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Polylysine and ly~ne-based copolymers induced fu~on of large unilameilar veeries only in media containing 
at least 0.4 M mannitol. In the absence of mannitol, polylysine and ce~ain ly~ne-based copolymers ~so 
containing acidic amino acids were not able to induce fu~on. Fu~on, in the presence of mannitol, was 
induced at nanomolar concentrations of the polycation~ Excess polymer caused reduced rate and extent of 
fu~on. In the presence of 100 mM NaCi the effective concentration range of the polycations was narrowe~ 
Kinetic analy~s determined that s~t increased the aggregation constant C~ while redu~ng the fusion 
constant f~.  Addition of polylysine in excess resulted in smaller C~l. Short polylysine (3500) was less 
effective on a molar ba~s than a long one (37 000). Copolymers were more effec~ve than polylysine due to 
higher aggregation potential. Copolymers were also more effective in promoting Ca 2 +-induced fu~on in the 
absence of mannitol, their greater efficiency resulting from substanti~ly larger fu~on potential, without a 
greater rate of leakage. Preincubation of the vesicles with the polycations for less than 20 s resulted in faster 
fu~on rate~ while longer preincubations caused ~ower fu~on rates. Addition of polycations to the 
preincubated mixture enhanced the fu~on rate~ ind~ating that the polycations were not availabl~ rather 
than the veeries being not susceptible to fu~on. The effect of preincubation suggests two phases in the 
binding of the polycations to the ve~cle~ a fast phase of partial binding and a ~ower phase resulting in 
complete bindin~ The addition of millimolar concentrations of pyrophosphate or sulphate provided a fine 
control of the effective polycation concentration and ~s effect on fu~on. 

In~oduction 

Since the early work of Hammes and Schul~ry 
[1] that, indirecfl~ described fiposome fufion in- 
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N-(7-nitro-l,2,3-benzoxa~az~-4-9)phosphatidgethanolamine; 
N-Rh-P~ N-(lis~mine rhodam~e B s ~ n ~ h o s p h a f i d ~  
~ a n ~ a r n i n e ;  PC, phosphatid~choline ~gg y~k). 

duced by p ~ y ~ n ~  fiposome fu~on induced by 
p~ycafions has been demon~ra~d for ba~c p ~  
pepfid~ and p ~ a m i n o  adds of various ~zes 
[2-7], p~ymy~n B ~,5], melittin [8], cytochrome 
c [3] and p~yamines [9]. Mcst cf the work focused 
on negafivdy charged small unflamdlar veeries. 
When compared with C~ + or Mg 2+, the pomncy 
of the~ p o ~ c ~ n s  was ~markably g~a~r  in 
terms of the concen~afions needed to induce fu- 
sion [4,5,8]., P~yamines were able to promote 
CaZ%induced fu~on of LUV by ~wefing the ca- 
fion's th~sh~d concentration. P~yamines in- 
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duced fufion of a d ~ c  fiposom~ when phos- 
pha t id~han~amine  was included in them [9]. 
~mihrly, p ~ y f i n e  was shown to promote fufion 
of ad~c  liposomes with C~ + as lhe ~ducer [10]. 
Pol~ys~e f a c i l ~ e d  C ~ d u c e d  fufion when 
Ca ~+ concen~afions an order of magnitude lower 
were used. P~ycations such as p ~ y f i n e  may be 
of gre~ impo~ance ~s induce~ of membrane fu- 
fion, fince they may pro-mote fiposome-cdl in~r- 
action~ e.g., for the in~oduction of m a c r o m ~  
c~es into cells or membrane protons into target 
cell membranes. How~ve~ so far no i n d u ~ n  of 
fufion by p ~ y f i n e  has been recorded ~ fip~ 
some-call sys~ms. 

In the present work the ~qui~ment for ~gh 
concen~afions of n o n - d e ~ r ~ y ~  e.g., man~ t~  
or sucrose, is demongra~& The effect of fize, 
charge d e n ~  and hydrophob~ity of pN~ys~e 
and its copNymers ~ described. It appears that 
copNym~s are at Mast as ~%ctive as p ~ y f i n e  
of the same mNecular wNght, both in indudng 
fufion and in promoting C~%~duced fu~on. 
From the prNncubafion experiments we de- 
~rmined the e ~ e n c e  of two phases of pN~yfine 
binNng T~e ~ s  of the various p~ycations and 
sMt are d~cu~ed in context with the mechaNsm 
of pNycation-~duced fufion. 

MaSti f fs  aM M e ~ o ~  

~ ~  

Phosphm~chofine  (PQ, c ~ N N ~ ,  c h i c  
add and ~ the pN~ys~e (3500, 14000, 37000 
~ )  and the copo~m~s spedes (Lys, ~ a  1:1, 
37000; Lys, ~ a  3 : 1, 37000; Lys, Phe 1 : 1, ~ 0 ;  
L y s , ~ m ~ u ,  Tyr 5 :6 :2 :1 ,  52000 ~ )  w~e 
p~ch~ed  ~om Ngma C ~ c ~  Co. N-NBD-PE 
and ~ - ~  were purchased ~om Avanti PNar 
Mp~s. The detergent Ammonyx LO was pur- 
chased from Onyx Co~. 5(6)-CgrboxyfluorescNn 
was purchased ~om E~tman and was N ~ h ~  
purified a c c ~ n g  to RN~on et M. [11]. The 
p o ~ a ~  ands were suspended ~ buf~r and 
kept ~ s m ~  ~ q u ~ s  at -18°C.  None of the 
~qums  were re~ozem ~nce degadation occurred 
during repetitive ~ a w i ~ .  Chofic and was ~ h ~  
purified by twi~ ~c~stMfi~ng ~ from ~han~  
[12]. ~1 p h o s p h M ~ s  were assayed ~ r  puriff on 
t~n  hyer chromamgaphy and proved to be at 
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least 99% pure. Phospholipid concentration was 
d~ermined by the concen~ation of phcsphate [13]; 
thereafle~ fiposome concentration was ~ven as 
fipid phosphorus content. 

L ~  p ~ a ~  
The N B D / ~  resonance energy ~ans~r fus~n 

assay [1~ was used to mor ta r  membrane fufion. 
LUV, ~ d  of P C : ~ r ~ n  (1:1 m ~  
r ~ ,  ~ p ~ d  ~ h  ~ w i ~  0.5 m~% ~ 
each fluorescent prob~ by the reverse-phase 
evaporation t~h~que  [15], f ~ o ~ d  by ex~uMon 
• m u #  0A ~ d  0.2 ~m p ~ a ~ o n m e  memb~n~ 
[16]. LUV were prepared ~ 0.6 M m ~ / 0 . 1  
mM EDTA/5 mM Hepes ~ H  7.~, from here on 
referred to as buffer 1 (no sM0, or ~ 0.4 M 
m a n ~ t ~ / ~ l  M N a ~ / 0 . 1  mM EDTA/5 mM 
Hepes ~ H  7.~, from here on referred to as buf~r 
2 ~ s~) ,  ~ ~ 1 ~  mM N a ~ / 5  mM H ~  
~ H  7.~/0.1 mM EDTA ~r  ~e  C ~ d u ~ d  
~ o n  experimems. 

The Tb-~#cofi~c add ~ o n  ~ y  [17] w~ 
used to confirm ~ the ~ s d ~  of the N B D / ~  
resonance energy transfer assam so as to exclude 
artefacts of m ~ e c d ~  transfer and any other 
n o o n , o n  ~ ~ e  mixing. LUV were pre- 
pared as p ~ o u ~ y  described [10] ~ b u f ~  1 and 
2. 

FusMn assay 
All measurements were carried out at 26 °C in 

an SLM 4800 spectrofluorometer. In the NBD/Rh 
resonance energy ~ansfer fufion assam labelled 
and unlabdMd fiposomes were mixed, the un- 
labelled bang in a 2-4-fold exces~ and were 
added la~ to the thermally con~olled, stirred fu- 
~on mixtures in the fluorometer. Liposome con- 
cen~ation was roufindy 50 ~M fipid phosphorus 
unle~ otherwise mentioned. Membrane mixing 
was monitored by the dequenching of NBD fluo- 
rescence ind~ating a decrease in the resonance 
energy ~ansfer effidency due to dilution of the 
probes upon fuMon. The sy~em was cafibrated by 
comparing the readings with those after the ad- 
dition of detergenL 0.1% Ammonyx LO. Am- 
monyx LO was the detergent of choice for the 
NBD/Rh resonance energy ~ansfer assay, ~nce it 
caused no quenching of the fluorescence such as 
Triton X-100 or cholate did. Exaltation and emis- 



316 

fion wavdengths were 450 nm and 530 nm, re- 
spectivd~ with a 520 nm cuhoff filmr in the p ~ h  
of the emission beam. 

The Tb-dipicolinic acid comp~x was ex~md at 
276 nm and the fluorescence was measured at 545 
nm after pasting through a Corning 3-68 cu to f f  
filter (>  530 nm). All measu~ments were carried 
out at 26°C. Measu~ments were carried out at 
~posome concentrations of 50 #M hpid phos- 
phorus, unless otherwise mentioned (for more de- 
tails see ReL 1~. 

Premcubation with po~caHons 
Unlabelled LUV were preincubated for given 

intervals of up to 90 s with polycations in the 
cuvette. Subsequently, labelled LUV were added 
and the change in the fluorescence at 530 nm was 
recorded. Another aliquot of polycations was ad- 
ded when a marked inhibition of fufion was ob- 

served. 

Analys~ of fus~n kinetics 
The analysis followed a mass action kinetic 

modal [18-21], which views the overall fu~on 
reaction as a sequence of two gross steps: (1) 
aggregation, whose rate constan~ Ca1, has the 
units M -~ -s-a;  and (2) fu~on, i.e., membrane 
destabilizafion and mergin~ whose rate constan~ 
~ ,  has the unit s -~. Di~oda t ion  of aggregates 
with a rate constan~ D~ (s-~), was explicitly 

con~dered. 
At the second stage, more accurate numefic~ 

c~culafions were carried out, which enabled an 
exten~on up to a fluorescence change of 40% [22]. 
In these ca~ulafion deaggregafion was expfic~ly 
accoun~d for. All the data presen~d in Tab~s II 
and III  were obtained from the extended c~cula- 
fions. 

Leakage of liposome conten~ 
LUV were prepared as abov~ ~so containing 

20 mM 5(6~carboxyfluoresc~n. After passing 
through a Sephadex G-75 column to remove un- 
~apped 5(6)-carboxyfluoresc~n the verities were 
treated as in fufion experiment.  The change in 
the fluorescence of 5(6~carboxyfluorescein due to 
its dilution upon ~aking out of the verities was 
monitored; exaltation and emission wavdengths 
were 493 nm and 516 nm, respectively [23]. 

R e s d ~  

The addition of p ~ y s i n e ,  as well as its copo- 
~ m ~  of any s~e to LUV, composed of 
PC : c a r ~ i p i n  1 : 1 (m~ar  ratio) in r d ~ N d y  ~w 
osmotic saline s~ution~ e.g., 0.1 M NaC1, induced 
apprechb~ agg~ga t~n  as observed by a gradu~ 
t u r n o f f  increase. Howeve~ the masfive aggrega- 
tion was not followed by fufion (Fig. 1). O ~ y  the 
p ~ L y s ,  AI~  spe~es induced fufion (see Tab~ 
III). I~ on the other hand, LUV were prepared ~ 
at ~ast  0.4 M m a n ~ t ~  or sucrose and ~ e  reac- 
t~ns  were carried out in f imihr s~ufion~ the 
addition of p d ~ y ~ n e  as well as the other cat io~c 
p ~ y m e ~  r e s d ~ d  in fufion, as observed by a 
change ~ resonance energy ~ans~r  or an increase 
in T b - ~ c o l i n i c  a~d fluorescence (Fig. 1). Hav- 
ing shown ~a t  the ef~ct was not exdufive to 
man~tol,  the rest of ~ e  experiments were carried 
out with man~tol.  

In order to d u n d e e  the r~e  of m a n ~ t ~  in 
enhan~ng the effect of p d ~ y f i n ~  its effect was 

~ I 

~ ni~O~ 

~ o Monnitol 
~ D ~ )  

-~onnito! 

Fi~ 1. Polylyfin~induced fufion of LUV. 50 #M LUV 
0abelled/unlabelled, 1:~ were incubated at 26°C ~ buffer 
cont~ng ~1 mM EDTA/5 mM Hepes (pH 7A) and tither 
100 mM NaC1 ( -  man~tol) or if6 M man~tol (+ mannimD. 
The fluorescence of the N-NBD-PE/N-R_h-PE coupe at 530 
nm was recorded before and after the ad~fion of 135 nM 
p ~ y s ~ e  (37000L 50 #M LUV, prepared for the Tb-dipico- 
fi~c ac~ fusion assay ~ mannitol~ont~ng buf~r (+ man- 
~t~; Tb/DPA), were incubated with 135 nM pop,fine 
(37000L The change ~ the fluorescence at 545 nm was re- 
corded. 



~ s ~  ~ the sys~m of C~+Anduced ~fion. As 
~ m m ~ d  ~ T ~ l e  I, m ~ t ~  ~ f i e d  the 
~ t i n g  e f ~ t  of NaC1 ~-100 m ~  by ~ e ~ -  
ing the C a ~ :  th~sh~d c o n c e n ~ n  from 9 to 
14 to 20 mM. Howeve~ ~ the presence of p~y- 
~ e  the C a ~ :  t ~ h ~ d  concentration dropped 
from 0.5 ~ o u t  man~m~ to 0.2 ~ man~ t~  
and N a ~ .  A sub~antiM reduction ~ the ~ o n  
rate occurred when 25 mM N a ~  was added to 
Mready ~fing LUV ~ 12 mM C a ~ : )  ~ 0.6 M 
m a n e t , .  Ad~tion of pd~yf in~  at t~s p~nL 
e~anced the fusion rate as pre~ou~y described 
[1~. 

The ~ c t i v e  concentration of the p ~ y c ~ n s  
was ~ the nanom~ar r an~  and co~esponded to 
charge ratios of 0.1-10 ~ y f i n e / c a ~ i ~ n  on 
the outer ~ e r ;  assu~ng equfl d~tfibufion of 
car~o~p~ ~ the membranO. The ad~fion of 
po~cations ~ excess caused a decrease ~ the 
over~l ~f ion rate and extent ( ~  ~.  When 0.1 
M N a ~  substituted ~ r  eq~osmCar man~t~  the 
~ c f i v e  concentration range of the p ~ y c ~ n s  
was appredab~ na~ower (~g. ~;  f i ~ c a n t  ~-  
~ t i o n  was o ~ e ~ e d  ~ready at p ~ y f i n e  
amours  co~espon~ng to a charge ratio of 5. 
Maximfl fufion rates and extent were obt~ned at 
charge ratios of 2-3 ~ t h  p ~ y f i n e  and 0.7-2 
~ t h  the c o p ~ y m ~  independent of the con- 
centration of LUV. O~y short p ~ y f i n e  (350~ 
was insens~ive to s~t additions. 

TABLE I 

EFFECT OF MANNITOL AND NaCI ON CaCI 2 
THRESHOLD CONCENTRATION 

100 ~M LUV (PC/cardiolipin 1 : 1 molar ratio) were prepared 
and assayed for Ca2+-induced fu~on by the NBD-Rh reso- 
nance energy transfer assay in various buf~r  combinations 
with or without 57 nM polyly~ne 37000 (an amount corre- 
sponding to a charge ratio of ~5~ For each case the threshold 
CaC12 concen~ation, i.e., the lowest CaC12 concentration re- 
quired to induce fu~on, was determined. 

NaCl Manni~l  CaCI 2 threshdd concentration (mM) 

(M) (M) wi~out pd~yf ine  with pd~yf ine  

0.1 - 9 . 0  0.5 
0.1 0A 20.0 0.2 
0.05 0.5 14.0 - 

- 0.6 7.0 0.1 
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Fi~ 2. The ef~ct of sMt on p ~ y ~ f i n ~ d u c e d  fu~on of LUV. 
50 #M LUV (labelled/unhbelled, 1 : ~  were added to b u f ~  
2 (~) or 1 (©) Mso contM~ng various amounts of p ~ y s i n e  
~7000L The change ~ the fluorescence at 530 nm was ~-  
corded and the rdative change was cMc~a~d after 60 s. 

The effect of ~ze and charge den~ty on fusion 
It is apparent from Fi~ 3 that copolymers with 

smaller charge den~ties could induce fu~on at 
lower concentration~ the effectivity being: 

O 

I I 

4 0 - -  

10 

I 

~0 200 300 
POrCiNE CONCN. ~M) 

Fi~ 3. The e f ~  of p~ycation s~e and charge d e n ~  on 
LUV ~ o m  50 #M LUV were added ~ buffer 2 ~so contain- 
~g  various amounts of p~y~fine  (37000; ©~ p d ~ y ~ n e  
(3500; ~), poly(Ly~ AI~ (1 : 1; 37000; ~), p ~ L y ~  Ala) (3: 1; 
37000; ~) and p ~ L y ~  AI~ GI~ Ty~ (5 :6 :2 :1 ;  52000; ~). 
The change ~ the fluore~ence ~ 530 nm was recorded and the 
restive change was c~cul~ed after 60 m 
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poly(Lys, Ala) 1 : 1 > poly(Lys, Ala) 3 : 1 > 
pol~ysine. All of the abov~mentioned polyme~ 
are of the same molecular wright. The copolymer 
(Lys, Aim Glu, Tyr 5 : 6 : 2 : 1, 52 000) which has 
an even smaller charge den~ty (1 /3  of pol~ysine, 
if the negative charges of ~utamic add  are not 
accounted foO was still more effective than poly- 
ly~nm If these resul~ were presented as a function 
of the charge ratio (Fig. 4), the superiority of the 
copo~mers was even more pronounced. Among 
pol~ysine spedes there was hard~  any difference 
between long and short pol~y~ne (Fig. 4). Poly- 
ly~nm (3500) did not exhibit a ~gnificant decrease 
in fu~on rates, such as the other po~cations 
showe& at higher concen~ation~ co~esponding 
to charge ratios up to 10. 

Leakage of oes~& contents 
The ~akage of LUV contents was monitored 

by the dequenching of 5(6~carboxyfluoresc~n [2~. 
Addition of any polycation to LUV resuRed in 
loss of LUV contents. The ~akage exhibi~d an 
optimum (Fig. 5) at polycation-to-LUV ratios ~m- 
ilar to those observed in the fu~on experiments. 
Exclusion of s~t  ~om the fu~on medium resul~d 
in gre~er leakage. Copolymers, as a rule, caused 
greater ~akage than pol~ysine. The cop~ymers 
poly(Lys, Ala, Glu, Tyr) 5 :6  : 2: 1; (Fig. 5) and 

~0 , [ , I 

~ ~0 - 

0 ~5 tO 
CHA~E ~TIO (PLICL) 

Fig. ~ Fu~on po~nti~ of po~c~ns  as a function of charge 
rati~ The amounts of the various p~ycations used ~ Fi~ 3 
were translated ~ charge ratios (pdymer/card~n (PL/CL) 
of the outer hposome ~yeO. The resd~ obt~ned ~r Fi~ 3 
were drawn as a function of the various charge rat~s up to 
theorefic~ tot~ ne~ralizatiom i.~, charge rat~ = 1. 

3O 

£ 
~ ~0 

, . 

~ 0  2 ~  
~ N E  CONCN. (n~) 

~ ~. ~ e  ef~¢t of polycations on ~aka~e of LU¥  contents. 
LUV were prepared ~ 20 m ~  ~¢a rbo×y~uo resc~n  en- 
~apped ~ ~em as described in M~eri~s and M~ho~.  2~ #M 
LUV we~ added to buf~r 2 ~so c o ~ n g  various amours 
of p o ~ s ~ e  (~T000; O), p ~ L ~  A I~  (~ :1 ;  ~), 
p ~ L ~ , ~ T y O  (~:6:2:~;  ~ and to b u f ~  ~ ~so 
c o ~ n g  various amours of p ~ y ~ n e  ~ 0 ~ ;  ~ .  The 
changes m the ~)~a~oxy~uoresce~ fluorescence were re- 
corded and ~e r~a~ve change was ¢~c~a~d a~er 36 s. 

poly(Lys, Phe) 1 : 1 induced leakage at an extent 
much greater than any of the other polycafions. 

Promot~n of Ca2 ~mduced fusion by po~catmns 
All the polycations promo~d Ca = +~nduced fu- 

~on (without mannitol). No fusion was detected 
with ~ss than 0.5 mM CaCI=. All the polymers 
had a concentration optimum, the order of the 
eff iciency being: po ly (Ly~  Ala, Glu, Tyr)  
5 : 6 : 2 : 1  > poly(Lys, Ala) 1 : 1 > poly(Lys, AI~ 
3 : 1 > p~yly~ne  (14000) > polylysine (35000) > 
po l~y~ne  (3500). 

The effidency of the various p~ycations was 
tested comparing fu~on and ~akage rates (Fig. 6). 
Copolymers had, as a rule, larger f u ~o n /~ak ag e  
ratios, i.e., they p romo~d ~ss leakage per fusion 
evenk Among the polyly~nes pol~y~ne (14000) 
had the highest ratio and polyly~ne (3500) the 
lowes~ i.e., p romo~d g r e a ~  extent of leakage 
per fu~on event. 

Kinetic ana~s~ of LUV fusion 
A mas~acfion kinetic modal ~ 1 8 - 2 ~  was 

used to analyse the fufion rea~ion induced by the 
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Fi~ 6. The e f ~  of p~ycafion s~e and s p e d ~  on ~f ion  and 
Makag~ 50 #M LUV w~e inje~ed ~ t o  suspenfions contM~ng 
8 mM CaC12 and v~r~ng amounts ¢f pM~yfine ~5000; ~L 
p ~ y ~ n e  (14000; ~), p ~ y ~ n e  (3500; ©L p ~ L y ~  AI~ 
(3 : 1; ~), pC~Lys,  AI~  (1 : 1; ~) and p ~ L y s ,  A~, Glu, Ty o 
5 : 6 : 2 : 1; ~). Fufion and ~akage of con~n~  were assaye& 
Tb-di~cofi~c add assay was u~d  for ~ e  pd~yf ine  ~ u & ~  
ffufion ~ven as ~ e  co~e~ed v~ues ~s ~ ReL 10). The 
NBD-Rh ~sonance energy ~ans~r  fufion a~ay and ~ e  ~ 6 h  
carboxyfluorescdn ~akage assay were used for the c o p ~ y m ~  
~ u ~ e ~  

various p~ycations (TaMe II). The most ¢utstand- 
ing ob~rvafion is that the fusion con~ants of M1 
the p~ycafions - ~025-0~65 s-~ - are one order 

of magnitude smaller than those found for C~ +- 
induced fufion (Table III and Re~. 10, 24, 25). In 
the s~bcont~ning buf~r both C~a and ~ ,  of the 
copolymer~ were confis~nfly larger than those of 
pol~yfin~ There was an increase in ~ v~ues 
and a concomitant decrease in C~I in medium 
without s~t (buf~r 1). If the amount of polyca- 
fion were not reduced proporfion~ly with lower 
vefide concen~ation~ so as to m~nt~n a fixed 
charge rati~ C H v~ues were even smaller. The 
aggregation and fufion constants of the sho~ 
pol~yfine (3500) did not differ s~nificant~ with 
the various Ueatment~ which was in accordance 
with iU insenfififity to silt or to i~ application in 
excess. 

Tab~ III summarizes the kinetic anflysis cf the 
pol)cation-promo~d fufion wilh 8 mM CaC12. 
Among the polylysine spedes lhe medium fize 
polymer (14000) had the highe~ C H v~ue and 
pol~yfine (3500) lhe lowesL All the copolymer~ 
exhibiting greater promotion capadty, had lower 
C~ but remarkably higher fll v~ues. Manipula- 
tion of the copolymer concentration affe~ed ~- 
most exdufivdy lhe aggregation po~nfifl (Table 
III, C~ v~ues of Lys, Ala, Glu, Ty~. 

P m ~ b m ~ n  ~ LUV ~ polycati~s 
~ n c u b ~ n  of LUV ~ t h  p ~ n ~  at 

TABLE I1 

KINETIC ANALYSIS OF POLYCA~IONdNDUCED FUSION 

LUV (PC/ca r~o l i~n  1:1 m d a r  ratio) were ~ cuba~ d  ~ buffers 2 ( + )  or 1 ( - )  at concen~afions of 100, 20 and 10 #M li~d 
phosphorus with fixed amounts (~ven concentration) or wi~  varying (var 0 amounts of polycations, corresponding to the ~ven 
charge ratios (polycation/car~oli~n).  The fixed concentr~ion was equ~ to th~  a p h i d  m the fixed charge r ~  ~ when run wi~  
100 #M hposom~.  The data obt~ned, ufing ~ e  NBD-Rh resonance energy ~ans~r  fufion assa~ were anflysed as described under 
M~ef i~s  and M~hods. All v~ues are the best fit~d wit~n a 10% expefimentfl erro~ P ~  p ~ y f i n e ;  L : A, p ~ L y ~  A~) 1 : 1 or 
3 : 1 m d a r  rati~ ~spectivdy; L : A : G : T, p d ~ L y ~  AI~ GI~  TyO 5 : 6 : 2 : 1. 

Polycafion Polycation Charge C11 ~ 1 D11 0.1 M NaCI 
spedes concn. (nM) ratio (M-  1. s -  1 ) ( s -  1 ) ( s -  1 ) included 

PL 37 000 var. 2.5 5.0-108 0~25 0.35 + 
PL 37000 270 va~ 3.3.108 0~35 0.3 + 
PL 37000 va~ 2.5 C0.108 0~6 0.35 - 
PL 37000 270 va~ 3.0.108 0~65 0.3 - 
L : A, 3 : 1 va~ 1.9 6.0-108 ~036 0.4 + 
L:A,  1 : 1 va~ 1.0 6.5-108 0~38 0.38 + 
L : A : G : T va~ 1.3 1~- 109 0.008 0.25 + 
PL 3500 va~ 6.3 7.5.108 0~32 0.3 + 
PL 3500 va~ 6.3 8.0.108 0~5 0.2 - 
PL 3500 7140 va~ 8.5.108 0~5 0.25 - 
PL 3500 va~ 2.5 8~. 108 0~35 0.25 + 
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TABLE III 

K |NETIC ANALYSIS OF POLYCATION-PROMOTED LIPOSOME FUSION 

LUV w~e incubated at concen~ations of 100, 2~ 1~ 5 ~M find phosphorus wi~  8 mM CaClz and Nven c o n c e n t r ~ n s  of various 
pN~ysine (PL) speN~ and ~ N n ~ b a ~ d  cop~ ym ~ s  (Lys, Ala = L : A; Lys, AI~ Glm Tyr 5 : 6 : 2 : 1 = L : A : G : T). PNycation con- 
cen~mion was changed ~ proportion to LUV concentrations so as to mNntNn fixed p o ~ c ~ n - t ~ L U V  ratios. The data collect& 
u~ng NBD-Rh resonance energy transfer fu~on assay, were anNysed emNo~ng a mass action N n ~  modal ~ its extended form. 
All vNues are the best fitted witNn a 10% experimen~l erro~ 

P ~ y c ~ n  Fufion Polycafion Ch~ge ~ ~ ~ ~ D~ ~ 
~ e ~  ~ t  conc~ ( n ~  r ~ o  ( M -  ~. s -  ~) (s ~ ) (s ~) 

CaO 2 

PL 35000 - 57 0.5 5.5.108 0.35 1.0 
PL 14000 - 142 0.5 8.5.108 0.33 0.85 
PL 3500 - 570 0.5 4.5.108 0.7 0.6 
L:A, 1:1 + 54 0.25 2.1.108 1.9 0.85 
L : A : G : T - 36 0.17 2.1.108 2.0 0.85 
L : A : G : T - 7.2 0.034 7.5.107 2.5 0.7 

a Polycation concentration added per 100 ~M ~ liposomes. 

sub-optim~ concentrations (see Fig. 3), reve~ed 
dependence on the duration of the prdncubation. 
Proncubation of up to 20 s in buffer 2 or 12 s in 
buffer 1 resulted in increased fufion rates (Fig. 7). 
Longer preincubation resulted in reduced fufion 
rates. The shorter period of enhancement and the 
greater inhibition at longer times was characteri~ 
tic of buffer 1. Supra-optimal concentrations of 
polycations (see Fi~ 3) produced a s m e a r  effect, 
espeo~ly  in long periods of proncubafion, The 
effect of preincubation was ~so s m ~ L  in longer 
pefiod~ with the low charge denfity polycation 
(Lys, AI~GI~Tyr,  5 : 6 : 2 : 1; Fig. 1). 

The effe~ of mu#~a&nt ankhS on fus~n and 
&akage 

The addition of P~ or sulpha~ to the reaction 
mixture fltered the rate and extent of fufion (F~.  
8). With sub-opfim~ amounts of polycations (see 
Fig. 3) the multivflent anions reduced the rate and 
extent of fufiom whi~ with supra-optim~ amounts 
they enhanced ~ (F~.  8). A fufion reaction mix- 
ture contorting 50 #M LUV and 540 nM 
poly(Lys, Ala) 3 : 1 exhibited no fufion, but when 
1.4 mM P~ was added the rate and extent of 
fufion were similar to that induced by 270 nM 
poly(Lys, Ala) 3 : 1. If the anions were added prior 
to the LUV and were allowed to mix with the 
polycations, thdr  influence was markedly larger 

(Fig. 8). Similar effects of enhancement and in- 
hibition induced by the addition of multiv~ent 
anions were observed ~so in leakage determina- 
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Fi~ 7. The ef~ct of proncubafion on p ~ y c ~ n - ~ d u c e d  
fufion. 40 #M u~abelled LUV were p ~ c u b ~ e d  ~ r  various 
time ~ r v ~ s  with 110 nM pdy~f ine  (37000) in buffer 1 (©) 
or buf~r  2 (0) and with 75 nM p ~ L y ~ A ~ , G I ~ T y Q  
(5 :6 :2 :1 )  ~ buf~r  2 ( ~  The change ~ the fluorescence at 
530 nm was recorded afier the ad~fion of 10 #M ~ b d ~ d  
~posomes. The change ~ ~ e  fluorescenc~ rdative to LUV 
fufion wi~out  pr~ncubatio~ was c ~ c d ~ e d  ~ r  9 ~ 
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~ 8. The e f ~  of pyrophospha~  on p o ~ c ~ n h n d u c e d  
fufion. 50 #M LUV were added ~ buffer 2 f i s t  c o n t ~ n g  100 
nM ( a , ~  ~ 200 nM (e) polylysine (37000). ~ (b) 2.5 mM  P ~  
were added after 8 ~ and in (e) 2.5 m M  P ~  w e ~  added after 
30 s ~ ~s ion .  A l~mat ive l~  100 nM polylysine (37000) ~ e ~  
added m 50 # M  LUV already mixed with 2.5 m M  P ~  ~ )  ~ 50 
# M  LUV w ~ e  added m 100 nM p ~ y f i n e  37000 ~ a d y  
mixed w i ~  Z5 mM P~  (d). The c h a n t s  ~ the fluorescence at 
530 nm were r ~ d e &  

fions. Pyrophospha~ was more potent than 
sulphate both in inhibiting and in enhandng fu- 
~on. 

D ~ c u ~ n  

The fact that PC : cardiolipin LUV were able to 
fuse upon the addition of polyly~ne only in the 
presence of high concentrations of non-electro- 
lytes such as mannitol or sucros~ might be aafi-  
buted to thor  dehydrating capadty. Papahadjo- 
poulos et al. [2~ ha~e ~ready suggested that the 
formation of intermembrane dehydrated com- 
plexes was the driving force for fu~on. This hy- 
pothefis ~ supposed by observations concerning 
the dehydrating capaoties of Ca 2÷ and Mg 2+ [27] 
and the low hydration of phosphatidylethanola- 
mine [28], known to p romo~ fu~on [~5,~. Re- 
duction of the CaC12 threshold concen~afion in 
the polylysin~promoted fu~on system (taking into 
account the low background levd of polylysine-in- 
duced fu~on) in the presence of mannitol (Table 
I) suppo~s this d ~ m .  We cannot exclude the 
pos~bility that the effect of sugars arises f o m  
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thor  capacity to replace water on the bilayer [29] 
or f o m  the capaoty  of other poly~cohols to 
d e s t a b ~ e  the membrane by in~rc~at ing b~ween 
the phospholipid head group~ as sugges~d for 
~ycerM [2~. 

A much more pronounced effect was observed 
in the presence of sNt (Table I), resulting in a 
rather dramatic increase in the CaCI 2 threshNd 
concenuation. NaC1 was shown to have interfered 
with C ~ i n d u c e d  fuNon [25] but the effects were 
smaller and differences of 20-30 mM NaC1 were 
hardly noficeab~. If fuNon induced by 12-14 mM 
CaCI 2 could be Mmost completdy stopped by 25 
mM NaCI in the presence of mannitol, it follows 
that Na + was ab~ to successfully comp~e with 
Ca 2÷ on binding to the negativdy charged LUV. 
Ca 2÷ binds more tightly to aodic  veeries because 
of iU vNencN Nthough it is much more hydrated 
than Na ÷ [30]. Howevec upon the addition of 
mannitol or other non-decuolytes the ions be- 
come ~ss hydrated, probably as a result of a lower 
dialectic constant [29]. The flee energy barrie~ 
for binding [31], cf  Na ÷ becomes sm~l ~nough to 
f ao~ ta~  successful competition with C ~  ÷. Simi- 
~ d ~  the affinity of po~lysine for the addic ~e~ 
icle should increase with mannitol. As a conse- 
quenc~ and tog~her with a part i~ dehydration or 
destabilization of the membran~ this would lead 
to the induction of fu~on by pol~y~ne and other 
copolyme~ that could not do so in the absence of 
mannitol. 

The effect of monov~ent  cations on membrane 
fu~on has been thoroughly discu~ed ~ 2 5 3 ~ .  
On the one hand Na 2÷ neu~alizes surface charges 
of the veeries hence promoting vesicle aggrega- 
fien, but on the other hand it competes with Ca 2 ÷ 
on binding therefore redudng the fu~on p o ~n t i~  
as reflected in a smaller f ~  v~ue. Our kinetic 
an~ysis produced mamhing resul t :  lower ~ and 
higher C~ v~ues with 100 mM NaC1. 

We sugge~ an addit ion~ interpretatio~ As 
seen in Fig. 2, lhe vesicles incuba~d in the medium 
cont~ning s~t  fuse at a higher rate and to a 
greater ex~nt  lhan in medium without s~t  with 
sm~l (sub-optima) amounts cf polycation~ Since 
fu~on can occur even with ~ss than h ~ f  the 
v e r d e  charges n e u t e r e d  (charge ratio < 0.5), ag- 
gregation cannot take place unless the polycafions 
can bind ~multaneously to two ve~de~ Lampe et 
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al. [33] have shown that polyly~ne induced aggre- 
gation of ve~des when used at low concentra- 
tions. At higher concentrations of polylysine ag- 
gregation was inhibi~d, in contrast to human 
myelin ba~c protein, that did not exhibit inhibi- 
tion when app~ed in excess. The difference was 
at tf ibu~d to different modes of binding; poly- 
ly~ne binding to two ve~des ~multaneously 
(' ~ang)  whi~ human myelin ba~c p ro ton  bound 
to only one v e r d e  COg), aggregation bong  
achieved through proton-protein interactions. 

Such ' ~ a n g  binding as opposed to 'ds '  bind- 
in~ only to one ve~d~  can be favorab~ when 
binding of the polymer is weake~ Hammes and 
SchuHery [1] have reposed that the addition of 
s~t  to mixtures of addic ve~des and polylysine 
weakened thor  binding to the vesicles. The 
ly~n~based copolyme~, that have a lower charge 
den~ty to be~n with, induce more aggregation, 
i.e., show higher C~ v~ues, than polyly~ne of a 
~milar ~ze. This observation actually suggests 
that the effi~ency of polylysine is reduced due to 
excess charge. Furthermor~ the proncubation 
experiments (Fig. 6) reveMed a longer proncuba- 
tion interv~, during which fufion was enhanced 
and a weaker inhibitory effect at longer pron-  
cubation (t > 20 s), in the s~t-cont~ning medium. 
While in the Ca 2~induced fu~on [27] the ' t rang 
conformation is the driving force for fu~on per s~ 
it is the cause for the great aggregating po~n t i~  
in the polycation sy~em. 

We therefore enfisage two stages of the binding 
of the polymer to the v e r d e  (Fi~ 9): (1) fast 

"~ (~c~ _ _ 
,~  ,~,' ~ -  

~* ~ ~ ~ *  *~ L ~  ec - 

FI~  9. Phases of polycafion N n ~ n g  to n e g ~ y  charged 
LUV. When pNycafions ~ e  a d d ~  to negafiv~y ~ d  LUV 
( ~  they ~ r m  an i m m e ~ e  and a ~  ~ ~ N n ~ n g  
to the LUV ~ .  If more LUV a ~  added the resMt depends on 
the time ~apsed b~ween ~ e  ~ f i o n  of the p N y c ~ n s  and 
• e LUV ~ .  Sho~ prNneubafions ( < 20 s) resMt in c r o s ~ n -  
k i ~  ~ L U ~  ~ ~ p ~ ~  ( > ~ ~ ~ 
in c o m N ~ n  M N n d ~ g  m ~ e  ~ m e  LUV. 

binding cf a small ~action of the polymer which is 
closest to the v e r d e  surface and essentially tan- 
gent to it; and (2) ~ow binding of the rest of the 
polyme~ 'unwindin~ and adapting its por t ion  to 
the v e r d e  charges and curvature. The fact that 
a~er long proncubations (>  25 ~ fusion could 
still be initiated by the addition of more polyca- 
tions proved at the polycation~ added during 
proncubation, were no longer availab~ to form 
' t rang complexes with the labelled ve~des added 
after proncubation, rather than the vesicles 
becoming insusceptible to fusiom Fu~hermor~ 
the ~ck of substanfi~ inhibition at long prein- 
cubation times with excess polycations supports 
our claim. In this case each polymer cannot com- 
plete its binding to the same v e r d e  because of the 
competition with lhe other polymer molecules. As 
a consequence pan  of the molecule rem~ns ~ee to 
form '~ans '  complexes with addition~ ~e~des. 

Competition for binding to the same v e r d e  
may Mso be the reason for the requirement for 
polycations in excess (charge ratio > 1) in order to 
ob t~n  maxim~ fu~on rate and extent. In addition, 
the fact that during the formation of the ' trans'  
comple~ pa~ of the polymer molecule bridges 
between the ve~des rather than binds to one of 
them should be con~dered. It may ~so be attri- 
buted to the fact that only h ~ f  the pol~ysine 
charges are bound to the surface of the v e r d e  in a 
'~g  za~ manner [34]. The grea~r effi~ency of the 
copolymers is evident ~om the comparison with 
respect to the charge ratio. With h~f  the charge 
den~ty of polyly~n~ poly(Lys, Ala) 1 : 1 induces 
greater aggregation and fu~on when app~ed at 
the same concen~ation (i.e., at h~f  the charge 
ratio). On the other hand, short polyly~ne (3500) 
was far ~ss effective on a molar ba~s. The sm~l 
molecule can much ~ efficiently fcrm a stable 
' t rang  binding between two ve~des. In other 
word~ there is a minim~ ~ze, larger than 3500, 
that is required to promote v e r d e  aggregation at 
low polymer concentration. Similad~ polyly~ne 
(14 000; Table III) ~ more effective than longer or 
shor~r  spedes in promoting Ca ~ ~induced fusion 
of ~mflar LUV in solutions not cont~ning man- 
nitoL 

The effect of co p o ~m e~  on leakage was, as a 
rul~ larger than that of polyly~ne and was less 
influenced by excess copolymer. Klibansky et ~. 



[35] demons~ated that ba~c  copolymers were more 
effective than the co~esponding ba~c  polymer in 
destabilizing membranes,  ~s observed in thdr  
greater p o ~ n f i ~  to enhance digestion of phos- 
pholipids by phospholipases. Bach ~ ~.  [36] have 
r eposed  that the interaction of cationic po lyme~ 
with a~dic veeries  was tighter with the more 
hydrophob~ spedes, e.g., poly(Lys, P h i .  We ~so  
found p~y(Lys,  Ph~  to be the most effective in- 
ducer of f u ~ o ~  with an ~ v~ue  an order of 
magnitude larger than any of the other polyca- 
fions, but the resul~ could not be confirmed by 
the Tb-dipicolinic add  a ~ a y  due lo mas~ve 
~akage of contents. The combination of a mole- 
cule cont~ning positive charges and fipophil~ r ~  
fidues has been shown to be effident in indudng 
fu~on of aodic  veeries  [4,~3~. 

The observation that leakage induced by 
poly(Lys, Al& Glu, Ty 0 was lhe highest whi~ i~ 
fu~on potential was rather low sugge~s that fu- 
~on and ~akage are not nece~ar i~  interdepen- 
dent event~ i.e., leakage ~ not necessarily a conse- 
quence of fu~on. Poly(Lys, Ala, Glu, Ty 0 is diL 
ferent from the other copolymers ~so  in the way 
it promotes CaE%induced fu~on. The other copo- 
lymers show greater fusion po~ntial ,  due to thdr  
amphipathic nature, both with and without Ca 2÷. 
On the other hand, poly(Lys, AI~ Glu, TyO is 
e x ~ e m d y  effident  only wilh Ca ~+. We therefore 
suggest that this copolymer enhances fu~on by 
at~acting Ca e+ ions to the membrane with i~ 
glutamate re ,dues .  As a result of the higher Ca ~ + 
concen~ation near the bilayeL fu~on proceeds at 
a much faster rate. 

The u~e of mult iv~ent  anions to t i ~ a ~  polyca- 
tion charges d e m o n ~ r a ~ s  the pos~bility to con- 
~ol the ac tu~ ef~ctive concentration of the p d y -  
cation. The effects exe~ed by such low concentra- 
tions (up to 2.5 mM) cannot be a a r i b u ~ d  to 
changes in ionic s~ength. The ability of the mul- 
tN~ent  anions to enhance fu~on in the presence 
of excess polycations was rdated  to thor  ability to 
t i~ate polycation charge~ redudng its ef~ctive 
concen~ations thus allowing ' int imate '  contact 
between membranes followed by fu~on and 
leakage of conten~ as discussed above. The greater 
efficiency of P~  is a~fibuted to its grea~r  va- 
lency. 

In c o n d u ~ o ~  polycations induce aggregation 
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of verities by forming 'wan~  binding with two 
vefide~ In the presence of s~ t  the binding to the 
bilayer is weaker and the ' t r an~  formation is 
estab~shed more readily at low polycation con- 
centrations. This aggregation ~ followed by fufion 
if the reaction ~ carried out in a dehydrating 
medium cont~ning high concenwations of non- 
elecwolytes. The extent of fusion is greater if the 
polymer cont~ns  hydrophob~ refidues and its 
charge denfity is smaller. When the polycation is 
app~ed in excess, ' int imatC contact between the 
two bilayers is smaller and thus fufion occurs at 
~ower rates. Smaller charge denfity and hy- 
drophobicity ~so  affect Ca2+-induted fufion. 
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