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ABSTRACT

A lectin isolated from Rana catesbeiana eggs preferentially aggluti
nates a large variety of human and animal tumor cells but not normal red
blood cells, lymphocytes, or fibroblasts. The phenomenon correlates with
a higher binding activity of the lectin with tumor cells. Chemical and
physical analysis of the purified lectin indicates that the lectin is a low
molecular weight basic polypeptide with five intrachain disulfide bonds.
Its agglutination of tumor cells was abolished by blocking the amino
group. The lectin strongly binds with a large variety of tumor cells but
binds only minimally with fibroblasts, lymphocytes, and erythrocytes.
Tumor cell agglutination induced by this lectin was strongly inhibited by
submaxillary mucin, to a lesser degree by fetuin and keratan sulfate, and
not at all by less-sialylated glycoproteins, such as transferrin. Inhibition
by mucin or fetuin was greatly reduced by desialylation of glycoprotein
with sialidase. Treatment of tumor cells with sialidase greatly reduced
the lectin-dependent agglutination, and the sialidase-dependent reduction
of tumor cell agglutination was inhibited by the sialidase inhibitor 2,3-
dehydro-2-deoxy-jY-acetylneuraminic acid. However, tumor cell agglutin
ation was not inhibited by chondroitin sulfates or hyaluronic acid. Thus,
the lectin-dependent tumor cell agglutination is due to a high density of
sialic acid at the cell surface. The receptor glycoprotein that interacts
with this lectin was demonstrated in the detergent-insoluble fraction of a
variety of tumor cells by sodium dodecyl sulfate:polyacrylamide gel
electrophoresis, followed by Western blotting with lectin and anti-lectin
antibodies. The presence of a common high molecular weight lectin-
binding glycoprotein in various tumor cells was demonstrated.

INTRODUCTION

Animal lectins have been found in tissues of a large variety
of species from protozoa to higher animals (1). We have found
and characterized lectins from various frog eggs; some aggluti
nate RBC and others agglutinate tumor cells (2-7). Previously,
a lectin was isolated from eggs of Rana japÃ³nica that showed a
preferential agglutination of a large variety of tumor cells, and
the agglutination was inhibited by sialoglycoproteins or gan-
gliosides containing sialosyl2â€”Â»3galactosylresidue (3). A lectin
similar to that of R. japÃ³nica eggs has now been isolated to
homogeneity from R. catesbeiana eggs, which shows a prefer
ential agglutination of a large variety of tumor cells and has
been found to be directed to sialic acid residues of cell surface
glycoproteins. This paper will describe the isolation and chem
ical and biological characterization of the lectin and the prop
erties of receptors isolated from various types of tumor cells.

MATERIALS AND METHODS

Isolation of the Lectins. Two lectins from K. catesbeiana eggs specif
ically agglutinating Blood Group A erythrocytes and a lectin agglutin
ating ascites tumor cells were separated by sequential chromatography
on Sepharose G-75, DEAE-cellulose, and hydroxyapatite columns, as

Received 12/29/86; revised 5/21/87; accepted 6/17/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This study has been supported by a research grant from the NIH (CA23907)

and an Outstanding Investigator Grant to S. H. from the National Cancer Institute
(CA42505).

previously described (4). The lectin agglutinating tumor cells, concen
trated in the second peak on hydroxyapatite chromatography (eluted
with 0.01 M phosphate buffer, pH 6.8), and termed "H-2 fraction" (4)
was further purified by chromatography on a CM-cellulose column
with gradient elution as described in the legend for Fig. 1.

Lectin Agglutination and Inhibition. Tumor cell agglutination was
determined by rat ascites hepatoma AH109A, mouse Ehrlich ascites
carcinoma cells, and mouse S-180 ascites sarcoma cells. The AH 109
cells were originally donated from Prof. H. Sato's laboratory, Research

Institute of Tuberculosis and Cancer, Tohoku University, and were
maintained by i.p. inoculation of 0.1 ml of ascites into Donryu rats
weighing 130 to 150 g. Ehrlich ascites cells and S-180 ascites cells were
propagated as ascites in ddV mice. Every 10 days, 0.1 ml of ascites was
injected into ddY mice. Tumor cells were harvested and washed in
physiological saline by repeated centrifugation, and the cell suspension
(IO7 cells/ml) in physiological saline was reserved for lectin agglutina

tion. A serial double dilution of the lectin solution containing 0.1 to
500 fig of lectin per 100 n\ was prepared in each small test tube. To
each tube were added 100 fi\ of a cell suspension containing IO6tumor

cells shaken for 10 min, and the agglutination was scored after standing
30 min at room temperature. To study the inhibition of agglutination,
the inhibitor glycoproteins or sugars were serially diluted, and each
tube was incubated with three agglutination units of lectin followed by
addition of 100 /A of tumor cell suspension as described above. (The
minimum amount of the lectin that causes obvious agglutination is
defined as 1 agglutination unit. Three agglutination units represent 3
times 1 agglutination unit.) The procedures for tumor cell agglutination
and its inhibition by glycoproteins, glycolipids, and oligosaccharides
were described previously (2, 3, 8).

Polyacrylamide Gel Electrophoresis. Homogeneity of purified lectins
was analyzed on polyacrylamide disc electrophoresis in 7% gel with ÃŸ-
alanine/acetic acid (pH 4.5) according to the method of Reisfeld et al.
(9), and by slab gel electrophoresis containing 0.1% SDS2 according to

the technique of Laemmli (10). The protein content of samples to be
analyzed was determined by fluorescamine assay (11) with bovine serum
albumin as a standard. Protein was dissolved in sample buffer contain
ing 2% SDS with or without 5% 2-mercaptoethanol and heated in a
boiling water bath for 3 min. Fifty-Mg protein aliquots were subjected
to electrophoresis.

Other Chemical and Physical Analyses and Chemical Modification of
the Lectin. Amino acid composition was determined on a Hitachi Model
835 amino acid analyzer after the sample was hydrolyzed in a vacuum
with 6 N HC1 or 3 N /Moluene-sulfonic acid containing 0.2% 3-(2-
amino ethyl)indole (12). Threonine, serine, cystein, and tyrosine values
were obtained by linear extrapolation to zero hydrolysis time. Trypto-
phan was determined according to the method of Edelhoch (13). The
ultraviolet spectrum was determined using an Hitachi spectrophotom-
eter, Model 200-20. Isoelectric point was determined on electrophoresis
in Ampholine of pH 9 to 11 with final concentration of 0.75%. Circular
dichroism spectrum was determined with Jovin-Yvon Union-Giken
Dichlorograph Mark 3-J. The effect of various treatments and chemical
modifications of the lectin on agglutinability was tested. Reductive
methylation was carried out as described by Means and Feeney (14).
Acetylation was performed as described by Fraenkel-Conrat (15). Ace-
toacetylation was performed as described by Marzotto (16). Carbamyl-
ation was performed with potassium cyanate as described by Rimon
and Perlmann (17). Succinylation was performed as described by Ha-
beeb et al. (18), and the products were separated on CM-cellulose
chromatography on linear gradient. Maleylation was performed as

2The abbreviations used are: SDS, sodium dodecyl sulfate; PBS, phosphate-

buffered saline; BSA, bovine serum albumin; CD spectra, circular dichroism
spectra.
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Fig. 1. Purification of A. catesbeiana lectin, previously separated as "H-2" (4),

by CM-cellulose chromatography with gradient elution. The second peak obtained
on hydroxyapatite chromatography (H-2) (1.2 g) was dissolved in 0.01 M phos
phate buffer to obtain 60 mg/ml concentration, and the solution was applied to
a column (2.0 x 35 cm) and then eluted with a linear gradient of 0.01 to 0.10 M
phosphate buffer (gradient began at elution volume 120 ml). The purified lectin
was obtained from Fraction II (elution volume 580 to 645 ml). +, obviousagglutination of Id" tumor cells in a protein solution with a concentration of 50

Mg/0.2 ml; â€”,no agglutination under the same conditions as above.

described by Butler et al. (19). Carbodiimide modification of the lectin
was performed as described by Carraway and Koshland (20), 2,3-
butanedione modification was performed according to the methods of
Riordan (21), and nitration was performed as described by Riordan and
Vallee (22). O-Acetylation was performed with yV-acetyl imidazol in
borate buffer (23), carboxylmethylation was performed as described by
Gleisner and Blakley (24), and iodination was performed according to
the method described by Covelli and Wolff (25).

Antibodies Directed to the Lectin. One mg of the lectin emulsified in
incomplete Freund's adjuvant (Difco Laboratories) was injected s.c. in

rabbits. Booster injections were made at the second and fourth wk after
the initial injection, and the serum was collected 5 days after the final
injection. Antibody level was determined by immunodiffusion in 1%
agarose in PBS. Precipitin lines were recorded by Coomassie blue
staining after extensive washing of the agarose gel in PBS.

Lectin Binding on Cells Adsorbed on Plastic Surface (26). Lectin
binding activity of different types of cells was determined by incubation
of lectin with cells that were fixed on a plastic surface, followed by
incubation with anti-lectin rabbit antibodies and I25l-Protein A and
counting of the I25Iactivity bound on solid phase. Linbro plates (Flow

Laboratories, McLean, VA) were precoated with 0.5 mg/ml poly lysine,
followed by incubating various tumor and normal cells (as listed in Fig.
5). Plates were allowed to stand for 1 h, and cells were fixed on plates
with 0.1% glutaraldehyde. Cells thus fixed on plates in each well were
then incubated with 50 nl of the lectin solution (2.0 Mg/ml) for 8 h at
37Â°C.Unbound lectin was removed from the well and washed 3 times
with PBS (pH 6.8) containing 1% BSA. To each well 50 n\ of anti-
lectin rabbit serum were added and incubated for 18 h at 37Â°Cfollowed

by washing 3 times with PBS containing 1% BSA. Subsequently, each
well was incubated with 60,000 cpm of '"I-Protein A in 50 Mlof PBS

containing 1% BSA for 2 h at room temperature. Each well was washed
3 times with PBS, and the I25Iradioactivity was determined by gamma

counter after being solubili/ed with 2 M NaOH.
Immunoblotting of Lectin Binding Receptor of Tumor Cells. Various

fractions of cell extracts were initially separated on SDS:polyacrylamide
gel electrophoresis and transferred onto nitrocellulose filters at 4Â°Cfor

15 h at 150 mA, using a Trans-Blot apparatus (Bio-Rad) in transfer
buffer (20 mM Tris:150 ITIMglycine) (27). The nitrocellulose filters
after transfer were immersed in PBS containing 5% BSA for 2 h at
room temperature. Filters were then incubated with the lectin (3 Mg/
ml) for 6 h, followed by incubation with 1:1000 diluted anti-lectin
antiserum for 15 h and subsequently with 2 x 10s cpm/ml of I25I-
Protein A for 1.5 h. Then the filters were exposed to Kodak X-Omat

AR film.

-BPB

0 abed
Fig. 2. Left, polyacrylamide gel electrophoresis of R. catesbeiana lectin, prot-

amine sulfate, and histone at pH 4.5. Gel a, a purified fraction after CM-cellulose
chromatography of "Fraction H-2"; gel b, protamine sulfate (herring, Grade III);

gel c, histone (calf thymus, type II). Electrophoresis was performed in 7% gel in
/3-alanine/acetic acid buffer with a current of 2.0 mA/tube (diameter, 6 mm).
Right, polyacrylamide gel electrophoresis in SDS of K. catesbeiana agglutinin.
Electrophoresis was performed as described in the text with 15% polyacrylamide
gel under reducing (a, b) and nonreducing (c, </)conditions. Migration was from
top to bottom, and the bromphenol blue front is indicated (///Vi). Lanes a and c,
hydroxyapatite fraction (Fraction H-2); Lanes b and .-/.purified lectin. Markers
(from Bio-Rad) were: phosphorylase B, M, 92,500; bovine serum albumin. A/,
66,200; ovalbumin, M, 45,000; carbonic anhydrase, M, 31,000; soybean trypsin
inhibitor, M, 21,500; lysozyme, M, 14,400. Ordinate, M, x IO3.

RESULTS

Isolation, Chemical and Physical Properties, and Stability of
the Lectin. The yield of purified lectin showing tumor cell
agglutination was 1.9% from the dried acetone powder of R.
catesbeiana eggs. The purity of active lectin on disc electro
phoresis in alanine/acetic acid buffer as well as in
SDS:polyacrylamide gel electrophoresis is shown in Fig. 2. The
lectin migrated as a single band with a basic isoelectric point,
and it was shown as a single M, \ 3,000 low molecular weight
protein. However, the lectin eluted on high-performance liquid
chromatography through G3000 SW TSK gel (75 mm x 60 cm)
slightly behind the elution of cytochrome c (M, 12,400) and
was calculated as M, 11,000 Â±1,000 (data not shown).

Amino acid composition of the purified lectin is shown in
Table 1. The lectin is characterized by the high content of
arginine as well as acidic amino acids, cysteine, threonine,
isoleucine, and valine. The proportion of basic amino acids,
acidic amino acids (aspartic and glutamic acid), hydrophobic
amino acids (isoleucine, valine, phenylalanine, tyrosine, tryp-
tophan), and hydroxylated amino acids (serine, threonine) was
12%, 20%, 25%, and 20%, respectively. Although nine cysteine
residues were detected, no free SH-group was detected by 5,5'-
dithiobis(2-nitrobenzoic acid) reagent as described by Miles
(28), and therefore it appears that all cysteine residues can be
disulfide bonded. The isoelectric point of the lectin was found
to be 11.8 (data not shown), similar to that of R. japÃ³nica lectin
as previously described (3). A complete sequence of the primary
structure of this lectin has been determined and will be described
elsewhere.3

The UV absorption spectrum of R. catesbeiana lectin showed

3 K. Titani. K. Takio. M. Kuwada, K. Nitta, F. Sakakibara, H. Kawauchi, G.
Takayanagi. and S. Hakomori. manuscript submitted for publication.
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Table 1 Amino acid composition ofR. catesbeiana lectins
For experimental conditions, see text. Results are the average of duplicate

determinations after hydrolysis with 6 N MCI for 22 h and with 3 N /Moluenesul-
fonic acid for 22, 4g, and 72 h.

Amino acid

Residues protein equivalent"

(nearest integer)

LysHisArgCys

(CÂ»2â€”COOH)AsxThrSerGlxProGlyAlaH

CysValMetHeLeuTyrPheTrp5289152059654_A82142441

" The number of residues was calculated by averaging the values from duplicate

hydrolysis with HCI and determining the tryptophan value obtained by linear
extrapolation to zero hydrolysis time on the basis of a molecular weight of 15,000.

* -, undetectable.

Fig. 3. CD spectra of R. catesbeiana lectin, R.japÃ³nica lectin, R nigromaculala
lectin, and concanavalin A (II and modified R. catesbeiana lectins (B). The
concentration of each protein was 0.94 to 1.02 mg/ml in 0.01 M phosphate buffer
(pH 6.0). These data were expressed as mean residue ellipticities in de-
grees:cm2:dmol~' taking a mean residue weight as follows: R. catesbeiana lectin,

113; R. japÃ³nica lectin, 115; R. nigromaculata lectin, 111; concanavalin A, 108;
reductive methylated R catesbeiana lectin, 114; maleylated R catesbeiana lectin.
116.

a maximum absorption at 277 nm (E 8.3) and minimum ab
sorption at 251 nm (data not shown). The CD spectra of the
lectins from R. catesbeiana, R. japÃ³nica, and K. nigromaculata
are compared in Fig. 3/4. The spectra of R. catesbeiana and R.
japÃ³nica lectins are similar and are characterized by the pres
ence of troughs at 208 nm and 212 nm. The CD spectra are
similar to the computed spectra (29), which contain 40% ran
dom coil, 36% 0-structure, and 24% a-helix, or 60% random
coil, 24% 0-structure, and 16% a-helix. The conformation of
R. catesbeiana lectin was calculated according to Chen et al.
(30) as being 30 to 45% ^-structure, 10% a-helix, and 45 to
60% random coil.

The lectin activity was stable under various drastic conditions;
i.e., no activity change was observed when the lectin solution

was kept at pH 2.0 or pH 12.0 for 24 h, followed by dialysis
and lyophilization. The activity was also stable in 8 M urea or
5 M guanidine-HCl for 3 days, followed by dialysis and lyoph
ilization. However, the lectin activity was reduced to one-
seventh when the solution was heated at 80Â°Cfor 30 min.

Activity reduction was not observed at temperatures lower than
80Â°C.Incubation of the lectin with trypsin for 60 min did not

reduce the activity, whereas incubation with trypsin for 24 h
reduced the activity to only one-half or one-quarter of the
original activity (data not shown).

Agglutinability of the Lectin and Effect of Metal Ions. The
hemagglutination by R. catesbeiana lectin was found to be
greatly affected by ionic environments. This was initially sug
gested by the fact that the agglutination was hardly observed in
Krebs-Ringer solution, in which sodium bicarbonate is present
in addition to phosphate buffer, sodium chloride, and calcium
chloride. As shown in Table 2, the lectin agglutinability of rat
ascites hepatoma was greatly enhanced in the presence of Ca2+
ions, but to a lesser extent in the presence of Mg2+ ions and

0.15 M NaCl, while the agglutinability was greatly reduced in
the presence of phosphate buffer and potassium salt. Thus, the
best agglutinability was observed in the presence of Ca2+ and in

the absence of phosphate and potassium ion. The agglutinability
was also a function of pH and ionic strength of the medium.
Higher agglutinability was observed at pH 6.0 and at lower
ionic strengths than at higher pH and higher ionic strengths
(Fig. 4).

Inhibition of Tumor Cell Agglutination by Oligosaccharides
and Glycoproteins. The lectin-induced agglutination of rat as
cites AH 109 hepatoma cells was not inhibited by a number of
mono- and Oligosaccharides, including those containing sialic
acid even at 2 to 5 IÃ•IMconcentration (data not shown). How
ever, the tumor cell agglutination was inhibited strongly at low
concentrations of submaxillary mucin and fetuin but not trans-
ferrin. The inhibitory activity of hemagglutination was reduced
greatly after treatment of glycoproteins with sialidase from
Arthrobacter ureafaciens, which has a wide substrate specificity
(see Table 3). The lectin-induced agglutination of rat hepatoma
AH 109, rat sarcoma S-180, mouse Ehrlich carcinoma, and
human gastric cancer MKN45 was not inhibited by chondroitin
sulfates A and C, keratan sulfate, or hyaluronic acid even at
300 Mg/250 p\ concentration. Only the inhibition data with
AH 109 hepatoma cells are shown in Table 3.

Effect of Sialidase on the Lectin-induced Tumor Cell Aggluti
nation. The tumor cell agglutination induced by R. catesbeiana
lectin was greatly reduced when cells were treated with sialidase
(see Table 4). When cells were incubated simultaneously with
sialidase and sialidase inhibitor (2,3-dehydro-2-deoxy-N-acetyl-
neuraminic acid), the lectin agglutination was maintained and
showed only a small degree of activity reduction. Under this

Table 2 Effect of metal ions on rat hepatoma AH109A cell agglutination by
R. catesbeiana lectin

The lectin solution was prepared with PBS (Na2HPO4/NaH2PO4,0.16 M, pH
7.2) or physiological saline (0.15 M NaCl) with or without including 5 mM MgCI2,
5 mM CaCl2, or 20 mM Ml, respectively. The agglutinating activity was deter
mined as described in the text.

Additives
Minimum quantity of the lectin that
causes tumor cell agglutination (^g)

NoneIn
PBSIn

0.15 MNaClMgCI2,
inPBSKCI,

inPBSMgCI2
+ KCI, inPBSCaCI2,
in 0.1 5 MNaClMgClj
+ CaCI2, in 0.15 M NaCl2.2-4.40.3-0.60.4-0.82.9-5.85.0-10.00.025-0.050.0075-0.015
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Fig. 4. Effects of molarity and pH of agglutinating reaction solution on the
activity of the K. catesbeiana lectin. Experimental conditions are identical to
those described in the text. When the minimum agglutination quantity per 200
i.l is 1000 fig, the agglutination liter is taken as 1.0. The agglutinating reaction
was carried out in 0.01 M PBS (â€¢â€”â€¢),0.05 M PBS (â€¢â€”â€¢),or 0.10 M PBS
(A-A).

Table 3 Inhibition of R. catesbeiana lectin-induced tumor cell agglutination by
glycoproteins and their derivatives

Agglutination of AH 109A rat ascites hepatoma and its inhibition were deter
mined as described in the text. The final lectin concentration was 25 jig/200 jd.
The following monosaccharides and oligosaccharides did not inhibit the lectin-
induced agglutination of AH 109 cells, even at 100 mM concentration: D-ribose;
r>xylose; D-arabinose; L-rhamnose; L-fucose; D-glucose; D-galactose; o-mannose;
D-/V-acetylglucosamine; r>/V-acetylgalactosamine; sucrose; trehalose; cellobiose;
melobiose; lactose; and raffinose. A weak inhibition was observed with 50 mM N-
acetylneuraminyllactose, but no inhibition was observed at 25 mM or 6 mM
concentration.

Concentration that inhibits 100% of the
lectin activity (Â¿ig/200nl)

GlycoproteinMucin

Fetuin
Transferrin
Chondroitin sulfate A
( Immillili ni sulfate C
k> i.u.ni sulfate
Hyaluronic acidI

(native glyco
protein)30

125-250
>1000
>300
>300

250
>300II

(sialidase-treated
glycoprotein)70-140

600-1000
>1000

condition, sialidase activity was 50% inhibited with bovine
submaxillary mucin and fetuin (see Table 4).

Effect of Chemical Modification of Lectins on Their Agglutin
ability. The effect of chemical modification of R. catesbeiana
lectin on its agglutinability was studied systematically, and the
results are summarized in Table 5. Carboxylesterification with
glycine ethylester significantly increased the agglutinability of

Table 4 Differences in R. catesbeiana lectin-induced tumor cell agglutination
between intact cells and sialidase-treated cells

Numbers indicate the minimum quantity of lectin Gig) that causes hemagglu-
tination.

CellEhrlich

S- 180
MM 46Intact0.5-1

160.25Sialidase"256 >500
128Sialidase

+
inhibitor62

NDC

4
" Sialidase from I ureafaciens (0.2 unit) was added to the cell suspension ( 107/

ml).
* 2,3-Dehydro-2-deoxy-/V-acetylneuraminic acid (Boehringer Mannheim) was

mixed with sialidase at a tinnÃ¬concentration of H) ' M and allowed to stand for

15 min, and then the cells were treated with this mixture. Under this condition,
sialidase activity was 50% inhibited, and the release of sialic acid from bovine
submaxillary mucin and fetuin was 50% inhibited when these glycoproteins were
incubated with 0.2 unit of A. ureafaciens sialidase and Hi ' sialidase inhibitor.

' ND, not determined.

Table 5 Effect of chemical modification ofR. catesbeiana lectin
Experimental conditions are described in the text. The lectin was treated with

different chemical reagents to modify different amino acid residues.

Lectin activity
(minimum quantity

of lectin, /ig,
that causes

ModifyingagentCarboxylesterificationGly-OEtInHjOIn

guanidinehydro-chlorideArginine

modification2,3-ButanedioneTyrosine

OHmodificationTetranitromethaneTreatment

withW-AcetylimidazoleICH2COOHpH3.0pH5.6pH7.0ICHjCONHjpH3.0pH5.6pH

7.0IrKlInHiOIn

ureaBlocking

of MlgroupsAcetylation
(4.1)Â°Acetoacetylation

(4.3)Carbamylation
at pH8.8(borate

buffer)(3.5)Carbamylation
at pH5.6(citrate

buffer)Succinylation
(3.8)Maleylation

(3.7)None

(native protein)Residue

modifiedAsp,

Glu,C-terminalgroupAsp,

Glu,C-terminalgroupArgTyrTyr,

aminogroupMet,

(His,Lys)His,
(Met)CysMet,

(His,Lys)His,
MetCysTyr,

Cys,HisTyr,
Cys,HisAll

NHjgroupsAll
Ml.,groupsLysyl

NH2groupar-NHj

groupAll

NH2groupsAll
Ml. groupsagglutination)0.04-0.080.05-0.101-22.5-55-100.5-10.5-10.5-10.5-10.5-10.5-110-205-10400-50075-130150-3001-2130*>5000.5-1

" Numbers in parentheses, number of amino residues modified, which was

measured by ninhydrin reaction (40). Calculation was based on the assumption
that the lectin contains one a-NH2 and five lysine residues.

* After purification in CM-cellulose (Fig. IB, Fraction 1).

the lectin, while treatment with iodoacetic acid or iodoaceta-
mide did not change the lectin agglutinability (Table 5). In
contrast, a remarkable reduction of the lectin activity was
observed when the amino groups of the lectin were modified by
acetylation, acetoacetylation, maleylation, and Carbamylation.
In contrast, reductive methylation and succinylation reduced
the activity only slightly. A selective Carbamylation of the a-
amino group did not alter the activity. The CD spectra of the
lectin after maleylation and reductive methylation were identi
cal to that of the native protein. Modification of arginyl residue
by butanedione and that of histidine or methionine residues by
iodoacetamide did not significantly alter the lectin reactivity.
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Fig. 5. Reactivity of R. catesbeiana lectin with various cell lines. PC-1, -3, -7,
-9. and -10, and QG-56 and -90 are human lung carcinoma cell lines. MK-2,
MKN-1. -28, -45, and -74 are human gastric carcinoma cell lines. KATO-III is a
signet ring carcinoma cell line. All these cell lines were established in the late
Professor S. Oboshi's laboratory at the Department of Pathology, Niigata Uni

versity, Japan, and were donated by Dr. T. Suzuki of the same department. These
cell lines were maintained by Japan Immunoresearch Laboratories, Takasaki,
Japan. The cell biological properties of these cells were published previously (41,
42). Epidermoid carcinoma RT-4 and ovarian carcinoma SK-OV3 (43) were
donated by Dr. JÃ¶rgenFogh of Sloan-Kettering Institute, New York, NY. Human
fibroblast cell lines WI-38 and Crawford F and human B-cell lines Crawford B
and Prentice B were donated by Dr. Cecile Berglund of Fred Hutchinson Cancer
Research Center, Seattle, WA. Reactivity was expressed relative to that of the S-
180 ascites cell line <fM)which is regarded as 100%. Cells fixed on plates were
treated with 5% bovine serum albumin in phosphate-buffered saline (0.01 M, pH
6.8) for I h. followed by incubation with R. catesbeiana lectin for 8 h and then
with ami-/?, catesbeiana lectin antibody for 18 h. The cells on plates were then
successively treated with '"(-labeled Protein A as previously described.

Modification of tyrosyl groups by 0-acetylation or treatment
with tetranitromethane resulted in a slight reduction of lectin
activity.

Reactivity of the Lectin with Various Tumor Cell Lines. The
binding activity of the lectin to various types of fixed cells as
determined by the method detailed under "Materials and Meth
ods" is shown in Fig. 5. In general, a large variety of tumor

cells from animal and human cancers showed a high lectin
binding activity, while normal fibroblasts, normal lymphocytes,
and RBC showed a low binding activity. However, there were a
few exceptions; e.g., a gastric cancer cell line, KATO-III,
showed low activity.

Lectin Receptors in Tumor Cells. Lectin receptors of mouse
sarcoma S-180; Ehrlich ascites sarcoma; human gastric cancer
cell lines MKN-28, MKN-45, and MKN-74; and BHK cells
were determined after SDSrpolyacrylamide gel electrophoresis
and blotting with the lectin, followed by reaction with anti-
lectin antibody. The patterns are shown in Fig. 6. Each cell line
showed a characteristic blotting pattern with the lectin and anti-
lectin antibodies. All these cells showed a high molecular weight
receptor (A/r 180,000) reacting with lectin and anti-lectin anti
bodies. Some cells, such as MKN-28, MKN-45, and S-180,
showed a fast-migrating low molecular weight component (A/r
21,000 to 22,000). BHK cells showed another receptor with A/r
73,000 in addition to the high molecular weight component.

DISCUSSION

A preferential agglutination of a large variety of tumor cells
over normal lymphocytes, fibroblasts, and RBC by R. cates

beiana lectin has been demonstrated, and this phenomenon is
based on the higher binding activity of the lectin with tumor
cells. The binding activity of the lectin is strongly inhibited by
highly sialylated glycoproteins, such as submaxillary mucin,
moderately inhibited by fetuin, and only weakly inhibited by
other glycoproteins having less sialylated terminal structures.
The lectin-induced agglutination is reduced by sialidase treat
ment of the tumor cells, and the inhibition by sialomucin is
reduced by sialidase treatment, which is counteracted by siali
dase inhibitor. All this evidence suggests that the lectin may
recognize highly sialylated glycoproteins characteristic of many
tumor cells. It is possible that the lectin not only interacts with
sialyl oligosaccharide chains, but also recognizes the density of
the sialyl oligosaccharides at the surface of tumor cells. A study
to prove this hypothesis is in progress.

Recent studies with monoclonal antibodies directed to a large
variety of human cancers have resulted in the isolation of
specific antibodies directed to sialomucin, although the exact
epitopes defined by these antibodies have not been character
ized. Many of these antibodies, however, are apparently directed
to sialyl derivatives of mucin oligosaccharide chains (31-35).
The results of these studies are consistent with the fact that R.
catesbeiana lectin shows preferential agglutination and binding
of a large variety of tumor cells over normal cells. Interestingly,
the lectin-binding sites of various tumor cells separated by
polyacrylamide gel electrophoresis followed by Western blot
ting show a common high molecular weight lectin-binding
glycoprotein. In addition, the presence of a binding protein
with a molecular weight of 21,000 to 22,000 was detected in
MKN-28 and MKN-45 cells. It is noteworthy that these binding
proteins are found in the detergent-insoluble fraction of a large
variety of tumor cells, suggesting that the receptor glycoproteins
could be a part of the pericellular matrix, which is known to be
insoluble in detergent (36). Another possibility is that the
receptor glycoproteins may be associated with the cytoskeletal
system, which is also insoluble in detergent (37). Further exten
sive study is needed to elucidate the exact organization of the
receptor glycoprotein in membranes.

The purified lectin is a basic protein with an isoelectric point
of 11.8 and a molecular weight of 13,000, which consists of a
single polypeptide chain with a high content of lysine, arginine,
asparagine, and glutamine and has five disulfide bonds. CD
spectra indicate the conformation of polypeptide contains a
large proportion of 0-pleated sheet structure, stable in heat,
acid, alkaline, and detergent, and resistant to trypsin. The
protein is therefore characterized as being a highly stable, water-
soluble, basic protein. Recently, the primary amino acid se
quence of this protein has been detailed and will be published
elsewhere.3 The protein contains 111 amino acid residues with
a molecular weight of 12,450 and consists of 50% 0-pleated
sheet and 10% Â«-helix.The sequence was so unique that no
homology could be found by computer exploration of 3,450
proteins.

Lectin reactivity often requires divalent metal cations (38).
The activity of R. catesbeiana lectin is also enhanced greatly in
the presence of Ca2+ and Mg2+, but is inhibited by increased

concentration of potassium. Therefore, the agglutinability de
pends on the balance of the bivalent cations Ca2+ and Mg2+ and
monovalent cations Na+ and K+. The effect of chemical modi

fication of the tadpole lectin of R. catesbeiana on sugar binding
activity has been investigated (39). In an analogous study, a
blocking of amino groups of R. catesbeiana lectin greatly re
duced lectin activity, while modification of tyrosine residues
resulted in a lower degree of activity reduction. The data with
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Fig. 6. Differential extractions of various cells, followed by electrophoresis on polyacrylamide gels in the presence of SDS. Cells were suspended in 4 volumes of
PBS (10 HIM,pH 7.0) containing 1%. v/v, Empigen BB. a zwitterionic detergent, and I RIMphenylmethylsulfonyl fluoride, or PBS containing 1%, v/v. Triton VI00
and 1 m\i phenylmethylsulfonyl fluoride. The cell suspension was incubated on ice for 30 min and then centrifuged at 35.000 x g for 20 min. The supernatant was
removed and labeled "Empigen BB extract" or "Triton \ loo extract." and the insoluble residue was labeled "Empigen BB-insoluble matrix" or "Triton \ 100
insoluble matrix." The matrix was dissolved in the same volume of 1%, w/v, SDS in PBS containing I HIMphenylmethylsulfonyl fluoride. The suspension was heated
in a boiling water bath for 3 min and then recentrifuged as above. The supernatant was removed and labeled "Empigen BB-insoluble matrix-SDS extract" or "Triton
X-100-insoluble matrix-SDS extract." A, S-180; fi. MKN 28; C, MKN 45: O, MKN 74; Â£,BHK; F. sialidase-treated S-180; /, protein stains of cell extracts
electrophoresed on a polyacrylamide gel (8%) in the presence of SDS under both the reducing (+) and nonreducing (-) conditions. //, autoradiography after the
reaction of K. catesbeiana lectin with proteins transferred onto a nitrocellulose filter from gels in / by immunoblotting. All gels in / and // contained 50 fig of protein.
Lane I. SDS extract (cells were directly solubilized with 1' . w/v. SDS in PBS containing l IHMPMSF); Lane 2, Empigen BB extract; Lane 3, Empigen BB-insoluble

matrix-SDS extract: Lane 4, Triton X-100 extract; Lane 5, Triton X-100-insoluble matrix-SDS extract. Direction of migration is from top to bottom. Markers were:
myosin. M, 200,000; Â¿f-galactosidase.M, 116,250: M, phosphorylase B, M, 92.500; bovine serum albumin. M, 66.200; ovalbumin, M, 45.000.

carbamylation under restricted and nonrestricted conditions
suggest that the lectin activity is closely related to the t-amino
groups. The molecular morphology of the lectins that recognize
the specific organization and orientation of highly sialylated
cell surface glycoproteins characteristic of a large variety of
tumor cells undoubtedly offers an important basis for diagnosis
and treatment of human cancer.
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Note Added in Proof

While this paper was in press, the complete amino acid sequence of
this lectin was published (Titani, K., Takio, K., Kuwada, M., Nitta, K.,
Sakakibara, F., Kawauchi, H., Takayanagi. G., and Hakomori, S.

Amino acid sequence of sialic acid binding lectin from frog eggs.
Biochemistry, 26: 2189-2194, 1987). A significant sequence homology
has been found between this lectin, ribonuclease, and human angiogenin
(personal communication. Dr. Torben E. Petersen, University of Aar-
hus, Aarhus, Denmark).
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