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ABSTRACT

4'-Acylated thymidines represent a new class of DNA
chain terminators, since they have been shown to act

as post-incorporation chain-terminating nucleotides
despite the presence of a free 3 '-hydroxyl group. Here,
we describe the action of the 4 '-acetyl- (MeTTP) and
4'-propanoylthymidine 5 '-triphosphate (EtTTP) on
HIV-1 reverse transcriptase in RNA- and DNA-depend-
ent DNA synthesis and on DNA synthesis catalyzed by
the cellular DNA polymerases a, 3, d and €. MeTTP
exhibits a high selectivity towards HIV-1 reverse
transcriptase. By the use of the bulkier propanoyl
group as the 4 ’'-substituent of the nucleoside 5 '-tri-
phosphate, selectivity towards HIV-1 reverse trans-
criptase could be increased without affecting sub-
strate efficiency. Thus, 4 '-modifications may serve as
a tool to increase selectivity towards HIV-1 reverse
transcriptase.

INTRODUCTION

ality [like 3'-azidothymidine (AZT)] 8-10). Nucleoside 5tri-
phosphates with other modifications at thed@oxyribose moiety

as well as a free-dydroxyl group are known to be substrates for
DNA polymerases (DNA pols) and also RTs. Incorporation of
these nucleotide analogs, which includeazidothymidine
5'-triphosphate X1), arabinofuranosyl nucleotides [like araC
(cytarabine) and F-ara-A (fludarabine)(13) and 2,2'-difluo-
rodeoxycytidine (gemcitabine)4), do not lead to DNA chain
termination, whereas inhibitors lacking thengdroxyl function-
ality do. Inhibition of reverse transcription is believed to proceed
via a pseudo-chain-termination mechanidfit-{4). The aim in

the design of new antiviral nucleosides is to develop tools which
lead to high selectivity towards the targeted enzyme.

Recently, we have shown that theadylated thymidines
4'-acetylthymidine 5triphosphate (MeTTP) and-gropanoyl-
thymidine 3-triphosphate (EtTTP) (for structures see E)gact
as post-incorporation chain-terminating nucleotides on several
DNA pols of the DNA pol | family and RTs despite the presence
of a free 3hydroxyl group in the deoxyriboséX,16).

They represent a new class of DNA chain-terminating nucleo-
tides even though they have a fréeddroxyl group. We have

DNA chain-terminating nucleoside analogs have found widéound that the 4modification is an excellent tool to increase
application in DNA sequencing techniques and antiviral chem@electivity towards HIV-1 RT. In the present study, we describe
therapy. A common feature of chain-terminating nucleotides usée action of the '4acylated thymidines MeTTP and EtTTP on

in DNA sequencing procedures is lack of-ayadroxyl function-
ality on the 2deoxyribose, such as in,2-dideoxyribonucleo-
tides or in 7-deaza-3-deoxyguanosine 1(2). In antiviral

HIV-1 RT in RNA- and DNA-dependent DNA synthesis and on
DNA synthesis catalyzed by the cellular DNA po}$, & ande.
Both thymidine analogs were used as substrates by HIV-1 RT

chemotherapy to combat human immunodeficiency virus (HIMyith similar efficiency. DNA pola was able to use the
infection, inhibition of reverse transcription catalyzed by HIV-1methylketone MeTTP as a substrate, whereas the ethylketone
reverse transcriptase (RT) is the mode of action of clinicalligtTTP was not a substrate for DNA pol None of the other
approved nucleoside drugs. Chain termination is believed to bellular DNA pols present in the nucleus (DNA fob ande)

the primary mechanism by which the corresponding antiviralere able to use the'-odified thymidine analogs. Thus,
nucleoside analod-friphosphates exert their anti-HIV activities. selectivity towards HIV-1 RT could be enlarged by changing the
A common structural feature of these nucleoside analogs is eitlsize of the 4substituent without affecting the substrate efficiency

lack of a 3-hydroxyl functionality as found in thé, 2 -dideoxyri-
bonucleosides [like ddl, ddC of,2-didehydro-2,3'-dideoxyri-

of the nucleotide for the lentiviral enzyme. These observations
may be exploited to develop strategies for the design of new

bonucleosides (e.g. D4T)] or its substitution by another functiomucleosidic antiviral chemotherapeutics with higher selectivity.
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o] o} o} were initiated by addition of 0.3 U HIV-1 RT and incubated for

_O—H—O-—y’—o—g—o 15 min at 37C and_ analyzed ?n an 11% pQIyacryIamide
| I | T denaturating sequencing gel (National Diagnostics). After elec-
o o o trophoresis the gel was transferred to filter paper (Whatmann

R 3MM) and dried at 80C. The radioactivity in the DNA bands

was quantified using a Phosphorimager (Molecular Dynamics).

O OH The relative velocities of incorporation of MeTTP and EtTTP

were determined by dividing the radioactivity in the first T site

MeTTP: R = -CHz , EXTTP: R = -CH,CHj (position 27) by radioactivity of the band 1 nt shorter (position

26), as previously describe#,4,24). TheK;, andVmax values

Figure 1. Structures of the'4cylated thymidine ‘Sriphosphates MeTTP and were then calculated from the Michaelis-Menten equation.

EtTTP.
DNA primer extension on a DNA template

The B-end-labeled 20 base oligonucleotide primer was annealed

MATERIALS AND METHODS to its complementary site on a 40 base oligonucleotide as
_ described above.
Materials (5" d( 32P-GTGGTGCGAATTCTGTGGAT

d(CACCACGCTTAAGACACCTAGTCGTTC@ACTTGCTGGCT)

MeTTP and EtTTP were synthesized according to the procedu@e') | |

described previouslyl6,17). Standard nucleotides akdcheri- 20 30
chia coli 165 and 233 rRNA were purchased from Boehringer DNA primer extension reactions with HIV-1 RT contained, in a

Mhannhel:)irlllw.ADNAholigonucIAeotilqleg \é\(ere preparefd with a solih ) yolume of 10l in buffer A, 73 fmol labeled 20 base DNA

ase synthesizer ied Biosystems) fr@rayano- . '

gth I- rotecteg hos horglrrl?i%ites ur%;‘ied b) tr?e ¥trit |-ony PTIMET, 230 fmol 40 _base DNA template andA0 each dATP,
rozegure de rgtectg d and urifié dFl)) HPLC im dp AGEy DN RGTP and dCTP, various concentrations of TTP, MeTTP or EtTTP

P  dep P y y as indicated in the figure legends and 0.05 U HIV-1 RT. Incubation

. ) 3y
Erimir;l_wiﬁeﬁggﬁ? :;] dth_?_ 4®§ol3\;¥:hhclgotidPgA-ll;li:r,\afeoo(?\lewwas performed for 15 min at 3€ and analyzed and quantified as
England Biolabs)2). Human DNA polg was purchased from described above. DNA primer extension reactions with DNA pols

Chimerx. HIV-1 RT was purified as describad), Calf thymus o andp were performed in buffers B and C respectively and 0.1 U

DNA pols a, & and & were purified according to published EN2YMe Was used. When DNA @iblvas used to perform DNA
rocegures 19_21) Proliferatiﬁ cell nuclear a%ti erﬁ) (PCNA) primer extension each reaction mixture (@0contained, in buffer
P : 9 9 D, 36 fmol labeled 20 base DNA primer, 54 fmol 40 base DNA

was overexpressed and purified as descriggd One unit of template, 90 ng PCNA and 204 each dATP, dGTP and dCTP
DNA pol activity corresponds to incorporation of 1 nmol, ..o concantrations of TTP, MeTTP or EXTTP as indicated in
2—deo_xyr|bonucl_e03|de monophosphate into aC|d—preC|p|tabI[%e figure legends and 0.01 U DNA pdl Incubation was
material in 60 min at 3T. performed for 15 min at 3T and the products were analyzed and
. guantified as described above. When DNA gakas used to
Enzyme reaction buffers catalyze DNA synthesis the reaction mixtures 2@ontained, in
Buffer A: 20 mM Tris—HCI, pH 7.5, 6 mM Mg&140 mM KCl, buffer D, 36 fmol labeled 20 base DNA primer, 54 fmol 40 base
0.5 mM DTT. Buffer B: 20 mM KHPQyKH,PQy, pH 7.2, DNA template and 3@uM each dATP, dGTP and dCTP and

10 mM MgCh, 0.5 mM DTT, 1.25 mg/ml BSA. Buffer C: 50 mM various concentrations of TTP, MeTTP or EtTTP as indicated in
Tris—HClI pH’8..7 10 mM'M'ng 10 mM KCI. 1 mMm DTT. thefigure legends. The reactions were initiated by addition of 0.4 U

Buffer D: 50 mM Tris—HCI, pH 6.5, 5 mM Mg&I0.5 mM DTT. DNA pol €, incubated for 15 min at 3C and the products
1.95 mg)ml BSA. ' - ’ " analyzed and quantified as described above.

DNA primer extension on 16S rRNA template RESULTS

The B-end-labeled 20 base oligonucleotide primer was anneal&NA Primer extension on RNA template catalyzed by
to its complementary site @coli 16S rRNA (positions 116—135 HIV-1 RT

using the deoxyribonucleotide numbering system28f by  The action of the'dacylated thymidine'Griphosphates MeTTP
heating the DNA primer and a mixture of 16S and 23S rRNA tgnq E{TTP (for structures see Fijjon reverse transcription was

80°C for 5 min and subsequent cooling t& €Swithin 1 h. studied usingE.coli 16S rRNA Q) as template to which a
(5" d( 32P-GCAGTTTCCCAGACATTACT) 5'-32p_labeled 20 base DNA primer was annealed. As shown in
(3" r(..CGUCAAAGGGUCUGUAAUGAGUGGEEGCGG...) Figure2, in the presence of dATP, dGTP and dCTP and in the

| | absence of TTP, HIV-1 RT extended the primer six deoxyribonu-
20 27 cleotides to form a main reaction product with a length of 26 nt

Each DNA primer extension reaction mixture () con- (Fig. 2, lane 1).
tained, dissolved in buffer A, 73 fmol labeled 20 base DNA When increasing concentrations of either MeTTP or EtTTP
primer, 0.5ug E.coli 16S/23S rRNA mixture and M each  (1-100uM) were added to the reaction mixture a decrease in the
dATP, dGTP and dCTP and various concentrations of TTRmount of the 26 base product and an increase in the 27 base
MeTTP or EtTTP as indicated in the figure legends. The reactiopsoduct was observed (Fig, lanes 2—15). This indicated that
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Figure 2. Incorporation of MeTTP and EtTTP into DNA by HIV-1 RT using

rRNA template. The numbers on the left side of the figure indicate the length

of oligonucleotide synthesized in primer extension. Lane 1, HIV-1 RT Figure 3. Incorporation of MeTTP and EtTTP into DNA by HIV-1 RT using

incubated with 1uM each dATP, dCTP and dGTP afiP-labeled 20 base  DNA template. The numbers on the left side of the figure indicate the length of

DNA primer annealed to 16S rRNA; lanes 2-8, as lane 1 but with 1, 6, 10, 15, oligonucleotide synthesized in primer extension. LM, line marker. Lane 1,

20, 50 and 100M MeTTP respectively; lanes 9-15, as lane 1 butwith 1, 6, 10, HIV-1 RT incubated with 1@M each dATP, dCTP and dGTP a¥®-labeled

15, 20, 50 and 1Q@M ELTTP respectively; lane 16, control reaction, as lane 1 but 20 base DNA primer annealed to 40 base DNA template; lanes 2-10, as lane

with 10uM TTP. 1 butwith 1, 6, 10, 15, 20, 50, 100, 150 and 2AMeTTP respectively; lanes
11-19, as lane 1 but with 1, 6, 10, 15, 20, 50, 100, 150 andN@ETTP
respectively; lane 20, control reaction, as lane 1 but wiltM.a TP.

HIV-1 RT was able to use both MeTTP and EtTTP as substrates

for incorporation into the first T site in RNA-dependent DNA

synthesis. Formation of the 27 base product was clearly due to N

incorporation of the thymidine analogs MeTTP and EtTTP int&mployed §-10,24). Under these conditions, MeTTP acted as a
the nascent DNA strand, since no pausing at position 27 wg8st-incorporation DNA chain terminator in DNA-dependent
observed when the reaction was performed in the presence of VA synthesis catalyzed by HIV-1 RT (F§). When the DNA

four natural dNTPs (Fig, lane 16). Most of the cDNA products 20 base primer/40 base template (for sequences see Materials anc
in the reaction shown in F|guﬂa lane 16 ran h|gher on the ge| MethOdS) were incubated with HIV-1 RT in the presence of dATP,

and are therefore not visible. There were no indications th&GTP and dCTP without TTP, the 20 base primer was extended

further DNA strand elongation occurs after incorporation of botRY 9 nt to form a major stop site (position 29), one position before
4-modified thymidine analogs, despite the presence of a frdBe first T site (Fig3, lane 1). o

3-hydroxyl group at the primer terminus. Both analogs acted as I he formation of longer reaction products indicated that some
post-incorporation DNA chain terminators. The radioactivity infon-complementary dNTP molecules were incorporated into the
sites 26 and 27 was quantitated and the incorporation kirtgics ( first T site and subsequently the DNA primer strand was further
and Vmay) Were determined as described in Materials anglongated. This misincorporation tendency of HIV-1 RT confirms
Methods. As shown in Table theK, value for incorporation of its known error-prone propertie2%-28). When HIV-1 RT
MeTTP into the first T site (position 27) by HIV-1 RT was 2- tocatalyzed primer extension in the presence of increasing con-
3-fold less than that for incorporation of EtTTP, indicating thagentrations of the'4acylated thymidine analog MeTTP or EXTTP
HIV-1 RT has a higher affinity for MeTTP. Interestingly, the (1-200uM), increasing incorporation was observed by accu-

substrate efficiencmayKm) (8,9,24) for MeTTP was the same Mulation of 30 base reaction products (Bjganes 2-19). Again,
as for the bulkier EtTTP. with the use of TTP instead of MeTTP or EtTTP (Bidane 20)

it could be confirmed that formation of the 30 base product can
DNA primer extension on DNA template catalyzed by be ascribed to incorporation of the thymidine analogs. The kinetic
HIV-1 RT parameters were determined as described above and are listed ir
Tablel. TheKy, value for MeTTP incorporation with the DNA
Recently we showed that DNA-directed incorporation of MeTTRemplate is similar to thk,, value with the RNA template. For
by HIV-1 RT can result in a slower further elongation at theEtTTP, we found thél, value and substrate efficiency in this
primer 3-terminus when a high enzyme:DNA substrate ratio wareaction to be of the same order of magnitude as for MeTTP. The
employed {5,16). However, to quantitate nucleotide insertionKy, value for incorporation of EtTTP in the DNA-dependent
kinetics the enzyme has to be saturated with its DNA substrateaction turned out to be 3-fold less than found in the reverse
and therefore low enzyme:DNA substrate ratios have to keanscription reaction.

Table 1.Kinetic parameters of MeTTP and EtTTP incorporation into DNA

Enzyme Analog 16S rRNA template 40 base DNA template
Km (UM) Vmax VmaxKm (PerpM) — Km (UM) Vimax VmaxKm (perpuM)
HIV-1 RT MeTTP 15 2.9 0.19 10 1.6 0.16
EtTTP 42 5.6 0.13 12 24 0.20
DNA pol a MeTTP n.a. n.a. n.a. 338 0.72 0.002

n.a., not applicable, since DNA pmldoes not copy RNA templates.
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elongation could be obtained. Therefore, MeTTP acts as a chain
terminator for DNA pobr as well, in spite of the freé-Bydroxyl
WP ELE . . group. If primer elongation by DNA pal was performed in the
- presence of the moderately bulkier EtTTP, no incorporation of the
thymidine analog could be detected (Higlanes 6-9). Thus, an
el - increase in the bulk of thé-dcyl modification of the analog by
cessesesdeas only one CH moiety ensures that this analog is no longer a
substrate for DNA pal. If, however, the three DNA pdksd and
€ present in the nucleus were tested with the same concentrations
of MeTTP and EtTTP and under optimal conditions for each

T MeTTP(uM) EtTTP (uM) o,

20 = Seeos ooV enzyme, neither of the thymidine analogs was incorporated into
LM1 234 56 78 910 the growing DNA strand by any of these other three cellular DNA
pols (Fig.5).

Figure 4. Action of MeTTP and EtTTP on DNA pal The numbersontheleft DISCUSSION
side of the figure indicate the length of oligonucleotide synthesized in primer . .
extension. LM, line marker. Lane 1, DNA mlincubated with 1uM each In spite of the fact that the-dcylated thymidines MeTTP and

dATP, dCTP and dGTP arfdP-labeled 20 base DNA primer annealed to 40 EtTTP bear a free'dwdroxyl group, this study indicates that
kﬂa:%g’\:ésteefzg\'/aeﬁe{ 'IZ?]‘; g—gv > :ZEZ i EL‘: VV\‘;I':E 55)8' 188’ %gg :mgg their incorporation into DNA blocks further DNA chain elonga-
EtTTP respF;ctiver?l’Iane 10, control reaction, as lane 1 but’WMUTP. tion. DN.A pols are thQUth to Catalyze. DNA polymerization by
sequential conformational changes in the enzyme structure

(29-31). HIV-1 RT is thought to undergo a conformational
change after binding the nucleosidétriphosphate, which
positions the nucleotide for phosphodiester bond formagitin (
Therefore, the binding affinity of the nucleotide substrate at the
To evaluate the action of theacylated thymidines MeTTP and active site in the RT is crucial for incorporation. g value
EtTTP on cellular DNA pols we used the DNA primer/templaterepresents a parameter for the binding affinity of the nucleotide
complex described above. When DNA palas used to perform  at the active site2@d). From theKy, values the differences in the
primer elongation in the presence of dATP, dGTP and dCTRee binding energies of MeTTP and EtTTP can be calculated
formation of a 29 base DNA product as major reaction produ€®4). It turned out that the free binding energy of MeTTP for
was observed (Figi, lane 1). HIV-1 RT in reverse transcriptioni®.6 kcal/mol higher than for

Only trace amounts of misincorporation were observed in thiStTTP. This may be due to the bulkiérstibstituent, which may
case. In the presence of increasing concentrations of MeT Titerfere with the enzyme or fix the sugar pucker conformation
(50—-200uM) DNA pol a incorporated this analog into the unfavorably for binding. However, thi€n, values for DNA-
nascent DNA strand (Fid, lanes 2-5). The kinetic parametersdirected DNA synthesis with MeTTP and EtTTP are about the
were obtained as described above and are listed in Tablee  same. The substrate efficiency of both substrates was found to be
Km value for incorporation of MeTTP by DNA polis[(B30-fold  about the same for both reactions. These studies revealed that ar
greater than that obtained with HIV-1 RT. The substrate efficiendpcrease in the size of thegubstituent by one methylene moiety
of DNA pol a for MeTTP is[1L00-fold lower than that for HIV-1 did not have a significant effect on nucleotide binding and
RT. Interestingly, no indication of post-incorporation chainincorporation. In contrast, as shown recently,16), HIV-1 RT

DNA primer extension catalyzed by cellular DNA pols

DMA pol [ DNA pol & DNA pol e
T MeTTE (uM) EITTR (M) T° T _MeTTF (uM)  ETTITE () IF; T MaTTP (uM) EITTP (uM}  T*
B0 100 150 200 50 100 180 200 1000 150 200 100 180 200 ED ICDISE‘T‘HO B0 100 150 200
40 = 40 0 - -
“eoevee YRR o ... e
e -
------- - -
- - - e e - - -
- - - e
pet=mcciciic 00000088 09eee0e0eee
LM1 2 3 4 6§ 6 7 8B 810 NPE—— —
M1 2 3 4 5 6§ 7 6 IM1 2 3 4567 8 910

Figure 5. Action of MeTTP and EtTTP on DNA pdBs 6 ande. (Left) LM, line marker. Lane 1, DNA pd incubated with 1@M each dATP, dCTP and dGTP and
32p_labeled 20 base DNA primer annealed to 40 base DNA template; lanes 2-5, as lane 1 but with 50, 100, 1GBIaMe TP respectively; lanes 6-9, as lane

1 butwith 50, 100, 150 and 20M EtTTP respectively; lane 10, control reaction, as lane 1 but witMIOTP. (Center) LM, line marker. Lane 1, DNA pdlincubated

with 20uM each dATP, dCTP and dGTP, PCNA &ndi-labeled 20 base DNA primer annealed to 40 base DNA template; lanes 2—4, as lane 1 but with 100, 150 anc
200 M MeTTP respectively; lanes 5-7, as lane 1 but with 100, 150 andM@BXTTP respectively; lane 8, control reaction, as lane 1 but wittM.JTP.

(Right) As in the left panel but with DNA pel
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is able to promote chain elongation after incorporation of thREFERENCES

methylketone MeTTP when high enzyme quantities are used. The
ethylketone EtTTP acts as a chain-terminating nucleotide upop
incorporation. Thus, the size of themModification is less crucial
for incorporation of the nucleotide by HIV-1 RT than for 2
post-incorporation DNA elongation.

The Ky, values obtained for incorporation of MeTTP and
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HIV-1 RT. To assess the influence of thadyl modification on 20
DNA synthesis catalyzed by HIV-1 RT and cellular DNA pols th
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4'-ethylketone EtTTP resulted in rejection of the thymidine23
analog as a substrate for cellular nuclear DNA pols, witho
reducing its substrate efficiency for HIV-1 RT in comparison with
MeTTP. Thus, the'4dmodification may serve as a tool to increasegs
selectivity towards the lentiviral enzyme. These observatiorgs
make 4-modified nucleotides very interesting in the search fof”
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progress.

31

32

33
ACKNOWLEDGEMENTS

34

3
This work was supported by the Swiss National Science
Foundation and Novartis AG. 36

Natl Acad. Sci. USM2, 7096-7100.

Mitsuya,H. and Broder,S. (198Bjoc. Natl Acad. Sci. USR3,
1911-1915.

Balzarini,J., Pauwels,R. Herdewijn,P., DeClercq,E., Cooney,D.A.,
Kang,G.-J., Dalal,M., Johns,D.G. and Broder,S. (1886¢hem. Biophys.
Res. Communl40, 735-742.

Furman,P.A, Fyfe,J.A., St Clair,M.H., Weinhold,K.J., Freeman,G.A.,
Nusinoff-Lehrman,S., Bolognesi,D., Broder,S., Mitsuya,H. and Barry,D.W.
(1986)Proc. Natl Acad. Sci. USAR3, 8333-8337.

St Clair,M.H., Richards,C.A., Spector,T., Weinhold,K.J., Miller, W.H.,
Langlois,A.J. and Furman,P.A. (198¥)timicrobial Agents Chemother
31, 1972-1977.

Huang,P., Farquhar,D. and Plunkett,W. (19P3iol. Chem 267,
2817-2822.

Parker,W.B., White,E.L., Shaddix,S.C., Ross,L.J., Buckheit,R.W.,
Germany,J.M., Secrist,J.A., Vince,R. and Shannon,W.M. (12%ipl.
Chem, 266, 1754-1762.

Kukhanova,M., Liu,S.-H., Mozzherin,D., Lin,T.-S., Chu,C.K. and
Cheng,Y.-C. (1995). Biol. Chem 270, 23055-23059.

1 Chen,M.S., Suttmann,R.T., Papp,E., Cannon,P.D., McRoberts,M.J.,

Bach,C., Copeland,W.C. and Wang,T.S.-F. (188hemistry32,
6002-6010.

Reid,R., Mar,E.-C., Huang,E.-S. and Topal,M.D. (198®iol. Chem
263 3898-3904.

Huang,P., Chubb,S. and Plunkett,W. (190@iol. Chem 265
16617-16625.

Huang,P., Chubb,S., Hertel,L.W., Grindly,G.B. and Plunkett,W. (1991)
Cancer Res51, 6110-6117.

Marx,A., MacWilliams,M.P., Bickle, T.A., Schwitter,U. and Giese,B.
(1997)J. Am. Chem. Sqd 19 1131-1132.

Marx,A. and Giese,B. (1990himia, 51, 93-94.

Marx,A., Erdmann,P., Senn,M., Kérner,S., Jungo,T., Petretta,M.,
Imwinkelried,P., Dussy,A., Kulicke,K.J., Macko,&t al (1996)Helv.
Chim. Acta79, 1980-1994.

8 Amacker,M., Hottiger,M., Mossi,R. and Hiibscher,U. (199D 11,

534-536.

Podust,V.N. and Hiibscher,U. (1998)cleic Acids Res21, 841-846.
Weiser,T., Gassmann,M., Thémmes,P., Ferrari,E., Hafkemeyer,P. and
Hibscher,U. (1991). Biol. Chem 266, 10420-10428.

1 Podust,V.N., Mikhaliov,V., Georgaki,A. and Hubscher,U. (1992)

tChromosom,alOZ, 133-141.

Fien,K. and Stillman,B. (199®)ol. Cell. Biol, 12, 155-163.
Brosius,J., Dull, T.J., Sleeter,D.D. and Noller,H.F. (198Mol. Biol, 148
107-127.

4 Boosalis,M.S., Petruska,J. and Goodman,M.F. (12&ipl. Chem 262

14689-14696.

Preston,B.D., Poisez,B.J. and Loeb,L.A. (1$8¢nce242 1168-1171.
Takeuchi,Y., Nagumo, T. and Hoshino,H. (1988Yirol., 62, 3900-3902.
Bebenek,K., Abbotts,J., Roberts,J.D., Wilson,S.H. and Kunkel, T.A. (1989)
J. Biol. Chem 264, 16948-16956.

Kunkel, T.A. (1992)). Biol. Chem 267, 18251-18254.

Joyce,C.M. and Steitz, T.A. (1994hnu. Rev. Biochen63, 777-822.
Patel,P.H., Jacobo-Molina,A., Ding,J., Tantillo,C., Clark,A.D., Raag,R.,
Nanni,R.G., Hughes,S.H. and Arnold,E. (19B&chemistry34,
5351-5363.

Richetti,M. and Buc,H. (199@®MBO J, 9, 1583-1593.

Hibscher,U. and Spadari,S. (19PAysiol. Rey 74, 259-304.
Wang,T.S.-F. (1996) In DePamphelis,M.L. (eBNA Replication in
Eukaryotic CellsCold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY, pp. 461-496.

Hindges,R. and Hiibscher,U. (1981l. Chem, 378 345-362.

5 Jessberger,R., Podust,V.N., Hiuibscher,U. and Berg,P. A 9Bi®). Chem

268 15070-157079.
Jessberger,R., Schér,P., Robbins,P., Ferrari,E., Riwas,B. and Hubscher,U.
(1997)Nucleic Acids Res25, 289-296.



