom the steric in- 
teraction of  the headgroups,  which is 0 at separations 
where the headgroups do not  overlap (Israelachvili and 
Wennerstr6m, 1992). Because we confined our  cali- 
brated measurements of  in te rmembrane  separation to 
i> 1 nm, the contribution of  the steric pressure was very 
small. The  most significant disjoining pressures at dis- 
tances />1 nm are hydration (open boxes) of  the polar 
headgroups of  tile lipids (LeNeveu et al., 1976; Parse- 
gian and Rand, 1983; McIntosh and Simon, 1986) and 
electrostatic repulsion (filled boxes) between the nega- 
tively charged headgroups of the apposed bilayers (Evans 
and Ipsen, 1991). These forces predominate  at dis- 
tances <2 nm, where they exceed the attractive Van 
der Waals interaction (triangles) between the hydrocar- 
bon tails of  phospholipid molecules across the inter- 
vening aqueous milieu, which mediates adhesion at 
separations where Ca(PS)2 cross-bridges are unable to 
form. At distances >2  nm, repulsion is dominated by 
fluctuation-induced interactions, which originate f rom 
the entropic confinement  of  thermally induced changes 
in the shape and local geometry of  flexible, unpressur- 
ized membranes  (Helfrich, 1978). The most significant 
of  these interactions arises from local curvature fluctua- 
tions (circles) that produce  undulations of  the mem- 
brane surface, or luffing. When membranes  are 
brought  close together,  the amplitudes of  these undu- 
lations are decreased, confining these motions to par- 
ticular spatial modes, and the damped  modes propel  
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the  m e m b r a n e s  a p a r t  (Evans a n d  Parsegian ,  1986; Lip- 
owsky a n d  Leib le r ,  1986; Evans a n d  Ipsen ,  1991; 
P o d g o r n i k  a n d  Parsegian ,  1992). T h e  spat ia l  p rof i le  o f  
the  i n t e r m e m b r a n e  sepa ra t ions  in the  con t ac t  r e g i o n  
tha t  we have obse rved  exhib i t s  charac te r i s t i cs  e x p e c t e d  
for  the  c o n f i n e m e n t  o f  u n d u l a t o r y  m e m b r a n e  mot ions .  

We used  the  m a g n i t u d e s  o f  these  forces  to es t imate  
the  lower  b o u n d  o f  the  a d h e s i o n  p re s su re  ( the  at t rac-  
tive fo rce  p e r  un i t  a rea)  in the  r e g i o n  o f  c o n t a c t  by as- 
s u m i n g  tha t  the  a d h e s i o n  p re s su re  is equa l  to o r  
g r ea t e r  t han  the  d i s jo in ing  pressure .  T h e  a d h e s i o n  
pressures  tha t  mus t  be  e x e r t e d  be tween  the  m e m -  
b r a n e s  in the  r e g i o n  o f  con t ac t  to al low the  m e m b r a n e s  
to r each  the  m e a s u r e d  s epa ra t i ons  are  shown in Fig. 10 
B (open boxes). At each  s epa ra t i on  d is tance ,  the  adhe-  
s ion p re s su re  was e s t i m a t e d  as the  sum o f  the  hyd ra t i on  
a n d  u n d u l a t i o n  pressures .  We  n e g l e c t e d  the  e lec t ro-  
static p re s su re  because ,  u n d e r  o u r  e x p e r i m e n t a l  cond i -  
t ions,  it h a d  s ignif icant ly  d e c a y e d  by 2 nm.  Both  the  hy- 
d r a t i o n  and  e lec t ros ta t ic  repuls ive  force  ca lcu la t ions  as- 
sume  flat  m e m b r a n e s .  T h e s e  forces  b e c o m e  l o n g e r  
r a n g e d  due  to u n d u l a t i o n  (Lipowsky a n d  Leib le r ,  1986; 
Evans a n d  Ipsen ,  1991) and ,  canonica l ly ,  c a n n o t  be  
s imply  a d d e d  to ob t a in  the  total  force.  (The  hydra t ion  
pressures  a re  e x p e r i m e n t a l l y  d e t e r m i n e d ,  a n d  there-  
fore,  con t a in  c o n t r i b u t i o n s  f rom undu l a t i ons .  In  fact, 
the  d i r ec t  forces  o f  hyd ra t i on  may  well e x t e n d  over  only  
several  water  layers with u n d u l a t i o n s  a c c o u n t i n g  for  the  
obse rved  l o n g  r ange  repu l s ion . )  None the le s s ,  because  

the  hyd ra t i on  p re s su re  decays e x p o n e n t i a l l y  over  a 
s h o r t  r ange  o f  d i s tances  while the  u n d u l a t i o n  p ressu re  
decays m o r e  gradual ly ,  o u r  a p p r o x i m a t i o n  o f  the  ne t  
d i s jo in ing  p re s su re  as a sum accoun t s  for  the  changes  
in the  n a t u r e  o f  the  repuls ive  force  at  2 n m  separa t ion .  
We w e i g h t e d  o u r  ca l cu la t ed  n e t  p re s su re  by the  relat ive 
a rea  o f  the  c on t a c t  r eg ion  at  the  i n t e r m e m b r a n e  sepa-  
ra t ion  d i s t ance  a n d  s u m m e d  over  all i n t e r m e m b r a n e  
sepa ra t ions  in the  c o n t a c t  reg ion .  T h e  a d h e s i o n  pres-  
sure  is p r o p o r t i o n a l  to [Ca 2+] a n d  varies by a b o u t  a fac- 
tor  o f  five over  the  r ange  o f  4 -30  mM, i n d i c a t i n g  tha t  
b o t h  c ross -br idge  f o r m a t i o n  a n d  e lec t ros ta t ic  s c r e e n i n g  
pa r t i c ipa t e  in adhes ion .  T h e  [Ca 2+] d e p e n d e n c e  o f  the  
a d h e s i o n  p ressu re  r e sembles  tha t  o f  b o t h  the  n u m b e r  
o f  vesicles b o u n d  to the  p l a n a r  m e m b r a n e  (filled boxes), 
as well as the  p r o p o r t i o n  o f  the  con tac t  a rea  with in ter -  
m e m b r a n e  sepa ra t ions  ~ 1 . 3  n m  (Fig. 7 B), s u p p o r t i n g  
o u r  conc lus ion  tha t  the  areas  o f  close a p p o s i t i o n  p ro-  
vide mos t  o f  the  adhes ive  force  in the  r eg ion  o f  contac t .  

T h e  repuls ive  forces  be tween  m e m b r a n e s  also allow 
es t ima t ion  o f  a lower  b o u n d  to the  s t r eng th  o f  adhesive  
forces  in the  p u n c t a t e  a t t a c h m e n t  sites. At  i n t e r m e m -  
b r a h e  d is tances  1 to 2 nm,  the  a d h e s i o n  pressure  is 
> 1 0  ~+ N-m -2, c o r r e s p o n d i n g  to a fo rce  in each  p u n c t a t e  
a t t a c h m e n t  site >2 .4  X 10 7 N. If  this force  is distr ib-  
u t ed  evenly a m o n g  23,000 Ca(PS)2 cross-br idges in the  
site, t hen  each  cross-br idge mus t  p rov ide  an a d h e s i o n  
force  o f  at  least  10 pN to ba lance  the  d i s jo in ing  force.  If  
the  cross-br idges  are  a g g r e g a t e d  within the  p u n c t a t e  at- 
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t achment  sites, then the adhesion force per  cross-bridge 
is correspondingly smaller. The magni tude of  this force 
is typical of  intermolecular  forces of  strong adhesion. 
For example,  the swivel of  an actin-myosin cross-bridge 
generates a force of  3-4 pN (Svoboda et al., 1994), and 
the adhesive force between biotin and streptavidin, with 
a stability constant of  1014 M, is between 80 and 250 pN, 
depending  on the pH (Moy et al., 1994). Strong adhe- 
sion forces are correlated with large equilibrium associ- 
ation constants. The  binding of  divalent cations to oxy- 
anion groups is very strong, as the stability constants for 
Ca 2+ association with unpro tona ted  sites in the iminodi- 
acetate moieties of  EGTA and EDTA are ~1011 M, and 
for divalent cations with hydroxyl anions are ,'-~109 M -1 
(Martell and Smith, 1974). Our  estimate of  the binding 
force at the a t tachment  sites is consistent with the large 
stability constants ranging 106-109 M for Ca(PS) 2 in fully 
hydrated multilayers in the absence of other  salts 
(Feigenson, 1986, 1989). 

The repulsive interaction induced by the damping  of  
undulat ion modes  provides a large tendency for the 
membranes  to separate in the region of contact. The  ex- 
tent  of  this damping  can be appreciated by compar ing  
the ampli tude of  an undulat ion expected for the free, 
thermal  mot ion of  a flexible m e m b r a n e  with the 
changes in in te rmembrane  separation measured in the 
region of contact. The  energy of  an undulat ion mode  is 
the curvature energy of the patch of membrane ,  E = 1/2 
/~  (2/R) 2 �9 area, where Kb is the elastic bending modu-  
lus and R is the radius of  curvature of  the mode  (we as- 
sume that the intrinsic curvature of  the m e m b r a n e  is 0) 
(Helfrich, 1973). If  we circularize a square pixel with an 
edge length of 488 nm, the spatial resolution of  our  im- 
age processing, then the radius of  the same area, r, is 
275 nm and the area is 0.238 /~m 2. For an undulat ion 
with thermal  energy kT, the radius of  curvature of  the 
mode  is 3.41 ~m (R = 4'2Kb/kT �9 area), and, since the 
area of  the mode  is approximately equal to 2~rRa, where 
a is the amplitude,  the expected pixel-to-pixel change in 
separation between the membranes  is 11.1 nm. For a 
larger square area of  100 pixels (23.8 ~m 2) with r = 2.75 
~zm, R = 34.1 p~m, and the ampli tude of the 1 kT luff is 
111 nm. As the pixel-to-pixel changes in in termem- 
brahe  separation across the region of contact  are con- 
fined to amplitudes <5  nm (Figs. 9, A and B), the undu- 
lation force is largely suppressed by adhesion. This indi- 
cates that the residual pat tern observed is the "frozen" 
r emnan t  of  a freely luffing m e m b r a n e  that has become 
strongly attached to a surface (the planar membrane ) ,  
resistant to thermally induced changes in curvature. 

Energies of Punctate Attachment Sites and Monolayer Fusion 

While the punctate a t tachment  sites are the structural 
feature of  the region of contact most significantly associ- 
ated with adhesion in the vesicle-planar memb ran e  sys- 
tem, what are their roles in fusion? Besides providing a 
strong at tachment  of  the two membranes ,  the sites may 
also distort the membrane  surface into prefusion struc- 
tures that reduce the free energy barrier to the forma- 
tion of  structural intermediates of  membrane  fusion. 
The conceptual structure most studied has been  the 
"stalk" in which the facing monolayers of  the two mem-  
branes are melded or hemifused into a highly curved sin- 
gle monolayer connecting the two membranes  (Cheru- 
omordik  et al., 1985). The smallest stalk that can be geo- 
metrically formed between two membranes  separated by 
a 3-nm distance has a hydrocarbon domain diameter  
(skirt) of  3 nm, and a curvature radius at the headgroup- 
aliphatic tail interface of  1.5 nm. The outer  surface of 
this simple stalk is geometrically identical to the surface 
lining the hole of  a torus, and its area (61 nm 2) contains 
~100  lipid molecules. The curvature energy required to 
bend two flat lipid bilayers into the stalk is ~'-,30 kT (Sie- 
gel, 1993). The microscopic structures producing the 
punctate a t tachment  sites can be schematized as collec- 
tions of  partial stalks that are spatially symmetric bulg- 
ings of  the facing monolayers of  the two membranes  into 
the intervening space. If  the nearest approach of the 
bulge crests is 1 nm, then this is equivalent to a simple 
stalk with a 1 nm long region of  the central skirt region 
removed. The removed skirt contains 16 lipid molecules, 
but the areas of  the newly exposed surfaces (the tops of  
the bulges) can accommodate  26 lipid molecules, in ad- 
dition to the 84 molecules remaining on the sides of  the 
bulges. Thus, two bulges contain 110 lipid molecules 
compared  to 100 molecules in the stalk. Because the 
original circular areas under  the stalk contained 94 lipid 
molecules, the bulges serve to accumulate lipid mole- 
cules as required to form a stalk. The  curvature energy 
of the bulges is ~ 1 0  kT, and ~20  kT is still required to 
bend the molecules into a complete  stalk. Indepen-  
dently of  the precise numbers,  CaZ+-dependent cross- 
bridge formation leads to bulges and the curvature en- 
ergy required to form a hemifused stalk is decreased: 
The lipid molecules lining the sides of  the bulges are al- 
ready curved in a direction favorable for the formation 
of  the stalk. Therefore,  the punctate a t tachment  sites 
may contribute to the free energy necessary to form the 
intermediate structures of  membrane  fusion. 
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