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SUMMARY

TONE, HmnrosHn, AND HEIDELBERGEII, CHARLES: Fluorirmated pyriimmielimmcs. XL1V. 1mm-

teractionm of 5-triflw ironmethyl-2’-d(’oxvuridimme 5’-triphmosplmate svith dl(’olxyribommucleic

acid polymerases. ]Iol. P/oarniacol. 9, 783-791 (1973).

The mnteractiomm of 5-trifluoroinmethvl-2’-deoxyuridimme 5’-tripimosphate (F’3dThd-5’-PPP) svith

various DNA-directed 1)NA polyimmermises has beemm studied. Thus analogue exhibited eom-
petitive inimibitiomi svith dThd-5’-PPP for partially purified 1)NA polynmerases fronm vaccinmia
virums-immfeeted HeLa cells, ummimmfected HeLa cell cytoplasm amid nuclei, and calf timynmus.

The immhibitiomi produce’d by 1’3dThd-5’-PPP e�f time inmeorpomation of deoxycytidimme 5’-tri-

phosphate timid deoixyademmosimme 5’-tripimospimate svas imoImmconmpetitive or mixed. The K�1 vmil-

ues for dThd-5’-PPP of vaccinia vinms-itmdumced, HeLa cell cytoplasmic, HeLa cell miuclear,

and calf thynmus DNA polyrnerases svere 3.4, 4.6, 5.1, aimd 10 .cui, respectively. Time cor-

responding K� valuies of Ii’3dThd�5’�PPP for these emizymes were 4.0, 8.5, 11.5, timid 17 �zii.

F3dThd-5’-PPP svas iumcorporated inito 1)XA by all these DNA polymerase’s. This incor-

poration si-as immimibited commipetitively by dThd-5’-PPP. Time rates of F3dThd-5’-PPP in-

corporation 1)y these enzymes svere slower t.hman those of dThd-5’-PPP. The ratio of the
incorporation rate of time analogue to that oif dThd-5’-PPP svas higher svith vmuccinmia virus

polymerase than with umiimifected HeLa cell enzvmmmes.

I NTRODUCTION

5’ -Trifluoromethyl-2’ -deoxyuridimme

synthesized in this laboratory as ami analogue
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of timynmiehinme (1), afl(l is highly active in

immaiiy biological systems. It effectively in-
hibits the grosvth of various mmmanmnmahian

cells in culture (2) amid somne tumnmors jim

mice (3). l’3dThd3 is also active agmiimmst
herpes simplex and vaccimmia vi mal keratit is

3 The abbreviations used are: F3dTlmd, 5-tn-

fluuorounethyl-2’-deoxyunidi tie; F3olTiid-5’-PPP, 5-

trifluoronmethyl-2’-deoxyunidi uue 5’-t riphospimate;

dThd-5’-PPP, deoxythy-midiume 5’-t niphospiiato;

dAdo-5’-PPP, deoxyadenosiumo 5’-tni phosphate;

dUuo-5’-PPP, deoxyguanosi tue 5’-tri phosphate;

dCyd-5’-PPP, deoxycytidiume 5’-t riphosphmite;

FdUrd, 5-flinoro-2’-deoxyuridinie.
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iii rabbits (4) mummdinmhil)its time replication of

vaccimnimi virus iii HoLa cells (.5) . F3dThd is

clinicmmllv imme�re effective amid less toxic thamm
�)-iodo)-2’-deoxvuridinie iii time treatment of

herpes simimplex keratitis eif time eye (6). The

clinicmul effects (If F3dThd in rationts svith

advammeed breast emummcer (7) mimic! metabolic

stuidie’s mm immice ammdl niami immive beeni also

repomto’cl (8, 9).

F3dTlmd exerts various effects on DNA

synthesis. Tlmvmmmidimme kimmase is inhibited b)v

this mmnmaloguo’ (10). and timynmidylate syni-

timetase’ is nmommconmpetitivelv immhibited by its

mmucleoItidle, t mifluoro oimiethyl-2’-deoxvurichi mme

3’-mmmoIt iophie)spimate. ( 1 1 ) . F’3clThmcl is also) mi-

corpomated into time DNA of vacc’inia virus

(12), immaimimmimiliani cells (13), amid bacte’ri-

olpimmige’ T4 (14). I’uijiivara et a!. (13) shosiecl

timmut, iti Ho’La ante! L5178V cells blocked by

atm immcluicod deoxvt hmvmmiidinme deficiemicy, re-
lemuse svitim F3dTiicl did not leae! to cell divi-

S1()Ii, aithougim timere was iimcorporationi of

F’3dTimcl into) cellulmir DNA. 1mm tIme cases of

matmmimmaliani cells amid vaccinia virus, time
mummulogtme-coimtmuiniimig DNA had a smaller

seclimmme’nmtmitionm coeffi cienmt tlmamm the nmormal
DNA (12, 13).

1mm vmiccimnia virus-infected HeLa cells,

early nmRNA trammscriptiomm si-as uimaffe’ctod by

F�dTimd, but late’ niRNA sedime’nmt eel al)-
mmeimtmmmmllv(15) mimic! had sequemmces missing

(16). Timtns F3dTimd affects DNA replication

in vmiriolus svavs. 1mm this paper ive present

evidlem(’e thimit F’:ic!Timc!-.’-PPP imihibits DNA

l)olymimorases. Kinmotie studies e)f time’ immhibi-
tioni mind immcorporatioum into DNA of F;udTimd-
5’-PPP by I)NA-elimected DNA polynmme’rase’s

mime’also) presemmtec!.

C/urn icals

MATERIALS ANI) METHODS

Nonmmmclio uaet i ye’ umucleotides svere oh)�
taine’d freinm Signmma Chemical Conmpaniy.
Radioactive miuclc’ot ides arid calf timvmus
DNA (highly polymnerized) svere pumcimased

fronm Schsvmirz/Mammmm. Pheisphelco’llulose (P-i)
amid 1) EA E-cel Iulose (DE-23) were obtained

from \Vimatnmamm through H. Reeve Ammgel

Conmpany. Hydroxylapatite gel (Bio-Gel

Hi’) sins pureimased froni Bio-Rad. Paim-
cremutic deoxvribonunoIemise Was obtained fromim

\\ortlmitigtoim. F�dIThd-;)’-PPP timid [3H]-

F:mdThd-5’-IPPP we’re’ svnmthmesize’d imu this

Imiboratory ( I 7).

D.VA Polyrneiase �l ssay

DNA pe)lvnierase acti�ity svas assmiyed by

a filter disc nietimod (18), using Wimatman

No. 541 filter paper discs (2.3 cm iii dianm-

c’ter). Timo’ COilfli)ositiOimi (If the’ remuctioum immix-

ture is given in each table and figure, amid

the pH optimumnmm for each enzynme was em-
ployed. Unless stated otimerivise’, 25 � of

the mixture iveme spotted onto a disc amid

time reaction was termmiinmated by dlroppimmg

time disc into e(Ild! 5 � t.riciml(Irmtcetmc acid

contaimuimg 1 #{182}Nmi1P�()7 . 1OH�). Time discs

svo’re wmisime’d twice with cold S #{182}�tricimlor-

ae’etic acic!, tsvie’e w-itim e’thminmoll, mmmd omice
with ether, mmmd ivemo dried amme! iilaeed imm mu

toilumo’nie-basee! se’intillatiomi ummixturo for radIi-

e)active anmalysis. tfime absolute efficiency for

tmitiuimm elf e)ur disc nmethod was 20 %.

1dm time [3H]1’�c!Thmd-5’-PPIm immcorpomatioini

studie’s, acid-insoluble’ raeiiommctivity is_mis mis-

smivec! by mm test. tube mmmethmocl, since the

specific radioactivity of the analogue svas

umot imiglm oimounglm foir time disc missmmy. Time reac-

tioti simis temnmimmated by additiomm of cole!

t mi(’imlelracetic acid (fimmal concentrationi,

7.5 � ) ; 250 jug elf calf timynmus I)NA amid 2 mug

of bovinmo serumim milbumnmimi were’ midded as

carriers, aimcl the Pr(’cil)itate si-as centrifuged,

wasimed siitim cole! S #{182}trichloraeotic micid

three tinmes, and dissolved lIi 2 nil of Soluemme
100 (Packard Immstmummmeimt Colnmpammv). The

radioactivity si-mis coummted mm a tolluene-

btiso’el s(’immtillatio)mm nmixtumme.

:1. ct i!’a!(’(l aiul I)en at u m’e(l 1)_V.,.!

Activated 1)NA, unsed as a temimplate iii

time’ mmssmmv of HeLmi (e’ll ammd vmmccinia virus-

immducecl DNA po)lynmme’rmmses, si-as J)repared
fmoimmm emmlf timynuums 1)NA (25 rmmg/10 ml of

10 imm�i Tris-HC1 buffer, p11 7.2) by treatment

wit ii 1 .ug of pmmnmcremitic deoxymibomiuclease

mm time’ pmesemmce of .50 �tnmoles of MgCl2 at

37#{176}for 25 mini. Time’ mmmixtunme svas imeated at

60#{176}for 10 nminm (19).

1 or time assay of calf thymus 1)NA polynm-

erase, calf t,Iuymumus 1)NA (25 mg/b ml e)f

10 mu Tris-HC1 liuthr, pH 7.2) was ole-

miatumec! imi boilimmg si-atom for 10 mmmiii timid

inmimmo’e!iatolv cooled mi mummice llmuthm (iS).
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Protein A ssay

Protein commcenmtratiomm svas deternminmcd ac-
cordimmg to Lowry ci al. (20). 1mmsoimme eases

time i)iuret immethod si-as used (21).

Partial Purification of 1)�\A Polyrnerases

All operatiomms we’re perfo)mnmed at 0-4#{176},

amid all buff(’r solutions used for dialysis and
chrommmat elgrmmphy ce)mmtmu mmcd S immu 2-immercap-

toethammoll, 1 hiM EDT��, miume! 30 % glycerol.

HeLa cell I)NA l)ol�mimerases si-crc purified

fronm partially synchrommized cells aecordinmg

to \\eisl)acim et al. (22), with several mmmodifi-

eationms. He’La S3 cells were gre)svn imm sums-

l)emlsiomi culture at 37#{176}imi nmimmimmmalessenmtial
iumeciium (Gmammd Islmmnmd Biological Company)
suppleimiented witim 10 � calf serunm, 0.1 #{182}�

Plurommic F6S, penmicilhimm, and streptonmycimm.

The cells were resuspenmded in time same

mmmedliulmm at. a commcenmtrmitiejum of 1 X 10�
cells/nil. After irmcul)atiomm for 24 hr at 37#{176},

1’dUrd amid uridine sveme’ added to the culture
to block DNA symmtimesis specifically at ��omu-

centratme)mms of 1 amid 10 �.cmm, respectively.

After 16 hr of additional incubatiomi, time

i)lockadle sias released by addition of 4 j.�mn

thvmmmieline. Time (‘ells (1.3 X 10�) svere

Immurvested 2 hr late’r, washed svith cold

NaCl solutiomm, amid suspemmded iii 1 niu 1)0-

tassiummm phosphate buffer (pH 7.0) containi-
immg 10 m�i NaCl, 5 imm�i i�\IgCl� , amid S imm�n
2-mmmercaptoetimanmol. After sivelhimig at 0#{176}for
15 nmimm, time cells svere heimmmogenized with a.
i)ouimce hmonmelgemmizem. 1)ismuptiomm of eel Is

was checked nmicreiscopically. The pellet oh-
taimmed from time honmogemmmtte follossinmg sedi-

mmmenit.mitiommat 800 X �j foir .5 mumini si-as washed

withm 1 mu potassiumni phosphate huller
(pH 7.0) containiumg 250 mu sucrose, 2 immu

MgCl2 , 3 mmi�i 2-mercaptoethammol, ammo! 0.3 �

Triton N-101 (23). Time imuclear fractioum was

oi)taimmed by cenitrifugatiomi at 1000 X q for

10 mmmiii. Time svmusimimmgs amid the supernatammt
fraction obtained from time first cemmtmifuga-

tiomm were celmmubined. Time cytoplmisnmmic frac-

tion (70 nil) was obtaimmed by cemmtrifugation

at 10,000 X 1/ for 20 mimi. To time nuclear

fraction, wimich svas suspenmded in 30 mu po-

tassiuumm phosphate buffer, pH 7.0, si-as added

an equal volume of 4 ii NaC1. Time viscous

suspenmsioum si-mis centrifuged at. 100,000 X g

folr 4 hur. Time pehlo’t sins ro’suspemmded in the

sanme buffer and tmc’mitedl svitlm NaCI mm time

sanme nmanmmer. Time first. mmmcl seeommel super-

miatanmt fractiomms svere combined timid dialvzo’d

migaimmst 100 volummmes of 50 ruM Tris-HCI,

pH 7.3, for 4 hr svith three chammges of this

I)tmffd’r. Time resultitmg precipitatc was ecu-

trifuged at 10,()()0 X q for 15 mmmiii. i�ime

suj)emnatarmt fractiomm svas dialyzed oivenumiglmt

agaimmst the sanme buffer. A demur tnue’Ie’ar

extract (28 mmml) sins oi)tmminmed by c(’mmtrifuga-

tiomi at 10,000 X q for 20 nmimm. ‘Flit’ smuimme
chiromatograpimic pmmmification proceclume’ svmis
applied to botim c’ytoplmisnmic mummdltmucle’mir

extracts.

Time (‘rude o’xtraet si�as mudlse)rb(’el ott mu
i)EAE-cellulose colunmn (3 X 1 � e’imm)
equilibrated with 50 nm�si Tris-HCI buffer,

J)11 7.5. The colummmn was eluted successively
w-ith 400 nil each of 30 niu rfisH(1l buffe’r

(jH 7.3), 50 m.si NaC1, 100 imm�’uiNmiCl, amid
250 mint NaC1 dissolved in the sammme’ bumifer.
Time umuclear extmmmct. gave a major l)eak in

the 30 mu buffer, amid musecomicl pe’mmk itt time

230 nmisn NaCI. Time activity in this seeommd

peak roprc’senteel evtoplasnmic (o itmt mummmi nia-

tiori, simice alnuost lid) 1)eak was present svimenm

timere ssas go)od se’pmmratioiu of nuclei. W’itlm

time cytoplasmumic extract, a immajor I)(’muk (If

1)NA polynmerase activity sins eluted by

250 nm�r NaCl. 1mm both mmundlemumand cvto-

i)lasniic extracts, vers- snmmull I)emuks svore’ eli)-

served mm 30 nmsi aimcl 100 immu NmmCI.
Time active frmtctions svere conml)immccl mimic!

dimmlyzed agmminst 50 nr�i Tris-HCI buffer,
pH 7.2, instead of pH 8.9 (22). A pimo)sphmo-

cellulose columim (1.3 X 7 cm) si-as equmi-

librated svith 50 iumsn Tris-HC1 buffer, pH 7.2.

To thus colummm was mmppliedl time dialyzed

active fraction from I)EAE-ce’llulose. Eli-

tiomu si-as carried out witlm mu lirmear NaC1

gradieimt fronm 0 to 700 imisi in time sanme

buffer. ‘ihm(’ active fmactiomis we’re collected

and dialyzed against 30 mmiii Tris-HC1 buffer,

pH S.3. The second phmosphmoe’ellulose clmro-

matogmaphy svas performed mm time sanme svmuy,

using a smaller colunmum (1.3 X 2 cumm). The

peak of DNA polynuemase activity svas unse’el

for furtime’r experiments tufter dialysis. Time

specific mictivities of the’ unclear and c’yto-

plasimmie emmzynme preparations svere 710 amid
470 ummmits/immg, respectively.

Vaccimuia virus immdinc’es a mmciv 1)NA
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l)olYuimemmms(’ mi HeLa cells. r1�hmis emizyn-me ssas
partially purified accordinmg to Citrella et al.

(24). HeLa S3 cells, grown in suspension

culture iii F- 14 mec!iunm supplemented svith

10 ; calf serunm, 0.1 % Jtmluronic Ff18, timid

anmt ibiotics, svere harvested mi tue le garitimmmmic

phase’ amid resuspenmded mit 3 X 106 ce’lls/immi
(5 x 108 cells) mm �- 14 mmmediunm supple-

memite’d iVithm 1 � calf serunuu, 0.1 #{182}�Piumommic

FGS, miuitibiotics, amid 1 inu )ulgCl2 . Vmue-

cinuia virus [partially 1)Urified by sucrose

gradient centrifugation (23)] svas added at

10-25 plaque-fornming umuits/cell. After ad-
sorptio)nl at 37#{176}for 1 hr, the cells si-crc
diluted to 3 X 10� cells/mi svith 5 #{182}�calf
serutm i -supplcummenmted F 14 mediuumm conmtaiim-

ing 10 iii i”c!Urd (26). The viruns-inifected
cells svere harvested aftem 1 1 hr of incuba-

tion at 37#{176}.Time cvtOl)laSmflic fraction from

virus-immfected cells wmis prepared by time

samume procedure as for unimmfected He’La

cells.

i)F�AF�-eellulose si-as equilibrated with 20
limit J)otassitmnm phosphate buffer, pH 7.3,

mm a 2 X 23 ciii column. The cytoplasmic

fmactionm frommu virus-immfected cells was di-

alyzc’d agmuimmst time sanme buffer amid adsorbed

onto time column. ‘Virus-induced amid host
cell 1)NA pemlynumerases ms-crc eluted svitim a
limmear gradient frommm 20 to 300 mu potas-

siuimi 1)hmosPlmate at pH 7.3. Citrella et al.

(24) reported thmut time first. peak of activity

ss’as time virus-inmduced enzvumme aumd time

second was HeLa cell cytoplasummic DNA

polymimerasc’; sve obtaimmed a similar result.

The peak of viruns-induced DNA P0l�1mi
emmise, after dialysis against. 30 immu potas-

siumn phosphate i)uffer, pH 7.3, w�as applied
to a phmosphocehlulose colunmuim (1.3 X 10 cm)

equilibrated ivitim time same buffer. Elutionm
was pemfornmmed with a linmear gmadienmt from

30 to 500 mmmiipotassium phosphiate’ buffer,
pH 7.3. Time peak thus obtained svas used

for further expemimeumts, arid its specific ac-

tivity was 720 units/mg.

Calf thymmmus 1)NA polymerase was pun-

fled according to) Yonmeda and BeIllImm (27)
with time follelwinmg modificationu. 1mmthe orig-

inal procedure DEAE-cellulose chroma-

tograpiuy was perfonnmmed mm 0.2 in phosphate

buffer only to) remuuove comitanminating DNA.

Hosvever, svhmeni t he cimmomat ography was

carried out as olescnibe’d lucre, a comuttunmimmat-

imig termmminal tmammsfe’rase anmd a diffe’menmt I)NA
polynme’rase’ svem(’ also renme�wed. D1AE-

cellulose si-mis 1)acked! into a columim 3 X :30

clii, anal time dialyzed active fractious ivere

adsorbed onto) it after eciuilibrationm svith

time saumme’ buffer. Stepwise elutiomm ivas carried

out with 2.3 colunmmn volumes each (If 20 immim

Tnis-HC1 i)uffer, 20 immmn NaCl, amid 200 mum

NmiCl mm the sanme buffer. A simmall I)eak tip-

pe’amed at the beginmmminmg, svhichm commtaimmed
terminal transferase mind a snuall aimmount of

a 1)NA J)olynmemaso’. Time nmajor peak si’as

eluted b’s’ 200 mmmmmNmtCl. 1mm a snmall-scale

purification, Ii nmemmr gradient elut lou ivas

pcrfomnmmed svit I time NaCl conmcenmtration
varied fronu 0 to 300 �. The active frac-
tmonms eluted I)y 200 imumr NaCl ivere pooled

and d!ialvzed against 50 nmrul potassium phos-

i)hmate 1)uffer, 1)H 7.0, and ivere then ad-
selmbed o)mitO a pluosphocellulose colunmmm (2 X
26 ciii) equilibrated svithi the sammie’ buffer.

i)NA 1)Olylumermmsc’ si.mis eluted by a limmc’mmrpo-

tassnmmmm 1)hie)sphmmlte gradiemit fromum 30 mmmii

(pH 7.0) to 300 mmiii (pH 7.5). Time muctive

peak sins dialyzed agaiimst 30 mmmii potassium

I)ii051)hittte 1)uffer, pI� 7.5. A huydroxyl-
apatite gel collumnumi (2 X S cmii) si-as prepared

amid equilibrated svitlm time sanme i)uffer.

The dialyzed soluntiomm was mmclsorbeel onto)

thus eolumummuu. A peak of 1)NA p(Ilyummerase si-as

obtainmed by a linmear l)otassmulmm phosphate

grae!ietmt froumm 50 to 500 immim. The mictive

fractious were dialyzed aimcl conmcent rated

by inltrafiitrat.iomm (Ammmicomm, witim a i�\I-10
rn(’mmmi)rammo’) . Time specific activity of the prc’-

pmi mmution was 2940 umuit s/mug.

Uiiil of D.VA Polyrnerase

Omme ummit of 1)NA polymmmerase mictivity is

de’finued as time inmcorpomationm of 1 pnmole of
[3H]dThmel -5’- PPP into au acid - insoluble

product per immimmute at 37#{176}.

IIESULTS

lit/i ibilioio. of D_\T.t Polynoerases by F3dT/md-

.5’-PPP

F:odTimd-3’.PPP immhibited all foumr par-

tially purified DNA polymerases: HeLa cell,
nuclear amid cvtoplasmmmic, vac(imuia virus-

nmd!uced, and calf thuvmmuus.
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HeLa cell cvtoplasmmuic i)NA poilyiuue’rmise

“.m.ls iuihil)ited by F:;e!Timd-5’PPP. At mm-

cme’asimig conmcentratiolmms of time tummalogue at

commstmummt concentrationms of dTiud-3’-PPP amid

t lie ot her t hmre’e deoxvriboumucle’osidc t mi-

pimosphat es , the incomporationi of [3H}clTimcl-
5’-PPP svas decmeascd. 1mm time mibso’mmce of time

analogume , 59 j)Iii( Iles of [3H] dTimd-5’-PPP

were immeompomated at 30 nuinm; iii time prese’Ime�e

elf 1’3dlTlud-3’-PPP at various e’onmcemmtrmm-

tiO)fls from 6.25 to 30 jrmm, inuimibition varied
fromum 18 � � to) 6s �H(). FAquimellar aclditiomm of
F3dThc!-5’-PPP anmd dTimd-5’-PPP gave

44 ye imiluibitiomm. The rmitcs of immce)rj)e)matie)Im

were linear for 60 immini.

Simmuilar results svcr( obtmuinmcd isitim time

HeLa cell nuclear, vaccimmia virus-immduiccd,

and calf thivrnus DNA polymumermis(’s. Inimii)i-
tioum of inmcorpolmatie)um of 20 ,LM ImHleiThcl-5’-
PPP 1)\’ the vaccinmia enuzvme svmms 20 #{182}�svitim

6.25 �mn, 44 � svithm 12.5 �umn, and 74 #{182}�-svithi

50 �mn I’3dTimcl-3’-PPP. Equinmolar

tmmutiomms O.)f F:tclThmcl 3’-PPP and e!Thmc!-3’-

PPP (20 �ziI emicim) gave 53 �,k) inmimibitioim,

svhmicim svmis a little imigher than that of time’

cVtO.)J)l tusmmmid emizyimme froni miii nmfe’ctecl Hc’La

cells.

With time HeLa cell nuclear amid calf

timymus DNA pe)lynmerases, iluhuihitiOmm at

equinmolmmr ce)nicemmtrationms of I’3dThd-3’-PPP

anmcl clThel-3’-PPP svas 23 % ammd 35 � ,

spectively.

1si,oe!ic SIu(lie.s

D.VA polyrnerase froni HeLa cell eylapkisuii.

Time effect of F3dThud-5’-PPP oimu time ve’loicity

of t hue immeorj)omatio)mm (If dTimel-5’-PPI � iumto

1)NA I):�� HeLa cell cytoplasmic DNA

pe)lymmuemaso’ mm time jireseimce of different con-

centrationis of [mHldThd-5’-PPP amid F3dTimd-

s’-PPP is shosvn imm Fig. 1, in svhichm time
data are plotted accordiimg to Limmeiveaver

amid Burk (28). Time flgumre shuosvs that time
inmiiibitioum produced by F�dThel-5’-PPP wmis

coiuupctitive with dTiud-5’-PPP. The K,,,

value for [3H]dThud-5’-PPP obtained froimm
this plot si-mis 4.6 ‘iii. A 1)ixomm plot (29) gave

8.4 ‘iii as time K1 for F3dThmd-3’-PPP (Fig. 2).
The effects of various eommcenmtmationms of

F3dThmcI-3’ -PPP omi the immcorporat iomm of

[3H]dCyd-5’-PPP immto 1)NA by the HeLa

e’e’l 1 evtoplasnmi c polymmmerase mire shoivmi iim

big. 3. TIme immhihitiomm mitts mmommcommmpetitive’
or nmixed. The K�4 for [tmHJdCvel-3’-PPP ivas
1.4 iii. Similmurly. thmo’ iuiiiii)itiOii e)f 1)NA

polymerase produced by F3dThd-3’-PPP
iii the presemmce of different concenmtratioums

elf [3H}d!Ado-3’-PPP si-as mioneomumpetitive or

mmmixed. Time K,,, vmmlue for [3H]dAdo-5’-PPP

;)_ 00�-

� O06�-

-02

Fiem. 1. EfJet (if F3elThd-5’-PPP on

po!!/)neras( front ucLa cc!! (ytop!a.sni lit the presence

of (liffere ii t (010(0 ii t rat ia/i .5 of (/T/i(l-5’ _ppJ) (Liii( -

mI’eolv(r-Rurk p!(it

‘Flie react ioui umuxt tire (125 �1 ) (otit muiuied 6.25

tiummoles emu(’h (If dAoio-5’-PPP, d( umo-5’-PPP, aui(l

dCyd-5’-PPP, 25 ;.ig of ructivated I )NA, 1 Mnmole
of NIgCI2 , 125 uuumioles of 2-ummercaptoethautoll, 5
iumioles of Tris-IlCl iRmifer (pH 8.0), 2.3 tunits of

euizynmme, munid t lie iuidi(muted o’onceumt rat ionis of

[�1I ldTlmd-5’-PPP (0.66 jiCi ) mumid F3dThd-5’-PPP.

The umixture mm-as iuicuul)at(’d at 37#{176}for 3() umuiui munid

mussruyed mus desCribe(l uuuider MATtIitAIS AND

it ETHODS.

_______ I

Fig. 2. Effect of F3d7’hd-S’-PPP o,o. 1).VA

polyniera.se from HeLa cell cytoplasni in. the presence

of different �on ccii trat ions of (lThool-5’-PPI’ (I)i.ron.

plot)

Time reaction mixture had the saimme (‘ooummpositi(iui

mis jut Fig. 1. The nmixt tire wmus iumcubated at 37#{176}

for 30 nmin amid assayed mus described titider MA-

TERIALS ANI) METHODS.
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Suinniary of ki,ielii experiments

Enzyme PH Substrate Inhibitor Em’
.of�

assay

hJ)C of
inhibition”

\ml(’(’iumimu-inmduco(l

polyimmormuse

ilel.,mu cell (uiumclei)
polymerase

Ilela cell (cytoplmusnm)

po ilvmerase

5.1) (IThd-5’-PPP

5.0 I dCvd-5’-PPP

SC) dAdo-5’-PPP

(Li! MM

F3dThd-5’-PPP 3.4 4.1)

F3dThd-5’-PPP 0.67

so

5.0
M.0

5.0

5.0)

F1dThd-5’-PPP

F3dTlmd-5’-PPP

F1dThd-5’-PPP

dThd-5’-PPP

F3dThd-5’-PPP

2.3

5.1

4.6
6.5

1.4

Calf timynmums poilymmmerase 7.0

11.5 Coomumpetitive

5.5

F:idThd-5’-PPP 2.0

� F�(lTIid-5’-PPP � 10 17
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“ All Km valuues and types (if inhul)ition were obtmuimmed from Lineweaver-Burk plots (25).

1, All K � values were OJi)t ained from 1)ixonm plots (29).

Fie�. 3. Effect of F3dThd-5’-PPP on DNA
polymera.se from HeLa eel! cytoplasm in the pres-

e ii.ce of (lifferelo.t coiicentration.s of dCijd-5’-PPP

(Lineweaver-Burk plot)

The reactioum mumixtunne (125 �l) contained 6.25

uinmoles eacim of dAdo-5’-PPP, dGuo-5’-PPP, munud

dThd-5’-PPP, 25 �g of activated 1)NA, 1 Mmmmole

of MgC12 , 125 minmoles of 2-umuercaptoethanmol,

5 �unmo1es of Tnis-llCl buffer (pH 8.0), 2.3 units of

eumzyumue, auid the indicated coumceuitrmutiomms of

[:ilI]dCyd5Fppp (0.64 MCi) ammd F3dThd-5’-PPP.

The mixture was incubated at 37#{176}for 30 mini

amid assayed as described under MATERIALS AND

M ET1IOt)S

� 2.0 .zil, as shosviu mi Table’ 1. TIme comm-

cenmtratiomus of the immhibitors a(!ded in time

e’xpc’mimuments svith [3H]dCyd-5’ -PPP timid

[mHidAclo-3’-PPP siere umuch higher thmamm

those used svithm [mHjdThmcl-5’-PPP.

J�):�4-A /)olyrnera.s’e frorn HeIAL cell ii ac/ri.

‘i’hme effects of F3clThd-5’-PPP omm time ve’locitv

of time’ HeLa cell mmucle’ar enzyme re’actioim

ill t ho’ pre’seimce of differemit c )nmccmmt rationis

of [mHJeIThud-5’-PPP we’re amialvzed hi a

Limmc’mmeaver-Bumrk I)lot ammd found to be’ conu-

petitive. Time K�, for [3H]dThd-3’-PPP si-as

5.1 umn, timid a Dixomm plot shmosve(1 that the

K1 valuic for F3dThmd-3’-PPP ivas 11.3 ,iin

(Table 1).
DX1 polymerase induced iii ucLa cells

by o’accinia mints. The inhibitiomi produced
by F3dThmd-3’-PPP svas conupetitive smith

[3H]dThd-5’-PPP. Time Km for [3H]clThd-5’-

PPP svas 3.4 iii, and the K, for F3dThd-5’-

PPP was 4.0 iin (Table 1). F3dThmd-5’-PPP

exerted mioncompetitive or nmixec! inhihitionu

of incorporation of [3H]dCvd-3’-PPP. Time

K,,, for [3H]dCyd-5’-PPP was 0.67 jim. The

imuhibit.ion of the virus-induced polynmermuse

1)roduced by this aimalogue si-as also) non-
cdlimmpctitive or nmixe’cl with I3H]dAdo-3’-

TABLE 1

dTimd-5’-PPP

dThd-5’-PPP
F3dThd-5’-PPP
dCvd-5’-PPP

dAdoi-5’-PPP

dTimd-5’-PPP

Conuipet it ive

Nonico omumpet it ive
oir ruiixed

)ti(’i iummpet it i ye

oir niixed

(�iimuipet it ive

(‘iiumipeu it ive

Noncoimnpetit ive

dir nmixed

Nomioo ommipet itive
or unmixed

Conmpet itive
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ii. Tomme, A. Sarrif, P. V. I)muuueuiherg, miutol

C. Ileidelberger, utuipublisheel ohservmut (ins.

PPP ; time K,, for [mHJdlAdlo-5’-PPP sins 2.3

;�tiI (Table 1).
1).\�A /)oliJ)nerase ,jiol)l calf !/iylnmLs. �fime’

iiiliibitioii produco’d by F2clThd-5’-PPP svas

coimmpetitive \%itii respect to [3H]c!Timd-5’-
PPP. Time K,,, arid K, values sve’me 10 /251 muumc!

17 �mi, respectively. Time kimmetic clmmtmu eli)-

tainmed frolumi all the enzvnme prepamatiomus
are suimmmmmmunizcd immi.’able 1.

incoiporalion Stuelies

Time immeolmpo)rationm of [3H]I”3dThd-5’-PPP

ammdI�e)f [mHlo!Thd-5’-PPP imito DNA by the
yaecinmia virus-induced DNA I)ol�mumermuse is
slmownm imm Fig. 4. TIme mute’s and rmutios of
imicomporationi e)f dTimcl-5’-PPP amid l”3elThud-

5’-PPP inito I)NA liv 1)NA polymermmse’s

froimm HeLa cell cvtoplasmmm timid umumclci amid
cmuif thmvmumus arc given imm rf�ti)l(� 2.

Time’ iumeorporationi of [3H]F3dThmd-5’-PPP

svmms itmimil)itedl by dThd-5’-PPP. Figure 5

simoivs mi Linm(iveaver-Bunrk plot of the immimii)i-

tioti by dTimd-5’-PPP of [3H]F3cITimdI-5’-PPP

itmco)rpomatie)Im itito 1)NA by the HeLa cell

ii
0
0.

0
0
z

0I

0

z

TiME (mm)

Fne; . 4. incorporation of 3H]P3d7’hid-5’-PPP

(111(1 of 31lldTh.d-i5’-PPP iiito DV�-t t.o�uj 1)�\�_4

po!ymera.se i lUlil(e(l by (‘(0(1/il a virus

The react ions uimixflure (250 uI) couitaiuied 25

utunoles emue’h of dAdo-5’-PPP, dGumo-5’-PPP, nuniol

d(’yd-5’-PPP, 50 �cg of mictivmuted 1)NA, 2 Mummoles

(if MgCl2 , 250 uuumioles of 2-nmercaptoiethauiol, 10

Mummoles of Tnis-HC1 hunifer (pH 8.0), 2.5 umnuits of

e’uuz-nmie, auid 12.5 umnmmolesof [3H]F3dTlmd-5’-PPP

(0.414 MCi) or [3H]dTlmd-5’-PPP (0.81 MCi). The

ummixtuure si-mus incuuhmtted mit 37#{176}aimd mussmiveol as

(leso’ribed unmi(ler MATI;RIALS AND METHODS.

cvtoplmismuuie’ 1)NA polynme’rmise; it was foumid!

to i)e colmml)e’titive. Time Js,,, for F:ic!Thmd-5’-

I�l�1� si’mms 6.5 j.i.ir, mvimiehmis mmlittle’ lomie’r timan
its K, value, as emulculateel from F’ig. 4.

I)lSO1’USSiC)N

Simmec’ it immus bd’enl reported from this labora-

tory tlmmmt l”:,dThmdl is inicOrj)Orated! into time
1)NA of He’La s:� cells, Leukenmia L5178V
cells. tumid vaccimiia virus, amid thuat time lres-

emmce’ of time anmmmlogume caumsee! time’ pre)(luctionu
of fmagnuemits of I )NA. snimmller timaum mmomnmal

(12, 13), it was of iumtcrost to study DNA
svnithmesis iii i’i!ro in time 1)m�’senmee’ of F3dTlme!-

5’-PPP. W(’ imtuve slmosmum iii this study t.imat

I”:tolTimcl-S’-PPP iumhmil)itmu pmmrtimmlly pummih(’d

1)NA-c!irc’cte’cl 1)NA po )lyimmermms(’s fmoimm time

nucle’i munch d’VtOj)lmusuim of HeLa cells, Vmtd-

(‘lImit) virus-inmfected IleLmu cells, tumid cmmlf

t imymumuns. Time’ kiuietic cltita obtained ssitim

these 1)N0� �oI1yummemasoS mmu�(’ suimmummauizeel mm
‘Table I . ‘1’ime inmlmibitionm elf time’se fennm kinicis

of �)o)lymmmemases I)V 13cIFhicl-�)’-PPP si-as

co)Immpetit iV(’ si-it ii re’speet te ) dTlmcl-5’-l �PP.

Our cxpe’nimimemits slio)i\ timmit [311JI”3elTiid-

5’-PPP cmmnm 1)0 nmcorpe)m’mited into 1)NA

instead of dTimd-5’-PPP mm cell-free svste’mums,

mis expected fmoomm olum studies am intact tmumcl

vae’ciimia vinums-iimfected c’e’lls. �1’imo rate of

iimc’orpommitiomi of l’melTimd�5’�l)PP smmis nmuchm

slosie’r timmmni thuat elf dThmel-5’-PPP. Iii addi-
tionm. time nmeo)mpolmmitiomm of iu(lTimd-�)’-PPP

was also nmhmil)it(el conmmj)(’titivo’Iv l)y dTlmcl-5’-

P1�P . These elmit mu st r Ingly suggest t hat

F3clThmel-5’-PPP anmcl dThd-5’-PPP occunpv

time sanme 1)inidliImg site cam time’ 1)NA Polylum-

erase iim ilee’tnle’, munmel timmit time’s’ co imimpete witim

each eIther. HeI\\e..’ve’r, time rate’ of fomnmationi

(_If tii(’ pimospimodiester bollmcl 1)etwo’(’n l”3d1’imd-

5’-PPP miumdl time’ imvdroxvl grounp at time 3’-

temnunmus of time’ l)NA pninmier is mmuucii slower
thimiti tiimit ivitim dTiuel-5’-PPP. r1�iii result. is

very sinulam t (I time case ef mirabimmofumalmosyl-

cytosinme 5’-tmipiiospimmute (ara(�d-5’-PPP),

sshiclm is immcoimporated slo)sviy iumto I)NA by

calf timviiuuns 1)NA poilymmiemase; timis iumcor-

Imolrat IOIfl alsoo produced t o’nimminat lOmi of
polynuncleotiele’ ehainm gromitim (30, 31). Hosv-

ever, pn ‘himmminmi my expeminmemut s suggest t immut

ine’ompoimatiomi of F3c11’iid-5’-PJ�P deB’s tme)t

lead to chain tenimuirmationm.4
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Enzyme

T.�umnu#{149}:2

Summary of rates of incorporation

Substrate Rate of incorporation Incorporation ratio:
(F3dThd-5’-PPP/dThd-

5’-PPP) X 100

pmnoles/mnin,/ mg protein

Vmucciumia-immduceel

polymnerase

IleLa cell (umunclei)

p0 lymimerase

HeLa cell (cytoplasmn)
polymnerase

F3dThd-5’-PPP

dTlmd-a’-PPP

F3dThd-5’-PPP

dTlmd-5’-PPP

F3dThd-5’-PPP

(lThd-5’-PPP

144

720)

32

630)

27

240

20)

(10)0))

5.1

(100))

11

(10)0))

F3dThd-5’-PPP

(lTIid-5’-PPP

46

3530)

1.3

(100)

5.

�

�DC

,f�
�o

� E�04�-
a o
“ a

�E02L.

- n-5’-PPP
� __�#___� I

-01 0 DI 02 03

I I S I S =pM F3dThd-5’-P�P)

FIG. 5. Effect of (lTh(l-,5’-PPP on iuocorporatiouo

of [�HlPmdThd-i5’-PPP into 1)NA by I)VA po!yni-

erase froni HeLa ((‘li eytop!asmut in (hoe presence of

chifferen.t coneen.tral ions of F3(lTh(l-5’-PPP (L me-
weaver-fork plot)

The reactionu ummixtunre had time smuumuecoummposition
as imu Fig. 1 except that it couituuiuied the indicated

coumceuitrat ions of [�H }F3dThd-5’-PPP (36 ,.Ci/
niole) anmd (lTiid-5’-PPP. The unixtuure was iuicu-

bated mit 37#{176}for 30 ummiti and mussaved as described

under MATu:RIALS AND METFnODs.

13d’limd has been reported to l)e chimmically

the me)st effective drug klme)wmm migainst vac-
ciimia anmd herpes virus inmfectionms of the eye

(6). Therefore it was also of interest to corn-
pare time effect Of this aumale)gue oni time vac-
cinia virus-immduced DNA polymerase smith
that on time umminmfo’cted HeLa cell emmzvnmc.
As summmmamizccl in Table 1 , time’ iumhibition of

all enzymes is commupetitive betiveeni clThmd-3’-

PPP anmd 1�3dTimd_5’_PPP. Hosieve’m, there
si-as a slight differemmce ammionig time K�. and
time I� values of these enmzynues. Time ratio

of time K, value for F3dThd-5’-PPP to the
Km value for dThd-5’-PPP is alnmost 2 in the
HeLa cell and calf thmyimmus enmzynues, but in

time vaccimmia virus-imuduced polymerase it is
close to 1. Therefore the analogue immhii)its

time virus-induced enzyiume nmore thamm the
cellular enuzymes. Whether the saiume effect
svould be founmd svitii the herpes virus-
induced DNA polymmuerase reimmains to he
cle’ternmiimed.

The rate of incorporation of F3dTimd-5’-

PPP by the vaccimmia vimus-inmduced I)NA
polyrnemase is also higimer thamm svith tine oitimer

enzymmmes (Table 2) . However, aim exact

comparison among these’ enzynmes is irn-

possible because the pumities of the emizyme

preparatiomis svere (lifferelmt . Nevertheless,

simuce time eumzyrmme punitics mien simumilar, it mmmay

be permissible to conmpare the ratios of the

rate of inmcorporatiomm of the ammalogue smith

that of the normal substrate for each I)oiynm-

erase, because the ratio is probably nmot

imuuch affected IW time purity of the emmzyimie.
There svas a considerable differenuce 1)e-

tiveen the rate of imueorporation of dTimdl-
3’-PPP and that elf F3cITiid-5’-PPP. Time mini-

aloguno’ svas immcorporatecl mumuch niore’ slosvly

timaui the nmonummal substrate. �fh ratio of
13dTIud-5’-PPP iumco)mporatiolmm to dThmd-5’-

1�l�1� iniceirpomation mmmis differemmt mmniong the
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DNA polynmerases; in particular, thm(’ virus-
induced polymerase had a higher ratio than
other enzymes. This nmay explain time prefer-

enutial toxicity of F3dThd to vaccinmia virus as
cc)mpared to the cells mm svhicim it replicates.
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