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SUMMARY

The mcchanisnm of time mmnmt-iviral activity of 5-t-nifluoromethyl-2’-oleoxyunidinme (FToI1�)

Imas been-i studied in-i vaccinia virus-infected HcLa- cells. Wiuen normal virions mire used to

infect the cells’ in the presence of f-i-ic analogue, sucrose gradient sedimentation immis simown

that the early messenger RNA is nmormal mmmd mussociates normally witim j)olyribosonues.

However, any late mRNA that may be produced under those conditions immus abnorrnmul

sedimenmtation properties and does not associate normally wit-h PolYribosomes. Wimeni f-i-ic

cells are infected with purified virions containiimg FTdR in their DNA, they adsorb to the

cells an-id are uncoated n-iormally. However, early mRNA is not transcribed imornumilly.

Studies of viral I)rotein syn-ithesis ivif-im polyacrylamide gel elect-rophoresis in time presence

of sodium dodecyl sulfate suggest timat mmmajor virus-im-iduced prof-cit-i is m-iot synthesized in
f-he presence of FTdR, afl(l t-lmat- mnnot-lmer protein is formed immstemid.

I NTROI)UCTION

5-Trifluoromefimvl-2’ -deoxvunidime , nmhicim

nm-as first synt-imesized in this laboratory (1),

is inmcorporated in-ito time DNA of bacfenio-
pimage T4 (2) and in-ito f-he DNA of HeLmu anmd

leukemia LS17SY cells in-i culture (3). More-

over, it S imucleof ide , 5-f nifiuoronuetimyl-2’ -

deoxyuridvlate, irreversibly inhibits flmvmi-

dylmute synthetase (4). 1�aTolR- currenmfly
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simoivs nuctivity iii clinuicmml trials in-i mudvanmced

cancer pafienits. Kmiufnuan ammo! Heidelberger

(5, 6) have simomm-mm timaf- on mm rmmola-r basis

1’�0TdR is time nmosf active cimemotimermupeutic
conupounmd knonmnm migaimist hmerpes sinumplex

kermufitis inn rmmbbit eves mull! hints utility mmsuch
inmfectioims in-i maim. In this laboratory, time

effect-s of FTIR amid other pynimuuidine nun-

cleosi(le ammmilogue huave beet-i studieol on

vanio)us cells in culture (7) and on time rej)hca-

tionu of vmiccinimi virus mm HeLa cells- (5). It

was founmd timat- J/31d1t inmimibit-ed viral repli-

cmifionm at time lowest coucentrafioni of tummy of

time mummulogues tested, amid that its imuhmibitiomm

was 1)revenmteol b� sinuunltammeomns mu!ditionm Of

I hivnmui(line. However, wimen timynmmidimme wmis

muolded 1 (lIly after flue time of in-ifoction,

virus prooluctionm mm-mis not rescued. It wa-s

sUggeste(l f-hmat this irreversibility immighit be mu

comisequence of time incorporatiomm of time :ummmi-

logue it-ito vita-I 1)NA (5). \Ve thuemu denion-

653



I

I

I

654 OKI ANt) HEtI)ELBERGER

stnmuted thuat l’3TdR is incorporated into the

DNA of l)ttt�ifie(I vaccimmia vinionis (9), but- to

mm-muimcim lesser extenmt- thmmmnmhad been founmd for

3-bronuo- mi-mud5-iodo-2’-deoxyunidine (10-12).
N (V(I�t hueless, vinionis cont fining mis lift he mus

2--S � replmieemetmt of DNA thvnumidinme by
F �i’d 11t were comnl)let clv tmonmimifect ive . Sn-

crose denmsitv gradient cenmtnifimgation of the

DNA isOlFLte(! from L5175Y cells (3) an-id

l)tt1�i Ii ed vacci niimu viniomms (9) revealed tlmat-
tine nuolecules of l)NA conitmtinminmg F3TdR are
smnmmtlher fhmanm nornuil; thus suggests timaf time

process of assenubly of time DNA nuolecules
is slomver an(1 loss commuplete as mi result of
atmmih(Iglne inmcorporatnonm.

Tine presetmt Ilmullen reports stumolies on time

frammscniptiomm O)f emurly anl(1 lmute messenuger

HN�A mi vmiccimmimi virus-immfected HeLa cells

mu time Pn�esemuce mint! mubseimce of FTdli. Time

nm-itt hmodology 115(0! Iii this im-ork mmas de-

velope(l by ()ola arid ,Joklik (13), mmhmo estab-

hi.shied �Imecisely by sucrose graolieimt cenmtnif-

ugmut lou t h-ic chia-rmictenistics mumid 1)mo)lIem’ties of

ym�(�()flflm� i-muHXAs imu HeLmi cells.

‘oIATEIAtALS .-�Nt) NIETHOIIS

(-‘(‘Il (U-llUIC afl(l i’iius. HeLa 53 cells mm-crc
nmmmuimmt munmed conit i nuno)lnslv im expomuenit-ial

grommthm inn J’migle’s sushletisiomi n-ieoliunu supple-

mmmetmted mvitii 10 � ; calf sentmnm, 0.1 #{182}�Plurommic

FGs poloXal(nic polymner, mmmd antibiotics.

Shu(ICk �ttspen-isioi-is (If \‘mccinmiml vitius, strain

\VR, mmere i)rePmmred amid purified in sucrose

density gradients mis llreviouSlY described

(S, 9) . �T�i-it vin�iis titer mmmus det-ernninmed by

1)lmi(llt( missay ot-i HeLa cell noimolmuyers wit-h
mmstanch ovenlmtv (5).

i1o(Ie (.o�f infection. Cells, grolimim to muoienisity

of :3�4 x l05/nml, umere harvested mmmd coin-
cen-itrmmte(l to) �) X 1f�t mmmlimi Emigle’s sutsiJeti-

SU)t� nme(liltnmm c(Initauuimmg 1 � � calf serumu, 0.1 #{182}

Pluronmic 1”6S, ammtibiotics, amuol 10 m� )oIgCl2

(adsorptioiu nme(Iiunm). lime cells mmere fhmem

ineimbmoted mmitim mini inuoculunmm of 50 lIla(lue-

forming imnmits/cehl for 30 nuinm. Inn time ca-se of

iuighuly jIttniiid(l, 1�’:ol1o!I�-e0Itmtmtimiitug vii�ioms,

5()O J)am’tio’les, cell imtre used.

��Item thus peri(I(!, time ummmiolsorbe(l vinions

w-et.e mmmishmeol off, ammo! tine cells mmere resus-

penm(le(l mm gtoimt Ii lmme(lnun (I�mtgle’s sinspcnm-

m-ioni nmediunm comutmtimmimig 5 #{182}-�calf senitmmm, 0.1 %

l�luronmic I-’6’�--�, anal anut ibiotics) mit mm-coiueenu-

trafionm of 5 X 105/nml mum-id inmcubmuted for
20-24 hr.

Puise-labelinq omit/i H-uri(line. Uridinme-3-

H (Schw-artz/Mmunnm, 27.2 Ci/mmole) ivas

added for 30 nuin to the cells (30 �Ci/107

cells) at 30 nuin or 4.5 hr after imufectiomu. The

inicorporat-ion \mmts stoppeol by pouninmg the

labeled cells onto crusimed, frozen-i i)imospimate-
buffered 0.9 % NmmCl.

Preparation of cyloJ)lasnn iC extracts. Time
ima-rvesfed cells were washed twice with cold

phiospimate-buffered 0.9 #{182}�NaCl mit-id ahloimed
to) simell for 15 mm in-i muimvpotommic solution

[10 nu�i Tris (pim 5.0), 10 n� KCI, mit-id 5 m�

MgCl2]. Time cells were luomogemuized imm a

1)ounmce glass homogenizer ammd \mere cx-

amined microscopically to det ernuine the
preset-ice of unmbroken cells. Time cyfoplasmic

fraction mmmts separated fronu mmuclei by cen-
tnifuga-tion for s minm at 800 X �i.

.1 �ialysis of cytoplasni ic RNA . Polyribo-

sonies, nibosomes, and their subummits mmere

analyzed by centnifugafion of the cyto-

plmusnuic exfrmuct in-i 15-30 � (mv/nm-) sucrose
denmsify gradiemmfs in muSpinco SW 25.1 rotor

at 25,000 rpnm for 2 hr in a Spinuco nuodel L

ulf-racemif nifuge . r1�ime ra-pidly labeled cyf o-

piasnuic RXA (nuHXA) species was sedi-

menuted by making f-hue cytoplasm 1 #{182}�imifim

respect to sodiunm dodecyl sulfate, followed

by centnifugation in 15-30 % (Nv//nv) sucrose

gradients that- contained 0.5 % SI)S, 5 nn�i
Tris (pH 7.3), aimd 0.1 �n NaCl for 15 lmr at-
23,000 rpm mm an-i SW 25.1 rotor. All grmtdients

mmere collecteol fronm time bottonm of tubes in

90- or 45-drop frmuetionus, and time mubsorbmunmce
mmmus nueasured Uuf 260 nuj.z. After mm-o!difionu of

carrier RNA amid protein-i, tue numutenial pre-

cipitmuble ivitim 10 � tnichioracetic acid was

centnifinged and (lissolved mi 0.5 n-il of formic

micid, and the radiomucfivitv mm-misdeternuimmed in

a Packard Tri-Carb liqinid scirmtihlmutiomm spec-

trometer in Scimifisol (Isolab, Imuc.). The

seolinment mutionm coefficienmt s imere cmulculated

as �)reviously describeol (9).

Preparation of 1adwa(lue , /0 U/JO 1/] /) U1lfie(i

vil.ions. H-mudiomuctive, imighly I)unnifieol vinions

mere I)repmtre(l fronu somuica-feol cyto)j)lasmic

fracfions of cells as PrevioUsly descnibeol (9).

Vin�its 1)roducti()nu I)t�oceeded for 24 hn in-i f-he

presemmee of 0.5 j.z\I 2-’4C-1’3Tdli (7.7 nuCi/

nmnmoie), 0.02 �1Ci-nml of TdH-2-m4C (59 nmmCi/
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mmole; Amershanm-Searle), or 0.03 �zCi/m1
of rFd1�2t4(, 0.01 mM anici 1 j.iM nmonlabeled

I’TdR.

After cemmtnifugafioim of time crttole virus

suspension t-imroughm 35 #{176}�- sucrose, the virus

was bamuded twice iii 23-45 � sucrose density

gradients an-id centrifuged at 15,000 rpmu for
45 mum in-i a Spin-ico SW 39L rotor. Time

amounmf of virus wmus estimated by measure-

mcmmt of the absorptiomi at 260 m�m, based on

an absorbance of 1.00 = 1.2 X lO�#{176}virus
particles = 64 � of viral protein-i = 3.3 �g of

viral DNA (14).
Lncoal jim11 of In i�j/ily /) unified, labeled t-’n’us.

Followinmg adsorpfionu, 30-mi samples were

taken for anmalysis at various times. After
centrifugation of emucim sanuple at 500 X � for

5 mum, time cell pellet was suspended in-i 2 ml

of imypoton-iic solutiomi mumd sonmicated inn an
MSE disimut-egrator for 60 sec mit 1 .5 nuamp

aimd 123 V. rfo 0.5-mi samples nmere re-
moved. To on-ic sample, triclilormicefic acid

was added to a finmmulconcentration of 10%,

while the other sample was incubmuted for 60

mm at- 37#{176}with 100 �.ig/�ml of DNmuse (Worth-
ington). Tnicimlormucetic acid was tiuen added,

and flue tot nil acid-insoluble, cell-associated
radioactivity nm-as olefernmined. Time re-

mainder of the sormic extrmuct nm-as used for

defermiimafion of �)lm1que-fornuinmg unmit s.

A mino acid incor/)oration . Port-ions of in-
fected (input multiplicity, 425 P1�U/ceil) or

uninmfected cells nm-crc resuspended in-i time
virus gromvthm medium mu time preseimce of TdR
or 1�3TdR (1 /.LM). Tnitiafed leucine (10 Ci/

mmole, Amersiuam-Seanle) was added for 30

mm to f-i-ic cells (40 �Ci/4 X 10� cells) at 90
min or 6 imr after inmfection. Time inmcorporation
-�s�a.s ternuitmmufe(l by ponmnimmg time cell suspenm-

sion int-o 2 volunmes of frozen-i PimosPhma-f e-
buffered 0.9 C/� NmuCI. Time cells were collected
by cenfnifugatiomm, im-ashed tim-ice, mmmd resins-

penuded inn 2 ml of mi imypototmic solution for 15

min. Thmen time cells were imomogenizeol with a

Dounce homogenizer ammo! cent rifuged at

800 X �i for 5 mimm to remove tmuclei. Particu-

late mmitenimil was centrifuged mit 100,000 X g

for 2 un, and time superm-iatanf- frnuctionm im-as
dialyzed agnuin-ist 0.01 31 sodium l)imosPlmmtfe

(pH 7.2) for 48 imr a-nit! nuade 10 % in-i glycerol.

Time i)rofem concenmtrmution of time 1)ost-
ribosomal supermiatammt fluids im-musdeternmilme(l

by time met hod of Lowry et a!. (13).

Polyaeiylam -ide qel eleetropliotesis in- the

/)1CSeUCC of SOdiLifli (lo(leCyi sulfate. Time
nuetimod nmas l)erformed eisenutimill�- as de-

scnibed by Sununuers et a!. (16). Tue super-
nafant fraction was imictnbmited iii 2 #{182}�SDS,

1 #{182}:�;�mercaijtoethmatiol, mmmd 0.01 �m sodium

i)imosl)iiat-e, pH 7.2, for 1 imr at- 37#{176}.Poly-

aerylamide gels (7.5 �X , 10 X 0.6 cn-iu) were
jrepared containimmg 0.1% SDS, 0.5%
_v , �LV , �LV’ , N’ - teframet hylefimylemmedinuminme,

0.1 % ammonium persulfate, and 0.1 31

soolium phosphate, pH 7.2. Betnm-eenu 75 and

100 ,�l (50 �.ig of protein) of f-he snumple were

applied to each gel.

Elecfropi-ioresis nm-as carried out mit 10
numump/gel for 3.5 imr mit room temperature.

After electropimoresis, f-lie gels were fixed in

20 % sulfosmilicvhic acid overimight , followed

by staining witim 0.25 % (1oomassie blue for

S hun; timenm the gels were olestained with 7.5%

acetic acid for 48 imr. Time gels nm-crc scan-inmed

at n-in-ioptical density of 550 nu�m mu a Gilford

model 2400 spectropimotonueten. Gel slices,

2 mm timick, nm-crc placed into inolividunal

scintillation-i via-is a-nd solubilized wifim 0.5 n-il
of 30 % hydrogen peroxide at- 55#{176}ovenmighut.

Time radiomtctivitv mm’as nuea.sured in-i 10 ml of
Scimutisol nmifhm a Pmucknunol Tni-Cmirb liquid
scm-if ii hat ion specf nonuef en.

RESULTS

Time effects of FTdR oti time svmthmesis amid

fate of vaccinmia vinits-specific nmmlIXA mm-crc
stu(lied un(ler fNm(I differenmt co)nmdit icons. Early

mun�! late nuRNA svnmtimesimm mmmusdefernminmed inn
time presenice (If I�UdR mmmd l”TdR im-itim

normal itij)1tf vaccinmimi vinionus. Tine tran-

scniptiomi of emunlv nuliNA from tine FTdR-

confaininmg inmpuf virmu-i genmome in fine absenmee

of m-ud(!eol I’3TdR nvmts also Stit(lied.
1mmmucell infecteol im-itim vmuccinmimu virus, time

genomes of time imost cell ammo! time viniomms bolt in

code for amid conmtrol time s�-tmthnesis of I)NA,
IRNA, anmd proteiim (17). Host cell HNA, cx-

cept for 4 S tHNA, is not releaseol imnto time

cytoplasm during a 30-numimi Pmmlse of H-

uridine (is, 19), as shiommn for imnuinfected cells
in l’ig. 1. Timis provides time basis for tint

sfuolv of vaccinimu virmul nmHXA, mmimicin is syn-

thesized inn time cvtophmisnm. TdH (I �Nn),

FL(!R (10 �.iM), 0t 131(111 (1 ,�mm) nmas midde(l
at time beginmnmimmg of tine absorpi iomi penio(l mmmm(!

mmnuspresent c(Inutilmuously (Inning vinims nnmmlti-
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Fm;. 1 . S’edinoentation (listributiopo of noILVA in

cytoplasiio 0/ no�o infected cell.�

HeLa cells (2.5 X 10�) mmsnmspensiono mu 50 mimI of

growl ii mmm((liOOmn were inmcuml)mmted Ion 30 nnino with

25 �Ci oof 1H-unnidimue. Tue cells were rapidly
cinilled . �vaslmed , anud iuoniogenized mm hypotomiic

S()l nit i omu- �rlme (.y I 01)1 astuui ( fnmict io)fl , obt ai imed

after (clot nifungationu at 8(X) X g for 5 nmin, was made

1’ � in-i SI )S anod cemut nifunged iii a 25-mi linear

gradient oof 15-30� �- sw-rose in-i S1)S 1)uffer for 18

tin at 15#{176}monod 23(1(10 rpni iii I ime SW 25.1 rotor of a

Sllimoco muodel L nit nmmcenutrifuge. The I ubes were
ptnnct mired i hrough t he bot-t ommm, 90-droj) fnactiomus
were collected, ami(l t lie optical (lemusity at 260 �

amid r:ido omo(l ivi I v i no eacim t umi)e were (let enmiuned.

0 ---�-O . mubsonbanuce mit 26() nu,.� ; #{149}- � , �I1 radio-
activity (commits ��en miuinuuite).

I)licmttiomi. 1-’UdH utnuder fiuese commditionis con-
pletel� blocks time replicnition of vaccinia
vital DNA, so that- mRNA synmtimesis is

directeol onmly by time ptunental input- viral

1)NA (20) . 1urthernmo)re, 1 /.LM 1�T(1H- com-

lIletel� inhibits time rel)licationm of nmormal
virionus (8).

rj,� sedimumenmtafion distribution of cyto-

lllmusnuic HXA labeled by mi 30-mimi punlse of
H-uniolimme addeol 30 mm after immfection is

shioimn il-i Fig. 2 ; this is the tinue wluenm early

mHNA iviitimesis is nua-xinual (13). The ultra-

violet nubsorpt-iomm scan revealed three peaks:

4 S tHNA, and 16 S an-iol 25 S ribosonual

R NAs (the actual sedinuentationu coefficients
obtmiinmed jim f-I-ic iimdividuai detennuiimmi-t-ioims are

showmm in time figinne). The relative anuounmts of
fimese RNAs oliol not vary unmden tine different-

conmdifio)lms insed. Duriimg f-his 30-60 ni-mit-i

penioo! aft en inmfecf ion-i , tine se(Iinuenmtaf-ionl co-
efficient of tine viral mRNA nm-as approxi-
nmafelv 12 S, in good agreement- im-itim time

results of ,Jokhik anid co-workers (13, 15).

This early mR-NA. synthesis was not affected
by FTJdR or 1�’1TolH, as expecteol, since eu-ny
nuRN�\. is trammscribeol fronim time input viral

genmonue. Time late nuRNA, trmunscnibed from
time progenmy viral DNA 4.3-3 Imr after in-ifec-

tion, imad a seolimenmtafionm coefficient- greater

timanu flmat of the emunlv null-NA (13, 18), as

shonmn mi 1”ig. 3. By coimtrast to time sit uation
w-ith eanl�- mHNA, 1”TJdR anmd FTdR

blocked time synmtime�ids of viral 17 S late

nRNA (Fig. 3). Time lack of late mRNA
syimfhmesis in time preset-ice of FUdR was

expected, since the svimthmesis of progeny
DNA nmas preveimfed. 0mm tIme of-her lmanid, in

time preset-ice of FTdR, viral DNA wmis syn-

thesized but ummus snualler it size thai-i nmornual

vaccinia DNA (9) ; yet nmo late mRNA sedi-

nuenmtinig at 17 S could be defected.

Fion . 2 . Scum entat ion (listriboltion (of early

noR.VA synthesized in cytopla.Rolo- of infected cells

in the presence of Till?, I’�(dI?, or F7’dI?

HeLa cells in suspenusiomu at- a level of 5 X 106/ml
were imifected with puunified vaccirmia viriomis (50
PFU/cell) for 30 miii mit :37#{176}in time presence of

TdR (1 �oit), FUdR (10 ,�mn), or FTdR (1 Mit).

The cells were washed twice with fresh medium,

resuspemuded in-i growth mmediurn, amid cultured at

370� After 30 nmimu, H-innidine was added and mod-

i)a-tiomo was carried omnt for aim additional 30 nun.

The subsequenut procedure was as described mu

Fig. 1. O-------O, absorbanice at- 260 mM; #{149}- --#{149},

H radioactivity (counmts i)e� nimoute) -
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FIG. 3. Se(linoentation (li.s�triboLtion of late nok.VA

.s-i�nthesized in cytoplasm- of infected cells in the

presence of TdR, FUdR, or F3TdI?

The experimemit was donne exactly as (lescnibed
for Fig. 2, except that the H-unidine was added

4.5 i-in after infectionu. 0� -0 , absorbanoce at

‘260 mM; #{149}-S, 3H radioactivity (counts per

rninuute) -

These expeninuenfs nmere repemited with time

proceolure mind cemmt nifugat ion-i comiolit lotus

miltened to stitch- time nussociationm of the

nu H NA with i)oi�nibosonnes. Time sedinuenif a-
tiO)tl profile fronm unmirmfected cells following mu
:�o-nmii pulse of H-unidine (Fig. 4) reveals

ultraviollet absorption-i at 74 S, conresponiding

to nibosonne monomers, and more rapidly
seoliment-ing region-is of polyribosonues, muomme

of mvhicim containmed radioactivity. Thuis cx-

l)et’imuuetmt con-ifirms time on-ic sim(l\m-m mu 1”ig. 1
anm(! shonms timat duninmg flue 30-mm I)tilse nio

l-iost cell mRNA wmus released inuto time cvto-

p!musm and associated wifim polyribosonmes.
Tine results of a sinmilar pulse mu cells- 30-60
mm mmften infectionm (Fig. 5) clearly shmomv time
asso)ciation of fine early viral mRNA with

i)ol�nibosomes; as expected anmd in agreenuenmt
nmitim time experinnents shoimrm mu I”ig. 2, time

presence of F�TdR did imot- affect this misso-
Cimitioti. 0mm time otimer imnmtmd, in the presence of

botim I’UdR an-id FTdR, there immis nmo asso-

ciatiotm of late viral mRNA witim polynibo-

sonmes (Fig. 6), probably because nmo late
nHXA was available, as indicated in Fig. 3.

Vaccinia vinionms tinat lmad been-i replicated
u-i time presemice (If 1 �NI FTdR amid ‘4C-TdR

� -

FIG. 4. Association of noILVA u’itlo polyribosonoes

in cytoplasno of noninfected HeLa (-ell.�-

The cells were labeled with H-tnnidinme for 30
mini as described iii Fig. 1. The cytoplasmmuic fnac-

tiomu was cenmtnifumged inn a 15-30�� (w/w) sim(rose

gnadiennt it-i 10 nun Tnis (pFI 7.4), 10 mmm� KC1, amid

1.5 nummn�1gCl2 for 2 hr at 5#{176}amid 25,000 rpnm in the

SW 25.1 rotor of a Spinuco Model L unit racenutnifuge.

Time procedure was as described mi Fig. 1. 0-0,

absonbanuce mit 260 nmm/L; #{149}-�-----�, -ij-i; radioactivity

(counts �en nmiiumnte) -

FIG. 5. A.ssm-iatioro of m-iral earli� ,,oR.VA with

pol!/r�bosonoes in (-ytopiasni of Hela cells infected in

tloe presence of Till? or FTdR

The coniditiomos of t he inufect ioni mum-id inicul)atiOIi

were as described in Fig. 2. Time cenotnifugationu wmis

penfornmed as described nuder Fig. 4. 0 --0,
absorbanuce at 260 mM ; S ------#{149} , �1-l radioactivity

(counts pen nminute).



Late

Fraction No.

FIG. 6. Association- of viral late noR.\A oi’ith

polyribo.sonoe.s- in (-ytopla.s-no of HeLa cells infected

in the presence of TdR, FUdR, or FTdR

The conditions of the imufectionu amid inmcubmitioim

were as described iii Fig. 3. The centnifingatiomi

was penformed as described mnnuder Fig. 4. 0-0,

mibsorbance at 260 nm�; #{149}-#{149}, H rmidioact-ivity

(counts len nminiumte).
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[imimicli imene simommnm l)r(�Vi(IUSlY to cottain

1’TdR it-i ti-ic DNA (9)] were isolmuted from

time cytoplasm of infected cells nun-id purified

by founn sucrose gnadieimt cenmtnifugmi-tiomms. As

slmow-n in F’ig. 7, these vinions sedimeimfed as

a sinmgle , 1)Nase-rcsist ant peak, iimdicating

timat t-imey imere coateol. Time sedinuentation

coefficient coincided exactly im-it-li thmut of
mmormal i)Uflfieol virionms. Sinuilanlv , nmormal

vinionis labeled with ‘4C-To!R nm-crc purified,
aim(l time properties (If time two tYPes of viniotis

mire compared mm Tmible 1. The 100-200-fold

inmcrease in-i tIme nmumi�er of particles per

�)laquc-f(IrnT1itmg ummit co)tlfimflS our earlier ob-

servat-ioti f hat purified F 3lolH -con-it aining

vinions are essentially nomminfective as corn-

pmnned nmithi time nornumi-l onmes (9).
Time first step (If vaccimuimi viral infectioni

inmvolves time midsorption of the virionms to the
imost cells. Highly purified, labeled, nonnuai

mummd 1’�3TolH-contaitming vinions were used to

��tmmd� the kinetics of timis adson�)tion-i, which
imene very similar mit two levels of immput

multiplicity (l’ig. 8). I’urtimer data from such

expenirnenmts simonm (Table 2) that time per-

cenmtage adsorptionu of time normal anid amma-

logite-confaituinug vinionis nmmi-s comparable at-

30 mini. Follonminmg the adsorption of these
labeled virions, time cells were washed an-id
resuspenuded it-i growtim medium, and samples

were takenm for anmalysis of time uncoating
process at- different times, as measured by

DNA-resistant-, fricimloracetic acid-precipit-

able DNA. Time kinetics of ui-icoating of time
adsorbed vinionms is simonmn in-i Fig. 9. Within 1

imr DNase setmsitivity imas found, at-id by 4 hr

the un-icoating was complete. Timere was no
sigtmificminf difference between time uncoating

of nornual and FTdR-containing virionms
(Fig. 9B). 1mmtime smume experimenmt (Fig. 9A),
infectivity was measured, an-id nulthougiu

nornual an-id anmalogtte-commtainmiimg vinions nm-crc

replicated at approximately time san-me rate,

the latter were only 1 % as infective. This
probably reflects the further replication-i of

time originmal parental virionms that- did tot
con-itaini time analogue.

Since we had demonstrated time adsorption
an-id uncoatinmg of FTdR-confaitming virionus,

FIG. 7. Sedimentation of o’ac(-inia virions con-

taming 1C-FTdR
Highly purified virions conitaituirog FTdR an-id

‘mC-TdR were cemutnifuged in-i a 25-45�� sucrose

gradienut for 45 nminm at 15,000 rpmii in-i t he SW 39L1

rotor of a Spimmco nmodel L ultnacentrifinge. A

0.5-i-i-il aliquot of each fraction was digested with

l)Nase (100 �g/ml, Worthinugtomi) for 2 hr at 37#{176}

mu 0.01 ii MgCl . The acid-insoluble material was
precipitated with tnichioracetic acid, and the

radioactivity was nmeasunred. Aimotimer aliquot was

preci�)itated witim t ricimloracetic acid without

I )Nase treatment . #{149}-#{149}, acid-precipitated;

0-0 , DNase-tneated anud acid-precipitated-



Property
‘�C-TdR (t Mum)

14CTdR (0.01 �M)

+ F3TdR (t M’s)
‘�C-F,TdR (0.5 MM)

A2oim-il 0.382 1.25 0.43
Particles/ml 4.59 X 10� 1.5 x io�#{176} 5.17 x 10�

PFU/nml 2.30 X 10� 6.40 X 10� 4.10 X 106

PFU-’A� 6.02 X 10� 5.12 X 10� 9.55 X 106

Particles/PFU 20 2340 1260
liadioactivity, dpnmm/nml 6.9 X 10 5.92 X 10� 176
1)NA,�g/nl 1.25 4.12 1.42
Specific activity of l)NA, dpi-i-i-Mg 5.55 X 10 1.44 X 10#{176} 124

Tome (mm)
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TAttLE 1

Properties of p oorified o-irion.s-

Precursor

ci-

0

V

.0

0
U)

V
0
C

0

FIG. 8. Adsorption of normal and FTdR-
containing vaccinia eirions to HeLa (-ell.�

The vinions, labeled from H-TdH or 14C-FTdR

at the input nmultiplicities indicated, were ad-

sorbed to HeLa cells (5 x 106 cells/ml) for various

periods of tin-ic at 37#{176};they were washed twice,

amid time anmount of labeled virus not adsorbed to

the cells was calcunlated fronm the cell-associated
radioactivity. #{149},mionnal virions; 0, FTdR-

commtainminug vinions; --, input of 50 particles/

cell ; - - -, 500 Pant ids/cell.

we could then attenupt to determine whether
nmornmal emurly mR-NA is transcribed fronuu fine

FTdR-containming viral genorne. Such min

experinuenmt (1�’ig. 10) slmowed onily a snmahl

anuouimt of radioactivity in time 12 S regioni of
muormal early mRNA; f-his is quite diffenemit-
from time normal trmutmscnipfion of early

mI�NA from nmormai vinions mmf-I-ic preset-icc
of 1”TdR (Fig. 2).

Sinmce the transcription of late nRNA in

time presence of FTdH is abnormal (Fig. 3)

and time morpimology of atmalogue-confaininig

virus 1)munticlcS is also abnormal (9), it is likely

that different an-id/or feiver protcinms are i�ro-

dttced. This wmus studied by f-i-ic imcorponat ion

of H-leucine it-ito f-i-ic soluble proteins of the

cells, which were separated by polyacryl-

anuide gel electrophonesis mm time preset-ice of

SDS. I’igunc 1 1 shows a trmucinmg of time scmuni of

time stainmed proteimus in the gel anmd time rmudio-

activity dctcrminmed mm inmdividual slices

following a 30-mit-i pulse of 3H-leucine in

noninmfecfed cells. Time patfermi is quite corn-

plicated, but time reproducibility is good, and
timere is no significant- differemice betmm-eem the

cells imcubated with TdR au-id those mmitim

i�3TdH. Wiuetm time leucinme wmis added for 30

mm, 2 Inn after vmuccitmia inmfectionm, time scm-ins

shown mm Fig. 12 were obtainmed. Timesc

i)mutferns are also conul)iicmuted ammo! resemble
t-Imose of 1”ig. 1 1 . However, a l)emik of raolio-

activity is cleanly evident in frnmctiomm 5 of time

TdR -t reated (comitrol , viral -infected) cells

that is not preset-it in time nonuinifected cells

(Fig. 11) or iii those irmfected in-i time pnesenmce

of F�TdR. Scanus of time proteins synitlmesized

6 1mm’after infection (1’ig. 13) slmoiv timnut ti-ic
rmudiomuctivc peak at fnmctioni 5 mm time Tc!H is

also detectable by stainiinmg ammo! lien-ice has

increased in qutanmtify; il-i tine FTdR expeni-

nuenf if is still lackinmg. Time raohioactive peak

at frnuctionm 28 of time lmtfter expeninuenit is

consio!ermu-blv imigimen timanm in time conmtrol.

These obscrvmtionms suggest tiat mm tine minna-

logue-tnemufed group atm abmmonnmmn-! proteinu is

pnoo!uced; this nmuighut explmiini time nmonphmo-
logical clmmmmmges seen-i mu flue electromm nuicno-

grmi-�)his of I)mmnticles in 1’ToIR-treated cells

(9) . 1�utntimen Nmonl( alonmg thmese limits is inn
jlnogresS.

I)I5( ‘UsSI ON

The stino!ies I)n�esemite(l lucre lemud to tine

conuclusionu timmit mmhmemmHeLa cells are imifected



Property 1�’FdR-containing vinions

50 50 50 500

229 153 614 5540

Pencemutage adsorbed

1.51 X 106 1.10 X 10-#{176} 3.44 X 106 3.95 x 10�

4 - 6 X 10-s 3 . 1 x 1o 1 . 23 X 10#{176} 1 . 11 X 10�

31 28 36 281

62 56 72 56

E
:D
Li�
a-

0)
0

it

(‘U
0

0�
a

10 20

Fraction No

Ti me(hr)

I
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T-�RmE 2

Adsorption of vaccinia virus 111? on HeLa (-c/Is

Imncubationu was carried out- for 30 nminu at 37#{176}at a cell denusity of 5 X 10#{176}/nmmlin-i Eagle’s snmspenmsionm

nmediunm cont-aimuinig 1�( calf sentmnm amid 0.01 ii �\-IgCl2 -

Iniptit nmitltiplicity,

particles/cell
Amounmmt- adsorbed,

dpnu/niml

liadioactivity, dptmu/

pant ide

Radioactivity, dpnm, cell

Particles/cell

Normal vinions

FIG. 9. ( n(-oaling (010(1 re(-oating of nornial

(#{149}---#{149}) an(i J”’I’dR-cO(Ot(Jin-ifl(/ (0- -------0 ) mac

(-inia virus 1I�Jl

highly purified vinionis hunt imad been labeled

witim 0.01 MM ‘4C-tlmymidine mu the presemice of

1 /L-im FTdIt were used to infect HeLa cells at atm

immptmt nmultiplicity of 31 panticles,-’cell in the nmonmal

amid 281 particlescell in the F:Td1�-comutainuing

vini(onus. At various times thereafter tlue nounmmber

of �)laqmme-formmming units ler mmuilliliter (A) was

nuemusinred in-i the cell sotmic extracts. The sanme sonic

extrmmcts were indiui)umted with 1)Nase (100 �g,nil)

anal 0.01 it �Ig#{176}#{176}for 60 ruinu at 37#{176}.They were then

precipitated with cold 10’ � tnichlormmcetic acid

amid dissolved iii formic acid. This 1)Nase-stable

radioactivity was (-o)nlmpare(-1 wit Ii t hat of aliqinots

hot treated with I lNase. Thue results are expressed

as percenotage of I )Nase-nesmst:onut disinutegrationos

ler nminute (B).

FIG. 10. SiZe distribution of viral early noRNA

prepared front HeLa cells infected with FTdR-

containing virions in the absence of F37’dR

HeLa cells u-i suspenusionu at a concemmtration of

5 x 10#{176}/n-ilwere infected with highly purified
FTdH-conitainuimmg vinions at a mtnltiplicity of 500

particles, ‘cell (about- 5 PFU/cell) for 30 nmin at

37#{176}iii the presenuce of 1 Mu thyimmidinie. At 30 nmin

after infection, time immfected cells were pulse-

labeled with 0.5 MCi/mi of H-unidine for 30 nun.
Otimer conditions were time same as in Fig. 1.
0-------O, absorbammce at 260 nmj.u; #{149}-#{149}, H ra-

dioactivity (coumits �er nmimuute); 0-----0 , 14C ra-
dioactivity (commits per nminuute).

\mithm vaccinia virus, ifs gcnonue is tranmscnibed

into early mHNA, w-imich is missocimufed mmitlm

PolYnibosonues. Such emrh- nuRNA is fran-
scnibed noornuall\- irm time preset-ice of quantities

of l’iTdR aimd 1”TdR sufficienmt to block time
synmfimesis of progenmy viral DNA. Timis pro-

vi(les muolditionmal evidence to smmpport the pre-

vious conclusionms (13, 19) that early mRNA

is transcribed fronm time input viral DNA. On

time other imanmd, late nRNA is miot trmi-n-

scribed no)rmluahly mmhmenmvaccitunu virus repli-



NON-INFECTED CELLS

TDR

30

SLICES (2mm)

Fm�. 12. Sijnhe.sis of (-(orlq protein-s on o’accinia

m’irms-i -infected cell-s

BeLa cells were inufected as described mo Fig. 2.

._\_t 2 imr after inofect ionu, 11 -Icucimue u�-mus mudded

for 3() mum. The rest of t he procetlure was mus de-
scribed imnuder Fig. 1 1 . - - . absorbanoce mit 55() nmmM

0- - -0 , H radiomuctiviiv (commons ier nminute).
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fnon time fimmding of l-’TdH-conutmuinming vinionns

resistmunmt to) 1)Nase mmmd sedinuentinug umider

tl(� san-ic coflditiOnis mis normal vini(lns thin-it

late nmRNAs of some sort nmumsf be trminn-

scnibed inn oro!er to) code for coat proteins.

Such tramscnij)fionm of mubmmormmil late nuRNA
is cunrcnmtlv being studico! by DXA-RNA

hybnidizmut ion-i . Timese conmclusions mire further

supponteo! by time finudimmg of time lmtck of a
chnmmnmctenistic viral Jlnotein mm time 1’;oTdR-

treated inmfected cells amid tine appearance of mu

differenif virmul protein in-i those cells. Sit-ice time

I)XA � i”TdR-commfaitminmg vinionms is smal!et

timmin normal (9), it is possible that it- (lirects

time trnunnscnij)tion of late nuRNA of a snualler
size ti-in-in-i mmonnmal; this would be compatible

mmithmtIne scdimentmufio)mm pmftennms (limit mme have

20 30 40

SLICES (2 mm)

Fra. 11. Protein synthesis in noninfected HeLa

cells in the presence of 1 M-m1 TdR or 1 M-’� FTdR.
Heli4a cells grtowinng in-i snnspemmsiom were labeled

��ith 3H-leucimme (0.5j.oCi/-ml) for30 nminm. The super-

natanmt fluids obtainmed by cenmtrifingationm for 2 hr

at 100,0(X) x g were frmmctionnated by electrophon-esis

iii S1)S-polyacrylmunmide (7.5� ) gels. The gels

were fixed in 2(Y� sulfosalicylic acid amid slammed
with 2.5� Coommmssie blue. A cotmtiimuotns trace of

the optical density mit 550 mM was mmmdc mu a Gilford
nmodel 2400 spectropimotonmeter. The gels were

sliced into serial 2-nmnm sectiomis. Each slice was
dissolved mi 0.5 n-il of 30� 11202 in scinutillation

vials mind coumnted in Scinmtisol . ----, absorbammee

at 550 mmm/L;0- - -0, H radioactivity (commits

per nmminmute).

cmutes ill ti-ic Irescnmcc of FUdR amid! FTdH,
wimichu also su�)ponts tine earlier conclusions

(13, 19) that late nHXA is transcribed fronum

the progeny DNA. Nevertheless, it is clear

Early Proteins
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FIG. 13. Synthesis of late proteins in vaccinia

virus-infected HeLa cells

The experimem-it- was as described unmmder Fig. 12,

except thmtt the H-letncimue was mudded 6 hr after
infect iou am-id incubated for 30 mmimo. �, absorb-

anoce at 550 rn/A; 0- - -0, 3H radioactivity (counuts

per nuinmute).

obtainmed. We Imave also establislmed f-hat

purifie(! , FTdR-conf aining viniomms nu-dsorb
to cells- an-id are ummcoated nornma-hly, amid that
they a-ne hot transcribed inmto nornmal early

nuRNA.
Basco! on time results olbtaiI-ied previously

(9) anal reponteo! imere, it- canm be stnufed ti-ia-f

1’ToIR exerts its inimibitioni of vaccinnia viral

662 OKI AND HEIDELBERGEIt

Late Proteins
replication as a conmseqinencc of its tnmconpora-

tion into DNA. Sttch DNA is smaller in size

fl-ian-i imornual (9) , aimd it is nmot transcribed

it-ito tiorma-! messenmger RNA. 1’urt-imer

studies, curremmfly uimder wmtv, of emmnly an-ic!

late mRXA by DNA-RXA hybridization

and of early anmd late 1)noteins by innuuno-

electrophonetic nuefimods shmoinld clarify the

exact mecluanisnu of ti-ican-itiviral activity of
F3TdR.

I
I,,
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