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ABsTxAcr 

The carbohydrate-binding specificities of various so-called galactosespe&c 
phytohemagglutinins were investigated by means of hemagglutination-inhibition 
assays. As hapten inhibitors, glycopeptides prepared by pronase-digestion of various 
glycoproteins (porcine submaxillary mucin, bovine submaxillary mucin, and porcine 
thyroglobulin), and several glycosides of r+galactose and 2-acetamido-2-deoxy- 
D-galactose were employed. The results indicate that these galactose-specific phyto- 
hemagglutinins may recognize the sugar residue penultimate to D-galactose or 
2-acetamido-2-deoxy-D_galactose residues of the sugar chain with which they interact, 
and that they can be classified into three groups based on the type of sugar sequence 
which they primarily recognize. 

l-NTRODUClION 

The interaction of phytohemagglutinins with cells can generally be inhibited by 
simple sugars. MZkeiZ classified simple sugars into four groups based on the con- 
figuration of hydroxyl groups at C-3 and C-4, and indicated phytohemagglutinins 
which could be inhibited by each group of sugars’. Since these phytohemagglutiuins 
react with different cell-surface structures, they have been used as molecular probes 
for the investigation of the architecture of the cell surf=. However, in these in- 
vestigations, the results are often correlated simpIy to the spec&ities of phyto- 
hemagglutiuins disclosed by haptene inhibition assays using simple sugars as haptene 
inhibitors. We have previously indicated that subtle differences in specificity exist even 
among the same group of anti-H phytohemagglutinins2, and also showed that the 
results of haptene inhibition assays using simple sugars as inhibitors cannot always be 
correlated to the structure of receptor sites on the cell surface3*4. 

We now present evidence suggesting that the so-called galactose-specific 
phytohemagglutinins can be classi&d into three groups based on the type of sugar 
chains with which they primarily interact on the cell surface. 

*This investigation was supported by researc h grants from the Ministry ofEducati& of Japan 
(737036) end from the Nisshin Foundation. 
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EXPERIMENTAL 

Hemagglutinins. - Bauhinia purpurea hemagglutinin’, Ricinus communis 

hemaggIutinin6, Maackia amurensis hemagglutinin’, and Maackia amurensis 

mitogen7 were purified according to the methods previously described. Purified 
Sopllora japonica and Wistaria floribunda hemagglutinin used in this study were 
fractions SJ-ITI and A, respectively, in the methods previously describedspQ. GZycine 

mux (Soy bean) hemagglutinin was purified according to the method of Gordon et 
al. lo. Arachis hypog oea (peanut) hemagglutinin was purified by &nity chromato- 
graphy, according to the following method which will be described in detail else- 
where ’ ‘. The crude extract of the seeds was first fractionated with (NH&SO,. The 
fraction that precipitated between 0.3 and 0.75 saturation of (NH&SO4 was further 
subjected to affinity chromatography on a column of Sephadex 6B. Phaseolus vulgaris 

hemagglutinin was a product of Difco (PHA-M). 

Glycoproteins. - Porcine thyroglobulin (PT) was prepared frcm porcine thyroid 
glands as described by Ui and Tarutam -12_ Porcine submaxillary mucin (PSM) was 
purified from porcine submaxillary glands showing blood-group A activity, according 
to the method of Katzman and Eylar ’ 3. Purified, bovine submaxillary mucine (BSM) 
glycopeptide, prepared by pronase digestion of BSM followed by repeated gel- 
filtration, was kindly provided by Dr. Fukuda, Showa University. 

Sugars. - 2-Acetamido-2-deoxy-4- 0-/3-D-galactopyranosyl-D-glucose (N- 
Acetyllactosamine) was a gift from Dr. M. C. Glick, University of Pennsylvania. 
Methyl 2-acetamido-2-deoxy-a(and P)-D-galactopyranosides [methyl N-acetyl-a(and 
/3)-D-galactosaminides] were purchased from Nakarai Chemical Co. (Kyoto). Phenyl 
a(and ,/3)-D-galactopyranosides and phenyl 2-acetamido-2-deoxy-a(and p)-D-galacto- 
pyranosides [phenyl N-acetyl-a(and p)-D-galactosaminides] were kindly provided by 
Dr. T. Okuyama, Seikagaku Kogyo Co. (Tokyo). 

Enzymes. - Vibrio cjzolerae neuraminidase (mucopolysaccharide N-acetyl- 
neuraminylhydrolase, E.C. 3.2-l. 18) was purchased from Calbiochem. Highly 
purified N-ace@-a-D-galactosaminidase and p-D-galactosidase from the livers of 
Charonia Zampas were purchased from Seikagaku-Kogyo Co. (Tokyo). Each purified 
enzyme used in this study was virtually devoid of other glycosidase activity. One unit 
of enzyme activity was defined as the amount of enzyme which could liberate 
1.0 pmole of p-nitrophenol in 1 min. 

Preparation of PSiU glycopeptides. - PSM (1 g) showing blood-group A 
activity was incubated with 100 mg of pronase in 100 ml of 0.05~ sodium borate 
buffer (pH 7.9) containing mM CaC12. Incubation was carried out for 96 h at 37” 
under a toluene atmosphere with further additions of 50 mg of pronase at 48 h and 
72 h. The reaction mixture was then lyophilized and applied to a column (2.6 x 70 cm) 
of Sephadex G-SO, after dissolution in a small amount ofwater. Elution was carried out 
with water (Fig. l), and the glycopeptide material was identified by analyzing each 
fraction by the phenol-H,SO, method l4 The glycopeptide material thus obtained . 
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Elution volume (mf) 

Fig. 1. Sephadex G-50 gel-filtration of pronase-digested PSM. Fractions (10 ml) were collected at a 
flow rate of 20 ml/h at 4”. Other experimental details are given in the text. The void volume is indi- 
cated by a vertical arrow: -_,A z80 ; --b_, phenol-H,S04 reaction. - 

(Fraction A) was incubated, as described above, with 100 mg of pronase for 48 h and 

with a further addition of pronase at 24 h. The reaction mixture was lyophilized and 

then applied to a column (2.0 x 55 cm) of Sephadex G-25. Elution was carried out 
with water (Fig. 2), and the positive fractions (phenol-H,SO, reaction) were com- 
bined (Fraction B) and further applied to a column (2.6 x 30 cm) of DEAE-Sephadex 

A-25 which had been washed successively with 0.2~ sodium phosphate buffer (pH 7.0) 

and water. Elution was carried out with water and, after elution of the first peak, 
gradient elution was performed with 600 ml of water in the mixing vessel and 600 ml 
of 0.1~ sodium phosphate buffer (pH 7.0) in the reservoir. A second gradient elution 
was then performed with 350 ml of 0.1~ sodium phosphate buffer (pH 7.0) in the 

mixing vessel and 350 ml of 0.2M sodium phosphate buffer (pH 7.0) in the reservoir. 
Fractions of 20 ml were collected at 40 ml/h at 4” (Fig. 3). Fractions were analyzed for 

sialic acid by the periodate-resorcinol method’ ‘. The glycopeptide fractions were 

collected as shown in Fig. 3, desalted by passage through a column of Sephadex G-25, 
and lyophilized. The yield of each fraction was as follows: I, 40 mg; II, 20 mg; 
III, 20 mg; IV, 15 mg; V, 10 mg. 

Preparation of PT glycopeptides B. - The glycopeptide B from porcine thyro- 

globulin (Fig. 4) was prepared according to the procedure described by Fukuda and 
Egamii6. 

Sequential degradation of glycopeptides. - (a) Desialization. Desialization of the 

glycopeptides was performed by an acid hydrolysis in 25mM HzSO, for 3 h at 80” in a 
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Fig. 2. Sephadex G-25 gel-filtration of promise-digested Fraction A. Fractions (IO ml) were collected 
at a ffow rate of 20 ml/h at 4”. Other experimental details are given in the text. The void volume is 
indicated by a vertical arrow: -9 A280 ; -S, phenol-H,S04 reaction. 

1000 
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Fig. 3. DEAE-Sephadex A-25 chromatography of Fraction B. Experimental details are given in the 
text. The starts of the gradient elutions are indicated by vertical arrows: -e-, periodate-resorcinol 
reaction. 



CARBOHYDRATE SPECIFICITY OF PHYTOHE3fAGGLUTINlNS 321 

sealed tube in vacua. The reaction mixture was neutralized with M NaOH and then 
desalted by passage through a column of Sephadex G-25. 

(b) N-Acetyi-a-D-galactosaminidase treatment. Desialized PSM glycopeptide I 
(13 mg) was incubated with 0.2 unit of N-acetyl-a-D-galactosaminidase in 2 ml of 
0.05~ citrate buffer (PH 4.0) containing 0.1~ N&l at 37” for 48 h, with further 
addition of 0.1 unit of the enzyme at 24 h. The reaction mixture was then applied to 

a column of Sephadex G-25 to separate the residual glycopeptide from the enzyme 
and the released sugars. 

(c) RemovaZ officose. Removal of fucose residues from the desialized and 
N-acetyl-a-D-galactosaminidase-treated PSM glycopeptide I was performed by an 
acid hydrolysis in 0.5&r H2S04 for 90 min at 65”, according to the method of 
Carlson”. The residual glycopeptide was recovered after neutralization with & 
NaOH and gel hltration on a column of Sephadex G-25. 

(d) /3-D-Galactosidase treatment. Desialized PT glycopeptide B was treated by 
/$-D-galactosidase, according to the method previously described3. 

Sugar analysis. - Sialic acid was measured by the periodate-resorcinol method 
of Jourdian et al.“. Quantitative determination of individual neutral sugars was 
carried out by g.l.c., after reduction to the respective alditol followed by trifluoro- 
acetylation’8*1g. Hexosamine was determined by the method of Belcher et aLzo. 

Hydrolysis for this assay was carried out with 4~ HCI for 8 h at 100”. 
iYemagglutination assays. - Titration and inhibition assays, using human 

erythrocytes freshly obtained from a donor, were carried out according to the methods 
previousIy described ’ *. The cells used for the inhibition assays on B. purpurea, G. max, 

and A. Iypogoea hemagglutinins were neuraminidase-treated cells. The neuramiuidee 
treatment of human erythrocytes was performed as described previously5. 

RESULTS AND DISCUSSION 

The hemagglutination inhibition assays against various purified galactose- 
specific phytohemagglutinins were carried out using glycopeptides prepared from 
PSM, PT, and BSM as hapten inhibitors. The sequence of sugar residues’ ’ s22 (Fig. 4) 
of the major carbohydrate chain of PSM having blood-group A activity is similar to 
that of O-glycosidically linked carbohydrate chains of the major glycoprotein of 
human erythrocyte membranez3. However, in view of the facf4 that the carbohydrate 
chains of PSM contain incomplete chains of various stages, the PSM having blood- 
group A activity was subjected to proteolytic digestion with pronase followed by 
repeated gel-filtration (Figs. 1 and 2) and anion-exchange chromatography on DEAE- 
Sephadex (Fig. 3). The carbohydrate compositions of the separated glycopeptides 
(Table I) indicate great heterogeneity in the carbohydrate chains of the PSM. Among 
the glycopeptides thus separated, glycopeptide I has the carbohydrate composition of 
the complete chain and was therefore used together with its sequential degradation 
products for the following inhibition assays. Since the molecular weight of glyco- 
peptide I was estimated to be -3,000 by means of gel filtrationI on Sephadex G-50 
and its amino acid content was - 14%, the presence of two complete carbohydrate 
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I 
GalNAc~GalRGalNAc=Ser, thr 

la 
Fuc 
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Sialic acid 

II Sialic acidQGalNAcaSer, thr 

< 
Gal& GlcNAc < 
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R Man 

RGlcNAc~ F EGlcNAc A GkNAc-ASII 

Sialic acid=-Gal L GlcNAc &Man 

a Man 
/ ” I 

Fuc 

Fig. 4. Proposed structures of carbohydrate chains of glycoproteins: (r, PSM having blood-group A 
activity; (II) BSM; (III) glycopeptide B from PT. 

TABLE I 

-I-HE CARBOHYDRATE COMPOSITION OF PSM-GLYCOPEPTID~~ 

Frac?ion Sialic acid Galaclose Fucose N-Acerylhexosamine 

I 0.9 0.9 0.8 2.0 
II 1.2 0.8 0.8 2.0 
III 1.4 0.4 0.4 2.0 
IV I.5 0.5 0.3 2.0 
V 2.1 0.8 0.1 2.0 

‘Values expressed in relation to N-acetylhexosamine taken as 2.0. 

TABLE II 

THn CARBOHYDRATE COMPOSITlON OF VARIOUS GLYCOPEPTIDFS USED AS HAPTEN INHIBITORS 

PSM-Glycopeptide I 
- SA 
- SA, GalNAc (non-reducing end) 
- SA. GalNAc (non-reducing end), 

Fuc 

BSM-Glycopeptide 
- SA 

PT-Glycopeptide B 
- SA 
- SA, Gal 

SA” Gal FUC Man N-Acetylhexosamine 

0.9 O.gb O.Sb 
O.l* l.ob O.gb 
O-l= l.O= 0.8= 

o.o= 1.0= 0.3= 

0.0 0.0 0.0 

2.1” 3.0d 1.36 
0.0 3.ld 1.3d 

0.0 0.5d 1.3’ 

-e 
-c 

-e 

-e 

_c 1.0 

3.0 4.6d 
3.0 4.73 
3.0 4.9d 

2.0 
2.0 
1.0 

1.0 

‘SA = Sialic acid. bValues expressed in relation to N-acetylhexosamine taken as 2.0. =Values expressed 
in relation to N-acetylhexosamine taken as 1 .O. devalues expressed in relation to mannose taken as 3.0 
trace. 
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chains, as shown in Fig. 4, could be anticipated in this glycopeptide. On the other 
hand, the sugar sequence of the carbohydrate chain of PT glycopeptide B, which has 
been proposed previously3n25*26 to be as shown in Fig. 4, is similar to that of the 
Wglycosidically linked carbohydrate chains of the major glycoprotein of human 
erythrocyte membrane 27. The carbohydrate composition of the glycopeptides used in 
this study was con&rned and is listed in Table II. 

The results of the hemagglutination inhibition assays are shown in Table III. 
From these results, we can classify these galactose-specific phytohemagglutinins into 
three groups. The members of the tist group, which includes B. purpurea, A. hypogoea, 
and AL amurensis hemagglutinins, are inhibited by PSM glycopeptide I and its 
sequential degradation products and desialized BSM glycopeptide, but they are not 
signiCcantly inhibited by PT glycopeptide B and its sequential degradation products. 
In contrast, the members of the second group, which includes R. communis and 
P. vulgaris hemagglutinins and M. amurensis mitogen, are effectively inhibited by the 
PT glycopeptide B, but they are not significantly inhibited by the glycopeptides 
prepared from PSM and BSM. On the other hand, the members of the third group, 
which includes G. max, S. japonica, and W. jloribunda hemagglutinins, are inhibited 
by the glycopeptides from PSM as well as those from PT. 

From the results in Table HI, it might be reasonable to assume that these 
phytohemagglutinins can recognize the sugar residue penultimate to a 2-acetamido- 
Zdeoxy-D-glucose (Wacetyl-D-galactosamine) or a D-galactose residue. Thus, each of 
the first group of phytohemagglutinins primarily recognizes the Gal --, GalNAc or the 
GalNAc+ Gal sugar sequence located at the terminal or internal position of the 
carbohydrate chain, but they cannot effectively bind to the Gal-, GlcNAc sugar 
sequence. The M. amurensis hemagglutinin, however, seems to bind primarily to the 
Gal - (Sialic acid +)GalNAc sugar sequence, because the desialization of the PSM 
glycopeptide results in a remarkable diminution of the inhibitory activity, and PSM-H 
lacking the terminal N-acetyl-D-galactosamine residue also exerts a strong inhibitory 
activity7. In contrast, each of the second group of phytohemagglutinins primarily 
recognizes the Gal+ GlcNAc sugar sequence, but they cannot effectively bind to 
Gal 4 GalNAc and GalNAc + Gal sugar sequences. Among this group, P. vulgaris 

hemagglutinin and M. amurensis mitogen have already been reported to recognize the 
Gal-, GlcNAc-, Man sugar sequence in the carbohydrate chain of the cell sur- 
face3*7*27, and R. communis hemagglutinin has been reported to be most strongly 
inhibited by @-linked disaccharides having D-galactose at the non-reducing end, 
such as iactose or melibiose28. However, the PSM glycopeptide having a Gal-, 
GalNAc sugar sequence at the non-reducing end is a weaker inhibitor against 
R. communis hemagglutinin than phenyl /?-D-galactopyranoside, as shown in Tables III 
and IV. Each of the third group of phytohemagglutinins can bind to either 
Gal + GalNAc or Gal-, GlcNAc sugar sequences. From Table III, it is also 
interesting to note that the inhibitory activity of the PSM glycopeptide I against 
A. hypogoea hemagglutinin was most strongly affected by the presence of a sialic acid 
residue. This seems to be due to the coulombic effect exerted by the sialic acid residue 
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against the interaction of A. hypugoea hemagglutinin with the glycopeptide, because 
this hemagglutinin contains a high proportion of acidic amino acids and a low 
proportion of basic amino acids . l1 Furthermore, from Table III, we can see that 
A. Lzypugoea hemagglutinin has a much stronger affinity for D-galactose than for 
N-acetyl-D-galactosamine residues, whereas G. max and W.floribunda hemagglutinins 
seem to be more specific for the N-ace@-D-galactosamine residue; thus, desialized 
BSM glycopeptide, which is practically free from neutral sugars (Table II), does not 
inhibit A. Irypogoea hemagglutinin, but strongly inhibits G. mQx and FK floribundu 

hemagglutinins. 
These characteristics of the hemagglutinins were also demonstrated by the 

hemagglutination inhibition assays using Wacetyllactosamine (2-acetamido-2-deoxy- 
4-U-j.?-D-galactopyranosyl-D-glucose) and methyl and phenyl glycosides of both 
D-galactose and N-acetyl-D-galactosamine as hapten inhibitors_ As shown in Table TV, 
N-acetyllactosamine strongly inhibits S. japonica, G. max, W. fioribundcz, and R. 
communis hemagglutinins, while this disaccharide is a relatively weak inhibitor for 
3. purpurea and A. hypogoea hemagglutinins. In the experiments using methyl and 
phenyl glycosides as hapten inhibitors, A. lzypogoea hemagglutinin was strongly 
inhibited by both CL and B anomers of the D-galactopyranosides but not by the N-acetyl 
&md fl)-D-galactosaminides, whereas these glycosides of N-acetyl-D-galactosamine 
were much more potent inhibitors against G. rnax, W. poribunda, and S. japonicu 

hemagglutinins than the corresponding glycosides of D-galactose. The strong affinity 
of G. max29 and S. japonica3Q931 hemagglutinins for N-acetyl-D-galactosamine has 
already been reported. Another interesting finding from Table TV is that R. communis 
hemagglutinin is not inhibited by the glycosides of N-acetyl-D-galactosamine and 
favored the B-glycoside of D-galactose over the or-glycoside (c$ Ref. 32). These results 
are consistent with those of the hemagglutination inhibition assays using various 
glycopeptides as hapten inhibitors. 

Thus, we conclude that members of the first group of phytohemagglutinins bind 
primarily to U-glycosidically linked carbohydrate chains of the human erythrocyte 
membrane glycoprotein, whereas those of the second group bind preferentially to 
N-glycosidically linked carbohydrate chains of the cell-membrane glycoprotein. 
Member: of the third group of phytohemagglutinins can probably bind to either 
O-gl;cosidically linked carbohydrate chains or N-glycosidically linked carbohydrate 
chains on the cell surface. Our recent studies on the competitive binding of various 
1 3 ‘I-labelled phytohemagglutinins to human erytbrocytes confirmed that B. purpurea 

and M_ amurensis hemagglutinins share a common, possibly O-glycosiclically linked, 
oligosaccharide chain, and R. communis hemagghrtinin and M. amurensis mitogen 
share the other, possibly N-glycosidically linked oligosaccharide chain, on the 
erythrocyte surface3 3. 

From the results of this investigation, it is interesting to note that the phyto- 
hemagglutinins that principally interact with the Gal + GlcNAc sugar sequence, i.e., 

P. culgaris hemagglutinin 34, M. amurensis mitogen’, and R. communis hemag- 
gIutinin35~36, show strong mitogenic activity against human peripheral lymphocytes, 
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and that the PhytohemaggIutinins that can interact with the Gal + GlcNAc sugar 
sequence as well as the Gal -+ GalNAc sugar sequence, i.e., S. japonica hemaggiutinin 
(SJ-I11)8, G. max hemag&tinin3’, and W. floribunda hemagglutinin3*, show weak 
but definite mitogenic activity against neuraminidase-treated, human peripheral 
lymphocytes. On the other hand, the phytohemagglutinins that principally interact 
only with the Gal-, GalNAc sugar sequence do not show mitogenic acitvity. 
Continued study on the relationship between the specificity of mitogens and the 
structure of their receptors on the lymphocyte cell-surface is needed for the analysis 
of the mitogenic mechanism. 
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