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Summary 

Ca:+-induced transformation of phosphatidylcholine-phosphatidic acid 
vesicles to larger bilayer structures has been examined using nuclear magnetic 
resonance, electron microscopy, gel permeation and radioisotope tracer tech- 
niques. For concentrated vesicle preparations where phosphatidic acid content  
remains less than 50% of total lipid, transformation to larger well defined 
unilamellar structures can be induced. The size of the product  formed is 
dependent  on phosphatidic acid content  and on Ca 2. content  when Ca 2÷ levels 
are between 0.3 and 1.0 mol ratios with respect to phosphatidic acid. During 
transformation bilayer composition remains unchanged and internal contents 
are retained in the final structure. These properties are indicative of concerted 
two vesicle and multiple vesicle fusions. The controllable and concerted fusions 
make the phosphatidic acid system suitable for further mechanistic studies. 

Introduct ion 

Membrane fusion has long been recognized as an important  event in a variety 
of cellular activities [1]. It has more recently become of concern in efforts to 
use synthetic bilayer membranes as transport vehicles for drugs in chemo- 
therapeutic applications [2]. As a result, a great deal of effort  has been placed 
in the study of compositionally simple, pure lipid systems which exhibit some 
of the fundamental  aspects of membrane-membrane fusion [3--6]. The 
ult imate goal in studying these systems would be the elucidation at a molecular 
level of  the basic prerequisites for fusions in natural systems. In order to model 
natural systems closely, these models should not fuse indiscriminately but be 
controllable. Fusion should entail merging of bilayer lipids in a single continu- 
ous step as opposed to exchange of small numbers of lipid molecules during 

Abbreviation:  MES, 2-(N-morpholino)ethanesulfonic acid. 
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collisions and fusion should result in retention of internal contents of both 
fusion partners in the final structure. 

Most models presently under study fail to satisfy one or more of the above 
conditions. For example, the homogeneous phosphatidylcholine-free fat ty acid 
vesicle system studied in our laboratory exhibits controlled fusion in that  
vesicles fuse only when temperature is adjusted to that of the gel to liquid 
crystalline phase transition, but once initiated, further fusions follow indis- 
criminately leading to large, poorly defined structures [5]. Vesicle contents are 
also lost during the process [7 ]. 

Model vesicle systems incorporating anionic lipids are more promising in that  
they exhibit a control mechanism more akin to natural systems where variation 
of Ca 2÷ concentrations seems to play a role. Some evidence that  anionic lipid 
vesicles undergo controlled, conservative fusion when incubated with whole 
cells also exists [8]. However, Ca2÷-induced fusion among anionic lipid vesicles 
themselves, which is more amenable to study at a molecular level, proceeds 
uncontrollably to large structures with loss of contents [9]. The fusion process 
for the pure phosphatidylserine vesicle system has been described as one in 
which vesicles break open to become disk-like structures before merging to 
form cochleate cylinders, necessitating loss of contents [10]. Studies on pure 
phosphatidylglycerol vesicles suggest similar properties for other pure anionic 
lipid systems [ 11 ]. 

Because the anionic lipid-Ca 2÷ pair seems so promising an analog for natural 
fusion sites, it seems reasonable not  to abandon these systems entirely but to 
a t tempt  moderation of the less desirable aspects of the transformation process. 
Phosphatidylcholine vesicles above their phase transition temperature are very 
stable and insensitive to Ca 2÷ addition. Hence, phosphatidylcholine would 
seem a suitable moderator. In fact, Verkleij et al. [11] have presented electron 
microscopy evidence for a mixed phosphatidylcholine-phosphatidylglycerol 
system which shows formation of smooth large vesicles and not  cochleate 
cylinders on Ca 2÷ addition. We wish to present here an investigation of the 
structural transformations which occur on addition of Ca 2÷ solutions to the 
functionally similar phosphatidic acid-phosphatidylcholine mixed lipid system 
with the object of verifying its suitability as a model for further study of fusion 
mechanisms. Transformation is qualitatively evaluated using proton magnetic 
resonance techniques, vesicle sizes are monitored by gel permeation chromatog- 
raphy or electron microscopy, and internal contents are monitored by radio- 
isotope tracer techniques. Results will show that  both control of the size of a 
transformation product  and retention of vesicle contents can be achieved with 
the phosphatidic acid-phosphatidylcholine-Ca 2÷ system. 

Materials and Methods 

Materials. Phosphatidylcholine was extracted from egg yolks as previously 
described [12] and phosphatidic acid was synthesized from it by the action of 
partially purified phospholipase D from cabbage following the procedures of 
Papahadjopoulos and Miller [13]. The primary exception was that  sonicated 
vesicles rather than ether-water dispersions were used as substrates. The phos- 
phatidic acid was purified by elution on silicic acid with methanol/chloroform 
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solutions increasing stepwise in methanol content.  The pure egg yolk phos- 
phatidic acid gave a single spot at RF 0.25 + 0.05 on silica gel thin layer 
chromatography plates developed with chloroform/methanol /ammonium 
hydroxide ( 5 : 3 :  1, v/v). The purity was also checked by 31p NMR spec- 
troscopy. 

2-(N-Morpholino)ethanesulfonic acid (MES), used as a buffer throughout,  
was purchased from Calbiochem (San Diego, Calif.). Sepharose 2B and Sepha- 
dex G-50, used as gel permeation media, were purchased from Pharmacia Fine 
Chemicals (Piscataway, N.J.). [1-14C]Tetraethylammonium bromide with an 
activity of 3.0 mCi/mmol and [U-14C]sucrose with an activity of 4.9 mCi/mmol 
were obtained from New England Nuclear Corporation (Boston, Mass.). CdO, 
enriched to 96.30 _+ 0.05% in lJ3Cd was purchased from Oak Ridge National 
Laboratory (Oak Ridge, Tenn.) and was converted to CdC12 before use by 
adding concentrated HC1 and drying on a steam bath. 

Vesicle preparation. Vesicles were prepared to be 6% (W/V) total lipid in a 
pH 6.0 _+ 0.1 buffer containing MES (10 mM), NaC1 (100 raM) and 2H20 (10%). 
Weighed amounts of phosphatidic acid and phosphatidylcholine were premixed 
in chloroform and the chloroform was removed under vacuum (12 h) to assure 
homogeneous composition of vesicles. Molar composition was calculated 
assuming molecular weights of  phosphatidylcholine and phosphatidic acid to be 
750 and 664, respectively. The resulting mixtures were dispersed in buffer solu- 
tion by vortexing and vesicles prepared by sonication with a Branson Model E 
bath sonicator at temperatures not  over 35°C. The pH of  the solution was 
checked and readjusted when necessary to pH 6.0 during sonication to com- 
pensate for pH changes due to the ionization of phosphatidic acid. After soni- 
cation for 4--5 h, the vesicle solution was centrifuged at 35 000 rev./min 
( 1 0 7 0 0 0 × g )  for 30 min at 10_+ 3°C. For some experiments, Ca 2÷ was 
included in the sonication buffer. In these cases visible amounts of large multi- 
lamellar or Ca 2+ salts were removed by the centrifugation step. The clear 
homogeneous supernatants were employed in the studies to follow. 

Transformation of vesicles was induced by adding solutions prepared from 
phosphatidylcholine and phosphatidic acid in I : 1, 2 : 1, and 4 : 1 mol ratios, 
to equal volumes of Ca 2÷ solution at concentrations sufficient to achieve final 
Ca 2÷ : phosphatidic acid tool ratios ranging from 0.2 to 1.2. The samples were 
typically incubated in a water bath at 37°C for one half hour. A slight molar 
excess of EDTA was then added. 

Monitoring of transformation. The progress of transformation was moni- 
tored using line widths of ~H NMR spectra. The spectra were taken on a Perkin 
Elmer R32 Spectrometer equipped with a TT7 Fourier Transform accessory. 
2H20 analogs of the samples described above were used. 

Vesicles sizes were determined on Sepharose 2B using a 1.5 × 30 cm column. 
The packed column was equilibrated with buffer (2 mM MES/1 mM EDTA/ 
0.02% NAN3, pH 6.1) for 2 days and saturated with lipids by passing 0.5 ml of a 
5% egg yolk phosphatidylcholine vesicle solution. 0.6-ml samples were placed 
on the column and eluted with the same buffer. The elution volume of the 
vesicle preparation was determined by differential refractive index measure- 
ment  using a Waters Associates Differential Refractometer. The column void 
volume and total volume were taken to be maxima due to a small percentage of 
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mul t i lamel lar  p r o d u c t  and 2H20, respect ively.  Cal ibrat ion cons tants  were deter-  
mined in previous studies for  similar co lumns  by  using egg y o lk  phosphat idy l -  
chol ine vesicle p repara t ions  and pro te ins  of  known  dimension as markers .  Pure 
egg yo lk  phospha t idy lcho l ine  sonicates were run per iodical ly  on co lumns  to 
m o n i t o r  pe r fo rmance .  Elut ion  vo lume  of  the refract ive index max imum was 
conver t ed  to  vesicle size using the  equa t ion  o f  Ackers [14] .  Measurements  
are reproduc ib le  to  -+ 5%. 

Vesicle sizes for  representa t ive  t r ans fo rmed  and non- t r ans fo rmed  samples 
were also checked  by  e lec t ron  microscopy .  Vesicles prepared  f rom phos- 
pha t idy lcho l ine  and phospha t id ic  acid in 2 : 1 ra t io  and the t r ans fo rmat ion  
p roduc t s  p roduc e d  by  addi t ion  of  10 mM Ca 2÷ as descr ibed in the section on 
vesicle p repara t ion ,  were f rozen in F reon  22 before  being s tored in liquid 
ni t rogen.  Samples were cleaved and repl icated with p la t inum and carbon in a 
Balzer 's BAF 300 Freeze-Etch  apparatus.  Replicas were cleaned by  f loat ing 
t h e m  on a graded series of  Clorox solut ions fo l lowed by distilled water  and 
were p icked up on uncoa t ed  200 mesh coppe r  grids. Replicas were examined  in 
a Philips 300 e lec t ron  microscope .  

Redistribution of Ca 2÷. E n t r a p m e n t  of  Ca 2÷ dur ing t r ans fo rma t ion  was also 
mon i to red .  A t r ans fo rmed  sample having a 2 : 1 phospha t idy lchol ine-  
phospha t id ic  acid rat io  was e luted af ter  addi t ion  of  ED TA  f rom a 1 :" 12 cm 
Sephadex  G-50 co lumn  to r emove  the bulk of  the calcium ions and then  the 
vesicle-containing f rac t ion  loaded on to  a Sepharose  2B co lu m n  and e luted as in 
the  size de te rmina t ions .  Fract ions  were col lec ted  and analyzed  for  Ca:* by 
a tomic  absorp t ion  spec t roscopy .  Each 1.5 ml f rac t ion  was di lu ted with 0.5 ml 
m e t h a no l  to  insure h o m o g e n e i t y  and a 10 h sample injected into a Perkin- 
Elmer  a tomic  absorp t ion  s p e c t r o p h o t o m e t e r  (Model 3058) .  Un t rea ted  vesicles, 
vesicles sonica ted  in the presence of  Ca 2÷ and vesicles t rea ted  with Ca ~÷ at a low 
t empe r a tu r e  (10 :t I°C),  where  t r ans fo rma t ion  does no t  occur,  were run as 
controls .  

113Cd NMR of  vesicles t r ans fo rmed  with Cd 2÷ in place of  Ca:* was used as a 
second means  of  mon i to r ing  ion redis t r ibut ion .  Samples 1 ml in vo lume were 
typ ica l ly  15 mM phospha t id ic  acid with a 1 : 0.7 phospha t id ic  acid to  Cd 2. 
ra t io  and a 2 : I phospha t idy lcho l ine  to  phospha t id ic  acid ratio. Spect ra  were 
run on an extensively  modi f ied  Bruker  HFX 90 sp ec t ro m e te r  in pulse Four ie r  
t r ans fo rm m o d e  at  r o o m  t e m p e r a t u r e  and 19.96 MHz. An internal  deu te r ium 
lock  (2H20) was used for  f i e ld - f requency  stabil ization.  A p p ro x im a te ly  50 000 
90°C pulses at  0.2 s intervals were requi red  to  achieve adequa te  signal to  noise 
rat ios for  enr iched  10 mM 113Cd. Chemical  shifts are re fe renced  to  1 M 
Cd(C104)2 run  separa te ly  bu t  also locked  to  an 2H20 resonance .  Shifts are 
accura te  to  +0.5 ppm.  

Retention of composition. The  he te rogene i ty  of  bo th  sonicated  prepara t ions  
and t r ans fo rma t ion  p roduc t s  necessi tates a pos t - t r ans fo rmat ion  check  for 
possible red is t r ibu t ion  of  phospha t id ic  acid among  small and large structures.  
Compos i t ion  can be m o n i t o r e d  by  3~p NMR spec t roscopy .  Samples were 
p repared  in C2HC13 in o rder  to  avoid diff icul t ies  due  to  d i f ferences  in re laxat ion  
behavior  for  small vesicle and large mul t i lamel lar  p roducts .  A vesicle solut ion 
t rea ted  with Ca 2÷ and E D T A  was cent r i fuged as descr ibed before .  The  super- 
na tan t  was decan ted  and the prec ip i ta te  was suspended in distilled water.  Both  
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fractions were dialyzed against distilled water at room temperature for 1 day 
changing the water every 4--5 hours. The solutions were lyophilized and 1 ml 
of chloroform (with 50% C:HCla) was added. 31p NMR spectra were run on 
the Bruker HFX-90 spectrometer at a 3~p frequency of 36.4 MHz. The proton 
resonances were continuously decoupled with a noise-modulated frequency at 
10 W of power and 90 MHz. The resulting solutions gave sharp, well resolved 
resonances for both lipids. 

Retention of  contents. 1.5 ml of phosphatidylcholine-phosphatidic acid 
2 : 1, 6% (w/v) vesicle solution was resonicated in the presence of  2.5 pCi [ 1-14C]- 
te t raethylammonium bromide or 5 ~Ci [U-14C]sucrose in order to test the 
vesicles ability to retain internally trapped solutes during fusion. Sonicated 
samples were loaded into a Sephadex G-50 column of 1 c m : ×  10 cm and 
eluted with buffer. The vesicles containing internal [14C]tetraethylammonium 
bromide or [U-14C]sucrose were collected at the void volume and divided into 
two parts, one for a control and the other for vesicle transformation. Trans- 
formation was induced as described previously using a Ca 2÷ concentration suffi- 
cient to bring the final phosphatidic acid : Ca 2+ ratio near 1 : 1. 

After adding EDTA, the vesicle solution was passed through a Sepharose 2B 
column, as in the determination of vesicle size, except that  the elution profile 
was determined by phosphate analysis rather than refractive index because of 
the low vesicle concentrations involved. The phosphate analysis of a 0.3 ml 
aliquot in each 2 ml fraction was undertaken using the procedure of Yang et 
al. [15]. The radioactivity of a 1 ml aliquot from each fraction was determined 
by adding 3 ml Bray's solution and counting in a Packard, Tri-Carb Liquid 
Scintillation Spectrometer (Model 3320). 

Results 

Size distribution changes. It is easy to qualitatively verify that  vesicle size 
distributions change when the Ca 2÷ concentration is raised in a preparation of 
sonicated vesicles. It can be done using proton nuclear magnetic resonance 
(1H NMR) techniques which rely on the fact that  small unilamellar vesicles 
(300 £ in diameter) give well resolved spectra with narrow lines, while lines 
broaden and become more difficult to observe for more extended bilayers 
[16]. Linewidths, as defined by the weight average of a two component  
Lorentzian fit, vary linearly with vesicle diameter over the 200--600 A range 
for the methylene resonance. Widths for the methyl  resonance also vary, but to 
a lesser extent, making these resonances appear more pronounced for larger 
vesicles. 1H NMR techniques offer an advantage over other spectroscopic 
methods in that  the aggregation of small vesicles which may occur simultane- 
ously with vesicle transformation has a small influence on the line width. 
Spectra showing the methylene {1.26 ppm), chain terminal methyl  (0.88 ppm) 
and choline methyl  (3.3 ppm) regions of the spectrum before and after addi- 
tion of  15 mM Ca 2÷ to phosphatidylcholine-phosphatidic acid 2 : 1 vesicles are 
presented in Fig. 1. Lines broaden significantly but lose little area implying that  
vesicle size changes occur without  proceeding to the large cochleate structures 
of  systems with high anionic lipid content.  It is also significant that  the added 
Ca 2÷ can be sequestered by addition of more than equimolar amounts of EDTA 
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Fig. 1. 1H NMR spec t r a  of 10% p h o s p h a t i d y l c h o l i n e - p h o s p h a t i d i c  a c i d  2 : 1 v e s i c l e s  in  2 H 2 0  bu f f e r  at  
90 MHz (a) be fo re  and  (b)  a f t e r  a d d i t i o n  of 15 m M  Ca 2+. 

without  substantial reversal of line width changes. This implies that induced 
size variations are not  easily reversed and Ca 2+ can be removed without  concern 
for the relevance of more quantitative analytical techniques applied after Ca 2+ 
removal. 

The time dependence of vesicle transformation was also studied by NMR to 
evaluate the time span during which further analysis could be undertaken. Data 
are presented in Fig. 2 for a case in which phosphatidylcholine-phosphatidic 
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Fig. 2. Absolute intensities of methyl (~) and methylene (e) resonances on IH NMR spectra vs. time for 

phosphatidylcholine-phosphatidic acid 2 : 1 vesicles in the presence of 10 mM Ca 2+ at a 0.7 : I Ca 2+ : 

phosphatidic acid level. 
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acid 2 : 1 vesicles were incubated in the presence of 10 mM Ca 2+ at 35°C for 
varying lengths of time. Spectra were taken immediately after addition of a 
slight molar excess of EDTA and changes in amplitudes of methylene and chain 
terminal methyl  resonances were determined. Amplitudes are, to a first approx- 
imation, linearly related to the inverse line widths and decrease as vesicle diam- 
eter increases. The data appear to show a bimodal process. A rapid change 
accounting for about 60% of the methylene intensity is over in 5--10 min; a very 
gradual change continues over the next 24 h. A similar but slightly slower 
process is noted with 5 mM Ca 2÷. With higher phosphatidylcholine-phos- 
phatidic acid ratios, and with lower temperature, transformation occurs more 
slowly. For a 4 : 1 system with a 1 : 0.7 phosphatidic acid : Ca 2+ ratio the 
rapid phase is over in 20--30 min. Incubation of the 2 : I system at 10°C for 
30 min shows less than a 10% change in amplitude. 

For more quantitative analysis of size distribution changes, gel permeation 
chromatography was used. Ca ~÷ was sequestered by EDTA addition after 0.5 h 
incubation and the column run within 48 h. Elution which required about 6 h 
per sample was monitored with a refractive index detector. Output  has been 
shown to be linear in weight lipid over the accessible size range by comparison 
to phosphate analysis and therefore the vesicle size indicated by the maximum 
in the elution profile can be interpreted as the most prbable vesicle size in 
which a lipid molecule can exist. Only this size is reported. 

At low Ca 2÷ levels the distribution of lipids among vesicles of various sizes 
shifts toward larger sizes as the Ca 2÷ concentration is increased. This is shown 
in Fig. 3. Little increase in the percentage of lipid at the void volume is noted. 
This again indicates that  the small vesicles are not transforming directly to 
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Fig. 3. E l u t i o n  pro f i les  [-tom Sepharose 2B fo r  3% phosphatidy]choline-phosphatidic acid 2 : t vesicles 
incubated in the presence o f  (a) 5 m M  Ca 2+ (Ca 2+ : phosphatidie acid 0.33 : t ) ,  (b) 7.5 m M  Ca 2+ (Ca 2+ : 
phosphatidic acid 0.5  : 1),  (e) 10 m M  Ca 2+ (Ca 2+ : phosphatid|c acid 0.66  : 1), (d) 15 m M  Ca 2+ (Ca 2+ : 
phosphatidic acid 1 : 1). 
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mul t i l amel l a r  s t ruc tu res  bu t  to  uni lamel lar  vesicles of  i n t e rmed ia t e  size. Widths 
o f  d i s t r ibu t ions  t end  to increase as Ca 2÷ c o n c e n t r a t i o n  increases bu t  no  indica- 
t ion  of  b imoda l  d i s t r ibu t ions  b e t w e e n  t w o  sizes o f  small  vesicles can be 
r e p r o d u c i b l y  resolved.  Fai lure  to  do  this m a y  s imply  resul t  f r o m  the b read th  of  
the  initial d i s t r ibu t ion  of  sizes and  should  no t  be  t a k e n  as evidence  against  
d iscre te  fus ion steps.  T h e  second  p e a k  at  low e lu t ion  vo lumes  in Fig. 3d does  
no t  necessar i ly  ind ica te  a second  g roup  of  vesicles b u t  can resul t  f r o m  the 
highly non- l inear  d e p e n d e n c e  of  e lu t ion  vo lume  on vesicle size near  the  void 
v o l u m e  of  the  co lum n .  
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E lec t ron  mic roscope  da ta  p resen ted  in Fig. 4 con f i rm  observed size distribu- 
t ion  changes.  The  un t r ea t ed  vesicle p repara t ion  p resen ted  in Fig. 4A shows an 
average size o f  300  ± 50 A. The  2 : 1 sample t r an s fo rm ed  with Ca 2÷ at  a 0.7 : 1 
Ca ~÷ : phospha t id ic  acid ra t io  shows an average size o f  450  ± 100  A. Bo th  show 
the  presence  o f  a few mul t i lamel lar  s t ruc tures  b u t  numbers  are n o t  large 
enough to  war ran t  descr ip t ion  as a b imodal  d is t r ibut ion.  

Fig .  4.  F r e e z e - f r a c t u r e  e l e c t r o n  m i c r o g r a P h s  o f  ( A )  s o n i c a t e d  p h o s P h a t i d y l c h o l i n e - p h o s p h a t i d i c  a c i d  2 : 1 
v e s i c l e s  a n d  ( B )  t h e  t r a n s f o r m a t i o n  p r o d u c t s  a f t e r  i n c u b a t i o n  in  t h e  p r e s e n c e  o f  10  m M  Ca  2+ f o r  0 . 5  h 
a t  3 7 ° C  a n d  a d d i t i o n  o f  e q u i m o l a r  E D T A .  S c a l e  b a r  = 1 0 0 0  A.  
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As it is obvious  tha t  bo th  Ca ~'÷ levels and phospha t id ic  acid levels m ay  be 
inf luent ial  in de te rmin ing  u l t imate  size dis t r ibut ions ,  the e f fec t  of  Ca 2+ addi- 
t ion on samples of  three  d i f fe ren t  phospha t idy lcho l ine  to  phospha t id ic  acid 
rat ios was s tudied in detail.  Since prepara t ions  have slightly d i f fe ren t  initial 
sizes (260 +_ 10 A for  4 : 1, 285 ~: 10 h for  2 : 1 and 255 ~ 10 A for  1 : 1), the  
results are p resen ted  in Fig. 5 as a change in vesicle size. Th e  size d ep en d en ce  on 
Ca 2+ c o n c e n t r a t i o n  is, in all cases, sigmoidal.  Ini t ia t ion of  size change,  and 
p resumably  fusion,  can be said to  cor re la te  with a Ca 2÷ concen t r a t i on  equal to  
a p p r o x i m a t e l y  one  th i rd  of  the  to ta l  phospha t id ic  acid in the  sys tem;  4 mM for  
the  4 : 1 sample,  5 mM for  the  2 : 1 sample and 6 mM for  the 1 : 1 sample. The  
sigmoidal  curves plateau near  a Ca 2+ concen t r a t i o n  equal  to  the  phospha t id ic  
acid c o n c e n t r a t i o n  for  the 4 : I and 2 : 1 samples; 10 mM and 15 mM respec- 
t ively. A similar p h e n o m e n o n  may  occur  for  the  1 : 1 sample b u t  the u l t imate  
vesicle size c a n n o t  be de t e rmined  on Sepharose  because o f  the extensive prof i le  
overlap at void vo lume  for  s t ruc tures  above 600  A in diameter .  Be tween  initia- 
t ion  poin ts  and plateaus,  it seems tha t  t r ans fo rma t ion  m ay  be induced,  and 
u l t ima te  vesicle size con t ro l l ed ,  by  varying Ca 2+ concen t ra t ion .  

The re  is a t e n d e n c y  to  shif t  the l imiting size o f  t r ans fo rma t ion  p roduc t s  to  
larger values as the  mol  f rac t ion  phospha t id ic  acid in the vesicle prepara t ion  is 
increased.  This tends  to  ex t end  the  range over which size m ay  be cont ro l led .  
Fo r  the  4 : 1 p repa ra t ion  the l imit ing size at high Ca 2+ c o n c e n t r a t i o n  is a 
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Fig .  5. T h e  e f f e c t  o f  C a  2+ a d d i t i o n . o n  t he  c h a n g e  in  ves i c l e  s izes  o f  p h o s p h a t i d y l c h o l i n e - p h o s p h a t i d i c  ac id  

1 : 1 (A), 2 : 1 (e )  a n d  4 : 1 (Q) ves ic les .  T h e  p h o s p h a t i d i c  ac id  c o n c e n t r a t i o n  in  p r e p a r a t i o n s  is  22 m M  fo r  
1 : 1, 15  m M  f o r  2 : 1 a n d  10  m M  f o r  4 : 1. T h e  e r r o r  ba r s  r e p I e s e n t  m a x i m u m  a n d  m i n i m u m  sizes  
a l l o w i n g  10% v a r i a t i o n  in  v o i d  v o l u m e ,  t o t a l  v o l u m e  a n d  ves ic le  p e a k s  in  e l u t i o n .  
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vesicle o f  360 £ in d iamete r ,  fo r  2 : 1 , 4 5 0  £ and for  1 : 1, greater  t han  580 A. 
Induced  size changes for  the  low phospha t id ic  acid vesicles are such tha t  the  
p r e d o m i n a n t  process  would  be cons is ten t  wi th  2 vesicle fusion. F o r  2 : 1 and 
1 : 1 compos i t i ons  several fusions would  have to  take place to  p ro d u ce  l imit ing 
sizes. 

It  is o f  in teres t  to  c o m p a r e  size dis t r ibut ions  to  those  ob ta ined  by  sonica t ion  
in the  presence  o f  Ca 2÷. 4 : 1 and 2 : I phospha t idy lcho l ine -phospha t id i c  acid 
p repara t ions  were  sonica ted  in the  presence  of  suf f ic ient  Ca 2÷ to  mainta in  a 
0.7 : 1 Ca ~÷ : phospha t id ic  acid ratio.  The  sizes ob ta ined  were 300 + 10 A and 
350  + 10 £ for  the  two  prepara t ions .  The  mere  presence  o f  Ca 2÷ does, there- 
fore ,  lead to  increased vesicle size bu t  it is n o t e w o r t h y  tha t  in all cases, size 
does  no t  reach t ha t  ob ta ined  by  Ca2÷-induced t rans fo rmat ion .  

To  check  the  suscept ibi l i ty  of  vesicles p repared  in the  presence  o f  Ca 2÷ to  
fu r the r  t r ans fo rma t ion  the 2 : 1 sample was run d o w n  a Sephadex  c o l u m n  to  
r emove  ex te r io r  Ca 2÷. The  sample was subjec ted  to  addi t ion  of  Ca ~÷ to  a level 
o f  0.7 : 1 Ca 2÷ : phospha t id ic  acid for  30 min at  37°C and the  size d is t r ibu t ion  
r ede t e rmined .  The  m a x i m u m  in the  e lu t ion  prof i le  showed  a size o f  350 + 
15 A indicat ing a lack o f  suscept ibi l i ty  to  t r ans fo rma t ion  despi te  the  fac t  t ha t  
vesicles are some 100 £ shor t  o f  sizes ob ta ined  by  t r ans fo rma t ion  o f  Ca2÷-free 
prepara t ions .  

Redistribution o f  calcium and cadmium during transformation. The  above 
resul t  suggests t ha t  in ternal ized Ca 2÷ may  inf luence  the  course  o f  t ransforma-  
t ion.  Thus,  e n t r a p m e n t  o f  Ca 2÷ dur ing t r ans fo rma t ion  was invest igated in more  
detail .  F o u r  2 : 1 samples were  prepared;  one  was sonica ted  in the  presence  of  
enough  Ca ~÷ to  show a 0.7 : 1 ra t io  wi th  respec t  to  phospha t id ic  acid, one  was 
t r an s fo r me d  by  addi t ion  o f  the  same a m o u n t  o f  Ca 2÷ at  37°C, one  had Ca 2÷ 
added  bu t  was incuba ted  at  10°C where  t r ans fo rma t ion  is very  slow, and one  
was re ta ined  as an un t r ea t ed  cont ro l .  E D T A  was added  to  each and each was 
run d o w n  a shor t  Sephadex  G-50 c o l u m n  to  r emove  mos t  ex te r io r  Ca 2÷. Then  
each was e lu ted  f rom Sepharose  2B co lumn  and the  vesicle m a x i m u m  f rac t ion  
ana lyzed  for  to ta l  phospha t e  and Ca 2÷ con ten t s .  The  sonica ted  sample showed  
re ta ined  Ca 2÷ to  be at  a 0 .12 _+ 0.01 : 1 level with respec t  to  to ta l  phospha te .  
The  t r a n s f o r me d  sample re ta ined  Ca 2÷ at  a 0 .10 + 0.01 : 1 level. The  low tem- 
pe ra tu re  incuba t ion  showed  only  a small Ca 2÷ r e t en t i o n  {0.03 + 0.01 : 1) and 
the  con t ro l  showed  the  Ca 2÷ : to ta l  phospha t e  ra t io  to  be 0.01 + 0.01. I t  is 
clear  t ha t  t r a n s f o rma t ion  entails r e t en t i on  o f  Ca 2÷ in large amoun t s  and tha t  
sonica ted  vesicles, even t hough  o f  a size less than  the  t r ans fo rma t ion  limit,  have 
a Ca 2÷ level cons i s ten t  with s t ruc tures  at  the  t r ans fo rma t ion  plateau.  

I t  is mos t  p robab le  tha t  re ta ined  Ca 2÷ is in ternal ized wi th in  the vesicle struc- 
ture .  This is dramat ica l ly  d e m o n s t r a t e d  by  examina t ion  o f  the  NMR spec t rum 
o f  113Cd2÷ used in place o f  Ca 2÷ to  induce  ws ic le  t r ans fo rmat ion .  These  tw o  
ions are o f  near ly  ident ical  ionic radius, 0.97 £ vs. 0 .99 A, b u t  1~3Cd offers  the  
well resolved NMR spec t rum of  a spin one  hal f  nucleus o f  m o d e r a t e l y  large 
magnet ic  m o m e n t .  T h a t  Cd 2÷ subs t i tu tes  fo r  Ca 2÷ in inducing  t r ans fo rma t ion  is 
c o n f i r m e d  by  the  fac t  t ha t  vesicle size versus ca t ion  c o n c e n t r a t i o n  curves such 
as those  in Fig. 5 super impose  for  the  two  ions at  least fo r  2 : 1 phospha t idy l -  
cho l ine-phospha t id ic  acid vesicles. 

The  113Cd spec t rum of  a sample of  2 : 1  phospha t idy lcho l ine -phospha t id i c  



168 

acid fused vesicles is shown in Fig. 6A. Two resonances  with a 2 : 1 area rat io  
are p resen t  at +0.8 ppm and --9.5 ppm,  respect ively.  Both  are upfield of, and 
b roade r  than,  the  113Cd resonance  in an equivalent  buf fe r  no t  conta in ing  
vesicles {+19.2 ppm).  This suggests a phospha te  in teract ion.  Th a t  the downf ie ld  
resonance  can be associated with ex te r io r  Cd "* is i l lustrated by addi t ion of 
normal ly  i m p e r m e a n t  EDTA.  This shifts and broadens  the  downf ie ld  resonance  
leaving the  upfield resonance  u n p e r t u r b e d  (Fig. 6B). The  relative areas indicate 
tha t  a b o u t  one  th i rd  the  Cd 2÷ is in ternal ly  conf ined.  This resul t  is consis tent  
wi th  the  a m o u n t  of  re ta ined  Ca 2÷ in the e lut ion exper iments .  

Retention of vesicle composition. It  would be instruct ive to  re la te  amoun t s  
of  in ternal ized  Ca 2÷ to  amoun t s  of  phospha t id ic  acid ra the r  than  to ta l  phos- 
pha te  in the vesicles. We could  s imply assume tha t  phosphat idy lchol ine-  
phospha t id ic  acid rat ios do  no t  change dur ing  t r ans fo rma t ion  bu t  it is safer to  
i n d e p e n d e n t l y  de t e rmine  this ra t io  in t r ans fo rma t ion  products .  Such a deter-  
mina t ion  can also help to  distinguish various modes  of  vesicle t rans format ion .  
In t e rac t ion  of  Ca 2* with vesicle con ta in ing  negatively charged lipids is known 
to  induce  phase separa t ion  within lipid bilayers when  exper iments  are con- 
duc t ed  unde r  appropr i a t e  thermal  condi t ions  [9] .  If  co n t ac t  t ransfer  be tween  
the  specific domains  were to  occur ,  it is p robab le  tha t  compos i t ions  o f  the 
larger s t ruc tures  would  vary f rom those  of  small vesicles. If  diffusive t ransfer  
were  to  occur ,  it is also p robab le  tha t  various lipids would  t ransfer  at d i f fe ren t  
rates. 

Mol rat ios of  phospha t idy l cho t ine  : phospha t id ic  acid were de t e rmined  for  
t w o  f rac t ions  t aken  f rom a t r ans fo rmed  sample of  2 : 1 initial compos i t i on  
which had Ca 2÷ added  to  a I : 1 Ca 2* : phospha t id ic  acid tool ratio. Isolatable 
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F i g .  6.  1 13 C d  N M R  s p e c t r a  o f  C d  2÷ a t  o u t e r  a n d  i n n e r  2 : 1 p h o s p h a t i d y l e h o l i n e - p h o s p h a t i d i e  a c i d  ve s i c l e  
s u r f a c e s  ( A )  a f t e r  t r a n s f o r m a t i o n  a n d  (B)  a f t e r  t r a n s f o r m a t i o n  a n d  a d d d i t i o n  o f  equLmol~z  E D T A ,  S h i f t s  
a r e  r e l a t i v e  t o  1 M C d ( C I O 4 )  2. 
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amounts of multilamellar products are formed under these conditions. The 
multilamellar fraction can be separated from a vesicle fraction by ultracen- 
trifugation as described in Materials and Methods. 31p NMR spectra of the 
resulting chloroform solution of extracts were examined. The resonance of 
phosphatidylcholine occurs 0.94 ppm upfield of that  in phosphatidic acid 
where it can be easily integrated. The measured area ratios for the two samples 
were 2.3 and 2.2, respectively. The small difference which is within limits of 
error (-+ 5%) indicates no variations in composition between these multilamellar 
and vesicle fractions. Failing to observe variation at the extremes of the size 
distribution, it is improbable that  composition varies within vesicle fractions of 
intermediate size. Ca 2+ to total phosphorus ratios in the previous section can 
therefore be scaled by a factor of 3 to obtain Ca 2+ to phosphatidic acid ratios, 
and no evidence for contact  or diffusive transfer is found to exist. An impor- 
tant  source of systematic error (due to possible compositional specificities of 
Sepharose) can also be eliminated from the gel permeation size determinations. 

Retention of  internal contents. A good model for membrane fusion should 
not  only entail merging of bilayers but should also lead to substantial retention 
of internal contents. It is not  at all obvious that one follows from the other. In 
fact, Ca2÷-induced transformation of phosphatidylserine vesicles to cochleate 
cylinders is believed to be accompanied by a substantial increase in permeabil- 
i ty to small ions and hydrophylic solutes [9]. We have examined the permeabil- 
i ty changes of phosphatidylcholine-phosphatidic acid vesicles undergoing trans- 
formation using two normally impermeable carbon-14-1abeled solutes: tetra- 
e thylammonium bromide and sucrose. 

The elution profile from Sepharose 2B for a 2 : 1 vesicle having tetraethyl- 
ammonium ions entrapped during sonication and most external labeled ions 
removed by Sephadex treatment  is presented in Fig. 7A. Note that  curves 
showing radioisotope tracer and curves showing phosphate content  superim- 
pose for the vesicle fraction. The relatively large tracer peak at total volume 
represents a very low external tracer concentration. It is large only because of 
the greater than 100 : 1 external to internal volume ratio. If we assume the 
internal label to be unassociated with the membrane but merely trapped by 
encapsulation, any breakage of vesicles with a substantial life time or any 
increase in permeability on Ca2+-induced transformation should release the 
label so that  less than 1% remains with the vesicle fraction when eluted on 
Sepharose. Elution after transformation is induced by adding Ca 2÷ to a 1 : 1 
Ca 2÷ : phosphatidic acid mol ratio is presented in Fig. 7B. If transformation is 
occurring by fusion, size changes observed would require the average vesicle 
to have undergone more than one fusion. Clearly, the correlation of phosphate 
and label concentration in the transformation products indicates that  more than 
85 _+ 5% of the label remains confined. 

Since te t raethylammonium ion is both positively charged and slightly 
hydrophobic,  there is some concern about the possible association of tetra- 
e thylammonium ion with the negatively charged bilayer surface as opposed to 
uniform distribution throughout  the interior volume. Strictly speaking, the 
isotope profile in Fig. 7A, if indicative of internal volume, should not  overlap 
exactly that  of the phosphate analysis. The isotope curve should be skewed 
slightly to larger volumes as the volume to surface ratio increases with vesicle 
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pho spha t idy l cho l ine -pho spa ht id i c  acid ves ic les  
were  e lu ted  f r o m  Sepharose  2 B .  A ,  [ 1 4 C ] t e t r a e t h y l a m m o n i u m  b r o m i d e  in the absence  of  C a 2 + ;  B ,  [ 1 4 C ] -  

t e t r a e t h y l a m m o n i u m  b r o m i d e  after  addi t ion  of  a C a  2+ t o  a 1 : 1  phosphat id ic  acid to  Ca 2+ level;  
C ,  [ 1 4 C ] s u e r o s e  in the  absence  of  C a 2 + ;  D ,  [ 1 4 C ] s u c r o s e  after the addi t ion  of  Ca 2+ to a 1 : 1 level. Sol id 
l ines  represent  the p h o s p h a t e  c o n t e n t  and dashed l ines internal ly  trapped label  c o n t e n t .  

size. The skewing in Fig. 7A is not as large as expected. Resonication of non- 
transformed vesicles after removal of exterior tetraethylammonium bromide 
on Sephadex also shows some retention of label within the vesicle fraction 
(6 _+ 2%) suggesting some de~ree of surface binding. 

Experiments were therefore repeated using sucrose, a neutral but somewhat 
larger label. The results are prescnted in Fig. 7, C and D. The expected skewing 
is present in the initial preparation and retention of contents after transforma- 
tion is still greater than 80%. Phosphate and radioisotope curves for the trans- 
formation product again overlap closely showing no preference for transforma- 
tion among small as opposed to large vesicles. 

When the size distribution of transformation products is shifted toward 
larger values by the addition of  more Ca 2÷ or the use of lower phosphatidyl- 
choline : phosphatidic acid ratios, leakage becomes more pronounced (approx. 
50% for Ca ~÷ : phosphatidylcholine : phosphatidic acid, 1 : 1 : 1). It is possible 
that the properties of these larger structures are more reminiscent of the phos- 
phatidylserine systems which show increased permeability in the presence of  
Ca 2÷. The increased permeability may arise from a structural difference or 
simply from having induced not one but several transformation steps 15--20% 
being lost at each one. 
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Discussion 

From the results presented it is clear that  the phosphatidylcholine-phos- 
phatidic acid-Ca :+ system possesses most properties prerequisite for a model of 
bilayer fusion. As long as the phosphatidylcholine-phosphatidic acid ratio is 
kept above 1 : 1 and Ca 2÷ to phosphatidic acid ratio below 1 : 1, transforma- 
tion stops short of an extended structure of indeterminant dimension. The fact 
that  solutes can be confined internally and the fact that  products elute from 
Sepharose 2B at sizes less than 600 A suggest the products remain as 
unilamellar vesicles. The ultimate size distribution of the transformation 
product  can be regulated over the range 250--600 A diameter by increasing the 
phosphatidic acid content  or Ca :+ concentration used in inducing transforma- 
tion. 

The transformation very likely involves merging of bilayers in a single step. 
This is one of the only conceivable means whereby a change in product  compo- 
sition is not  likely and retention of internal contents of fusion partners can 
occur. Moreover, transformation by merging of bilayers has been demonstrated 
calorimetrically for the closely related Ca2+-phosphatidylserine-phosphatidyl - 
choline system [4]. We therefore feel confident in describing the observed trans- 
formations as fusions. 

Substantial retention of contents and the small, controllable number of 
fusions are the main points which distinguish this system from those studied 
previously. The observation of contents retention does not  necessarily con- 
tradict demonstrated Ca2+-induced leaking in other anionic lipid systems [9]. 
These systems have in general used anionic lipids other than phosphatidic acid, 
used anionic lipid to neutral lipid ratios greater than those used here, or oper- 
ated at Ca 2÷ to anionic lipid levels greater than 1 : 1. Any of these differences 
may account for the apparent discrepancy. 

The molecular mechanism of fusion is of course of primary interest. Open 
disk-like structures, such as those in the mechanism proposed by 
Papahadjopoulos, et al. [10] for the phosphatidylserine system, cannot persist 
in the system discussed here since contents are retained. It is possible, however, 
that  mechanisms differ more in degree than in fundamental  nature. Tempera- 
ture does produce a dramatic effect on fusion rate in both systems, and 
observed stoichiometry for initiation of fusion is similar. 

Assuming that  Ca2+-phosphatidic acid association constants are high [17-- 
19] and Ca 2÷ only to have access to the outer vesicle surfaces, initiation values 
in Fig. 3 are indicative of a 0.5 : 1 stoichiometry. Similar stoichiometries have 
been suggested to initiate cooperative phase transitions in other anionic lipid 
systems [20]. This transition could play a role in starting fusion in both sys- 
tems. Existing bilayers must rupture before new junctions can form between 
fusing vesicles. Such ruptures are probable at phase transitions [7]. 

Normally ruptures of bilayers would lead to loss of contents. But, if exten- 
sive bridging between bilayers preceded rupture, any break may be too small or 
of too short duration for significant loss of contents in a single fusion event. 
Bridging of bilayers by Ca 2÷ has been envoked as a primary difference between 
Mg 2÷ and Ca 2÷ in other anionic lipid systems [21]. 

Termination of fusion after a small number events is more difficult to 
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explain than  r e t en t ion  of  conten ts .  E n t r a p m e n t  of  C a  2÷ o n  the  inside o f  the 
vesicle dur ing fusion is, however ,  the  mos t  not iceable  fac to r  which could  l imit  
numbers  o f  fusions.  We have shown tha t  vesicles p repared  by  sonica t ion  in a 
0.7 : 1 Ca2+-containing solut ion ent rap  Ca 2÷ at a level app rox ima te ly  0.3 : 1 
with respec t  to  to ta l  phospha t id ic  acid or 0 . 9 : 1  with respect  to  internal  
phospha t id ic  acid. These  vesicles c a n n o t  be induced  to  fuse despi te  the  fact  
t ha t  the i r  size is be low the  l imiting value. In Fig. 5, l imiting vesicle sizes for  
4 : 1 and 2 : 1 vesicles are reached  at 10 and 15 mM Ca 2+. These values are con- 
s is tent  with a Ca 2÷ to  to ta l  phospha t id ic  acid rat io  of  1 : 1, and since we have 
d e m o n s t r a t e d  bo th  Ca 2÷ and Cd 2+ to  be in ternal ized on fusion,  these values are 
cons is ten t  with an in ternal  Ca 2÷ to  in ternal  phospha t id ic  acid ra t io  o f  I : 1. 

De pe nde nc e  o f  fusion p r o d u c t  size on the  phospha t id ic  acid c o n t e n t  m ay  
ref lec t  a l imi ta t ion  to  the a m o u n t  o f  Ca 2+ enter ing the vesicle at each fusion. 
The  a m o u n t  o f  in ternal ized Ca 2÷ requi red  to  reach a I : 1 Ca 2÷ : phosphat id ic  
acid ra t io  fo r  a 1 : 1 phospha t idy lcho l ine  : phospha t id ic  acid vesicle is clearly 
larger than  tha t  requi red  to  reach a 1 : 1 Ca 2÷ : phospha t id ic  acid rat io  in a 
2 : 1 vesicle. The re fo re ,  a large n u m b e r  of  fusions will occur.  

The  fac t  tha t  d is t r ibut ion  of  Ca 2÷ to  the inside o f  the  bilayers reduces  
suscept ibi l i ty  to  fusion has analogs in o the r  systems.  For  example ,  increased 
pe rmea t ion  of  black film lipid membranes  on addi t ion  of  Ca 2+ is k n o w n  to  
occu r  only  when  Ca 2+ is added to  one side of  the s t ruc ture  [22 ,23] .  It  is 
possible tha t  Ca2+-induced phase changes on one  half  of  the bi layer  ( the  ou te r  
half) ,  bu t  no t  the  o ther ,  cause geomet r ic  incompat ibi l i t ies  tha t  result  in 
increased permeabi l i ty  in lipid films and externa l  defects  which act as fusion 
sites in vesicles. The  role of  bi layer  defec ts  in s t imulat ing vesicle fusion has 
been n o t e d  in o the r  systems and is w o r t h y  of  fu r the r  exper imen ta l  investiga- 
t ion  [24] .  
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