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ABSTRACT

Exogenoug nucleotides were found to protect mammalian cells from
Pscudomonas (PE) and diphtheria (DE) exotoxins. The protection was
dose-dependent and required the simultaneous presence of nucleotide
during toxin challenge. Protection from DE was proportional to the
number of phosphates in the nucleotides, exhibited base specificity,
and required an intact nucleotide for full expression. Protection
from PE seemed to require only phosphate oligomers. Neither
phosrhorylation nor interference with the (intracellular) enzymatic
activities of the to ins appeared to mediate the protection. It
was concluded that exogenous nucleotides block the attachment or

internalization stages of intoxicatior.




Corynebacterium diphtheriae, the causative organism of diphtheria,

produces a single exotoxin (DE) which is believed to be responsible for

the severe symptoms of the discase. DE is lethal for several animal
species and cytotoxic for a variety of cultured mammalian cells (5, 9,
21). Cell culture studies indicate that the primary event leading to
cytotoxicity is a toxin-induced inhibition of protein synthesis.
Inhibition appears to result from toxin-catalyzed inactivation of an
intracellular enzyme necessary for protein synthesis, elongation
factor 2 (EF-2) (5,9,21).

Pseudomonas acruginosa is a ubiquitous, normally harmless bacterium
which can produce life-threatening infectic' s in paticnts with impaired
immune function (15). Unlike C. diphtheriae, P. aeruginoss produc

%

several cytopathogenic extracellular products (15). However, there is

increasing evidence that ome of these, exotoxin A (PE), plays a

particularly important role in the infection pathogenesis. For example,

PE is produced by most clinice

isolates (2, 24), cytotoxic for n
memmalian cell lines (16, 22) and lethal for several animal specie:
(14, 15, 23). The report that PE inhib.ls protein synthesis in

=

mammalian cells (22), followed by a demonstration that PE has an

enzymatic ADP-ribosylating activity similar to that of DE (11)
raised the possibility that these t.o toxins have gimilar mechanism
of cellular intoxication, More recent evidence indicates that such

is not the case and that, despite si ivities, PE
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and DE scmehow differ in their overall machanisms of intoxicatiin

We report here that exogenous nucleotides protect cells fro

the actions of both PE and DE. Although the characteristics of

protection from each toxin are diffcerent, our results are




consistent with the view that the attachment or internalization

stages of PE and DE intoxication are perturbed by nucleotides.

R

This cbservation may provide a future probe into the mechanism by

which both toxins enter the cell.
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MATER1ALS AND METHODS

Cells and cell culture. Seed stock for all cell lines was obtained

from the American Type Culturce Collection (ATCC), Rockville, Md. Each
line was maintained in 75-cm” T-flasks (Costar #3075) with the medium
and serum supplemcnt vecommended by ATCC.

Media and sera. All media, vitamins, antibiotics and amino acids

3

were obtained from Grand Island Biological Company, Grand Island, N.Y.
Fetel calf serum was purchased from Reheis Chemical Company, Phoenix,
Ariz. The serum was heat-inactivated for 30 min at 56°C before usc
in cell culture.
L
Toxine. P. aeruginosa, strain PAL0G3, was obtained from P. V. Liu.
P. aeruginosa exotoxin A was produced and purified by Stephen lep la

of this Institute (l14). The final product behaves as a single polypeptide
of 66,000 daltons, contains no mecasurable carbohydrate and is more than
95% pure as judged by sodium dodecyl sulfate, polyacrylamide ge
electrophoresis. MHeating the purified toxin at 70°C for 1 h completely
destroys its cytotoxic activity. The median lethal dose (]"‘50) of PE
purified in this manner was 0.1 ug/20-g CD-l1 mouse. PE was "activated"
for ribosylation experiments by a previously described method (14).

DE was obtained from Connaught Laboratories, Torento, and purificd

by chrematography over DE-52, G-100 Sephadex and hydroxylapatite.

The final product was indistinguishable in cell culture experinents

ULl LUr




frou purified DE (23 MLD/jg) supplied by Dr. A. M. Pappenheimer, Jr.,
Harvard University. DE fragment A was prepared by a previously
published ﬁcthod (8). Toxin concentrations were determined using
extinction coefficients (Ei%cm) at 280 nm of 10.5 and 11.9 for PE
and DE, respectively.

Chemicals. Chemicals, their abbreviations and sources are

listed in Table 1. Concentrations were determined spectrophotometrically,

using either published extinction coefficients (29) or those furnished
by the supplier; purity was assessed by thin layer chromatography
L4 ; < ik ; 5 Y
(25). [ 'C]Nicotinamide adenine dinucleotide was cbtained from
i . : e n oA ]
Amersham/Searle, Arlington Height , T1l. [~ CJA1P, [
3 e 3 5 : o 4
["H]AMP were purchased from New England Ruclear, Boston, Macs.
Cytotoxicity assay. Details of our cytotowicity assay have
been recontly described (17); a slight variation of the method was

al agent under investigation

used for this work. Toxin and the chem
were added simultaneously to cells in multi-well tissue culture

plates (triplicate samples) and incubation was carried out at 37°C

3 v ~

for 3 h. All nucleotide solutions were prepared in a 0.1 ¥ N'-2-

hydroxyethylpiperazine~N'-ethanesulfonic acid (HEPES) buifer and
adjusted to pH 7.2 + 0.2 prior to additien to cells. The
incubation was terminated by washing each monoclayer three tim
with serum-free medium and adding complete medium to continue cell
culture. After 48 h of further incubaiion the monolayers were
washed with Hanks' balanced salt solution and the remaining
adherent cells were dissolved in 0.1 M NaOH fo  protein assay.

Data are plotted as percent of control incubations with the chemical

agent alone; standard errore were vsually 147 (16).
bl ‘ B




Ribosylation assay. The effects of chemicals on ADP-ribosyl

transferase activity of "activated" PE and DE fragment A were carried

out as previously described (16).

L @ o)

RESULTS

Protection from PE and DE by adenine nucleotides.

Exogenous

adenine nucleotides protected cclls from both PE and DE although the

pattern of specificity was different for each toxin.

was dose-dependent and related to the length of the
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4
Phosphate oligomers provided some measure of protection from
PE and DE. Tigure 2A shows the effect of. pyrophosphate and
tripolypho‘sphate on DE-challenged HeLa cells. Although both
compounds were active, tripolyphosphate was only 1/10 aad
pyrophosphate 1/50 as potent as ATP. Neither phesphate compound
measurably affected PE-induced cytotoxicity in Hela cells. Protection
from PE was apparent, however, in the more toxin-sensitive L-929
cell line. Pyrop! ssphate and tripolyphosphate botl protected L-929
cells from PE, although in this case their potencies were not
significantly less than that of ATP (Fig. 2B), a markedly diffewven
pattern of specificity from that cobtained with DE (Fig. 2ZA).
Specificity of the nucleotide base. Nucleotidc-mediats
protection from PE and DE was not limited to adenine nucleotides. ’
Figure 3 shows th:ut all the common purine and pyrimidine ri cotides
protected celle from both toxing. In DE-treated HeLa cells (Fig. 3A),
3
1ITP was consistently the most potent protective nucleotide and CTI
the least potent, not demonstrably differeat {rom tripolyphos)
(cowpare Pigs. 3A and 2A). -The potencies of GTP, ITP and UTP varied
slightly from experiment to experinent but were not reproduci
diff rem th of ATP. HNucleotide-mediated protection of L-929
cell: E did not show this patte of specificity: all th
nucleotide triphosphates were cquipotent (Fig. 3B) and not
signifi itly different from tripolypl hate.,
Protection from UE by nucleoride components. fThe presence o
nucleotide components is not sufficient to achieve full DE prot ion
as was demonstrated by the experiment depicted in Figure 4. Here,; TTI
provided a high level of protection from a conceatratl v of DE leading




to substantial cell death., Tripolyphosphate and thymidine separately
provided no protection, and togcrthcr',. their protective potential was not
increased. Thus, it appears that covalent attachment of tripolyphosphate
to the nucleoside is necessary for full expression of DE-protective

activity.

Structure-activity relationships of the DE-protective compounds.
Structure-activity relationships of the DE-protective compounds were
examined and experimental results arc lifs;l.t-al in Table 2. For the sal
of simplicity, the data are presented on a +++, 4+, +, 0 scale using ATP
as a reference standard: 4 is equal to or greater than ATP protective
potency, ++ is less potent than ATP but still substantially active,

+ is barely measurable, and 0 ineffective. 1

Part A lists nucleotide compounds with different sugar moieties.
Each of the 2-deoxyribonucleotides ¢ bited DE-protective potency
indistinguishable from that of its corresponding ribonucleotide.
Similarly, substitution of arabinose for ribose in ATP and CTY did
not measurably change their protective potentiazl. ,

Part B demonstrates that halogenated or hydroxylated analogs
of the purine or pyrimidine bases generally are not altered in
protective potential relative to the parent compound. Sing bror
replacemen b ¥ ATP, dl or dCTP did not Increase or dec: :
protective poteney; similarly, trifluerination of TTP did not chang
protective activity. ¢ triphosphat a 2,6-dihydre congen
of ATP o1 tly reduced in potency compared to either
parent: compound.

Part C shows the protect ive activities of dinucleotides,
polyn eotdes and cyliec nucleotides. The dinucleotides ApA; ApC




and CpA were not measurably different from AMP, offering only low

C.

level protection, as did Poly A and Poly Neither cAMP, cGMP

nor their dibutyryl derivatives gave measurable protection, nor did the
phosphodiesterase inhibitor, theophylline, either alone or in combination
with the cyclic compounds (data not shown).

Part D lists compounds not conveniently ciassified in one of

the above groups. ADPR and PRPP conferived 2 low level of protection

from DE. Acetyl CoA also provided a low level of protection from DE,

although CoA had no measurable effect. Neither RAD, its fluorescent

derivative, eNAD, nor the polyanion, heparin, had measurable pro

potency. IHP and IHS were both very effective protectors, IHS as
potent as A4P, and IHP between A4P and ATP in potency. The monophosphia

of

ivel
cdlifg

3. i P
].1('5-'L0|,

IP, was barely

active

,protective

potentic

Kinetics of protection In the previously described
experiments, protection was obtained by the simultance additio
nucleotide and toxin to the test cell populaticns. In the fol
studies, the effect of nuecleotide preincubation th either cells ox
toxin was investigated (I 5 ) Preincubation of cells with AT
for as lomg as 2.5 h prior to toxin challeng (open circles, 2.5
to 0 h) did not change the p ctive .l 1 relative to that o ned
by the simultar 1 additi of ATP and toxin (open circle, ) ii
toxin were incubated with A 37°C pa3 to adc oy €0 cell
(open triangles), an apparent small increase in protective p ‘
was noted., This increase is probably not ATP-wediated, however,
since the control incubation of tos o at 37°C showed !
inerease (closed triangles), indicating a temperature~induc
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of cytotoxic activity. ATP addition to cells ;'lfter various periods
of toxin challenge resulted in rapid']:y ‘dc:croasing p;'ntcvtive
potential with increasing challenge time. In as little as 1/2 hour,
a marked reduction in apparent protective potential was observed
(closed circles) and by 3 h, no measurable protection could be

obtained. Plotted in a semilog fashion, these data exhibit apparent

tinetics, essentially like those obtained when the cell

first—orc

monolayers are simply washed after various challenge pe

Nonhvérolyza

le ATP analogs. The corrvelation of nucleotide

phosphate chain length to protective potency suggested that DE

o
protection may be mediated by phosphate transfer. To test this
possibility, we investigated the protective effects of several

©

Results are shown in Figure 6.

nonhydrolyzable

In the preseuce of ATP, cells are effeciively protected from a

concentration of DE that ordinarily kills about 70% of the cell
populetion. ATP analogs with methylene linkages between the a-|

(AMP-MPE) or B-y (ANP-FMP) phosphates were eimilar in potency and

slightly less protective than ATP. A third analog (AMP-PNP) with an

imide linkage between the g—y phosphates was eguipotent to ATP.
These resul indicate that phosphate transfer is not responsible
for the DE-protective affect of ATP.

_]‘.'.E”.{) \ '-‘{\,_n' "_.:' Lid 71‘("__' i } attenPt To « 11 id t tho
mechar 'sm by which nucleotides protect cells fxom DE, we investigated
the binding of various compounds of the adenosine phosphate series
to DE. Initially, we measured the binding of radiolabeled ATP, ADP
and AMP to DE by equilibrium dialysis. Low level bindin
obsevrved, hut it was not satuwrable and vas not blocked by large

-
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excesses of the corresponding unlabeled compounds. Morcover, in
contrast to their varied protective potemcies (see Fig. 1), the
binding levels of all threce nucleotides were essentially the same.

Effects of nucleotides on ADP-transferase getivity. The effects

of adenine, adenine nucleotides, and adenosine on DIE- and DE fragment

A-catalyzed ribosylatiocn have been previously described (10, 12). !
i
We tested the effects of these compounds on PE- and "activated" 3
:

PE-catalyzed ribosylation and obtained results qualitatively

similar to those reported for DE and DE {fragment A, i.e., inhibitory

poiency of the order adenine >> adenos: > AMP = ADP = ATP (data

not shown). A4P was no more potent at inhibiting ri ation cataliyzed
by either toxin than was ATP. The effects of pyrophosh:te and
tripolyphosphate on ribosylation have not been previously decseribed

and are shown in Figure 7. Simec it is known that ionic st

inhibit DB fragment A-ci

ribesylation (6), the data were plotte

in terms of ionic strength ratheér than molarity. Although both

phosphate co inhibit toxin-cat

ADP-ribosylation,

the level of inhibition appears similar to that ind NaCl.
Thus, phosphat oligomer inhibition of in witro ribosyl transicrase
activity is probably a nonsj io effect.
DISCUSHIOR

Although nucleotides protect mamcalian cells from both PE and
DE, our data indicate that the mechanisms involved are different
for each toxim., R
from PE is mediated
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Most convincing are the data showing that all the nucleotide
triphosphates have PE-protective potencies identical to that of
tripolyphosphate (Fig. 3B). This, coupled with the fact that none

of the tested compounds exhibited PE protection at concentrations

:

[+
,

]
;
;
:
3
r
:
k.
‘

é
k
:
|

<1 mM, implies a more nonspecific effect than that responsible
for DE protection.

The observation that nuclcotides and phosphate oligomers will
protect L-929, but not HelLa, cells from.PE may indicate that there is
more than one mechanism by which PE enters the cell and is "activated."
Support for this proposal exists in the demonstration that the in
3 vitro ribosylation activity of PE may be markedly increased in two
different manners, by treatment with denaturant and reductant (14)
| or by fregmentation (31). Possibly phesphates are able to block
only one of these "activation mcchqnjsmé" (if either occur in vivo)
and thus protect only the cell line for which that particular
mechanism of intoxication is operable. 1In any case, it is clear

that the choice of cell line may be critical in studics of this

B i e o hale B dn o Zh . n ANE 2 Watiaam R - Lot gy

type, since L-929 is the only one of seven PE-responsive lines

b examinced which was protected by nucleotides while all DE-responsive
lines were. Indecd, in our recently published chemical and drug
protecticn study (16), we used only Hela and HEp-2 cells, both
relatively inscnsitive to PE. We have since reinvestigated the
drugs tested in that work using highly PE-sensitive 1.-929 cells

and obtained comparable results in ncarly all cases. The single

- exception, NH4C1, was able to protect L-929, but not Hela or HEp-2,

cells from the cytotoxic action of PE.




Although at high concentrations, phosphates alone can provide
protection from DE as well as from PE (Figs. 2A and B), the
characteristics of nucleotide protection from DE are significantly
different. There ir a specificity of the nitrogenous basc for
protective potency. CTP, for example, was not significantly
different from trijpolyphosphate in protective activity, while TIP
was at least 20-fold more active. Surprisingly, in view of the
clear differences in potencies of the common purine and pyrimidine

3

nucleot ‘de triphosphates, chemical substitutions on the base did not
detectably alter the DE-protective potency relative to the parent
compound« (Table 2). Moreover, potency was not affected by

replacement of the ribose with other pentescs, indicaling that,

unlike the base, the type of sugar moiety does not greatly
influence protective level. The length of the nucleotide phosphate
chain is very important as was demomstrated in Fig. 1A, There, a
several log increase in potency was observed as the chain length

was increased from one to four phosphateg. This pattern was also

obgerved with guan s and uridine nucleotides
(data net shown). obtained with any nucl ‘
or free base. Thus it appears that nucleotide protection firom DE
has two components: one depe nt on an i ¢t nucleot] i

on phosphates os .

The similariiy of the dose-response curves for phosphate=ii diate
protection from PE and DE may indicate a non locus of action for
the phosphate oligomers. At present, the only kunown comwon featw
of PE and DE intoxication is their similar ADP-vribosyl transferasd
activity. A direcct in vitro test of pj 1 phate and tripely 35 p!

w




effects on toxin-catalyzed ribosylation demonstrated rather similar,

probably nonspecific inhibition (Fig. 7).. However, assuming that
inhibitiox{ of ribosylation is roughly proportional to protcction of
ée].]s, it would require intracellular pyro- or tripolyphosphate
concentrations of 5 mM or greater to account for the observed protective
effect. It seems extremely unlikely that cultured cells could achieve
such high intracellular concentraticns. Turthermore, neither phosphate

compound protects lela cells from PE, although both effectively |

prevent DE intoxication. Since previous studies have indicated *
that EF-2 from all cell sources is ribesylated similatvly by both :
toxins (5, 18), it feollows that a block of cytotoxicity at the level l
of ribosylation should affect both toxins in the same manner. Since |

such is not the case in Wela cells, it is highly unlikely that the

ting in vivo ribesylation.

o
o

[

phosphate compounds protect cells by dnhib

Several laboratories have reported that exogencus nucleotides

interact with, or affect binding to, cell membranes. Rodbell and

asscciates (26-28) showed that exogennus nucleotides can inhibit the

binding of glucagon to cell membranes; Lefkowitz et al. (13) demonstrated

inhibitican of the binding of g-adrencrgic agonists to thoeir membrant

receptor ly exogenous purine nucleotides. 1In contrast, Olamura and

s DAL

Teravama (20) found that exogenous nucleotides enhanced the binding of
) \ & <

prostaglandin E., to membranes. MNucleotide-membrane interactions have

also been shown to occur via nucleoside criphosphatase “ectoenzymes

located at: the outer surfaces of cultured mammalian cells (30).

Similarly, exogenous nucleotides can affect ce
processcs, Cohn and Parks (4) showed that nucleotides can stimulate

vesicle formation and pinocytosis in mouse macrophages; North (19)




found that exogenous AT accelerated phagocytosis and cellular spreading

of guinea pig macrophages. More recently, it has been shown that
"p s 2 s 45
exogenous AP may bring about a conformational change in the Ca -
dependent ATPase of the sarcoplismic reticulum (3). We {ind this
work particularly interesting since we have evidence implicating
++ s : : Ry : .
the Ca -, Mg -dependeunt ATPase in DE intoxication (16).
The molecular events responsible for nucleotide protection
from DE are unclear. The protection is somewhat toxin-specific in

that nucleotides did not protect HeLa cells from PE or the plant toxin
i

abrin (data not shown). It seems unlikely that a nucleotide-mediatcc

inhibition of intracellular ribosylation is responsible for the

protection {rom DE. The pattern of rcellular protective potency

(A4P > ATP > ADP > AMP) is di

pattern for inhibition of in vitro ribosylation (10). In any case,
since it is generally believed that nucleotides do not cross the
cell membrane, the (intracellular} site of ribosylation shouvld be
inaccessible to these compounds. Thus, the locus of nucleoti

action is probably the cell membrane at the attachment or
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TABLE 1. List of chemicals, their abbreviations, and sources

Chemical Abbreviation Sourcea

Acetyl coenzyme A Acetyl: CoA f PL
Adenosine-5"-tetraphosphate ALY S
Adenosine-5'-triphosphate ATP S, C,BL
Adencsine-5'-diphosphate ADP S

Adenosine-5"-monophosphate

o
—
J
A e A AN 5 SN St S i e

Adenosince amalat
Adeninc S S
Adenosine 3':5'-cyclic- cAMP G

monophosphoric acid

6 2 v

N ,0 -dibutyryl adenosine 3':
cyclic-monophosphoric acid

- Dibutyryl cAMP S

Adenosine diphosphoribose ADPR Pl

anoside- Ara-A'TpP P

. AMP=-1{PP PL
s AMP-PMP I
5'=Adcenylylinido-diphosphate AMP--PRP PL
Cytidine-5'-triphosphate G G e Pl
Cytidine-%'-diphosphate corp S
Cytidine- 5'-monophosphate CcMP S
Cytidine P, S
Cytosine _—— g
Cytidyly (3'=5") ler in CpA PL,
5-Methylcytosin Eenn (s
Cytosin D-arabinofuranoside- Ara~CTP PL
5'<triphosphat
2'-Deoxyveytidine~5"~11 iphosphate dCTP S
5-Bromo--2'=deoxyeyt idine-5"'- S5Brd-CTP PL
triphosph
Guano« i '=tetraplosphate G4p S
Cuanosine=5'=triphosphate GTP $,C,PL

Cuano ie=5" dinh ‘..’ o Gy S

Gu:nosine=5"=monephiosplate GMP S




Guanosine
Guanine

Guanosine 3':5'~cyclic-
monopliosphoric acid
2 2 L 2 . ] R
N7,0" -dibutyryl guanosine 3':5'-
cyclic-monophosphoric acid
2'-Deoxyguanosine-5'—-triphosphate
ya 1
Inosine-5'-triphasphate
Tnosine-5'-diphosphate
Inosira-5'-monophosphate
Inosinc
Inositael

Inositol

Inosital

Inositol hexasuliate
Hypoxanthine

(J,NO-Ylhino) Nicotinamide adeni

dinucleotide

Phosphorylribosyl-pyrophosphate
Thymidine-5"'-triphosphate

: foie e
Thymidine-5"~diphosphiate

Thymidine~5"-moncphosphate

Thymidine

Thymnine

Trifluorodeoxythymidine-5"-
triphosphate

‘

'—triphosphate

Uridine~5

Uridine-5'~diph

sphiate
Uridine 5'-monephosphate
Uridine

Vracil

2'-Deoxyuridine=5"-triphosph
S5-Bromo-2"'=de o yuridine-5"-

triphosphate

Xanthosine-5"-triphosphate

i e
Sources are as follows: S, Sigma

€, Calbiochem, La Jolla

cGMP

dibutyryl cGMP

dGTy
ITP
IDP

IMP

IHP
THE

e~NAD

PRYP
T4
THpP

THP

FBd*TUP

ure
upe
UMP

5 Br-adurp

XTP

S,C,PL

N
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Table 2. DE-protective potency of nuclecoside phosphate enalogs

Group

Compound

Ef fect

A

"

Ara-ATP
dATP
Ara-CTP
acrr

ApA

ApC

Cph

Poly 4

Poly

cAME

Dibutyryl cAMP
cGMi

Dibutyryl cGMP

ADT'R

PRET
Acetyl Col
CoA

RAD

eNAD
Heparin
Tus

1y

:

dcTr ' At

dI1ily A=t

auir i

e S
5Br-dCTP +

}?3(1'*“'1 % A

5Br-dul® Gteth

ALP 4

O

0
0
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FIGURE LEGENDS

Fig. 1. Protection from DE and PE ,ll)i _:!_(L(yh*._g nucleotides. Effects

of nucleotides on DE and PE cytotoxicity were determined as described

in Materials and Methods. A: Hela cells challenged with 10 ng/ul

DE: A4P (<), ATP (€ ), ADP (1), AMP (A&), buffer (*). B: L929
cells challenped with 10 ng/ml PE: A4P (<), ATP (O ), AP (0O),

e (A), buffer ().

Fig. 2. Protection from DE and PE by oligomeric phospha

hosphates on DE and PP cytotoxicity were

Effects of oligomeric j

determined ss de

1 with 10 neg/ml DE: te ¢ §8 )
t (;’ Y. B: 1.929 cells chall d with 10 ng/ml

Fig. 3. Protection From DE and PE by triphosphate
Effects of nucleotide triphosphates on DE- and Pi-induced !
wey (!(-1,."‘"1 d ¢ des: mi-_ 1 71'_1“:_ 42_- ! ."‘ Pel
(;‘j.l Ls '.]_. -',Y,(l.” ed g i."_‘“ 10 1 V‘.‘/_].l] DiS: Al \ C\ \'s { l'_ { "‘": } 4 './\‘

U / s
CA)
/ A
]__l &3 s Protect 1‘..(‘,“ rf'r'\- ?"_I by nw e ol 5«?1 components, The nf‘w {
of 1 mM concent ong the agent indicated were determined by tl
standard cytoloxicity I using 1 1 cells ehallenpged with 10 ng/nl
L)‘.I. Exr | show st lard erro \-.! nean




Fig. 5. Kinetics of nucleotide protection. (O, -2-1/2 to

-1/2 h) Hela cells preincubated with 1L mtf ATP for times indicated

prior to initiation of 3-h 10 ng/ml DE challeige. (O, 0 h),

simul tancous addition of 1 mM ATP and 10 ng/ml DE for 3~h cha’lenge.

(¢, +1/2 to #3 1), 1 M ATP added at indicated tiwe after injtiation

of 3-h ct

cuge with 10 ng/ml DE.  ( Band ), 3-h challerec of 10 ng/ml

DE. (.. wl DE or (4%) 100 ng/wl DE + 10 oM ATP preincubated

at 37°C £ to addition of 1/10 volume; to cells
for 3 b € ted by washing
cells and eytotoxicity determinred as usual

Fig. 6. Protection from DE by non' drolyzable ATP analogs.
Effects of 1 »M ATP : 1 mi logs on the PEp-2 cell cytotoxicit
C(_ _:_11 i ,/4:] T ‘_‘ re 5‘_"} (T3¢ ed ks d ribed 1 nd "r f .
Error b randard errors of the

Fig. 7. Effects of olisomeric phosphates on ADPR-fronsfe:
a !7: it 3 The ef cts of pyro paivpho e on DI
fras A- and “activated ¥l '--;:—__' lyzed ribosylat 5 cos

1:d ag described in Miterdols and Metheds. Results arc

plotied as 7 of the contrel with no iate A: DE-L : A, 0.3
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