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Fluorinated Pyrimidines

XXXVII. Effects of 5-Trifluoromethyl-2’-deoxyuridine on the Synthesis of

Deoxyribonucleic Acid of Mammalian Cells in Culture
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J!c.4 nib: Labonaton // for (‘ancen 1?o’.seao’ch, (‘niueositnj of lVisn’onsin, .11adison, lIis(’on.s’inu 53706

(ITeo’eivecl I)ec’ennber 12, 1969)

SUMMARY

5-Trifluou’onoethmyl-2’-deoxvunio!inmu’ ( l’3TdR) , a timvnmiolinne aunnolcogune, is incoorporate(l innto

time DNA of HeLa anmcl leukemia LS17SV cells mm culturo’. Unmoler connditionus of synncinrounmv

innduced by time prooluctionm of timynmidiumt’ deficienncy atud rescue by timynmioliume con’ a timynmiolinme

armalogue, time additioum oil F3TdI{ (loud’s umot pernmit amy cell olivision, in coonntrast to) timymidiune,

5-bromo-2’-do’oxyuridiime, or 5-iodo-2’-deoxyuridinme, wimicim support cell divisioum. However,
F3TdII is incorporated into the cellular DNA, butt too ounmly about oime-bcuurtim time extennt of

thymidine. Alkalinme sucrose gradienmt sedimentnntiolm revealed that time nmolecules of DNA
containing F3TdR are smaller timann nmormal DNA, sumggestinmg timat tine i’ate of groumvthm our

joinming oil cimainms of I)NA is irmimibito’d as a result- of the incorporatioun of the analogume.

INTRODUCT� oN

5rfrifluo1.ounmetIm\rl2�oiu,o)x�,uridin1e (tn-

fluoroothymidine) was first syntimesized in

thmis laboratory (1) as nun atmalogue of timymi-

diume. As expected, it is incorpou’ated iimto

DNA of bacteriophage T4 (2), mamnmalianm

cells in culture (3), atmd to a small extetmt iumto
mouse tumors in i’ivo (4). Moreover, time

nucleotide 1”�TdRP3 inmimibits thynmidvlate
syntimetase irreversibly (5). F3TdR is ant tic-

Timis work was sinluportedi inn 1)art b\� Ur:ouut CA

7175 froimm the Nationmal Canneer Institute, Na-

tionual lnmstitutes of health.
Presenmt address, Labmirat tory of Medical Bimm-

physics, Kcobe T.Jnniversity School mof Meolicimie,

Kobe, Japaum.

2 Anmmenicann Canuo’er Smuciely Pncufessor of ()nncmml-

ogy, 1mmwhom u’ecilnests for repninnts shcnonloh lie senni.

Time abhneviai ionus unseol are: F3T0IITP, 5-tn-
fimnormimel hvl-2’-deoxvunriclinue 5’-nmonnmuphmispimate;

F3Td II, 5-tniflmnormnnnel imvl -2’-demuxyonnidinne; FIJd H,

5-flunmun’o-2’-demoxyonnidiune; Toilt, t hynmidinue; BUdH,

5-brcurmmo-2’-demnxynnricli ne; I IIJclH , 5-iodmm-2’-deoxv-

uridinue.

tive inminibitour 0)! time gn(ow’thm oil ummoiuuse tum(uI’S

(6) , is cum’remntly unnmdei’goinmg inmitial climtical

evalumatiout in inttieimts witim aolvannceol camn-
cer, anmd is m’erv effective againtst herpes

sinmI)lex keratitis in rabbit (7, 8) annd imuman

eyes.4 Jim ouur labouratorv, ive hmave shmowum that

1’3TdR imnhnibits time replicatioonm ol vaccinmia

virus jut HeI4a cells (9). Timis itmhibitionm is

prevt’nmted by time sinmultammeo)us, but imot by

the delayed, ao!ditioum (01 tinyrnidiume, suggest-

ing tinat nunmirreversible event ouccumrred (9),
whnichi we have fouumd to) be time iumcourpo)ration

of tho’ numnnhogue iumto tine vaccinmia viral DNA
(10, 11).

It huts beo’um shnomvnm by nmann’v oothmers that tine

exteumsive iutcoorpowat-ioun oil 5-bronmou-2’-olc’-

oxvuridiumo’ anmol 5-iooloo-2’-o!eoxyur’molinme iunto

the T)NA oil svunchrounmized nmanmmmmmaliaunco’lls

permits timem too olivide onice (12-18). We
report ho’ne timat the immcourpon’ationn of a snmmt-tll

amount of F3TdI� iumto time 1)NA of syum-

chrommized HeLa and L3178V cells pro’veumt-s

� II. H. 1’nounfnmmann,persounnol ominmnmnnnuicatimmnn.
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d’\’(’mm ti-no’ first divisiou n , pu’o)bably bu’cntunse oil

iunccomplet-t’ m’t’julicatioumm cii time 1)N��.

.\nATEuOmAL5 ANI) muETHonus

(Jells. Ht’Lto s:� anmd leunkeminu 5178V cells,

ummvcoplasm-i n’t’e by nmmonmtimlv tests unsiung a

nmmooo!ifieo! Hnovflick nlmetho)d ( 19) , wt’re cud -

t-uirt’d inn sunspu’unsiouun as pi’evioously olesct’ibed

(20).

Syi1C/1 1,01! iza-t ion . Expommenmtial cumltunu’es (8-

10 X 10� cells/mb) were t-u’eato’o! withm

anmetlmouiutem’ium nounol ao!eunosiime or wit-h 5-fluoit’o-

2’-deoxyunnioliune aund unu’ioline too ium’ooo!uce a

t-hnyminidiume-deficiemmt st-ate (21). Itt timc’ case

ol HeLtu cells, 10_6 mu anmetimoupteu’iun aunol

5 x 10-:� mu nndeumosinie were ao!o!eol for 16 itt’.

L517SY cells wt’ro’ treated �vitim 1-3 X l0� mu

FUdH aund 1-5 X 10� muuridiime Ion’ 10-12 imr

(time nm�)pm’ouxinmmIntt’ geumt’i’atioun tinmit’) (20) . Time

thmynmidinme-o!eficieumt- cells �vere tineun u’escumeo!

by 10#{176}mu thnyummioliume, con eoiumimmoolar cummceum-

tm’ntt-ioumms cob annalcogues, to proooluice iuam’tial

sy nncinn’o)nnv.

J)cleii,i iiialion of cell i,ui,ibei’ (110(1 OH iloses.

Cull umuummbt’m’s wen’t’ detenummiuned with a

(�oouiltem’ counter witim approupm’iate settiungs

(20) . Tine noco’unummulttt-iouum of cells inn umnitosis

wnos olo’teu’mmmiunecl by scou’ing 500 cot’ nnoure

acetic oom’ceinm-stainmed cells that imnool been

an’m’t’sted iun nimet-aphase witin 0.05 j.og/ml of

coolchticinne.

Labeling of cells. To time thmymidinme-defi-

cieunt cells eitimer rfdRmetim\,l)H (1 .0-7.7 X

10_n �oCi/nml; specific activity, 11.7 Ci/

nmnno)lt’; Schwai’z BioReseam’cln, lute.), BTJdR-

6-1H (0.1 j.oC’i1/nml; specific activity, 2.3 Ci/

flnflTlOl(’ ; Ammmem’slmanm-Searle) , or 1’�3’I’dIl�2-’4C
(7.7 X 10-n /�i/ml; specific activity, 7.7 X

10-� �Ci--’nmnmoole) was nodded for various

lengths oil t-iuime. With time exceptioum of

F3TdR, time labeled umucleosides were diluted

witin tine coorrespoinding imoimradioactive com-

pouumd tou give a final concetmtratioim of 10-6 �mr,
uunless otherwise stated.

Isolalion awl qua-nlitalion of DNA. DNA

was isoulat-eol from 2 X 10#{176}to 10� cells by the

nmethmooo! oof Kirby aumd Couok (22), or by time

followinmg nmmodificnotioumm of tine metimod of

Haunt ammo! Taylor (23), especially suitable for

snnmabl cell nmntss. Tine cells wo’m’e lysed mm 2 #{182}T�

sooliimnm olooolecvl sunliate iun 0.15 mu NaC1 plus

0.015 mn sooo!iumnm citrate, pH 7.0, ammd 1.5 mu

EDTA nit 60#{176}bum’ 10 Immium. ‘Fm thus nmixtunm’e

5 mu NaCl().1 �m.as ao!o!eol to) give a fiunal con-

cenntm’atioui cii 1 mu, nund t-imis mnatt’n’ial was ole-

pi’oiteimmized several tinmes witim chmlom’oform-

isooanmTiyl alcooho)l (24 : 1) . lime ununcleic acids

were pm’ecipitated with 2 vouluinmes ol co)ld
etioaunol anmo! m’eo!issoolved ium 0.15 mu NaCI l)lus

0.015 mi souo!iunm citu’att’, ammo! tine RNA was

lnvo!roilyzed witi n iteat -ti’eltte(l R Nase

(\Voom’timinngtoiut) . l’um’thmo’i’ olepn’outeinizations

w.et’e doume utunt-il mno� nmmooi’e nmatei’inul was visible

at time intem’intce betweo’um tine water nund our-

game pinaso’s. ‘lime I)NA coilmcentratio)Im was

detei’nmined by time metimuuo!s (ul eitimer Bumrton

(24) oum’Kissane aund Roubinms (25), usinmg calf

tinvnmus DNA as a st-ammolnu’d.

_4 ll�’a-line SUCIOSe (JIa(lient se(li-)nenlation of

DNA . L5178V cells wen’e lvseol jut 0.05 mi

Ti’is-HCh, 1)H 8.0, 5 nng nml cub (1imelex (Bio-

l�ao!) , 0.2 � soo!iunm doolt’cyl suniintte, aumd 3

nmg/ mmmlol Pm’ouimasu� (C1a-lbiochmenmm) accoi’oling

to time metimouol oil Schammdl anmd Taylor (26).

Time enzynmme � heated foim’ 90 uniim at- 37#{176}

auto! br 2 ummiumat 80#{176}before nmo!o!itioum. The cell

1s,’sate mvnts inncubnnted �vith-i Pm’oonnase for 6 hr

at 37#{176}.Tine DNA � t-imc’nn olo’nmatureol by

dropmvise addition of 0.4 mi NaOH uuttil the

solution reached pH 12. Centnilumgatiomm was

carried out a-t 22,000 m’pm (40,000 X g) for

6 hr at 15#{176}.A 5-20 � liumear gi’adient of

sucrose containing 0.8 mmNa-Cl, 0.2 mi NaOH,

and 1 mmi EDTA, 1)H 12.5-13.0, was pre-

pared according to McGrnttim amid Williams
(27), amid 0.2-0.5 ml of tine denatured DNA

solution was layered ounu toop. \Vit-h tine

Spiimco SW 39L rotor, 4 ml of gradient were

used ; for time Interrnatioumal SB405 rotor, time

volume oil time graolienmt � 3.0 ml. Alter

cemmtnifugationm, time bottoms of time tubes

were pierced, 25-30-oli’op fi’actions were col-

lected directly into 1 ml oil water in liquid

scintillatioim vials, amid 10 ml of Scintisol

(Isolab, Inc.) were added for counting.

For imeutral sucrose sedimentation 0)1

imative DNA, the NaOH wa-s unot added alter

Pronase treatment, aimd a 5-20 #{182}�-�- sucrose

gradient containing 0.15 mu NaC1, 0.015 mi

sodium citrate, amid 1 mmu EDTA, pH 7.0,

was used (28).

Prepa rat ice (#{176}sCl density yrathent equ i-

librium cent i’if’ugation. Time preparative CsC1

centnilugation at booth neutral au-md alka-liume

pH was carried out accordiung to Szybalski
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(29). Time itmitial deimsity of time CsC1 solutioun,

coumtaining 1 nmmn l�nis aimd 1 mmn EDTA, was

adjusted tou a deimsity of 1.72 g/m! for normal

cellular DNA (lot’ BUdR-commtaiuming DNA,

the density was 1.76 g//ml), and time pH was

adjusted to 12.5 with 2 N NaOH. Time

density equilibration was attained by ceim-
trilugatioum at �38,000 rpm in an SW 50 inead

of time Spiimco model L u!traceumtriluge for

48 bin at 20-25#{176}. After ceumtnilugation, 5-drop

fractioums were collected from time bottom, time

densities of the individual lractio�ms were

measured both by relractonmetrv and by

pycnmometry at 25#{176},time fractions were di-

luted to 1 ml witim distilled water, and tine

radioactivity and absorbammce at 260 mmi�
were determined.

Measurement of radioactivity. DNA wa-s

dissolved iim 88 ()/� formic acid, wimicim was
theut evaporated mm a vacuum ouver KOH,

aimd time imvdrolyzed DNA was dissolved in

water for counting. Alternatively, DNA was

digested witim DNase (Worthington) directly

in time counting vial. Time radioactivity of
DNA precipitated on filters was measured in

2 , 5-dipimemmyloxazole, 1 , 4-his [2-(5-pimenyl-

oxazolyl)}beumzeime, ammd toluene, tund time

DNA imydrolysates were counted ium “ANPO”

mixture (738 g oul umapimtimalene, 46 g of

2 ,3-dipimemmylooxazole, 0.46 g of a-imapimtimyl-

pimetmyloxazo!e, 3500 ml oil xyletme, 3500 ml of

dioxane, amid 2100 ml of absolute etimammol) in
a Packard Tni-Carb liquid sciumtillatioim

spectrometer. More recently, Sciimtisol (Iso-

lab, Inc.) was used instead of “ANPO.”

RESULTS

Effect of F UdR, B UdR, I UdR, TdR, and

F3TdR oio the qm’owt/n of thylni(line-rleficient

cells. Expoimemmtia!ly growing L317SV cells
were treated with 10-s mu FUdR plus l0-� mu

urioline for 12 lmr to inhibit DNA svnmtinesis
by causimmg a timymidine deficientcy. At zero
time in Fig. 1, � our its analoguies were

added, atmd cells were counted periodically.

When 10-#{176}mu TdR was added iim time con-

tinmued presenmce 0)1 FUdR plums unidiune, time

cells begaum to incm’ease in umunmber at 4 imr, amid
time first wave 0)1 cell division was complete

by 10 imr. A secommd wave of nmitousis occurred

from 20 to 26 1mm’. 1mm time case of timoose celhs

maiumtainmed omm FUdR tulums uinic!iume witimout

Fuc;. 1 . Effects of F3TdII, BUd/f, lCd!?, an(l ‘J’(lll

on cell (lie’ision in pa rtially sync/n non ized pop 11(1-

lions of L5178Y cells

Lxpoontenmtiallv groiwi ung L5178Y cells were Mini)-

jected too the innhihitionn of I)NA synnthesis by cx-
posture t-o 10-#{176}mmFUdI1 plons 10� mu unnidinme fmur 12
hr. Thynmidinne-cleuiciennt cells (9.75 X 10� cells!

mmml) at time zero were rescued witim 106 M Tout

amid equinmolar ttnununnts oif aunalmignnes mm t he cmin-

tinued preseutce 0)f FUolit Plmns nnridimme. Tine mu-

crease inn cell nnonnmber, expressed as relat ive nninnmn-
1)er oof cells, was cletermimned up tin 48 hr after synu-

chronmiztntiomnu. #{149}----#{149} , FUcIR plums onnidine;

0- -0 , 10-#{176}�u F3TdH ; � - - � , lo#{176}mmI3Uchl{;

�-�--A, 10-#{176}M lUclil; x-X, 106 mu TdH.

thymio!imme ao!ditioumm, timere was no cimammge ium

cell mmunniber for 32 imr, followed by a decrease.

Time additiomm of 10#{176}mu BUdR (with comm-
timmuitmg F’UdR plus uniolimne) caused a first

division oil cells eoiuivnuleimt to timat pro(lumced
by To!R. However, mmoosecound o!ivisioonm ouc-
curm’ed, ammd time cell nunmben u’emaiumed nip-

proxinmately counmstanmt titereafter. Unmo!er time

same circumstaumces, 10-u mu IUoIR also

caumsed the first olivisiont, bunt umout time secoumd;

timese cells, in commtrast too thmo)se treated witim

BUdR, subseo�uiemmtly olio’d. Thmese results

witim BUdR t-tnd IUo!R tn-re mm nmgreenmemmt

with timose oil nmanmy o)thmem’ inmvestign-utoum’s

(12-15). However, as simowum mi Fig. 1, time

adolitioni (if 10#{176}mu 1’3TdR, althouugim mt is

capable ouf beinmg iuncorpou’ateol inuto 1)NA, dio!
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uno)t allow aum� cell o!ivisioum ium timis svst-t’mmm,

amid nultem’ nnbooumt- 16 hum’thmem’e � couunsiolo’nnoble

cell deatim. Sinmmiiau’ hinnohings wt’re nmmade ium

conmmparabbu’ expeninmmennts �vithn HeLnu cells.

lime sanmme juhmeumoonmeumouum\\��m5 conmfim’ummeol in

L5178V cells by nmmeasuu’iumg time accunnmmumlationm

oil cells jut nmit’t-nophmase innoluceol by coilchniciume.

Siumce � causeo! tint’ iunitiat-ionn 0)1 cell divi-

siomum at 4 itt’ ( i’ig. 1 ) , 0.05 ;.tg -�mmmloil colcimiciume

was tndobt’! not that t-inmme. As simownm mm 1”ig. 2,

]�!R amid B1(!11 ao!ditiounn it’d too tine accunmum-

laticuum oil mmio’tntphnnnse cc’hls at io!u’umtical u’ates

tonic! withoount (I(’iay. By conmt-n’nmst , I”:nTdli

aoh!itiounm did uno)t give u’ise to univ ummitcoses,

altimouumgin tint’ cells appean’t’d too be lnealtiuy by

nmicrooscoopic o’xanminnnntiouun tip too 10 hmi’. Later,

time type oil ummoiu’�)lOo)l(ugy oil cell oleatim imnoluct’d

by I3lolR res(’ummblt’o! thmnot o!ume to) umunbalaunceol
gr(u\Vtim (30).

Timese m’esumlts sunggest t-imat (a) i”3To!R be-

imntvt’d ideumtio’allv wit-hi 1”L�dH to) iumhibit

1)NA synmthnesis, auto! was unoot inmcoon’pornnted

immt-o) l)NA, out’ (b) l’:nTo!It was imnccum’poratec!

iumtco I)NA, bumt- tInt’ u’esultiumg 1)NA wnts umoomm-

funumctiomtal icon’ soumme m’u’nnsonm.

IOC

0 2 4 6 8 0
HOURS AFTER RESCUE

1’no;. 2. El/eel of 10� ui l�3id1� on accnnoonnilalnon

of onneta p/noses non L51 78 }� cells

Timvnnmidi mno’-olo’ficic’unt cells at a tleunsit � mof 1.04 )<

10� tel Is/imml , pr nh nnmecl by t Ito’ on incliI ionns clesc’nii)ed

inn line lo’gennd fmon Fig. 1. were resonneol with Tout,
BUohit , nonumi F;nTml it at omimnoennt r:u I immnns mf 106 mi
inn the omonnt innmumnnns Pueseunme mnf FUchit buns nunidiune.

(‘mnlcimici ne (0.05 jig nnl ) �mas tooldeol tim the mnnl 0 nnres

4 hn aft-en m’esmmme. Tine (ells truest ool inn mmmclnophase

mmeno’ ominuunlm’d nun omet it onmo’iun-staimnecl liru�P:orto-

tiouns by sooorinng :ohmiimt 500 cells. 0 ---0, 10#{176}.\1

TdH; #{149}--s, 10#{176}ou BUdlt; 0 -----0, 10-6 mm

F,TdR.

2 4 6 8

HOURS AFTER ADDITION

Fnu. 3. loncorponation- of Y’dll-311 (10#{176} mi, 1

MCi, non!) (Viol 1�3i’(l/!_2_m4(Y (1(16 � 7.7 X 10�

,.�(‘i non!) tomb I/ne D.V.1 of J)(Inli(1lli/ sninc/nnomrnizecl

HeLni cells

Thmvrmmichinne-cleficiemnt tells (8 X 10� cells-mimi),

whicim had heenn treaiecl with 10� mmanmnetinmupterinn

Plots 5 x 10� mmnodennmnsinne fmon’ 16 inn, were labeled
nm�ith 106 mu Tdlt-3l1 (1 jnCi-nnl ) mir F3Tohht-2-m4C
(7.7 X io �Ci-- nil) fur varinmmns I mmmc’s up ton 8 hr.
l)NA mvtms isolnotecl frnnnmm aimonnt 6 X 10 (ells as de-

scribecl muncher MA’1’En�nA us AN I) mum:u’nmomos, amid ole-

1enummi nneci by t he uumm�li fled Kiissnomne and Hoiuimns

nmnetimmmd (25. The rtodimntoctivitv of I)NA �

mmmeasnmrecl after Imvdrtnlvsis inn 55(� fomrnmic acid,

olesiotatioun , timid dissmnlnnt iminu inn clist illeol mm�iten.

�rine i nnonnnporau iomn is expressed os nnanncinmmnles inn-

ctorb)mnrnotetl per nmicrmogrammt mof I )N�& as a ftnnncticono

mnf i mmmc after ueversal annol � calcoolateol as ole-

scnibech inn time text. #{149}----s, TdH-#{176}Ih; 0 ----0,

F3Tmllt _2_n4C.

In(orpolation of I’:nl(/I? into cellular l)7v�A.

A co)nmmpnnm’isomm was nmaole oil tine imncorporation

of 10#{176}mu TdR aumd 10� mn 1’3TdI� into time

DNA col HeLm cells thoat mao! been arrested

a-mmd maolo’ timynmmiolinme-oleficiennt by treatnment

witim 10-#{176} mu anmethncuptem’ium plus 10� mi

adeumosiume ion 16 imr. It wnns lounid (Fig. 3)

that time kiumetics oil tino’ umptake oil TdR iuito

DNA mm time first rephcatiooun cycle i’eacimeol a

plateau tot 6 lii’, atmol time tootal amouint oul

sunbstitumtiooum of utew To!H iut time DNA

anmouunt-eo! to 45 � oil tine toutal 1)NA To!Il,

whichm is equivalenmt tou 90 � syumchu’ommy. Tlmis

cornesponmds toi time ntnmouunt 0)1 substit-uttioum

obtaiumeol with BUdH (see below). Time timy-
mute couumteumt 0)1 time HeI4a cell i)NA (ummicrou-

grams oil dTMP pem’ microugu’am oil DNA) �
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calculated froinm time c’oiumatiounn of Scimildknaut

et al. (31):

(1 11_P’�66#{176}

( (,(_ - 0.098

wimere p = 1.700 g/nml for HeLa cell DNA,
and time molar �)ercemmtage of thynmine is timus

30 %. If DNA were a statistical tetrammucleo-
tide, time weight percemmtage of dTMP would

be 23.9 % . Therefore, time micrograms of
dTMP per microgram oil DNA = 0.239 x
0.30/0.25 = 0.287. F’urtimermore, time mnano-

moles of dTMP in 1 �og of DNA = 0.287

j.og/322 (molecular weight of dTMP) =

0.864 mMmole. Thmenefore, an incorporation of
0.385 mpmole of dTMP at 8 imr (Fig. 3)

equals a replacememmt of 0.385/0.864 = 45 9-.

On time other hammd, time rate of nmcoorp(ura-
tion of F3TdR-2-’4C into the cellular DNA

was considerably slower titan thmat of the
TdR, and at S lmr time neplacemetmt of TdR- in

the DNA amounted to 12 %. Thus, although
timene was some syumtimesis of cellular DNA in
time presence of F3TdR-, which was incorpo-
rated, there was umo cell division (Fig. 1).

Similar results were obtained with L51781

cells.

Incorporation of BLdR into cellular DNA.

Timvmidine-deficieunt HeLa cells were rescued
witim 10-s mu BUdR-6-3H, and the DNA was

isolated 10 hr later nund subjected to pre-

parative neutral and alkaline cesium chlo-
ride density gradient centrilugatioun. As

simown in Fig. 4, the buoyant density of the

hybrid DNA was 1 .725 g/ml. As mentioned

above, HeLa cell l)NA imas a thymine con-
tent of 30 %. According to Enikson amid

Szyba-lski (32), time complete replacenment oil

the 30 % TdR in time 1)NA by BUdR ivould
give a density iumcrement of 0.062 g/ml.

Since (Fig. 4) the buoyammt demmsity iummmeutral

CsC1 of time BUdR-coimtaining DNA is

1.725 g/ml, timis represeumts a replacememmt of
40 % of the dTMP in time DNA. In addition,
the alkaline CsCl centnifugation profile re-
vealed that in tine imeavy strand (p = 1.831

g/ml) BUdR replaced 90 9� (of time TdR,
based on time ca-lculathomms oil Baldwium a-umd

Shooter (33). Thmus, time replacememmt of 40-
45 % in double-straimded HeLa cell DNA
with either TdR or BUdR appears to be
maximal for the replication of the first cycle

FRACTION NO.

FIG. 4. Prepanative alkaline and neutral (‘s(’l

(leflSitfJ eqn-ilibriunnn centrifmngation of B (dl?-

containing hybrid i).V.-l foonon partially synehro-

nized HeLa cells

Thvnmidinoe-oleficiennt ucLa cells (2.70 x i0�
cells/mb) were inncubated with 10� mm BUdR-6-3h1

(0.05 jzCi/ml) four 10 hr after rescue. l)NA was

isolated by the nmethcud of Kirby anud Coook (22).

The l)NA (100 jig) was topplied too eaclt tunhoe,

containuinug uuemntnal o�r alkalinme (‘sCI sohil iounn . ‘Fime
dentsity anucl phi were aclj nnsted anud o’ennt riftugat iono

was carried umnt as described unuder MAmEnUALS

ANn) METHODS. .&fter clennsitmonmet ry, each 5-droop
fractiomnu wnts diluted tmo 1 nml for ommetisurinug tine

absorbanmce at 260 mimjoannol radiouactivitv.

in cimemicahlv synmchmm’ounmized cells. Time fact

(Fig. 4) tlmat all time tmJT from tine labo’led
BUdR was coumtained imm t-ime denser straund

demoimstrates time effo’ctiveumess oil time svnn-

chroumizatioum.
Alkaline sucrose se(ll inca tat ion pattern of

DNA. It is nmow kumownm timat dunimmg DNA bioo-
syunthesis in bacteria (28), inn whmoule nmanm-

mahianm cells (26), amid in isolated HeLa cell
nuclei (34) the DNA is inmitially formed itt

ratimer small fragments thmat beconme as-
sembled into the high niolecular weight DNA
found nnornmahly ium the oonganism. This so’-
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mvimenm’ t = t inmm’ if cemnt mifongat iminn anud d = ohs-

I :onnoe mof sedinmenntal ionn inn mc’nnt inmeters.

quence oil eveunts caun be stundied by alkaliume
sucrose gradieumt sedinmentation oil tine 1)NA

labeled tufter vam’ioums time iuenioods.

We imnive doume so imm L5178Y cells timat imnud

been labeled witim eithem’ 3H-TdI� or ‘4C-TdH
for 48 hr before partial synmcimnonizatiout sou

timat bouth strni-mmds of time 1)NA were uuoi-
lormly labeled. Then time block of DNA

svnmthmesis was u’eleaseol by 3H-TdR- (witim time

‘4C-Tdil-labeleo! coils) out’ by m4C-F3TdR

(mvitim the 3H-Td1�-iabelo’d cells) for m’au’iouns

Fn m. 5. .1 lkaln nm snoenose fJnadienm / (.(7� tnnf noga/noon-

of /).V.-t omf 151781 cells

Cells were first ln-tbo’led oil her wit It n4(’_ (0.01

MCi mimi) mir ‘lI� (0.1 /JCi ml) timvnmidinue for 48 Imr.

Tiuo’v were 1 ho’un Itan’vest cc! tonic! partially synncItrmi-

nnizo’ol wit it FIJdI{ as descnibeol inn time text . Tho’y

were t imenn released frmmnn tine iuloock tomiciponise-

labeled for the times imnolicateol with 10-0mm 3h1-TcIF1
(7.7 X 10� MCi, numl; Soiowarz Biollesearc’h) mon

10#{176} mm F3Td It -2-’mC (7.7 x 10-; j&Ci/nml). The
tells were wcurkec! imp tonmol cennt rifmnged as olescribed

inn MAru;RnALs ANn) muu:u’nnoonos. Tine 8-vabones were

cttbcmnlated frmonn time eqnnat immmn mof Mc(tratlm amid

Williams (27),

7.1 x lOno(l

(rpnm)21

peniouols oil tiumme fi’onmm 5 nmmiim to 7.5 inn (at

whichm tinmme DNA symntimesis is conmmphete).
ri�i� m’esults of alkalimme sucrose demmsity gra-

o!ient sedimentation of time l)NA are showum

inn l’ig. 5. Uumdei’ the conuditioums insed, iun-

volvimng Pronmase tm’eatment (26) , tIme lre-

vioushy labeled DNA seo!inneuited with

appnoxinmate sedinmemttatiuui coefficients (27)
u’aimginng lronmm :33 to 38, wimich are witimirm

expeninmental em’i’or. 1mm tine sequence of t’x-

iuem’inmemmts witim timynmmidiume (Fig. 5), it is
clean’ timat witim time shmo)rt punlses, summa-il

pieces 0)1 DNA tore syumtimesized with sonme-

wlmat varinmble sedi nmentatioomm coefficieunts.

By 2 itt’ time 1)NA is almo�ost completely

asseumibled, aund nut 7.5 1mm’tint pm’e- ammd post-

label seohimmmenmtatioui iunmttem’uns o’oiumcide t’x-

actlv . Exanmiumatiouun oil tine sequemice of cx-

ieu’iummeumts ivitim I31o!I{ u’o’vt’als timat time DNA
wtts asstummb!ed nmmcume sicuwly mmimen it coum-

taimnu’ol tine anmakogue thmaum uunder niornmmal
coumno!itiomms. Evemn aitem’ 7.5 inn, m�henm DN_&

svunthmesis hints beenn couumipleteol, tine umewly

syumthnesizeo! stm’aunoi!s are still commsidem’ntblv

snmnallem’ t-imaut thouse oil tIme mnoui’mal l)l’evioiuislY

lnmbeled DNA, co)m’1’es�uoumo!immg to oomne oi’ two

bn’t’aks lie!’ strannd.

As shmownn lit Fig. 6, umeutnal suicm’ose gnu-

dienmt seolinmentat-ionm oil DNA sn-mnml)les unmixed

alten’ 7 .5 hr of labeliimg lol!owimmg release of

timt’ I’Uo!1� bkuck imitim :nH_l’dfl ntumd �4(�

F:nTdH deummommstm’ates titat then’ 1S aim exact

couinncio!enmce oui time maiun 1)NA peaks, aumd

t-imatthmen’eis ant ao!oliticonnal small peak at 10 S
lronm tine F:nToiH-treated cells.

40
I-

E

0

20 �

0

x
E

I

Fm ci. 6. .Venmtnal sucrose gnaolu’nl eeom/nnf no-ga/ion

of D.VA of L51781 cells

Cells were blocked as desoribeol witim FUcilt

amid released wil im 10-i mo311-Tcilt mr 1(Y6 mi F3Tollt-
2-’4C anncl innconbateo! fmmr 7.5 hr not 37#{176}.The uurmooe-

doure is clesorilued inn mnmnu:umALs ANn) mun;mn-tonms.
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I)uscUssION

Time pvrinmidine umucleoside aumalogues

BUdR and IUdR are very extensively mi-
corporated into the DNA of various cells.
As a cimaracteristic conmseoiuence of such

immcorporation, cells couitaming the Imybrid
DNA synthesized in time presence of time

analogue following tue release of a timymi-

dine-deficiemmt state and umider the inimibition

of dTMP synthesis (le novo can divide oun!y
once in time presemmce ouf FUdR (12-16)
(Fig. 1). Uimder coniparabie couiditions,
1\Iorris and Cramer have shown that omme-

half of IUdR-tneated P815Y cells lose their
ability to synthesize DNA (17). Moreover,

Berkovitz et al. (18) imave recemmtly denmumm-
strated that time combination of BUdR I)1t15
FUdR specifically inimibits HeLa cell divi-

sion but permits DNA synthesis to coumtinmue,
wimich leads to the production of giant, niul-
tinucleated cells.

By coumtrast, 1’3TdR, as mve imave simowim
here, completely prevents evenm the first

cell divisioun after syuncinronization of HeLa
and L517SY cells. It was found ummder these
conditiomms that timere was incorporatiomm of
F3TdR immto tIme DNA, but time rate was

slower aumd time saturation level lower timan

was found with TdR. Time immimibition of

DNA symmtimesis produced by F3TdR unmder

coumditions oil nescune from the timymidimne-

deficiemmt state nmav result Ironi impaired
phospinorylnutionn ouf time atmalogue or time imm-

hib’ition of DNA PolYmerase. It has beeum
shown by Bresmmick and Williams (35) and

in this baboratoony#{176} timat F3TdR is pimos-

phorylated to time mommopimosphate by thy-
midine kinmase at approximately the same

rate as am’e TdR, BUdR, and IUd1�. How-
ever, time iun’timer pimousphorylatiomi of F3TdRP
to time di- autd tniphosphates takes place at a

greatly neolinced m’ate.6 It is further possible
that tine F’:nTdR tniphosphate (wimicim itas

not yet been syntimesized) migimt be tin in-
hibitor of ITMP kitmase and either an in-
imibitor of, ur a poor substrate for, DNA

polymerase.

\Ve have o!enmommstrated by nmeaums oil tIme

It. J. Ioenut nmnudC. Ileidelberger, nmannnnsoript

mt I)rel)mtrat ioinu.

6 � J Kenut aund C. Ileidelberger, onnmbunnblishec!

observal imouns.

B Cd R-cesiunm cinloou’iolo’ dt’unsity grntdieunt

expeninmemit (I’ig. 4) that mm time release fnunm

thmc’ blockage oil 1)NA symmt-hnesis timat leao!s

too svunchmrommo)uns divisioumm, oummlv outme strand oil
DNA is svnmthmesized. We hmave thmo’n inmvesti-

gated time assembly oil snmall Ioio’ces oil 1)NA
mm time umew stramnd by alkalinne sucrose gra-

diemmt ceuitnilumgatiounm ammd imave lounid timnut-
tine rntte nund exteumt oil assembiy are greatly
dimiumishmed wheni 13TdR is unsed for time re-

lease froni time block aumd is iumcorpornuted into
DNA (Fig. 5). Time met that inn mneutral

suncroose sedinmeumtatiotm tlmen’e is mmci oliffeneunce

betweetm timt’ nmaium peakS (obtained by TdR-

aimd l’3Td1� u’elease lronm tine F’UdIl block

simows t-imat the iumc(unmpletely jointed pieces

oif I)NA ium time unew stramnd none hnydrogemm-

bormdeol to tine outimer stn’ammd in time duuble

imehix sunchm timat time sedimeumt-any beimavior
of time tiative DNA witim anmd witinout tine

anmabogute is the saumme. It is umot clear nut tine

presenmt tinme wimy tint’ jun’eseumct’ cuf F’3TdR

in the DNA of nmanmmahiaum cells or vaceitmiti

viruts (11) causes time luno)ductioonn oil smaller

lragmenmts of 1)NA timat do mnout beconme

joiumed, or beconme jointed nimuch nmore slowly,

to form tine larger molecules of DNA lounud
in manimahinun cells tim’ time virus. Wimether

timis effect is caused by partial cinainm ternmiuma-
tiomi resultitmg Inonmi l’3�fl!R inmcorporationn,

by inimibition oil higntse activity, or by sonme
othmer rneehmaumisnm t’emaiums to be detennmiumed.

In our nulkahinme suicrouse graolieumt sedinmeum-
tatiomn expeninnenmts it was unecessnmnv to treat

the lvsed cells with Pt’oounase according t(u tine

metimod oil Schmammdl ttnmd Tntvlou’ (26) inn on’dt’n’

to obtain reprouducible values of coonmplo’to’ly

fornmed 1)NA itt time naimge oil 33-38 8.

Thmese are iii gcuoud agneenmo’nmt wit-im time results

of time above noutimours (2(1) , ivimo (obtailmed

values of abomt 40 8. Using time sanme techm-

nmiolue four ti-ne isolatiooum oil DNA (obtaitmt’ol
fronm time iumcunbat-ioim oil HeLa cell utunciei,

Icidwebl anmd Uumellei’ cobt-ainmo’ol no sedimennta-
tion oil 24 S (34) ; hnouweven, thneir iumcunbtutionm
periods ivere simorten’ titan ouu’s. mm j)neliuiii-
nary expeninmemmts inn whmicht we lvsed time ct’hls

in the preseumcc’ oil sodhnnmm douolecvl suilfate,
all the previously labeleol DNA oiunickly
seo!inmeumteol to time bottounm of time tube, with

seolinmemmtaticout ccoefIicients greatem’ thnaui 900

ivitim TdR, bunt ummoncin howc’r witim F3’I’olR.

Such aggnegationm imas been i’epomteol by Lett

et al. (36), unsinng cleteu’gc’nmt mmmet-hcuols, ammd
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seolimeumtnmtuoun c oeflicieunts (if 450 mmem’e

scnibed by ‘Fo’m’ntsinta nind rfsumboi (:37) tinder

sinmilat’ couumditiooums. Althooungim the mitten’

autimons inmmply thnat t-inis vo’u’y large size is

correct io)n nmanmmnmal ian I ) NA , we bei ieve
that time coumsist-eimt i’t’sunlts timat we ammd

utimens imave obtuninmeol wimeut time lvsate is

also treated witlm Proumase suggest thmat with

time use oil det-ergeunts alonne, t’ithmer tine I)NA

is incompletely renioved from pm’outeiut or

else segmeumts cii i)NA a-to’ coumumected by

proteiti residues. To) nudo! to) the coutnpliea-
tioonms, Fox7 hints oubtaimne! couumsistenmt values

of 104 S Ion immamummaliami cell 1)XA ium nil-

kaliume sucrose ceumtnifugatioun lollomvinig lysis

with a nmouolifleol detengeumt jum’ocedure, aumd
Huinmphrey et al. (38), also with tn nmodified

detergeunt nmmethmooo!, ioumumol s-valunes oil 64 ium

alkaline sucrouse.
From till tine abovt’-nmmt’umt-ionned expem’i-

enmces it is evio!enmt that timo’ nmethocl ol tt’(’at-

memit oil time cells oleternminmt’s time size oil
rmammahia-um cell DNA founumd imm ceuntnilugn-i-

tioim ; couumsequenmtly its tn’ue size niumd nmmolec-

uilar weight renmma-ium muunkunowrm. Neventhe-

less, we believe time olecnease timat we inave

coumsistently bound ium time m’nite of assembly of

I_i DNA strntmmd co)umtainming F3TdR is valid,

regardless ol titt’ size timat mammaliaim cell

1)NA eventuntllv timm’rms out to imnnve.
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