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ION B1li:JL)ING TO T;I.kil!URANE SU3PRCES 

KLAUS GAI'MISCI?, KCNNIE TIiUNICII, UTA SCHULZE 
Department of Physics, Karl Marx University,  
Linnestr .  5 ,  Leipzig,  DDR 7010 

KLAUS ARNOLD 
I n s t i t u t e  of Biophysics, Karl 29arx University,  
Liebigstr .  27, Leipzig, DDR 7010 

Abstract  
't;o phospholipid b i layers  was inves t iga ted  i n  
the  resence of poly(ethy1ene g lycol )  (I/?!/ 400 
and ). 30 wt.8 'PEG' i n  water increased 
the prg9 concentration a t  the surface of uni- 
lamellar  ves i c l e s  by a f a c t o r  of about three.  
Qual i ta t ive s i r n i l q  r e s u l t s  were obtained f o r  
the binding of Ca" ions t o  l i p i d  phosphate 
groups i n  mult i lamcllar  liposomes. There i s  
s t rong evidence t o  assume that increased ion  
binding i s  a general  fea ture  of ac t ion  of PEG 
water so lu t ions  on membranes. 

The binding of Pr3+ and Ca2+ ions 

INTRODUCTION 

PEG+ i s  i i  commonly used synthe t ic  go l jmer  f o r  in -  
duction of c e l l  fusion of d i f f e ren t  c e l l  l i n e s .  
Prom experiments on phospholipid model membranes 
ae obtained evidence t h a t  the s t rong lowering of  
water a c t i v i t y  a f t e r  addi t ion  of  1"SG t o  so lu t ion  
together with reduced s o l u b i l i t y  of PEG molecules 
i n  the water layer  near  the membrane surface a r e  

+PEG - poly( e thylene glycol)  
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334 K. GAWRISCH el ui. 

respons ib le  f o r  t h e  PZG induced aggrega t ion  of 
c e l l s . '  9 2  Afte r  aggrega t ion  t h e  b i l a y e r s  of oppo- 
s i n g  c e l l s  have t o  ge t  d e s t a b i l i z e d  f o r  fus ion .  
The formation of nonlamellnr l i p i d  phases could 
be an i n d i c a t o r  f o r  b i l a y e r  d e s t a b i l i z a t i o n  pro- 
cesses .  I n  some cases  b i l a y e r  d e s t a b i l i z a t i o n  may 
be dr iven  by membrane dehydration. Ilernbranolyt i c  
compounds as a d d i t i v e s  and i m p u r i t i e s  i n  c o m e r -  
cia1 grade PEG's a l s o  d e s t a b i l i z e  b i l a y e r s .  

It is  we l l  known t h a t  i n c r e a s i n g  concentra- 
t i o n s  of d i -  and t r i v a l e n t  i o n s  may induce non- 
b i l a y e r  phases i n  d i f f e r e n t  l i p i d  r n i x t ~ r e s . ~  I n  
the  present paper we give experimental  evidence 
f o r  a t h i r d  mechanism of membrane d e s t a b i l i z a t i o n  
i n  t h e  presence of PEG, the s t r o n g e r  binding of 
i o n s  t o  membrane surPaces . 

4 

IIATEIIIALS Nu'D TiSTIIGDS 

A t o t a l  c g z  phospholipid f r a t i o n  was u s e d  i n  t h c  
experiments. The composition vms checked by h igh  
r e s o l u t i o n  3 1 1 1  I E R  and I P T L C  p l a t e s  (Iierck),  The 
molar  r a t i o  of p h o s p h ~ t i d y l c h o l i n e  t o  phosphati-  
d j l e t h a n o l m i n e  was 3 . 2  : 1.  Pur t l ie r  t r a c e  amo- 
unt  s of sphingomyelin, phosphat i d y l i n o s i t  01, l y -  
s 0 p ho s p ha. t i dg 1 c h o l  i n c  , 1; B 0 i J  ho S pha t id j r  1 e t han 01 - 
amine and n e u t r a l  l i p i d s ,  a l t o g e t h e r  about 5 mo145, 
were de tec ted .  

3'1 X,;I i n v e s t i g a t i o n s  were performed on a 
J3mIter :M-90 spec t rometer  a t  36.4 ;Jz equipped 
with f a c i l i t i e s  €or  s t r o n g  '€1 no i se  decoui)ling. 

Unilnmellar v e s i c l e s  were puoparcd by u l t r a -  
s o n i c a t i o n  ol a l i p i d  d i s p e r s i o n  i n  heavy water ,  
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INFLUENCE OF PEG ON ION BINDING 335 

c o n t a i n i n g  5 wt .:A phospho l ip ids .  h l t e r  s o n i c a t i o i i  
10 ~1 of a 0,1 :\: Yr(li03)3 s o l u t i o n  were added t o  
1 n i l  of sonicateed l i p i d  d i s p e r s i o n .  Liquid  PSG 
400 (Se rva )  was added under con t inous  s t i r r i n g  OP 
t h e  d i s p e r s i o n .  

: ; u l t i l : m e l l a r  l iposomes were p repa red  by ad- 
d i t i o n  of 100 mg of iz H2G/CaC12 s o l u t i o i i  t o  100 

itig of d r y  phospho l ip id  Ijaiiples were hotnogenizcd 
by c e n t r i f u g a t i o n  back and foreward i n  s e a l e d  
sample t u b e s  f i l l e d  with n i t r o g e n  t o  p reven t  li- 
p i d  pe rox ida t ion .  After 3 first  31P Pl'T,I€? i n v e s t i -  
g a t i o n  t h e  samples  were opened and 1 nl of a 60 

2 wt.% PEG 6000 ( S e r v a > /  H20 s o l u t i o n  was added. 
A l l  p r e p a r a t i o n  procedures  and ineasurements 

were performed a t  about  25°C. 

2 

Binding  of Pr3' i o n s  
If t h e  diaffieter OS un i l a ine l l a r  ves ic les  i s  smal- 
ler than 100 m the a n i s o t r o p y  of chemical  s h i P t  
and 31P - '11 d i p o l e  d i p o l e  i n t e r a c t i o n s  are ave- 
raged out.  S l i g h t l y  broadened i s o t r o p i c  31p IXJR 
resonance  Lines  a r e  observed.  l i f t e r  a d d i t i o n  of  
Pr3' i o n s  t o  t h e  d i s p e r s i o n  t h e  s i g n a l  of l i p i d  
phosphate  groups of t h e  o u t e r  l a y e r  i s  s h i f t e d  t o  
lower f i e l d  s t r e n g t h  n h i l e  the phosphate  s i g n a l  
of t h e  i n n e r  l a y e r  remains at t h e  p rev ious  pos i -  

3+ Lion if the v e o i c l c s  are nonperrneable f o r  Pr . 
The d i f f e r e n c e  of cherilical. s h i f t s  o€ phosphate  
s i g n a l s  of t h e  i n n e r  and o u t e r  l a y e r s  i s  d i r e c t l y  
proportional t o  t he  c o n c e n t r a t i o n  of Pr3+ ions a t  
t h e  v e s i c l e  surface.6 From t h e  d i f f e r e n c e  i n  a re-  
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336 K. GAWRISCH er al. 

as of phosphate peaks an average ves i c l e  diameter 
of 50 nm was calculated.  

PIGU~U I .  3 ' ~  T:XR spectrum of a dispers ion of 
unilamellar egg phospholipid ves i c l e s  (5  wt .:; 
i n  21120) a f t e r  addi t ion of 50 pl 0.1 ii; Pr(N03)3 
so lu t ion  to 1 ml dispersion.  

with increas inz  concentrtltions of  P2G 400 i n  so- 
l u t i o n  the d i f  ference of chemical s h i f t s  increa- 
sed ,  A t  30 P i t . ; ;  PEG i n  water the Pr3+ concentra- 
t i o n  a t  the ves ic le  surface increased by n fac- 
t o r  of about  three.  Around a concentration of 
2 0  wt.;: PEG massive ves i c l e  f u s i o n  s ta r t s  and the 
in t ens i ty  of resonance s igna ls  decreased. At con- 
cent ra t ions  higher than 30 wt .$b  PEG most of the  
ves ic les  fused .  There was no ind ica t ion  tha t  b i -  
layers became periueable f o r  Pr3+ ions a f t e r  ad- 
d i t i o n  of PEG. 

Binding of Ca2+ ions 
Ca2+ i o n  binding t o  l i p i d  bi layera  i s  of more 
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INFLUENCE OF PEG ON ION BINDING 

b i o l o g i c a l  relevance than  Pr3+ binding. 

337 

I- I I t 

10 20 30 wto/oPEG 

PILGUXE 2. Difference of chemical o h i f t s  be t -  
ween phosphate Tii,ili s i g n a l s  of l i p i d s  i n  t h e  
i n n e r  and ou te r  l a y e r  i n  dependence on PEG con- 
c e n t r a t i o n .  Sam2le: 1 r n l  v e s i c l e  d i s p e r s i o n  + 

PIGURG 3 .  3 ' ~  IXR spec t r a  o r  rnultilamellar egg 
phospholipid d i s p e r s i o n s  w i t h  ( a )  and without 
(b) C a C 1 2 .  
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338 K GAWRTSCH d ul 

Unfortunately i t  i s  more d i f f i c u l t  t o  detect  Ca2+ 
binding, bectzwe Ca2+ ions  influence the anisotro-  
I),{ oT ch.e:nical s h i f t  of l i p i d  phosphate groups 
only and not the i s o t ~ ~ o p i c  chemical s h i f t  as i n  
the  case of Pr3+ ions. There€ore the experiments 
had t o  be performed with big inult i lamellar l i p o -  
z o m s .  The an iso t ropies  of chemical s h i f t  a re  n o t  
averaged o u t  f o r  l i p o s o m e s  with diameters i n  the 
pi range. 

AG,f  f 
C P P 4  

- 52  

- 50 

- 4 8  

- 46 

Z'IIGUHli: 4.  +Inisotropy of chemical s h i f t  of  LjhoS- 
IJhatidylcholine 3'p PSrAi signal i n  dependence 
on C a C l 2  concentration. 
o without PXG 
0 1 r n l  Go wt.$ PEG 6000 so lu t ion  added 

Tlic 31P N;.:R lineshape i s  a superposit ion of the 
spec trwn of Fhovphatidylcholine ( A G ~ ~ ~  L- -46 ppm) 
and of ~ h o s ~ ~ h 3 t i d y l e t h a n o l a i n o  (AGeu = -33 ppm) . 
+A%L[ - e f fec t ive  anisotropy of chemical s h i f t  
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INFLUENCE OF PEG ON ION BINDING 339 

If the d i s p e r s i o n s  con ta in  i n c r e a s i n g  CaC12 con- 
c e n t r a t i o n s  t h e  a n i s o t r o p i e s  of chemical s h i f t  
of both components i nc rease .  The reason  f o r  t h i s  
i n c r e a s e  i s  a s t r u c t u r a l  change a t  tho  l e v e l  of 
po la r  groups. 

I n  a previous paper' we showed t h a t  PEG a lone  
has no s i g n i f i c a n t  i n f l u e n c e  o n A 6 & .  Ciiariges i n  
LGqf a r e  r e l a t e d  t o  t h e  al,lount of CaLf i o n s  
bound t o  phosphate ~ r o u p s .  I n  t h e  concen t r a t ion  
range between 0.1 1:; and 1.5 1,: C a C 1 2  A 6 q f  vaLues 
i n  t h e  presence of PEG correspond L O  higher  CaC12 
concen t r a t ions  than v r i  t l iout PEG. 

7 

'> 

u I s cu 3 s I ora 
The concen t r a t ion  o f  ne;:atively charGed phospho- 
l i p i d s  i n  t h e  egi; y o l k  yhosl>holi , id f r a c t i o n  i s  
r a t h e r  low. The e l e c t r o p h o r e t i c a l  mob i l i t y  O F  mul- 
t i l a m e l l a r  liposomes vm.8 coniparable t o  t h a t  of 
e g g  j o l k  l e c i t h i n  liposomes. 2herei'orc t h e  ob- 
t a i n e d  r e s u l t s  rerlclct the belizi.viour of a mixtu- 
re ol" z n i t t e r i o n i c  l i p i d s .  I'%G i n  concen t r a t ions  
used t o  induce f u s i o n  of c e l l s  i n c r e a s e s  t h e  EUT- 

f a c e  concen t r a t ion  of 
a f a x t o r  of tmo o r  t h r e e .  Of coume t h e  i o n  con- 
c e n t r a t i o n ,  e s p e c i a l l y  tile ca2+ concen t r a t ion  i n  
our experiments seeren t o  be u n r e n l i s t i c a l l y  high. 
These h igh  concen t r a t ions  were necessary  t o  ob- 
t a i n  ;I :zeaaurable in f luence  02 i o n s  on phosphate 
T;I.JI s i g n a l s .  It i s  well known that i o n  Lindinz 
t o  rnembrane su r face  g e t s  s a t u r a t e d  w i t h  i nc rea -  
s i n g  i o n  c ~ n c e n t r n t i o n . ~  '!'his behaviour i s  a l s o  
r e I l e c t e d  i n  Figure 4. .,"e have therejlore eviden- 

and Ca2+ at  l e a s t  by 
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340 K .  GAWRISCH el a1 

ce that a f t e r  addi t ion  of PEG the r e l a t i v e  incre- 
ase of bound ions a t  lower ion  concentrations i n  
so lu t ion  i s  s imi la r  or even higher. 

t u r e  of ac t ion  of PZG water solut iona on membra: 
nes. It could explain syne rg i s t i c  e f f e c t s  of PEG 
and Ca2+ ions  i n  the fusion of phosphatidylserine 
containing ves i c l e s  .8 Physical reasons f o r  increa- 
sed ion binding could be the decrease of dielec-  
t r i c  constant of water a f t e r  PEG addi t ion  as 
well  as a reduced s o l u b i l i t y  of ions i n  t h e  water 
which has contact t o  PEG. 

t i o n  f o r  a permeation of Pr3+ ions  through b i -  
l ayers  i n  the presence of PEG. However t h i s  con- 
c lusion is  va l id  f o r  low PSG concentrations and 
unfused ves i c l e s  cnly. I f  the inemixranes would 
contain ion  channels d r a s t i c  increases  i n  surPaco 
concentrations of ions could increase permeation 
r a t e s  of ions.  

I n  any way, our €inding has st rong consequen- 
ces  f o r  the mechanism of P K G  induced membrane 
fusion. At higher Ca2+ concentrations severa l  li- 
p i d s  form hexaGona1 
duce i n s t a b i l i t i e s  of the lamellar phase &ate of 
l i p i d s  uhich cou ld  be r e l a t ed  t o  fu r the r  s t eps  o f  
membrane fusion a f t e r  c e l l  aggregation. 

Increased ion binding c o u l d  be a general  fea- 

9 

Prom our  experiments we obtained no indica- 

Lon binding may in-  

1 .  K. Arnold, I,. Pratsch and li. Gawrisch, a- 
chim. Giophys.  Jjcta, - 728, 121 ( 1 9 8 3 )  
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