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ABSTRACT

Exogenous nucleotides were found to protect mammalian cells from the

lethal effects of diphtheria toxin. Protective potency of a given

nucleotide was base—specific and phosphate chain-length dependent. Full

expression of protective potency required an intact nucleotide , but the

• effect did not appear to be mediated by nucleotide—induced

phosphorylation. Nucleotides antagonized the binding of diphther ia

toxin to its cell surface receptor in a manner that correlated

with the degree of protection. It was concluded that cellular protection

from diphtheria toxin by nucleotides results from inhibition of toxin—

receptor bind ing and that nucleotidea therefore may serve as valuable

research tools for future studies.

KEY WORDS Diphtheria toxin , receptor . mammalian cells.

nucleotides.
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Norma l ly ,  the eukaryotic cell membrane acts as an efficient barrier to

the intracellular passage of intact macromolecules. However , it is

clear that several toxins and probably some polypeptide hormones cross

the membrane in order to carry out their biological actions. Diphtheria

toxin (1) Pseudomonas aeruginosa exotoxin A (9), abr in (16) and r ic in

(16) must in some manner reach the cytosol to express their toxicity .

There is a possibility that insulin (22) and various mammal ian cell

growth factors (8) also act intracellularly. Thus, insights into the

mechanism by which any one of these proteins interact with and cross

the cell membrane should have widespread interest In cell biology .

As previously pointed out (1), diphtheria toxin is well suited to

a study of the mechansim by which a biologically active macromolecule

crosses the cell membrane. This toxin is lethal for several animal

species and cytotoxic for a variety of cultured mammalian cells

(4 , 7, 17). Toxicity is expressed via inhibition of eukaryotic cellular

protein synthesis (20), resulting from inactivation of a cytoplasmic

enzyme required for protein synthesis, elongation factor—2 (EF—2 ) (4).

A 21,000 dalton fragment (fragment A) of diphtheria toxin (62,000

daltons) is a transferase which covalently links the ADP—ribose portion

of NAD+ to EF—2; ADP—ribosylated EF—2 is inactive at protein synthesis.

The remaining portion of diphtheria toxin (fragment B) has no reported

biological activity, but is apparently required for the initial

interac t ion of the toxin with its target cell membrane (4, 7, 17). Thus

it is generally believed that diphtheria toxin binds to a cellular

receptor by fragment B followed by traversal of the cell membrane and

expression of enzymatic activity by fragment A.

• ~~-~~~-- • - -~~ • - — •
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Un ti l recen t ly, little was known about the binding of diphtheria

toxin to its receptor or the transport of the toxin (toxin—receptor

complex?) across the cell membrane. Boquet and Pappenheimer (1) stud ied

the interaction of radiolabeled diphtheria toxin with Heta cells and

found a specific uptake of the label. We recently found that Vero cells

have large numbers of diphtheria toxin—binding sites and that binding of

toxin to these sites exhibits biophysicaJ. and biological features

consistent with a specific toxin—receptor interaction (13). We report

here that exogenous nucleotides effec tively protect cells from the

action of diphtheria toxin, apparently by competetive antagonism of

toxin—receptor binding. It is suggested that nucleotides can therefore

serve as unique tools for fu ture  dip htheria toxin—receptor studies , and

may be valuabic in investigations of other toxin— or hormone—responsive

systems.
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MATER iAL S AND METHODS

Ccl Is and CcU Culture

Sc~’d stoc k for all cell lines was obtained from the American Tvpi~

Culture Collection (ATCC) I Roe kville , Md. Each Ithu was maintained In

75— cm T—f tas ks (Costar #30 75~ with the medium and serum supplement

recommended by ATCC .

Med ia and Sera

A lt media , vitamins , ant Ibiot ics and amino ac ids were ohi a m e d  from

t~rand is land ~iologica1 Company , (‘.rand island , N.Y • Fetal ca It serum

was purchased from Rehe is Chemical Company, Phoenix • Ar is. The serum

was heat— m a c  t ivated for 3t) mill at 56 ~‘C before use in cell  cult uru .

Diphtheria tox in was obta ined from Connaught Lahorat or tes (Toronto 1

and purified by chromatography over DF.AE—celtulose. The final produc t

was indistinguishable’ in cell culture experiments from purified

d ipht heria toxin (23 MLD/ug) supplied by Dr. A. M. Pappenhetmer , Jr..

Harvard University . Toxin concentration was determined using an

extinc t ion coeff ic ie nt  (E1 - • ) at 280 nm of 11.9.
tern

ChemtcatM

A ll chemicals were ohta tiacd from Sigma Chemical Co. (St. 1~~tis

Mo.) or P1. Btochemtcats (Mi lwaukee 1 W is. ~ . Concentrations were

determined spec trophotornut r teal lv • using either publ (shed ext m e t  Ion
coef I Ic lent s 1. S 1 or those furs I shed by the suppi icr .

Cytotox tc tty  Assay

Details of our cytotox ici ty assay have been described t I 4~ ; a

slight variation of the method was used for this work. Toxin and

experimenta l chemical agents were added simultaneously to ceU~ in

24—we ll (Costar S3524~ tissu• cu lture plates (triplicate samp les) and

- 

-
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incubation was carried ou t at 37°C for 3 h. All nucleotide solutions

were prepared in a 0.1 H N—2—hydroxyethylp iperazine—N ’—2—ethanesulfonic

acid (Hepes) buffer and adjusted to pH ~~ ± 0.2 prior to addition to

cells. The incubation was terminated by washing each monolayer three

times with serum—free medium and adding complete medium to continue cell

-~ 

• culture. After 48 h of further incubation , the monolayers were washed

with flanks ’ balanced salt solution and the remaining adherent cells

were dissolved in 0.1 H NaOH for protein assay. Data are plotted as

percent of control incubations with the chemical agent alone; standard

errors were usually 1—4% (14).

Toxin—receptor ~~~~~~~ Assay

A detailed description of the binding assay has recently appeared

(13). On the day of experimentation, the growth medium over cells in

24—well tissue culture plates was changed to 1 ml of Hanks’ 199,

supplemented with 10% fetal calf serum and 25 mM Hepes , pH 7.4. This

medium change allowed direct comparison between experiments run at 4°C

l~ 5 125
and 37°C in the absence of CO2. Either I—toxin or I—toxin plus

a 100—fold excess of unlabeled toxin was added to the wells (three

replicates) and incubation was carried out under the conditions

indicated. Each monolayer was then rinsed four times with flanks’

balanced sal t solution , dissolved in 1.0 ml of 0.1 N NaOH and counted In

a 1185 automatic gamma counting system (Searle Analytic inc.). Standard

errors were usually 1—3%. Specific binding is calcula ted as the

difference between cell—associated counts in the presence or absence

of unlabeled toxin.

a
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RESU 1,18

r to to~’t ion from Diphtheria Toxth by Adenine Hue loot ides

Fig. lÀ shows the dose—rt ’spo~ast’ relat tonshtp for exogenous aden Inc

sue loot (Jo protec t ion of Vot-o eel is from d tphther (a toxin • t’rot ccl I on

was dose—dependent and proport tonal to the length ot the nue I t.ot (do

phosphate chain. in the absence of nueloot ide , diphtheria tox in  ki t  led

about ~S’~,- ot the cotta . At low conct’nt rat tons suet cot t¼to ~
; had itt  t te or

no et fee t on ~v t tst~ x i C t t v  • hut at higher love Es protect  ton was v i r t~.allv

complete. As determined by t ~e ,‘oncent rat ton requ i red for “O.

protect ion, adottost ~at ’ — S ’— t o rraphospi~ate was the most potent protect  lye

a~ont ot  the series , about ~— 8 t imes more’ potent then adenosino— ’~’—

triphosphate’ IATP). AlP was 1—i t imes more potent then adonos ine—~ ‘—

d iphosphat “ (ADP) , whi to adt’t~os inc—S ‘ —monophosphate (AMP’l exh ibit o~t

incomplete  hut measurab to pro tt’e t ton . Ne tt her th’ nucl cost do ,

adenos (no • nor the t ree base • aden inc • at concont r•~t tolls up t o  I IUI’( ,

exhibited protec t tvi’ potent 1.~I. The phosphat ’ ol igorner port ton of Alp ,

t r I pot yphospha t i’ trrP) • eon (or red prot eel ton at high cone ent rat I OtIs

Thu et tee t s ot adt’nine suc loot ides on toxin—colt  binding are

shown in Fig. lB. Cleart~ • sue loot ide ct ice t s on binding can be

correlated to c it ects on cv t o tox iet t v .  The rolat lye pot cue los are the

same • I • e. • t ci t-.iphospha to ‘ t r Iphospha It’ ‘ d l  phosph.% to ~ monophosphat e

Furt hct mor~’, the eoneent rat Ions of nuc loot ides requ trod to protec t ~~~~

of the c,’ I ts  are c lost’ to those required to inhibit S0. of the binding,

indicating similar absolute pot enc ice as well . tine •%noma I’- , however ,

was the tn~r~~st’ in binding brought about by adentne ot ~ Jenos t ne .

At I n*t • these compounds increased t he’ binding 20— tO ~ over t he cost rot

va lues (data not shown) .
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‘If tt’t tv  of the Nuc toot  Idc Raso

Nuclt’otide—mediated protection from diphtheria toxin was not

limited to aden ine nucluotides. Fig. 1A shows that all the common

pur inc and pyr Imid Inc triphe~sphate rtbonuc leot ides protee red eel is to

some degree. In dipht heria—toxin challenged Vero cells . rhymid ine—5’ — ,

adenosine— ’ - and guanostnu— 5’ — t r i phosphates were the most potent

protective nucleotides. Cytldine—5’ — t r l phosphate did have a protective

e (toe t  but it was muc h less than the above three nucicotldos. Uridine—

5’ — rriphosphace and tripolvphosphate were about equally potent , falling

midway between cyt td ine— and the other three triphosphates. Nuclcotido—

med iated inhibition of toxin—cell binding is shown in Fig. 2B. As with

the adenino series , the correlation between of ice ts on binding and

cytotoxi~ i tv Is readily apparent.

Pvot~ ct ton from Diphtheria Toxin by Nucl~ otid~ Components

The presence of nucleotide components was not sufficient to ac hieve

I ui I protection , as demonstrated in Fig. 1A. Here , thvmidine— 5 ‘—

tr iphosphate (TIP) prov ided a high level of protection from a

concentration of diphtheria toxin lead ing to substantial cell death.

Neither thymidtnc nor tripo lyphosphate provided protect ton, and

together , their protect ive’ potential was not increased . Similar

results were obtained wit h ATP and its components (data not shown).

Thus, it appears that cova lent attachment of tripotyp hosphate tO  tile

nucleoside is necessary for ful l expression of toxin—protective

act ivt tv .

A similar requirement is observed for inhibition of binding

iF t g. 38). Neither thyinidine , trtpolvphospha te, nor a combination of

the two had apprec iable effec t on diphther ia toxin—cell binding. On the
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other hand , a similar concentration of TIP blocked almost half of the

toxin-ce ll, binding exhibited by the control .

Nonhyd rol y zable AT? Analogs

The correlation of nucleotide phosphate chain length to protective

potency suggested that both protection from cvt o tex i c i t v  and Inhibition

of toxin—cel l binding ~n~y be mediated by phosphate transfer. To test

- 
- 

this possibility , we investigated the effects of two nonhydrotyzable

analogs of AT? ; results are shown in Table I. In tile presence of ATP ,

about 20 of the cells did not survive a concentration of diphtheria

toxin that , by itself , kills about 8O~ . The AT? analog with a methylene

linkage between the ~— ‘y phosphates was slightly less potent than ATP

while the analog with 
~~

— ‘
~ 
imido linkage was slightly more potent. Alt

three compounds were effective and equipotent in their abilities to

inhibit toxin—cell binding. It therefore seems highly unlikelY that

phosphate hydrolysis or transfer is responsible for either cell

pro tec t ion or inhibition of toxin—cell binding.

Com~~e t i t t ve  Nature of Binding Inhibition

To determine whether the nucleotide antagonism of toxin—cell binding

was competitive or noncompetitive , binding was measured in tt~e presence

of two concentrat ions of AT? and a double—reciprocal analysis of the

data was carried out. The results (Fig. 4), are consistent with

competit ive inhibition of diphtheria toxin—receptor binding . Competitive

antagonism is usual ly interpreted as reversible binding of the

antagonist (nucleotide ) to the same site on a receptor as the agonist

(diphtheria toxin) (23). However , .illost eric e f f e c t s  canno t be ruled

out. 
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DISCUSSION

- 
- Previous studies have shown that several drugs can protect mammalian

cells from diphtheria toxin (6, 10, 15). This report identifies a class

H of naturally occurring compounds (nucleotides ) as protective agents f rom

diphtheria toxin and presents a limited structure—activity analysis of

the chemical characteristics required for protection. One of the most

striking features of nucleotide protection is the dependence on

phosphate chain length. At least a 100—fold increase in protective

potency is observed when going from a mono— to a tetraphosphate

nucleotide (Fig. 1). A similar phosphate chain—length dependency was

observed with thymine, guanine, uracil and cytosine nucleotides (data

not shown). The specificity of protection is further demonst’-ated by

the differential potencies among the common purine and pyridimine

triphosphate nucleotides (Fig. 2) Although an intact nucleotide is

required (Fig. 3), phosphate hydrolysis is apparently not involved

(Table I).

Nucleotide—mediated protection from diphtheria toxin undoubtedly

results from an antagonism of toxin—receptor binding. The molecular

event responsible for the antagonism is not entirely clear, although

some possibilities can be ruled out. One explanation is that

nucleotides act by chelating a cation required for toxin—receptor

binding. This is quite unlikely because of the considerable differences

in inhibitory potencies of the common triphosphate nucleotides (Fig. 2),

while their affinities for cations are essentially identical (21).

Another possibility is that nucleotides bind to the toxin, not the

receptor , and somehow prevent toxin—receptor interaction. This

explanation is also unlikely since we measured the binding of 

~~- -~~~~ --
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radiolabeled adenosine t n —  , di-, and tnonophosphates to diphtheria

toxin found only a low level, nonspecific association (data not shown).

Furthermore the monophosphate bound to diphtheria toxin as well or

better than adenosine triphosphate, a situation quite unlike the

protective effect. Thus, we are led to the conclusion that nucleotides - 
-

antagonize diphtheria toxin—receptor binding by occupying the toxin

binding site on the receptor and sterically hindering the interaction ,

or by binding to an a].lostenic control site which converts the receptor

to a form incapable of interacting with diphtheria toxin. Whichever

the case, nucleotides clearly offer a valuable tool for future

diphtheria toxin—receptor studies.

It is by no means unprecedented to find that exogenous nucleotides

affect the action of a toxin or hormone. Rodbell. and his associates

described an obligatory role of guanyl nucleotides in glucagon

activation of adenylate cyclase (5), conclud ing that guanyl and ,

to a much lesser degree , other nucleotides regulated glucagon binding

by an allosteric action (11, 18). Cassel and Selinger presented

evidence that inhibition of guanosine triphosphate hydrolysis may

be the mechanism by which cholera toxin activates adenylate cyclase (2).

Since both these examples of nucleotide regulation involved the

adenyla te cyclase system, we considered the possibility that our

data also reflected some relationship between this enzyme and

diphtheria toxin action. Experiments to date, however, have given

uniformly negative results.

Nucleotides have also been known to affect a hormone not involved

with adenylate cyclase. Chang and Cuatrecas~s (3) and Loren et al. (12)

found that exogenous adenosine triphosphate inhibited insulin—stimulated

- - —----—- -— .—- - - - 

- - ~~~~~~~~~ - -~~~~~~~~~~
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glucose transport. It was agreed that the effect probably resulted

from phosphorylation of a membrane component involved in transmission

of the signal from the insulin receptor to the carrier system. Since we

can measure a direct nucleotide effect on diphtheria toxin binding, and

since the nonhydrolyzable nucleotide analog found to be ineffective by

Chang and Cua trecasas is fully potent in our system, It is unlikely that

phosphory lation mediates the nucleotide effect seen here. Nevertheless

we find it curious that nucleotides can affect toxins or hormones having

widely diverse mechanisms of action and suggest that the effects of

nucleotides on other hormone or toxin systems should be investigated .

- I
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TABLE I

Effect of Nonhydrolyzable AT? Analogs on Cytotoxicity and

Toxin—Cell binding

Agent % Cell survival* 2 Inhibition of toxin—
- cell binding

j Adenosine—5 ’—trlphosphate 81 84

~—y-inethy1adenoslne—5’—triphosphate 74 81

B—y—adenylyl—imidophosphate 88 82

Control 19 0

*Cells were challenged with 0.05 ngfml toxin for 3 h at 37°C in the presence

or absence (control) of 0.8 mM indicated agent. Survival was measured as in

Materials and Methods.

~Ce11s were incubated at 4°C with 0.03 g/ml ‘251—toxin or ‘251—toxin plus

3 ~ig/ml unlabeled toxin for 12 h in the presence or absence of 1. mM agent.

Specific binding was measured as in Materials and Methods.

a
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• Figure Legends

FIGURE 1. Effects of adenine nucleotides on diphtheria toxin—induced

cytotoxicity and 1251—dip htheria toxin—cell binding. A. Effects on

cytotoxicity. Vero cells were challenged with 0.05 ng/ml toxin in the

presence of various nucleotides as explained in Materials and Methods.

(5 )  adenosine—5’—tetraphosphate; (A  ) adenosine—5’—tnlphosphate;

(0) adenosine—S’—diphosphate; (Q )  adenosine—5 ’—monophosphate;
(~~~) tripolyphosphate; (star) toxin only. B. Effects on binding .

1’25I—diphtheria toxin (0.03 pg/ml) with or without 3 pg/mi unlabeled

toxin was incubated with Vero cells in the presence of indicated

nucleotides at 4°C for 12 h. Specific binding was then determined as

described in Materials and Methods. Symbols same as part A. Control

bound cpm 27 ,000.

FIGURE 2. Effects of common triphosphate nucleotides on diphtheria

toxin—induced cytotoxicity and 1’251—diphtheria toxin—cell binding.

A. Effects on cytotoxicity. Vero cells were challenged with 0.1 ng/ml

toxin in the presence of var ious nucleotides as explained in Mater ials

and Methods. (0)  thymidine—5’—triphosphate ; (0)  adenoslne—5’—

triphosphate; ( A )  unidine—5’—tniphosphate; (5 )  guanosine—5’—
triphosphate; (I) cytidine—5’—triphosphate; (~~

) tripolyphosphate;

(star) toxin only. B. Effects on binding. ~
25I-.diphtheria toxin

(0.03 pg/mi) with or without 3 ~g/m1 unlabeled toxin was incubated with

Vero cells in the presence of the indicated nucleotides at 4°C for 12 h.

Specific binding was then determined as described in Materials and

Methods. Symbols same as part A. Control bound cpm — 9,000. L
_________________ 

__________________________________ ________________
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FIGURE 3. Effects of nucleotide components on diphther ia toxin—induced

cytotoxicity and 1’251—diphtheria toxin—cell binding. A. Effects on

cytotoxicity. Vero cells were challenged with 0.1 ng/mI toxin in the

presence of 0.1 mM of the indicated agent and cytotoxicity determined as

described In Materials and Methods. Error bars indicate standard error

of the mean. (T) thymidine ; (PPP) tripolyphosphate; (TPP) thymidine—5’—

triphosphate. 8. Effects on bind ing, I—diphtheria toxin

(0.03 pg/mi) with or without 3 pg/mi unlabeled toxin was incubated with

Vero cells in the presence of the indicated agent at 4°C for 12 h.

Specific binding was then determined as described In Materials and

Methods. Symbols same as part A. Error bars indicate standard error of

the mean. Control bound cpm - 17,000.

FIGURE 4. Double—reciprocal plot of adenosine triphosphate effects on

~
‘25I—diphtheria toxin—cell binding. Vero cells were seeded in

microtiter pla tes and on the day of the experiment (18 ,000 cells/well)

the medium was changed to 0.1 ml of Hanks’ 199 with 10% fetal calf

serum and 25 mM Hepes, pH 7.4. Specific binding of 1251—diphtheria

toxin was measured in the presence of the indicated concentration of

adenosine—5’—triphosphate in the usual manner (4°C, 12 h). Lines

were fitted by regression analysis. (0 ) control; (0 ) 05 mM

adenosine tr iphospha te; (
~~ 

) 1.0 mM adenosine triphosphate.
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