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Fusion of bovine and goat erythrocytes was studied using the phosphate-calcium protocol. Both bovine and 
goat red cells are resistant to fusion with phosphate and calcium, under conditions that promote fusion of 
normal human erythrocytes. Fusion resistance is not related to decreased (5%) membrane deformability of 
erythrocytes of these species, since chicken erythrocytes which are 40% less deformable than human 
erythrocytes undergo fusion with efficiency similar to human red blood cells. Incorporation of either 
phosphatidylcholine or phosphatidylserine into bovine erythrocytes mediated by lipid exchange / t r ans fe r  
protein, caused fusion of these erythrocytes. Fluorescence analysis of merocyanine 540 dye labeled 
erythrocytes, by flow cytometry, showed that the frequency of cells which exhibit dye binding was much less 
(35%) in dimyristoylphosphatidylcholine (DMPC) incorporated compared to untreated bovine erythrocytes 
(80%), indicating that incorporation of D M P C  caused closed packing of iipids in the external leaflet of the 
bilayer. These studies show that fusion of bovine erythrocytes, mediated by phosphate and calcium, has a 
requirement for either specific phospholipids such as phosphatidylcholine, phosphatidyiserine, or closed 
packing of lipids in the external leaflet of the bilayer. 

Introduction 

The fusion of cellular plasma membranes is an 
essential step in a variety of biologically important 

Abbrevtatlons DMPC, dlmynstoylphosphatldylchohne, 
DMPS, &mynstoylphosphaadylsenne, DMPE, &mynstoyl- 
phosphaudylethanolamlne, PC, phosphatldylchohne, PE, 
phosphatldylethanolarmne, PS, phosphatldylsenne, PI, phos- 
phatldyhnosltol, Hepes, 4-(2-hydroxyethyl)-l-plperazaneeth- 
anesulfonlc acid 

Correspondence: V.K Kalra, Department of Biochermstry, 
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processes, such as mitosis, phagocytosis, fertiliza- 
tion, exocytosis and endocytosjs. The fusion in 
vitro can be experimentally induced by treatment 
with viruses, chemicals or by an electric field 
[1-3]. Numerous studies have revealed the role of 
specific surface proteins m the virus-induced fu- 
sion process [3-7]. However, relatively little is 
known of the biochemical and biophysical events 
revolved in the membrane fusion process. During 
the past few years we and others [8-10] have 
studied the fusion of human red blood cells by the 
combined action of phosphate and calcium. The 
order of addition is critical since calcium followed 
by phosphate is ineffective, as is addition of a 
prermxture of phosphate and calcmm. Studies also 
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showed that some of the rare-earth metals could 
substitute for calcium m the fusion of human red 
blood cells [10]. It has been observed that the 
fusogens cause aggregation of membrane-associ- 
ated proteins and xt is thought that fusmn is 
initiated in the protein-free areas of liplds, where 
cells are m close juxtaposmon to each other. 

Since phospholiplds are asymmetrically distrib- 
uted m normal human red blood cells and these 
cells undergo fusion, we sought to determine 
whether altered organlzatmn and composition of 
membrane phosphollplds would affect the fusion 
process, mediated by phosphate and calcium The 
results presented in this study show that bovine 
and goat erythrocytes, which lack phosphati- 
dylchohne m their membranes, were resistant to 
fusion. Addition of phosphatldylchollne into 
bovine erythrocyte membranes medmted by phos- 
phatldylchohne exchange protein renders them 
fusible. Moreover, studies reveal that the mcorpo- 
rat ion of phosphat idylchol ine  into bovine 
erythrocyte membranes results in closed packing 
of hpids in the external leaflet of the bilayer, as 
determined by steady-state fluorescence and flow 
cytofluorography of merocyanlne 540 dye-labeled 
ghosts and intact red blood cells, respectively. 

Part of this work was presented at Xlth Inter- 
national Symposium on Structure and function of 
erythroid cells, August 31-September 3, 1986, 
Berlin, Germany. 

Experimental Procedures 

Merocyanine 540 was obtained from Molecular 
Probes, Junction City, OR; phosphatidlc acid, 
cholesterol, DMPC, DMPS, DMPE, phospholi- 
pase A 2 and dlplcolinic acid were obtained from 
Sigma. Terbium chloride was purchased from al- 
drich Chemicals (Milwaukee, WI). Silica gel TLC 
plates were obtained from J.T. Baker Chemical 
Co., N J, U.S.A. All other reagents were of reagent 
or AR quality. 

Red blood cells and ghost preparation. Human 
blood in heparlnlzed tubes was obtamed from 
normal individuals. Fresh bovine blood was col- 
lected into ac id /c i t r a t e /dex t rose  at the slaughter 
house (Globe Meat Packing Co., Vernon, CA). 
Goat  and chicken blood was obtained by venl- 
puncture and collected in Alsevers media (7 5 g/1 

NaC1, 20 g/1 D-glucose and 7.5 g/1 sodium citrate) 
(Mission Laboratory Supply, Rosemead, CA). The 
blood was washed three times in phosphate- 
buffered saline (145 mM NaC1 and 10 mM sodium 
phosphate buffer (pH 7.4)) by centrifugatlon at 
800 × g for 10 rain. The buffy coat was removed 
by aspiration after each centrlfugation. Erythro- 
cyte ghost membranes were prepared using 40 vol 
of 5 mM phosphate buffer (pH 8.0) as hemolyzang 
buffer. This procedure was repeated three times 
with 40 vol. of 5 mM phosphate buffer (pH 8). 
The ghosts were sealed m this buffer containing 1 
mM MgSO 4 at 37°C as described [11]. 

Assay of red blood cell fusion The fusion of red 
blood cells by phosphate and calcium was moni- 
tored by phase contrast microscopy, as described 
earlier by Baker and Kalra [9] and Majumdar et 
al. [10]. Briefly, red blood cells were washed three 
times in isotonic NaC1 (300 mosM, pH 7 0) and 
resuspended in 40 mM phosphate-buffered saline 
(33 mM Na ~HPO4/7 mM KH2PO4/90  mM NaC1 
(pH 7.4), 300 mosM) to a 10% hematocrlt After 
10 mln at room temperature the cells were centri- 
fuged at 300 × g for 5 mln and the supernatant 
was discarded. To the pellet, 20 mM CaC12 m 
Hepes-buffered saline (16 mM Hepes and 142 
mM NaC1 (pH 7.0), 300 mosM) was added to give 
a 10% hematocrit. After 10 mln at room tempera- 
ture, the cell suspension was incubated at 37°C 
for various lengths of time. An aliquot was 
withdrawn at various time intervals and examined 
by phase contrast microscopy [10]. 

Measurement of ghost fuswn by fluorescence as- 
say The fluorescence of the Tb-diplcollnic acid 
complex was measured by mixing equal amounts 
(40-60 g p ro t e in /2  ml) of terbmm-containing and 
diplcolinlc acid-containing ghosts in the recon- 
Stltution buffer, along with 0 1 mM EDTA, in a 
cuvette at 30 ° C, essentially according to the pro- 
cedure of Hoekstra et al. [12] 

Membrane deformablh O' assm, The membrane 
deformability of red blood cells was measured by 
a Nuclepore aspiration technique [13]. Briefly, red 
blood cells were aspirated into the pores of a 
Nuclepore filter (pore diameter 0.6 ~tm, Nuclepore 
Corporation, Pleasanton, CA) by hydrostatic pres- 
sure followed by glutaraldehyde fixation and ex- 
amination by scanning electron microscopy. The 
average ratio, length/ radius  ( L / r ) ,  of pressure- 



induced pseudopods was determined on approx. 
30 cells per sample to calculate membrane defor- 
mability. 

Composition and ortentatton of phospholiptds 
Llplds were extracted from washed erythrocytes 
using chloroform and isopropanol by the method 
of Rose and Oklander [14]. Phospholipid orienta- 
tion was determined utilizing bee venom phos- 
pholipase A 2 (Sigma) as described [15]. Briefly, 
washed erythrocytes (0.5 ml packed cells) sus- 
pended in 5 vol of glycylglycine buffer [15] were 
treated with phosphohpase A 2 (40 I U / 5  ml) for 3 
h at 37°C.  The reaction was terminated by the 
addition of EDTA (5 mM). 

The extent of hemolysis caused by phosphoh- 
pase treatment was ascertained by comparing the 
hemoglobin content of the supernatant to that of 
a 100% hemolyzed control. The liplds were ex- 
tracted and quantified by two-dimensional TLC 
on silica gel G plates using CHC13 /CH3OH / 
H O A c / H 2 0  (50 : 25 : 8 : 4, v /v )  m the first direc- 
tion and C H C I 3 / C H 3 O H / H 2 0  (5 : 10 : 1, v / v )  in 
the second direction as described earlier [15]. The 
phosphollplds were also separated by one-dimen- 
sional TLC on SdlCa gel G plates utdizang chloro- 
f o r m / m e t h a n o l / f o r m i c  acid ( 6 5 : 2 5 ' 5 ,  v / v )  
solvent system [16] whereto one can separate PE 
and PS easily. The extent of phosphollpid de- 
gradation in phosphohpase-treated cells was ascer- 
tained by calculating the decrease m the ratio of 
unhydrolized phosphohpid to sphingomyelin. 
Phospholipase A z employed m these studies does 
not hydrolyze sphingomyehn. The phosphollpld 
phosphorus in individual lipid spots was de- 
termined after HC104 digestion [17]. 

Phosphattdylchohne-transfer protem and non- 
specific phosphohptd-transfer protein. The phos- 
phatldylcholine (PC) transfer protein was isolated 
from bovine hver and purified essentially by the 
procedure of Westerman et al [18]. The non- 
specific lipid-transfer protein was purified from 
bovine hver following the method of Bloj and 
Zilversmit [19]. The hpid transfer proteins were 
stored m 50% glycerol at - 2 0 ° C  Before use, the 
glycerol was removed by overnight dmlysls against 
5 mM phosphate buffer containing 10 mM fl- 
mercaptoethanol. 

Preparation of phosphohptd vesicles Phosphoh- 
pid vesicles were prepared containing phosphatl- 
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dylchohne, cholesterol and phosphatldic acid 
(47 :47 :6 ,  mo l /mo l )  as described earlier [20]. 
Where indicated, phosphatidylcholine was re- 
placed by equimolar amount  of phosphatl- 
dylserlne or phosphatldylethanolarmne for the 
preparation of PS or PE liposomes. The lipids m 
chloroform were dried under reduced pressure to a 
ttun film in a 15 ml Corex tube. 2 ml of 10 mM 
Tris buffer (pH 7.4) containing 150 mM NaC1, 25 
mM glucose, 1 mM EDTA and 3 mM NaN 3 were 
added and the contents somcated for 15-20 min 
in a Bransonic 220 Sonifier bath (125 watts) above 
the phase transition temperature. The vesicles were 
then centrifuged at 20000 × g for 20 min to re- 
move hpid aggregates. 

Incubatton of erythrocytes with exchange protem. 
5 ml of bovine or goat erythrocytes (10% hema- 
tocrit m normal sahne) were incubated w~th 0.5 ml 
of hposomes (5 /~mol of phospholipid) m the 
presence or absence of exchange protein (120-150 
/~g protein), in a 15-ml Corex tube. The contents 
were shaken at 20 rpm on a Specl-mlx (Thermo- 
lyn-Sybron) for 2 h at room temperature. The 
sample was centrifuged at 500 × g for 10 mm and 
washed three times with ice-cold phosphate-buf- 
fered sahne to remove adhering liposomes. 

Measurement of merocvanme 540 labehng to hu- 
man and bovine erythrocyte ghosts and cytofluo- 
rography. The blndmg of merocyanine to the 
erythrocyte ghosts was done according to the pro- 
cedure of McEvoy et al. [21]. Ghosts (500 /~g 
p ro te in /ml )  were incubated with the dye (5 
t~g/ml) in 200 mM Tris-acetate buffer (pH 8.1), 
containing 100 mM NaC1 and 0.2 mM EDTA in a 
total volume of 2 ml. After washing the unbound 
dye from the incubation medium, the fluorescence 
was measured in a Perkin Elmer MPF-4 Spectro- 
fluorometer at 25 ° C, with excitation and enusslon 
wavelengths set at 570 and 590 rim. 

For flow cytometric analysis washed bovine 
erythrocytes (5 • 1 0  6 cel ls /ml)  were suspended m 
phosphate-buffered saline containing 0.1% bovine 
serum albumin. The merocyanine dye was added 
to a final concentration of 5 ~ g / m l  and mcubated 
for 4 min at room temperature. After washing 
three times with phosphate-buffered sa l ine/bovine  
serum albumin the cells were resuspended at 0.5% 
hematocrit in the same buffer. Flow cytometry 
was performed on a cytofluorograph 50H (Ortho 
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Diagnostic, Rantan, N J). The cell sorter was 
eqmpped with an argon ion laser, operated at 400 
mW. The relative fluorescence intensities were re- 
corded by using excitation BP 545/20 and enus- 
slon LP > 580 filters. The percentage of cells which 
exhibited fluorescence intensity above background 
was determined by FACS interface computer in- 
tegration [22] 

Phase contrast and scannmg electron mtcroscopy. 
Fusion of red blood cells was monitored in shde- 
cover slip preparations which were photographed 
using phase contrast microscopy. Gutaraldehyde- 
fixed cells were prepared for scanning microscopy 
by dehydrating in graded alcohol, critical point 
drying in liquid CO 2 and then sputter coating with 
gold and platinum [9,10]. Specimens were ex- 
amined in a AMR-1000 scanning microscope (Ad- 
vanced Metal Research Corp., Bedford, MA). 

Analyttcal methods. SDS-gel electrophoresis was 
carried out on a 7.5% acrylamide gel according to 
the procedure of Fairbanks et al. [23]. Protein was 
estimated by the method of Lowry et al. [24], 
using bovine serum alburmn as standard. 

Results 

Effect of red blood cell shape and membrane defor- 
mabthty on the fuston efftctency 

In our previous studies [9], we showed that 
normal human red blood cells could be fused by 
the combined action of phosphate and calcium. 
Agglutination and fusion were contingent on 
phosphate treatment prior to calcium addition. 
Goat erythrocytes, which appear morphologically 
triangular/irregular in shape (Fig. I(A)) [25], did 

Fig 1 Scanning electron microscopy of erythrocytes Scanning 
electron mlcrograph of (A) goat erythrocytes and (B) bovine 

erythrocytes Bar, 5/~m. 

not undergo fusion up to 3 h with the phosphate- 
calcium protocol. Fusion resistance of goat ery- 
throcytes could be due to its non-biconcave shape. 
However, bovine erythrocytes, which are bicon- 
cave in shape (Fig. I(B)), also did not fuse with 
the above protocol. In contrast, chicken erythro- 
cytes, which are ellipso~dal and nucleated, have 
been observed to fuse [26]. As shown in Table I, 
chicken erythrocytes, with 40% reduced membrane 
deformability compared to human erythrocytes, 
fused at a rate comparable to human erythrocytes. 
Goat  and bovine red blood cells were only 4-5% 
less deformable than human red blood cells (Table 
I), but still could not fuse. Thus, it appears that 
membrane deformability and cell shape of 
erythrocytes may not be determining factors for 
the phosphate-calcium fusion process. 

Kmetws of human and bovme erythrocyte ghosts 
fusion as monttored by mixing of aqueous contents 

Since intact bovine and goat erythrocyte did 
not fuse it was of interest to determine whether 
ghost membranes derived from bovine erythro- 
cytes were capable of undergoing fusion induced 
by phosphate and calcium. As shown in Fig. 2, the 
addition of 1.75 mM Ca 2+ to 1 :1  mixture of 
terbium- and dipicohnic acid-loaded human 

TABLE I 

EFFECT OF CELL SHAPE AND MEMBRANE DEFOR- 
MABILITY ON THE FUSION EFFICIENCY 

The efficiency of fusion was monitored by phase contrast 
macroscopy at 600× and scored - ,  no fusion; + ,  1-2 fusaon 
vesacles/field, + + + ,  4 or more fusion vesacles per field The 
membrane deformabdlty was measured by nuclepore aspara- 
tlon techmque as descnbed an Matenals and Methods L / r  ~s 
the ratao of length to radms of pseudopod of red blood cell 
extruded through Nuclepore falter and examined by scanning 
electron macroscopy as described an Materials and Methods 

Red blood Cell shape Pseudopod Relative Fusion 
cell species ( L~  r) deforma- 

bdlty (% of 
human red 
blood cell) 

Human biconcave 3 2 1 + 0 6 4  100 + + + +  
Bovine baconcave 3 07+0  47 96 - 
Goat triangular 3 05 + 0  53 95 - 
Chicken elhpsoadal 1 87 + 0 27 58 + + + + 
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Fig. 2 Calcium and phosphate induced fusion of bovine and 
human  erythrocyte hosts and release of their contents. Equal 
amounts  of Tb-contalnmg and diplcohmc acid-contmmng 
ghosts were mixed (approx 50 /~g p ro tem/ml )  in the fusmn 
buffer consisting of 120 mM  KC1, 30 mM  NaC1, 0 1 mM  
EDTA and 10 mM sodmm phosphate buffer (pH 74)  at 
30 o C. The fusmn was lnmated by the addition of 1 75 mM  
Ca 2+ (arrow) and fluorescence was measured continuously as 
described m Materials and Methods. Release of contents were 
determined in parallel experiments by momtormg the release 
of encapsulated fluorescent Tb-dlplcohmc acid complex from 
Tb d~pohmc acid-loaded erythrocyte ghosts The release of 
encapsulated materials was momtored by following the de- 
crease in the fluorescence intensity since EDTA and Ca 2+ 
present m the medmm will result m instantaneous d~sap- 
pearance of fluorescence O, Fusion of human erythrocyte 
ghosts; *, fusmn of bowne erythrocyte ghosts, ~, leakage of 
encapsulated Tb-dlplcohmc acid complex from bovine 
erythrocyte ghosts, O, leakage of terbtum-dlplcohmc acid 

complex from human erythrocyte ghosts 

erythrocytes ghosts, in the presence of 10 mM 
phosphate, resulted m an increase in fluorescence, 
an index of formation of terbium-diplcolinlc acid 
complex, as a result of fusion of vesicles. The 
extent of fusion was 5% at 1.0 mM Ca 2+ and 40% 
at 1.75 mM Ca 2+ (data not shown), in agreement 
with studies of Hoekstra et al. [12]. Under similar 
conditions (1.0-2.0 mM CaZ+), bovine erythro- 
cyte ghosts did not exhibit an increase m fluores- 
cence (Fig. 2), indicating absence of fusion. 

Since the fluorescence intensity decreased after 
6 min following addition of Ca 2÷ to a mixture of 
terbmm- and dlplcolinlc acid-containing human 
erythrocyte ghosts, the decrease in fluorescence 

could have occurred as a result of leakage of 
contents into the external EDTA-contaming 
media. The leakage of contents was monitored by 
the release of terbium-diplcolimc acid complex 
into the external EDTA-contaming medium from 
Tb.  diptcolinic acid-entrapped ghosts. As shown 
m Fig. 2, the addition of Ca 2÷ (1.75 mM) caused 8 
and 50% release of contents after 6 and 10 mm, 
respectively, m human erythrocyte ghosts. How- 
ever, the extent of release of aqueous contents was 
much faster, 50% at 8 nun, m the case of bovme 
erythrocyte ghosts upon the addition of Ca 2 + (1.75 
mM). Since bovine erythrocyte ghosts exlubtted 
rap]d leakage of entrapped fluorescent dye, this 
assay could not be employed in subsequent studies 
to evaluate fusion efficiency of bowne erythro- 
cytes. 

Composition and orientation of phosphohplds in 
bovtne and goat erythrocytes 

To invest]gate specific cellular properties in 
erythrocytes of bovine and goat which could play 
a role in their resistance to fusion, their membrane 
lipid composition was determined. As shown in 
Table II, bovine and goat erythrocytes show a 
sinking absence of phosphatldylcholme, which 
otherwise ~s present to the extent of 26-30% of 
total phospholipids in normal human erythrocytes. 
Our results confirm the earher fmdmg of Nelson 
[27], who also showed the absence of phosphatt- 
dylcholine in red blood cells from these ruminant 
species. The amount of sphmgomyehn was 45-50% 
of total phospholipid in erythrocytes from goat 
and cow as compared to 25-27% m human 
erythrocytes. The orgamzation of phospholtpids in 
erythrocytes membranes of these species was de- 
termined by using phospholipase A 2 as a probe. 
Phosphohpase A 2 treatment of bovine erythro- 
cytes (Table II) resulted in the hydrolysis of 17.8 
_+ 3.1% phosphatidylethanolamine and 9.8 + 2.1% 
of the phosphatldylsenne, while the content of 
sphlngomyelin and phosphatidtc acid remained 
unaltered. Phospholipase A 2 treatment caused a 
mimmal cell lysis (1-2%) as determined by hemo- 
globin release. When goat erythrocytes were 
treated with phosphohpase A 2 approx. 18.7_+ 
2.24% of the phosphattdylethanolarmne and 12.7 
_+ 2.1% of phosphatidylserine was degraded (Ta- 
ble II) 
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TABLE II 

COMPOSITION A N D  D E G R A D A T I O N  OF PHOSPHOLIPIDS BY PHOSPHOLIPASE A 2 IN BOVINE A N D  GOAT 
ERYTHROCYTE M E M B R A N E  

Bovine or goat erythrocytes (10% hematocnt)  were incubated in the presence or absence of phosphohpase A 2 (40 units) in 
glycylglycme buffer as described m Materials and Methods After 3 h, the reacUon was ternunated by the addition of EDTA (5 mM) 
Red blood cells were centrifuged at 300× g for 10 nun and washed three times with 154 m M  NaCI and hemolyzed with 500 ~1 of 
water Liplds were extracted and analyzed The percentage of phosphohpld degraded by phosphohpase A 2 was calculated and 
expressed as mean_+ S D of three independent observations n .d ,  not determined 

Phospho- 
llpids 

Bovine Goat 

total phospho- phosphohpids hydrolyzed total phospho- 
hplds (%) by phosphohpase A 2 (%) hplds (%) 

phosphohplds hydrolyzed 
by phosphohpase A 2 (%) 

Sphmgo- 
myelin 47 48 ___ 1 58 0 45 76 _+ 5 16 0 

PC < 0 2  0 < 0 2  0 
PE 28 23_+1.42 17 88_+3 12 28 51 _+4.46 18 72_+2 19 
PS 17 25_+5.46 9 87_+1 63 13 03_+3 72 12 69_+2 11 
PI 3 70-+0 28 n d 4 60-+0 39 n d 
Phosphatidic acid 6 70 -+ 0 49 n d 5 89 _+ 0 63 n.d 

Incorporation and onentanon of phosphattdylchohne 
mto bovme erythrocytes 

S i n c e  b o v i n e  a n d  g o a t  e r y t h r o c y t e  m e m b r a n e s  

d o  n o t  c o n t a i n  p h o s p h a t l d y l c h o l i n e ,  e x o g e n o u s  

p h o s p h a t i d y l c h o l i n e  w a s  i n c o r p o r a t e d  i n t o  t h e s e  

m e m b r a n e s  u t i f i z i n g  p u r i f i e d  p h o s p h a t i d y l c h o h n e -  

t r a n s f e r  p r o t e i n .  E r y t h r o c y t e s  w e r e  i n c u b a t e d  w i t h  

p h o s p h a t l d y l c h o l i n e  l i p o s o m e s  ( D M P C / c h o l e s -  

t e r o l / p h o s p h a t l d i c  a c i d ,  4 7 : 4 7  : 6, m o l / m o l )  m 

t h e  p r e s e n c e  a n d  a b s e n c e  o f  e x c h a n g e  p r o t e i n  a t  

r o o m  t e m p e r a t u r e  f o r  2 h .  A s  s h o w n  m T a b l e  I I I ,  

p h o s p h a t i d y l c h o l i n e  w a s  i n c o r p o r a t e d  t o  t h e  e x -  

TABLE 111 

EFFECT OF INCUBATION OF DMPC LIPOSOMES WITH BOVINE ERYTHROCYTES ON THE LIPID COMPOSITION 

Phosphohpid vesicles (approx 5 pmol  phosphohplds prepared from dlpalnutoylphosphatadylchohne/cholesterol /phosphat idlc  acid 
(47.47 6, mol /mol )  were incubated with 5 ml of bovine red blood cells (10% hematocnt)  in 10 mM Tns  buffer contalmng 1 mM 
EDTA, 25 m M  glucose, 150 m M  NaCI and 3 mM  NaN 3 (pH 7 4) in the presence or absence of 2 5 / t g / m l  phosphaudylchohne-ex-  
change protein for 2 h at 25 ° C  After incubation, hposomes were separated from erythrocytes by centnfugat lon at 500 × g for 10 
rmn, followed by three washes with 10 ml of phosphate-buffered saline Liplds from the erythrocyte pellet were extracted and 
quantified as described m Materials and Methods The values are mean + S.D of six deternunatlons.  Hydrolysis of phosphohplds  by 
phosphohpase A z was carried out as described m the legend to Table II. n d ,  not determined 

Phosphohpids Total phosphollplds (%) 

Untreated After incubation 

% of individual phosphohplds hydrolyzed 
by phosphollpase A 2 

- PC-transfer + PC-transfer - PC-transfer + PC-transfer 
protein protein protein protein 

Splungomyehn 50 30 + 2 63 49 40 + 4 75 40 77 _+ 6 93 0 0 
PC < 0 2  < 02  11 69_+1 16 0 55 87_+7 98 
PE 25 67_+ 345 2 6 1 1 + 4 3 2  22 4 2 + 6 4 8  16 5 2 + 3 8 3  14 2 6 + 4 6 5  
PS 16 14+ 155 1585_3 .47  16 68_+378 1 0 1 2 _ 1 3 9  809__+298 
Total phosphohplds a 363 30 + 56.49 345 21 _+ 7.04 348 20 _+ 9 40 n d n d 
Cholesterol phospho- 

hpld molar ratio 0 93 + 0 03 0 98 + 0.04 0 92 + 0 02 n d n d 

Expressed as p .g /mg protein 
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tent of 12% of total phospholipids present m 
bovine erythrocytes. Under these conditions and 
utilizing an increased amount (2-3-fold) of ex- 
change protein there was an inslgmflcant incorpo- 
ration of phosphatidylchohne into goat erythro- 
cytes (data not shown). 

Incubation of bowne erythrocytes with phos- 
phatidylcholine liposomes (DMPC/cho les te ro l /  
phosphatidlc acid) in the presence of exchange 
protein showed that 8-12% of sphingomyelin was 
removed from the membrane, while the content of 
phosphat idylethanolamine,  phosphatldylserine 
and phosphatidylinositol remained unchanged 
The molar ratio of cholesterol to phospholipld 
remained unchanged upon transfer of phosphati- 
dylcholine into bovine erythrocyte membranes 
(Table III). 

Phosphohpase A 2 treatment of phosphatl- 
dylchol ine- incorporated  bovine erythrocytes  
showed 55% degradation of phosphatldylchohne, 
while the extent of hydrolysis of other phosphoh- 
plds, phosphatidylethanolamme and phosphatl- 
dylserme remained unchanged (Table III), These 
results indicate that incorporated phosphati- 
dylchohne is distributed symmetrically in the lipid 
bdayer of these membranes. 

Since incubation of human erythrocytes with 
phosphatidylcholine liposomes has been shown 
[28] to result in the removal of specific proteins 
from membranes, tt was of interest to determine 
whether this was also true for bovine erythrocytes. 
Incubation of either bovine or goat erythrocytes 
with DMPC liposomes ( D M P C / c h o l e s t e r o l /  
phosphatidlc acid) in the presence of exchange 
protein did not exhibit removal of any of the 
major membrane proteins (data not shown), as 
deterrmned by SDS-gel electrophoresls. 

Effect of incorporated phosphohptds tn bovine 
erythrocytes on the fusion efflctency 

Bovme erythrocytes upon treatment with phos- 
phate and calcmm, fusion protocol did not exhibit 
fusion (Fig. 3(A)). However, phosphatidylcholine- 
mcorporated bovine erythrocytes exhibited slgnift- 
cant fusion after 30-45 min (Fig. 3(B)). Bovme 
erythrocytes which were incubated with PC lipo- 
somes in the absence of exchange protein did not 
show fusion actlvRy up to 2 h (Fig. 3(A)). The 
ttme required to undergo fusion was delayed up to 
1 h when the extent of incorporation of PC was 
4% of total phosphohplds. Goat erythrocytes did 
not show fusion with phosphate and calcium (data 

Fig 3 Fusion of PC-mcorporated bowne erythrocytes induced by phosphate and ealemm Phosphatldylchohne-lncorporated bovine 
erythrocytes were prepared as described m Materials and Methods. Phase contrast nucrographs of phosphate- and calctum-treated 
bovine erythrocytes (A) and (B) PC-incorporated bovine erythrocytes, incubated at 37°C for 60 nun In B, unfused erythrocytes 

appear dense, whde fused vesicles are translucent Bar, 10/~m 
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not shown). Sirmlarly, goat erythrocytes incubated 
with phosphatidylchohne liposomes in the pres- 
ence of exchange protein, in which PC could not 
be incorporated, were also unable to fuse by the 
addition of phosphate and calcium (data not 
shown). Studies were carried out to determine 
whether the incorporation of other phospholipids 
into bowne erythrocytes membranes affected the 
fusion efficiency. Incubation of bovme erythro- 
cytes with PS containing liposomes ( D M P S /  
cholesterol/phosphattdic aod,  47 .47  : 6, m o l /  
mol), in the presence of non-specific lipid transfer 
protein, resulted in an mcrease in PS content from 
14 to 18% of total phosphohpids (Table IV). These 
PS-mcorporated erythrocytes also underwent fu- 
sion with phosphate and calcmm, though the ex- 
tent of fusion after 2 h was 10-15% less compared 
to PC-mcorporated bovine erythrocytes (data not 
shown). However, bovine erythrocytes mcubated 
with phosphattdylethanolamine-contammg hpo- 
somes (DMPE/choles te ro l /phospha t id Ic  acid, 
47 :47 :6 ,  mol/mol) ,  in the presence of non- 
specific lipid-transfer protein, did not incorporate 
PE into membranes and also these erythrocytes 
failed to fuse. 

A ~sessrnent of the hpM packing m eo'throcvtes 
Since bovme erythrocytes m which either phos- 

phattdylcholine or phosphatldylserme was incor- 

porated underwent fusion by phosphate and 
calcium, it was of interest to determine how the 
phosphohp~d incorporation induced fusion. It has 
been shown recently [29,30] that the fluorescence 
of Merocyanine 540 dye is sensittve to the packing 
of lipids in the outer leaflet of the membrane. At a 
l ip id /dye  ratio of 1 : 20 (mol/mol)  we compared 
the fluorescence In untreated, PC-incorporated, 
PE-incorporated and PS-incorporated bovine 
erythrocytes (Table V). The fluorescence of 
merocyanine 540 was reduced by 36% upon mcor- 
poration of PC, 18% by PS and 11% when PE was 
incorporated into bovine erythrocyte membranes 
compared to untreated membranes (Table V). 
However, when PC lIposomes were incubated with 
bovine erythrocytes, m the absence of PC-transfer 
protein, the fluorescence lntenstty was stmllar to 
that of untreated bovine erythrocytes (data not 
shown). 

Merocyanine 540-stmnmg profile of untreated 
and PC-incorporated bovine erythrocytes was also 
ascertained by flow cytometry (FACS) techntque. 
The fluorescence intensity profiles (Fig. 4(A)) show 
that a majority of merocyanine 540-labeled bovine 
erythrocytes exhibit fluorescence higher than the 
background. The me&an fluorescence intenstty, as 
determined by FACS analysis, was similar (390 
arbitrary units of fluorescence m log scale along 
the abscissa) for both untreated (Fig. 4(A)) and 

TABLE IV 

EFFECT ON LIPID COMPOSITION IN BOVINE ERYTHROCYTES UPON INCUBATION WITH PE- OR PS-CONTAINING 
LIPOSOMES 

Phosphat~dylethanolarmne and d~mynstoylphosphatldylsenne vesicles were prepared by somcatlon with PE/ -  or PS/cholesterol/  
phosphatl&c aod (47 47 6, mol/mol),  respectively Aggregates of multllamlllar hposomes were removed by centnfugatlon at 
20000 × g for 20 mln Bovine erythrocytes (10% hematocrlt) were incubated with PE or PS hposomes (5 p, mol phosphollp~d) m 5 ml 
of 10 mM Tns-HCI buffer containing 1 mM EDTA, 25 mM glucose, 150 mM NaC1 and 3 mM NaN 3 (pH 7 4), m the presence or 
absence of non-specific hpld-exchange protein (100 /~g/ml). After 2 h of incubation, the cells were washed three times with 
phosphate-buffered sahne and hplds were analyzed as described in Materials and Methods [14] The values (% of total phosphohplds) 
are mean_  S.E of three independent observations 

Phosphohplds PE hposomes PS hposomes 

non-speoflc hpld-exchange protein non-specific lipid-exchange protein 

- + - + 

Sphmgomyehn 40 71 + 3 10 40 52 _ 1 09 41.82 _ 1 07 40.73 + 2 81 
PC <0.2 < 0 2  < 0 2  < 0 2  
PE 211 + 0 8 2  207 + 1 2 7  2211-+170 2041-+320 
PS 16.82+070 1691+021  1411-+071 1872-+1 20 
Phosphatl&c aod 6.70-+0 50 6 71 -+0 69 6 7l -+0 19 5 71 4-_0 18 
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TABLE V 

MEROCYANINE 540 FLUORESCENCE OF BOVINE ERYTHROCYTES INCUBATED WITH PHOSPHOLIPIDS IN THE 
PRESENCE AND ABSENCE OF PC-TRANSFER PROTEIN 

Bovine erythrocytes were incubated with either PC, PS or PE hposomes m the presence or absence of hpld transfer protein Sealed 
erythrocyte ghosts (approx. 1-2 mg protein) were incubated with merocyanme 540 dye (1.75 ~M) m 200 mM Tns-acetate buffer (pH 
8.1) 100 mM NaCI 0 2 mM EDTA m a total volume of 2 ml Steady-state fluorescence was measured m spectrofluorometer as 
described in Materials and Methods Merocyamne 540 dye binding and frequency of cells exhabltmg fluorescence was deterrmned by 
fluorescence-acuvated cell sorter (FACS). n d ,  not determined. Relative change refers to percentage change in fluorescence of 
hposome-treated red blood cells m the presence of hpld transfer protein compared to untreated red blood cells (100%) 

Red blood cells Steady-state m ghost membrane Relative 
incubated with (arbitrary units) lipid-transfer change (%) 

protein 

- + 

% cells postttve for merocyanlne 540 
hpld-transfer protem 

- + 

28 28 100 80 80 
PC 27.5 18 64 77 35 
PS 26 23 82 n d n d 
PE 26 25 89 n d n d 

bovine erythrocytes mcubated with DMPC hpo- 
somes in the absence of phosphatidylchohne-ex- 
change protein (Fig. 4(B)). However, incorpora- 
tion of DMPC into bovine erythrocytes, utilizing 
PC-transfer protein, resulted in a lowered median 
fluorescences (Fig. 4(C)) compared to control 
bovine erythrocyte sample. Approx. 80% of bovine 
erythrocytes exhibited fluorescence above the 
background. This percentage of cells did not 
change stgntficantly (77%) when bovine erythro- 

cytes were incubated with DMPC liposomes in the 
absence of exchange protein (Table V). However, 
when bovine erythrocytes were incubated with 
DMPC hposomes in the presence of PC-transfer 
protein, which results in the net incorporation of 
PC, there was a significant decrease (2.7-fold) in 
the frequency (35%) of cells which exhibited 
merocyanme 540 dye binding (Fig. 4 and Table 
V). 

O 0 . _ 

Fig 4 Flow cytometry analysis of the meroeyamne 540-labeled bovine erythrocytes Washed bovine red blood cells were incubated 
with merocyamne 540 and the cell population whach exhibited fluorescence was analyzed by a fluorescent-activated cell sorter 
(FACS) as described m Materials and Methods FACS generated fluorescence hastograms for (A) bovine erythrocytes, (B), bovine 
erythrocytes incubated with DMPC hposomes m the absence of PC transfer protein, and (C) bovine erythrocyte incubated with 
DMPC hposomes m the presence of PC-transfer protein The abscissa shows the arbitrary units of loganthrmcally increasing 

fluorescence Unshaded area under the curve shows unstamed cells whale shaded area corresponds to dye labelled cells 



248 

Discussion 

The present study shows that bovine and goat 
erythrocytes did not fuse by the combined action 
of calcium and phosphate under standard condi- 
tions that induce fusion of normal human 
erythrocytes [8-10]. The fusion incompetence of 
goat erythrocytes could have been due to its dif- 
ferent morphology (tr iangular/ irregular shape) 
[25]. However, bovine erythrocytes, winch are dis- 
coldal in shape like normal human erythrocytes, 
also did not undergo fusion, although chicken 
erythrocytes, which are elhpsoidal m shape, un- 
dergo fusion by the phosphate-calcium protocol. 
Thus, it appears that cell shape may not be a 
determinant m the fusion process. 

Since bowne and goat erythrocytes were slightly 
(4-5%) less deformable than normal human red 
cells, it would appear that the fusion incom- 
petence might be due to reduced membrane defor- 
mablhty of these cells. However, erythrocytes of 
chicken are 40% less deformable than normal hu- 
man red blood cells, yet the former fuse with 
equal efficiency. These results indicate that there 
is no correlation of membrane deformabihty of 
erythrocytes to fusion efficiency. 

To investigate the specific cellular properties xn 
the bovine and goat erythrocytes which may have 
been responsible for their resistance to fusion, we 
determined the hpld composit ion of these 
erythrocyte membranes The sphmgomyehn con- 
tent of bowne and goat erythrocytes was signifi- 
cantly Ingh (45-48%) as compared to human 
erythrocytes [31]. The contents of phosphatldy- 
lethanolamlne and phosphatldylserine in both 
bovine and goat erythrocytes are similar to that 
present in the normal human erythrocytes. Both 
bovine and goat erythrocytes lack phosphatl- 
dylchohne [27], winch is a normal constituent of 
human erythrocytes [32,23]. Analysis of phos- 
pholipld orientation, using phospholipase A 2 as a 
probe, revealed that 18% of PE and 10% of PS in 
the case of bovine erythrocytes and 18% of PE and 
12% of PS for goat erythrocytes were localized in 
the external leaflet of the bilayer of these mem- 
branes. The fusion incompetence of both bovine 
and goat erythrocytes may not be due to the 
altered fluidity of these membranes, since the 
cholesterol to phospholipid molar ratio was found 

to be similar to that of normal human erythro- 
cytes. However, other factors, such as the ratio of 
unsaturated to saturated fatty acyl group affecting 
fluidity, have not been ruled out in the present 
study. The resistance to fusion could not be attri- 
buted to differences in the protein composition 
since SDS-gel profiles of erythrocyte membranes 
of bovine and goat were similar to humans. Thus, 
the only apparent difference between goat and 
bovine erythrocytes compared to human erythro- 
cytes was the absence of phosphatidylcholine m 
these ruminant species. 

The results show that the incubation of bovine 
erythrocytes with phosphatldylchohne-contalning 
hposomes  ( D M P C / c h o l e s t e r o l / p h o s p h a t l d l c  
acid, 47.47 : 6, mo l /mol )  in the presence of phos- 
phatidylchohne-transfer protein results in the 
incorporation of phosphatidylcholine (12% of total 
phosphohplds), while in the absence of phos- 
phatldylchollne-transfer protein PC is not incor- 
porated Into bovine erythrocyte membranes 
However, using a similar protocol, we were unable 
to incorporate phosphatidylchohne into goat 
erythrocyte membranes. It xs pertinent to mention 
that the extent of exchange of PC in intact human 
or rat erythrocytes, mediated by phosphatldylcho- 
hne-transfer protein, was observed to be signifi- 
cantly slow compared to exchange reaction be- 
tween phosphohpid vesicles and rat liver micro- 
somes [32]. Moreover, studies by Van Meer et al. 
[33] have shown that the exchange reaction in 
intact human erythrocytes was facilitated by utiliz- 
ing a higher concentration of exchange protein. 
Thus, the Inability to incorporate PC into goat 
erythrocyte membranes could be due to the strin- 
gent conditions required, which have not been 
established in the present study. 

The phosphatldylcholine incorporated bovine 
erythrocytes underwent fusion m the presence of 
phosphate and calcium, as revealed by phase con- 
trast microscopy. The fusion of bovine erythro- 
cytes was also observed in PS-incorporated cells, 
although fusion efficiency was lower than that of 
PC-incorporated erythrocytes. Fusion was not ob- 
served m bovine erythrocytes which were in- 
cubated with PE-containxng hposomes, irrespec- 
tive of the presence or absence of non-specific 
phosphohpid-exchange protein. In agreement with 
studies of Hoekstra et al. [12], we observed the 



fusion of human erythrocyte ghosts, using 
terbium-dipicolinic acid fusion assay, while under 
similar conditions the fusion of PC-incorporated 
bovine erythrocyte ghosts was not observed, since 
encapsulated material leaked out within 8 mln, 
prior to the time (30 min) necessary to undergo 
fusion. The resistance of fusion of bovine erythro- 
cytes could not be due to the high content of 
sphingomyelin since incubation of these red blood 
cells with phosphatidylserine hposomes did not 
result in the removal of sphingomyelin from the 
membrane and yet these PS incorporated cells 
fused. 

Since incorporation of phosphatldylchollne 
(PC) and phosphatldylserine (PS) into bovine 
erythrocyte membranes promoted fusion in the 
presence of phosphate and Ca 2 +, we measured the 
lipid packing in the external leaflet of the bllayer 
with merocyanine 540 dye, which has been shown 
to be sensitive to the packing of lipids [30]. These 
studies also demonstrated that merocyanine 540 
binds strongly to fluid-phase bilayers and not to 
gel-phase membranes. It has been observed that 
the fluorescent probe merocyanlne 540 does not 
bind to normal human erythrocytes but binds 
strongly to human spherocytlc erythrocytes [34], 
which have been shown to exhibit altered organi- 
zation of phospholiplds. Our studies also show 
that normal human erythrocyte membranes yield 
marginal fluoresccence with merocyanine 540, 
while bovine erythrocyte membranes exhibit a 5- 
fold increase in fluorescence when the dye to lipid 
molar ratio was more than 1 : 20. The fluorescence 
of merocyanine 540 in PC-incorporated bovine 
erythrocytes was 30% less compared to untreated 
erythrocytes at an equivalent dye to lipid molar 
ratio. Flow cytometry analysis showed that incor- 
poration of PC into bovine erythrocytes results in 
a lower percentile of cells (35%) exhibiting fluores- 
cence than untreated bovine red blood cells (80%). 

Our results indicate that the incorporation of 
phosphatidylchohne into bovine erythrocyte mem- 
branes lead to an ordered packing of phospholl- 
pids in the external leaflet of the bllayer, similar to 
the situation prevalent in normal human erythro- 
cytes The ordered packing of hpids may cause 
expulsion of water from the outer leaflet of the 
bilayer, a situation which is conducive for fusion 
to occur, as has been indicated for fusion of 
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phospholipid vesicles [35,36]. The steps involved 
in fusion mediated by phosphate and calcium are 
not exactly clear, except that we know that entry 
of phosphate into cell is not essential [9] and the 
formation of crystalline hydroxyapatite on mem- 
brane surface is a pre-requislte [12] for fusion 
initiation. The addition of phosphate and calcium 
creates protein-free lipid areas wherein the ap- 
posed membranes come in contact and fusion may 
be initiated [9]. 

It appears that a disordered arrangement of 
phosphohplds In the external leaflet of the bilayer 
results in the resistance to fusion of bovine 
erythrocytes. It should be pointed out that the 
presence of acidic phosphollplds, such as phos- 
phatidylserine, has been shown to promote fusion 
of phosphollpid vesicles in the presence of calcium 
[37]. It has been suggested that Ca 2+ induces 
phase separation of acidic llpids concomitant with 
the formation of crystalline domains. The fusion 
occurs between closely apposed membranes at the 
boundaries between crystalline domains and the 
surrounding non-crystalline lipids [38,39]. How- 
ever, in normal human erythrocytes, negatively 
charged phospholipids are oriented on the inner 
leaflet of the bilayer, indicating that the presence 
of acidic phospholiplds in the external leaflet may 
not be absolutely necessary in the fusion event of 
erythrocytes induced by phosphate and calcium. 
Tlus is also supported by the observation that 
chicken erythrocytes, which lack phosphatt- 
dylserine [40] in their membranes, fuse with the 
same efficiency as human erythrocytes [26]. Stud- 
ies are being carried out to delineate the molecular 
details of the fusion induced by phosphate and 
calcium. 
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