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Fluorinated Pyrimidines

XXXVIII. The Incorporation of 5-Trifluoromethyl-2’-deoxyuridine into the

Deoxyribonucleic Acid of Vaccinia Virus
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sumuMA itT

k companisouum imas bt’eun nmnuolo’ of time iun’O)i)eu’ties of iuunn’ilied vacciunino vinioouus m’ei)hi(’noteol jun

1-leLa cells ium time pu’eseumce ouf thynmidimme out’ tint’ l)ouwt’rlunhiY anmtivim’al 5-tm’iflunuronmmetinvl-2’-

deoxyunidine (F1TdI�) . Time neplntcemetit 0)1 timynmmidiime by time nuunalogume imm tine 1)NA oi tine

viniotms amoummited to 1 .4-9.8 9-, nuumd sucim vin’ioumms were mnoumiumfective. Sutci’ose olemmsitv graolieumt

centnifugatiouum of time DNA isoolateol from purified viriouuns nevealt’d timat time unournmai viniooums

imad a- sedimeuttatiomm coefficio’tmt oil 70, wimerea-s the atnalogue -coinntnniu niumg DNA sed i nmmeumteol
witim S-values oil 52 ammd 39. Time munesence oil F’3TdR in tine mediunm diol unoot affect time huro)cess

of ummcoatiimg 0)1 the immlecting viniomms, butt recoatimmg of time viral DNA (uccurro’d to only 50 %
of normal. Time nmorpimoulogy of vacciuninu viniouuns couimtaimmimmg l’nTolR iun tlno’irI)NA was coum-
siderably diffeneumt from unonmal.

I NTRODUO ‘TION

5-Trifluom’onmethivl-2’-deoxvuridimme (tniflu-

onothymidimme) (1) is immcorporated iumto time
DNA of bacteniopimage T4 (2), atmd, as
showmm in time accompaumyinmg pa-per (3) , immto

time DNA of mammaliann cells in culture.

Moreover, it irreversibly inhibits tlmymidyl-

ate symmtimetase, after counversioum to time cor-
respondiumg 3’-moumopimospimate (4) . I’3TdRt

This work wnts sunpiomirted ion luttrt by Granut CA

7175 froumm the Nationnal Canucer Innstittnte, Nationmal

Inustitontes o)f health. A preliminary accmtnnt of

part of this work has appeared [Fed. Proc. 27,
797 (1968)1.

#{176}Presennt address, 1)epartnmenut of Medical

Biophysics, Kmolue Unniversity Scimmimul (if Medicinme,

Kobe, Japanu.

2 Americans Canneer Society Proifessor of ()nmcol-

ogy, to whcunm requnests for reprints shoinid be semmt.
The ablureviatioums used are: F3Tdlt, 5-tn-

flucoromethyl-2’-oleooxyimridinme; BUdit, 5-bronno-2’-

deoxyunridinne; lUdit, 5-iooc!ou-2’-cleoxytnridine; TdI-t,

thymidinne; PFU, plaqome-forrominug omnuits.

mvtns siuumvun by !‘�nnunlnmmanm aunol IIeioleihou’gen’

to inninibit hmem’pt’s sinnplex keratit-is inn time

rabbit’s eve (5) , aumol Icaunfnmamm sunbst’o�uno’utt1y

showed timnit ooun a nmouiar basis it is a conmsioler-

ably fltO)t’t’ pouto#{176}mntiunimibitom’ oil vin’al jin’ouduc-

tiout ium this system timnimn 5-broumo-2’-deooxv-
unidiune and 5-iooloo-2’-deoixvunnidinne (6) . lit

timis labouratom’y tine effects of 13TIR aund

otimem’ I)Yrimiolimme unucleo)side aumttiogines innuve

beeut stuolied o)nn vanioums cells iii cultumn’e (7),
aitd out the neplicatioumm oil vacciunia vim’ums itt

HeLnu cells (8). It wnts simoowim (8) tiunnt l”:nTdR

itmimibited vin’al no’iulicationm at tino’ lo)�vest counn-

cenntn’atioum oil aunv oil time aunalogumes tested,

anmd tinat its o’ffect was prevemnteol by tine si-

nmultauneouus ntololitiouumof tinynnidinme, bitt mvinenm

timynmiolitme wnts aoiolo’d I day alt-em’ timo’ tiumme

of iumlo’ctioumm iuo time pm’eso’umce ol l”3TolR, m’tic-

cimminuvirus pn’ooduct-io�mi wnns umot- rescuted. Timis

latter oubservnntionm suggested timat- 1’5TdR was

incot’pourato’ol iumtoo thu(’ DNA of thud’ minus.

Time iumcourporatioun of otiner pyn’iummiohinne
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uuucieooside aumaiogumt’s iuntou tint’ 1)NA. ouf auni-

nmmnmivirumses imas beeum denmoounstrnnted inn seveu’al

lnoboou’nttou’ies. Easterbuooouk tound 1)avem’nn (9)

sinoiweol t-imat B1:�J0lli iuuhnibito’d time rephicatiouim

(Of vtoccinnia vim’ims inn IleLa oil’ 1kB coils noumd

wnts inncoom’poon’nuteol imnto) DNA ; Pnusooff ci al.

(10, 1 1), mvitlm IUolR aumol vnmccinmino viruns, and

Nntplnnun and mis gn’oup (12, 13), witlm IUdR

nonnol 1)seumd(on’nobit’s vin’uis , Imnt\’(’ nmnide sinmilan’

oobso’m’vnotiomms. �ulcCn’o’nu- niumol Lil)nmntun (14)

sinoweol by O’lectu’(ium flmicnOscoul)V timat vaccimmia

virnil 1)NA conmtnmiunimmg IUdFI mvnis lra-gmemmtt’d

iumtoo sho)u’t lemmgtims as coonmi)ared with time mnom’-

nmnml m’irtil DNA. Imn tine I)nesemmt paper we me-

pont- st-umohies oinm time inncoorpon’nitiooum 0)1 1’:iTdR

iumtoo tine I)NA oil vtucciumin-t viu’us nephicato’ol

mu Ho’La cells.

MATERIALS ANt) \IETHOI)5

( ‘/111 culture and titus /)l’opa#{231}jation . FhieLa
83 cells (umnycooplasnm-ln’ee) were gn’owum imn

shuakon’ cunltunrt’ mm nminninmal esso’nntiai nmediuini

foim’ sunspo’imsionm cunltumr(’, 10 #{182}�call senunnm, 0.1 %

Plun’ooumic F6S, aunol a-ntibiootics. I’or time nmtmint-

tenmnnmnce mmmeoliunnm four vaccimnia (\VR strtoiim)

m’t’iiuhictmtiomi, time cnoil sem’imnm was replaced by

0. 1 � bovitme sen’umnm albumnmmium lractiootm V. All
nmmedino aumd semi wem’e obtained front time

(‘,u’ntuud Isintumol Biological (�ompniuny. rfise couum-

chtioonms loom’ the yim’uns iimit’ctiouun aind plnique

ttsstoys were exactly as described Pre\�ioinslY

(8).

1�urijiea-lionn of ra((in #{237}al’l1!01!8. ‘Ii i)it1’�

fleet ioum oil 1)duX\’irumss iu’(uulm soommicated cvto)-

iuinosummic lt’nuctioouos of cells by suncnose gradient
oeumtn’ifumgat-ioum (13-17) niumol Poitttssiimfln tar-

ti’n-ntt gm’nodieimt ct’mmt-nifimgnutiooui (17, 18) imas

bteun olescm’ibed, anol serveol as time basis for

tour pm’ouceolmmn’e.

Iuutect-eol Ht’Lnt cells went’ wnisheol nnumol suns-

iueumolo’ol at ni deunsitv oil 2 X 107/nml in imvpou-

tommie ummeohiumnm (10_2 mu Tn’is-HCl, pH 8-9;

10� mn KC1; aumd 5 X 10� mu MgCI5) nimmol

allowed tou sweil Ion’ 10 ummiun. Timev were tinemm

oiisi’umiuteol, unsiumg 10-15 strokes oil a Doiumumce

I moonmmoogt’um izo’m’ (nmmicu’ osco)pic t’xntmmmiuuuotioum too

c( ommtnt ii oiisruptiouut), aund cetmtnilungeol at-

700 X u four 10 nmium to) m’enmove time umuclei.

rfin(, enunde cytooplnosnmic fu’nmctiouum w’nus sooni-

cat etl inn nut \ISE olisiumtegn’atcur lout’ I nmiun at

I .5 ummtonmsp nnumol I 25 V. Tine etude sounmic cx-

tu’noct (0.8 nmi) wnns ceumtrilimgt’ol tlmroiugim no

25-45 � sucrose graohieumt (5 X 10� mu i�n’is-

HC1, 1)H 8.0) inn time S\V 25 routom’ oul a Spiumco

mo)del L umltnacemmtniluge for 45 unium ni-t 15,000

rpnm. The m’esiolual pellet was soimicntted ntnmd

ceumtm’ilugeol agaimm. Alter time secotid cemm-

tnifungnntioum , 1 0-drop fractioums were collected

fu’om time bouttoni of time tube aumd assayed for

absorbance at 260 m�.s, radioactivity, amid

�oinique-fom’nmimmg units. Further punnificatiomn
was olone by neceumtnilugiumg the virus bnumd

(fractions (S-li) two or three times. For

lam’ge-scale isolatioums from the crude cyto-
plntsnmic sommic extm’act, tine virus band was

sedimented at 35 % simcrose demmsity, aimd time

coommcentrate was timeum lurtimer purified by

additiouna-l cycles (of differential cemmtniluga-

taumi itt sucn’ose grnudienmts. Alter punificnotiouum

oil time vaccininu vin’ioumms by sucu’ouse grnuolieumt

seohinmmemmtnotion, in sonme expenimenmts potnis-

sium ta-rtnnite centtm’ilugatioim was done ium a
20-50 �X; gu’adieumt- (w --i’) for 2.5 him’ at 32,000

rpm.

Isolation of D�V�l. 1\letinool A: (�eliumiar

DNA wa-s isOlat(’d Irouni time mnuclean iractioumi
0)1 time Imonmogeumate by time method oil Kirby

aumd Cook (19), tuumd was treated with RNase;

fui’tlmer details ntm’e given iun timo’ accom�uanmyimmg

I)aI)� (3).

i\Iethmod B : Time 1)NA was isolated from

l)Ut’ified vinioomns nts described by Plntun and
1\IcCrea (20) . This j)rocedure invoolv(’s mvasim-

iumg time viniooims w’ith nubsolunte ethmtimmool aimd

etinaumol-etimer (1 :1), olnying ovo’n’nmiglnt at

40#{176},resuspeumohimmg in 0.15 mu NaC1 niumd 0.015 mu
sodium citrate, nmakimmg up to a fiumal cooumceum-

tm’atioum ol 2 �-�- with 2-mercaptoetimammool, aumd

stiru’iumg shoumvly loon 12 Inn iun time could 1o(um.

Tht’ui 0.5 rng of Pu’oumase (Calbiocimenm) was
added, imncutbation witim stirniumg was cam’nied

(JUt nit 37#{176}lout’ 24 inn, aumol the nmixtumm’e was timeum

ceuntnifugeol tnt 20,000 X g (Sorvall) loon 1 mr.

Time sedimemit could bo’ trentted as aboive to
recover mmmom’eDNA. Finonolly, time DNA was
sedinnemmted by ct’untrilugatioum loor 4 inn at

35,000 rptmi 111 time SW 39 root-dim’ oil a Spiumco

nmoolel L ultm’acenmtm’ilugo.

Methoool C: Time I)NA wnns alsou isuln-iteol

fnounm pun’ifieol vmniouns by a ummoolificatioumn oil

tine nmetimool oil Sarov timid Beckem’ (21). Time

pellet oil vinioomos wnts iumcubnoteol loin’2 itt’with

a mmmixturc’ oil 0.15 mu NniCl, 0.015 mu soohiuumn

cit-rat-c, I #{176}� oleoxychooulate, 2 � 2-nmethmouxy-
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ethanol, 10� mu EDTA, ammd 0.2 #{182}Zsodiutmmm

dodecyl sulfate. Timis nmixture was themm iuncu-

bated ouvernigimt witim stinnitmg nit 37#{176}witho

0.3 mg of Pronase, time sodium dodecyl sul-

fate coimcentrnttiomi was iimcreased to 2 %, aund

time mixture was heated four 5 mm at 60#{176},ammo!

layered over CsC1 for demisity gradiemnt cemn-
tnifugation as described previously (3).

Sucrose qradien t seoliinen latioio of’ /)ulljie(l

virion DNA . This was carried out exactly as

described in procedure 2 (1) of Sarov and

Becker (21). A similar preparationm of vinionn

DNA was used for alkaline sucno)se sedimen-

tatiorm according to time method of McGm’atim

and Williams (22). DNase tneatnmeumt oil time

cytoplasmic sonic extract was carried out

as described by Levitt aimd Becker (23).

A nalylical methods. The concentratioum oil

DNA was determined by time method of Bun-
ton (24) . Time purified virions were diluted
with 0.15 mi NaCl and 0.015 musodium citrate,

aimd 0.1 ml was counted in 10 ml of “ANPO”
solvent (3) in a Packard Tni-Carb liquid
scintillation spectrometer. In some of time

viniomm purificatiotms, aliquots of time fractions

were precipitated in time preseimee of albumin

and counted oti membraime filters (3) . DNA

obtained from CsCl ceimtrilugation was di-
alyzed against 0.15 mi NaCl and 0.015 mi so-
dium cit-rate, and an aliquot was treated ut

tine liquid scintillation vial with DNase aimd

counted alter time addition of “ANPO” nmix-
tune (3).

RESULTS

Pui’ification of taccinia vnions. \Vimenm time

crude cytoplasmic sonic extract of HeJAa
cells that imad been infected 24 imr previously

witim vacciumia virus in the pneseimce of

3H-TdR- was centrifuged in a 25-45 % sucrose
gradieumt, time results shown imm Fig. 1 mm’ene
obtaiumed. Timere were two major Peaks 0)1

radioactivity. One, witim a maximum iii Irac-
tion 9, coincided exactly w’itlm time plaque-
forming units; this peak was also foummd ium a

replicate experiment in whelm time sonic ex-

tract Imad beeim treated with DNase. Hetmce,

timis fraction contains infectious vinions. Time
second peak of radioactivity, witim its maxi-

mum in lu’actiomm 24, did imot survive I)Nase
treatnmeumt aund was imout itmlectious; timus, it

was DNA. Furthmem’ punificatioum of time vinion

Foot. 1. Sedononeontation of u’aeeinia virus inn a-

sno(rose (Jra(llCnt

The cells were innfectecl with 10 PFU/cell at

5 x l0� cells- mmmlfmor 1 hr at 37#{176},the tnnnao!sorbed

vinio)nms were washed miff, tonnt! vinons growtlm tmomik

place for 24 lmn mm the presennce mif 0.1 �mCh, mmmlmif

�II-TdR. The cvto)plasmmmic sontic extnact (see the

text) was cenmt rifinged for 45 mmmino at 15,000 rpnm

ins time SW 39 rotor. Auncuther 0.8-nml aliqonot oif time

cytoplasnmic sonnic extract was o!igested with 25
�g/nml of 1)Nase (Worthiungtonu) for 2 Imr at 37#{176}

anmd centrifuged ins the same way.

peak was can’nied out by potassiutni tartrate

gnadieimt cemmtrilugatiomm, as simown in Fig. 2.

Here, time peak of 3H, plao�ue-lormitmg innnits,

and An6o agaimi coincided, time peak was

siman’l)er, aumd tine fm’ee DNA mad beetm eliimmi-

na-ted.

\Vlmeim time crude cvtoplasnmic soummic extm’act

from cells infected witim vacciunia virums ium

time presence of F:3TO!TI_2_t4C was cenmtnilumged

thmrougim a sumcrose gradieumt, time results simown

ill Fig. 3 were obtairmeol. There wene again

major I)eaks d)l radioactivity ammd �)laqlIe-

lornmniumg units nut iractioin 9 (peak I), tummd n-u

imoniitfectious peak nit fractioum 24 (peak III)

of free DNA. However, timere was aim addi-

tional small, slighmtly iimfective peak (II) at

Inaction 12 that was mmot found with tine unor-

mal virus. Peaks I ammo! II were i’ecentnilumged

thnrougin a sucrose gradient, witim time n’esutlts

shown in Fig. 4. Timis confirms timat peak II

exists, although time original peak II wnis

commtamiimated with lu’ee DNA. rFimus mve
foouutol a difft’m’eumce bo-’twt’enm tit(’ cemmtu’ifimgnol
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cioaractt’i’istics oil tine unou’nmal vacciumia vim’ionts

aumd thmoose co)mmtnoiuminng time auma-logue, F3ToIH.

E.rtent of synthesis nj mii’al I)NA [mom the

labeled precursors. A mnummbem’ oil expem’imeumts

Fio;. 2. Scm ooneoi/a/ioon- of’ nacem rn-ma nirnos non a

potassinonon tar/rate qradien/

Viral uel)licahiomm tomnk photo’ inn the preseunte of

0.025 �mCinmml mf 311 -Tdli. Time cvt noplasninic somnic

ext ract was ceunt rifongeol hut 35� soncromse 10 coun-

cemnt rate time vhriouns (see the text), whicim were

resnnspeuno!ed tonn(!cenmtnifnngec!hut a 25-50�� (w v)

gr;odiemnt nnf iumitasshnnnm ttortrtote tot 32,000 rpmnm fmnr

2.5 lmr at 4#{176}inn time SW 39 rotc)r.

Fnm. 3. Sc’dn noncom-)(i-/noon of O’U(’(iOli(t nirnos ion -

C (06(1/0(1 mom//i n4(’_F3 ‘Jill?

Tine cmonnc!it im)mns mnf imnfo’ct innmn mif the IleLto tells

were the saimme as described loin Fig. 1. Virus pro-

c!nncthomn tmok l)lace for 24 1mm inn the preseunce of 106

mm ‘4(-F3’I’dlt. ‘fime comnc!itimmmns of ismilathmnmn amnc!

denim rifongat im)nn were i(Iennliotnl wit ii mboise descnibec!

fmnm Fig. 1.

5xu04

Fion. 4. l?esedinrn-enta/ion of peaks I afl(1 II of

Fig. 3

Peaks I amno! II of Fig. 3 were pelletec! inn the SW

25 umitmur, smamicated briefly to sinspeuncl theimm, ammo!

c’ennt mifiugec! againm thmoongh a snncrose grtoolheunt

nnmndem the cmmnno!it ions descuiI)ecl for Fig. 1.

�m�ei’t’ canned ouut in wimich HeJ�a cells wem’e

iumlected with vacciumini virus inn time pneseumce

oil eoiuinmoulan amounts (usually 10_6 mi) oil

3H-TdR auto! m4C_I’3’I’dH. time vinkumms were

purified by sucrose gnaolieunt sedimentatiomt,

aumd time anmount 0)1 radioactivity was deter-

umminmed eitinen’ immtime purified vit’ioins 0)1’ itt time

DNA iso)lated from thmem, or bothm. Thmese

expeninnemmts am’e summanizeol inn Table 1.

Time results are calculated mm tennis oil pem’-

cenmtntge m’ephmcemeutt, a terumm timat we defiume

as follows: ium time 3H-TdR expeninmemmts, time
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5 \. Fuj i’otora, ‘IF. Oki annd C. Ileio!elbergo’r,

uumtonmuscri Pt- mm prel)tmn’tmt iomn.

I� tn’o’o nnt-ago n’eplaceimmennt is tinat- pen’cenmt-agt’
oil tint vim’al DNA tlmynmmiolvlic nooiolt-lmtttwas

oltn’ivtoI ln’ooumm tine int-beleol tinynmidiume niololed

too time nmeo!iummmm; nonuol inn time n4(�l’31�d1I �

lutn’inmmennts, tine perceuntntge I’t’julact’nmenmt d(’-
nuootms tint’ juen’cenntage (of tine ol’I”\IP ium t-lmt’

\‘irto! l)N:� timat imnns beenm repitoceol by tine

nonutuio igune. ‘Ii uis is ca!cumlntted as io)llou\Vs : ium

etu’iu case ��t’ hoavt’ nmentsunro’d tint’ spt-’cific tic-

t ivitv of tine labeleol lin’t’cimnsoor nodded to) tine

nmtoliunmm, aund olo’ttu’nmiuned dint’ctly time specific

aotiyitv oil tIne I)N�� isolated lroiumn tine pumu’i-

litol vin’io inns. We kunouw tint’ base counmpo)sitioonm

( ii� iuun’ified vacciunint vin’ioiuns fu’oonmmSaroom’ ammo!

Bt’o’ktn’ (21 ) , aund luenmce ive ca-nm calcuninite

�viuat tine specific nuct-ivitv oil time DNA

olTi’\l P woulol be if it- were eumtireiv olenived

Itoonmi time a-(lOlo’oI jurt’cumu’soon, mvhicim nit a level

(of I 0� mn mvooutiol greatly exceeo! ntum�� iumt-u’a-

(t’limnlttu’ 1)0)011 oil 1�dlI. oui’ it-s met-abohito’s. Iii

tine (‘nose oil tine pinrifieo! viriorms, we oleternmimie

tine olisiuntegratiooums � ummiunute rt’r A 260 untiit,

aunoi knumiw (21) tinat 1 �126om uiumit commtnmiums

I .2 X I � viu’iouums, timnot- tit(’ mveigimt oil the

I)NA iot’n. vinioomm js 2.75 )< to_mm �g, aund timnit

the tonmtoounnnt oil 1)NA p�u’ absorbnnnnce ununit of

vinimnuus is 3.3 .og. Tinerefoore, mve cttnn cntlculate

time oiitinmt-egn’atiomms Per mninumte lo(’r nmicno-
gn’aummmi!viniooun1)NA frommi time disinmtegnnntiomms

joen’ nmmiununte iuer 1 �o itnit oil purified virions.4

A ununmben’ oil couumclumsioums caum be drawn

Thus ctolcmulat hmonn fmnr experiummeunt 182 (Table 1)
us ml! must r:oted as fmollmiws. The speo’hfho’ activity of

ohue �1I -Td it inn t Ito’ nmmec!iunnmmwas 7.55 X 10� dpnm/�ig.
The specitmc aotivitv if time l)NA isolated from

hue unrifled vinioonns was 1.78 X 10� dpnms/�g. The
o!TM P mminntemnt of v:nmcimnh:u I ONA is 0.31 �zg �g of

uN A (21). Thins I ime specific nmctivit y of tine I)NA
m!TMP is (1.78 X 10�) 0.31 = 5.75 X 10� o!hunnm �g

nil mfl’MP inn lift, i)NA. ‘Finns.

Pemtemnttoge neplaoento’unt

5.75 x ion x Io�
- 7.55 X 10� -

InnI hit’case of t hoe punifleolviriminus, thue specific’ too-

tivilv was 2.54 X 10� clpnm0.038 A2� . It is knmowmm

(21) t intot 1 .-l�o unmit of vattinmia vinionms toni-touts

:3.3 )Lg of I)NA. Ilennee, tins sample conntainnecl

0.1)38 X 3.3 = 0.125 �g of I)NA. The speoiflc toe-

ivi tV of the I )N’A, ctmlcnnlat-eol fronts count hung time

virnmmns. was (2.54 X 10�), 0.125 = 2.01 X 10” dpnss /hg

ml I ON.�. The nest mof the mttlcnnlatioun is nos above.

lu’oonm tint’ olata I)n’esc’unteol iut Table 1 . (ni) “Time

anmoouunt- 0)1 1)XA d’I�’slP derived froum time

TdFI tnololeol too time ummeoliumnm is very small,

ninmounuttiung too n’t’placemeumts oul 0.08 #{176} -M.(’u %,

depeumdiung toni tine couuno!itiouums. Time neasomn for
timis summnoll lmtilizati(oun will be reported else-

wimerc’ . � (b) Time perceumtage u’epln-icemenmts cal-

cimlated lm’ounm time detennmimmatioums mnido’ Oii

time pitnified viniooums tore un goood agreenment

mvitin timose fouumd by dino’ct tissay of time DNA

isolated from tint’ pitnified vunuomms. (c) Time
inmcorpoornotiouim ouf :nH_”fdlI aumd ‘4C-F3TdR

iumto time m’niccimmia DNA wtns nilwavs coimsider-

ably imighmer timaim that immcorl)orated imntoi time
celluulau’ T)NA, whmichu is to be expected from

time fact timnit viral replicatioum is carried out

in resting cells aumd timat timo’ virnil iimlectioun

tends to) shut off ino)st cell DNA syntimesis

(25). (ol) Time m’eplacenmeimt ouf virnil DNA

dTMP by F3TdH ‘vnns imigher than time

anmouimt of TdlI iumcou’poonntted uumder com-

parable cootmditions , eveum tim(ullgll immfective

virus pm’oditctioun (plnoo�une-forming uimmits) was

inimibited. (e) As expected, time addition of

FUdR st-inmulatecl timo’ inmcorporation of TdR

into) time viral DNA, but time percermtage re-

placenmeunt was still veu’y low. (I) The itmeor-

ponatioumm ()i TOll! nnmmd F3TolI� into the viral
DNA was greater whemm time precursors were

added 2 imr alter immlectiotn ratiner thaim im-

mediately alten’ infectiomm, �)robtnbly as a re-

suit of time rapid degi’adni-tioum of time mnucleo-

side precursors before DNA svumthesis was

initiated (wimicim occurs after 2 hr). (g) Time

extent of F3’FclR replacentemmt ium time vac-

cimmia viral DNA was considerably smaller

thmniun timat i’eported loin BlidiR- (9) auto! lUdil

(10), ntlthougim I’3Td1� is more effective

againmst vaccintia virus in our system timtnum

are BUI1I tmunol IUdR� (8).
Infectivity of m’ii’ions contain iimg F:nTdJ? iii

t-heii’ 1)NA . Tine iumlectivity of vaccimmia virus

replicated in media countaining � ammd

F3TdR caum be expm’essed a-s plaque-lornmiumg

uumits Ier �126O uttmit 0)1 time vinioums purified by

sucrose gnadieumt ceumtrilugtit.iomm . Time results

of nimme sucim expeninmemmts nir(’ showun iui
Table 2. lum every case, time viniomms coumtaiumiung
F3TdII inn timeim’ I)NA were less thaim 6 �‘ as

imnlect-ive as time couuntm’ols. However, siumce inn
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32 TdR

40 F3TdIt,
40 F3TdR,
40 F3Tdlt,
40 F3Td!l(,
99 Tdlt

100 F3TdIt
182 TdR

183 F3TdIt

peak I’
peak I rermnnu

peak II’

peak II rerunn

Replace-
ment PFU�ml

1.4 X 108

1.1 X 10�
9.0 X 106

1.2 X 106

5.0 X 10�
5.0 X 108

1.4 7.9 X 10�
1.2 X 108

9.8 6.1 X 10�

1.8 X 10#{176}

5.5 X 10� 3.1
7.2 X io� 4.0

4.0 X 106 0.22

2.2 X 106 0.12

1.54 X 10#{176}

8.37 X 10 5.4

2.4 X 10#{176}

2.0 X 106 0.83

#{176}These refer t(i the peaks of Fig. 3.

time punificatioum of tine viniomms time.re is ito o!if-

ference in sedimentation between time umormal

viriomms and timose commtaiuming time amnalogue,

time low immfectivity ut time F3TdR expenimemmts
could be accouumted for entirely by time iumpunt

virus. Titus, to a first approximnitioun, we caim
say that vacciumia virioims contaiimimmg even as

little as 1.4%- replacement of DNA tinymi-

dine by F3TdR are imot imnlective. Peak II
(Fig. 3) from expenimemmt 40 was aisoo essemm-
tially mmonitmlective, but timere is mmoo umonmal

counterpart to compare ut withm.
Sucrose gradient sedimentation- of DNA of

purified vaccinia vii’ions. Wimeim time I)XA iso-
lated from purified vacciumia vunuons tlnat imad
replicated in time preseunce of 3H-TdR or

‘4C-F3TdR m�’as ceumtnifuged un a suncrose

gradient, time results simowim iii Fig. 5 were

obtained. It can be seemm timat time sizes of time

two DNA samples were quite differenmt. We

have taken time data of Sarov aumd Becker
(21), and ott the basis of timeir standard
pimage T2 DNA having a sedimeumtation co-
efficient (if 65 (26) , imave calculated timat thneir

S-value of vaccinia DNA would be 68. Our

data iii Fig. 5A are calcuniated by time nmetimod

of i\IcGratim ammd Williams (22) toi give a
value of 73 S. Timese values tire commsidered

toi be in good agreemenmt, ammd so ive imave
takemm time value of 70 S as time stammdand for
imormal vaccinia DNA. In Fig. 5A-C, time

S-values were calculated by time methods of
both McGratim aimd Williams (22) ammd Bunrgi
and Hersimey (27), aimd they always ntgreeol to

mvitinirm 10 %. Winereas tine nnournnal vaccinnia

Fmo�. 5. t5edinnleootoitio)n ioo oi ,5-2O�( snncroso’ (Jr(mrli-

ent of DV.i isolated fronn purified u’irionns

Tine virus was replicated inn the Presenu’e of

10-6 mm 3I-1-TdR oir 106 M m4C-F3TdIt. The I )NAs
were conmbinned nonncl cenmtnhfuged! mu the 5%0,� 31)

rotor of a Spinco nmc)d!el L ultnntcennunifomgo’ finn 4 Imr

at 25,0()0 rpm at 10#{176}.A. Seo!hnmmenmt at ion inn nnemnt ral

sucrose of 1)NA from vaccinnia vinionus. 13. ile-

sedimentation of the 70 S annd 52 S peaks fronmm A

inn mmciii ral sucrose. C. Alkali nue sucrose seo!immmennt :o -

tioni 0)1 time l)NA fronm vtoccinuiavhrionns.
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1)XA Iuaol am S-vntiue oil 70, coini’esponding to

no flmo)leCumlntn’ weight 0)1 nibcoumt 150 X 106 (21),

tine vii’iouuns conntaimminng F’:0’fdIt mm timeim’ DN��

so’oliummennteo! ivitim vntiuies oil 52 nmmmd39 S. Oun

i’eseo!inmmemntatiooun oil tine 70 ti-nd 52 S peniks

( Fig. SB), essenntiallv time same S-values were

(obtnoimued. The 1)NA with an S-value of 52

coun’n’espo)undls too a mo)lt’cular weigimt 0)1

87 X 10i4, 0)1’ ntbouut ourme-imnull timat of mmourrnal

vaco’inoia 1)NA (21) . Oun nt!knthinne sucroose scot-
inmmenmtat-iouum (i’ig. 5C) , nos expected, time seo!i-

nmeumtatioouu of tite tw�o DNA samples was

sloiwem’. Timem’eloire, tine 1)NA oil the vim’iooums

coount-tuumiung tine aumtt!(ugue is smaller iii size

timaut nmon’nmmal,mvimichn mnuy be onme factom’ in

ex�)laiumiumg t-htt’ lack (if iumlectivitv 0)1 these

\‘im’io)fnS.

(‘csiunn. (hloI’i(le (leilsiti] qmaolient ceii(iifit-

qation. Time I)NA samples obtaiumed from time

same expem’imeuits (Nos. 1$2 and 183) de-
scribed loom’ tine sucrose sedimentnttiouns were

co)mbimmeol, auto! I)ro’parative cesium chloride
ceumtn’ilimgation was cnnrried out as sinowun mm

Fig. 6. Time DNA cdunmtaimniung time F3TdR imad

a sligimtly imighner bunoiyaumt deumsity thman did

tine umonnmmal vntccimminl I)XA, wimicim �,‘#{231}ti�cal-

Fn mm. 6. Cc’s momnon n/i bride gradmeom-t n’entrifnUjat ion

of naen’nonia- nra! D.V.t
Tine nmmixo’ol DNA stonmples frmmm Fig. 5 were also

‘subjo’ctec! tom (‘sCl o’cimmilibrimnrn grtodiennt cenntrhfuga-

tinmmn tot 33,000 rpm for 68 hr tot- 25#{176}hun tine SW :39

rotor. The oleunsities were cleternmminned by pvonnonm-

o’t rv.

HOURS Pt

FnG. 7. Study of the mmnocoating a-no! rec(mating of

vaccinia minus

Ponnifleol virionnns that had beeno lttbelem! with

G � 3H-TdR were used to immfect HeLa cells. At vanicmnnsxcm tiummes thereafter the unnnnmber of plaqone-fornming

uunits per nmilliliter (A) � nmeasonred hum cells

treated witim 10”6 mm Tdll amid 106 m� F3TdIt. The

same cytoplasnmic homogemnates were inmeinbated

with I)Nase (100 �ig/nmml) amid 0.01 M Mg�’�’ for 60

- mini tot 37#{176}(23). They were thent precipitated with
(_-_ . . .

2 cold 5�, � tnmchloracetmc acnd ansd filtered. This
� l)Nase-stable radioactivity was compareol with

that of aliqmnots that were niot treated with DNase.

The results are expressed as percemotage of DNase-
resmstanmt clisinntegrat ionns per nmmiimute (B) . P1,

I)OSt inmfect iminu.

culated (2$) as 1 1 . 1 #{176}�- neplacemetmt, immgood
agreememmt witim time value of 9.8 % replace-

0 meunt obtaimmed by measurement of time radio-

nuctivitv (Table 1).

Effect of F3TdR on uncoatinq and i’ecoating

of u’accinia virus. Pum’ifled vaccinia vinions
that imad beeum inibeled witim 3H-TdR were

used to irmfect cells itt time presence of 10’� mm
TdR or 10� mn F’3TdR. As simowrn in Fig. 7A,

there was exteumsive vin’ums production with
TdIt iun time nmediummm, but essemmtiall’’ com-
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Fna. 8. ‘l’hin .‘Oe(tiOfl.S prepan’ed foomnon JJo’I,a ((‘lbs 24 /nr cf/en infection ui/h 1’(oeniflia virus iom the presence

of 10’#{176}.mr TdR (A) or 1O�#{176}mi I”3TilR (B)
Time cells were fixec! with 1’ glonmanaldehvole, pmostflxet! wit im osnmmiunnn tetroxide, delnycirated with

ethantol from 25� tom ahsolumte, tond enmbedded jut Eponn Artolclhte. The thinu scot imnuns were cunt Omit no Pmnnter-

Blunm oil ranmhcnotonme, st nninmed with lead citrate, anmd exnomjnueol nun a 11 it at’hmi I IIj-1 1 B elect rmnun nmhorm mscmope

at a final nmmagnificationn of 60,000. We are greatly indebted t-mmMr. Gemmrge Prholnmnmire tonnd Prmmlessmmn homes

Perdue of this laboratory for taking these electron micrographs.
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iiltt iumimibit-ioiuo o)f �)laojuo’-loornmiung innnits am
tint F:mIolI(- gl’oup. Jun time sante expeu’imenmt,

tine cvtooplasniic soimmic extm’acts were sub-

,jo-otccl t(O tm’eatn’ment wit-h (23) tiimd without

1) N:ost , and time percentage oil 1)Na-se-resist-

aunt , t micimloracetic acid-precipitateol DNA

‘ivtts counumted. It cnium be st’emm ironm Fig. 7B

thnnot time l)n’eseumce ol 1’:nTdR un time nmmedium

011(1 nuot affect the unoon’ummal proicess oil uimcoat-

lung of the imnlect-iung vinioiums (0-4 inn). bow-

t’\en’, time recoatinmg of time viral T)NA otmiy

000’otnu’rt(! too no 50 � exteunt iii tine F3TdR

gi’ooiip.

.iIn)rJ)/uOlO(J/J Of 1u(fl100i (1-11(1 F37(1J?-contain -

?/u/ ni/ions. Eiectroouo nmmicn’d)gm’a�)ims oil immlecto’d

cells (oomnt-aiumiumg nmoou’ummal vntccimmia viu’uis ammo!

timoist loouund am iunlo-cteol cells t-rentted with

1�1oIli nine shmo)wum iut Fig. SA amnd B, ro’spec-

tivt’ly . Time mmon’nmal cells countaiun mature

vin’nonns mvitlm an oobloung simape 0.25 X 0. 13 u

auto! cotmsidem’able iuntei’nmal stn’ucture . Tine

tu’tnittd cells coiumtaiim pnni’t-iclt’s oil coommsiolerably

differtumt morpimology, comnsistiumg of circular

(0.29-,.�) bodies with i’at-inc’r thick walls ammd
1it t it iimt em’nnal st-u’uct-um’e . These n’esemble very

clooselv time particles descnibeol by Easto’r-

bm’ook tumid I)ntvenun (9) tinat wem’e seeui in vac-

cimnito-iumfecteol co’lls tintit Imad beeun treated

ivithu BiTolil, tout ninnaloogune timnit is alsoi inmcor-

I)montttt’o! imtto) vin’al �)NA.. Aum oiccasiooinal par-
ticlo’ sinmmilam’ too timoose simowum mm F’ig. SB mvas

so’o’uu iuu tint� umom’nmmall’v inmfo’ctt’ol cells, aumd a few

unounmmtoi vim’ioums coonniol bt’ fooimumd immtime l’:nTd1�-

ti’t’ntteo! coils. It is unoot unoow kumowmm whmetimer

time iitom’ticles seeum itt time 1’3TdH-tu’enited cells
repl’esemtt ann immcoonmmplo-tt’ io)rn’n oil vinioium t-imat

is m010 t Ime unoin’nmmai m’oounte to conmpletioonn . 1-�’umm’-

timer studies nutty ciai’ily t-lmis poimnt.

uolscusstOx

S-Tnifltnoonoonmmethn�l -2’-o!c-oixyumnidinne comm a

nmmolton’ basis is tine ummoost active coummpo)und

kunowun :ognoiumst DNA vim’uses (6), auno! coumse-

quemntlv its ummoole oil ao’t.ioum is oil iimtem’est. In

a pn’ehinmmiumnu’y stuoly fn’oonmmtinis lniboirnntoory (8)

it \Vt05 u’tpoom’teo! tintit F:nTolli immimibitiooum counld

unot- be rescued by timymiolinme alter 1 day,

auto! it wnos sunggesteol that- tlmis in’revem’sibility

ummiglmt- bt’ a. coonmseoiueuuce oil time iumcorporation

of time tonnilogue iunto) viral DNA, neumdening

it somehow ineffective. Jun time prest’umt work

it has beeuu demmmoinust-natt’o! that- F’:nTolR is imm-

corpoim’at-ed iumto) time 1)NA oil purified vac-
cimmia viniomms, but to a ummucim lesser extetmt

timaum has been louimd for BUdR (9) amid

IUdR (10, 11). Nevertlmeless, vinions coim-

taimmiumg as little as 1.4 % replacenmeimt oil

DNA thynmidiime by F3TdR were mmotmiimlec-

tive.

Suci’cise deimsity gradient sedimeimtatioim of

time DNA isolated from umo-rmal aimd F3TdR-

commtainimmg virio)mms imas demoumstrated thnat

time latter DNA is snialler iii size tinaim imoon-

nmai. Timis observatiomn is ium agreemeunt witim

our finding timat ut syimcimrommized L5178’Y

cells time assembly of sniall uumits of DNA iimto

larger nnolecunles is imnimibited wimemm time symm-

timesis occunrs with iumconporatiooum of 1�TdR

(3) . \Vlmetimem’ timis iumlmibitionm represemmts cimaimm

tei’nmimmatiomm by time atmalogue oin some otimer
mecimatmism remainn� to be detem’mimmed.

Time selective cimemmmo)thno’m’apeutic effect of

I”3TdR agaiimst time virus nis com’npttnecl mvitin

the imost cells nmav bo’ o’xplniiumed by tine fntct
timat it is incorporated toi a coumsiderably

greater extemnt inmto vin’al tlmaun iumto cellunlnir

DNA uimder counditioums of inlectiotm.

It seems clean’ at timis poiiunt timnit time iumcor-

pc)l’ati(omm of l’nTdH iumto vaccimmini viral DNA

is m’esl)ciunsible loin tine aimtivinal activity oil
tine oh’umg. Timen’e appo’ar to be nit least three

mmmt’cimaumisnmms whereby tlmis immconporation into

DNA could pm’eveumt viral infectivity aimd

replicatiooin : (a) timo’ imnco)npo)ratio)n of time anti-

iogume prevents the u’eplicnitiomm oil viral DNA,

aumd time smmmnillem’ size of time vinioum DNA sag-

gests that tlmis ummay bo’ so ; (b) tine immcorpona-

tiooum oil the aumalogue causes tine ioirnmatiomm of

launlt-v ettnlv nmessenmgeu’s ; on (c) time incorpora-

tio)ut oil time ammniloogume causes tlmo’ lonmatioim 0)f

faulty late nmmesst’nmgers ammd, hence, faulty

structural pnoiteiums, wimiclm might account for

ti no- tilteu’ed nmmorpinology noumd immcomplete m’e-

conttiumg o)f time aumahogue -con ntaiumiimg vinioims.

Woom’k is mm proogm’ess inn this laboratory de-

sigumed tom olistiunguisin an’noiutg these possible

rnecimninmisnms oil aumtivin’nnl activity of F3TdR-.
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