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SUMMARY 

Cell electrophoretic mobility of cultured melanoma cells or rat erythrocytes 
decreased with time after X-irradiation. Addition of tetravalent concanavalin A or 
divalent succinyl-concanavalin A before (not after) irradiation, completely blocked 
the mobility reduction in greater concentrations than 5 pg/l. At 5 pg/l only 3.7 • 103 
concanavalin A molecules bound to receptors per cell, while 4.18 • 107 molecules/cell 
bound at saturating concentrations. Preincubation with concanavalin A at 37 °C was 
effective even when the cells were treated with ~-methylmannoside immediately after 
irradiation. At low temperature, however, concanavalin A was not effective despite a 
sufficient amount of bound 12SI-labelled concanavalin A. Treatment with ,-methyl- 
mannoside following the binding of concanavalin A at 37 °C before irradiation in- 
hibited the concanavalin A effect depending on temperature. The residual amount of 
bound lectin could not account for the temperature dependence. The amount of 
sialic acid (the main charged substance) was not altered by X-irradiation with or 
without the lectin. Divalent succinyl-concanavalin A was also effective in blocking the 
radiation effect on electrophoretic mobility. These results seem to suggest that binding 
of a very small amount of concanavalin A without causing cell agglutination or 
clustering of  its receptors, induces some alteration in the conformation of receptor 
glycoprotein, which blocks the internalization of  acidic sugar residues by subsequent 
irradiation. 

INTRODUCTION 

In our previous papers [1--4], we reported changes in electrophoretic mobility 
of  cells and isolated nuclei after X-irradiation in cultured mammalian cells and 
lymphocytes. The electrophoretic mobility decreased with time and reached a mini- 
mum, depending on the dose, 4 h after exposure. As the mechanism of the X-ray 
induced mobility reduction, we tentatively proposed a change in the conformation of  
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the cell surface [5], based upon the following findings. (1) Electrophoretic mobility 
was mainly dependent on the negative charge of sialic acid, chondroitin sulfates, and 
hyaluronic acid of the cell surface. Radioactive labels incorporated into these acidic 
sugars were not affected by X-irradiation at the time when the electrophoretic mobility 
showed minimum value. (2) Sulfhydryl-blocking agents (p-chloromercuribenzoic 
acid, N-ethylmaleimide and iodoacetamide) in a concentration range from 1 • 10-8 
to 10-61V[ completely prevented the reduction in electrophoretic mobility after 
irradiation. (3) Addition of phytohemagglutinin-M to cell cultures before or after 
irradiation also stopped the decrease in mobility. 

In this experiment, we used concanavalin A as a modifier of X-ray effect to 
investigate further the mechanism of mobility change because the lectin is well known 
to bind its specific receptor sites on cell surface and induce a topographic change of 
receptor sites depending on incubation temperature [6, 7]. Existence of its hapten 
inhibitor, g-methylmannoside, facilitated the regulation of binding conditions. By 
utilizing lzSI-labelled concanavalin A, the amount of bound concanavalin A on the 
cell surface was measured to analyse its relation with the blocking effect of the lectin. 

MATERIALS AND METHODS 

A cultured melanoma cell line B16-C2W [8] and erythrocytes obtained from 
Wistar-King A rats by heart puncture were employed in this experiment. The culture 
media used were Ham's F12 medium [9] + I 0  ~ fetal calf serum for C2W cells, and 
Dulbecco's phosphate buffered saline (pH 7.2) for erythrocytes. C2W cells in logarith- 
mic growing phase were used in the whole experiment (2-4 • 106 cells/9 cm diameter 
dish). 

Cells were washed twice with phosphate buffered saline, and then incubated 
with concanavalin A or ~-methylmannoside at different temperatures immediately 
before or after X-irradiation. 2 or 4 h after irradiation, C2W cells were mechanically 
stripped off from culture dish with a rubber policeman for the measurement of cell 
electrophoretic mobility. 

Three times crystallized concanavalin A (carbohydrate free) was obtained from 
Miles-Yeda Ltd., U.S.A. The lectin had no proteolytic enzyme and glycosidase 
activities as far as tested. Concanavalin A was iodinated with Na 125I (carrier free) by 
slight modification of Sonoda's method [10]. This labelled concanavalin A was 
applied on Sephadex G-200 column, eluted with phosphate buffered saline containing 
~-methyl-t~-mannoside, and then dialized. The iodinated lectin newly prepared was 
used in the experiment. 

For the measurement of 125i_labelled concanavalin A bound to cell membrane, 
C2W cells were washed 4 times with phosphate buffered saline, and then mechanically 
stripped off from a Falcon plastic dish with a rubber policeman. Radioactivity of 
gathered cells was measured with Beckman's y-counter. The cell number was counted 
with Fuchs-Rosenthal hemocytometer. 

Succinyl-concanavalin A was prepared by the procedure of Gunther et al. [11 ] 
with a slight modification introducing affinity chromatography on Sephadex G-75 
after the final succinylation to remove inactive form. The preparation contained 
11 mol of succinyl residues/mol of concanavalin A subunit. 

Cell electrophoresis was carried out in 1/15 M phosphate buffered saline 
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supplemented with 5.4 % glucose (pH 7.3, ionic strength 0.167), as previously re- 
ported [12]. Measurements of cellular electrophoretic mobility were made at 25±0.5 
°C with a Zeiss cytopherometer. Each value of the mobility was obtained by timing 
the movements of at least 40 cells with a reversal of polarity after each measurement. 
In the given buffer, the mean mobility of rat erythrocytes was --1.1004-0.040 # m .  
s -1 • V -1 • cm. 

The amount of sialic acid in erythrocyte membrane was determined by 
Aminoff's method [13]. 

Irradiation of the cells in a culture dish was carried out with X-rays at room 
temperature (15-20 °C). The physical factors of exposure were: 200 kVp, 20 mA, 
0.5 mm Al+0.5  mm Cu filter added, HVL 1.13 mm Cu, 40 cm target-sample distance, 
and dose rate 105 R/min. 

RESULTS 

Change in electrophoretic mobility 
The time-course change of  electrophoretic mobility of C2W cells after irradia- 

tion is indicated in Fig. 1. With 500 R-irradiation only, the mobility decreased 
progressively with time and reached a minimum 4 h after exposure. When concanava- 
lin A (0.1 #g/ml) was added before irradiation and remained for the subsequent 
incubation at 37 °C, the mobility reduction was completely blocked. Addition of 
concanavalin A immediately after irradiation, or administration of  ~-methylmanno- 
side with concanavalin A before irradiation did not show the blocking effect. 

Fig. 2 exhibits the relationship between the concentration of concanavalin A in 
phosphate buffered saline and electrophoretic mobility 4 h after irradiation with 500 R 
in C2W cells. Concanavalin A was added before irradiation and remained during 
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Fig. 1. Change in the electrophoretic mobility (--/~m • s -  x. V-  1. cm) with time after X-irradiation 
with 500 R in C2W cells. Addition of  concanavalin A (Con A) (0.1 pg/ml) or ~-methylmannoside 
(~tMM) (0.05 N) before irradiation (Con A+500 R, - - - )  or (Con A+ctMMq-500 R, A). Addition 
o f  concanavalin A immediately after irradiation (500 R + C o n  A, 0 ) .  Concanavalin A and ~-methyl- 
mannoside persisted during the subsequent incubation. The vertical lines represent one standard 
deviation for 30-100 measurements. 
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Fig. 2. Relat ionship between the concentrat ion o f  tetravalent concanaval in  A in phosphate  buffered 
saline (pI-[ 7.2) and electrophoretic  mobi l i ty  ( - - p m  • s -  1 . V -  1 . cm) 4 h after irradiation with 500 R 
in C2W cells. Concanaval in  A was added before irradiation and remained during subsequent incuba- 
t ion for 4 h. The vertical lines represent standard deviations for 30-100 measurements .  

1.2. 

1.1 

.13 

1.0 

u 
-.& 
S a9- ¢-- 
Q. 
O 

g 0.8- 
I.IJ 

0.001 

. . . . . . . .  

/ / 5 0 0 R  

F--t/ 
. . . . . . .  I . . . . . . .  I . . . . . . . .  I 

0.01 0.1 1 
C o n c e n t r a t i o n  of succinyl  C o n A  ( p g / m l )  RBC 

Fig. 3. Relat ionship between the concentrat ion o f  succinyl-concanavalin A in phosphate  buffered 
saline and electrophoretic  mobi l i ty  ( - - /~m • s -  1 . V -  1.  cm)  4 h after irradiation with 500 R in rat 
erythrocytes.  The vertical lines represent standard deviations for 20-50 measurements .  
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the next 4 h incubation. Concanavalin A in concentrations higher than 10 -2 #g/ml 
exhibited a complete blocking of mobility change, and in concentrations less than 
10 -3 #g/ml showed no effects. Treatment with concanavalin A per se had no sub- 
stantial effect on electrophoretic mobility at a concentration range from 10 -4 to 
10-1 #g/ml. 

Fig. 3 demonstrates that divalent succinyl-concanavalin A could block the mobil- 
ity decrease by irradiation in erythrocytes. The effect of succinyl-concanavalin A varied 
markedly at concentrations between 2 • 10-3 and 10-2 #g/ml, as demonstrated with 
tetravalent concanavalin A in Fig. 2 in C2W cells. Agglutination of C2W cells was 
evident by tetravalent concanavalin A in concentrations above 5 ktg/ml, but not ap- 
parent by succinyl-concanavalin A up to 10 #g/ml. 

Table I indicates the relationship between the sequence of treatments and 
electrophoretic mobility 4 h after irradiation with 500 R in C2W cells. Treatment with 
concanavalin A (0.1 ktg/ml), ~-methylmannoside (0.05 N), X-irradiation and sub- 
sequent incubation were carried out in phosphate buffered saline. Incubation of cells 
with concanavalin A for 5, 10 or 30 min at 37 °C or 20 °C before irradiation, com- 
pletely blocked the decrease in electrophoretic mobility by X-irradiation even when 
concanavalin A was removed by ~-methylmannoside immediately after irradiation. 

Administration of concanavalin A at 3 °C resulted in a slight effect. Treatment 
with ~-methylmannoside at 37 °C (but not at 3 °C) before irradiation negated the 
concanavalin A effect. Addition of concanavalin A immediately after irradiation 
exhibited no effect. The effect of the lectin changed drastically with an incubation 
temperature between 20 and 3 °C. Strict caution was required to precool all of the 
cells, buffer solution for washing and concanavalin A solution. This experiment was 
repeated five times, but standard deviation was still large. 

TABLE I 

RELATIONSHIP BETWEEN THE SEQUENCES OF TREATMENT AND THE CELL ELEC- 
TROPHORETIC MOBILITY 4 H AFTER IRRADIATION 1N C2W CELLS 

Concanavalin A (Con A) 0.1/,g/ml, ~-methylmannoside (ctMM) 0.05 M in phosphate buffered saline. 
Results are the mean 4,S.D. 

Treatments Electrophoretic mobility 
(,um. s-1 . V - 1 .  cm) 

No treatment 
500 R only 
3 °C 10 min 
~xMM 37 °C 10 min 
Con A 37 °C 30 min; 500 R; ~tMM 37 °C 10 min 
C o n A 3 7 ° C  5 m i n ; 5 0 0 R ; , t M M 3 7 ° C  10min 
Con A 20 °C 10 min; 500 R; gMM 37 °C 10 rain 
Con A 3 °C 10 min; 500 R; ctMM 37 °C 10 rain 
• Con A 37 °C 30 min; ctMM 37 °C 10 min; 500 R 
C o n A 3 7 ° C  2h ;  g M M 3 7 ° C 1 0 m i n ; 5 0 0 R  
C o n A 3 7 ° C  2h ;  gMM 3 ° C 1 0 m i n ; 5 0 0 R  
500 R; Con A 
Con A, ctMM; 500 R 

-- 1.059 4-0.087 
--0.7274-0.076 
--1.0644-0.086 
-- 1.0574.0.084 
- -  1.096 4, 0.089 
-- 1.093 4-0.087 
--1.0574.0.090 
--0.8564,0.113 
--0.77020.077 
--0.8144-0.089 
--1.1044.0.093 
--0.7754-0.090 
--0.7154-0.090 
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Amount of  bound concanavalin A on cell surface 
The specific activity of  the original a z 5i.labelled concanavalin A obtained by 

iodination and purification was 7.18- l0 s cpm//~g. For use in experiments, specific 
activity was adjusted to give from 5.  l0 z to 5 . 1 0 4  cpm for each cell sample after 
incubation for 30 min with a wide range of  concanavalin A concentrations. Fig. 4 
shows the relationship between a concentration of concanavalin A in phosphate 
buffered saline and the amount of bound lectin to 105 C2W cells after incubation for 
30 min at 37 °C. The bound concanavalin A increased proportionally to concentra- 
tions up to 10/~g/ml and saturated at higher concentrations. The binding amount 
after incubation with concanavalin A (100 #g/ml) for 60 min at 37 °C was 0.710 pg/ 
105 cells. The time course experiment indicated that this was the maximum binding 
quantity. Since molecular weight of tetrameric concanavalin A is reported as 102 000 
[14], 0.710 #g/10 s cells is calculated as 4.18.  l07 molecules/cell. At a concentration 
of  5 #g/1 which showed almost complete blocking of  mobility reduction after X- 
irradiation, only 3.7.  103 concanavalin A molecules bound to receptors per cell 
(about 1 in 10 4 receptors). Incubation with concanavalin A (0.1 ttg/ml) at 3 ~C for 
30 min resulted in binding of the lectin of 8.7 • 10-* itg/lO 5 cells. This amount of 
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Fig. 4. Relationship between the concentration of concanavalin A in phosphate buffered saline and 
the amount of bound concanavalin A/105C2W cells after the incubation for 30 min. The vertical 
lines represent standard deviations for 6-18 measurements in 3 separate experimenls. 
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F i g .  5. Change in the amount  of  residual bound concanaval in A on cell membrane with time of  
incubation with c~-methylmannoside ( ~ M M )  (0.05 N) .  C2W cells were preincubated with 1251- 
labelled concanaval in A ( 1 / ~ g / m l )  for 30 rain at 37 °C, washed 3 times with phosphate buffered saline, 
and then incubated with ~-methylmannoside  at 3 or 37 °C. The vertical lines represent standard 
deviations for 6-12 measurements  in 3 separate experiments. 

concanavalin A was sufficient to block mobility reduction, if such cells were shifted up 
to 37 °C before irradiation without change in the amount of bound concanavalin A. 

Fig. 5 shows the time course of the release of ~ 25i.labelled concanavalin A from 
cell surface by incubation with ~-methylmannoside. C2W cells were preincubated with 
125I-labelled concanavalin A (1/lg/ml) for 30 min at 37 °C, washed with phosphate 
buffered saline, and then incubated with ~-methylmannoside (0.05 N) at 3 or 37 °C. 
About twice as much concanavalin A was released from the cell surface at 37 °C as 
compared to 3 °C. The residual amount of concanavalin A (1 .2 .10  -2 pg/ml) after 
the treatment with c~-methylmannoside at 37 °C, however, should have been a suffi- 
cient quantity to block the mobility reduction by X-irradiation. 

Amount of sialic acid 
Rat erythrocytes were used in this experiment, because in erythrocytes, sialic 

acid is the single main negatively charged substance, and cytoplasmic membrane can 
be easily obtained free from cytoplasm and deoxyribose which sometimes interfere in 
the estimation of sialic acid. Removal of  sialic acid from erythrocyte surface by the 
treatment of neuraminidase (1 unit/ml at 37 °C for 30 rain) resulted in a 60 ~ reduc- 
tion in electrophoretic mobility. 

The amounts of sialic acid in erythrocyte ghosts (prepared by hypotonic hemol- 
ysis) were 87.2/~mol/g protein in unirradiated control cells, and 90.1 in irradiated cells 
with 500 R, 4 h previously, 86.4 in irradiated cells with 0.1/lg/ml concanavalin A, and 
82.7/~mol/g protein in ceils of  concanavalin A treatment only. This result indicates 
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that the amount of sialic acid in erythrocyte membrane was not altered b2 X-irradi- 
ation with or without concanavalin A unrelated with electrophoretic mobility.. 

DISCUSSION 

Cell agglutination [6, 7, 15], resistance to trypsinization [16], clustering of 
agglutinin-binding sites [17-19, 6], and change in cell electrophoretic mobility 
(ref. 20, and Kojima et al., unpublished data) have been reported as concanavalin A 
effects at 37 ~C but not at 3 C .  Blocking of radiation-induced electrophoretic mobility 
reduction by concanavalin A also exhibited temperature dependence. A noteworthy 
difference of this newly found effect is the requirement of a very low concentration of 
concanavalin A. Cell agglutination and resistance to trypsinization appeared at a 
concentration of 5 llg/ml and became almost complete at 20 llg/ml [16]. Blocking of 
mobility reduction, however, appeared at 0.002/,g/ml and became complete at 0.01 
itg/ml. Incubation with concanavalin A in concentrations 5/~g/ml or 20//g,,'ml for 
30 min at 37 :C resulted in the binding of concanavalin A molecule to 21 or 80"<, 
saturation. At 0.002 ~g/'ml or 0.01 ~g/ml, however, the fraction oF receptors bound 
with concanavalin A were 6 • 10-s or 3 • 10 -4 saturation, respectively. Preincubation 
with the lectin was required. Added concanavalin A after X-irradiation was not 
effective. The effectiveness varied substantially with incubation temperature despite 
the amount  of bound lectin at 3 "C. Low fluidity of the membrane lipids is thought to 
be responsible for the lack of movement of the membrane components at low temper- 
atures in the fluid mosaic model of the membrane [21 ]. A low concentration of tetra- 
valent concanavalin A or succinyl-concanavalin A did not induce the agglutination of 
C2W cells or erythrocytes, nor did succinyl-concanavalin A induce capping of the 
lectin receptors [I 1 ]. The effect of a very small amount of bound concanavalin A or 
succinyl-concanavalin A (1 molecule in 10 ¢ receptors) which we reported in this 
experiment, seems not necessarily related to the lateral movement of receptor proteins 
by cross-linkage with multi-valent lectins, as proposed in mitogenic effect [l I]. 
The use of monovalent concanavalin A would clarify the relation. A configuration 
change of receptor glycoprotein itself by the binding of concanavalin A before 
irradiation might have blocked a further conformational change by X-irradiation. 
Ineffectiveness of binding at low temperature or inhibition of the concanavalin A- 
effect by treatment with 2-methylmannoside at 37 "C despite a sufficient amount oF 
bound concanavalin A at irradiation suggest that a membrane alteration is not 
induced under these binding conditions. Low fluidity of membrane lipid might restrict 
not only a lateral movement of receptor proteins, but also restrict a intramolecular 
rearrangement of receptor proteins by concanavalin A and its reversion by ~-methyl- 
mannoside through protein-lipid interaction. 

Cell electrophoretic mobility is determined by the net negative charge of the cell 
surface within 10/k of the hydrodynamic shear plane under the present measuring 
conditions [22]. Since the amount of sialic acid in membrane was not altered by' 
X-irradiation with or without concanavalin A irrespective of electrophoretic mobility, 
change in the localization of sialic acid such as to be withdrawn under the surface 
layer of 10 A, depth is suggested as the mechanism of mobility reduction after irradia- 
tion. 

Although there are some conflicting literatures [23-25] on cell surface charge 
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after X-irradiation,  the discrepancy seems at tr ibutable to a difference in the cell 
condit ions and in the measur ing conditions.  We found that  the cells in saturated cell 
density had lower electrophoretic mobil i ty than the cells in logarithmic growth, and  
did not  exhibit the mobil i ty change after irradiation.  Measurement  of the mobil i ty in 
the buffer solution of  low ionic strength [25] did not  reveal the mobil i ty reduction by 
irradiation.  

Possible involvement  of ATP  and contractile proteins of membrane  was 
suggested in mobili ty reduction after i rradiat ion [26]. Binding of concanaval in  A is 
also reported to inhibi t  the mobil i ty of immunoglobu l in  receptors on the lymphoid 
cell surface [27], and  phagocytosis by polymorphonuclear  leukocytes [28]. Fur ther  
investigation is required to clarify the existence and the character of conformat ional  
change in glycoprotein induced by concanaval in  A or X-irradiat ion using physico- 
chemical methods.  

ACKNOWLEDGEMENTS 

This work was supported in part  by a grant  in aid of scientific research and 
Cancer research from the Ministry of Educat ion of Japan. C. Sato was an Eleanor  
Roosevelt Cancer Research Fellow of the In terna t ional  Un ion  Against  Cancer from 
1972 to 1973. 

REFERENCES 

1 Sato, C. and Kojima, K. (1971) Expt. Cell Res. 69, 435 
2 Sato, C., Kojima, K. and Matsuzawa, T. (1971) Int. J. Radiat. Biol. 20, 97 
3 Sato, C., Kojima, K,, Onozawa, M. and Matsuzawa, T. (1972) Int. J. Radiat. Biol. 22, 479 
4 Sato, C., Kojima, K., Matsuzawa, T. and Hinuma, Y. (1975) Radiat. Res. 62, 250 
5 Sato, C. and Kojima, K. (1974) Radiat. Res. 60, 506 
6 Nicolson, G. L. (1973) Nat. New Biol. 243,218 
7 ]nbar, M., Ben-Bassat, H. and Sachs, L. (1971) Proc. Natl. Acad. Sci. U.S. 68, 2748 
8 Claunch, C., Oikawa, A., Tchen, T. T. and Hu, F. (1967) Advances in Biology of Skin, Vol. 8, 

p. 497, Pergamon Press, Oxford 
9 Ham, R. G. (1965) Proc. Natl. Acad. Sci. U.S. 53,288 

10 Sonoda, S. and Schlamowits, M. (1970) lmmunochemistry 7, 885 
11 Gunther, G., Wang, J., Yahara, I., Cunningham, B. and Edelman, G. (1973) Proc. Natl. Acad. 

Sci. U.S. 70, 1012 
12 Kojima, K. and Maekawa, A. (1970) Cancer Res. 30, 2858 
13 Aminoff, D. (1961) Biochem. J. 81,384 
14 Edelman, G. M., Cunningham, B. A., Reeke, G. N., Becker, J. W., Waxdal, M. J. and Wang, 

J. L. (1972) Proc. Natl. Acad. Sci. U.S. 69, 2580 
15 Burger, M. M. and Goldberg, A. R. (1967) Proc. Natl. Acad. Sci. U.S. 57, 359 
16 Sato, C. and Takasawa-Nishizawa, K. (1974) Expt. Cell Res. 89, 121 
17 Nicolson, G. L. (1971) Nat. New Biol. 233, 244 
18 Martinex-Palomo, A., Wisker, R. and Bernhard, W. (1972) Int. J. Cancer 9, 676 
19 Inbar, M. and Sachs, L. (1973) FEBS Lett. 32, 124 
20 Yamada, T. and Yamada, M. (1973) Nature 244, 297 
21 Singer, S. J. and Nicolson, G. L. (1972) Science 175, 720 
22 Haydon, D. A. (1961) Biochim. Biophys. Acta 50, 450 
23 Stein, G., Seaman, G. V. F. and Heard, D. H. (1962) Nature 193, 238 
24 Walter, H., Tung, R., Krob, E. J. and Swingle, K. F. (1974) Radiat. Res. 59, 614 
25 Gersten, D. M. and Bosmann, H. B. (1975) Exp. Cell Res. 96, 215 
26 Sato, C., Kojima, K. and Nishizawa, K. (1975) Biochem. Biophys. Res Commun. 67, 22 
27 Yahara, I. and Edelman, G. M. (1972) Proc. Natl. Acad. Sci. U.S. 69, 608 
28 Berlin, R. D. (1972) Nat. New Biol. 235, 44 


