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SendM vires p a r t i e s  fuse ~ t h  negativ~y cha rg~  H p o ~ m ~  but not ~ t h  veeries m a ~  M zwi~edonk 
phospholipids. The lipo~me-vims ~ o n  p r ~ s  w ~  s m ~  ~ dilution M the concen~ation-~pendem 
exdmer-~rming fluoropho~ ~ n y l d o d ~ a n ~ l p h ~ p h a t i d y l ~ M i n e  ~ n m i n ~  M the f i p o ~ m ~  ~ t~e 
v ~  H#d~ The dam we~  a n M ~  M ~ e  f ramewo~ M a m ~ s  ~f ion  ~nefic model. Th~ pmvM~ 
anMyticM s~utions ~ r  the finM ~v~s  M probe dilution and numerical s~ufions ~ r  the Mneti~ of the 
o v e r ~  fmMn p r ~ e s ~  ~ ~rms M rate consmms ~ r  the Hposome-vims M ~ o ~  ~ a d h e ~ o n  and ~ o m  
Th~  anMy~s I ~  m the fol io~ng ~ n d m ~ :  (1) At neural  pH and 3 7 ° ~  oMy 15% ~ ~ e  rims ~ d ~  
can fuse ~ t h  t~e phospholipid ~sicles,  ~though ~ t~e f i r i o ~  m ~  ~ e ~  ~ t h  the Hpo~mes. The ~ m  
constants f ~  aggre~tion, f m ~ n  and deadhesion a ~  M ~ e  o ~ e ~  M magnim~ M 107 M -~ • s - t ,  10 -3 s - t  
and 10 -2 s - l ,  respectively. The fraction ~ ~t ive  v i e s  ~ c ~  ~ ~ m ~ r a t u r ~  (2) At a d ~ c  pH, b o ~  
the fraction M ~usabl~ rims and ~ e  m ~  M ~ o n  M c g e e  marked~  The opfimM pH ~ r  fus~n ~ 3 - ~  
whe~  m ~ t  M the firus particles ~ e  ~t~v~ At Mgh~ pH v M ~  an i n c ~ i n g  fraction M the f i ~ s  ~ d ~  
b ~ o m e  M~t iv~  probably due m ~n~afion M firm glycoproteins, w h e ~  ~ pH v ~ u ~  below 3 ~  ~ e  ~ o n  
~ ma~edly reduced, most likely due m protonation of ~ e  negafive~ charged ve~de~  (3) While oMy 15% M 
the v~ons  f u ~  ~ t h  the Hposom~ at pH Z4 and 3 7 ° ~  all the l ipo~mes M~  the~ contain (Ams~em, S., 
Loyle~ A. ~ t e n b e ~ ,  D. ~ d  Barenho~, ~ (1985) ~ m .  Bfophy~ Ac~ 820, 1 -1 ~ .  We t h e ~  
~ o p o ~  that ~ a s e  of en~apped s ~ u ~ s  ~ due to lipo~me-vims ~ a f i o ~  and not to f m ~  B o ~  
try~in~afion and be~  ~activation of the ~ms  ~ d ~  ~ t  not o ~ y  the ~ o n  pr~ess but ~so  the 
~ e  ~ ~rboxyfluorescei~ Th~ demons~ates ~ e  o b l ~ o f f  m ~  ~ ~ r ~  memb~ne pro te i~  in 
fiposome-virus ~wegaf ion.  (4) R ~ o ~ f i ~ d  v e f i d ~  m ~ e  ~ the ~ i  H#d and ~ e  h e m a g ~ u f i n ~ /  
neuraminida~ (HN) glycoprotein f u ~  ~ negativdy ~a rged  H p o ~ m ~  ~mi~r  ~ ~ e  ~ c t  f idon~ Th~ 
~ g ~ s  ~ a t  the ~f ion  ~ f idons ~ t h  negafivdy charged ~ s ~ e ~  unlike the fu~on ~ the vires ~ t h  
biolo~c~ memb~ne~ r e q ~ s  o~y  ~ e  HN and n ~  ~ e  ~ o n  ~ o p m ~ .  

* To whom ~rre~on~n~ ~ou~ ~ ~d~ssed. 
Abb~fiafio~: PC phmphatid~oli~; PyvPC, ~py~n~- 
d o d ~ h o ~ t i d ~ o l i ~ ;  P~ p h o ~ h M ~ f i ~ ;  PG, 
phmphatidyl#y~rol; ~, phosphafidyhnofitol; V, The ~tM 

concen~afion of firm hpid; F #ycoproto~ SendM firus en- 
velope fufion #ycoprot~n; HN #ycoprotei~ SendM firus 
envdope hemagglutinin/neuraminidase #ycoprot~n. 
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In~oducfion 

Fufon of membranes is an event of high fig- 
nificance in biology of eukaryotic calls [1]. Ther~ 
for~ much effo~ has been devoted to g~n in-depth 
unde~tanding of the mechanistic aspects of vari- 
ous fufon processes of both biolo~c~ membranes 
and modal membranes. It is accepted that sever~ 
s~ps are common to most fufon processes. These 
include the obhgatory contact between the mem- 
branes involved, which should then be followed by 
dehydration of the fufng membranes and per- 
turbation in thor la~r~ organ~ation [2,3]. Such 
perturbation may result ~om formation of highly 
curved regions [~ or formation of non-lamdlar 
dom~ns [5]. 

Of sped~ in~re~ is the fusion of virus par- 
ticles with eukaryotic cells. It is dear today that 
envdoped vifions in~oduce thdr nudeocapfd into 
host cells by two different pathway~ both involv- 
ing fufion processe~ Those are (1) the fufon at 
low pH of ~rions such as Toga and Rhab- 
dofiruses with endosom~ membranes of the host 
cell, following endocytofs of the intact ¼rus and 
(2) the pH-independent fufon between ~rions 
such as Paramyxo¼ruses and host cell plasma 
membranes. Both processes are believed to requ~e 
receptor molecules in the host cell membran~ for 
firu~cell recognition [6,7]. Recenfl~ howeve~ 
sever~ groups, including ours, have shown that 
such recepto~ are not ob~gatory for fufon of 
Send~ ~rus with negafivdy charged hposomes 
[8], or cholesterol-containing phosphatidylcholine 
verities [25,26]. Both Send~ virus and pro~olipo- 
somes reconstituted of vir~ hpids and both the F 
and HN Send~ virus ~ycoprotons fuse with hpo- 
somes made of PS, PG, or PI but not with vefdes 
made of pure PC. This could be demon~rated by 
mixing of contents and of the membrane ~pids of 
the fiposomes and virosomes or intact fifions. 
Fufon is ~so accompanied by rdease of the 
liposome contenL but the relationship between 
fufon and lyfis is not yet dear. 

The prime go~ of the present work is to g~n 
infight into the mechanism of these processes 
through further information on the consequent 
mi~ng of lipids. This is done by investigation of 
the dilution of 2-pyrenyldodecanoylphosphat~ 
dy~holine (Py~PC) present in the lipid vefdes 
[9,10]. These data are an~yzed in the ~amework 

of a mass action kinetic modal, which profides 
a n ~ y t ~  solutions for the fin~ ~vds of prob~di- 
lution due to fufon and numefic~ solutions for 
the kinetics of v e s i d ~ r u s  adhefion and fufon. 
Although these studies do not resolve the intrigu- 
ing question of the rdevance of v e s i d ~ r u s  fu- 
f o n  to ¼ru~cell fufon processes and to Send~ 
virus in~ctifity, some light is shed on the factors 
governing the fusion of Send~ ~rus with nega- 
fivdy charged vefde~ 

Expefimem~ ~ e d u ~ s  

Materials 
Phosphatid~choline (PC) was obt~ned from 

egg yak, as described dsewhere [11]. Phosphati- 
d~sefine (P~ was prepared from egg PC by trans- 
esterification ufng partially purified phospholi- 
pase D ~om Savoy cabbage [12]. The PS obt~ned 
was purified by silicic add chrom~ography and 
was better than 99% pure. Egg phosphafid~- 
~ y c ~  (PG), bo¼ne br~n sp~ngomyd~ and 
c h ~ r ~  were obt~ned from ~gma Chemic~ 
Co., St. Lo~s, MO. Pyren~dodecano~phosph~ 
fid~choline (Py~PC) was prepared from egg ~ s ~  
PC and py~nedodecan~c add [13]. A s ~ e  spot 
was obtained by t~n-lay~ chromatography 
( C H C 1 3 / M e O H / H 2 0  = 65 : 25 : ~ and showed 
the same R v as pure egg PC. ~Carbox~ 
f l u o ~ e i n  was obt~ned from Eastman-Kodak 
(Roches~r, NY) and purified as described 
dsewhere [14]. Trypfn (Type III) and pronase 
were from ~gma. Triton X-100 was ~om Koch- 
Light Laboratories (C~nbrook, U.K.). 

Cells and v~us. Human b~od, ~pe O, was 
obt~ned ~om the blood bank of Hada~ah 
Hos~tal, JerusMem. Blood aged 4-8 weeks was 
used. The blood was washed five times wi~ S~u- 
fion A (160 mM NaC1/20 mM Tri~n~ pH 7.4) 
and finM~ suspended in S~ution A .to ~ve a 
concen~ation of 2.0% (v/~ .  

Send~ ~ u s  was ~ m e d  ~om ~e  M~nt~c 
flu~ of fertifized c~cken eggs, and its hema& 
~uf i~n fiter and its hem~ytic acfi¼~ were de- 
termined as p ~ o u M y  described [8]. 

Most ¼rions we~ roughly sphericM and thor 
~ a m ~  was 100-300 nm [27,30]. 

M e ~ o ~  
Preparation ~ S e n ~ i  v i r~  m ~ m w d  v ~ s  



contusing ~e ~ral hemagglutm~ /neuram~idase 
(HN) glycopro~. I n ~ ,  pelle~d Send~ ¼rions 
(10 mD were s~ubilized by 0.5 ml cf a 4.0% ( w / ~  
s~ufion of Triton X-100 [15]. The HN ~ycopro- 
t~n was ~ e d  from the s~u~hza~ as described 
before [16] and HN-contai~ng vefdes were pre- 
pared by ~mov~ of ~e  d ~ g e n t  from a mixture 
of HN and ~ r ~  hpid~ ufng SM-2 B~-Beads as 
p ~ o u ~ y  described for the reconstituted Send~ 
~rus envdope [15]. 

Preparation of liposom~ Mkelled wi~ pymnyL 
dodecanoylphosphatidylcholin~ Small unilamellar 
vefdes (SUV) were prepared by d~aso~c  ~ra~- 
at~n, as pre~ou~y described [17]. For the pre- 
paration of SUV c o n t ~ n g  py~n~phosphafi- 
d~choline, ~e  fi~ds w~e fi~t co-d~s~ved ~ 
chloroform, then dried and f i n ~  ~suspended in 
the buff~ s~ufion and so~c~ed at 4°C und~ 
~ o g e n .  Refdu~  m ~ h c  panicles ~om the 
so~c~or probe were removed by a 10 min centri- 
fugation of the sonicated disperfon at 5 000 × g. 
The ~sdmnt  verde d~perfon cont~ned vefdes 
of ~ a m e ~  of 20-40 nm, as detected by de~ron 
microscopy of negative~ stoned vefdes u~ng 
Phifips EM 300 de~ron mi~o~op~ 

Fluorescence mecsummen~ Carboxyfluor~cdn 
s~ution was exd~d at 490 nm and fluorescence 
em~fon was d e ~ e d  ~ 520 nm [1~. Com~e~ 
rdease (100%) of carboxyfluorescein from ~1 the 
fiposom~ was obt~ned by the addition of Triton 
X-100 to a fin~ concen~tion of 0.1% ( w / ~  [8]. 
All routine measurementsw~e performed at 37°C. 
All fluorescence experimen~ were p~formed ufng 
Other a Per~n-Elm~ LS-5 or MPF-44 spe~roflu- 
o r i m e ~  The p y ~ n ~ b d e d  PC ~ v e f d ~  was 
exd~d at 340 nm and the spe~ra were recorded 
at wavdengths ~om 360 to 530 nm ~,1~. 

Phospholipids and protein de~rmmation. [hos- 
p h ~ s  were assayed by the Bafle~ m~hod [18] 
and protein was d ~ m i n e d  by the method of 
Lowry et ~. [19]. 

TheomOcal ana~s~ of kineti~ and f in~ ~ve~ of 
vesicle-virus fusm~ In this work we have s ~ e d  
the interaction between negativdy charged fip~ 
somes and Send~ ~rus particles by fol~wing the 
reduction of ex~mer formation of fiposom~ Py~ 
PC ob~rved upon mi~ng the hposom~ with the 
~fion~ We sugge~ (see Discusfon) that this 
reduction of ex~mer f o r m ~ n  is a resuR of probe 
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dilution caused by mi~ng of liposom~ and ~ r~  
lipids as a consequence of hposom~firus fufon. 

The fufion process is hewed as a sequence of 
two steps: (1) adherence of hposomes to the ~rus 
particles (2) the fufon process i~dL involfing 
mer~ng of the membranes [2,2021]. D~achment 
of adhered verities f o m  the surface of ¼rus pa~ 
tides may occur and is expfiot~ taken into 
account. The extent and ~nefics of fufon were 
analyzed in the context of the modal recently 
devdoped and appfied for the fufon of influenza 
virus with cardiolipin liposomes at low pH [3]. 

Recent resuRs on the fufon of influenza ~rus 
with cardiolipin vefdes [3,22] indica~ that the 
fufon produ~s consist of a f n ~ e  firus and any 
number of hposomes. As will be shown in this 
study, our results suggest that the fufon of nega- 
tNely charged fiposomes with Send~ ¼rus ~dds  
fimilar products. Henc~ we will confider the 
equations p e ~ n i n g  to this fituation. Fi~t con- 
fider the case where all ~rus particles are activ~ 
In this case, all fiposomes would e v e n t u ~  fuse 
with ~rions but not ~1 the ¼rus particles fuse 
with liposomes. 

Assuming that the prob~ i n i t i ~  cont~ned in 
fiposomes, is;&Iu~d by the fipid of the firus 
panicles with which the fiposomes fuse, the probe 
dilution, Dp, ig ~ e n  by 

~ = ( v~ + ~ )/~ = v~/~ +1 (a) 

where L is the tot~ concentration of the fipo- 
som~ hpid and V v is the fipid concentration of 
the fused ¼rion~ 

The maximfl dilution of the probe is obt~ned 
when all the ¼rus particles fuse with ~1 the lipo- 
somes, that is, when V v is equ~ to the tot~ 
concentr~ion of the ¼r~ fipid, V. The mafim~ 
probe dilution D e is therefore ~ven by 

D L = ( V +  L ) / L  = V / L  +1 (2) 

The fraction of the ¼rus particles which fuse 
with fiposomes of course depends on the molar 
concenwation ratio of fiposomes and ~rus pa~ 
tides [3]. This iafio ~ ~ven by (R~L/V) ,  where R 
is the ratio b~ween the average radii of ~rus 
particles and fiposomes. The concenWation of ¼r~ 
fipid in the fused ~rus particles is therefore ~ven 
by: 

V v = V ( 1 - e x p -  L R z / V ) ,  (3) 
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Howeve~ some of the ~rus particles may be 
inactiv~ i.e., incapab~ of fufing with tiposomes at 
a given pH and ~mperature. 

Let a denote the fraction of inactive firus 
paaicles. We have confidered two cases. (1) The 
adhefion of tiposomes to ~rus particles is reverti- 
ble; consequent~, at equilibrium ~1 the liposomes 
fuse with the active ¼rus panicles. In an~ogy to 
Eqn. 3, the concentration of ~ r ~  lipid in fused 
¼rions is 

VF= (1-- . ) V ( 1 - ~ p -  LR2/(V(1 - a))) (4) 

Now only a concentration L v fuses with virions 
(L v < L) and 

Dp- 1= VF/L F = (1- a )~ (1 -exp-  LRz/(V(1- a))) 

(5) 

(2) The inactive virions bind hposomes ~re- 
versibly. In this case the concentration of tipo- 
somal tipid in fused form is L F = (1 - a )  L. The 
concen~ation of viral fipid in tither fused or 
adhered form, V*, is 

V*=V(1-exp-LR~/V) ,  (6) 

and 

V v= (1- a)V(l-exp- LR2/V) 

The expresfion for D~ is 

Dp = a + ( l -  a)(V v + L( I -  a ) ) / ( L ( l -  a)) 

(7) 

(8) 

in which the first term arises from a dilution 
factor of unity for unfused tiposomes. Rearrange- 
ment of Eqn. 8 and the use of Eqn. 7 gives 

~ + L ( l - a )  
~ - l = a +  L I = ~ / L  

= ( I -  a ) ~ ( l - e x p -  LRVV ) (9) 

The analyfis of the kinetics of the process of 
aggregation-fufion followed the numerical solu- 
tion of the non-tinear differential equations given 
by Nir et al. [3]. In analy~ng the data we first 
determined the fraction a of inactive virus par- 

tides ~om the f in~ Dp v~ues. Then the param~ 
ters C, ~ and D, i.e., the rate constants of ad- 
hefion, fufion and deadhefion, respectivel~ were 
determined from the kinetics of the aggregation- 
fufion process for suspensions of sever~ L and V 
(and DL) v~ue~ 

R e s ~  

Mixing of ~ral and liposomal lipids at neutral pH 
The ratio (ELM) between the in~nfi ty of ex- 

Nmer emission (E; measured at 460 nm) and that 
of the monomer (M; measured at 376 nm) of 
Py~PC in PS fiposomes was a linear function 
(r  2 = 0.997) of the molar fraction of Py~PC in PS 
verities given by E/M=O.05-(mol% Py~PC). 
Thus, a~uming that dilution of the probe by the 
vir~ tipid, due to fufion, is fimilar to its dilution 
in the PS tiposomes, the extent of dilution of the 
probe can be estimated from the consequent re- 
duction of ElM. 

Incubation of PS verities cont~ning 10 mol% 
Py~PC with a large excess of PC verities at pH 
7.4 and 37 ° C resulted in on~  a ~ight decrease of 
E l M  (Fig. 1, ×). On the other hand, incubation 
of the PyvPC containing PS verities with Send~ 
~rus under the same conditions resul~d in a 
time-dependent decrease in E l M  (Fi~ 1, O), indi- 
cating dilution of Py~PC by ~rus component .  
The presence of an excess of unlabeHed PC verities 
in the mixture of the hbelled PS tiposomes and 
~rus  pa~ides  resul~d in a t im~dependem de- 
crease in E l M  (Fig. 1, ~) which was practically 
idenfic~ to that observed in a mixture containing 
only the ~rus  and the labded PS hposomes. Thus, 
the PC verities do not serve as acceptors for the 
Py~PC. In all the experiments described in Fig. 1, 
an apparent equilibration of the E l M  v~ue was 
approached in 120 min. At this point, doubting 
the virus concentration had no effect on the E l M  
(Fig. 1; C)), but addition of un labd~d PS 
fipos~mes caused a t im~dependent decrease of 
E l M  (Fig. 1, ~). Addition of labelled PS tiposomes 
(Fig. 1, ®) resulted in an increase of the over~l 
ElM,  which was then followed by a tim~depen- 
dent decrease of this ratio to a finM ElM,  which 
was then followed by a t im~dependent decrease 
of this ratio to a fin~ E l M  ratio higher than that 
observed prior to the second addition of the 
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o TIME (hours) 
Fi~ 1. Time dependence of ElM of Py~PC folMwing mi~ng 
of PS l~osomes (3 #M) contai~ng 10 m~% PyvPC wi~ PC 
fposomes (120 #M; ×) or with Send~ ~rus particMs (27 #M 
firm ~#d M all the other experiments). The symbols • and • 
represent experimen~ ~ the absence and presence of PC 
vesicles (40 #M PCL respective~. In the experiment described 
by the symbM ~, the firus was trypsiMzed (by 10 #g of tryp~n 
per 150 #g firm proton) prior to b~ng mixed with the Pyv 
PC~ontM~ng PS liposomes. Following a 2 h incubation of the 
mixture of firus ~7 #M firm f#d) and Mbefed PS fposome (3 
#M PS), afquots of 2 ml of ~e mi~ure were mixed with 
addidonM amounts of Mbelled (3 #M; ®) or unMbelled (15 
#M; ~) PS fposome~ or with SendM firus pan,Ms (27 #M 
firm f#d;  ~). All the experimen~ were carried out at 37°C 
and pH 7.4. 

labelled PS ~posomes. 

Similar to our  previous resul~  [8], the fufion 
process was part ial ly inhibi ted by both t ryp~niza-  

t ion of the virus (Fig. 1, &) or thermal inact ivat ion 

by pre- incubat ion  of the virus for 20 min  at 7 0 ° C  
(not  shown), suggesting involvement  of a viral 

prote in  in the proces~ 

Virus-induced di lut ion of the probe depended 
on  both  the concent ra t ion  of the viral Hpid (V) 
and  the ~posomal  ~pid (L). The apparent  equi- 

~br ium value of E l M  of mixtures with a constant  
Hposome concent ra t ion  decreased monotonica l ly  
with increaMng concentra t ions  of virus particles, 
whereas in a med ium conta in ing  a constant  num-  
ber  of virus part icle~ the E l M  increased with 
increa~ng  the ~posome concen~a t ion .  The data  of 
the experiments  on the dependence  of probe dilu- 
t ion on the virus and  fiposome concentra t ions  are 
presented in  Fig. 2 in  terms of the dependence of 
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the probe di lut ion factor (Dp - 1 = ~ E / M ) o  - 
( E / M ) e ~ ] / ( E / M ) e q . )  on the maximM pos~ble  

di lut ion of the ~posomM ~pid (D~ - 1; Eqn. 2). 
It is dea r  that the di lut ion of the probe is a 

monotonica l ly  increasing funct ion of (D~ - 1L as 
it is dependent  on the ratio of ~ r u s  and  ~posome 

concentra t ions  and independent  on any of these 

concen~a t ions  per se. Yet, the rate of ~pid dilu- 
t ion depended on the concentra t ions  of the PS 

~posomes a n d / o r  the ~ r i o n ~  as shown in Fig. 3. 
This figure Mso presents the anMyfis of this de- 

pendence in terms of the various steps involved in 
the fufion proces~ as described in the discus~on.  

D~ 

~ lo is ~ ~ ~ 
O~ 1 

~ 2. Ca~u~d and experimentM dependencies of the probe 
dilution ~ctor ( q - l )  on the ma~mM f~d ~ t i o n  ~cmr 
(D~-  1L ~ l  the fines present ~eo~ticM dependendes: b~h 
• e d ~ t ~  and s~d  ~nes assume ~at ~ ~e ~rus pan,Ms are 
capaMe of ~fing ~ fposomes; ~e do~ed l~e assumes ~at 
each fposome can ~se ~th  any number of ~rus particles, 
whereas the sold fne ~ ~r  ~fion of any number of ~posom~ 
~th  one ~ s  pa~id~ B~h ~e broken and dashedM~d 
~nes present ~e theoretical dependencies obtMned on ~e 
assumptions thin 14% of the ~fions can fus~ each ~ any 
number of fposomes (a = ~86). ~ e  broken fne is based on 
• e a~umption of ~reverfible Mn~ng of fposomes to the 
Macdve ~rus ~ c l e s  (~n .  ~ whereas the dashed-dotted fne 
~ ~ n e d  if it ~ assumed ~ MI ~e ~posomes can ~ ~th  
• e (14%) a~Ne ~rions (Eqm ~. ~ e  data p~n~ are from 
experimen~ M w~ch the vMue of E / ~  of ~ u r e s  of ~ v  
P C q ~  PS fposomes and Sendm ~rus particles was mea- 
sured 30 ~ n  a ~ r  ~ f i ~  ~ ~e two component. In one series 
of experimen~ the concentration of PS was kept constant (3 
# ~  and ~e ~rM fq~d was varied over the range of 1-60 
#M. In anther serie~ ~e ~ncen~adon of ¼rM pan,Ms was 
ke~ constant (39 #M ~rM f # ~  and ~e PS concentration 
varied from 0.5 to 12 #M. ~ experimemM v a ~  m pH 3.6; ~ 
experimentM vMues obtMned at pH 7M. AH ~e measuremen~ 
were carried out at 37°C. 
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~ a  ~pH 
The pH dependence of the apparent eq~-  

fibrium fluorophore ~ t i o n  is described in ~g .  4. 
~g .  4A presents the data of a c o ~ r ~  experiment 
carried out ~ t h  ~ b ~  PS f i p ~ o m ~  in the 
absence of ¼rus parfide~ As shown ~ this figur~ 
ElM is pH ~dependent  over the range of pH 
values of 3.0-7.4, while at ~wer pH v~ues a 
decrease ~ the pH of ~ e  me~um is a ~ o m p a ~ e d  
by a decrease of E / ~  This decrease in E / ~  in 
the absence of ~r ion~ was reversible, as ~ a ~ u s b  
~ g  the pH to ~vds  h i ~ e r  ~ a n  3.5 ~ d d s  increase 
of ElM to its o r i~n~  v~ue. At ~1 pH v ~ u ~ ,  
ElM was time independent at 37 ° C, at least for 1 
h. At pH > 3.5, ~ M  was ~so independent of the 
presence of a 5-f~d excess of u ~  PS 
fiposomes, ~ c ~ g  ~ a t  ad~ficat ion of the hpo- 
som~ ~ e ~ o n  does not ~duce  v e ~ d ~ v e s ~ e  
~ o n .  In the presence of excess of ¼rus particles 
(D e = 10.2L ElM decreased ~ t h  time and after 
30 ~ n  of incubation of the ~ u r e  it reached an 
apparent ~ui l ibr ium ~vel which depended upon 
• e pH of the incubation me~um (~g.  4 ~ .  This 
~rusAnduced decrease of ElM is expressed in 
Fig. 4C ~ terms of the ~ t i o n  factor ~ as a 
~ n ~ n  of pH. N ~ e a b ~ ,  the ~ t ~ n  was max- 
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Fi~ ~ Ef~ct  of pH on the E/M ratio of Py~PC (10 mol% in 
3 ~M PS fiposome~ after 30 min of incubation at 37°C in the 
absence (A) and presence (B) of Send~ firus particles (27 ~M 
~ r ~  fi~d). The probe ~ f i o n  factor Dp, obtained by & ~ & n g  
each p ~ n t  ~ A by its respective p ~ n t  in B, is presented in C 
as a function of ~ e  pH. 
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~ . ~  ~ ~ ~ ~ 
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~g. 3. ~me dependence of ~e probe ~|~n fac~ ~, at 
37°C  and pH 7A ~ r  D L = 8.3. L ~ o s o m ~  f i~d concentrations 
were: 1.13 (©), &5 ~ )  and 9 ~M ( ~ .  The cu~es  were 
c o m p u ~ d  by the use of the procedure described ~ ReL 3 ~ 
the param~ers :  a =  ~86; C =  2.107 M - L s  -~, f =  ~ 2  s -~, 
D = ~03 s ~. 

imal over the pH range of 3.0 to 4.0 and decayed 
to much lower values for higher or lower pH 
values. In addition, the rate of probe dilution was 
also maximal over the range of pH 3.0-4.0. Thus, 
while 3 min of incubation of PS hposomes (3 #M 
PS) with Sendai virus (27 ~M viral fipid~ at pH 
4.0 resulted in a 3-fold decrease in ElM, ~milar 
incubation at pH 7.4 resuRed in merely 10% de- 
crease of ElM (Fig. 5). 2 h late~ the ElM value 
in the latter mixture was still higher than a half of 
its original value, but acidification of the mixture 
resulted in a rapid decrease of ElM (Fi~ 5) to a 
level ~milar to that obtained upon equilibration at 
pH 3.6. 

The acidAnduced instantaneous activation of 
the virus is rever~ble. This conclu~on is based on 
the finding that pr~ncubation of the virus by 
itself at pH 3.6 did not resuR in virus activation 
when the pH was adjusted to pH 7.4 and lipo- 
somes were subsequently added (Table I). None-  
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~ 5. ~m~dependent decrease of ElM at neu~M and ad~c  
pH vMue~ SendM ~ s  ~ (27 #M frM ~ # ~  were 
incubated M ~ ° C  ~ PS ~posom~ (3 # ~  M b ~  ~ 10% 
~ v P ~ ,  at pH 7A (©) and pH ~0 ~ )  and ~e  d ~ e  ~ t h  
time of ElM was me~u~d. ARer 2 h of incubation, ~e  
m ~ r e  incubated at pH 7M was ao~fied to pH 4D (see 
a r ro~  and ~e  ~ m  decrease of ElM ~Howed ~ 
time ~ L  

• d ~  a 1 h p r o n c u b a t i o n  o f  the  ~ f i o n s  at  p H  

3.6 (bu t  n o t  at 7 . ~  ~ s d ~ d  ~ a d ~ e  of  

f i ~ s - i n d u c e d  p r o b e  d i lu t ion ,  b o t h  at  p H  3.6 and  

7.4. T ~ s  i n a c t i v a t i o n  of  the  ~ r u s  m a y  be  due  to 

i r revers ib le  d e n m u r a t i o n  o f  ( ~  ~ r M  p r ~ d ~  

caused  by  the  r d a t i v d y  ~ n g  exposu re  to Mw p H .  

In  any  evenL it m a y  be  c o n c l u d e d  tha t  the  p H  of  

the  i n c u b a t i o n  m e ,  urn p lays  an  i m p o r ~ m  r C e  ~ 

d e t e r m i ~ n g  the  f r ac t ion  o f  f i r u s  par t ic les  ~ v ~ v e d  

in d i lu t ing  the  p r o b e  c o n t M n e d  in the  PS ~po-  

somes.  

Effe~ ~ ~mperatur~ ~ M  composition and caMum 
~ns 

As  e x p e c ~ d  [13], ~ e  ra t io  o f  ~ M  ~ PS 

f iposomes ,  in the absence  o f  ~ s ,  is ~ m p e r m u r e  
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TABLE I 

EFFECT OF PREINCUBATION OF SENDAI VIRIONS AT 
pH 3~ AND 7M ON THEIR FUSION WITH PS LIPO- 
SOMES 

SendM frus pan,Ms were ~cuba~d at pH 3.6 or 7.4 for 20 
min, centrifuged at 100000× g for 1 h and resuspended in 
Sdufion A. PS ~posom~ (3 ~M) contMmng 10 md% PyvPC 
were ~en incubated with the preincubated frions ~7.5 ~M 
firm l~M) ~ r  30 min ~ pH 3£ or 7M. Dp ~ ~e  probe dilution 
~ o L  as measu~d ~om ~e  decease of ElM after 30 min of 
~cubm~n of the hposom~ with the p ~ e m e d  frus at pH 3.6 
or 7~. 

Prdncubafion Dp 

pH pH = 3~ pH = 7A 

3.6 ~3 1.14 
7.4 10.2 1.82 

# 

Z5 

29 

1~ 

1# , 

/ 
i | i 

09 

X O~ 

&5 
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B 

~ M E R ~ U R E  ('C) 

Fi~ 6. Dependence of ~e  ElM r ~  of PyvPC (10 m~% ~ 
10 #M PS hposomeO a~er 20 min of incubation at pH 7M ~ 
the absence (A) and presence (B) of SendM frus  (27 #M frM 
~#d) on ~e  ~mper~ure of incubation. The probe ~Mfion 
fa~oL Dp, obtMned by ~ n g  each p~m ~ A by ~s ~spec- 
five pMnt in B, is presented in C as a function of the incuba- 
tion ~mper~ure. 
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dependent (Fig. 6A). The E l M  ratio obt~ned 
after 20 min of incubation of the hposom~ with 
an exc~s of ~rions (D L = 3.8) is p ~ n ~ d  in Fig. 
6B. E~denfl~ the two ~ m p ~ a t u m  dependeno~  
• ffer m a r k e ~  The ratio of E l M  v~ues after 20 
min of ~cubat ion in the absence and presence of 
the Orus is the probe dilution (Dp). This ratio is 
described in Fig. 6C as a function of ~mperatum. 
Clead~ ~ e  probe d~ution ~ much higher at 45 ° C 
than at 37°C. At temp~atums lower ~ a n  37°C, 
the dilution is fig~ficanfly reduced and at 20°C 
the d~ution is very slight. 

N e g ~ d y  charged fiposom~ made of PG gave 

~12 

1 2 3 
%-a 

E/M 

, 

TIME ( r a i n )  

Fig. 7. Tim~course  of the ElM ratio of Py~PC in fiposomes 
upon incubation with HN-~ycopro ton  reconstituted Send~ 
firus envelopes (HN-RSVE). PS ($) and PC (O)  fiposomes (5 
~M, 10 mol% Py~PC) were incub~ed at 37°C and pH 4~  
with HN-RSVE (22 ~ g / m l  ~rM proton)  and the ElM ratio 
was measured with t im~ The inset presen~ the dependence of 
the probe dilution factor (D o - 1 )  on the ma~rnM fipid dilu- 
tion f avor  (D L - 1 )  for the Py~PC-cont~ning  PS fiposome~ 
wh~h  were incubated at t i ther pH 7.4 (O)  or 4~  (~) with 
varying concentrations of HN-RSVE. The ratio (Do) b~ween 
the inifi~ ElM and the ElM v~ue  measured a~er 30 man is 
p lo t~d as a function of the ratio (DL--1 )  b~ween the ~ r ~  
and l iposom~ f ip~ concentrafion~ 

fimflar resul~ to those obt~ned with PS fipo- 
somes both in terms of the rate and finM ~ v d  of 
dilution. As an exampl~ 30 rain incubation of 
~rus  particles with PG verities at 37°C and pH 
7.4 a t  D E = 15 r e s u l ~ d  i n  Dp = 1.75, as compared 
to a Dp = 1.54 obt~ned with PS hposomes under 
the same condition~ In contrasL Py~PC con- 
t~ned in hposomes made of zwit~rionic phos- 
pholipids was not dihi~d by the f i r~  proteins, as 
efident from experiments carried out under the 
same conditions with PC (Dp = 1.05) and 
sphingomyelin (Dp = 1.02). Ca z + did not affect the 
mixing of Py~PC (not shown) in spite of inhibit- 
ing the leakage of carboxyfluorescdn [8]. 

Comparison between HN glycoprotein-reconstituted 
Sendai virus envelopes (HN-RSVE) and intact viri- 
ons 

Fig. 7 presents the t im~dependent decrease of 
E l M  observed upon mixing of Py~PC-containing 
PS liposomes ( L =  5.0 ~M) with reconstituted 
membranes containing 32.0 ~M virM phospholipid 
and the ~ycoprotein HN (22.0 #g /ml )  at pH 4.0. 
It is ob~ous ~om this figure that the fluorescent 
probe was dilu~d ~gnificandy only when it was 
included in PS liposomes (o), but not in PC 
hposomes (O), ~mi~r  to the results with the 
intact ~rus. The dependence of (Dp - 1) on (D L 
- 1) both at pH 7.0, and pH 4.0 (inset to F~.  7) is 
also very ~milar to that obt~ned with the intact 
~rus. 

Discussion 

This work assays in detail the mixing of viral 
and fiposomal fipids by the use of the concentra- 
tion-dependent excimer-forming probe Py~PC, 
under a variety of experimental condifion~ The 
use of this technique for ~udies of the processes 
leading to mixing of fipids [9,10] ~ hmited by the 
posfibility that the finear dependence of E l M  
observed in PS hposomes may be different in the 
presence of other hpids (and prot~nO in the mem- 
brane. Furthermore, as in all cases in which an 
external probe is used in monitoring a process of 
interest, the pos~ble effect of the probe on the 
process has to be confidered. In fact, the virus-in- 
duced rdease of carboxyfluorescein entrapped in 
PS hposomes was not affected by the presence of 



10 mol% PyvPC in the ~posomM membranes (not 
shown). This dces not necessarily mean that fur- 
ther steps, that Mad to mixing of fpids, are not 
Mtered. HoweveL the dose agreement of the ex- 
perimentM resul~ with predations based on the 
assumptions that the fpids of the ~rus particles 
behave as if they were merdy a ' fpid diluting 
matri£ and that the probe reflects mixing of the 
fpid~ justify these assumptions as a ba~s for 
approximations of the extent of mixing of virus 
and fposome membranous fpid~ 

Two distinctly different mechanisms could have 
led to the observed mixing of fpids. One possibil- 
ity is that negatively charged veeries can fuse with 
Other intact virions or RSVE. This, of cours~ 
would Mad to mixing of the probe by the fpid of 
those virus particles with which the fposomes 
fused. Alternativd~ dilution of the probe could 
have resul~d from exchange of fipids between 
membranes. In generM, fpid exchange could ~ther 
occur through the aqueous phase or rise be medi- 
ated by collision of the fposomes with the virion~ 
In our sy~em, fipid exchange through the solution 
can not have a significant contribution to the 
overall probe diludom This condu~on is based on 
the finding that over the time scMe of our experi- 
ment ,  PC veeries do not serve as an acceptor for 
the Py~PC contMned in PS ve~de~ n~ther in the 
absence (Fi~ 1, ×) nor in the presence of virus 
particles (Fig. 1, ~). Thus, not only that sponta- 
neous fpid exchange through the aqueous medium 
can not account for the probe dilution, but that 
any virus-induced ~pid exchange which might have 
occurred through the solution can Mso be ruled 
out. On the other hand, we cannot exclude the 
pos~bility that protein-induced fpid exchange oc- 
curs between veMdes and virions in fposome-virus 
aggregates and contributes to the probe dilution. 
In our previous work [8], we have shown that 
mixing of aqueous contents of reconstituted virus 
and fposomes accompanies the mixing of virM 
and fposomM fpids. Recentl~ we have Mso dem- 
on,rated by dectron microscopy that the interac- 
tion between PS fposomes and HN-RSVE yidds 
large virosomes [34]. Whim these resul~ indicate 
that fuMon occurs in the fposom~virus mixtures, 
we have insuffi~ent evidence to a~ribute the en- 
tire fpid-mixing ~udied in this work to the 
accompanying fuMon. (As a matter of fact, even 
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the anMy~s of the ra~ of mixing of hpids through 
fusion would have been essentially unmated if it 
were assumed that viru~induced contac~exchange 
of fpids is Mso invoNed in the observed probe 
dilution.) Nonethdess, we believe that the data 
avMlabM on the infraction of SendM f rus  with 
negafive~ charged vefide~ when taken as a whole, 
can best be interpre~d in ~rms of a fru~ve~Oe 
fufion mechanism. Therefore, we have chosen to 
anM)ze the fpid mixing Mudied in this work in 
~rms of such fufion mechanism, under all experi- 
mentM conditions. 

T h e o r ~ M ~  if any fposome could have fused 
with any number of f rus  pa~ides or if f rus  
particles could have fused amongst themsdves, the 
finM probe dilution Dp, observed when apparent 
equihbrium is approached, should have been equM 
to D L (doted fine in Fig. 2). On the other hand, if 
any f rus  could have fused with any number of 
fposomes, one would have expe~ed that Dp = D L 
only for low vMues of D L. At higher D L vMues, 
the number of f rus  particles is so large that some 
of those parddes will have no fposomes to fuse 
with and consequently the dilution of the probe 
cannot involve all the firm fpid. Thus for high D L 
vMues, Dp will be smaller than D L. The exact 
charac~risfics of the dependence of Dp on DL, for 
mixtures of equally ac6ve f rus  particles and a 
homogeneous population of PS fposomes, depend 
on the ratio (R) of s~es of the f rus  parfiOes and 
fposomes (Eqn. 1). For vesicles whose radius 
equMs one fifth of that of the f r u ~  dilution of the 
probe would have been expec~d to follow the 
solid fne in Fig. 2. For any other vMue of R 
within the range of 4-8, this solid line would have 
been only slightly different. 

The dependence of the equilibrium vMue of 
Dp - 1 on D L - 1 obt~ned experimentally at pH 
3.6 (squares in Fig. 2) fits the dependence described 
by Eqn. 4 for a = 0 (solid fne in Fig. 2) very well. 
This suppo~s the condufion that at pH 3.6 a~ the 
f ru s  panicles are acfiv~ It Mso suppo~s (indi- 
rectly) our estimate of the ratio of f rus  and 
fposome rad~, R. We therefore suggest that at 
pH 7.4 only a fraction of the firus pa~ides can 
fuse with the PS fposomes. The experimentM 
poin~ obtMned at pH 7.4 fit very well the vMues 
cMcula~d on the bails of the assumption that 
only 14% of the f rus  particles can fuse with PS 
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fiposomes (a  = 0.86). The broken fine in Fig. 2 
was cEcula~d on the bails of the assumption of 
i~everfib~ binding of PS fiposomes to the inac- 
tive ~ u s  particles (Eqn. 9). This posfibihty would 
mean that at equifibrium only 14% of the liposomes 
fused with the active ~rus panicles, while 86% of 
the fiposomes are bound to the latent ~rus par- 
tides with which they do not fuse. On the time 
scEe of our experiment,  deadhefion of fposomes 
from the ¼rus surface may be very slow such that, 
apparently, only those hposomes which were 
bound to the surface of active ~rions fused with 
them. An E~rnafive p o s f i b ~ y  is that deadhefion 
is rdaf ivdy rapid, which implies that El the 
hposomes fused with the (14%) active ~rus par- 
ticles. The dashed-dotted line in Fig. 2 presents 
cEculafions based on Eqn. 5, which formulates 
this assumptiom If this posfibility is valid then at 
equilibrium two populations co-exist. These are 
'~rosomes '  made of active ~rus particles which 
cont~n in thor  membranes E1 the PS of all the 
hposomes, and latent ¼fions. As described above, 
the difference between Dp values ~ven by Eqns. 5 
and 9 is fignificant only at a high ratio between 
viral and fposomE fipid concenvation, i.e., at 
large D L values. Thus, at D~ = 10 the difference 
can be ignored and even when D~ = 20, the vEues 
predicted by Eqn. 9 are merdy 10% s m e a r  than 
those ~ven by Eqn. 5. By inspection of the expefi- 
mentE points in Fig. 2 it is impo~ib~ to differen- 
tiate between the two theoret~E curves. 

Nonethdes~ the posfibihty of an apparent irr~ 
verfible binding seems more likdy, since a~difica- 
fion of the equifibramd mixture resulted in a rapid 
but t im~dependent decrease of ElM (Fig. 5) to a 
level fimHar to that predicmd by the solid line in 
Fig. 2; thus, the fiposomes bound to the latent 
~rus particles after 120 min of incubation fuse 
with them when they are activated by a~difica- 
tion. Such pH-induced reduction of ElM could 
not have been expected ff prior to a~dification E1 
the fiposomes would have Eready fused with the 
active ~rus particles. The decrease of ElM to the 
value predic~d with the assumption that dilution 
of the probe by the ~ral  lipids is fimilar to its 
dilution in PS liposomes supports this latter as- 
sumption very s~ongl~ 

Another E~rnafive to expl~n the rdafive 
fimimd lipid d~ufion at pH 7.4 is that ~rus par- 

tides which have fused with PS fiposomes at this 
pH become in~ctiv~ This pos~bifity can be ruled 
out on the basis of the reduction of ElM observed 
upon addition of u n N b d ~d  PS liposomes to an 
equifibra~d mixture of ~rus and l abd~d  fpo-  
somes (Fig. 1, I ) .  This condu~on is further sup- 
p o r e d  by the experiment presented by the symb~ 
® in Fig. 1. In this experimen~ addition of labelled 
PS hposomes to an equihbramd ~ru~hposome 
mixture resul~d in an initiE increase in the o~er- 
all ElM ratio due to the non-dilu~d probe. How- 
ever, this was followed by a reduction of ElM to 
a vEue which could have been predimed for the 
new D e vEue. The rate of this posbequihbration 
probe dilution process is of the same order of 
magnitude as the initiE probe dilution. This, of 
course, indic~es that those ~rus particles that 
have fused with PS hposomes are not very d i f ~  
ent in ~rms of thNr fu~on capaNty ~om ~rus 
particles that did not fuse with PS hposomes. 

Thus, we conclude that the f ine  levd of d~u- 
tion, in terms of Dp - 1 (derived from the initiE 
vEue of ElM and the vEue of this parame~r 
after 2-3 h of incubation) is best described by 
Eqn. 5. Theoretically, the final lev is  of. ( D p -  1) 
depend on the ratio b~ween the concentrations of 
~rus particles and hposomes (i.e. on D~ - 1) and 
are independent of the actuE concentrations. In 
additio~ Dp - 1 depends on the ~acfion of ina~ 
tive ~rus particles (a), which can therefore be 
cEcula~d for known vEues of D L and Dp. In 
fact, for both PG and PS at pH 7.4 and 37°C, our 
c~culations predi~ed the f ine  Dp vEues fairly 
wall for the wh~e range ~f D~ vEues from 3 to 20 
and for a one order of magnitude variation in the 
absolum concentration, if and only if a v~ue of 
a = ~ 8 6 - ~ 9 0  was used. Henc~ on~  10-14% of 
the ~rus particles were capab~ of luting with 
verities made of ~ther of these two addic pho~ 
pholipids. 

It is of interest to note that Ethough only a 
minofiff of the fiposomes fused with ¼rus par- 
fide~ all the carboxyfluorescein entrapped within 
E1 the fiposomes leaked out of the liposomes 
under fimilar conditions [8]. Thus, it appears that 
aggreg~ion of the fiposomes with Send~ ~rus is 
suffident to cause destabilization of the liposomE 
membrane to the extent that all the carboxy- 
fluoresc~n can leak out of the fiposomes. Thus, 



trypsinization of the Send~ virus which inhibits 
the dilution of fiposomal Py~PC, while avoiding 
the leakage of carboxyfluorescein, probably i n ~  
feres with virus-liposome aggregation. 

I n d u t o n  of Other cholesterol in the fiposomes 
or CaCl2 in the medium has no effect on the fipid 
dilution, in con~ast to the reduction of carboxy- 
fluorescon ~akage ~om PS hposomes pref iou~y 
repormd [8]. These findings further support our 
pre~ous suggestion that nother  choles~rol nor 
Ca ~ + reduce the rate of viru~hposomes fu ton  and 
that thor  effect on the ~akage of carboxy- 
fluorescon is due to sealing of the hposom~ mem- 
brane~ thus making the overall f i p o s o m ~ r u s  
interaction ~ss ~aky. In view of the resuRs of the 
present work we conclude that this membrane 
sealing preven~ the ~akage of carboxyfluorescon 
caused by vef id~¼rus aggregation. 

Decrea tng  the pH from pH 7.0 to pH 4.0 
resul~ in activation of most of the virus particles 
(Figs. 2, 4 and 5). Protonation of the negativOy 
charged carboxyl a n d / o r  phosphate groups of the 
PS fiposomes occurs at pH v~ues bOow 4.0 [2~. 
This protonafion probably causes the decrease of 
ElM observed in the absence of ~fions at low pH 
(Fig. 4A). It may ~so be respontble  for lhe 
decrease in f u t o n  at pH values b r o w  3.0, where 
the fiposomes are not negativOy charged. (In 
agreement with our prefious work [8], fiposomes 
made of zwiaerionic phospholipids which have a 
larger hydration than those made of negativOy 
charged hpids [32], do not fuse with the viruO. 
Howeve~ protonation of the PS cannot expl~n 
the decrease of vesicl~firus fufion observed upon 
increasing the pH to v~ues above 4.0 (Fig. 4C) as 
there is no e~dence for any ionization step of the 
PS within lhe range of pH 4.0 to 7.4. We therefore 
suggest that the latter effect ~ caused by ioniza- 
tion of the f i r ~  glycoprotons, which is known to 
be broad and occu~ within this range of pH 
v~ues [23]. This c o n d u t o n  accords with the find- 
ing that only protona~d (pofifivOy charged) poly- 
hisfidin~ but not the neuV~ form of this poly- 
peptid~ induces f u t o n  of negativOy charged 
verities [33]. 

As stated above, the experimental v~ues of Dp 
at low pH ~re in good agreement (Fig. 2) with the 
v~ues predicted by Eqn. 1 0.~, Eqn. 9 with a = 0). 
Howeve~ at pH 4.0 f u t o n  is very extentve and 

311 

consequently the t i n t  ~v d s  of ElM are very low. 
Measurements of the exdmer fluorescence inten- 
fity under these conditions is therefore not very 
accurat~ The measured in~nfi ty of the exdmer 
may ~ d d  overestimated v~ues of the actu~ exo 
rimer i n a n i t y ,  thus ~ading to an overestimation 
of ElM and an underestimation of Dp. N o n ~ h ~  
less, in ~l  our experiments at addic pH, the 
measured v~ue cf Dp ~ d d e d  c~culated v~ues cf 
a < 0.3, which means that more than 70% of the 
firus particles are activ~ The s~ong dependendes 
of a on the pH and ~mperature most fikOy reflect 
conformafion~ changes of f i r~  ~ycoproteins but 
the d ~  of these dependendes have y ~  to be 
investigated. ~milar  add~nduced activation of 
¼rus pa~ides  has been observed for influenza and 
ves~ular ~omatifis firions and expl~ned in terms 
of pH~nduced conformafion~ changes [28,29]. 

Our t h e o r ~  a n ~ y t s  resul~ in determin~ 
fion of three kinetic param~er~ which cha~ 
actefize the overall fufion process at any ~ven pH 
and ~mperature. Those are the rate constants of 
adhe ton  (C) fufion ( f )  and deadhesion (D). A 
fa~ fimulafion of all our kinetic resul~ for the 
f u t o n  of Send~ ~rus with Other PS or PG 
fiposomes at pH 7.4 and 37°C was found for 
C =  (0.5-2)- 107 M-~ • s - l ,  f =  (0.2-2)- 10-2 s-~ 
and D = (1-5) .  10 -2 s -1. It is of in~re~  to n o ~  
that f v~ues of 0.84 min -~ (0.014 s-~; [35]) and 
• 02-~07 s -~ [36] were found for the fu to n  of 
Send~ ~rus with red blood cells or ghost ,  respec- 
tivOy. These v~ues are of the same order of 
magnitude found here. Howeve~ the exact de- 
termination of the appropria~ set of param~ers 
required many mcre kinetic measurement .  Most 
sefiou~ the v~ues of the p a r a m e ~  C and f 
which ~ve the best fimulations are s~on~y  de- 
pendent on that of D. The effect of deadhe ton  on 
the overall fufion process in our sys~m at pH 7.4 
is c o m p ~  As a >  0.85, an increase in D de- 
creases the c~culated initi~ Dp v~ue~ whi~ in- 
creating the c~culated Dp v~ues ~ ~ r  stages. 
The latter effect can be expl~ned by deadsorbfion 
of the verities initially bound to inactive ~rus  
panicles. Subsequent adhe ton  and fu to n  of these 
verities to active firus particles resul~ in a conse- 
quent increase of Dp, which expl~ns the increase 
in the overall rate of f u t o n  due to an increase in 
D. The mcst reliable determination of D was 
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obtained from experiments performed at a given 
D L value but with different absolute concen~a- 
tions. Calculations were capable of fimulafing the 
experimentally observed increase in Dp values 
with ~pid concentrations only for D values in 
excess of 0.01 s-~. This value of D is sufficiently 
high to explain the concen~afion dependence of 
the overall tale of fufion while still bong low 
enough to be confi~ent with the post-equilibra- 
tion addificationAnduced increase of Dp. Despite 
the significant effect of deadhefion processes on 
the kinetics of aggregation and fufion, it is to be 
noted that a finite fraction of hposomes remain 
bound to inactive virus particles a~er an apparent 
equilibrium is approached. 

The resul~ previou~y obtained for the fufion 
of influenza virus with large cardiolipin veficles 
[3,22] were qualitativdy fimilar to those of this 
study. In the former case all the virus particles 
were active at pH 5.0 and at pH 6.0, a had a value 
of 0.5-0.75, while at neural pH very htfle fufion 
was detected [22]. The value of f found for the 
fufion of influenza virus particles with cardiolipin 
verities at pH 6.0 was one order of magnitude 
above the f value found in our system at pH 4.0 
and two orders of magnitude above the f value at 
neural pH. Con~adistinctivdy, the rate constant 
of adhefion, C, in our system is one order of 
magnitude bdow that of influenza virus fufing 
with cardiolipin veficles and the value of D is 
fimilar to that found in the former case at pH 6.0. 
These differences reflect different interactions be- 
tween the viral glycoproteins and target mem- 
brane phospholipids, but the details of these di~ 
ferences have yet to be ~udied. 

In conclufion, this communication strongly 
suppo~s our previous hypothes~ that virusqn- 
duced leakage of carboxyfluorescon, entrapped in 
negativdy charged hposomes accompanies a pro- 
cess of virus-liposome fufion. However, fufion is 
not always accompanied by leakage of entrapped 
solutes such as in the cases of calcium-containing 
media or cholesterol-containing hposomes. Fur- 
thermore, it is aggregation, not fufion, which 
causes the rdease of solutes en~apped in the 
~posomes: while only 15% of the Sendal virions 
can fuse with negatively charged liposomes at 
neural pH, all the virions interact with liposomes, 
making thor membranes leaky to entrapped so- 

lugs. Ad~fication of the incubation me~um r~ 
nders a c t i ~  to the latent ~rion~ which ~ s d ~  in 
a c o m p ~  mi~ng cf ~ r ~  and hposomM fipids. 
These fin~ngs suppo~ our pre~ous assumption 
[8] that fufion of Send~ ~rus with negativdy 
charged phospholi~d verities is ~ f ~ n t  from the 
fufion hvdved  in ~ r ~  ~ c t i ¼ t y .  Ma~m~ fu- 
s~n of Send~ ~rus with b i d o ~ c ~  membran~ 
occurs at pH 7-8 wi~ very tittle fufion at pH 
v~ues bdow pH 6.0 [31]. Since ma~m~ fufion 
with negativdy charged verities occurs at pH 4.0, 
it is hkdy that the two fufion processes are q~te 
~ff~ent .  Furth~mo~, pro~oliposom~ cont~n- 
ing HN ~ycoprotein fu~ with l~osom~ made of 
negativdy charged phospholipids but not with 
~ d o ~ c ~  membrane, which fu~ with recon- 
stituted ¼rus envdopes o~y  if they cont~n the F 
~ycoprotein as well. For negativdy charged, less 
hydrated l~osom~ the latter ~ycoprot~n is not 
~qni~d.  
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