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SUM MARY

The adet-iosine analogue 6-N-allyladenosine is toxic to Fsc/iericimia coli at-id to mammalian

tumor cells iii cumlture. Jut- the presence of 6-N-allyladenosine, F. coil cells excrete xanthosine

into the medium; the inhibition of grow’th of the bacteria caused by this agent is reversed

by addition of gumanine. Consisteuit with these observations is the potent inhibition of bac-
terial G\IP syuuthetnse {xantluosine 5’-phosphate:ammonia ligase (AMP), EC 6.3.4.1} by
6-N-ahlvladenosine.

The toxicity of 6-N-allvladenosimie toward mammalian cells is different front- that toward
bacteria, for it is tlepet-iclent upon phosphorylation of the analogue by adenosine kinase.
Mutants which lack this emizyme are resistant to 6-N-ahlyladenosine. The mammalian
GMP svnthet ase [xauithosiume 5’-phosphate: L-glutamine amidoligase (A1\IP), EC 6.3.5.2J is

miot strongly inhibited by 6-N-allyladenosine, but in intact cells the analogue, presumably

h)lesemmt as the nucleotide, is tu potent inhibitor of an early step in the purine-biosynthetic

pathway. How-ever, iuiability to reverse the toxicity of 6-N-ahlvladenosiuie by 4-amiuio-5-
imiimdazolecamhoxammde or lmvpoxauitlnuie implies that such aim effect is not solely responsible

fom growth inhibition.
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I i mey II11’ Ii ixic I 0 ciii I tir((1 cells timid

also) t() hacteri:i (:�, 4). lot mmcitit(’I type of

(ill is time mecht:t-tiism of IOXICI tv uummolerst ood.
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adenosiume. Jut- this meport, it is shown that

6-N-ahlvhmtdeuiosiuie imuhmihits the (MP syn-

I lmet ase {xaumt hosimme 5’-pimospim mite: aniruioumia.
iignse (A \ I P), J’X 6.3.4.11 of L’w/,(’l’ie/I ia

mu B, mt-ui (‘ffectsilnilam to timat of psico-

fturaumiuic (fl-l)-psicofumaumosvlndemmiuie). How’-
ever, (‘, \ I P svui t imet as(’ {xauit iuosiuie 5’-piuos-

phmah’: L-glutt-t-nuimme amidohga.se (AMP), EC
6.3.5.21 of niamnmahimum ((‘his 15 umol h)o\\’em

fully iuiimibited by eilimei psicofuumaumiuie or

ti-N-ahlvladeiiosiuie.
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1 The abbreviation used is: H.Ep. 2, human

epidermoid carcinoma No. 2.

TABLE 1

Standard assays for GMP synthetases

The final volume in each case was 250 ,�1. The enzyme preparation was added to initiate the reaction,

and 750 j�I of 3.5% perchioric acid were adde(l to terminate it. The increased absorption at 290 mj� was

measured (11). In the perchloric acid soltition, XMP has no appreciable absorptiomm at this wavelength.

Source of GMP synthetase

Mola r composition

Protein Incubation
at 37’�Tris-Ct,

pH 8.4 MgCi, ATP XMP (NH4)2SO4 Giutamine

pinoles lAg sin

E.coliB 40 4.0 1.0 0.60 40 5.6 30
Adenocarcinoma 755 40 2.4 0.60 0.24 1.0 300-500 45

H.Ep. 2 40 1.6 0.40 0.18 1.0 300-500 45

of the Organic Chemistry Department of
Southern Research Institute.

E. coii B cells were grow’n in the medium

developed by Gray and Tatum (5). This

medium contains glucose, L-asparagme, amid
inorganic salts. Purification of GMP syn-

thetase from this organism w’as carried out

by a published procedure (6).
Xanthosine was isolated from psicofura-

nine- and 6-N-allyladenosine-t.reated cul-

tures of F. coli B by the method devised

by Slechta (7). The procedure involved
absorbing the xanthosine on charcoal,

eluting, and passing the preparation through
a Dowex 1 anion-exchange column. Xantho-
sine w-as identified by its ultraviolet spectrum

and by two-dimensional paper chmroma-

tography (8).

Adenocarcinoma 735 amid H.Ep. 2’ cells
were grown in swirl cultures as described

by Kelley el al. (9). Growth inhibition
studies at-id attempts to reverse growth
inhibition of Adenocarcinoma 755 cells
were made with the sw’irl cultures. Such

studies w-ith the H.Ep. 2 cells w-ere ac-

complished by using a cloning technique,

which involved placing 100 cells in 4-ounce
prescription bottles containing the culture

fluid at-id counting the it-umber of macro-
scopic colonies preset-it after 7 days (9).

For enzyme studies, the mammalian cells

were harvested by centrifugation, w’ashed
in 0.9 % NaCI, and used for acetone I)owder

preparatiot-is. The acetone po�s-ders were
extracted with dilute Tris-chloride buffer
just prior to use. Protein was measured by

the method of Lowry ci ai. (10). Time staut-d-

ard assays for the G\IP synthetases are

given in Table 1.
The selection of the H.Ep. 2 cell lines

resistant to analogues of adenosine has been

described previously (12, 13).

Tests for pseudo-feedback iumhibition were

performed by the azaserimie block tech-

nique (13-15). Jn the presence of ‘4C-

formate, azaserine blocks the pumrima’-

biosynthetic pathw-ay at-id causes the
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FIG. 1. Guanine as a reversal agent of growth in-

hibition of E. coli B in the presence of 6-X-ailyl-

adenos inc

Growth conditions were the same as for Table 2.

Abbreviations: G, guanine; N-AAR, .V-allyl-

adenosine.



Inhibitor

Amount required for 50% inhibition of
GMP synthetase

AdenocarcinomaE. coil B H.Ep. 2

pM pM pM pM

Psicofurait-ine 20 Yes 1.4 39 600
6-N-Allyladeumosine 500 Yes 5.9 520 >1000
Adenosinc 1.0 No 24 2100 >2000
6-N-Methyladenosi ne >1000 25 2100 >2000
1-Methyladenosine >1000 35 >3000 >2000
6-N-Hydroxyadenosine 26 No 85 >1000 >2000
6-Ethylpuririe riboisucleoside >1000 90 >3000 >2000
6-Hydrazinopurine ribonucleoside 40 No 135 >3000 >2000

1-Ethyladenosine >1000 340 >3000 >2000

6-N-Dimethyladenosilme >1000 375 >1000 >1000
2’-Deoxyadenosine >1000 700 >3000 >3000

C-Ado#{176} >1000 790 >3000 >3000

2-Methoxyadenosine >2000 580 >1000
dATP >2000 820 >1000

The carbocyclic analogue of adenosine, 9-[$-DL-2a,3a-dihydroxy-4$-(hydroxymethyl)cyclopentyl]-
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adeisine.

accumulation of labeled 3’ -phosphoribosyl-
N-formylglycinamide. Agemits which in-
ht-ibit. an earlier step of (lie pathway reduce

his accumulation.

RESULTS AND DISCUSSION

6-N-Ahlyladenosimie causes a moderate,

tramisitory iuihibitiomi of growth of F. coil B
(Fig. 1). The degree of it-ihibition is de-

pemi(lent on the amoumit of analogue preset-it,
amid can be reduced or completely overcome
by addition of guanine simultauieously
w’itl i 6-N-allyladenosine. Hypoxanthine and

4-amino-5-imidazolecarboxamide are inef-
fective as reversal agents. The tramisitory
inhibition of growth of F. coil B by another

adenosine analogue, psicofuran iiie, is known
to be reversed solely by guaniuie or guanine

derivatives (7). Guanine also reverses the
inhibition by psicofuramiine of Slap/i yiococcus

aureus (16), Streptococcus faecaiis (17),
amid Baciiius subtilis (18). Our observations

confirm that growth inhibition of F. coli B
by psicofuranine is reversed by guanine,
but the it-ihibition by adenosine, 6-N-

hydroxyadenosine, and 6-hydrazinopurine

ribonucleoside is not reversed (Table 2).

The latter analogues apparently have a

mechanism of action different from that of

psicofuranine at-id 6-N-allyladenosine. The

extreme toxicity of adenosine to F. coil B
has been noted previously (4).

The singular reversal by guanine indi-

cates that at-i enzymatic reaction involved
in the conversion of IMP to GMP is in-

hibited by the agent. The target for psico-

furaniuie is the bacterial GMP synthetase,

which is also inhibited, to a small extent,

by adenosine (6, 11, 19). Reversal of growth

inhibition is attained because the cell can

TABLE 2

Inhibition of growth of E. coli B and inhibition of GMP synthetases by adenosine and adenosine analogues

For studies on growth inhibition, additions were made to 5.0 ml of medium, so that the final volume

was 6.0 ml. The tubes were inoculated with a loop from a 16-hr culture and allowed to grow at 37#{176}for
630 mm, at which time the growth was two-thirds maximal. The absorbance was measured at 600 mis.

Each assay was made in triplicate and was repeated at least once. Standard assays for enzymes were
used, except that the designated inhibitor was added to the system at several different concentrations in

order to determine the 50% inhibitory level. Each value was measured at least twice, and the figures
given are averages. 6-N-Allyladeumosine could be recovered without change after the period of incuba-
tion. Neither AMP nor 46 other compounds which could be considered analogues of adenosine were in-

hibitory to either time mammalian or the bacterial GMP synthetase.

Reversal of
Amount required inhibition of

for 50% inhibition growth of
of growth of E. coli B E. coil B

by guanine
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2 1). L. 11 ill, uimpublisimed observat ions.

TABLE 3

If ichaelis constants for G.1IP .synthetases of E. coli

B, Adenocarcinorna 755, and H.Ep. 2 cells

Except for varying the concentration of the
appropriate substrate, standard assays were used.
The constants were derived from Lineweaver-
Bumrk plots, and the numbers in parentheses repre-
sent the number of individual determinations.

Where more than one determination was made,
the number given is the average.

Substrate

Michaelis constant

E. coli B
Adenocarci-

noma 755 H.Ep. 2

pn.(f t?i.%f ,fljf

�uIgCl2 20 (1) 3.7 (1) 3.0 (1)
ATP 0.93 (2) 1.1 (2) 2.0 (1)
XMP 0.37 (5) 0.15 (2) 0.38 (3)
(NH4),S04 34 (2)
Glutaniine 1.3 (1) 1.1 (1)

bypass the blockade at (IMP syntlietase

by making guanine nucleotides directly

from guanine.
A preparatiomi of GMP symithetase from

F. coil B purified 15-fold to a specific ac-
tivity of 210 nmoles/mimi/mg of protein
gives the kinetic values listed in Table 3.

The Km for XMP as a substrate for this

enzyme is about 10 times higher that-i a

value previously published, but (lie other
values for substrates are similar (11). This
enzyme is inhibited by 6-N-allyladenosine

to almost the same extent as by psicofura-
nine (Table 2). Adenosine, 6-N-methyl-

adenosimie, and 1-met hyladenosine are mod-

erately effective, but a number of other
ademiosine analogues have little or no effect

on the reaction. Reports that inhibition

of F. coil B GMP synthetase by psico-
furaniuie increases with time and that
psicofuranine and inorganic pyrophosphiate

are syt-iergistic (6, 11) it-ave been comifirmed.
The presence of psicofuranine in an F.

coli system causes the cells to excrete

xanthosine into the medium (7, 20), amid

this is also the case for 6-N-allyladeuiosine.

Xanthosine can be isolated and identified
from F. coli B cultures treated with cit her

analogue. The material accumulating iui
the medium has the same spectral properties

0 1

200 240

Wavelength (mp)

FIG. 2. Ultraviolet absorbance spectra of xantho-

sine and (he excretion product found in cultures of

E. coli B grown in the presence of 6-.V-allyladenosine

(80 �i)

(Fig. 2) amid the same migratiot-i iii a two-

dimensional paper chromatographic system
as an authentic sample of xanthosine.

Growth of cultured mammalian Adeno-
carcinoma 735 and H.Ep. 2 cells in a me-

clium containing no added guanine is not
retarded by psicofuraniume at concentrations

up to 170 � but iii the same system 6-N-

allyladeumosine inhibits growth by 50 � at
5 j�u. The it-ihibition is not reversed by

either gnat-mimic, hypoxanthiuie, or 4-amino-
5-imidazolecarboxamide. 6-N-Allvlademmo-
sine is a substrate for the purified ademiosimie

kiuiase from H.Ep. 2 cells (21), but psico-
furanine is not.2 The toxicity of 6-N-ahlyl-

adenosine tow-ard H.Ep. 2 cells is dependent
on phosphorylation of the analogue, for
mutamit cell lines selected for resistat-ice to

2-fluoroadenosine amid to 6-methyltimio-
purine ribonucleoside and lacking adenosimme
kinase tolerate 6-N-ahlyladenosine at i30
�LM.

The Km values for the substrates of the

G \ IP symmthet ases from Adenocarcimmoma
755 and H.Ep. 2 cells are givet-t- in Table 3.
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TAutLE 4

In/i ibilion of 5’-pho.sphoribosyl-N-

form ylglyc iTi(l 10 i(l(’ ace Out ala lion in

aza.s’erine-trealed cells by 6-X-

allijiadenosine

To flasks containing 4 X 10� 1l.Ep. 2 cells in

100 mmmlof medium were added azaserine (10 �g/

ml). 6-_V-allyladenosine 30 nun thereafter, and

sodium ‘4C-formate (25 121’i) 60 mm thereafter.

After 2 hr of incubation, the cells were harvested
and extracted with Imot 80� ethanol. The extracts

were subjected to two-dimensional paper chroma-

tograplmy, and radioactive spots were located by
radioaimt ography and (‘mInted in a liquid scintil-

lot ion counter.

Concentration Accumulated
of 6-N-allvl- 5’-phosphoribosvl-X- I �rcenta�e

adenosine formylglycinaniide o con ro

0 72,0(X) 101)

1.0 59,0(X) 82

1.6 20,5(X) 28

3.3 12,6(X) 17

6.5 5,000 7.0

19.0 570 0.8
38.0 690 1.0

limese values are for emizynie preparations

consist iuig of acetone po�vh’r extracts of the

cells. Appreciable purification of the mam-

maliaum enzymes has uiot beeut- achieved.
The Gi\IP svnthietases of the mammalian

cells are uiot very sensitive to iuihibitiomi by
a(leuiosimie or adeuiosiuie analogues (Table 2).
Most effective of all is psicofuranine, which,

at a concentration of 39 �au iuihibits the

Adenocarcimioma 733 emizvme by 50 %.

The lack of potent inhibit ion of mammalian

(IMP synt hetase by G-N-allvlademiosine

temt-ds to rule out this emizyme as a strong

site of action in these cells.

Aumothier possible mechanism of action of
6-N-allvladenosiuie in mammaliami cells is

pseudo-feedback inhibit ioui of t he purme-

biosynthetic pathway. This inhibitiomi pre-
sumablv occum rs aft em’ phosphiorylat ion of

the aumalogue by adenosine kinase. In the
experimemits involving accumulation of 3’-

phospimoribosyl-N-formylglyciiiamide follow-

ing thie adniimiistration of azaserine, 6-N-

ahlylademiosine at 1.6 �r reduced the ac-

cumulatiomi to 28 � of time cot-it rol value

(Table 4). Such iuihmibitiomt- implies that the
analogue is a pot emit inhibitor of aui early

step of the pathway for punt-ic biosynthesis.

However, if this site of action of 6-N-

allyladenosine is responsible for growth

imihibitiout-, the toxicity of the analogue
should be reversed by 4-amimio-5-imidazole-

carboxamide or hiypoxauithine, as is the
case for 6-mercaptopurine (22) and
6-n3ethvlthiopurine ribonucleoside (23) . No
reversal of inhibit iomm of Adenocarcinoma

755 cells or H.Ep. 2 cells by either 4-amino-

5-imidazolecarboxamide at 200 .c�t- or

hypoxauithine at 130 j.�si was observed. This
probably meat-is that although at-i enzyme
participating in at-i early step of the mam-

malian puriuie-biosymmt I ietic pathway is
strongly inhibited by a metabolite of 6-N-

allyladenosine, this effect is hot solely
responsible for growth inlmibitiot-m. The most

critical site of actiot-i by this analogue on

mammal ian cells remaimt-s uiriknowii.

ACKNOWLEDGMENTS

We are grateful to Miss 1). Adamson and Mrs.

M. II. Vail for provision of cell cultures and for

evaluating toxicities toward the mammalian cell
lutes. Mrs. P. W. Allan performed the test for

l)Seudo-feedback inhibition, and Mr. T. C. Herren

assayed samples for radioactivity.

REFERENCES

1. N. J. Leonard, S. Achmatowicz, It. N.
Loeppky, K. L. Carraway, W. A. Grimm,

A. Sweykowska, H. Q. Hamzi and F. Skoog,

Proc. Nat. Acad. Sci. U. S. .1. 56, 709 (1966).

2. M. J. Hobins, R. H. Hall and R. Thedford,
Bioc/iemistrij 6, 1837 (1967).

3. M. II. Fleysher, A. Bloch, M. T. Hakala and

C. A. Nichol, J. ,lIed. (‘hem. 12, 1056 (1969).
4. M. H. Fleysher, M. T. Ilakala, A. Bloch and

and it. H. hall, .1. lIed. (‘hem. 11,717 (1968).
5. C. II. Gray amid E. L. Tatummm, Proc. .Vat. Acad.

Sci. U. S. A. 30, 404 (1944).

6. T. T. Fukuyama and II. S. Moyed, Biochem-

istry 3, 1488 (1964).
7. L. Slechta, Biochem. Pharinacol. 5, 96 (1960).
8. A. A. Benson, J. A. Bassham, M. Calvin,

T. C. Goodale, V. A. ilaas and W. Stepka,

J. Amer. (‘hem. Soc. 72, 1710 (1950).

9. G. G. Kelley, M. H. Vail, 1). J. Adamson and

E. A. Palmer, Amer. J. Hyg. 73, 231 (1961).

10. 0. II. Lowry, N. J. Itosebrough, A. L. Farr



EFFECTS OF 6-�\-ALLYLADENOSINE 473

amid H. J. Randall, J. Biol. (‘hem. 193, 265
(1951).

11. S. Udaka and H. S. Moyed, J. Biol. (‘hem. 238,

2797 (1963).

12. L. L. Bennett, Jr., H. P. Schnebli, M. H. Vail,

P. W. Allan and J. A. Montgomery, .11ol.

Pharmacol. 2, 432 (1966).
13. L. L. Bennett, Jr., P. W. Allan and I). L. lull,

.iIol. Pharmacol. 4, 208 (1968).
14. C. A. LePage and M. Jones, Cancer Res. 21,

642 (1961).
15. R. W. Brockman and S. Chuniley, Biochim.

Biophys. Ada 95, 365 (1965).
16. L. J. Hanka, J. Bacteriol. 80, 30 (1960).

17. A. Bloch and C. A. Nichol, Biochem. Biophys.

Res. (‘ommun. 16,400 (1964).

18. N. Tanaka, N. Miyairi and H. Umezawa, J.
Antibiot. (Tokyo) Ser. A 13, 265 (1960).

19. L. Slechta, Bioch em. Bioph ys. Res. (‘omm on.

3, 596 (1960).
20. T. Beppum, M. Nose amid K. Arinma, Agr. Biol.

(‘hens. 32, 197 (1968).

21. 11. P. Schnebli, D. L. lull amid L. L. Bennett,
Jr., J. Biol. Chein. 242, 1997 (1967).

22. M. T. Hakala and C. A. Nichol, Biochim.
Biophys. Ada 80, 665 (1964).

23. L. L. Bet-inett, Jr., and I). J. Adamson, Bio-

chem. Phormacol. In press.




