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SUMMARY

3’-Amino-3’-deoxyadenosine strongly inhibits nucleic acid labeling in Ehrhich ascites

tumor cells. The compound is shown to be converted to corresponding 5’-phosphates

in time cells. 3’-Amino-3’-deoxy-ATP blocks RNA formation as catalyzed by the ag-
gregate enzyme and by isolated nuclei. It is suggested that growing RNA chains
incorporate time 3’-amino-3’-deoxyadenosine 5’-phosphate into their free 3’-OH end
groups, and are thereafter unable to support furthuer synthesis.

INTRODUCTION

The antitumor agent 3’-amino-3’-deoxy-

adenosine (structure shown in Fig. 1) is

NH2

N�C��C �-N

I II :CH
HC� N”’�’�

Fin. 1. Structural

deoxyadenosine

formnla of 3’-amino-S’-

active against a wide variety of ascites
tumor’s in mice (1, 2). It is isolated fronu
culture filtrates of time turf fungus

Helminthosporiurn sp. no. 215 (3). Be-

cause of its structural sirumilar’ity to 3’-

deoxyadenosine, an antitumon’ agent derived
from the mold Cordyceps mthtarzs. (4), a
comparison of their effects on RNA and

DNA synthesis has been made. This report

proposes to show that the inhibitory effect
of 3’-amino-3’-deoxyadenosine on RNA

symutimesis in Eimrhich ascites tumor cells

may be ascribed to its phosphonylation to

time corn’esponudimug 5’-triphosphate. This

compound can be isolated from tumor cells
and is shown to be a potent inhibitor of

DNA-dependent RNA polynmerization in

both isolated nuclei and a homologous

ascites cell RNA polymen’ase preparation.

A pn’eiinuinam’y report of timese results has

beemu published elsewhen’e (5).

MATERIALS AND METHODS

3’-Amimmo-3’-deoxyadenosine den’ived from

Ilelminthosporiunn was kindly supplied by

Dr. H. A. Lechevahier, Rutgers University,

New Brunswick, New Jersey.
ATP, GTP, UTP, and CTP were

obtained from time Sigma Cimemical Co., St.

Louis, Missoun’i; ATP-8-14C and GTP-3H
were obtained from Scimwarz Bio-Research

Inc. Orangebun’g, New York; adenine-8-14C
was obtained fn’om the Radiochemical

Centre, Amersham, England.

Ehrliciu ascites tumor cells were used

6-7 days after tn’aimsplantation in strain

NMR mice.
Time mixtures for deternminationu of time

incorporatiomm of labeled pn’ecursors into

RNA, DNA, on’ ribonuncleotides were pre-
incubated for’ 15 minuntes withm or witimout

3’-anmminuo-3’-deoxyadeimosine before addition

I’
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Fia. 2a. Effect of 3’-amino-3’-deoxyadenosine on the incorporation of adenine-”C and uridine-’H

into RNA of Ehrlic/c ascites tumor cells in vitro

Each flask contained per milliliter: Ehrlich ascites tumor cells 80 mg (wet weight); aseites

fluid, 500 gil; Robinson’s medium (26) containing glucose (5.6 x 10-’ si), 300 /Ll; H20, 150 id;

folic acid, 20 midmoles, and 3’-amino-3’-deoxyadenosine as indicated. After incumbation for 15 mm
uridine-’H, 16.5 idC, (1 icmole carrier uridine) and adenine-”C, 1.25 1cC (28.3 icC/iimole) were

added. Separation of ‘H and “C activities was by the discriminator-ratio method (27) in a Packard

Tri-Carb spectrometer.

Adenine-”C incorporation wit 11 3’-aimmino-3’-dcoxyadenosine added (per ml): O-Q, none;

� 0.3 �zmo1e; #{149} #{149}2.2 �cimnoles. Uridine-’H incorporation with 3’-amino-3’-deoxyadeno-

sine added (per rmml): -Q------O, imone; 7-V 0.3idmole; � 22 �cimmo1es.

of the labeled compound (details in legend,

Fig. 2). Inmcubation was perfornmmed at 37#{176}

witim shaking. Samples were treated with

0.5 N perchloric acid at 0#{176},and time specific

activities of RNA and DNA present in time

acid-insoluble fraction were determined by

standar’d means (6-8). Time size arid specific
activity of time pool of acid-soluble ribo-

nmuncleotides wen’e determined after’ isolation

by paper chronimatography as previously

descn’ibed (9). Time anmounnt of i’ibonucleo-

tides in each sanimple was deten’mmmimmed by
cutting out the appr’opriate ultm’aviolet

absorbing spots, elutinmg with water, and

determining time i’ibose contenut by orcinol
assay (7) before and after treatment with

Norit#{174}.Ratlioactivity was measured in a

liquid scintillation spectronmeter.

Phosphorylation pn’oducts of 3’-amino-3’-

deoxyadenmosine wen’e isolated from the
acid-soluble fraction of cells by chromatog-
raphy on a Dowex-1 anion exchange column

accon’ding to a modification of the method
previously describeti for’ 3’-deoxyadenosine
(10). Tlmm’ee pronminmemut peaks, later identi-

fiable as containing time 3’-amino-3’-deoxy-
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nucleotides, were eluted (see Fig. 4). Timese

were pr’ecipitated as ban’iunmm salts in time
followinmg manner: 1/100 volume of 1 M

glycine, pH 9.2, was added to each fraction

and the pH was adjusted to 8.5 with
KOH; timen 1 volume of cold etimanol con-

taming 1/100 volume of saturated BaBr’2
was added. After 18 hours the precipitate

was dissolved in water at 0#{176},and treated
witim Dowex 50 (NH4#{247}form) (11). After

stirring, time supernatant solution was re-

moved and the resin was wasimed twice with

water. Time conumbined supernatamut fractions
were assayed for acid-labile phosphate
compounds by time metimod of Fiske and

SubbaRow after imydn’olysis at 100#{176}in 1 N

H2S04 for 10 mm (12). Reduction of

periodate was determined by time spectro-

photometric method (13). Ribose was

assayed by i’eactionm withm orcinol (7); de-

oxyribose by reaction with diphenmylamine

(8). Complexing with bor’ate was deter-
numined by chn’ommmatogiaphy (9)

Adenosinme deanminase (ademuosine anmino-

imydn’olase, EC 3.5.4.4) was prepared ac-

cording to Cod(himmgtonm (14); apyrase (ATP
dipimospholmydn’olase, EC 3.6.1.5) was pre-

pan’ed by fractionation of potato extract

(15) ; arid snake vermonim 5’-nucleotidase
(5’-ribonucleotide pimospimoimydrolase, EC

3.1.3.5) was obtained by extraction of
freeze-dried venom (Ross Allen’s Reptile

Fam’in, Florida) with water (16).

Cell-free DNA-dependent RNA poly-
merase (nucleosidetripimosphate: RNA nu-

cleotidyltransferase, EC 2.7.7.6) was pre-
pared from Eiurhich ascites tunmor cells
according to the method of Goldberg (17).

Fin. 2b. Effect of 3’-amino-S’-deoxyadenosine on the incorporation of adenine-�C into DNA

of E/crlich ascites tumor cells in vitro

Conditions of incubation were time same as in (a). 3’-Amino-3’-deoxyadenosine added (per ml):

Q-Q, none; L�-L�, 0.3 pmole; -s 22 idmoles.
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Fin. 3a. EJJect of S’-aneino-3’-deoxyadenosine on the specific activity of t/ce acid-soluble ritn-

unicleotide pool of Ehrlic/c ascites tumor cells labeled with adenine-”C

Experimental conditions as described for Fig. 2. Preparation of the acid-soluble ribonircleo-

tide poo1 as described under Materials and Methods. 3’-Amino-3’-deoxyadenosine added (per am!):

Q-Q, none; L�-A, 0.3 idmole; E1-41 12 itnuoles; #{149} #{149}2.2 �cnmoles.

Mol. Pharmacol. 4, 77-86 (1968)

RNA-synthesis in time pm’esence of UTP,

CTP, GTP, amid ATP-3H was assayed by

time filter paper disk mmmethmod of Bollumn

(18).
RNA synthesis inn isolated nuclei was

detem’minued by a modification of time

methuod of Takahashi et al. (19). Ehrhich

cells were swollen in iuypotonuic sucrose,
frozen 10 mm at -42#{176}, thawed in cold

tap�vater for 10 nmmin, fn’ozenm again, thawed,
and made isotonic withu hypertommic sucrose.
This gave a preparation of 96% cleanu
nuclei when examined by phuase contrast

microscopy after washuing mu 2% citric acid.
The incubat-ion mixture of nuclei for the
measunrement of RNA synthesis was time

same as described by Takaimasimi et al.
(19), using GTP-3H as tracer. Cell-free

DNA polymerase (deoxynuncleosidetriphos-
phate : DNA deoxynumcleotidyltransf erase,

EC 2.7.7.7) was prepan’ed from a imigim-speed
supernatant fraction of Elmm’hich cells ac-
cording to time nmetimocl of Keir and Shepimerd

(20). rfhie enzymumatic syntimesis of acid-

insoluble nmmater’ial in the presence of 2’-

(IATP, 2’-dCTP, 2’-dGTP, and TTP-3H
was assayed.

RESULTS

The effect of two different concentrations
of 3’-amino-3’-deoxyadenosine on time mu-

con’poration of adeninme-1’C and un’idine-3H

into DNA and RNA was studied. Time rate
of incon’porationu of both compounds into

RNA was inimibited 70-75% in the pn’esence

of 0.3 �cmole of time amualog per nuuihhiliter of
cell suspension, and about 95% in the
presence of 2.2 p.moles/mmml (Fig. 2a).

The incorpom’ation of adenine-1’C into

DNA was inimibited to a slightly lesser
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extent timan into RNA, as showrm in Fig. 2b.
At a conmcentration of 0.3 p.mole of 3’-

amino-3’-deoxyadenosinme per’ milliliter of
cell suspension, there was 65% inhibition,

and at 2.2 �moles/nml timem’e was 88%

inhibition.

Such an inhibition of incorponrntionm of

labeling into time nucleic acids may be

ascribed to any of time following effects.

The analog may inimibit one or numom’eof the

steps leading to the inmcon’porationu of time
labeled compounds immto time corresponmding

inmnumediate precur’sors of time nucleic acid;

it may prevent time accumulation of a suf-

ficient concentration of other imnmmediate

irecunrsors requin’ed fon’ nuncleic acid
syntimesis; or it may inimibit time rnmcleic

acid polymerase m’eaction.

Concerning RNA syntimesis, the first of

time above possibilities is pm’obably excluded

by the fact that there is nuo decr’ease in

specific activity of time acid-soluble ribo-

nmucleotide pool at eit-iuer low or high corn-

centration of the analog (Fig. 3a). The
second possibility is pn’obably likewise

excluded, at least as far as time low con-

cemmtration of analog is conucernued, by time

fact timat tlmen’e is rio decrease mu size of

time acid-soluble n’ibonucheotide pool (Fig.

3b). However’, time conimposition of time pool

was riot anmahyzed. With incm’easing con-

centratiomm of analog there is a progressive

dinmunumtion in imool size, arid timis may be
an additional contributing factor to time

greater inhibition of RNA synthesis with
higher concentratioims of anmalog. It seemmms
likely, timerefore, that time inhibition of

RNA synthesis at time howen’ concenmtratiorm

of analog (0.3 �mole/ml) is due to a

specific inhibition of time DNA-dcpendenmt

RNA polymerase reaction.

Previouns experirmuents have indicated that
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Fma. 3b. Effect of 3’-amino-3’-deoxyadenosine on the size of the acid-soluble ribonucleotick poo/

of Ehrlich ascites tumor cells

Experimental conditions as described for Figs. 2 and 3a. 3’-Anmino-3-deoxyadeniosin add!

(per ml): Q-Q, none; t�-L�, 0.3 idmole; D-�J, 12 idmoles; S #{149},2.2 icmoles.
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Fin. 4. Donvex 1 chromatography of icucleotides from cells iiccubated wit/c 3-amino 3’-deoxyadeno-

sine

The incubation medium contained per nul: Ehrlich ascites tumor cells, 80 mg; ascites fluid,

500 izl; Robinson’s medium containing glucose (5.6 x 10’i�i) 450 ��l; folic acid 20 midmoles; and

“C-adenine (2.0 1cC; 28.3 idC/idmole). Total volume 30 ml. After incubation for 45 mm at 37#{176},

2.0 idmoles of 3’-amino-3’-deoxyadenosine was added per milliliter. After incumbation for a further

150 mm, the cells were collected by centrifugation and treated with 5 ml of cold 0.5 N HC1O4.

The acid-soluble fraction was neutralized with 0.5 N KOH and passed through a Dowex 1 formate

column (20 x 1.0 cnu). The column was eluted
ammonium formate pH 4.5.
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3’-anmino-3’-deoxyadenmosimue, in time lresence
of ATP, myokinase, and adenosine kinase

is converted to the con’responuding 5’-

tripluospimate (21). Cells incubated with
this nucleoside were timem’efore analyzed for
timeir contenmt of nucleotides. The adenmosine

pimosphuates were labeled by preincubation

with adenine-’4C before the addition of
3’-amino-3’-deoxyadenosine. The acid-sol-

uble fraction of timese cells was chmr’onmat-o-

graphed on an anion excimamuge resin and time

fractions collected were analyzed. Three
major ultraviolet absorbing peaks almost
or completely devoid of radioactivity
appeared in the chromatogram (Fig. 4).
These had spectral characteristics as

expected for adenine compounds (A250/A260

0.17-0.18 at pH 4.5). The slowest eluting
of these peaks (fractions 29-32), migrated

between two radioactive peaks whiclu,

according to their chromatographic behav-

by a linear concentration gradient from 0 to 2 i�n

ior, could be identified as ADP and ATP,
respectively. Time ultn’aviolet absorbing
material in this unlabeled peak was col-
lected as a bariunmm salt and converted to

the ainmonium salt as described in
Materials anud Methods. Thuis compound

had the following properties. On paper

chromatogn’aphy in ammoniurn acetate-

ethanol solvent it nmigrated hike ATP and
2’-deATP, whereas in borate-ammonium

acetate-ethanol solvent it migrated like 2’-

deATP with a greater Rf value than ATP,
indicating that there was no complexing
with borate. When adenosine deaminase
was added to a buffen’ed aqueous solution

of time compound at pH 8.5 there was no

dearnination as measurable by a decrease
in absorbancy at 265 m�. Only after the
addition of both apyrase anmd snake venom

5’-nucleotidase could deamination occur, 3’-
arninmo-3’-deoxyadenosine being a known
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substrate for adenosine deanninase (14).
Assuming that time compounmd contaiimed

adenine witim a nmmolar extinuctionu coefficierut

of 15.7 M’ cmii’ at pH 7.0, it was further-
more found to contain 1.96 moles of acid-
labile phosphate and to consume 0.95 mole

of periodate per mole of adenine. Time
compound failed to give a positive reaction

for either ribose (7) or 2’-deoxyribose (8).

These findings are all consistent with time
assumption timat the isolated compound was
3’-anmino-3’-deoxyadenosine triphosphate.

Wimen the 3’-amino-3’-deoxyadenosimme

triphosphate was added to a homologous

cell-free DNA-dependent RNA polynmmerase

system there was a profound inhibition of

inucon’porationm of ATP-”C into RNA (Fig.

5). The kinetics showed a conmuplete

blockade of time reactionu even when the

n’atio between time conmcentrationu of ATP
amid 3’-anuino-3’-deoxy-ATP was 50: 1.
Before this blockade became conmmplete,

however, then’e appeared to be an inuduction

period of conmtinuing RNA synthesis that

varied directly with the molar ratio of ATP

to 3’-amino-3’-deoxy-ATP. Sinnilar kinetics
of inhibition were seen witim 3’-deoxy-ATP,
although the degree of inhibition was

slightly less.

Experiments witim isolated cell nuclei

showed a similar pattern of inuhibition of

incorporation of nucleoside triphosphates

15 20 25

Fin. 5. Effect of 3’-amino-3’-deoxy-ATP and 3’-deoxy-ATP on cell free DNA-dependent PXA

polymerization

Eacim reaction nuixture contained in a total volume of 630 �l: 50 pflioles of Tris-HCI buffer

(pIT 8.0), 400 nmpnmoles of GTP, 400 m�zmoles of CTP, 400 mpmoles of UTP, 200 nmpmoles of

3H-ATP (specific activity 3.1 x 10� cpm/pmole), 1.9 pnioles of MgCl2, 12.5 icnmole of NaF, 50 �Ll

of (NH4)2S04 (saturated at 0-), 0.4 palo!, of phospimoenolpyruvate, 10 pg of pyruvate kinase,

10 pg of myokinase, and nmueleoticlyltransferase containing 1.34 nmg prot(’in determirmed by til riic’thod

of Lowry (28). At the indicate(1 times, 70-pl aliquots were pipetted onto filter paper disks (18),

which were timen imnnen’sed in ice cold 0.5 N perciciorre acid and washed 6 tinmes at 0- with 0.5 N
perchioric acid (20 nml per disk). The disks were finally wasimed once mm 96% ethanol containing

2% sodium acetate, once mm 96% ethanol, dried, and counted in 10 nml of tolirenme scintillation

liquid.

3’-Anmino-3’-deoxy-ATP added: O-Q, none; � 4 mpmoles (ratio 3’-amino-3’-dcoxy-

ATP:ATP 1:50); A-A 40 rmmpnuo!es (1:5); #{149} S 200 mpmoles (1:1). 3’-Deoxy-ATP a(!ded:

0-El. 4 mpnmoles (ratio 3’-deoxy-ATP:ATP 1:50; t�-L�c, mpmoles (1:5).
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Fin. 6. Effect of 3’-amino-3’-deoxy-ATP on the incorporation of 3H-GMP into RNA of isolated

Ehrlich a.scitcs cell nuclei

Eacim reaction mixture containmed mm a total volume of 2100 pl: 0.5 mnmole of sucrose, 0.02 rug

of dextran (MW 200,000-300,000), 0.06 mrnole of potassium phospimate buffer (pH 8.0), 1.0 pmolc

of ATP, 0.5 pmole of CTP, 0.5 pmole of CTP, 0.5 pnmmole of ‘H-GTP (specific activity 1.5 x 10’

cpm/pmole), 10 pnmoles of MgCh, 5 pnuoles of phosphoenolpyruvate, 300 pg of pyruvate kinmase,

and approximately 100 iug of isolated Elmrlich ascites cell nuclei. At the indicated tinmes, 1.0-rn!

aliquots were withdrawn and added to 2.5 volumes 0.25 M sucrose at 0#{176},centrifuged, and washed

twice in 10 volunmes of cold 2% citric acid. To the washed nuclei was added 0.5 am! of ice cold

0.5 N perclmlornc acid, and extraction of RNA and! DNA was performed by standard means (9).

Uptake of ‘Il-GTP was expressed as millimicromoles per millirgam of DNA in order to com-

pensate for any slight variations in the number of nuclei per incubation mixture.

� 0.069 pmole (ratio 3’-amino-3’-deoxy-

84 TRUMAN AND KLENOW’
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3’-Amino-3-deoxy-ATP added: O-O, none;

ATI� : ATP n:15) ; #{149}-�, 0.23 piilOl(’ (1:4).

into ItNA (Fig. 6). However’, timis was mmot

as profound on a mole per mole basis, and

kinmetic studies were rendered difficult by

time fact that time time cun’ve of time conutn’ol

nuclei bent off after’ incubation Ion’ 20

nun.
Aim attemmmpt ��‘as made to explain time

inhibition of DNA labeling by 3’-ammmino-

3’-deoxyadenosimie. The effect of 3’-anmino-

3’-deoxy-ATP omu time inmcorpon’ationm of
TTP_1H inito DNA in time Presence of 2’-

dATP, 2’-dCTP, anmd 2’-dGTP was studied

using a hugh-speed supernmatant fraction of
Ehm’hich ascites tumor cells (20). At mmmolar

n’atios of 3’-anumino-3’-deoxy-ATP to ATP
as high as 1: 1 no inhmibitiomm counld be

demonstrated.

CONCLUSION

3’-Annminmo-3’-deoxyadenmosinme, like its
stiuctural analog 3’-deoxyadenosine, is a

powen’ful irmhmibitor of time incom’poration of
adeninue-’’C ammd unn’idimue-1Hinto both RNA

amid DNA mm Eimn’iichm ascitcs tunnmuor cells. A

simmmilan’degnee of iimhibitionmof inmcorpor’ation

of luypoxanthinme-1’C into total cell nucleic

acids imas l)een demmmormstn’ated by Simigeura
et a!. (21). Both 3’-amino-3’-deoxyadeno-

sine ammd 3’-deoxyademmosine are capable of

exentimug considerable inimibition at con-

cenmtnationms wimicim do imot dinmminmishmtime size

of time ribonmunclcotide pool. Botim agemuts are

knownu to be suhstm’ates for partially

1um’ified adenosinme kinase: Km 3’-amino 3’-
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deoxyadenosine � 6.1 x 10� i’�i ; K,,, 3’-de-

oxyadenmosine = 4.6 X 10� �r (Km adenmosine
= 1.6 x 10� �r) (22). Incubatiomu of 3’-

amino-3’-deoxyademmosine with Ehrliciu asci-
tes cells results in time intracellular accunmu-
hation of thn’ee ultraviolet-absorbing

commmpounds. One of timese was identified as

time con’responmding 5’-triphmospimate. 3’-Ami-

no-3’-deoxyadenosinue tn’iphmosphate has a
pronounced inhibitory effect on homologous

cell free DNA-dependent RNA fornmmation,

and on RNA synthesis in isolated nuclei.
Time clegm’ee of inimibitionm is appnoxinmately
time sammme as timat seenu with equimolar con-

centrations of 3’-deoxy-ATP. Timis sinmuilarity
in degree of inhibition is to sonmue extent

in disagn’eenmuenmt witim time results of Siuigeun’a

et at. (21), who found 3’-deoxy-ATP to be
a mom’e effective inimibitor usimmg a Micro-
coccus lysodeikticus RNA polymmier’ase

systenm. Time kinetics of inmimibitionu are of

the type expected to result from time in’-
revem’sible incorporation of a nucleoside

numonophosphmate lacking a 3’-OH gr’oup inuto
time 3’ end of a polym’ihotide chuain growing
iii time 5’ to 3’ direction (Fig. 7)

base base bose base adenine

Polyribotide chain Lacking 3’-OH end group

Fin. 7. Schematic diagram s/cowing a polyribo-

nucleotide chain of 1/ce type proposed to be

formed in the presence of 3’-amino-3’-deoxy-

adenosinetriphosp/cate, i.e., a chain COO taiictng a

3’-NH2 end group instead of a 3-011 end group

No definite conclusions can be drawn

about the inmimibitory effect of 3’-aimmino-3’-

deoxyadenosine oru the incorporation of
labeling into DNA, as time size and radio-
activity of the pool of 2’-deoxyribotides
were not determined. Sirmce time activity of

a cell-free DNA polymerase pn’eparation

was uninhibited by 3’-ammmino-3’deoxy-ATP
it is likely that the effect seen on DNA
synthesis in whole cells may be ascr’ibed

to inhibition of the ribonucleotide reductase
enzyme. This enzyme is known to be under

tine ahlosten’ic inmfiuence of a nunnben of

nmumcleotides (23, 24).

One inmten’esting difference in time effects of
these two adenosine armalogs is noted: at
low or’ high conmcemutrationms 3’-amino-3’-

deoxyadenuosine in conmtrast to 3’-deoxy-

adenosine (25) , does not cause army pro-
nounced decrease in the specific activity

of the acid-soluble ribonucleotide pool
labeled witiu adenine-1 4C. Tiuis differ’emmce
may be explained either by a hack of
inuimibitory effect of 3’-anmmimmo-3’-dcoxy-ATP

on time fom’m ation of phmosphmon’ibosylpyn’o-
pimosphuate in contrast to what has been

found for 3’-deoxy-ATP (25), or by a

sufficiently slow accunmumlatiomu of 3’-anumino-
3’-deoxy-ATP to allow time forinationu of a
pool of piiospiioribosylpyn’ophosphate from
glucose.
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