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Summary 

Incubation of human erythrocytes  with either uranyl ions (UO] ÷) or rare 
earth metals (La 3÷, Nd 3÷, Sm 3÷, Eu 3+, Tb 3÷, Dy 3÷ and Yb 3÷) at 37°C for 30--45 
min resulted in the fusion of  erythrocytes.  Redistribution of  membrane- 
associated particles was observed using colloidal-iron charge labelling and freeze- 
fracture electron microscopy. The fusion of  erythrocytes  induced by these 
agents, unlike Ca 2÷, did not  exhibit the absolute requirement  for phosphate. 
Moreover, agglutination and fusion by these agents was observed in neura- 
minidase-treated erythrocytes  in contrast  to Ca 2÷- and phosphate-induced 
fusion. Inhibitors of  intrinsic transglutaminase activity partially inhibited (35-- 
45%) the fusion induced by UO~ ÷ suggesting that  cross-linking of  membrane 
proteins results in protein-free areas of  lipid where fusion may be initiated. 

The fusion of  membranes has been well recognized in a large number  of  in 
vivo cellular and subcellular processes such as mitosis, fertilization, phagocyto- 
sis, etc. Sendai virus has been used as a tool to induce cell fusion [1--5] by 
many investigators. However, a number  of  problems are inherent in the use of  
viruses to shed light on the molecular mechanism of  membrane fusion. Firstly, 
the active component  in the virus responsible for cell fusion has not  been iden- 
tified and therefore the potential of  a particular virus as a fusogenic agent can- 
not  be assayed [6]. Secondly, it has been observed that  the introduction of  
inactivated viruses can cause metabolic alterations in the cells and stimulate 
interferon production [7--9] despite complete elimination of  viral infectivity. 
Recently,  chemical agents such as lysophosphatidylcholine, retinol, dimethyl- 



412 

sulfoxide, poly(ethyleneglycol)  and the cationic ionophores have been used as 
fusogenic agents [10--14].  Studies of  Zakai et al. [12] and Baker and Kalra 
[14] have shown that human erythrocytes  can be induced to fuse in the pres- 
ence of  both phosphate and Ca 2÷. In these studies it was observed that pretreat- 
ment  of  cells with phosphate was absolutely essential for the fusion process 
induced by  Ca 2+. However, the molecular mechanism of cell fusion induced by 
Ca 2+ and phosphate is not  clear. 

Studies were undertaken to determine whether lanthanide cations and UO22+ 
which are isomorphic substitutes for Ca 2+ in some biological systems [ 15 ], and 
competit ive inhibitors of  mitochondrial  Ca 2+ binding and transport [ 16], affect 
the fusion process in human erythrocytes.  Moreover, the trivalent lanthanides 
can be used as probes for assessing coulombic interactions during the fusion 
process since they have very similar chemical properties and their ionic radii 
and free energies of  hydration vary in a graded sequential manner [17].  We 
report  that  the rare earth metals and UO22+ promote  the fusion of  human 
erythrocytes.  The fusion of  erythrocytes  by  these agents did not  require the 
presence of  phosphate as has been observed with Ca2÷-induced fusion of  human 
erythrocytes  [12,14].  

Blood was drawn in heparin from human volunteers and used on the same 
d a y o r  stored in acid/citrate/dextrose media for up to 1 week. It was washed 
three times with isotonic saline (pH 7.0, 300 mosM). A packed cell volume of 
0.1 ml was resuspended to 10% hematocri t  with different metal ions in isotonic 
saline. These cells agglutinated in a few minutes when uranyl acetate (5--10 
mM) or lanthanide cations (La 3+, Nd 3+, Sm a+, Eu 3+, Tb 3+, Dy 3÷, Yb 3+) (5--10 
mM) in saline were added. After 5 min at room temperature the cells were 
incubated at 37°C for varying periods of  time (10--60 min). Fusion was ob- 
served after 30 to 60 min at 37°C (Fig. 1) as observed by light microscopy and 
scanning electron microscopy. The fusion of  erythrocytes  induced by uranyl 
acetate (10 mM) and lanthanide ions (10 mM) did not  require the presence of  
phosphate as has been observed for Ca2+-induced fusion in human and chicken 
erythrocytes  [14,18].  It is pertinent to mention that, at low concentrations 
(0.25--0.75 mM) of uranyl acetate, agglutination was observed bu t  no fusion 
occurred. Table I shows the effect  of  various lanthanide ions and UO22+ on the 
agglutination and fusion of  erythrocytes.  Among the lanthanide ions, La a÷ and 
Yb 3÷ were the most  effective for promoting red cell membrane fusion. Nd 3÷, 
Sm 3÷, Dy 3÷ and Tb 3÷ were moderately effective in inducing fusion. However, 
no correlation was observed between ionic radii of  metal ions and the effi- 
ciency of  fusion. The fusion efficiency was greater with uranyl acetate than 
with La 3÷ and Yb a÷. Fusion induced by lanthanide ions occurred at both pH 
5.0 and 7.0. However,  uranyl acetate precipitated above pH 5.0. Therefore, all 
fusion studies with this ion were carried out  at pH 4.5--5.0. 

Since sialic acid residues of  glycoproteins of  erythrocytes  have been shown 
to play an important  role in the agglutination and cell fusion induced by  Ca 2÷ 
[18],  studies were undertaken to examine whether  neuraminidase t reatment  
affected the agglutination and fusion efficiency induced by  uranyl acetate. It 
was observed that neuraminidase t reatment  of  erythrocytes  did not  affect 
either the agglutination or fusion induced by  uranyl acetate as observed by 
phase contrast  microscopy.  



Fig. 1. H u m a n  e r y t h r o c y t e s  fused b y  u rany l  ace ta te  and  l a n t h a n u m  chlor ide .  E r y t h r o c y t e s  were  washed  
and  fused as desc r ibed  in the  legand to  Table  I. Phase con t ras t  m ic ro g rap h s  ( × 5 0 0 )  of  cells i n c u b a t e d  a t  
37°C for  30 rain: (A)  wi th  10 m M  urany l  ace ta te  in saline (pH 4.5,  300  mosM) ;  (B) wi th  l a n t h a n u m  chlo- 
r ide (10  raM) in saline (pH 5.0;  325 mos M )  showing  fusion.  Scanning e lec t ron  mic ro g rap h s  ( × 5 0 0 0 )  of ;  
(C) u n t r e a t e d  e r y t h r o c y t e s ;  (D) cells t r e a t e d  wi th  u rany l  ace ta te  (10  raM).  

T A B L E  I 

A G G L U T I N A T I O N  AND F U S I O N  OF H U M A N  E R Y T H R O C Y T E S  IN T H E  P R E S E N C E  OF L A N T H A °  

NIDES A N D  UO~ + 

Fresh h u m a n  b lood  s to red  up  to 1 w e e k  in a c id / c i t r a t e / de x t ro se  was  washed  th ree  t imes  wi th  10 t imes  its 
v o l u m e  in isotonic  saline. A Packed  cell v o l u m e  of  0.1 ml  was r e su sp en d ed  to a 10% h e m a t o c r i t  w i th  the  
ind ica ted  m e t a l  ion  (10  raM) in isotonic  saline. Extens ive  agg lu t ina t ion  was  observed  in all samples  excep t  
Ca2+-treated cells. A f t e r  gent ly  vo r t ex ing  each set,  an  a l iquot  of  20  #1 was  t aken  f r o m  each  sample  and  
e x a m i n e d  u n d e r  the  phase con t r a s t  m i c r o s c o p e  for  agglu t ina t ion  a n d  t h e n  the  slides were  sealed an d  incu- 
b a t e d  in an  oven  a t  3 7 - - 4 0 ° C  for  30 - -40  rain.  The  r e ma in in g  sample  was i n c u b a t e d  in a w a t e r  ba th  at  
37°C  for  60 rain. Agg lu t ina t ion  and  fusion were  e s t ima t e d  by  phase  con t r a s t  m i c r o s c o p y .  Agglu t ina t ion :  
+, c l u m p s  of  5 - -10  cells; ++, c lumps  of  10 - -25  cells; ++++, c lumps  of  m o r e  t han  1 0 0  cells. Fusion:  ±, one  
fused  ceil in every  30 fields; +, one  fused cell in every  20 fields; ++, one  fused  cell in every  10 fields; +++, 
one  fused  cell in each  field; ++++, m o r e  t han  two  fused  cells in each  field (×200) .  

I on  Ionic  radii  * Agg lu t ina t ion  Fus ion  
(A) 

La 3+ 1 .016 ++++ ++ 

Nd 3+ 0 .995  ++++ + 

C a  2+ 0 . 9 9 0  - -  - -  

UO~ + 0 .97  ++++ ++++ 

Sm 3+ 0.964 ++++ ± 

Eu 3+ 0.950 ++++ + 

Tb 3+ 0.923 ++++ + 

Dy 3+ 0.908 ++++ + 

Yb 3+ 0 .858  ++++ ++ 

* CRC H a n d b o o k  of Che mis t ry  and  Physics,  54 th  edn. ,  p. F1 9 4 ,  1974 .  



4 1 4  

Studies have established that one of  the common steps in fusion by various 
agents is an aggregation of  membrane-associated proteins [19] in the fusing 
membranes. As shown in Fig. 2, aggregation of  these particles, as determined 

Fig.  2. E l ec t ron  m i c r o g r a p h s  of  h u m a n  e r y t h r o c y t e  m e m b r a n e  label led w i t h  col loidal  i ron  h y d r o x i d e  
b e f o r e  and  a f t e r  u r a n y l  a ce t a t e  t r e a t m e n t .  Washed  h u m a n  e r y t h r o c y t e s  were  r e s u s p e n d e d  to  a 20% h e m a -  
t oc r i t  in  i so ton i c  saline.  One  d r o p  o f  th is  s u s p e n s i o n  was  h e m o l y s e d  on  an  a i r / w a t e r  i n t e r f ace .  A f t e r  s tand-  
Lug fo r  15 m i n ,  t he  m e m b r a n e s  were  p i c k e d  up  on  a 2 0 0  m e s h  fo r rnva r -coa ted  c o p p e r  grid and  i m m e d i -  
a te ly  f loa ted  fo r  30 ra in  on  a d r o p  o f  10 m M  u r a n y l  ace ta te / sa l ine .  The  c on t ro l  was  f loa ted  on  i so ton ic  
saline.  Bo th  sets  were  i n c u b a t e d  fo r  20  m i n  at  3 7 ° C  in an oven .  The  m e m b r a n e s  were  t h e n  f i xed  b y  f loat-  
ing on  2% g l u t a r a l d e h y d e  in p h o s p h a t e - b u f f e r e d  saline (pH 7.4 ,  300  m o s M )  fo r  10 ra in ,  w a s h e d  in redis-  
t i l led w a t e r  and  f loa ted  on  5% b o v i n e  s e r u m  a l b u m i n  for  1 ra in  b e f o r e  s t a in ing  w i t h  col lo idal  i ron  h y d r o x -  
ide  fo r  4 m i n  [ 2 0 ] .  The  gr ids  were  w a s h e d  w i t h  dist i l led wa te r ,  a i r -dr ied and  e x a m i n e d  w i t h  a Phil ips  300  
e l ec t ron  m i c r o s c o p e .  A s h o w s  a typ ica l  r a n d o m  d i s t r i bu t i on  o f  t he  charge  label  on  c on t ro l  cells w h e r e a s  
B s h o w s  a g g r e g a t i o n  o f  m e m b r a n e - a s s o c i a t e d  p r o t e i n  i n d u c e d  by  u r a n y l  ace ta t e .  
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by colloidal-iron charge labelling [20], was observed in erythrocyte ghosts 
which were treated with uranyl acetate. Freeze-fracture studies also revealed 
membrane-associated protein aggregation (data not shown). The aggregation of 
membrane-associated proteins could be due to either the removal of spectrin or 
cleavage of spectrin-actin complex as. has been suggested by Elgsaeter et al. 
[19]. Studies of Lalazer and Loyter [21] and Sekiguchi and Asano [22] have 
shown that fusion of human erythrocytes induced by Sendai virus was inhibited 
by antibody to spectrin suggesting that membrane cytoskeleton structure was 
involved in the membrane fusion process. It has been shown that increased 
levels of Ca 2÷ cause protein cross-linking by activation of an intrinsic trans- 
glutaminase [23]. 

When histamine and cystamine (10 mM), known inhibitors of Ca2+-induced 
transglutaminase activity in erythrocyte ghosts [23], were added 10--15 min 
prior to the initiation of fusion by uranyl acetate, the fusion capacity in eryth- 
rocytes decreased by 30--45%. This was ascertained by measuring the number 
of cells taking part in fusion over a given area of slide-coverslip preparation for 
both control and cystamine-treated cells. Thus, intrinsic transgiutaminase may 
be involved in the cross-linking of membrane proteins resulting in protein-free 
areas of lipid where fusion may be initiated. 

Studies have shown that UO~ ÷ can open salt bridges [24] at the interface of 
a lecithin monolayer by bringing about condensation of the monolayer and 
hence, greater hydrophobic interactions between the alkyl chains of the leci- 
thin molecules. Whether UO~ ÷ initiates fusion at protein-free areas of phospho- 
lipids due to either the condensation of phospholipids in the outer leaflet of 
the bilayer or by production of fusogenic lipids such as 1,2<liacylglycerol [25] 
which may affect the organization of both the acyl chains and the polar head 
groups of phospholipids in the membrane is not clear at the present time. 

This work was supported by NIH Grant HL-15162 and GM-26013. S.M. is a 
National Scholar, Ministry of Education, Government of India. The authors 
wish to express their appreciation to Dr. Eugene Roberts for his suggestion of 
the use of uranyl acetate in these experiments. 
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