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SUMMARY

Deoxycvtidine kimia.se is comifimued Irinmaril11’ to lvnmpimoi(l tissues in the rat amid! mouse.
Its activity varies widely, with huighest levels in the thynuus. A similar range of activities was
found among the tumors exanuined. There is not an exact correlation of kinase activity with
time cell proliferatioiu rate. In crude tissue extracts the pluosphorylation of cytosine arabinoside

(araC) is immhibited to a variable and! greater extent than the phosphorylation of deoxycytidine
(CdR), and tluis imiluihition is largely renmoved by dialysis of the preparations.

Partially purified! CdR kimuase from calf thymus phosphorylates CdR, araC, GdR, and!
AdR, with CdR i)enug the kiiuetically preferred substrate. Each of these nucleosides will
competitively inhibit the phosphorylation of amuy of the others. Enzymatic activity is also
inhibited by a number of nucleotides at physiological concentratiomms, awl in each case the

phosphorylation of araC is nuore sensitive to the inhibition than that of CdR. dTTP, dUTP,
and UTP, which themselves inhibit phosphate transfer from ATP, nonetheless will partially

reverse the very potent inhibition of CICTP.
The preferential inhibition of araC phosphorylation in extracts is therefore tentatively

explaimued in terms of complex interactions of a muumber of imucleosides amid! nucleotides with
the enzyme, all of wimich tend to select for pimosphorylation of CdR.

INTRODUCTION

1-�-D-Arabinofuranosylcytosine inhibits
the growth of a variety of neoplasms of

both animals (1-3) and humamms (4-8). In
cell culture araC2 inhibits the intracellular
multiplication of DNA viruses (9-12).
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The abbreviations used are: araC, 1-/3-n-

arabinofuranosylcytosine; araCMP, l-/3-D-arabi-
nofuranosylcytosine 5’-monophosphatc; araCTP,

l-/1-ri-arabinofuranosylcytosine 5’-triphosphate;

araU, l-fJ-e-arabinofuranosyluracil; araUMP, 1-f3-
D-aralMnofuranosyluracil 5’-monopho.sphate; CdR,

deoxs’cytidine; CR, cytidine; UdR, deoxyuridinc;

UR, uridine; TdR, thynmidine; AdR, deoxyadeno-

sine; AR, adenosine; GdR, deoxyguanosine; GR.

guanosine.

AraC also diecreases the symut.imesis of DNA

in nmammalian cells (5, 9, 11, 13-15), exert-
mug its effect primarily durimmg the S phase

of time cell cycle (16-18�. Time immhibitory
effect of araC omu tuiumor amid viral systems
amid DNA symmthmesis could be prevented or
revei’sed by CdR, if administered early
enough (5, 11, 15, 18-20). AraC and

araCTP inhibited the DNA polymerase
activity of tumor extracts (21) and of
partially purified manummumalian enzyme (22),
m’espectively, ammd timese inhibitions were

reversed by dCTP.
Very small amounts of araC are incor-

porated into DNA and RNA in vivo (5,
11, 23), but isolated emmzyiume systems from

both bacterial (24) and mammalian (221
sources failed to incorporate araCTP.

It has been proposed (20) that araC
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inhibits the formumation of dICDP from CDP,

hut this has imot been confirmed either in
cell cultures (15) or when the effect of

phosphorylated derivatives of araC on CDP
reductase was tested in vitro (25).

Although the primary mode or modes of

action of araC are thus still uncertaimm, it is
generally accepted that phosphorylation of

araC is an essential prerequisite to its

activity. From studies of mutant leukemic
cell lines resistant to araC, it was concluded
that the enzynme wimich phosphiorylates araC

is CdR kinase (26, 27). This has been con-
firmed using partially purified CdR kinase

(28-31). CdR inimibits the phosphom’ylation

of araC (27-30), and it is proposed that this

is the mechanism of its reversal of the
inhibitory effects of araC. The phosphoryl-
ation of CdR to dCTP will also potentiate

the feedback immimibition of CdR kinase by
dCTP (15, 31-33). There may also be some

competition during uptake of the mmucleo-

sides into the cell (5, 34).

In this study we show that CdR kinase
is found primumarily in tissues of lyniphoid

origin, and it is suggested that the relatively
high levels of this enzyme in lymphoid

neoplasms may account for the chimmical

effectiveness of araC in the treatnneimt of

acute leukemia. This success notwithustand-
ing, we find that the enzyme has a great
tendency to select the natural substrate,

CdR, rather timan araC, and a variety of

mmucleotides besides dCTP mmuay serve to
regulate this pm’oeess.

MATERIALS AND METHODS

Enzyme Preparations

CdR kinase. Calf thymus glands were
obtained at a local abattoir from freshly
killed animals, and the CdR kinase was

partially purified.3 This prepam’ation con-
tains insignificant levels of phuosphatase

and no deaminase activity. Weanling rats

were supplied by Harlan Industries, Inc.,
and CF1 mice were purchased from Car-

worth Farnuis. Novikoff hepatoma was of a

‘D. H. Ives and J. P. Durhani, manuscript in

preparation.

strain described previously (35) . All other

tumors were kindly provided by R. Folk,

Battelle Memorial Institute, Columbus. The
L5178Y and L1210 leukemumias were drawn

from the peritoneal cavity witim heparinized
syrimiges, and any necrotic tissue was dis-

sected from the othuer tumors, all of which

were solid. Lympimocytes were collected by
thoracic duct cannulation.4 Blood was col-
lected by cardiac pumucture of etimer-anes-
thetized animumals, using heparimmized syringes.
The animals were thenu decapitated and

time tissues m’enmoved. Time epitheliunuu was
scraped away from segmmmemits of small

inutestimue. For lymumph mlod!e preparations,

ommly the cen’vical nodes were utilized.

The blood, homme mmmarrow, lymuiphocytes,
and L5178Y amid! L1210 leukernias were

cemmtrifuged for 5 mimi at 30,000 X g. The
precipitated cells were wasiued once with

0.9% NaC1 solutionm and! then suspended in

3 volumes (w/v) of 0.154 M KC1. Other
tissues were washed iii 0.154 M KC1. The

immtestinal epithelium was cemitrifuged for 5
mm at 30,000 X g to precipitate the frag-

ments. Muscle tissue was minced with scis-

sors and passed through the fine grid of a
hand tissue press (Harvard Apparatus

Company).
The whole blood was sonicated for 20 sec

at full power using a Bronmwill Biosonic I
sonicator. The lymph nodes and bonme mar-
row wem’e homogenized with Potter-Elve-

,jhemum imomogemmizers mu a mimmimal volume
of 0.154 �r KC1. All othmer tissues were
homogenized in 3 volumes (w/v) of
0.154 M KC1. Time huonmogenates and sonic

extract were centrifuged for 30 mm at

30,000 X q, and the supernatant fluid was
decanted, rapidly frozen in Dry Ice-

acetone, and stored at -30#{176} until required

for assay.
Dialysis of supernatant fractions was car-

ried out agaimmst 1000 volumes of 0.154 M

KCI for 8 hr with a change of dialyzing

solution after 4 hr.
Escherichia coil cytosine nucleoside de-

aminase. E coli B12 cells in late log phase

w’ere harvested by ceimtrifugation, washed

once with hm.mffer (0.05 M Tris-HCI, pH

� Obtained fronm Dr. M. Whitehouse.
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7.525) ,� then mnixed \Vitii aim equal volunme
(w/v) of buffer ammd disrupted! mu a French

pn’ess at 15,000 psi. Time suspensiomm was

cemmtrifuged for 20 mmmin at 30,000 X g, and!

time supermmatamit fractiomu was fui’thmer
cemmtrifuged fon’ 1 Imr at 100,000 x g. The
resulting supernatamut was diluted with 5
volumumes of buffer, audi the CdR deamuuimmase
was partially purified by time method! of

Coimen (36) . Fimual specific activity was 5.3
�tmoles of Cd!R deanuinmatedi per 30 mum per

milligram of protein.
Phosphotransferases. Malt phosphotrans-

ferase was prepared by a methiod modified
fromuu that of Brawerman and Cimargaff (37).

Malt diastase (400 g) was suspended in
1200 ml of 0.154 M KC1 amid imomogenized
mm a Waring Blemudor for 30 see at high

spee(l. The imommiogemmate w’as cemmtrifuged for
30 mimi at 15,000 x g, yielding a superna-
tant fraction (938 ml) to wimicim 227.5 g of
(NH4)2S04 were added! with stirring over
a 20-nun period. After stammding for a

further 20 mmmiii,time mnixtum’e ��‘as centrifuged
for 20 nmuimmat 15,000 X g. A further 62.5 g

of 1NH , ) �S() � \\‘(�I’(� ath!ed to the super-

mmataimt fluid (995 mmml) undler the sanme con-

(!itiolls, Ilmm(l time solutiomm was recemutmifuged.

Time precipitate was taken up mu 1 mM
phosphate, pH 6.5 (430 ml).

Chick emmubryo extract was prepared! by
time met hod! of Maley and Maley (38).

Enzyme Assays

CdR kinase and deaininase in extracts.

Phmosi )imorylatiomi amid! deammiination were
followed! simultaiueousiy, using the same

assay commditiomms fom’ bothu CdR and am’aC as
substrates. Iii all enzymmme assays Eppemmdorf
autommuatic pipettes were used whenever pos-

sihie, ant! all assays wem’e Carried! out in

d!Uplicate. An ahiquot of extract was cluosen
to give close to but muot gm’eater thman 20%

conversion of substrate. Up to 75 �tl were

added to 25 1�d of reactiomm mixture con-

tainimig 1 1timmoie of ATP, 0.5 �tmole of
MgCl2, 1.5 �tmuuoles of NaF, 4 ��moles of Tris-

HC1 (pH 8.037). amid 2 nmj�tmoles of CdR

or am’aC, plus 0.154 M KC1 to a final volume

� Subscript inmdicates the temperature at which

the pH wa.s measured.

of 100 it1 in a 2-mimi conuical glass centrifuge
tube. After ilmcul)atiolu for 30 mm at 37#{176},

time reactioim was sto�)ped by imeating for 2
mimi at 100#{176}. Demiatured! l)m’Otein was
centm’ifugedl to time bottom of time tube (10
imminmat 1500 X o) . Reactiomm l)rOducts were

anmahvzed ammdl quammtitated! in one of two
W’IIVs.

1. Stn’ip method: The total assay mixture

is spotted on a 1 X 22.5 inch strip of
1)EAE-cellulose taper held on a glass franme

i)y Teflon clips. Time strips are developed
to within 1 mcii of the end of the paper by

descendimmg cimrommiatography, using 0.03 N

fon’nmuic acid as the solvemmt. Wimen an extract
hind! significant levels of both CdR kinase
amid Cd!R deaminase, so that both dCTP
and UdR imucleotides mmmight he formed, the

assay volume was doubled. Half the assay
mixture is tm’eated as above, and the other
half is spotted omm a second strip of DEAE-

cellulose paper and developed with 4 N

fornumic acid! commtaining 0.1 N ammonium

TAntI.E 1

ion exchange paper chrom ‘itography o,f a uucleosides

and nucleoside phosphates

The nucleosides (or their phosphates) were spotted

ott 1-inch ships of Whatman l)ESl and (leveloped

by descending chi’onmatography to within 1 inch of

the bottom of the strip (approximately S hr).

Nucleoside

R� value

0.03 N 4 N formic acid + 0.1 x

1)lIosPllate ) formic acid ammonium foinmate

Cdli 0.82 0.92

araC 0.8! 092

CR 0.81

Td II 0.70

l�(1Il 0.59

ara[ 0.58

Uli 0.53

araCM P 0.26 0.90

(ICMP 0.21 0.90

CMP O.1� 0.87

(lIMP <0.1 0.65

U’MP <0.1 0.62
araUMP 0. 10 0.68

(ITMP 0 0.58

araCTP 0 0.28

dCTP 0 0.24

(llTP 0 0.07

(ITTP 0 0.04
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forimmate (Table 1 ) . For thus mnetlmod, 0.05

p_Cmof Cd!R-2-�’C or 0.625 1�Ci of 3H-araC
was used per assay. Time developed strips

are air-dried, anmd time 14C-CdR assays are

(lmmantitated on a Vanmguard 880 ADS
integrating strip scaimmuer (efficiency, 20%).

Time prod!uct peaks for 3H-araC assays
were located on the strip scanner, but the

\.(q,y low tritiumn efficiency (approximately
1%) and time absorptioim of the weak

tritium radiation within time paper nmad!e
ammother method of quantitation desirable.
Timerefore substrate and prOd!Uct peaks wen’e

cut out of the strips, placed iii 20-nil liquid
scintillation vials, and eluted with 1.5 ml
of stamud!ard eluent; 15 ml of scintillation

solvent (39) were ad!dled, amid time samuuples

were counted in a Beckmmmamm LSIOO liquid

scinmtillation counter.
2. Disc assay: Time muuetimod of Ives et al.

(39) is followed. One-half mumicrocumic of
3H-CdR or ‘H-araC was used! per assay
(wimen time araC concemmtration was

0.002 nm�n, 0.25 1Ci was used). After heat-
ing, 200 1d of H20 are ad!ded, the tubes

are cemmtrifuged!, and 50-id aliquots are

placed! on timree 17-mummumdiscs of SB-2 paper.

Ommly pimospimorylated pm’Od!UCts are retained

upon washiing, retemition of time c!eamimmation

prodluct being less than 0.5%.
CdR kinase kinetics and general pro p-

erties of the calf thijmus enzyme. Timese

were immvestigated using the disc assay. The

basic immeubation mixture (80 ,d) contained
0.8 jimumole of ATP, 0.8 1.tmmmole of MgCi2, 3.2
p.mmmoles of Tris-HC1 (pH 8.037), 1.6 nip.-

mmmoles of 3H-CdR on’ 3H-araC (0.4 ,.Ci),
0.08 nig of bovine senmmmm albunmin, and! 0.5-

5 1ig of calf timymus emmzyme protein.

Duplicate assays were always run. After
incubationm for 30 mm at 37#{176}and stopping
the reaction by hmeatinmg for 2 mm at 100#{176},

150 �l of H20 were addled! and the tubes
were cemmtrifuged briefly to collect ammy
condlensate on the upper part of the tube.

ATP-Mg2 concemmtrations were calculated
by a mmiethod detailed elsewhere.3

TdR kinase. TdR kinase was assayed by

time disc methmod as pre�’ioinsiy described

39).
Phosphotransferase activity. Chick em-

bryo extract (25-70 p.l: 9 immg of proteimm per

mnihlilitei’) � LIddle(l to 20 p.! of a reactionu

mixture comutainmimmg 0.8 p.mimole of dhUi\IP,

0.4 p.nmole of i\IgCl2, 1 p.mmmole of NaF, 2
mimp.nimoles of substm’ate (0.04 p.Ci of 2-11C�

CR; 0.05 p.Ci of 2-’4C-UdR, 2-14C-TdR, 2-

“C-CdR, or 2-14C-UR ; 0.625 p.Ci of 3H-araC
or 3H-araU) , 10 p.1 of 1 �si Tris-HC1 (pH

8.037 ) , amid H30 to 100 p.1. Incubation was
commducted for 1 hr at 37#{176}.

Malt diastase extract )25 1d; 4.14 mug

of i)moteini I)(1� mimilhihiter) was added to 20
1(1 of time above reactiomm mmmixture, 10 p.1 of

I �m Tris-mmmaleate PH 6.0,7 I , amm(l 45 p.1

of H30. IiicUi)atioli ��‘as commducted for 30
mimiiu at 37#{176}.

Time commeenmtratiomm of fluoride iii time assay

inimibits l)imosPiuotn’ammsfem�ase activity less
thamm 5% �vimile ilmlmil)itimmg pimosphatase
itCtiVitV mmuom’e thmaim 80%. Duplicate assays

\v(ne numu for bothm emmzvnmmes. Time m’eactions
were stopped by hmeatiimg for 2 nmin at 100#{176}
amid aimalyzed! by time strip muetimod.

lila terki is

AraC ��‘as a gift fromum 0. \V. Camimiemmer of

time Upj ohmmm Commmpammy. (i)timer ummlabeled
nucheosides ammd imucleotides were obtained

fm’ommmP-L Biocimemmmica!s or Sigmuma Cimenmiical

Company. 2-�’C-CdR (26.6 mnCi/nmmnole),
2-14C-CR (20 mmmCi ‘nunmolet , ‘H-GdR (4.8

Ci ‘mimnnole), and 3H-araC (1 .34 Ci/mmmmole)
were supplied! by Scimwarz BioResearch. 3H-

CdIR 10.5 Ci/mmmnmole), 2-’4C-UdR (28.0
mnCi/mimmole ( , 2-’’C-UR (30.2 mmmCi/mmmmole)

amid 2-’’C-Tc!R (30 mumCi/mmnole) were
products of New Emmgland Nucleai’ Corpo-

ratiomm. Uniformly labeled 14C-AdR (274

muiCi’mmmmimole) was purcimased from Ammmer-

shiamn-Searle.
Time pimrity of time 3H-araC was cimecked

l)y deseemmd!immg cimrommmatographiy fon’ 72 imr on

Whmatmmmamm No. 1 paper, mmsinug I -hutammol-

formmmic acid-H20 (77:10:13) as the solvent;

time samumpie was repurifie(l on the same

systemmi if time purity was less timamm 98%.
Malt d!iastase was obtained from Nutri-

tiomial Biocimemicals Corporation. Dithio-
timreitol was supplied by Calbiochmenm.

Cm’ystahlimie bovimue serunmi albumin was a

product of Pentex, Inc. DEAE-substituted

paper simeets (Wiuatnman DE81) and Amber-
hite iou excimaimge resimm-loaded paper simeets
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TABLE 3

CdR kinase and n !ated enzyme act irities in mouse tissues

Results are the average of two experiments, each with the pooled tissues

conditions were the same a.s in Table 2.

froni three animals. Other

Cdli kinase

TdR

kina.se’

Tdli/CdR

ratio

Cdli

deaminase’

Mouse

t�sue

Relative

act ivity�

CdR/araC ratio

Dialvzed/

undialyzedbUndialyzed Dialyzed

Thymus 0.86 1.7 1.3 1.0 11.5 6.3 0

Spleen 0.83 4.9 2.4 0.9 12.4 6.9 0.20

Lymph nodes 0.28 53 2.2 0.9 12.5 20 0.24

Testisd 0.03 7.9 7.4 0.8 0.33 7 0.04

Intestined 0.04 6.8 3.4 0.9 1 .4 33 4,44

Lungd 0.02 4.9 4 7 1.0 0.19 10 0.14

Liver 0 0.09 0. 12

Kidney 0 0.03 10.6

Brain 0 0.12 0,55

Muscle 0 0 0

Blood 0 0 0

Relative to rat thymus.
Ratio of CdR kina.se activities, with Cdli as substrate, itt the dialyzed and the undial zed extracts.

Nanomoles per milligram of protein per 30 miii.
d The concentrations of Cdli and araC were 0.002 nm�i wimen the Cdli/araC phosphorylation ratio was

determined.

t grade SB-2) W(i’C l)tnmchuase(! from H.
Reeve Aimgel Conipany. The DEAE-cei-
lulose paper was washed! extemmsively with

0.001 N fom’mic acid priom’ to use.
Enzymatic synthesis of 311-araU. 3H-

araC (20 p.Ci) , ummlai)eled araC (49 mump.-

moles), Tris-HCI, pH 7.537 (15 p.nioles),

were incubated �vitim 2 p.1 of time partially

purified E. coli cytosimme mmucleosidle d!e-
ammmimmase (total volummie, 0.15 mnl) for 2 hr

at 37#{176}.After heating for 3 nuimm at 100#{176},the

mixture was spotted on a 2 X 22.5 mcii

strip of DEAE-cellulose paper and devel-
oped with 0.03 N formic acid. The sohmtion

was lyophihized to dryness and time residue

was taken up in 64 p.1 of water.

RESULTS

Tissue Levels of CdR Kinase and Related

Enzyme Activities

Rat and mouse. The tissue distributions
of several enzymes of nucleoside metabolism

have been determined for both the rat
(Table 2) amid the mouse (Table 3). CdR
kinase is commfined primarily to tissues of

lvimmpinoid! origimm. iTlowever, the level of
activity in circulating rat lymuJ)hocytes

appeam-s to he very low, and whole blood
has mo mimeasun-able activity. Ommly time spleen
shows a elean’ly significant species differemuce

in CdR kimmase activity i)et�veemm time rat amid
time mmmouse.

Time iatio of ‘[‘dR kinase to CdR kinase
activities ( Td!R/CdR kinase ratio) simows

a wide variai)iiity, j)erhaps itu(!icating

(!ivergemlt moles for these two cmizynmmes,

which imave been (onsi(leredl as involved

primmmam’ily mm salvage mumechamiismnms ( 40, 4 1 )
‘Fime TdR/�(.’d1�!. kimmase ratio for imm(Iividual

tissues shows sonime (lifferences 1)etween the
i�at amid the nmoimse, mit only time �‘erv large
(!ifference for time imutestitme can be comi-

Si(!eied! statistically sigmuificamit.

Cytosine miucleoside (leanuinase ( C(!H

deamuminase) is found mm consistently mneas-

urahie levels only in time immtestimie and! the

testis of time rat. While it has beemu Stlj)-

1)05Cc! that this enzyme is eommfined to time
kidnmey in time mouse (4, 42) , we find, in

agreement w’ith Creasey (43 ( , aI)l)i’eCiitl)Ie

activity in a mmunmber of nmommse tissues.
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N uo.leoside

CR

ataC

1.’R

araU

Cdli
1.(l1�

Tdli

(‘dli + 2.5 imm�i dCL’P

1�I1 + S mM UTP
‘I(lR + 5 mM (ITTP
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Activity is extremely high imm time kic!mmey,

and large anuoumits are also I)resenut mm the
intestiume. Camniemmer amid! Snmitim (44) dud! mmot

find deaminase activity iii numouse liver, but,
like Creasey, we find that this tissue con-

tains low levels of the enzyme.
The rates of phosphuorylationu of CdR amid

araC were measured in both undialyzed
and! dialyzed extm’acts. Time results are pre-

sented as the following ratio.

Rate of phosphorylation of Cdli , ,
. ‘ = ( .d1�/�trst( � ratio

Rate of phosphorylation of ara(�

Undialyzed rat tissue homumogenates show
highly variable CdR/araC phosphuom-ylation
ratios, that for spleenu being especially high

among the lymphoid tissues. On d!ialysis

time ratios tend to approach a value of 2.

Dialysis causes little change mm time n-ate

of Cd!R l)iiosPhmomYlatiomi (d!ialyzed/umm-
dlialyzed m-atio of CdR pimospimom-ylatiomm (
although timere dloes temud to be somime loss
of activity for tissues mu which the un-

dialyzed CdR/araC phmosphorylation ratio
is low (less thiamu 8) . Iii commtrast, umnclialyzed

tissues with imigimem’ Cd1R/araC pimospimonYl-
ation ratios show slight immcreases imm time
rate of CdR Phos1)hmor�’iatiomm upomu dhalysis.

Time d!ecmease in time Cd!R/araC pimospimoryl-

atiomi n’atio upon dialysis nmay timus he diue

to time remmiova! of molecules mu the extract
which prefenemitially inihmibit time pimosphoryl-
ation of araC. 1mmtime mmmouse, time uimdialyzed

tissue extracts imave lower CdR/am’aC phuos-

pimonylatiomm ratios thamu mm time rat, and this
is especially sigmmiflcant for time splcemi.
Dialysis agailu tends to reduce time ratio.

Tumor tissues. Of time tumor extracts

tested, only iymmmpimocytic Leukemmiia L1210
shov�’ed! a higimer level of activity of CdR

kimmase tlmanm norimmal mat tim mus (Table 4),
but all contained mmmeasurable levels of activ-
ity. Time undialvzed tunumor extracts, excel)t

for \Valkem’ can-cinoma, w’ere characterized

by very low CdR/araC phosphmorylationm

ratios, and dialysis produced a significamit

change in time ratio only in time Walker
carcimmoma, reducing its m’atio to time level

of the otimer tummmor extracts.
Ph osphotra n sferase activity. Nucleosid!e

phosphotm’ansferase activity has been dem-
onstrated in chick emmubryo (38), fowl

TABLE .1

P/oosp/uzte accej.(or .s-p(’cfici(// of it ucleosides

in p/to np/u’.(ri a feru ‘C ztacttons

(�ndit ions ate specified iii t he text.

Specific activity’

(‘iic’ Malt

emm)l)Ivo) (IList :tSC

0009 2.22

0.065 0 48

0.107 4.08

0.045 0.46

0.73 3.34

1.00 6.10

0.86 6,21

0.65 :3.36

4.54

4 .6

(2 Nanonu)les of n)ortophosphate 1)er nuIligianl of

pr()teiil Pe� 30 nmin.

ieukenu’iic nuyelohlasts (45 ) , imuniani I)lacemmt�t
(46) , bacteria (47) , and! plamits (48, 49).

At temimpts to d!emnonstmate a siimmi!�tr activity
in calf thynumus am! seveial of time tumors
irive 1).“C in unsuccessful. however, as this

eimzvnum( activity mumigimt l)C significammt under

cert:uimm coimditiomms, time l)imosphomYlmttiomu of

nlmcleosi(les was investigated usimig botim

cimick emmmi)r”S’o ammo! mimalt emuzynme i�m�eP�-
rations. 1”tti)ld 5 sito�vs that. 1)0th araC amid

ai’aI.’ are ext �‘emmie1v poor acceptors for both

enzymume systemmus, so that evenm if substantial

levels of phmospimotraiisfemase are present it

is unlikely that am’nC \Vihl he pimosPhoryinteol

to any significant. extemmt. That. time pimos-

pimom-ylatiouu is a pimosphotn’ammsfernse and
not a kinase reaction is fum’tlmer suggested!

by the lack of feeolback control on time re-
actioum by triphospimates. E. coli mnutammts
lackimig CdR deanmim’tase’ will imot incompo-
rate C(!R into DNA.73 so tlmat. time phospimo-

transferase systemmu of this organmisni does mmot

appean’ to supply deoxynucieotides as

precursors fom’ DNA synthesis. rfimu the

presemmce of phospimotramisferase activity in

a tissume (hoes miot itself imm!icate timat trans-

‘A gift from J. C. Gerhart.

K. coli B,� contains no Cdli kinas�-.

D. H. Ives anti \V. Smmvder, unpublished obser-
vat ions.
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TABLE 6
Specificity of phos-phate acceptors with

calf t/iymus enzyme

For conditions, see MATERIALS AND METHODS�

however, 1.6 m�nmoles of time followitig nucleosides

were used as indicated: -311-TdR, 3H-Gd11, and

3H-araU, 0.3 MCi; ‘4C-Adli, ‘4C-UdR, and “C-UR,

0.04 MCi; ‘4C-CR, 0.03 MCi.

Substrate Rel.otive activity

Cdli 1

(�oiR 0.41

MR 0.36

TdR <0.002

ldR <0.002

araC 1 . 23

Cli <0.01

Ult <0.002
araU <0.002

a 366 nanomoles/mg of proteiim per 30 mm.

pimospiuorylationu will be a
anabolic pathway in vivo.

Calf Thymus Enzyme

Phospha te acceptors. The partially

purified CdR kinase was able to utilize
CdR, araC, GdR, amid AdR as phosphate
acceptors (Table 6). All these activities

appear to be associated! with omme enzyme.3

Recent studies on a sul)hmme of leukemia
resistamut to araC also indicate timat GdR is

phmospimorylated by Cd!R kimmase in vivo (50).
The activity toward GdR and AdR as

phosphate acceptors is susceptible to in-
activation under time normal commditiomms of

enzyme isolation, ammd the ratio of time activ-
ities toward CdR ammd araC as acceptors
is slightly variable froni preparation to

preparation of the emuzynume. The values in
Table 6 are nuaximumn observed! activities
relative to CdR phosphorylation. Partially

inmactivatec! emmzymume is reactivated by in-

eubatiomm with sulfimydryl reagents and

nucleoside tripimosphates, but it has not been
possible to stabilize completely time relative
activities of time enmzyme toward the various

acceptors. As a result, the kinetic constants
have beemm foumud to vary slightly as dif-

ferent emmzyme preparations are used. How-
ever, the values of the kinetic constants
relative to each do not change.

FmG. 1. Inhibition of CdR phosphorylation by araC

Inhibitor levels wei e: 0, itone; S 0.23 m�

araC; fl, 0.5 mM araC; V, 1.0 msi araC; #{149},2.5 mM

at-aC. Other contditioits wete time sanme as in MATE-

RIALS AND METhoDS, except that the CdR con-

cent i-at ion was varied as indicated.

significammt CdR kinase exhibits complex kinetics
with CdR as substrate. Lineweaver-Burk
(51) plots yield! muomilimmear plots over certain

conmceimtration ranges,3 but at CdR con-
cemutratioums of less than 2 X 10� M the Km

is 5.3 X 10� M (Fig. 1). In contrast, with

araC as the phosphate acceptor, 1/v against
1/S plots are linear over all concentration
m’ammges emimploved (0.015-1.5 m�i), and the

K,,, is 4.1 X 1O� M (Fig. 2).

Time immlmibitiomm of araC phosphorylation
by otimem nucleosides is shown in Table 7.
Wimile TdR, UdR, and GR are not sub-

Fma. 2. Inhibition of araC phosphorylation by GdR

Inhibitor levels were: 0, none; S 2 m�i �dR;

�, 4 mM GdR. Other conditions were the same as in

MATERIALS AND METHODS, except that the araC

concentration wa.s varied as indicated.
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TABLE 7

Iizh ibition of ara(’ phosphorijlalion

by oilier it lelCO.st(/CS

10)1 conditions, S�C MATERIALS AND METHODs.

N ueleoside added Inhibition

%
0.8 �tiiiole o.,f 1(1li 15

0.8 Mnmole of Ud U 18

0.8 /1nmo)le of VU 0
0.8 �hmole of CR 7ii

0.08 Mnmole of AU 0

0.08 Mmlude of (. U 6

0.08 Mmole of ( dU 23

0.08 �anole of A(ili 9h

0.0008 Mmole of Cdli 93

0.08 Mmole of Cd U 101)

stmates, these commmpoundls nomietheless act
as 1)001 immiiihiton-s of araC pimospimomylation

at very high commcenmtnationus. CR, w-hiclm is
also muot a substrate, is a stronger immhibitor,

but agaiim only at high cotmcemmtrationms. Cd!R,
GdR, ammd AdR, whicim are pimospimate ac-

ceptors, are nuome potent immhiibitors. CdR
ammol am-aC are conupetitive immimil)itoms of each

other’s phosphiorylation: K1 for amaC

3.5 X 10�” �‘ (Fig. 1); K1 for CdR 1.7

X 10� M (Fig. 3). At very high concemu-
tratiomus of amaC, how-ever, time inhibition

of CdR PhosPlmom’Ylationm is mmo longem’ purely
connmpetitive.

Jim contrast to a l)md’\�i011S report that Gd!R

(li(i not affect CdR pimospiiomylation (29

FIG. 3. Inhibition of araC phosphorylation by Cdl?

Inhibitor levels were: 0, none; #{149},0.1 mM Cdli.

Other conditions were the same as in MATERIALS AND

METHODS, except that the araC concentration was

varied as indicated.

we foummd GdR to be a conmi)etitive immimibitor

of am-aC phosphuorylation (Fig. 2), with a
K1 for Gd!R of 3.4 X 10� M. AdR also acts

as a conuupetitive inhibitor (not showmm).

Time kinmetic constants for CdR and araC

imudicate that iii time presemmce of botim sub-

stm’ates Cc!R will be preferentially utilized!.
Figure 4 shows that timis is inmdeee! time case.

Time Cdli is selectively Ph0sPh0r�’latod amid,

as its comicemmtm’atioim is d!epleted, time rate
of am-aC phosphmoiylatioim increases toward
a steady rate that is decreased as time level

of Co!R is inlet-eased!, probably because of
iIihlil)itiOIl by (ICMP.

Mali-v ammd Male� (33) first simoweo:l that

dCTP w-as a feedback inhibitor of CdR

kinase, ammo! this � comifirmimed inn this

laboratory unsung a mumore purified emmzyme

0�

LI

0.

Fui; 4. 1?elatire rates �f phosphorylution of (‘dit

and ara(’ in the presence of hot/i substrates

The o’oncetttration oif araC wa�s held o:)IlstaItt at.

0.02 nmM, and the Cdli concentration wa_s varied.

The phosphorylat iO)It (If 1)0)1 h Cdli and araC was

followed by set titig up oltiplic ute t tibes, one with

3H-Cdli and the other with 311-araC. The assay

volume was 0.4 ml. Aliquots of 30 �tI wet-c removed

at each time point alt(I heated at 1000 for 2 nmin, awl

150 ,.,l of 1120 were added. Other conditions were

the same as ill MATERIALS AND METIIODS, but the

larger volume wits taken into account. % dCMP

anol % araCMP are tile percentages of nucleoside

substrates phosphorylated.
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Ito;. 5. Inhihilion of ara(’ phosphorylation by �iCiP

it or levels were: 0, none; S 0.001 nmM

dCTP-Mg2 ; Li�}, 0.0025 nut dCTP-Mg2;

0.003 mM (ICTP-Mg2”; #{149},0.0075 m�i dCTP-Mgm”.
Othel- 0flt(litiolts were the sanme as itt MATERIALS

AND MFrr;Io) is, except that time at-aC coltcelmt ration

was vane 1 as ilt(licate(l.

(32). TIme effect of (!CTP on tine phos-

pimonylationm of araC is simowmm in Fig. 5. At
low conmcenutrations of dCTP time imuhiii)ition

is simple competitive, witim a K1 of 5.4 X
io- �n. As the concentiatioum of dCTP is

raised!, time imuhibition pattermm changes to

mumixed immhibitiomn, with amm increasing non-

conmipetitive elenment.
dTTP amid dUTP am-c phosphate dommors

to araC (see below) . However, in the

presence of 10 mim�r ATP, they act as in-
hibitors of the phmosphuomylatioiu of araC

3

I/[oroCaIO4M]

Fmo;. 6. Inhibition of araC phosphorylution by

(/L7’P an(l �1TTP

Inhibitor levels were: 0, none; S 5 mM dTTP-

Mg2”; LI�, 4 mM oIUTP-Mg2”’. Other conditiouts were

ti’e -tame a_s in MATERIALS ANI) METIIOI)5, except that
the araC oonoentratioti was varieol as itidioated.

(Fig. 6) . The inimibition is “ummconmipetitive,”

although time divergemmce of the inhibited

plots fm-om the commtrol hue iludlicates that
time inmimibitiomm is nmot siummple umicounpetitive.
\Ve had previously demomistratedi that
dTTP reverses time inmhmibitionm of CdR

�)imos�hmonylatio1u l)y O!CTP (32) . Although
dTTP ammo! (ILTP are less effective phos-

l)hmttte donmors in araC phosphorylation, they
still pamtially m-evem-se time immiuibitiomu of anaC

phosl)iiorylatioum by dICTP at low am-aC
eoimeentrations ( Fig. 7 ( . Furthierniome, mm time

i�esemmce of d!CTP the itnimibition by cITTP
amid d UTP is muow snimple uncompetitive.

Phosphate donors. CdR kinase can utilize

a number of imucleoside triphosphates as

pimospimate d!onmors. The abilities of mmucleo-

sidle phosphates to donate a phosphate

gm-oup to amaC un l)otim time prcsemuce amid

absemnce of sulfhydryl meagemmt am-c shown imm
Toble 8. lim coumtn-ast to other reports (31,

52 , ATP, matimer tlmanm UTP, was found! to

be tine best Phosphate (!Omnon ummder time conm-

(!itiomms ennml)lOyeo! inn out assay. However,

we also found! UTP to b)e tine i)est pimospimate

donmor at low miucleoside tm-iplmospimate con-

eemntratiomms. dUTP, which was almost in-

active mm tine system of Grinc!ey et al. (52),

was tine mnext i)est (lolmom to ATP in time

Fmo;. 7. Inhibition of araC p’osoh�r! lation by

(1(’7P, (110(1 (tIed of (!TTP and (IUTP on (his

i;,/i�bition

Inhibitor levels were: 0, none; #{149},0.01 m�

dCTP-Mg2; �, 0.01 mis dCTP-Mg2 + 4 nmim

dUTP-Mg2’; [1, 0.01 nmM dCTP-Mg2’ + 5 nut

CITTP-Mg2. Othet (ottditionS were time sanme as in

MATERIALS ANI) METIIOI)S, exoept that the araC

(oncent rat Lilt was vatrnd a_s Li(hiO�Ll e�l.
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TABLE S

Phosphate (lonor specificity in (,ra(’ phosphorylation

The enzyme with dithiothreiioi was first inooni)ated for 1 imi at 22#{176}in the presence of 50 nut dithiothreitol

altol 1 mg of bovitte _seI-unm albunuit per milliliter. The fittal assay colmcentrat 10)11 of dithiothieitol was 12.5

nut. Other cottditiotts were the same as in MATERIAL_s AND METIIOI)s, except that the ATP wa_s replaced by
the iltdicate(1 collceittlations of other itucleoside phosphates, and MgCi2 was piesettt in all cases in the sanme

ooncentrationt as the tiucleoside phosphate.

Relative act ivitv

Phosphate d000)r

0.8 Mmole of ATP

0.8 Mnmole of dATP

0.8 Mmole of GTP

0.8 Mmole of dGTP
0.8 Mnmole of CTP

0.8 j�mole of dCTP

0.8 pnmole of UTP

0.8 pnmole of dUTP

0. 8 Mnmole of (ITTP

0. 2 Mmole of CTP
1)2 /2nmole (If dATP

0.08 Mnmole of UDP

0.8 Mlmmole of UDP

0.08 Mmole of dTDP

0.5 Mmole of dTDP

1)8 j.tnmole of ATP + 0.001)4 pmole (�f UDP

0.8 Mmole of ATP + 0.004 lLmo)le of UDP

0.8 Mmole O)f ATP + 0.04 Mmole of UDP

0.8 Mmole o)f ATP + 0.8 pmole 0)f dTTP

- Dithiothreitol

100

11

84

26

20

<1

76

95

53

23

1.5

3.3
22

114

97

37

63

+ I)ithiotlmreitol

bOa

11

90
9.)

20

<1

35

58

31

25

17

1.1

2.0

(37

137% relative to time activity without dithiotimreitol.

absenuce of sulfhmydryl reagemmt, while TJ1)P
and dTDP gave essenmtially muo activity.
dATP, dGTP, dTTP, dUTP, and UTP all
show a lower donor activity relative to ATP
whemu anaC is time accepton- ratimer thanm CdR.

whmile CTP amid GTP show- approxinumately

the same domior activity with either accep-

tor.3 Time presence of dithmiotiureitol sigmmifl-

canmtly decreases the relative donmon- activity
of UTP, dUTP, and dTTP but imas little

effect omm otimer donmors. Sommie special pnop-
city fom- these donors is further indicated

by time fact that they alone significammtly
reven-se time inhibition by dCTP of the phos-

phmom-y!ation of araC (Table 9). d!ATP is a
i-cry loor donmon- aumd also immimibits phmos-

phmorylatiomu by ATP. This would! sul)port

time l)moposal that dATP could exert pamt

of its inuimibitory effect onm DNA symmthesis
b immhibiting the phmospimorylationm of DNA

precursors (53).

Limmeweaver-Burk I)10t5 witim ATP-Mg�
as t.he variable substrate yield biphasic
cun-ves. Whenu am-aC is “saturating” there is
a cleam- break in time curve (Fig. 8), wit.h
appam-enmt Km values for the low and highm

ATP-Mg2 sections of 1.0 X 1O� M and 1.9

X 10” M, respectively. Lowem-ing the araC
commcemmtration accentuates the biphasic

natum-e of the plot (not shown). dCTP,

dTTP at concentm-atiomms where it is not a
isignmificamut imimosphiate d!OIiOr, and timymidylyl

dhpimospimonate, wimich cannot donate phos-

phate by virtue of a methylene bridge, all

act as simple competitive inhibitors against

time “high Kr,” portion of the ATP-Mg2
curve (Figs. 8 and 9). The apparent K1

values for dCTP, dTTP, and thymidylyl

diphosphuonate am-c 5.7 X 10� M, 4.7 X 10�
�r, and 1.4 X 10’� M, respectively. The pres-

sence of the inhibitor straightens out the
i-eciprocal ATP-Mg2 plot if araC is satu-



I.

I/v

I/[ATP�Mg’xIO’M]

I/v

I 4ATP-Mg’XII

FIG. 8. Effect of ATP-Mq2 concentration on the

inhibition produced by dTTP and thymidy!yl dipiws-

phonate with araC as the phosphate acceptor
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TABLE 9
Reversal by nucleoside triphosphates of inhibition

of araC phosphorylation by dCTP

dCTP (3.2 m�imoles) was added to the normal

incubation mixture as described in MATERIALS AND

METHODS. Other nucleoside triphosphates (0.64
�imole) and MgC12 (0.64 jhmole) were added as in-

dicated. ATP (0.8 �.�mo1e) was always present.

Mg2�-nuc1eoside
triphosphate

Relative
activity

Control (dCTP, ATP) 1�

+UTP 2.27

+dUTP 2.83

+dTTP 1.96

+GTP 1.30

+dGTP 1.03

+CTP 0.94

Absolute activity was 11.3% of that without
dCTP.

Inhibitor levels were: 0, none; #{149}, 0.5 mat

thymidylyl diphosphonate; Lii, 0.00125 mat dTTP.
The araC concentration was 1.875 mat. Other

conditions were the same as in MATERIALS AND

METHODS, except that the total nucleoside phosphate
and MgC12 were varied in a 1:1 ratio and the ATP-

Mg2 concentrations were calculated.

FIG. 9. Effect of ATP-Mg2 concentration on the

inhibition produced by dCTP with araC as the
phosphate acceptor

Inhibitor levels were: 0, none; #{149},0.001 m�t

dCTP; Eli, 0.004 mat dCTP. The araC concentration
was 1.875 man. Other conditions were the same as in
MATERIALS AND METHODS, except that the total
nucleoside phosphates and MgCl2 were varied
in 1:1 ratio and the ATP-Mg2 concentrations were
calculated.

rating, but if it is not, then all the inhibitor
plots are also nonlinear.

UDP show’s unusual effect�s on araC

phosphorylatioiu (ATP as donor). Low con-
cenitrations caim be slightly activating, but

higher conmcemmtn-ationms are inhibitory

(Table 8).

DISCUSSION

It has been proposed that nucleoside
kinases are “salvage” enzymes (40, 41, 54).

This may well be the primary role of CdR
kinase in cell nmetabolisnm. Mammals have

significant levels of CdR in the blood, and

in the rat this deoxynucleoside is present at

a concentration of about 0.04 m�i (55, 56).

On the other hamid!, blood levels of TdR are

very low and timymnine is utilized only very
poorly. The persistence of CdR presumably
results from the inability of pyrimidine

phosphorylases to utilize this compound
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(57, 58) . Thus most cells will have a con-
stanut supply of Cd!R, which can act as a
precursor both of dTTP, through either

CdR or dCMP deaminase (59) , and of
dCTP.

Both CdR and TdR kinases are found
only in tissues containing some dividing

cells. However the TdR/CdR kinase ratio
can vary considerably from tissue to tissue.

There are also temporal differences in the

induction patterns between the two kinases,

both in spleen cells after pimytohemag-
glutinin stimulation9 and in rat thymus
after irradiation.1#{176} In the spleen TdR kinase
reaches its highest activity some hours after

the rate of DNA synthesis has begun to

decline, while CdR kinase activity reaches

a maximum at about time saiuae tinme as the
incorporation of 3H-TdR into DNA is at

its highest level.

This is circumstanmtial evidence that CdR
and TdR may have t!iffering roles in cell

metabolism. Gray (41) has suggested that

TdR kinase is imot primarily a salvage

enzyme but timat “sonic other niechanisni

may allow TdR kimmase to particil)ate in a

de novo pathway for the synthesis of
dTTP.” This is not to say timat the emmzynie

will not reutilize TdR pm-oduced by DNA
breakdown within the cell or organ (54).

The highest levels of Cd!R kinase are

found in lymphohematopoietic organs and
tumors d!erived fromui them. Other tissues
containing dividing cells have lower levels

of the enzyme (Tables 2-4). This distinc-

tion between lymphoid and nonlymphoid
tissues and the tumors derived from each

of them becomes nioi-e striking when we

correlate the CdR kiimase levels with

available values of the mitotic index.

(Obviously a simmgle value of the mit.otic
index is only a vei-y approximate measure

of a tissue’s cell multiplication rate, as it
is subject to animal strain and age as
well as circadian variations, and to prob-

lems of defining which cells are imm mitosis.)

U we divide time specific activity of CdR

D. H. Ives and H. Qayi. manuscript in prep-

aration.

‘#{176}D.H. Ives and D. Canupbell, unpublished

observations.

kinase by the nmmitotic mmdcx for that tissue,

we obtain a value called the activity index.

This is an expression of the level of Cd!R
kinase per dividing cell (Table 10). It can

be seen that the activity index is higher
in all lymphoid tissues than in any non-
lymphoid tissue and that the activity

indices of the most rapidly dividimig non-
lymumpiuoi(! tissues (immtestine , regenerating

liver, \�Talker 256 carcinosarconia) are

all ven-y low. Timus, although CdR kinase

is confined to tissues withu soimme dividing

cells, there is not a direct correlation he-

tween the enzyme level and the cell pro-
liferation rate.

It has often been supposed (e.g., ref. 84)
that the level of TdR kinase closely paral-

lels the cell multiplication rate. However,
the data in Table 10 show that the same

am-guments used above for CdR kinase can
be applied to this enzyme, except that time

levels of TdR kinase in liver ammd regenm-
crating liver are much closer to those of
lymmipimoi(! tissues.

Siimce the glycosidic bond of cytosinme
nucleosides is resistant to cleavage, deanuui-

nation to the noncytotoxic araU (85)
muiight be expected to be not only a major

catabolic patinway but also a detoxification
mechmanismn. AraC is rapidly deamimmated

in� vivo in time human (86), in mouse kidney
homogemmates (44), and by partially purified

cytosine mmucleoside deaminase (42). None-
theless, araC has been foummd to be far more

toxic to the mouse than to the rat, which
contaiims very little deaminase (44). Time

rat canm excrete commsiderabhe amounts of

CdR in the urine (87, 88), but even if

araC is very efficiently removed from time

blood by timis mechanism it is most unlikely
that time rate of removal would approach

timat of deammiimmation by aninumals with high

levels of deaminase (86). Timis seems to

indicate that the rate of pimosphorylation
to araCMP, thereby removinmg araC from
the sphere of action of time nucleoside

deaminase or time excretiomm mechanism, is

the detem-mmminmimmg factor in the cytotoxicity

of araC. Mouse tissues generally have

lower CdlR/araC pimosphorylation ratios

thanu rat tissues; this is especially pro-

nolnnmcedl mm time spleen, wimich also imas a



Tissue

Rat.

I �eferettces

Thymus 0.27 8.2 29 60-62
Bone marrow 0.62 2.7 66 61-64

Lymph imodes 0.13 6. 1 30 60, 61
Spleen 0.06 5.8 30 60

28-hr regenet-atittg liver 3.5 0.07 5.4 65, 66
Intestine 3.5 0.07 0.06 67, 68

Testis 0.8 0.04 0.23 69

Lung 0.17 0.56 2.2 70

Kidney 0.06 0.48 1.0 71.72

Liver 0.04 0.23 12 73

Muscle 0.000 74

Walker 256 carcinosarcoma 2.5 0. 15 9.2 63

Mouse

Thymus 0.29 6.6 40 75, 76

Lymph nodes 0.12 3.2 104 77

Spleen 0.10 18.4 124 78

Intestine 1 .9 0.05 0.74 77, 79, 80

Lung 0.06 0.73 3.2 81

Sarcoma 180 1.7 0.90 3.1 82

Ll210 leukemia 0.9 3.7 5.2 64, �3

a Wheti the stathmokinetic method was used, a mitotic tinme (If 25 nmin was assumed (63).
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TABLE 10

Relationship of levels of (Id!? and i’d!? linases to the cell

proliferation rate of i-at and mOUSe tissues

of Tables 2-4. Time mitotic itmolices are values from theThe CdR atmd TdR kitta_se levels are those

indicated references.

Mitotic

itidexa

Specific activity (If kinase/

nmitutio- index

(‘dR Tdl�

veny nuinch higher level of the enzyme in
the mmmouse. Niouse tissues mnigimt thmerefore

be expected to pimosphorylate araC more

effectively tluan rat tissues. If this premise

is correct, time presence of deamummase in
sonmme of time tumors tested will be of less
sigmmificance to araC activity than CdR
kinmase levels amid CdR/amaC �mhosphory-

latiomn m-atios. Amuiong time tumoms investi-
gated, araC was previously i-epomted to be
ineffective against Walker cam-cimmosarcoma

and Novikoff iuepatomuua (3). The former
has a vem-y high undialyze(! extmact CdR/

araC phmosphorylation ratio, amid time latter
a very low CdR kiimase level (Table 4).
AraC was effective t.o varyinmg degrees

against all time other tunnors (3), and all
have at least mumoderate CdR kinase levels

and low CdR/araC pimosphorylation ratios,
altimough there is ho dhirect corn-elation be-

tween effectivemmess and optimmmunu dosage
of ai-aC and these tw’o cellular pam-aiiueters.

CdR kinase partly purified fronu calf
timymus apparently catalyzes time ijimos-

�horylation of a numinber of deoxymmucleo-
sides . Howevem, time various imucleosides

show impon-tant differemmces in tiueir miter-
action witim the enzyme. Varying time phos-

ihiate acceptor, with saturating ATP as the
c!ommom-, 1)mod!uces complex kinetics only

wimemm CdR is time substrate. Time K,� fom

C(!R. is low-er than timat for araC amid muiucim
lowen- thianm that for GdR amid AdIR, mdi-

catimmg that time enzyme hmas time highest
affiuuity fom- CdR. Time phosphate acceptors

all appeal- to imihibit each othmer’s phos-

phuon-ylat ionm competitively. Time apparent
gi-eater affinuity for CdR is mefiected by the
observation that low levels of this sub-

strate sigmmificantly decrease time rate of
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araC l)imosl)imomYlationm and alnumost emmtirely
prevemut time pimospinorylationm of AdIR. ammd

GdR. (.)nm time other lmanmd, AdR audi GdR
will immhibit araC phosphmorylatioim, but only

l)00ml� , anm(l (10 not sigmmificantly inuimibit
CdR pimosphorylationm.

Inimibitiomm i)y d!CTP is conuplex agaimmst
1)othm an-aC and CdR, but araC is more
semusitive to its inimibitory effects. dTTP,

dUTP, anudi UTP am-c less effective in m-evers-

ing inulmii)itiolm by dICTP w-henm araC iathem

than CdR is time substrate.
The activity of CdR kinase witim a van-

et.y of pimospimate donors is not fully under-

stood. Time data for relative activity at
ammy onme concenmtration of either phosphate
donom- or acceptor, on- both, must be care-

fully immterpreted. Botim CTP and dATP,
with optima of 2.5 amid 5 nmi, respectively,
inhibit at hmigher comicentrations, and dTTP,

dUTP, amid UTP become less effective phos-
phate donors relative to ATP as time CdR

or araC conmcentration is increased. Most
of the other Imucleoside triphosphates appear

to have a greater affinity for CdR kinase
than ATP, so t.iiat mu the presence of ATP
and a competimmg triphosphate donor the
mate of phosphmorylation will be close to

that obsem-ved with the competimmg triphos-
phate alomme.

The kinetic studhes show that the Km

for ATP is hmigher amid the K1 fon dICTP

(againmst variable ATP) lower wimenu araC
is time pluosphate acceptor m-atiuei- thuamu

CdR. Agaimu, dTTP, dUTP, and TJTP are
less effective in reversing the inimibitiomu by
C!CTP whemm araC is time phosphate acceptor.

Higlmei concemmtmatiomms of [DP have
beeni foummd to ilmimibit anaC phos�mimoryla-
tionm, and dTDP and CDP are also in-

hibitors, but muot as effective as UDP.3
Tine kinetic data r)resenmte(! hmere (10 mmot

allow otme to deduce a kinetic schenme fon-

the emmzyimue. However, thiese and! othuer

data3 indicate that time mechanism is

complex.
Thus time utilizat.iomm of araC is linmited

by n-chat ive concemmtn-atiomms of several classes

of conmipounudis, each acting mu dhfferelut
ways amid eacim temmd!ing to select for the

nonmmual sinhstn-ate CdR. Approxinmate levels
of a mminmbem of time mmucleosid!es amid mmucleo-

tides affectinug CdR kinase have been re-

ported!. In rat timymus these are: dTDP,
0.03 mM ; dTTP, 0.04 m�i (89) ; dCTP,
0.008 mM (90, 91) ; UTP + GTP, 0.6 mM;

ATP, 2 muM (91) ; and CdR, 0.1 niM (55).

The UDP level in the timymus has not,

to oun- knowledge, been reported, but in

rabbit bone marrow it is 0.15 mM (92).

All these levels are high enough to affect

CdR kinase activity significantly. Partial
resistance to araC in a mammalian cell

line, apparenmtly resulting from elevated

dCTP levels within the cell, has been

observed (93).
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