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Summary 

The interaction of  peanut  agglutinin, a lectin with a specificity similar to 
that of serum T-agglutinin, with human,  guinea pig and rabbit  young and old 
red blood cells and bone marrow erythroid cells, both before and after neura- 
minidase t reatment ,  was investigated. Distribution of the peanut  agglutinin 
receptors was determined by electron microscopical analysis with the ferritin 
conjugated lectin. In addition, kinetics of agglutination by the lectin were 
examined with the aid of the Fragiligraph. Rabbit  red blood cells of all ages 
bound peanut  agglutinin wi thout  neuraminidase t reatment .  Untreated human 
and guinea pig red blood cells, as well as immature erythroid cells of guinea pig 
bone marrow were not  agglutinated by the lectin, nor was binding of the lectin 
to these cells observed by electron microscopy. Trea tment  with neuraminidase 
resulted in exposure of peanut  agglutinin binding sites on erythroid  cells of all 
stages of  maturat ion and aging. Our findings show that  peanut  agglutinin recep- 
tors are absent from the surface of old circulating red blood cells and ext ruded 
erythroid nuclei, in spite of a remarkable in vivo loss of surface sialyl residues. 
The use of neuraminidase-treated red blood cells, as a model for the study of 
the clearance of aged red blood cells f rom circulation seems, therefore,  not  to 
be entirely justified. 

In t roduct ion  

Differentiat ion,  maturat ion and aging of the mammalian red blood cell are 
associated with modulations in the density and distribution of surface anionic 
groups [1--4].  The reduct ion in negative surface charge that  is associated with 
aging of the circulating red blood cells is due, mainly, to loss of  sialic acid resi- 
dues (N-acetylneuraminic acid, AcNeu) [5] which account  for at least 95% of  
the negative charge on the surface of  the normal human red blood cell [6]. The 
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reduction in the density of surface anionic groups, accompanied by the 
unmasking of cryptic antigenic sites, have been suggested as important  factors 
in the mechanism by which macrophages recognize, phagocytize and destroy 
senescent red blood cells and extruded erythroid nuclei [7]. Enzymatic removal 
in vitro of AcNeu residues from red blood cells by neuraminidase resulted in a 
drastic shortening of the life span of the cells upon reinjection into circulation 
[8--12] as well as the enhancement of erythrophagocytosis by peritoneal ma- 
erophages in vitro [13,14]. 

Both the in vivo normal modulations of the density and distribution of sur- 
face anionic groups and the in vitro enzymatic removal of AeNeu residues from 
the erythroid cell surface are associated with additional changes of surface 
properties. Among these are the increase in the number of surface antigenic 
sites on old and neuraminidase-treated human red blood cells, and on nuclei 
extruded from rabbit erythroblasts [7], the increase in concanavalin A binding 
sites on extruded nuclei and neuraminidase-treated rat red blood cells [15], and 
the decrease in soybean agglutinin binding sites [16] on old human red blood 
cells. 

One of the cryptic antigens which appears after t reatment  of erythrocytes 
with neuraminidase is the Thomsen-Friedenreich or T-antigen, which is 
detected by the naturally occurring plasma panagglutinin termed T-agglutinin, 
an anti T-antibody present in the plasma of all mammals so far examined [17, 
18]. This T-agglutinin is believed to be responsible for the in vivo polyaggluti- 
nation of red blood cells that  occurs in severe bacteremia and viremia, and 
which is presumably the result of the exposure of the T-antigen by the bacterial 
and viral neuraminidases. 

In the present study we have at tempted to find out whether the T-antigen is 
normally exposed on the surface of senescent red blood cells and extruded 
erythroid nuclei which have been shown to lose in vivo about 30 and 50% of 
their surface charge, respectively [1--4]. For this purpose we have employed 
peanut agglutinin, a lectin specific for terminal non-reducing D-galactose resi- 
dues, recently purified in our laboratory [19,20]. This lectin was reported to 
have a specificity similar to that  of the anti T-agglutinin [21]. The presence and 
density of the T-antigen on the surface of human, guinea pig and rabbit red 
blood cells, as well as on immature erythroid cells and extruded nuclei of the 
guinea pig bone marrow, both before and after neuraminidase and trypsin treat- 
ment,  was studied by electron microscopical methods using a peanut agglutinin- 
ferritin conjugate, The agglutination kinetics of normal, neuraminidase- and 
trypsin-treated red blood cells by peanut agglutinin and poly-L-lysine was also 
studied. Our results show that  circulating human red blood and guinea pig 
erythroid cells of all ages and stages of differentiation, as well as extruded 
nuclei do not  bind peanut agglutinin at all, in spite of the physiological reduc- 
tion in surface sialic acid in some of these cells, and that they bind the lectin 
only after neuraminidase treatment.  Rabbit red blood cells, on the other hand, 
bind peanut agglutinin without  neuraminidase treatment.  

Materials 

Agglutinin. Peanut agglutmin was purified by affinity chromatography on 
Sepharose-N-e-aminocaproyl-~-D-galactopyranosylamine as previously described 
[191. 
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Enzymes. Neuraminidase (Vibrio cholerae), free of protease, aldolase and 
lecithinase-C activities was obtained from Behringwerke AG, Marburg Lahn, 
G.F.R. Trypsin (bovine) was purchased from Merck AG, Darmstadt, G.F.R. 

Chemicals. Ferritin (horse spleen, as 6 times crystallized, cadmium-free) 
was from Pentax, Kankakee, Illinois; poly-L-lysine, n = 100, was from Miles- 
Yeda, Rehovoth, Israel, and glutaraldehyde from Ladd Research Industries, 
Burlington, Vermont,  U.S.A. "Gravikit",  a battery of phthalate ester mixture 
of predetermined specific gravity for the determination of density and distri- 
bution of cells [22] and for differential flotation, was from Miles-Yeda, Re- 
hovoth, Israel. 

Methods 

Red blood cells and bone marrow cells. Human blood was collected by veni- 
puncture from healthy donors (blood group A, Rh ÷) into heparinized test 
tubes. Density-separated young (top 5%) and old (bot tom 5%) red blood cells 
were obtained by differential flotation [22]. Guinea pig and rabbit blood was 
collected into heparinized syringes by heart puncture. Red blood cells were 
separated by centrifugation and aspiration of plasma and buffy coat, washed 
twice with veronal acetate (0.001 M) buffered saline, pH 7.4, and resuspended 
in the desired medium. Bone marrow was removed from femurs of anaesthe- 
tized adult guinea pigs. The cells were suspended in tissue culture medium 
M-199 as previously described [2]. 

Treatment with neuraminidase or trypsin. Suspensions (5% of packed cells, 
approx. 5 • 106 cells/ml) were incubated in an agitated water bath for 60 min at 
37°C with 50 units/ml neuraminidase in a medium containing 0.145 M NaC1, 
0.003 M CaC12 and 0.004 M NaHCOz pH 6.5 [23]. These are conditions pre- 
viously used by us and by other laboratories; they are known to remove over 
60% of sialyl residues from the surface human red blood cells [9,11]. For treat- 
ment  with trypsin, the cells at the same concentration as above were incubated 
for 60 min at 37°C with 0.2 mg/ml of the enzyme in veronal buffered saline. 
At the end of the incubation, the cells were washed twice with cold veronal 
buffered saline. 

Agglutination assay. Rates of agglutination were automatically recorded in a 
Fragiligraph (Elmedix Ltd., Tel-Aviv, Israel) [24]. A solution (0.4 ml) con- 
taining poly-L-lysine (100 pg/ml) or peanut agglutinin (200 pg/ml) was added 
to a 2 ml suspension of 1 : 500 packed red blood cells in veronal buffered 
saline. 

Peanut agglutinin-ferritin. The method of Nicolson and Singer for conjuga- 
tion of lectins to ferritin [25] was generally followed. Peanut agglutinin (150 
mg, 1.36 pmol) was dissolved in phosphate buffered saline (pH 6.2, 9 ml) con- 
taining D-galactose (1 g), ferritin (850 mg, 1.4 pmol), and 12SI-labeled peanut 
agglutinin (500 pg, 6600 cpm/pg) and the solution was stirred for 30 min at 
room temperature. 1 ml of 0.5% solution of glutaraldehyde in phosphate buf- 
fered saline (pH 6.2) was added dropwise to a final concentration of 0.05%. 
After gentle stirring for 1 h at room temperature the reaction was stopped by 
addition of ice-cold glycine (10 ml of 1 M solution in phosphate buffered saline, 
pH 6.2) and the mixture was dialyzed for 6 h against phosphate buffered saline 
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(pH 6.2) containing glycine (2 mg/ml). Large aggregates of ferritin were 
removed by centrifugation at 12 000 X g for 15 min and the supernatant was 
further centrifuged at 160 000 X g for 1 h. The pellet was resuspended in phos- 
phate buffered saline, pH 7.4 (20 ml), centrifuged as above and washed again 
with an additional 20 ml of the same phosphate buffered saline. The pellet was 
then resuspended in phosphate buffered saline (pH 7.4, 100 ml) and applied at 
4°C to a column (2.7 X 17 cm) of Sepharose-N-e-aminocaproyl-~-D-galactopy- 
ranosylamine [26]. The column was washed with phosphate buffered saline 
(pH 7.4) until no ultraviolet-absorbing material was eluted, and then with addi- 
tional 5 column volumes. The adsorbed peanut agglutinin-ferritin conjugate was 
eluted with a solution of D-galactose (0.05 M in phosphate buffered saline, pH 
7.4), dialyzed extensively against phosphate buffered saline (pH 7.4) and con- 
centrated by ultrafiltration. At each step samples were removed for measure- 
ment  of ~2sI in a Packard Gamma Spectrometer to determine the content  of 
peanut agglutinin, and for analysis of total protein [27], using bovine serum 
albumin as standard. The ferritin content  was calculated by subtracting the 
content  of peanut agglutinin from the content  of total protein. 

The product obtained had a molar ratio of peanut agglutinin to ferritin of 
0.96 : 1; its yield in terms of the conjugated proteins was approximately 20%. 

Electron microscopy. All cells were labeled after fixation for 15 min at room 
temperature with the Karnovsky fixative [28], followed by three washes with 
veronal buffered saline containing 0.1 M glycine. 2 ml of a 5% packed cell sus- 
pension was incubated with 1 mg/ml peanut agglutin-ferritin for 30 min at 
room temperature. In control experiments red blood cells were incubated with 
0.2 M D-galactose for 15 min at room temperature and then labeled with the 
peanut agglutinin-ferritin in the presence of the sugar. The labeled cells were 
washed three times with veronal buffered saline to remove free, unbound con- 
jugates, fixed for additional 45 min with the Karnovsky fixative and washed 
again with veronal buffered saline. 

The aldehyde-fixed, washed cells in veronal buffered saline were postfixed 
for 1 h at 4°C with 1% OsO4 in veronal buffered saline, washed twice in the 
same buffer and dehydrated in graded ethanol by centrifugation. The cells were 
resuspended in the desired medium, stained with 50% saturated uranyl acetate 
in 50% ethanol and embedded in Epon 812 [29]. About 600 h thick sections 
(grey interference color) were obtained with an MT-2 Sorval Microtome, 
mounted  on a naked 400-mesh copper grid and coated with carbon. A JEOL- 
100A electron microscope was used at 80 KV. Counts of ferritin particles were 
performed on micrographs of perpendicularly sectioned membranes of red 
blood or bone marrow cells, at a final magnification of X 60 000 as previously 
described [3]. Twenty different cells of each type from three different experi- 
ments were thus counted. 

Results 

Human red blood cells were not agglutinated by peanut agglutinin, neither 
before nor after they had been separated into young and old cells (Fig. 1). Sim- 
ilar results were observed with guinea pig red blood cells (Fig. 2). Treatment 
with trypsin did not  affect the lack of agglutination by peanut agglutinin, in 
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Fig. 1. Rate  of  agg lu t ina t ion  by p e a n u t  agglut in in  (=) and by poly-L- lys ine  C ~) of  n e u r a m i n i d a s e - t r e a t e d ,  
t ryps in - t r ea t ed  and u n t r e a t e d  h u m a n  red b lood  cells. 

Fig. 2. Rate  of  agg lu t ina t ion  by  p e a n u t  agglut in in  of  r abb i t  ($)  and guinea  pig ( I )  red b lo o d  cells, and by 
poly-L- lys ine  of  r abb i t  (o)  and guinea  pig (D) red b lood  cells. 

spite of the considerable reduction in agglutination by poly-L-lysine. However, 
rapid and strong agglutination was observed after neuraminidase treatment.  No 
agglutination by poly-L-lysine of the neuraminidase-treated cells was observed, 
indicating that  the enzyme removed most of the anionic groups from the cell 
surface. 

In contrast to human and guinea pig red blood cells, those of rabbit were 
readily agglutinated by peanut agglutinin even without  neuraminidase treat- 
ment  (Fig. 2). The rate of agglutination of the rabbit cells with poly-L-lysine 
was, however, slow. 

Binding of  peanut agglutinin-ferritin to human red blood cells. There was no 
binding of peanut agglutinin-ferritin to normal human circulating red blood 
cells, neither before nor after they had been fractionated into young and old 
cells (Fig. 3). Considerable binding of the lectin was observed on neuramini- 
dase-treated human red blood cells (Fig. 4). The ferritin particles attached to 
the cell surfaces were randomly distributed with an average labeling density of 
30 -+ 1.5 (S.D.) particles per /am length of membrane. No binding of the lectin 
was observed on neuraminidase-treated cells that  were labeled in the presence 
of D-galactose (results not shown). 

Binding o f  peanut agglutinin-ferritin to guinea pig erythroid cells. No binding 
of peanut agglutinin-ferritin was observed on circulating erythrocytes or on sus- 
pended erythroid cells of various states of differentiation prepared from guinea 

Fig. 3. Old h u m a n  red b lood  cell labeled wi th  p e a n u t  agglut inin-ferr i t in .  X 100 000 .  
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Fig.  4. N e u r a m i n i d a s c - t r e a t c d  h u m a n  red  t ) l o o d  ce l l  l a b e l e d  w i t h  p e a n u t  a g g l u t i n i n - f e r r i t i n .  X 1 0 0  0 0 0 .  

Fig.  5. E x t r u d e d  c r y t h r o i d  n u c l e u s  o f  g u i n e a  p ig  b o n c  m a r r o w  s u r r o u n d e d  by  n a r r o w  c y t o p l a s m i c  r im  a n d  
p l a s m a l e m m a ,  l a b e l e d  w i t h  p e a n u t  a g g l u t i n i n - f e r r i t i n .  X 1 0 0  0 0 0 .  

Fig.  6. R e t i e u l o c y t e  f r o m  n e u r a m i n i d a s e - t r c a t e d  b o n e  m a r r o w  of  g u i n e a  p ig ,  l a b e l e d  w i t h  p e a n u t  a g ~ u -  
t i n i n - f e r r i t i n .  × 1 0 0  0 0 0 .  

T A B L E  I 

B I N D I N G  O F  P E A N U T  A G G L U T I N I N - C O N J U G A T E D  F E R R I T I N  P A R T I C L E S  O N  N E U R A M I N I D A S E -  

T R E A T E D  G U I N E A  P I G  E R Y T I I R O I D  C E L L S  O F  T I l E  B O N E  M A R R O W  

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

e r o g r a p h s  a t  6 0  0 0 0  X f ina l  m a g n i f i c a t i o n s .  20  cel ls  o f  each  cel l  t y p e  in  t h r e e  d i f f e r e n t  e x p e r i m e n t s  were  
e x a m i n e d .  

Cel l s  F e r r i t i n  p a r t i c l e s  S t a n d a r d  

p e r  m i c r o n  d e v i a t i o n  

R e d  b l o o d  cel ls  * 28 .9  5 .0  
R e t i c u l o c y t e s  2 7 . 5  1.9 

La t e  e r y t h r o b l a s t s  2 7 . 5  2.3 

E x t r u d e d  n u c l e i  1 0 . 2  1.7 

* To ta ]  p o p u l a t i o n .  
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Fig. 7. O r t h o c h r o m a t i c  e r y t h r o b l a s t  f r o m  n e u r a m i n i d a s e - t r e a t e d  b o n e  m a r r o w  of  gu inea  pig, labeled wi th  

p e a n u t  agg lu t in in - fe r r i t in .  X 100 000.  

pig bone marrow. Extruded erythroid nuclei as well as late erythroblasts and 
reticulocytes were also not  labeled by peanut agglutinin-ferritin (Fig. 5). 

Neuraminidase t reatment  of red blood and bone marrow cells resulted in the 
exposure of peanut agglutinin receptors (Figs. 6--8, and Table I). The differ- 
ences in labeling density between erythrocytes,  reticulocytes (Fig. 6) an eryth- 
roblasts (Fig. 7) were minor, but the labeling density on extruded nuclei (Fig. 8) 
was only about one third, as compared to the other erythroid elements (Table 
I). 

Discussion 

It is well established that  human erythrocytes will not  bind peanut agglutinin 
unless treated by neuraminidase [19,30,31]. The results obtained in the present 
study clearly show that  human senescent cells that  contain about 30% less sialic 

Fig. 8. E x t r u d e d  e r y t h r o i d  nuc leus  f r o m  n e u r a m i n i d a s e - t r e a t e d  b o n e  m a r r o w  of  gu inea  pig, labeled wi th  
p e a n u t  agg lu t in in - f e r r i t i n .  Y 1 0 0 0 0 0 .  Inse r t :  L o w  p o w e r  view.  X 5000.  N o t e  the  low labe l ing  de ns i t y  as 

c o m p a r e d  to the  o t h e r  n e u r a m i n i d a s e - t r e a t e d  e r y t h r o i d  cells (Figs.  4, 6,  7), 
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acid than young red blood cells [4,5], or extruded nuclei that  have less than 
50% of the anionic groups present on newly formed reticulocytes [3,15], are 
not  agglutinated by peanut agglutinin, nor do they bind peanut agglutinin-ferri- 
tin. Neuraminidase t reatment  exposed binding sites for peanut agglutinin on 
both red blood cells and extruded nuclei, while trypsinization of the cells failed 
to do so. Sialic acid is known to occupy a non-reducing terminal position in 
glycoproteins, and is a-ketosidically linked to either D-galactose or to N-acetyl- 
D-galactosamine [32]. It has been suggested that  the removal of the terminal 
sialic acid from red blood cells exposes two types of T-antigens, those with ter- 
minal D-galactose and those with terminal N-acetyl-D-galactosamine, only the 
former of which is recognized by peanut agglutinin [ 18,19]. 

The T-antigen is believed to be the precursor of blood group MN antigen 
[33] and indeed desialylated MM or MN substance has been found to be the 
best inhibitor of the agglutination of neuraminidase-treated red blood cells by 
both T-agglutinin and peanut agglutinin [18,19]. 

The lack of exposure of the T-antigen after the removal of sialic acid from 
red blood cells which have aged in the circulation, as evidenced by our experi- 
ments with peanut agglutinin, may be explained by assuming that  other glyco- 
sidases, such as fi-galactosidase, can in vivo cleave the exposed D-galactose resi- 
dues for which peanut agglutinin and the T-agglutinin are specific. Recent 
observations by Baxter and Beeley [34] show that  in addition to their lower 
content  of sialic acid, old human red blood cells contain less D-galactose than 
young cells. Indeed, as shown by Marikovsky et al. [16], they contain less 
binding sites for soybean agglutinin, a lectin specific for both N-acetyl-D-galac- 
tosamine and D-galactose [35]. The latter finding also indicated that  aging of 
red blood cells in vivo does not  unmask N-acetyl-D-galactosamine residues. 

It has been shown previously that  during the expulsion of the erythroid 
nucleus there is an uneven segregation of anionic groups [2,15], which are 
selectively excluded from the part of the plasma membrane surrounding the 
nucleus. This explains why neuraminidase treatment of the plasmalemma sur- 
rounding the nucleus failed to reveal more than about a third of the peanut 
agglutinin receptors as compared with that found for late erythroblasts and 
reticulocytes. However, the fact that  the nucleus is phagocytized immediately 
after expulsion, and sometimes even before expulsion is terminated [36,37], 
indicated that  the unmasking of T-antigen is not required for phagocytosis to 
take place. 

The finding that  receptors for peanut agglutinin are exposed on the surface 
of rabbit red blood cells may be related to the low surface negative charge [4, 
12,38] and sialic acid content  [9,12] of these cells, which is less than 50% of 
that  of guinea pig or human red blood cells. The peanut agglutinin receptors of 
rabbit red blood cells may represent incomplete sialoglycoproteins capable of 
binding peanut agglutinin but lacking the terminal sialyl residues that  mask the 
corresponding receptors on human and guinea pig red blood cells. 

Desialylated erythrocytes are often used for the study of the mechanism of 
removal of aged erythrocytes from the circulation [8--12,39], as well as the 
interaction between macropbages and senescent erythrocytes in vitro [13,14]. 
The results of the present study indicate that the analogy between enhanced 
clearance from the circulation, or greater erythrophagocytosis of erythrocytes 
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that  have been treated with neuraminidase in vitro, and the recognition and 
sequestration of aged erythrocytes in vivo, is not  entirely justified. Neuramini- 
dase t reatment  results in the exposure of the T-antigen, a membrane compo- 
nent  which is not  exposed in the normally aging red blood cells. It  seems, how- 
ever, that  the naturally occurring serum anti T-antibody does not  usually play 
a role in the phagocytosis of senescent red blood cells or the extruded nuclei by 
autologous macrophages as we previously thought  [7]. There are indications 
that  serum components  are necessary for the recognition of senescent red 
blood cells by macrophages [14,40]. The nature of antigenic determinant (or 
determinants) exposed on the membrane of senescent erythrocytes in vivo and 
its relationship to the clearance of aged red blood cells from circulation, are 
still to be discovered. 
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