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SUMMA I(\

Tire effect of cvt osinne arabinoside 5’-tnipirospimate (araCTP) on tine pinosphoryhmt non of

deoxycytidine or cy tosinne arabinmoside by deoxycytidinme kinmase arid tire pimosphorylat ionm of
deoxvadenosine by deoxyademnosine kinnase imas beemm studied. AraCTP uvas a potent inmimibitor

of time phmospimorylationm of cytosine arabinmoside anmd deoxyadenosinme, but nrot of deoxvcytidine.

Time inhibition produced by araCTP appeared to be conmpetitive uvith respect to tine pimos-

phate donor, ATP, for botim deoxycytidinme kinmase arid cleoxyadenmosinne kinase.
Time phosphorylationm of cytosinne arabinoside uvas measured in somnic extn’acts of HeLa cells

obtained froni differemnt pimases of time cell cycle. Time rate of pirospimorylation of cytosinne

arabinmoside appeared to inmcrease signmificanntly durirmg tine S Phrase of tine cell cycle.

I NTROI)UCTION

Cytosinme arabinoside ( 1 -13-D-arabinmo-
furanmosylcytosine) is a very potent inmimibitor
of the reproductionm of mammaliami cells (1,
2). Studies uvitim mammalian cells imave

suggested that time letimal effects produced by

cytosinme arabinmoside nmiav be due to time iii-

hmibitionm of DNA synnthmesis (1) arid time limited

immcorporat ion of timis analogue into nucleic

acids (3-6). Inn order to be active as amn un-
hmibitor, cytosine arabinnoside must first be
pirosplmoryhated (7) to its 5’-mono-, -di-, amid

-tripimosphiates; araCTP’ is time predominamnt
form of this annitmetabohite mi mammaliann
cells (8, 9). Enmzymatic studies with DNA

polymerase partially purified from calf thy-

nnus hmave shouvn that araCTP is a potemit

competitive inhibitor witim respect to dCTP

This work was supported by a grammt fronm the

Natiomial Cancer Just itute of Canada.

1 The abbreviatiomm used is: araCTP, cytosimme
arabinoside 5’-tniphosphate.

of this emnzvme (10) amid timat araCTP is ttls()

incorporated into tire DNA template (11).

I’s.,innetic data uvith mammalian deoxycviti-

dimme kimiase suggest that this enzyme data-
lyzes time plmospimorylatiomn of botim deoxycyti-

dinme arid cytosine arabinoside (12, 13). TintS

inmportance of time mecimanmisms inmvolved in

the phospimorvlationm of cyt osunne arabinmoside

were demomist rated uvit in nmut anmt leukemic
cells resistant to tire letimal effects of tins

drug. Timese mutammt cells imad a decreased
capacity to pimosphorylate cytosinme arabinno-
side (7, S, 14), presumably because of a

deficienmcy un deoxycytidinne kinnase.
mi this paper uu-e imave studied time effects

of araCTP on time phmospimorylatiomn of cyto-

sine arabimnoside by deoxycytidimne kinase inn

order to determinne uvimether time feedback

inuimibitiorn of timis enzyme by araCTP is arm

important. factor inn preveintinmg excessive

accumuhat ion of time InhospimorYlated de-

rivatives of cvtosinme arabinnoside un manm-
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nmahiann cells. Also, since t ime S pirase of tire

cell cycle of mamnmahianm cells is more semmsitive
to tire lethal effects of cvtosimue arabinoside

( 15, 16), it was of interest to detern’ninme time
capacit\’ of cells mm the differennt. phases of time

cell cycle to I)imosPimOrYlnite cvtosinre arabinno-

si(1t�.

EXPERIMENTAL PROCEDURE

.1 later ials. The radioact ive nntncheosides
uvere obtained fronm Scimuu-arz/�\Lannmm annd

Nenv Englannd Nuclear Corporation. Otimer
nnucleosides amid mmucleotides uvere obtainmed
from P-L Lrtboratonies aimd Sigma Chmemical
(1ompanny. Time radioactive nmucleosides uvere

purified by descenmdinmg cimromatography on

Whnatrnann No. 3\IM paper for 48 un mm 86�
1 -butanrol-concenmtrated ammonium imydrox-

ide (94.5:5.5). Tire purified inucleosides uvere
eluted from time paper with 50#{176}�etimannol,
evaporated to drynmess, anmd immediately
dissolved mm water. Deoxycytidinme kinase

anrd (leoxvademnosinme kinuase uvere purified
about 100-fold froni calf timymus as (he-

scribed previously ( 12, 1 7) . It uvas riot pos-
sible to separate timese tuvo enzyme activities
completely by nmeanns of time purification pro-

cedures used. Deoxycvtidine kinase (frac-
tioni VI) arid tleoxvadenosinme kinase (frac-
tionn VIII) imad specific activities of about 5
anmd 70 urmits/mg, respectively. AraCTP uvas
synmtiresized enrzymat.ically from cytosinne

arabinmoside using deoxycytidine kinase (12),

dCMP kinase (18), arid nucleoside dipimos-
pimokinna.se (19). Time araCTP formed was puri-

fied by columnm chromatography on DEAE-

cellulose (Serva), using a linear gradient of
triethmylammonmiunm bicarbonate, PH 8,
desalted unmder vacuum, arid dissolved in

uvater.
Kinase assay. Tine enzynme assay measures

the conversionn of 3H-nnucleosides to 3H-

nucleotides by time binding of time latter
compounmds to 1)EAE-cellulose discs (20). Time
compositionm of time reaction mixtnnre is given

inn time legenmd for eacim figure arid table.

Followinmg time nndditionm of enzyme, time mix-

ture uvas incubated at 37#{176}for tine time inidi-
cated, arnd time reactionn was terminmated by

heating at 100#{176}for 1 mirm. Time mixture uvas
diluted uvitim 5 ml of uvater and centrifuged
at 1500 X q for 10 mirm to remove the de-

nratured proteinm. line snnpernmatanut fluid uvas

pernmitted to flow by gravity thirougir 2.5-cnm-

diameter DEAE-cellulose discs t mat mmd
been uvasimed uvitir 2 nil of 0.01 N HC1 arnd

15 ml of uvater. Time discs were thmenm uvashed

uvitir �30 ml of uvater, dried, amid placed inn

vials conmtainiinng 10 ml of toluenne-bnnsed

scinmtihlatiomn fluid. The efficienmcy of counmtinmg
of tritium under these conditionms � about
3 (�; . Onme ummit of enzyme activity was defimmed

as time amount of enzyme that catalyzes the
conversion of 1 mrnmole of nucleoside to nmu-
cleotide per minmute unrder timese assay coin-

(lit ionms.
Synchronous cultures. HeLa cells were

grown as monmolavers at 37#{176}i� roller

bottles containing Eagle’s niunmimal essential
medium supplemenmted uvith 5 ‘� fetal calf

serum. Synchronous cultures uvere obtained

by selective detachrnmenmt of mitotic cells fronmi
time monolayer (21). \litotic cells were han-

vested at :30-niimn iimtervahs annd accumulated at

0#{176}for up to 3 hr. Upon rapid warming to 37#{176},

tine mitotic cell suspensionm proceeded througim

t he cell cycle uvit im unninipaired synnchnronmy

(22). Uinder these conmditionms the lengtim of

the cell cycle of time HeLa cells � about
16 hr. The rate of 1)NA synmtimesis dun-

ing differenmt phrases of tire cell cycle uvas de-

terminmed by pulse-labehinig 2-mi ahiquots
of svnncimronous cultnnre (3 X 10� cells) uvitim

3H-deoxvtimvmidinme ( 15 mCi/pmole) at a

concentration of 1 ,aCi/ml for 20 minn. Time

cells uvere collected orm a nmitrocehlulose filter
(\lilhipore GSWP, 25 mm, 0.22 �), wasimed
uvitim cold 0.15 �n NaCh annd cold 5 �‘ tn-

chiloracetic acid, dried, annd assayed for
radioactivity inn toluenme scnumtiilationu fluid.

For time kinmase assay, ahiquots of aboimt

5 X 10� cells uvere obtainned at intervals

tinroughout time cell cycle by cenmt rifugat ionm
at 2000 X q for 10 mirn. Time cell J)ell(’t uvas
wasimed tuvice uvitim 0.12 �n XaCl conntainminmg

0.02 �r sodium phospimate buffer, I)H 7.0.

Tine uvasimed cell pellet uvas resuspennded inn

buffer containninig 50 mm Tris-HC1 (pH 8.0),
50 mM KC1, 20 � glycerol, and 10 m�i 2-
mercaptoethanol. Time ratio of buffer volume

to packed cell volume was 3:1. Time cells
uvere disrupted by soniication arid therm

centrifuged at 100,000 X q for 30 mini, annd
the supernatant fractionm uvas stored at -90#{176}
prior to kinmase assay. All time steps inn tine
preparation uvere carried out at about 5#{176}.
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Time protein contemnt in time supernuatanut

fraction uvas determined by the method of
Lowry ci al. (23).

RESULTS

Stu(lies with araCTP. Time effect of dif-

ferent concentrations of araCTP onn time
phosphorylation of deoxycytidine and cyto-

sine arabinoside by deoxycytidine kina.se is

shouvn inn Table 1 . Louv concentrations of

araCTP did not inhibit. the pimospimorylationn

of deoxycytidinme, whereas a imighmer concen-

tration of 40 �nM produced only 6 % inhibi-
tion. As reported previously uvith dCTP
( 12) , time plmosphmorylation of cytosine arabinmo-
side appeared to be more sensitive to the

inhibitory effects of time enmd product, inn this

case araCTP. A concentration of 20 pM

araCTP produced onnly 6 % inhibition of the

pimospimorylation of deoxycytidine, in conn-

trast to time 46 % inhibition observed when

cytosinme arabinoside was used as the phos-

pimate acceptor.
Kinnetic studies uvere performed uvitim ara-

CTP, deoxycyt idine kinnase, arid deoxyadenmo-

sinne kinase innorder to determine time type of

inhmibition produced by timis anutimetabohite

on these enzymes. Time effect of araCTP on

TABLE 1

Effect of different concentrations of araCTP on

phosphorylation of deoxycytidine and

cytosine arabinoside

The imicmmbatiomm mixture (0.1 ml) contained 10
�mmoles of Tnis-HC1 (pH 8.0), 1.0 zmole of MgCl2,

0.1 ,.mmole of ATP, 0.5 .mnmole of 2-mercaptoethamiol,

0.1 unit, of deoxycytidinme kimiase (fnactiomi VI),

and 5 minnoles (4 X 10� cpnm) of 3H-deoxycytidimie
or 3Hc�’tosimie anabinioside, as indicated. The

nmixtmmre was imicubated for 10 mimi and assayed as

described nmmrder EXPEIInMENTAL PHOcEmWnfl:.

Activity with various

.
Addmtmon

Concen-
.

tration

phosDhate acceptors
-- ----- -

�
Deoxv- Cvtosmne

cvtidine arabinoside

�mf (‘

Nomme 100 100

AraCTP 2 100 85

AraCTP 10 100 70
AraCTP 20 94 54

AraCTP 40 94 44

FIG. 1. Effect of araCTP on phosphorylation of

different concentrations of cytosine a rabinoside

The incubation nmixture (0.1 ml) comitaimied 10

pmoles of Tnis-HC1 (pH 8.0), 1.0 �mmole of MgCl2,

0.1 Mmole of ATP, 0.5 Mnmole of 2-nmercaptoethanol,

0.3 unit of deoxycvtidine kina.se (fraction VI),

and the indicated concentratiomms of 3H-cytosiuie

arabinoside (5 X 10� cpm) and araCTP. The
mixture was incubated at 37#{176}for 5 nun and assayed
as described umider EXPERIMENTAL PROCEDURE.

AraCMP , cyt osi mie arabi mio)side 5’-nmonophosphate.

the plmosphmoryhationn of differemnt conmcentra-
tions of cvtosinme arabinnoside by deoxycyti-

dine kinase is shouvnn inn 1’ig. 1 . The data
have been plotted according to time method

of Lineuveaver and Burk (24) . Time apparent
Km value for cytosinne arabiimoside was 30 pM,

and is similar to time values reported earlier
(12, 13, 25). The jresence of araCTP ap-

peared to produce a mixed type of inhibition,
since time plotted lines did nmot intersect oni

time imorizontal axis (26).

In Fig. 2 tire effect of araCTP onn time

pimospimorylationm of cytosinme arabinoside by

deoxvcvtidimne kinmase inn tire presenmce of dif-

ferennt concentrationms of ATP uvas studied.

The apparent K�, value for ATP uvas 0.15

mM, anid is similar to time values reported

previously (12-14). Time inimibitionn produced

by araCTP appeared to be competitive uvitim
respect to ATP, uvitim ann apparent K1 value

of 2.2 p�i. A similar type of inmimibition uvas
observed uvitim dCTP (12, 13).

Inn Fig. 3 time effect of araCTP on time
phmosphmorylationn of deoxyadenuosimne inn the
presence of different concentrations of ATP
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Fmo. 2. Effect of araCTP on phosphorgilation of

cytosine arabinoside in the presence of (lifferent

concentrations of .1 TP

The imicub�ttiomi nnixture (0.1 ml ) contained 10

Mmo)les of Tris-HCl (pH 8.0) , 1 .0 �.oniole of MgCl2,
0.5 pmnole (if 2-mmmercaptoethanol ‘ 10 mmrnoles of

311-cytosimie arabinoside (5 X 10� cpm), 0.2 uuiit

of deoxycvt idi mie ki miase (fract iomr V I ) , amid the
iui(hicated couicemitrations o)f ATP and araCTP.

The mnixtimre was incubated at 37#{176}for 10 mimi amid
assayed as described umider EXPERIM ENTAL PRO-

(‘EI)U RE. AraC�\IP, cytosimie arabimmoside 5’-mono-

phnosphate.

uvas studied. As observed with deoxycytidine

kiniase, time inmimibition produced by araCTP
appeared to be competitive uvitim respect to
ATP. Tine apparemit K,. for ATP uvas 0.3

m�i, and the apparent K1 for araCTP was

4.0 pM. A similar pat termm of inminibition was

reported previously for dCTP onm de-

oxyadeirosnime kinmase (17).
Studies wit/n. synchronous cells. Time rate of

phmosphorylationm of cytosinme arabinoside

during time cell cycle of HeLa cells is simouvnm

in l’ig. 4. Inn this figure tine different pimases

of time cell cycle occupy time follouving time

intervals: time G1 phrase, from 0 to 7 imr; the
S phrase, froni 7 to 15 imr; amid time G2 phrase,

front 15 to 17 hmr. Time capacity of cell ex-

tracts to catalyze time pimospimorylationm of

cytosinme arabinoside fluctuated inn a mariner

similar to the incorporation of 3H-deoxytimy-

n’midinme into tine cellular DNA. Tire kinmase
activity uvas low in time Gr phrase, increased
significantly inn time S phrase, and decreased
inn tine G2 pimase. Time peak of kinase activity

Fma. 3. Effect of ara(IP on. phosphorylation of

(leoxya(lenosine in the presence of different con-

centrations of _.l. TP

The incubat iomi nnixt mire (0. 1 ml ) comit aimmed 10

1,Lrnoles of Tris-HC1 (pH 8.0), 1.0 Mmole of IN’IgCl2,

I .0 �.onnole of 2-nnercaptoethanol, 167 mirnoles of

tH_deoxyademiosimie (3.3 X 10� cpnm) , 0.3 umiit O)f

deoxvadenosimie kimiase (fract ion V I I I) , amid t he
indicated concemmtrations of ATP and araCTP.

The nuixture was incubated at 37#{176}for 5 mmiii and

aSSmiye(l as descrih)ed immider 1�XPEItIMI:NT�L P1R)-

CEI)IJItE.

occurred about 2 hr hater timani time maxi-
mal inmcorporationm of 1H-deoxythymidine into

DNA. A similar pattermn uvas reported by

Bremmt (27) for time pimospimorylationn of de-

oxycytidinme during time cell cycle of HeLa

cells.

I)ISCUSSION

Iii genrerah, most nmucleoside ammtinmetabo-

hites must first be phmospimorylated inn order

to be active as inminibitors mi nmammahiamn
cells. Inm the case of cytosirme arabinoside,

evidenmce to support timis statement has beenm

obtainmed from studies onm nmutannt leukemic

cells resist anmt to this analogue arid enzymatic
st tidies wit in pinospi noryhat ed derivat ives of

cvt osinme arabinmoside. \ Iutanmt leukemic cells
resist armt to cytosinme arabinnoside appeared

to imave ann impaired capacity to pinospimory-

late timis drug (7, 8, 14). Studies in vitro with

mammalian DNA polymerase demonmstrated
timat araCTP was a conmpetitive inmimibitor
uvitim respect to dCTP (10), arid araCTP uvas
also a substrate for this emnzvnme (11). Tlmese
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FIG. 4. Phosphorylation of cylosine arabinoside

during ccli cycle of HeLa cells

Mitotic cells were harvested from momnolavers
of IleLa cells and cultured in medium at 37#{176}.

Aliquot.s of 2 ml (3 x l0� cells) were removed at

the times imidicated and incubated with 2 MCi of

3H-deoxythymidine (15 mCi/.mnmole) at 37#{176}for

20 miii. The radioactivity imiconporated imnto l)NA

was determined as described under EXPERIMENTAL

PROCEDURE. For the kinase assay, larger aliquots

(5 X 10� cells) were collected, washed, and soni-

cated imi Tnis-KC1-glycerol bimifer. The sonic

extract was centrifuged, and 10 ,.l o)f the simper-

natant fluid were added to a reactiomi mixture

(Table 1) comntamning 100 pmoles of #{176}H-cytosine

anabimioside (1 X 10#{176}cpm) amid incubated at 37#{176}

for 20 mimi.

observationms, along uvitim the cellular studies

shouving that cytosinme arabinmoside uvas inn-

corporated unto nnucheic acids (3-6), stronmglv

support the proposal that time active inn-
hibitor of timis antimetabohite is a pimos-
phorylated compound, most probably ara-

CTP.
Thmree major factors appear to influennce

tine rate of phospimorylationm of cytosimne

arabinmoside in mammalian cells: (a) time
amount of deoxycytidinme kinmase, tine enzyme
timat catalyzes the phosphoryhationn of cyto-

sine arabinoside (12, 13); (b) time presence of
inhibitors of deoxycytidine kinase, such as

dCTP (12, 13); anid (c) the rate of deaminna-

tiomn (28, 29) or glycosidic bomnd cleavage (2$)

#{182}of cvtosiime arabinoside.

� Previous st udies inave sinouvn t imat dC1P

� is a I)otemmt inminibitor Of time PhospimorYlnitiomn

� of botim deoxvcytidine anmd cvtosinne armnbinmo-

�, side by deoxycytidimme kimrase (12, 13), tIre

� phmospimoryhat iomr of t he hat t er nmucheoside

� being more senmsitive to the imminibitory effects

� of dCTP (12). Similar results are reported

�. in Table 1, uvhicim shnouvs tinat araCTP � a

� more potemrt inminibitor of tire I)hosPhorYlnt-
� tioni of cytosinme arabinmoside timani tine pinos-

� phorylationm of deoxycytidinme. A conncentra-
� tiomn of 20 ptm araCTP imrinibited tire I)hmOs-

� phoryhation of cytosinme arabinmoside amid

� deoxycytidine by 46 � aind 6 � , respectively.

� At equimolar concenmtratiomms tine innimibitionr
� produced by (ICTP (12) was niuch greater

‘5 thanm time imminibition produced by araCTP.
Sclmrecker anid Urshel (8) reported that
fohlouu”inmg t lie inmcubat ionm of L 1 2 10 nmurinre

heukemic cells with 10 pM cytosinne arabinro-

side for 20 mirn, a comicemitration of about
100 �M araCTP accumulated inn tinese cells.
Assuming that deoxycytichinre kinmase of time

L1210 cells is just as sensitive to the in-

inibitory effects of araCTP as tine calf
thymus enmzyme use(1 inn tins study, an nra-
CTI� concenmtrationm inn tine cells of 100 p.�m
should produce significant inimibitiomi of the

Pimosl)hOryhat ion of c\-t osirne arabimioside.
The mode of immhibitionm of deoxycvtidinne

kinmase by araCTP appears to be complex.

Time inhibitionn produced by araCTP rip-

peared to be conipetitive witir respect to
ATP (Fig. 2) annd mixed uvitin respect to tine

phosphate acceptor, cyt osinme arabimnoside

(Fig. 1). These observatiomrs suggest timat
araCTP binds to botim time pinospinate donor

and pimospimate acceptor sites on deoxycyti-

dine kinmase, time binrdinng to time pimospimate
acceptor site beinmg much weaker thanm time

binding to time pimospimate donmor site. One

i)Ossible explanation for the observatiomn timat
cytosine arabimnoside is more sensitive to
inhibitors’ effects of araCTP unarm deoxvcvti-

dine is timat tire binmdinmg of araCTP to tine

phosphate donnor site may produce a slight

conmfiguratiommal cimange inn the enzyme at time
pimosphate acceptor site amid thus affect tine

binding of the unmnatural substrate, cytosinme
arabimnoside, to this latter site more thmann time
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binmdinmg of the natural substrate, deoxycyti-
thinne.

Krygier and \ Ionmparler ( 1 7) hiave reported

that dCTP is a poternt inhibitor of de-

oxyadenosinme kimiase, time inmhibitionm proclnmced

by dCTP beinmg competitive with respect to

ATP ann! nmoncompetitive uvitim respect to

(leoxvadenosinne. 1mmthis i�aper time inmimibitionu

produced by araCTP appeared to be com-
petitive uvitin respect to ATP for deoxyademmo-
sure kimmase, annd uvas sinmilar to tire results

reported for dCTP. Tine biological signmifi-
cannce of t ire inmimibit ionm of deoxvadennosimme

kinnase by araCTP is nnot apparent at timis

time, sirmce tine onily knnownn fummctionn of this

enzyme is iii time salvage patimwmny (30).

Houvever, tins fact may be importannt iii

conubinnat ionn cimemot herapy inn uvinichr anna-
logues of deoxyadenmosimme are used iii conm-

j tmmictionn ‘Wit ii cyt osinne arabinoside.

‘Vounng ani(I Fiscimer (15) and 1�aronm and

Shirakauva (16) reported timat the S phmase of

tine cell cycle of mamnmahianm cells is nuore
senmsit ive t han t lie ot her phases t o t he let hal

effects of cytosinme arabinmoside. Sirmce DNA
synthesis is the major cimaracteristic of tine S

phrase, it is temptinmg to assume that time
lethal effects produced by cytositme arabinno-
side implicate DNA rephicationn. Houvever,

time data simownm inn Fig. 4 suggest that the rate
of plrosphorylatiomm of cytosinne anabinnoside

mm tine differenmt phases of time cell cycle may

be atm important factor inn determinmiimg which

pimase is nmost sennsitive to the lethal effects

of this anmtimetabohite. It appears from thnese

results timat tinere is a signmiflcanmt rise mi the

rate of phosphorylationn of cytosinme arabinmo-

side durinmg the S pimase, probably because of

ann inmcrease inn time level of deoxycytidinre

kimmase in tins pimase of tire cell cycle. How-

ever, tine otimer factors that affect time pimos-

pimorylatioun of cytosinue arabinmoside, as dis-
cussed above, simould also be takenm inmto con-

sideratiomm. Since IINA symnthmesis takes place

during tine S pinase of time cell cycle (21), it is

not possible to conmclude from time data on the

S I)imnLse specificity of cytosimme arabinmoside

that only DNA synmtinesis is inivolved in time

lethal effects produced by thmis analogue

uvitimout conmsiderinmg the variatiomns iii its rate

of pimospimorylatiomr during time cell cycle.

line lethal effects produced by cytosimme

arabinmoside onm manmmahiann cells may be due

to time accumulationm of imigh inmtracehlular
conmcenntrationms of araCTP inn time S pimase of

time cell cycle. Tine araCTP is inicorporated
into botin HNA (3-6, 31) anmd DNA (3-6, 11)

anmd inhibits 1)NA polymerase (10). \lore
inmformat loIn is nmeeded to determine t ire

relative importance of tirese biocinemnical

parameters uvitin respect to time mechaimisnm
by uvimicim cytosinme arabinioside produces its
letimal (�ffect5 onm manmnmahianm cells.
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