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SUMMARY

Hepi’oduction of L5178Y leukenmic cells in cultuire was inimibiten! by 10� M 4-N-hmy-

n!roxy-2’-deoxycytidine. Thymidine and deoxyuridine specifically protected the cells froimm
growtim inhibition. In whole cell incubations in vitro, thmymnidine�3H incorporation into
DNA-t-hmymine was slightly stimulated, whereas deoxycytidine-3H, deoxyuridine-’H, ann!
formate-’4C incorporation into acid-soluble thmymmmidylate nucleotides and DNA-thmynmine
was markedly inimibited by 4-N-hmydroxy-2’-r!eoxycytidine. Timyinidylate syntimet-ase ac-
tivity from partially purified extracts of E. coli ant! cell-free preparations of sonicaily

disrupted L5178Y leukemic cells was competitively inimihited by 4-X-hydroxy-2’-deoxy-
cytidylic acid.

Studies in whicim L5178Y leukcimmic cells were incul)ated in vitro witim 4-N-hydroxy-

2’-deoxycytidine-3H demonstrated that the analog was pimospimorylated to the
monophmosphmate. Although 4-N-hmydroxy-2’-deoxycytidine n!in! not inimihit pimosphorylation

of thymidine-3H, deoxyuridine-3H, or deoxycytidine-3H in vitro, time pimosphorylation of
4-N-imydrox’y-2’-deoxycytin!ine-1H in timis system was inimibiter! by thmynmidimme and deoxy-

uridine. These experiments indicate thmat 4-N-imydroxy-2’-n!eoxycytinline is a functional
analog of deoxyurinline that is phmospimorylated to 4-N-imydroxy-2’-nleoxycytidylic acid,

and produmces its cellular effects timroumghm inhmibitioim of time biosyntimesis of timymnin!ylic acid.

INTRODUCTION

Hydroxylammmine reacts witim a nunmber of
pyrinmidimme derivatives to formmm imydroxyl-

ammmino pyrimmmin!ines (1-6) . Cellular aimn! bio-
chemimical effects of imydroxylanmiimo primmm-

idines have been restricted to relatively
few observations. Hydroxylamino pyrimi-
dine nucleotide residues occur in DNA
treated with hydroxylamine (5), and the
mutagenic effect of hydroxylamine hmas been

1 Part of these data was presented to the

faculty of Yale University, New Haven, Con-

necticut, in partial fulfillment of the requirement
for the Ph.D. degree. Present address Depart-
macnt of Pharmacology, Western Reserve Uni-

versity School of Medicine, Cleveland, Ohio.

ascribed to the resultant transitions in
lmynlrogen bonding of time alteren! n!eoxy-

cytir!yiic acid residues in time DNA nmole-
cule (7). Anotimer biocheimmical effect- pro-

n!uced by this class of compounds was

described by Maley and Maley (8), wimo

found that 4-N-hydroxy-2’-deoxycytidyiic
acid (4-NOH-n!CMP)� inhibited chick
emmmbryo r!eoxycytidylate deaminase.

2 Time following abbreviations hmavc been used:

4-NOH-dCMP, 1-(/3-n-2’-dcoxyribofuranosyl 5’-
phospimate)-4-hydroxylamino-2-(1II)-pyrimidinone;

4-NOH-CdH, 1-(/�-n-2’-deoxynihofuranosvl)-4-itv-

droxylaunino-2-( lil)-pyrimitiinone; CdR, 2’-dcoxy-

cytidine; ITdR, 2’-deoxyuridine; TdR, thymidine;

dCMP, 2’-dcoxycytidylatc; n1UMP, 2’-deoxyuri-

dylate TMP, thymidylate.
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Fia. 1. Separation of deoxycytidine (CdR),

deoxyuridine (UdR), and 4-N-h ydroxy-2’-deoxy-

cytidine (4-NOH-CdR) by ion-exchange chroma-

tography

Column: Dowex 1-chloride, 0.8 x 40 cm, 0.5

jzmmmole of each deoxynucleoside was absorbed on
the column, an! the cluting agent was distilled

water, pH 5.5.
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In this paper we i’epoit time inhibition of

thymidylic acid biosyntimesis produced by

4-N-hydroxy-2’-deoxycytidine (4-NOH-
CdR) in mouse leukemia (L5178Y) cells
and studies of cell-free extracts of Escher-

ichia coli ann! leukemia cells which deimmomm-

strate timat 4-NOH-dCMP conmpetitively

inimibit-s thymmmidylate syntimetase.

MATERIALS AN!) METHODS

Preparation of 4-N-h ydroxy-2’-deoxy-

cytidine. A modification of the mmmethod
n!escribed by Brown and Sclmell (4) was

umsed to syntimesize 4-NUH-CrIR. Deoxy-
cytidine hydrocimloride, 500 immg (Calbio-

chem, Los Angeles 54, California), was

dissolved in 10 ml of 5 M imvnlroxylaimmine

imydrochloride whicim imad been adjuisten! to

pH 6.0 with sodiumm Imydroxin!e. After 72 1mm’

at room temperatumre, time reaction was

acidified with 3.4 ml of 12.4 N imvdroelm!omic

acid and allowen! to stand for 48 imours at
room tempematui me. Sodiimmmm cimloride ann!

imydroxylamine imydrocimlom’i(!e were precipi-
tated from time reaction immixtumre with 10

volumes of etimanol, and time etimanol-soluble
fraction was dried in vacu.o at 400. This

residue was thssolved in 5 mmmlof water an(!

then neutralized witim 0.1 M sodiummm imvnlrox-

ide. 4-NOH-CdR was commmpletely freed of

deoxycytidine. (leoxyuridine, and hydroxyl-

E
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z
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amine i)\’ co!unmn chionmatograpimy on
Dowex 1-X8 (cimloride form) witlm water

elution, as simown in Fig. 1. Time fractions
containimmg time analog ��‘ere Poolenl and
evaporatenl to (!ryness in vacuo. Time solid
material obtained by timis l)rOcedure was

extremmmely hyn!roscopic, and attenmpts to
crystallize time conmpound in several solvents
were umnsuccessful. Time amorpimous product
was obtainer! in 40-60% yield and had time

following elenmental composition: calculated
fom’ C9H13N105: C, 44.50%; H, 5.4%; N,
17.7%; found, C, 44.30%; H, 5.71%; N,

17.0%. Time analysis was performed by
Midwest Microlabs, Indianapolis, Indiana.

Time amorpimous 4-NOH-CdR was dis-
solver! in water, and time solution was an!-

juster! to pH 6 ann! stored at -15#{176}C. Under

these conditions time analog was stable for

a pei’ior! of 1 week; after this time traces

of deoxvurinline were detecten! in time

preparation.
Time conditions enmployed for the cimarac-

terization of the compound by paper

cimrommmatographv are described in Table 1.

TABI.E 1

(‘o,tditio,ts for c/taracterization by

P�’ P(-1. c/trontatograp/ty

lb.

(‘onipound A’ B C D

1)eoxvcvtidiime 0.24 0.59 073 059
Deoxyuridinc 0.42 0.75 0.58 0.81
4-N-Hvdroxv-2’- 037 0.72 0.58 0.63

deoxvcvt i(iirme

Solvent- A, n-butanol: water (85: 15); B, pyri-

dine: n-butanol : water (1: 1: 1); C, isobutyric acid

ammoimiunm hydroxide (28%) :water (66: 1:33); 1),

isopropanttl :2 N hydrochloric acid (65:35).

The pH depemmn!ence of time ultraviolet

absorption spectrummmm of 4-NOH-CdR was

similar to timat of time ribosyl analog, 4-N-

imydroxy-cyti!ine, n!escribed by Fox (1),

ann! time pK, of 4-NOH-CdR was 2.53,

baser! on a caicuilation from spectropimoto-
immetric titration n!ata by time mmmetlmon! of

Albert (9). 4-NOH-CdR was characterized
further by ren!uiction with sor!iunm n!ithionite

to form deoxycytidine in 27% yield. It was
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also found timat perion!ate oxidation of
4-NOH-CnIR quiantitatively yielder! deoxy-

uridine and timat 1 mole of pem’iodate was

consumed per nmole of 4-NOH-CdR as
measured I)y time immetimon! of I)ixomm aimr! Lip-

kin (10).
Time mmmethor! n!escribed by \Ialey ann!

Maley (8) was emrmployed to synthesize 4-
NO1-I-dCMP. Time pron!uct was purified by

elution from a Dowex 1-X8 (formmmate) ion-

excimange coiunmn with a linear grar!ient of
0 to 4 N forimmic acid. 4-NOH-nICMP was
eluter! with ap�)roxinmately 2 N fornmic acm!

ann! was sel)amatenl commmpletelv frommm 2’-
deoxycytidylate (dCMP) , wimicim was elutec!

wit-im 0.1 N formic acid, ann! 2’-deoxyuridyl-
ate (dUMP) whicim eiuted \vitim 4 N forimmic

acid. The hithiunm salt of 4-NOH-dCMP
was preparer! by time immetimod of Tener ( 11).

Tritium-labeled 4-N( )H-CdR and 4-
NOH-dC�\IP were preparer! frommm n!eoxy-
cytidine-3H and nleoxycytin!yhic acid-3H

obtained fronm Sclmwarz BioHesearcim, lime.

deoxyuridine-3H was obtained froimm Caibio-
chem, Los Angeles, Cahiformmia ; timyimmir!imme-

3H was obtained froimm Scimwarz BioRe-
seai’clm, Inc.; ammt! son!iummmm formnate-’’C was

obtained from Numclear-Chicago Coi’pora-
tion. dl-L-Tetrahmvr!rofoiic acid was supplied

by Sigmima Chemical Company.
Time nmerliumn ammd culture tecimmmiques user!

in cell growtlm experinments have been de-
scribed i)y Fischer (12). Cell coneemmtration

was measured witim a Coumlter particle
coumnter, immodel A. A stispemmsiomm of logaritim-

mically growing L5178Y leukeimmic cells

(obtained froiim Di’. G. A. Fiseimer) was

diluted aseptically to approximimately 5000
cells/mimi. Conmpounds to he tested were

added to duplicate sterile Kimmmax screw-cap

test tubes, 16 immmmmX 125 immmmm,iim a total
volumimme of 0.2 imml, timen 5.0 mmmlof time cell

suspension w’as ar!ded to eaeim tube. Time

sealed tubes were mcumbated hoi’izoimtahlv
at 37#{176}for 60-90 !mr. Time cells immaimmtained

logarithmic growtim timroumghout timis pemiot!
ann! time Pol)ulation r!ouhlenl every 12-14 lii’.

L5178Y ieukemic cells user! in biochenm-
ical experimemmts were obtained frommm B2D2F1
mmmale mice (Cumberlanr! View Farms,

Cuimberland, Tennessee), 7 days after in-

traperitoneal inmpiantation of 0.1 ml of a

1 : 10 cell sumspension in 0.15 M NaCl. The
L5178Y leukemic cells were washed once

witim ice-coin! 0.15 M NaCI. One voiunme of
coin! n!istillen! water was an!n!er! to the

packer! cells, and the cell suspension was
stirre(! for 30 sec to c!isrumpt osnmoticahly

time erytimm’ocytes. Isot-onicity was restored

bY adrhtion of 10 volumes of coin! Fischer’s

mmmer!iuimim, and after 5 minutes, time tumor
cells were centrifuged and time pm’ocedure

for ervtimrocvte lysis was rel)eated tw’ice.

Time tummmor cells �vei’e wasimen! twice with
coin! Fischer’s immer!iumm, and time packed cells
were suispended in 50 volumimes ( 1 : 50) or
100 voluimmes (1 : 100) of mer!iuumm. In some

exl)emilmments time mmme!iumm commtained 10%
imorse serumni.

Frommm L5178Y cells incubaten! witim iso-

topically lal)eled l)recumrsois, an acin!-soluble
fraction was obtainer! by extraction of the
cell pellet with 7% percimloric acid. This

fractiomm w.as neutralized w’itim 5 M potassium

imydroxide ann! timen subjected to ion-ex-

change coluimmn cimm’onmatography on Dowex
1-X8 i)v time mimetimod of Huirlbert et a-i. (13)

for time separation of nucleotides. Chroma-
tograpimy oim Dowex 1-X8 (chmloride) , as

simown immI’ig. 1, was eimmployer! for the sep-
ai’ation of nuicleosin!es. Nonradioactive
carrier commmpounds were cimam’acterizec! by
paper cimrommmatography in the solvent sys-
tenms descrii)ed in Table 1. DNA was iso-
later! i)y extraction of time neutralized acid-
insolumble pellet with 10% NaC1, and base

analysis carried oumt by time methods of

Danmmberg et al. (14).

Time procedure r!escribed by Wahba and
Fm’iedkin (15) was used to purify and

immeasure time activity of timymidylate syn-

timet-ase fmommm E. co/i B. Timymmmidylate

svntimetase was immeasumrer! spectropimoto-

metrically in exti’acts of L5178Y cells using

t-lme conditions (!escril)er! by Reyes and
Heidelbemger (16). Cell-free extracts of
L51 78V cells were l)l’ePared by sonic dis-
ruptiomm of I volummme of cells in 7 volumes

of 0.1 M tmis humifer, pH 8.0, at- 4#{176}.Three

periods of 30 sec exposumre to mnaximum
oumtpuit of an INISE (Instmumemmtational As-

sociates. New York) instrunment were
employer!. Time extract was then centri-
fuged for 60 mm at 30,000 g, and the
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supernatant fm’action was emnployed for
assay of thymidylate synthetase and for

deoxyribonucleoside kinase as described in
the legend of Table 5. Time sonicated prep-

aration of L5178Y cells was time source of

deoxyribonucleoside kinase.
Radioactivity was nmeasured with a

Nuclear-Cimicago liquid scintillation spec-

trometer, and protein was measum’ed by the
Folin procedure as modified by Lowry

et al. (17).

RE.SULTS

Inhibition of tile Growth of L51781’

Leukemic Cells in Culture by 4-N-

Hydroxy-2’-deoxycy tithn e

Growth of L5178Y leukemic cells in
Fischer’s medium was inimibited 50% by 12
�M 4-NOH-CdR (Fig. 2). Although time

2

0

FIG. 2. Inhibition of groutit of IAJ7S I leuhent to

in culture by 4-NOl!-CdR

See Metimols for time details of titi’ I)loee(illrt

for growing L5178Y leukemia cells in culture.

rate of growt!m was niepressenl 95% by 50

j�M 4-NOH-C(!R, time immuiltiplieation of the

inhibited cells was logaritimmnic timrougimout

the test period. \Iicm’oscopic examination
showed that the inhibited cells (lid not nlif-
fer in size fm’onm time normmmal cells.

The growth-inhibitory effect of 4-NOH-

CdR upon L5178Y leukemimic cells in culture

could be Prevented wimen deoxyuridine,
deoxycytidine, and thynmidine were added

to the growthm medium. Deoxycytidine at
500 �r concentration only partially Iwe-

vented time inhibitiomi of 50 j.�M 4-NOH-

CniR, w’imereas conmplete l)rotectiomm of the
cells � achieved with either thymin!ine

or deoxyuridine at 10 j�M concentration.

Wimen compared on a molar basis, thymi-

dine was four times more effective timan

deoxyuridine (Fig. 3) in preventing growth
inimibition i)y 4-NOH-Cr!R. Several purine

ann! pyrimmmidine derivatives at a concentra-
tion of 10 j.t�i in the medium of growth
experiments witim L5178Y leukemmmic cells

did not. protect against inimibition by 4-
NOH-CdR at 50 � commcentration, as

shown jim Table 2. The growtim rate of in-

TABLE 2

‘i’/te effect of pyrtntidzne.s aFt(l purines on t/te

jithihition of g-rowt/t of L5178Y cells by

4-N-It ydroxy-2’-deoxycyt-idine

Initial cell concentratiotm was 3640 cells/mi; time

results are time average of duplicate determimmatiomis.

Conceim-

(ratioti Genera-

(Mnmoies/ units after

A(i(iit 0115 litei�) 95 Imr

None - 5.8
4-N()Fl-(’dii 51) 0.6

4-NOH-Cdl! + guanine 10 0.8

4-NOH-Cdl{ + guanosine 10 0.9

4-NO11-Cdl1 + 10 0.7
nleoxyguanosine

4-NO11-Cdl! + adeiiine 1(1 0.8

4-NO11-(’dI! + adenosine 10 0.4

4-NO11-Cdl1 + deoxv- 10 0.6

atiettosi nt

4-NOH-CdiI -4- hypt)- 10 0.5

xant hiite
4-NOFI-(’dil -4- inosine 10 0.6

4-NOlI-Ud I! -f- cvt i(line 10 0.5

4-Nti)H-(’d11 + deoxy- 10 1 . 1

(yt uline

4-NOH-Cdl! -f- uridine 10 0. 8

4-NOH-Ctll! + pseudo- 10 1 .2

uridine

4-NO1I-(’dlI -4- 3-methyl 11) 2. 1

deoxycytidine

4-NOH-(.�dl1 + (let)xy- 1(1 3.9
uridine

4-NOI1-CdI( -f- thvinidine 10 3.9
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imibiten! cells was restored by aboumt 30%
when 5-methyl deoxycytidine was present

in time medium, an effect whicim may be due
to the presence of a small anmount of tlmynmi-

dine. The purines and pyrimidines were not
thenmselves inhibitory at the concentrations
used, and hydroxylamine at a concentration

of 100 j�M did not inhibit cell growth.

Effect of 4-N-H ydroxy-2’-deoxycytidine on

Pyrim idine .Deoxynu-cleotide Me to holism

Wimen L5178Y leukenmic cells were in-

cubated for periods of 30 mm with t-ritiumn-
labeled deoxycytidine, deoxyuridine, and
sodium formate-14C, striking alteration in

the incorporation of timese substances into
acid-soluble deoxynucleot-in!es ann! DNA
were produced by time addition of 4-NOH-

CdR to the nmediummm. Time effect of 4-NOH-

CdR upon deoxycytinline-3H immetabolismim is
shown in Table 3. In time presence of 4-
NOH-CdR at 5 X 10� M, time ran!ioactivity

of acid-soluble r!eoxycytin!y!ic nucleotides
was increased 85%, but incorporation of

deoxycytidine-3H into DNA-cytosine was
decreased 19%. A greater effect of time
analog was time inimibition of incorporation

of (leoxycyt.idine-’H into 1)NA-tlmymine,

where time ran!ioactivitv was decreased

96.5% by 5 X 10� M 4-NOH-CdR. In

addition, labeling of dUMP by deoxycyti-
dine-’H was increaser! in time presence of

4-NOH-CnIR at 5 X 10� M. The results of
a siimmilar experiment witim ileoxyurin!ine-’H

in the mimedium are simown in. Table 3. The

incorporation of radioactivity into time acid-

soluble timynmidylate nucleotides was in-
imii)ited 91% by the presence of 5 X 10� M

4-NOH-CdR in the nmediuumm, and under
these conn!itions the fornmation of DNA-

thynmine from r!eoxyuridine-3H was in-
hibited 93%. It is also apparent from the

n!ata of Table 3, that 4-NOH-CdR did not

inhibit the incom’poration of thyniidine-3H
into DNA-timyimmiime.

Maley and Maley (8 reported that 4-

NOH-dCMP inhibited deoxycytinlylic acid

deaminase in chick embryo extm’acts. From

time n!ata of Table 3, a simmmihar inimibition of

deanmination by time analog leading to an
increase of ran!ioactivity n!erived frommm

deoxycytin!ine-3H in r!eoxycytidylate nu-
cieotides nmiglmt be inferren!. However, when
a dii’ect measurement of time conversion of
n!CMP to dUMP in L5178Y cell-free ex-

tracts was made, the anldition of a high
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TABLE 3

Jncorporatioit of pyrimidine deoxyitucleosides into L#{244}178Y leukentia cells and effect of 4-.VOII-(’dI?

A suspension of L5178Y leukemia cells jim Fischer’s medium (2 X 108 cells/SO ml) was preincul)ated for 10

minutes at 37#{176}with or �vithout 4-NOH-CnlH at 5 X 1O� M, timen time tritium-Iai)ele(1 pyrimitlines were added

and the incubation was (ontinued for 30 mum. The cells were collected by centrifugation and extracted with

7% perchloric acid. After heating time acid-soluble extract for 15 miii at 90#{176},which hydrolyzed di- and tn-

phosphates to the respect ive nmoitonunlet t ides, the radioactive tleox moimtnucleot ides were purified by
ion-excimange chromatography on Dowex 1-XS (formate) and finally by paper cimrttmatograpimy. Time (mints

1er minute simown were correcte(l for percentage of recovery of I �imtde eaclm t)f unlabeled carrier tonmpouimds
added to the initial extracts. These are the results of a single experiment ft)r each of (-lie labeled precursors.

+4-NOIL-

CdIt

Control 3 X 10� M I)ifference

Precursttr Product (cpm) (cpm) (%)

Deoxycytidine-’II Tot-al acid-soluble 221 000 324,000 +68
16 /.IC; 2.4 C/mmole Acid-solulle deoxycvtidvlic nucleot ides 167,000 31)00(1 +85

Acid-sthmble deoxyuridylic acid 100 950 +950

Thymidylate nucleotides 38 000 2 300 -94

Total DNA 380 .000 110,000 -71

DNA-cytosine l23,00() 101 000 -19

DNA-timymine 255 ,00() 9000 -96.3

Deoxyuridiime-’H Deoxyuridylic acinl 100 2 ,60() +2600

7 ,.tC; 1.3 C/mmole Acid-soluble timvmidylate nucleotides 93 000 S 300 -91

DNA-thynmine 14 400 1 040 -93

Thymidine-’Il DNA-thvmine 2,70000(1 3, 1(k) 000 + 1(1

16 /LC; 4.3 C/mnmole

concentration of 4-N( )H-!CM P pron!uced
only a small inimibition of r!eoxycytidyhic
acid deaminase.

As shown in Table 4, 4-NOH-CdR was
an inimibitor of time incorporation of fornmate-
14C into time 5-nmethmy! group of I )NA-
timynmine in L5178Y leumkemic cells immcum-

bated in vitro. Previous, work by De!aimmore

and Prusoff (18), Kit (19), ann! others

denmonstrater! thmat deoxyuiridine and deoxy-
cytidine stinmulated time incorporation of

14C-formate into DNA. Therefore, if time
decrease in time amount of radioactivity in-
corporated into DNA-thymine from pre-
cursor deoxycytidine-3H and deoxyuridine-
3H were due to dilution of time intracellular

pooi of these compounds by time bm’eakdown
products of 4-NOH-CdR formate�HC in-

corporation into I)NA -timynmine wou In! not
be inhibited by time presence of the analog

and probably would be increased. As simown

in Table 4, tIme incorporation of fom.nmate_i4C
into DNA-thymine was strongly inimibited
by 4-NOH-CdR, and this effect was only

l)artl�’ i’(Velse(! i)y time addition of deoxy-
cyt.idine.

Inhibition of Thy�nidylate Synthetase by

4-N-Ilydroxy-2’-deoxycytidylic acid

Timymmiin!ylate syntimetase was partially

purifier! frommi E. cob and assayer! by time
mmmethor!s of Walmha ann! Friedkin (15). The

spectrophotometric immeasumrement of timynmi-
n!ylate syntimetase activity, which is depend-

ent on the initial linear increase of 340
mmm� absorbancy due to time commversion of

X510-metimylenc tetraimydrofolate to (!iimy-
n!rofolate, showed that 4-NOH-n!CMP �
an inhibitor of time reaction. A graphic
representation of time data by tlme double-

reciprocal mmmetlmod of Lineweaver and Burk
(20), Fig. 4, n!emonstrated that 4-NOH-

dCN-IP inhibiter! competitively witlm respect
to dU�\’IP. The value of the Miclmaelis con-

stant of this preparation of tlmymidylate
syntimetase was calculated by the slope-

intercept metimod and foumnd to be K�4

(dUMP) 4.4 X 10 �m, in agreemmment witim
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TABLE 4

Incorporation of formate-’4C into tltc ntcthyl group

of 1)N.t-thyntine by L�l 781 ttlls in mitre

Time incuhatiomi mixture, 4.0 ml, contaitmed packed
cells, 0.2 ml, suspended iii Fischer’s medium p1us

10% im(trse serunm, 3.6 ml, and other additions were
iim a volume � 0.2 ml. After 3 miii of preiim(ui)atiolt

at 37#{176},sodium formate-’4C (1 �nmole, 10 �(‘) was

added and iimcul)atioll was continued for 40 miii.

These are time restiits of a siimgle experiment.

1)NA-

t lmynmiite

Addititots to time (cpnm/ lttimihit ioit

medium /1flmt)le) (%)

Control 37 ,()00 -

+ 4-N011-Cdl( 3 X 10-s M 11,200 6()

+ 4-NOI1-Cdll 5 X 10� �i 1 ,505 96

+ Deoxycytidine 10� M 43,050 +20

+ 4-NOl1-Cdli 5 X 10’#{176}�t if) 400 48

and tleoxycvt i(iitie I0� M

+ 4-N( )ll-Cdli 5 X i0� �t 4 ,06() 9

1(11(1 oiettxyovtitline 10� �i

time value reported by Friedkin ( 15) . The
inimibition constant-, K� (4-NOH-n!CMP)

= 1.2 X 10- � was calculate(! fromim the
Lineweaver-Burk plot in Fig. 4. Time ratio

of K,:K1 in(!icated timat 4-NOH-dCMP

was bound to time enzyme systenm witim a
shigimtly greater affinity than time natural

substrate, dUMP. Incubation of time enzymne
withm time analog for 5 nmin prior to time addi-
tion of otimer commmponents did not alter time

kinetics of time reaction, amm(1 theme was no

cimange in 340 Imm�.t absorhancv when 4-
NOH-dCMP was tester! as a substrate in

time reaction mmmixture. Otimer commmpounds
closely relater! to 4-NOH-dCM P, nanmely

4-NOH-Cn!R and 4-NOH-CMP, were not
inimilmitors, an(! imydroxylanmine at 10� M

inhibited only 20%.

Thymidylate syntimetase activity imm cell-
f ree extracts of immouse leukeimmia cells was

mea stmred by time spectropimotometric method

of Waimba ann! Friedkin unn!er the condi-

tions niescribed by Reyes and Heidelberger

(16). A double-reciprocal plot of time
kinetic data, simown in Fig. 5, denmonstrated

timat 4-NOII-r!CMP iimimibiter! time enzyme

coimmpetitiveiy witim respect to n!UMP. Time
appamemmt Micimaelis constant, Km (dUMP)

FIG. 4. Liitettcaver-Burk plot of inhibition of

I it ymi(lyla to? S yn t it (‘ tase of Escite rich ia coli by

4-NO!! -dC.IIP

- x - control ; - #{149}- 2.7 �o�i 4-NOH-dCMP;

- E - 8.3 �LM 4-NOH-dCMP ; - t� - 27.5 fLM 4-
NOH-dCMP ; anti - 0 - 83.5 �i�s 4-NOH-dCMP.

1/v = (jammoles TMP/hmr/nmg of protcin)1. See
�‘vIethods for tnzynme I)1(1)arat ion an(l assa:�� mr�-

cedure.

was 5.9 X io-#{176}���-i and the inimibition comm-

stant, K1 (4-NOH-r!CMP) , was 6 X 10� M.

Incubation of time enzyme with 4-NOH-
r!CMP pror!uced no change in time 340 mmmj.t

al)sorbancy, wimich indicat.er! timat the
analog was not a substrate for timymidylate

synt-imetase. Wimen n!U�-IP was ar!ded to the
incubation after time enzynme imas been ex-
posed to 4-NOH-dCMP for 10 mmmin, timere
was no cimange in time kinetics of inimibition,
a finding wimicim simower! timat time analog
was reversibly associate(! witim time enzynme.
As in time case of E. coli timymmmin!ylate syn-

tiietas(. 4-N( )H-CdR ammo! 4-N( )H-C�tI P

were not iimimibitors of time leukemic cell

enzyme.

Effect of 4-iV-Hydroxy-2’-deoxycytidine on

Deoxyn-ucleoside Kin ase Activity

Extracts whicim were prepared from
sonically disrupt-ed L5178Y cells converted

deoxycyt-in!ine-3H, deoxyuridmne_tH, and

timynmir!ine- II to time corresponr!ing 5’-
nucleotides imm time presence of MgCl2 and
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dUMP (pmoles/mI)’

FIG. 5. I?thil)itiO1i of ��tou.�’ h’mm/� into

dylitte syntlmetase l)?/ .�‘-.\O!I-d(’II!P

The react iomm nmixt toe (ontaineol 2()O immenmoles

(/l-L-tetraimydrofohc aciti : 10, 20. 50, 100 immutimolts

of dUMP ; 3.3 �nmoles of formaldehyde � 50 umimolts
of mercaptoetlmanol ; 1.7 j.zmoles of sooliunm is-

corbate ; PhosPimate buffet, 0.1 M, pH 6.8 : (IiZ�VIii(

extract, 1.86 mg proteimm ; in a total vohmnme of 1.0
i-ui. All time con�ponents ��ere incubattti lot 10 nmin

at 25#{176}, then (lUMP intl 4-NOH-dCMP ��ere

adolcd. The V(100itv of time reaction was (alcumhtte(l

fronm the initial linear increase iii absorhance at

340 me.

ATP. Time additiomm of 10� �ii 4-N()H-CdR
to time incubation medium did not inimibit
phosphorylat-ion of the deoxynucleosides, as

shown in Table 5. Time pimospimorylation of
4-NOH-CdR-3H to time mmmononucleotin!e also

occurred in timis syst-eimm, but at. a mucim

slower rate than that observed for time

naturally occurring deoxyribonimcleoside
substrates. Furtlmermore, it was found that

time conversion of 4-NOH-CdR to 4-NOH-
dCMP was inimibited strongly by time addi-

tion to the incubation medium of t.hyrni-
dine and deoxyuridine. Under sinmilar con-

ditions, deoxycytidine din not inhibit the
phosphorylation of 4-NOH-CdR. These

observations are consistent witim reports
timat n!eoxycytidine kinase is n!istinct from
timymidine-deoxyuridine kinase (21), and
support time suggestion that time 4-N-

imydroxy cytosine derivatives used here are

functional analogs of time corresponding
uracil compounds.

Metabolism of 4-XOIi-(.’dR by L5178Y

Leukemia (‘ells

Tritium-labeled 4-IN()H-CdR was in-

cubater! with L5178Y leukemmmia cells in
Fiscimer’s imme(hummm for 1 imr, an(l the

n!ist.ributiomm of ra(!ioactivit.y in the

cimroinatogra�)imica 1ly sel)arated pyrinmidine
deoxyribonucleosides and nucleotides was

measure(!. Time results of thmis analysis are

suimmimmarizeol in Table 6. Two concentrations
of 4_NOH_Cr!R_�1i W(i( user!: 1 X 10� xi,

a imoninimibitory level, ann! 5 X 10� xi,

�vimirim imm �)mevir)us eXl)emimmments immhibiter!

deoxv(vtidine-H incom’l)oration immto DNA.

At i)otlm concentrations of time analog which

were emmmployed, only 1-2% of time radio-

activity adder! to time nmdui)ation mmme(liummm

was recovered froimm time acid-soluble frac-
tion of wasimed cells. Time acid-soluble frac-

tion wimicim was preparer! frommi the incubated
cells was analvze(! by cimromatogiapimy on
Dowex 1 - formate. The deoxynucleoside

fraction under hotim conditions container!

al)otmt 75% of time aci(l-soluble radioac-
tivit-y, of whicim over 90% was simown. by
paper eimronmatogm’aplmy and Dowex 1-X8-

( Cimlorinie ) cimrommmatograpimy to be 4-NOH-

Cn!R -3H.

Analysis of time (!eoxyrii)ommucleoti(!e frac-

tion resulted in recovery of time tritiuimm-

labeler! ammalog immonophospimate , 4-NOH-

dCMP. 1mm cells exposed to 5 X 10� xi

4-NOH-CdR-�H for I hr, time intracellular
concentration of 4-NOH-dCMP, based on

specific activity immeasurement-, was found

to be 1.7 X 10#{176}xi, an amount sufficient to

inhibit thymmmidylate synt-imetase in the cell-
free enzymmmic studies.

A significant proportion of time ra(hoac-

tivity in time acid-soluble nucieoti(!e frac-
t-ion was present in cytosine and timymine
r!eoxyribonucleotides, a finning whicim is

consistent witim Maley’s observation (8)

that 4-NOH-dCMP-14C was converted to
r!CMP-14C. Wimen an inimibitory concentra-

tion of 4-NOH-CdR-3H was emmmployed 5

x105 xi), radioactivity in the t-imynmidylic
acid fractions was decreased greatly.

A relatively imigim proportion of time imm-

t-racellular radioactivity n!erived from 4-

NOH-CdR-3H was also fount! in deoxycy-
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TABLE 5

Tin ejJut of 4-NOH-(’dl? on (1(’OX!J?tlI(l(Os?(l( Imitase (letit-tty of cell-free extract of L�1781 leukemia cells and

effect of (leoxylt ucleosmdes on pitospimorylalion of 4-NOH-(’dR

Series A experinmeimts coimtained Tnis 25 umoles aunt sodium phosphate 25 emoles p11 7.4; ATP, 5 unmoles;

MgCi2, 0.5 umoles; eimzyn�e extract, 0.1 ml, 1.2 nmg protein ; plus substrates nun additions in a total volume of

0.5 ml. Jim series B time incubatioum contained Tnis, 50 emoles pH 8.0; MgCi2, 1 enmole; ATP, 2.5 umoles

enzyme extract, 0.05 ml, 0.35 nmg; 1)105 sul)st-rate and other anlditions in a total volumime of 0.14 ml. After 30

mm incuimation at 37#{176},i)rt)(ltic(s mf the reactions in series A weie sel)arate(l from substrate by parer chronma-

tograpimy by (lescending development with isobut-ynic acid: water: ammottiuim lmydroxide, 28% (66: 33: 1).

Time distribution of radioactivity tam paper chromatogranis was measured with a \aimguard Autoscanner
880, and from time areas time percemmtage of conversion to nucleotide was calculated. Time radioactivity jim the

products from time series B reactioim was measured by elutitum of i-lie raditmact-ive compounds from the paper
chromatogram with 0.1 N IICI and determination of the tttal radioac(ivit- of substrate and nucleotide.

The data are averages of duplicate experiment-s.

Series

Deoxynucleoside
substrate

Unlabeled
adniitiotms

Conversiomm to
imucleot-ide

(%)

Inhibit iton

(%)

A CdR-’H 7.6 ,�i; 1 X 10� cpnm -

+4-NOH-Cd1�, 10 eM

23

20

-

13

UnlR-’H 1.5 e�’; 4 X 10#{176}cpm -

+4-NOH-CdR, 10 ,�i

42
43

-

0

Tdl{-’II 8.6 uxI; 2 X 106 cpm -

+4-NOH-CdR, 10 �o’a

46

47

-

0

B 4-NOH-Cdl{-3H; 70 � 61,000 cpm -

+UdR, 70,�i

+UdH, 7(X) eM

+TdR, 7 �mi

+TdlI, 70u’a

+Cdll. 70O�’a

5.05

2.44
0.23

4.20

0.28

4.75

-

52
95
17

94

6

tidylate and timymidylate residues in DNA.
The relative amount of ra(!ioactivity in
cytosine and thymine residues in DNA is
consistent witim the distribution of radio-
activity in time n!eoxynucleotide fractions

described above. When the higher concen-
tration of 4-NOH-CdR-#{176}H was enmployed,
the radioactivity in DNA r!ecreased 50%
and all the difference was accounted for

by time decrease in rar!ioactivity of timymmmine.

Timere was no evidence for the occurrence of
4-NOH-dCMP resir!ues in DNA, and no
analog di- or triphospimates were found in

time acid-solui)le fractions.
The distribution of the radioactivity

derived from 4-NOH-CdR-3H indicated
that small amounts of deoxycytidine and
r!eoxyuridine occurren! as transformation

products of the labeled analog. As shown

in Fig. 1, ion-exchange chromatograpimy

satisfactorily separates these deoxynucleo-

sides, and all radioactive 4-NOH-Cn!R-3H

��‘as purifier! immmmediately before use by this
methon!. The purity of the preparation was

further confirmed by paper chromatog-

raphy. Nevertheless, zero time analysis of

incubation mixtures whicim contained 4-

NOH-CdR-3H always revealed a smmmall

amrmount of radioactive deoxycytidine and
n!eoxyurin!ine. An enzymic transformation

of 4-NOH-CdR or 4-NOH-dCMP to n!e-
oxycytin!ine, or n!eoxyuridine, could not be
demonstrated in cell-free extracts. Nor

could an enzymic nmechanism be established
for time formation of deoxycytidylic and
n!eoxyurin!ylic acids from 4-NOH-dCMP.

It, therefore, appears timat the degradation
of time analog to cytosine and uracil deoxy-
ribosyl compounds is r!ue to nonenzymic

react-ions whicim occur to a small extent



1 X 106 M 5 X 10#{176}M

134000 rpm 124(k))) (1)1mm
Acid-soluble compourmds

‘i,\Tater eluate

Cdli
Udli

4-NOH-Cdli

dCMP regionu

4-NOH-dCMP

dCDP

dCTP
TDP
TTP

94,000

1,010

1 ,l0()

77,79))

11 ,(X)()
8,720

1,083
5,10))

1,15))
8,000

31 ,400

8,500
22900

101 00))

2,520

2,880

75,21(1

12,100

4,35()

445
4,050

29))

8(X)

16,2(X)

7 ,�0()

8,400
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TABLE 6
Metabolic tie n.sfornmation products �I

4�N�h ?JdroX?,_2�_dCoxiJci/t�dine_:iH

isolated front L�1 781

1(0/ic no ia cells

Packed L5178Y leukenmia cells, 2 mmml, were sos-

pended in Fischer’s medium (100 nil) atmd 4-N( )l I-
CdH-3H was added at a noitceimtratioim of 1 X 10�

(9.6 X 10� cpm/pmole) and 3 X 10�� �i (1.9 X 10�

cprn/emole). Aft-er ineuhiat itttt for 3() immitmutes at 37#{176}

time acid-soluble imuriett ides were extracted witlm 7%
perchloric acid, appropriate carrier imucieot ides were

added, and time compounds were separated liv

cimromat ography ott Dowex 1-format e. l�il)t)si(ies

eluted from the I)owex 1-formate with water were

separated by chromatograpimy oti Dowex 1-chiltoride
(see Fig. 1) and each compowmd was identified by its

uv spectrunm and i)eimavior iii pape’� cimronmatography.

The data are from single experimeimts.

Concentration of
4-NO1I-Cdli-’II

Acid-soluble extract

Acid insoluble fractioim

Sodium nucleate, DNA

DNA-cytosiime
DNA-thymine

a Paper chromatography showeni that (-he ra(ho-

activity in this fractioim was not all associated wit im

dCMP and migrated with at least two other imim-

identified components.

wimen time analog is exposed to immedium ann!
cells.

DISCTJSSION

Time ability of 4-NOH-Cr!R to interfere

with timymidylate biosynthesis is supported

by three lines of evidence: (a) time inimibi-
tion of L5178Y leukeimmia cell growt!m imm
culture by the analog anti specific l)rOtec-

tion affor!ed by timyimmidine and r!eoxyuri-

dine; (b) time decrease of incorporation of
deoxycytidine-3H, deoxyurir!ine-3H, anti

formmmate-1”C immto I)NA-timyimmimme i)mo(!ucenl
1)y 4-NOH-CdR in L5178Y cells in vitro

iim simort I)eriods of inctmh)atiolm ; ammn! ( c 1 time

n!emmmonst ration tlmat time imucieoti(!e, 4-NOH-
r!CINIP, was a cOimml)etitivc in!mihitor of

timyimmidylate syntimetase in cell-free i�rei�-
arat.ion froum E. coli an(l L51 78V cells. ‘lime

nucleotin!e, 4-N()H-d(�IP, was found in

time tcir!-sOlUi)le fraction of L51781 cells,
wimicim �vere incul)ate(! in a nmediumim that
colmtaine(! t lie analog (!eoxyrii)onucleoside.

In cel!�free extracts of L5178Y cells, time

ATP depemmr!ent conversiomm of 4-N�H-CdH

to 4-NOH-dCMP was also deimmonstrated.

A l)rincipal mecimanism of time inimibitory

action of 4-NOH-CdR, timemefore, appears

to be time coimmpetit-ive inimil)ition of timymmmi-
dyiate syntimetase l)y 4-NOH-dCMP. The

values of time kinetic constants ) K

(dUMP) : K1 (4-NUH-dCMP ) � 4 for time
E. coli and 10 for time leukemmmic cell emm-
zyimie) show timat. 4-N()H-dCMP is sonic-
what more strongly bound to time enzynme

t-iman nIUMP. As an inimibitor of timynmir!y!ate
synt-imetase, 4-NOH-dC�sIP is mmmucimweaker

than 5-fiuoro-2’-deoxyuridylic acm! ( K,
K1 = 1800) (22).

Althougim the ability of r!eoxyurin!ine an(!

thymidine to protect against the inhibitory
effects of 4-NOH-CdR in cell culture is

correlated with the proposed site of action
of time analog on t.hymidylate syntimetase, it
is also clear from studies with the cell-free

deoxynucleoside kinase that deoxyurin!ine
and deoxytimymidine effectively conmpete
with 4-NOH-CdR for time pimospimorylation

systeimm which converts the analog to 4-
NOH-dCMP. Since time latter conmpound is

the active fornm of the analog in the inimibi-
tion of timymidylate syntimetase, timis effect.

of deoxyuridine and timymi(!ine on time pimos-
pimorylation of 4-NOH-CdR immust be taken
into account in time interpretation of cell
culture experiimments.

Attempts to inhibit time growtim of time
L5178Y ascitic mouse leukeniia in vivo by

frequent intraperitoneal injection of 4-
NOH-C!R in aimmounts up to 7.5 immg/kg ier

day were unsuccessful. It was found that
4-NOH-CdR-3H was raphfly excretec! by

the animnals ammd timat time rate of develop-
ment of time ascites tummior � not signifi-
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cantly altered. Fronm the results presemmten!

on time distribution of tritium in the trans-

formation products of 4-NOH-CdR in
L5178Y cell suspension, some of the reasons
for this failure are clear. In the first place,

the penetration of time analog into time cell
is very low, an(1 secondly, time phospimoryla-
tion of 4-NOH-CdR to time nucleotide

proceeds at only about one-tenth the rate
observed for t!eoxyurin!ine ant! deoxycyti-

dine. Since time evidence points to time
nucleot-ide as time active inimil)itory formmm of

4-NOH-Cr!R at- time site of mnet-hylation of

oftMP by thimmidylate syntimetase, these

factors conspire to prevent growtim inimibi-
tion of time neoplastic cell in the nmouse.
Furthermore, the small amounts of (!eOXy-

uridine and deoxycytin!ine whicim arise
from 4-NOH-CdR, in themmiselves ammd as

pimosphorylatec! products, antagonize time in-
imibitory effects of 4-NOH-CdR.

The demonstration that time imyolroxyi-
amino group is capable of functioning as an

analog of the 4-oxy group of a n!eoxym’ibosyl
pyrimidine is of interest, and! suggests time

development of other imydroxylaimmine r!eoxy-
riI)osyl pyrimidine compounds.
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