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SUMMARY

/The effects of concanavalin A (Con A) on diphtheria toxin—cell

receptor interactions were studied . Con A had no measurable effect

on toxin—receptor binding at 4eC but increased the total cell—associated

toxin 4—5 fold at 37 C. An assay which distinguishes between cell

surface bound and internalized toxin demonstrated that Con A reduces

the percentage of internalized toxin while markedly increasing that

found on the cell surface. These effects of Con A were blocked by

u —methyl mannoside but not by coichicine. Succinyl Con A was as

effective as Con A; other lectins, however , were less potent. It is

concluded that Con A protects cells from diphtheria toxin by blocking

its entry into the cell. ~ 
S ..

TT~~



n~r . . • .

Diphtheria toxin , the exotoxin produced by Corynebacterium diphtheriae,

has been identified as the virulence factor in clinical diphtheria

[1, 5, 15]. It is lethal for many animal species and cytotoxic for a

large number of cultured mammalian cell lines. Diphtheria toxin is a

66,000 dalton protein which can be separated into two major fragments,

designated A and B [1, 5, 15]. It is generally believed that fragment B

mediates binding to the cell surface receptor, while fragment A

catalyzes the transfer of the ADP—ribose moiety of nicotinamide adenine

djnucleotide to a translocase essential for eukaryotic protein

synthesis, elongation factor 2 (EF—2). ADP—ribosylated EF—2 is

metabolically ir~rtctive and cytotoxicity therefore results from a

toxin—induced inhibition of protein synthesis.

While the intracellular mechanism of action of diphtheria toxin

has been elucidated , little is known of the molecular nature of the

cell surface receptor or the means by which receptor—bound diphtheria

toxin is internalized and processed by the cell. Draper et al. [21

have recently reported that certain lectins effectively protect Chinese

hamster V79 cells from the action of diphtheria toxin. They hypothesized

that protection results from a lectin—mediated block of toxin—receptor

binding, indicating that the dip htheria toxin receptor contains

N-.acetyglucosamine or mannose elements.

We hove r e c e n t Ly  developed .t system which p ermi t s  d i r ec t

mea~ urcnent of dtp hth erid toxin—receptor binding using a h ighl y tox in—

sensitive monkey k idney cell line [9 , 11]. The e f f e c t s  of lectins  ic

chi~ system were studied and are reported here. Our data demonstrate

that Lectiri s do not block toxin—receptor binding but appear to prevent

toxin internalization.
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MATERIALS AND METHODS

Cells and cell c u l t u r e

Seed stock for Vero and BS—C—l cells was obtained from the American

Type Culture Collection (ATCC), Rockville, Md. The cells were maintained

in 75-cm2 T—flasks (Costar #3075) with the medium and serum supplement

recommended by ATCC. The Vero and BS—C—l cell lines were used

interchangeably since in previous work [9, 11] and in experiments

presented here, they gave indistinguishable results.

Media and sera

All media , vitamins, antibiotics and amino acids were obtained from

Grand island Biological Company, Grand Island, N.Y. Fetal calf serum

was purchased from - Reheis Chemical Company , Phoenix , Ariz.  The serum -. -
.

was heat—inactivated for 30 mm at 56°C before use in cell culture.

Diphtheria toxin was obtained from Connaught Laboratories (Toronto)

and puri f ied by chromatography over DE—52 (Whatinan). The final produc t

was indistinguishable in cell culture experiments from purified

diphtheria toxin (23 MLD/ug) supplied by Dr. A. M. Pappenheimer , Jr.,

Harvard University. Toxin concentration was determined using an

extinction coefficient (E~~ ) at 280 nm of 11.9.1 cm
Chem icals

Concanavalin A (Con A) was obtained from Pharmacia (Uppsala) and wheat

germ agg lutinin from Calbiochem (Sa n Diego , Calif.). Succinyl Con A

was prepared by the method of Gunther , et al. [6]. All other  lectins

were purchased from Sigma Chem ical Co. (St. Louis, Mo.).

Protein synthesis assay

CelLs were grown in 24—well tissue culture plates (Costar ~3424) to a

concentrat ion of 1—2 x L0~ cells/well. On the  day of experimentation,
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the medi um was replaced wi th  Honks ’ 199 supp lemented with 10% heat—

inactivated fetal calf serum and 25 mM Hepes , pH 7.4. Cells were

incubated for 1 h at 37°C with the agents indicated , ~fo1lowed by

challenge with toxin for various times. Tritiated leucine (New England

Nuclear) was then added (1 (pCi/well) and incubation continued for

1.5 h. The monolayers were then washed three times with Hanks’ balanced

salt solution and cells detached with 0.2 ml trypsin (trypsin—EDTA IX,

Grand Island Biological Co.). After the addition of 0.8 ml of complete

medium the entire contents of each well were transferred to a 12 x 75 mm

test tube containing 1 ml of cold 10% trichloroacetic acid (TCA) and

icubated overnight (4°C). The ~CA—precipitable material was obtained

by cen tifuga tion , washed once in 5% TCA and once in methanol. The

final pellets were solubilized in 0.5 ml NCS (New England Nuclear) and

counted in Liquifluor—toluene (New England Nuclear) using a Searle

Analytic Mark III liquid scintillation counting system.

Radiolabeling of toxin --

Radiolabeled diphtheria toxin was prepared by the method of Roth [16]

as previously described [9]; 60 pg of toxin were labeled with 2 mCi of

“Low pH” carrier—free sodium iodide—l25 (New England Nuclear). The

labeled toxin (25—40 p1) was passed over a 3 ml Sephadex C—25 column

equ ilibrated with 1 mg/ml bovine serum albumin in phosp hate—buffered

saline (PBS) and the excluded fraction pooled to a total volume of

1.0 ml. This material was 95~ preci p itabic by cold 5~ TC~\ and 90~

prec ipttabte tising horse hyperimm une serum . Labeling usually

proceeded to the level of 1—2 x 1O~ cpm/~ g toxin (0.1—0.2 moles iodide

per mole toxin). The Labeling procedure had no detectable effect on 

_ _ _ _ _ _ _ _ _ _ _
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the biological activity of the toxin as measured by cytotoxicity assay

[10].

Tox in—recep tor  binding assay

A detailed description of the binding assay has recently appeared [9].

Cells were grown in 24—well tissue culture plates as described above.

On the day of experimentation , the growth medium was replaced with 1

ml of Hanks’ 199 supplemented with 10% fetal calf serum and 25 mM

125 125Hepes, pH 7.4. I—toxin or I—toxin plus a 100—fold excess of

unlabeled toxin was added to the wells (triplicate samples) and

incubation carried Out under the conditions indicated . The monolayers

were then insed four times ~.ith Hanks’ balanced salt solution,

solubilized in 1.0 ml/well of 0.1 M NaOH and counted at 80% efficiency

in a 1185 automatic gamma counting system (Searle Analytic Inc.). The

level of specific binding was determined by subtracting counts obtained

in the presence of excess unlabeled toxir~ from those obtained in the

presence of ‘251—toxin alone. Standard errors were usually < 5%.

~

--.

~
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RESULTS

Effect of Con A on toxin—induced inhibition of protein synthesis

The effect of Con A on toxin—induced inhibition of pro tein syn thesis

in BS—C—l cells is shown in f i g. 1. Con A was found to protect cells

from the action of diphtheria toxin as evidenced by a sh i f t  to the

right of the dose—response curve . The ma gnitude of protect ion appeared

similar to tha t repor ted by Draper et al. [2] with V79 cells although

a direc t comparison was not made. However , the maximal level of

protection obtained with Con A was considerably less than that exhibited

by two other protective agents, NH
4

C1 [3, 8, 11] and adenosine—5’—

tetraphosphate [12] (bot! at maximal protective concentrations).

Since at high concentrations (about 100 ug/ml) Con A itself had

a variable effect on protein synthesis (from 0—50% inhibition), the

data are presented as percent of control, e.g., no toxin. Despite

this complicating feature, protection was always observed .

• Effects of Con A on toxin—receptor binding kinetics

The effects of Con A on the kinetics of diphtheria toxin—cell association

are shown in fig. 2. As previously described [9], binding at 4°C

follows a classical bimolecular kinetic pattern , reaching a plateau

at 8—10 Ii. The addition of Con A had no effect on this pattern. At

37°C, binding kinetics are biphasic , normally increasing for 1—2 h

after to:.in addition and subsequently decreasing to a steady state ,

appr o:dmately 50~ of the maximum . Con A markedly alters the 37°C

kinetics, blocking the downward phase of the curve and eliciting a

f i nal b ind ing level comparable to that achieved at equilibrium at 4°C.

The binding assay d escr ibed here and ro ut inely used in our

laboratory measures total cell—associated radioactivity, a f i gure whic~t
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presumably represents both surface—bound and internalized di phther ia

toxin. We have recently found that treatment of cells with a comb ination

of pronase and inositol hexaphosphate (PIHP) releases surface—bound

toxin into the medium , thus allowing differentiation between surface—

associated and internalized toxin (Dorland , Lepp la, and Middlebrook ,

submitted for publication). In cells exposed to toxin for up to 5 h - 
-

at 4°C, PIHP continuously releases 85—90% of the total cell—associated

radioactivity, indicating that essentially all of the toxin remains

on the plasma membrane surface (fig 3A). An equivalent amount of

cell—associated radioactivity was PIHP—releasable from cells incubated

at 4°C in the presence of Con A (fig 3B). In contrast , : .t 37° C a

substantial fraction of the cell—associated radioactivity became

resistant to PIHP over time (fig 3C), presumably reflecting

internalization of toxin. In the presence of Con A , however ,

nearly all of the cell—associated radioactivity remained PIHP—

releasable (fig 3D), demons tra ting tha t in ternalizat ion was markedly

inhibited. The same general pa ttern was observed in three separa te

experiments , which yielded ~ PulP—releasable values of 88 ± 3 , ~ 3 ± ~~~~

~ ± 5 and 83 ± 4 (mean ± S.E ) for 4°C, 4° C + Con A , 37 °C, 37° C +

Con A , respectively (all at 5 h).

Chemical and biophvsical features of Con A effects on toxin—cell binding

Dose—response curves for the effects of Con A and its monovalent

deri:ative , succinyl Con .\, are shown in Ei~ 4. SampLes ~‘ere harvested

- l~~5 .
after a 5—h , 37°C incubation of cells with I—diphtheria toxin , at

wh ich t im e  the Con A e f f e c t  appeared to be maximal (c.f. fig 2 ) .

ThreshoLds for both the Con A—and the succinyl Con .\—induced increase
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in binding were seen at 1—5 pg/mI , w h i l e  100 p g/ m I  were r equ i red  to

ap p roach the 4 °C binding level. Since the identical dose—response

curves were unexpected , we carried out hemagglutination and

tnitogenicity tests to assure the authenticity of our succiny l Con A

preparation ; in both assays the results agreed well with literature

values [6]. - 
-

Many of the biological responses of cells to Con A are reversed

by microtubule depolymerizing agents such as coichicine. The effect

of colchicine in this system is shown in Table 1. Control

experiments demonstrated that colchicine itself had no measurable

effect on either the cytotoxic response to diphtheria toxin ~l2} or

the b ind ing kine tics of 125
1—diph theria toxin at 4° or 37 °C (data

not shown). Clearly, when added with Con A , coichic ine does not

inhibit the lectin ’s effect on diphtheria toxin cell binding. Since

this too was an unan ticipa ted result , we tested the coichicine in a

Con A— mitogenicity assay and found it had the expected inhibitory

ac tion [71.

Effects of other lectins on t ox in—ce l l  associates

Several other lectins have effects on dip htheria toxin cell

associa t ion as is shown by the data  in Table 2. Con A , add ed for

re fe rence  purposes , broug ht about  a large increase in b ind ing  a f t e r

5 h at  37° C. A d d i t i on  of  m et hy l  m annos ide  blocked S0~ of the Con

A— induced increase white the givcosidc alone had Little or no effect.

Wheat germ agg tutinin and lentil lectin were about 70~ and soy bean

lec t in  about  3O~ as e f f e c t i v e  as Con A . Ricins I and II and gorse

l ec t in  had no de t ec t ab l e  e f f e c ts  on toxin—cell b ind ing.
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DISCUSSION

In this work we have s tu d ied  the  e f f e c t s  of lectins (princi pally

Con .\) on d iphther ia toxin—receptor bind L~g and inhibition of protein

synthes i s  using hi ghly sensi t ive  mammalian cells [9, 11]. Draper et

al. [2] previously demonstrated that lectins can block diphther ia

toxin— induced inhibition of protein synthesis in hamster V79 cells. -
.

Our protein synthesis data with Vero and BS—C—l cells are in good

agreement with those observations. WhileS acknowledging other

possibilities, Draper et al. [2] suggested that lectins inhibit the

action of diphtheria toxin by competing for the toxin receptor site.

This in turn implies that the diphtheria toxin receptor may, in part •

be a carbohydrate , spec if ically N—acetylglucosamine or mannose. The

Vero or BS—C—1 cell system permits a direct measure of toxin—cell

binding [9] and our data are incompatible with the above interpretation.

Clearly, with Vero and BS—C—l cells, Con A does not inhibit toxin—

receptor binding. Indeed , at 37°C, Con A induces an apparent 4— to

5—fold increase in binding by 5 h (figs 2 and 3, and Table 1). At

4°C Con A has no measurable effect on binding up to a concentration

of 100 ~g/ml . Therefore , a l though it is possible t ha t  mechanisms

may vary f rom cell l5ne to cell line , lectin protection from

d iph the r i a  toxin should not be taken as general  evidence t ha t  i ts

r e c e p tor  c o n ta i n s  a carboh y dr a t e  m e  i c t V .

Since the p r o t e c t i v e  ac t ion of Ccii A cannot be a t t r i b u te d  to a

block of toxin binding, its effects on later stages of the Lntoxicati~ n

process were  inves t i g at e d .  One p o s s i b i l i t y  is tha t  Con A gains  e n t ran c e

to the cell  cytop l a sm and i n h i b i t s  the  t o x i n— c a t a l y z e d  r ibosy la t ion

of F — 2 .  We tested the e f fe c t s  of Con A on in v i t ro  di p h t her i a

—

~ 

- -~~~
—--— --~~~~~~ -
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toxin—catalyzed ribosy lation and found no inhibition up to a

c o n c e n t r a t i o n  of 100 g/ml  (data not shown). Although this approach

does not rule out the possiblitv that a fragment of Con A may act as

an inh ib i to r , it appears unlikely that  Con A a f f e c t s  the r ibosy la t ion

stage of toxin action.

A much more likely explanation consistent with our data is that

Con A blocks the internalization of diphtheria toxin. At 4°C, under

conditions in which transport is minimal and the toxin is thought to

remain exclusively on the outer surface of the cell membrane

[1, 5, 9, 15], treatment with PIHP releases essentially all the

c l1 -associated radioactivity into the medium . At 37°C, however ,

the fraction of PIIP—releasable radioactivity decreases with time,

indicating a progressive internalization of surface—bound toxin ;

this decrease is blocked by Con A. We conclude , therefore , that the

protective effect of Con A results from a lectin—mediated block of

toxin internalization.

The ability of Con A to inhibit the mobility of membrane receptors

has been reported by several laboratories [4]. Con A has been shown

to inhibit patching and capping of various surface receptors on

lymphocytes and numerous established cell lines [4, 141. This

inhibition is reversed by microtubule depolymerizing agents such as

coichicine [7] and canno t be elicited by succiny l. Con A [4, 6], a

monovalent derivative of Con A . As assayed in our system , Con A and

succi nyl Con A are eq ually effective at altering the 37°C binding

pat tern. lor eover , neither compound ’s action is blocked by

colchicine. This suggests that the ability of Con A to prevent

diphtheria toxin internalization is not directly related to its
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ability to cross—link membrane surface structures or to mobilize

various coichicine—sensitive cytoskeletal components. Whatever the

exact mechan ism involved , lectin appear to be a valuable tool for

study ing how diphtheria toxin crosses the cell membrane.

_ _  •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~ _ _ _  _
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Table 1. E f f e c t  of coichicine on Con A—induced increase of toxin—cell

b i n d i ng

Samp le Incubation Specif ic  ce l l—associa ted

time countS

(h) 
.

‘
-‘-

Control 1.5 4700 ± 140

Control 5 2410 ± 100
Con A (100 ug/ml) 5 8240 ± 700
Con A (100 ug/ml)

+ coichicine (10 4 M) 5 8150 ± 470

125
The agents to be tested were added to Vero cells followed by I—toxin

125 .(0.03 ug/ml) or I—toxin plus unlabeled toxin (3 pg/mi). After

incubation at 37°C for the indicated times , specific cell—associated

counts were assayed as in Materials and Methods.

a Values are the means ± S.E.  (n = 3) .

__________ ________ ________ _______________________ 

~iI~

___ _______ .~~~~~~~~~ -~~~~ ----~~~~~~~ ---—___
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Table 2. Effect of lectins on diphtheria toxin— cell bind ing

Lectin addcd
b 

Specific cell—associated radioact ivity

None 760 ± 140

Con A 3400 ± 300
Con A + mi—methyl mannoside 1290 ± 410

ct—methyl mannoside 380 ± 50

Wheat germ agglutinin 2520 ± 520

Gorse lectin 780 ± 140

Lentil lectin 2710 + 360

Soybean lectin 1560 ± 380

Ricin I 510 ± 70

Ricin II 740 ± 20

aver0 cells in phosphate buffered saline—lO% fetal calf serum were

125 . - 125incubated with I—toxin &0.03 pg/mi) or I—toxin plus unlabeled

toxin (3 pg/ml) in the presence of the indicated agent for 5 h at

37°C. Specific cell—associated radioactivity was measured as exp lained

in Materials and Methods. Values are means ± S.E. (n = 3).

bAll lectins were used at a fina l concentration of 100 ug/ml.

ct—Methyl mannoside was used at a final concentration of 50 mM. 

~~~~~~“- - - - - - ~~~~~~ ---- _  _ _ _
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FIGURE LEGENDS

~~~ 
1. Ab scissa : Toxin concentration (pg/mi); ordinate: ~ control

protein synthesis. (0), no agent; (0), Con A , 100 pg/mi ; ( 
~ ) ,

adcnosine—5’—tetraphosphate , 0.5 mM ; (0 ) .  NH
4

C1, 0.5 mg/m i .  E f f e c t

of Con A on diphtheria toxin—induced inhibition of protein synthesis.

Vero cells were preincubated 1 h (37°C) with the indicated agent -
.

followed by a 5—h incubation with toxin. Protein synthesis was then

measured as in Materials and Methods.

~~~~~~ 2. Abscissa: time (hours); Ordinate: specific cell—associated

radioactivity (cprt x 10~~) .  ( 0 ) ,  4°C; ( 
~ 

) ,  4° C plus Con A; ( Q ) ,

37°C; ( 0 ), 37°C plus Con A. Effects of Con A on the kinetics of

toxin—cell association . Vero cells were incubated with 
125I—toxin

(0.03 pg/mi) or 
125I—toxin plus unlabeled toxin (3 pg/mi ) at 4 or 37°C

in the presence or absence of 100 pg/ml Con A. At the indicated times

samples were processed as in Materials and Methods to ineasure the

specific cell—associated toxin.

-
-

~

- - - -- - - - - —

~

-— - - - - - - -_ -
-

~

-“- -
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Fig. 3. Abscissa: time (hours); Ordinate: specific radioactivity

(cpm x l0~~ ) .  (0  ) ,  supernatants; (~~ ) ,  cell pellets: A , 4°; B ,

4° pius Con A; C, 37°; D, 37° plus Con A. Effect of Con A on toxin

internalization. Vero cells were incubated with 1251—toxin (0.03

~g/ml) or 
125

I—toxin plus unlabeled toxin (3 pg/mI) at 4 or 37°C,

with or without 100 pg/ml Con A. At the indicated times, the monolayers .

were washed 3 times with 1 ml cold Hanks ’ balanced salt solution

and 0.5 ml of 2.5 mg/mi pronase—lO mg/mi inositol hexaphosphate

(cold) were added. After 1 h at 4°C, 0.5 ml fetal calf serum was

added and the (detached) cells removed to be centrifuged at 7,000 g

for 1 m m .  The supernatants were removed and counted sepai. ~tely from

the cell pellets.

!!&~ 4. Abscissa: lectin concentration (pg/mi); Ordinate: specific

cell—associated radioactivity (cpm x lO s) .  ( 0 ), Con A; ( 0 ) ,

succinyl Con A. Dose—response of Con A and succinyl Con A effects

l .,5
on toxin—cell association. Vero cells were incubated with - I—toxin

(0.03 ~g/ml) or
1251—toxin plus unlabeled toxin (3 pg/mi) in the

presence of the indicated concentration of Con A or succinyl Con A.

After 5 h at 37°C samples were processed as in Materials and Methods

to measure thin specific cell—associated toxin.
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