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ABSTRACT

Studies to elucidate the reactions that occur at the
eukaryotic replication fork have been limited by the
model systems available. We have established a
method for isolating and characterizing Simian Virus
40 (SV40) replication complexes. SV40 rolling circle
complexes are isolated using paramagnetic beads and
then incubated under replication conditions to obtain
continued elongation. In rolling circle replication, the
normal mechanism for termination of SV40 replication
does not occur and the elongation phase of replication
is prolonged. Thus, using this assay system, elongation
phase reactions can be examined in the absence of
initiation or termination. We show that the protein
requirements for elongation of SV40 rolling circles are
equivalent to complete SV40 replication reactions. The
DNA produced by SV40 rolling circles is double-
stranded, unmethylated and with a much longer length
than the template DNA. These properties are similar to
those of physiological replication forks. We show that
proteins associated with the isolated rolling circles,
including SV40 T antigen, DNA polymerase  q, replication
protein A (RPA) and RF-C, are necessary for continued
DNA synthesis. PCNA is also required but is not
associated with the isolated complexes. We present
evidence suggesting that synthesis of the leading and
lagging strands are co-ordinated in SV40 rolling circle
replication. We have used this system to show that
both RPA—protein and RPA-DNA interactions are
important for RPA's function in elongation.

INTRODUCTION

replicative DNA polymerase is DNA polymeraséeviewed in
5) although genetic studies have also implicated a second highly
processive DNA polymerasan chromosomal DNA replication
(6-9). Both polymerases require PCNA which acts as a sliding
clamp to allow highly processive DNA synthesi§){ PCNA is
loaded on the DNA by RF-CL{-18, reviewed in2,19,20). On
the leading strand, PCNA is thought to be loaded once to establish
a processive polymerase complex which can synthesize long
stretches of DNA without further modification. On the lagging
strand, each Okazaki fragment is initiated after synthesis of an
RNA primer by DNA polymerase/primase complex. DNA
polymerasex synthesizes a small segment of DNA, polymerase
switching then occurs and DNA polymerasearries out the
synthesis of the rest of the Okazaki fragmésf(1-23). Each
Okazaki fragment is thought to require the loading of PCNA by
RF-C. Okazaki fragments are subsequently processed by RNaseH,
FEN1/RTH and DNA ligase to give a complete nascent DNA
strand 23-25, reviewed inl,2).

Although much is known about the biochemistry of replication,
a number of questions remain about the reactions at a eukaryotic
replication fork. Detailed analyses of the reactions at a replication
fork have been limited by the difficulty in isolating functional
replication fork complexes. In this manuscript we describe a
system for examining elongation utilizing thevitro replication of
Simian Virus 40 (SV40)46, reviewed in27,28). SV40 encodes a
single protein required for replication, the multifunctiométiator,
SV40 large T antigen. All other proteins needed for replication
are supplied by the host cell. SV40 has a double-stranded, circular
genome which normally replicat@s vivo via a bidirectional,
circle-to-circle mechanism. Replication terminates when the two
replication forks meetn vitro, both circle-to circle and rolling
circle mechanisms of replication have been obse@&a89). In
rolling circle replication, a single replication fork moves around
the circular genome and normal termination processes do not

Eukaryotic DNA replication occurs by a semi-discontinuousccur. We have developed a system for isolating SV40 rolling
mechanism, with the leading strand being synthesized continuouslycles and characterizing DNA elongation vitro. We also
and the lagging strand being synthesized as a series of shexaimined the role of replication protein A (RPA) in the elongation
Okazaki fragments. Biochemical analysis of replication proteinghase DNA replication.

as well as functional studi@s vitro have led to the proposal of
a model of the eukaryotic elongation (reviewedl#3). This

RPA was initially identified as a protein absolutely required for
SV40 DNA replication 0-32). Subsequently it was shown that

model is patterned after the mechanism of prokaryotic DNARPA is a single-stranded DNA (ssDNA)-binding protein which
replication @). Most biochemical evidence indicates that thds involved in multiple aspects of DNA metabolism in cells,
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including replication, repair and recombination (revieweti3n  cytoplasmic extract or with partially purified replication proteins
Human RPA is a stable complex of three subunits of 70, 32 apdrified from HelLa cytoplasmic extracts. The2%eactions had
14 kDa (33). RPA also interacts with multiple proteins (reviewedthe following final concentrations of partially purified proteins:
in 33) and can stimulate the activity of eukaryotic DNA 300 ng of RPA, 9.4ig of CFll (containing DNA polymerase,
polymerases and several known helicas€s36-37). All three DNA polymerase and RF-C) and 4.2g of CFIBC (containing
subunits of the RPA complex are required for RPA funcB8p (  PCNA and Protein Phosphatase 2A). Reactions were incubated
The 70 kDa subunit has high affinity ssDNA-binding activity andat 37°C with the following components: 2QM of CTP, GTP
has been shown to specifically interact with several replicatioand UTP, 4 mM ATP, 5QM dATP (with 0.5uCi [a-32P]dATP),
proteins including SV40 large T antigen and DNA polymeras@00uM of dCTP, dGTP and dTTP, 30 mM HEPES (diluted from
a/primase $8-41). The 70 kDa subunit is composed of at leasil M stock at pH 7.8), 7 mM Mg&l150 ng pUC.HSO, fig SV40
three domains, an N-terminal protein interaction domain, mrge T antigen, and 1U of topoisomerase | (10 000 U/ml).
central high-affinity ssDNA-binding domain and a C-terminalReactions were terminated by incubating witiS2op Solution (2%
domain that participates in interactions with the other tw®DS, 50 mM EDTA, 1 mg/ml Proteinase K) for 15-30 min 437
subunits 42 and references therein). The 32 kDa subunit alser by phenol extraction (1 vol phenol saturated with TE) and
contains an N-terminal regulatory domain and weakly binds tehloroform:isoamyl alcohol (48:1 viv) treatment. DNA replication
SSDNA (43-47). The 14 kDa subunit is required for the formationproducts were precipitated with 3 vol ethanol, 6 M ammonium
of the RPA complex/g). Several studies have indicated that RPAgcetate and 1.2 mg/ml tRNA and vacuum dried. All synthesized
is probably required for both initiation and elongation phases @NA replication products were resolved on a 1% agarose gel in 1
DNA replication 84,41,49-52); however, the role of RPA in the TAE (40 mM Tris-acetate and 2 mM EDTA, pH 8.5), and analyzed
elongation process is not yet understood. _ . by autoradiography. Total DNA synthesis was quantitated by
Using this novel assay, we examine the protein requirementgA precipitation; specific species of replication products were
for elongation and present evidence that leading and laggirgiantitated after gel eleaphoresis using a Packard Instant Imager.
strand synthesis is co-ordinated. We also show that bothThe time course of SV40 DNA replication was carried out by
RPA-DNA interactions and RPA—protein interactions are necessantubating a large 250l reaction containing HelLa cytoplasmic
for the elongation phase of DNA replication. We also suggest thaktract at 37C. At the indicated times, a 38 aliquot was
RPA may be associated with a replication complex, a ‘replisomeemoved and terminated with 1 vol ok BStop Solution. DNA

that replicates both the leading and lagging strands. products synthesized were resolved and analyzed as described
above. For pulse labeling analysis, individual [23HelLa cyto-
plasmic extract replication reactions were incubated in the absence

MATERIALS AND METHODS of [a-32P]dATP for the indicated times. $0/ dATP with 0.5uCi

Materials [a-32P]dATP were then added to the reactions and incubated for

10 min. The reactions were then terminated and the synthesized

Redivue fi-32P]dATP (3000 Ci/mmol) was obtained from DNA products were isolated and analyzed as described above.
Amersham. Dynabeads M-280 Streptavidin were purchased from
Dynal. Biotin-14-dATP was obtained from Life Technologies.
Restriction endonucleas&aBAl and Mbol were purchased
from Stratagené)pnl was purchased from New England BiolabsTwo stage SV40 elongation assay
and Life Technologies, Inc. Topoisomerase | was purchased from
Life Technologies. o . .

Monoclonal antibodies used: SJK-287 to DNA polymeras&tage 1: a 700l SV40 replication reaction was assembled with
a/primase §3), a70C to RPA70%5), mab71 to RPA35(), pab  Hela cytoplasmic extract, 2i9 pUC.HSO (equivalent to
414 to SVA4O0 large T antigeA%), anti PCNA antibody56) and 100 ng/Xk reaction), 24M Biotin-14-dATP, and nod-32P]dATP.

2-313to RF-C (Bruce Stillman, personal communication). All ard he reaction was incubated at&for 2 h. Washing conditions:
neutralizing antibodies. streptavidin Dynal beads (420g) washed three times with

1x SVRB buffer (20QuM of CTP, GTP, UTP, 4 mM ATP, 30 mM
) o HEPES pH 7.8, 7 mM Mgg) were added to the 7Q0reaction
Protein purification and incubated with regular mixing at°& for 30 min. The
. - incubated beads were then washed three times witBVRB
All mutant forms of RPA and SV40 T antigen were purified asy, er and separated into Bg aliquots. Stage 2: the streptavidin
described previously3g,42,48,57, respectively). Fractionation s with hound Biotin-14-dATP labeled DNA—protein elongation
of HeLa cytoplasmic extracts to yield cellular fraction IBC and ”:c:gmplexes were incubated for 1 h atGwith partially purified

(CFI.BC Fnd8(5:gll,ErespecFiver) c;/vas _?erft(_)rme?l as debs_cribte plication proteins in the presence of3P]dATP in standard
previously ¢8,53). Expression and purification of recombinan SV40 replication conditions with the following modifications in

Saccharomyces cerevisidPA (scRPA) and (RPA70 F238A, dNTP concentrations: 5MM dCTP, dTTP, dGTP and 28,8/

W361A) have been describetl’(58). dATP. Reactions were terminated by phenol extraction (1 vol of
phenol equilibrated with TE). The aqueous phase was then
SV40 replication assay extracted with 1 vol of chloroform:isoamyl alcohol [48:1 (v/v)]
and precipitated with 3 vol ethanol, 6 M ammonium acetate and
SVA40 replication reactions were carried out as described previoudy?2 mg/ml tRNA and vacuum dried. The DNA was then
with minor modifications48). Briefly, replication reactions were resuspended inxlrestriction endonuclease buffer and either
carried out in volumes of 25 or bwith either 10Qug of HeLa  treated with the indicated restriction endonuclease or left
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Figure 1. Time course of SV40 DNA replication. SV40 replication reactions S +
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Temporal analysis of SV40 replication

Sev_e ral_ different forms_ O,f DNA pr_OdUCtS are p(od}Jced du”ng th%—igure 2.5V40 elongation.A) Schematic of SV40 elongation assay. Stage 1:
repllcatlon of SV40 origin containing DN/ VItro: MONOMEr el a SV40 replication reactions are carried outin the presence of Biotin-14-dATP.
circles, dimer circles, replication intermediates (e.g. Cairnsvewly synthesized DNA is isolated on streptavidin paramagnetic beads and
structures) and high molecular weight DNA that remains close téOfT_}PlgxeS T}fe washed. Stage %ﬁ I_Solatt)ed zompcljexes alr_e Cf_)mblnet(ij with paﬂlﬁlly
P i~ H puritied rep ication protelns and incubated under repl ication conditions witl
the or'lgml of the gel (Flﬁl’ 26'29’48’53f)' .Thle Calr.nsl Struc}.ure.s [a-32P]dATP. Lines, DNA; wavy lines, DNA synthesized in stage 2; gray circle,
and circular DNA are the p_roducts or circ e-t_o-cwc e replication putative protein complex; Bs and black circles, biotin-14-dATP; hatched circle,
(4,26,29). In contrast, the high molecular weight DNA are long paramagnetic beadsB) Stage 1 reaction: replication reactions containing
concatemers synthesized by a rolling circle mecharists)( To HeLa extracts, Biotin-14-dATP and{$2P]dATP were incubated at 3C for
examine the temporal appearance of these difference speci@sh- Where indicated, streptavidin beads were added and DNA isolated as
- p Scribed in Materials and Methods. DNA products were digesteSsuiil

DNA Wa,s labele,d continuously and th_e pr_odqcts a”a'Yzed atvario ere indicated. The positions of different DNA forms and the largest complete
times of mCUbatlon- As expected, rephc_atlon intermediates were th@gestion product (1.1 kb) are shown. Approximately 31% of the labeled DNA
first species of products observed (Higlanes 2 and 3). These products were isolated on the streptavidin be&@)sStage 2 reaction products
intermediates were then rapidly converted to monomer and dimeere isolated as described in Materials and Methods. The DNA was then
circles (Fig.1, lane 4). The high molecular weight, rolling circle digestedfor 3 hwith the indicated enzyme orleft untrediy&tage 2 reaction

d ! fi b d aft in of i b’ . roducts were isolated as described previously and then digested for 3 h with
products were first observed after 40 min of incubation. Howevet,ingi which has a unique site: lane 1) or left untreated (lane 2). Products were
we observed that the proportion of rolling circle products increasegbsolved on a 1% alkaline denaturing agarose gel. Total synthesis (pmol dNMP
over time until at late times, rolling circle products predominateincorporated) or DNA present in the 1.1 kb fragment (*) is indicated for each
(Fig 1. lanes 6—9) To confirm these observations. reactions wer&2action. Radioactivity present in the 1.1 kb fragment was quantitated using an

T ' . . . . ! . i 0
pulse labeled for 10 min at various times during a reaction. At Iatgj?ﬁs'gigﬁqrpﬁfec‘kard)' Note the 1.1 kb fragment is 40% the length of the
times (110 and 170 min) a majority of the radioactivity was
incorporated into rolling circles (Fid, lanes 10-13). We coluicle
that at late times during a reaction, the predominant mechanism ) o
of replication is rolling circle. This conclusion is not unexpectedte-initiation. We reasoned that if the molecules replicating by a
Initiation events decrease over the course of a reaction and it take®¥ing circle mechanism could be isolated and analyzed, they
only a few minutes for an SV40 containing plasmid to complet&ould be an excellent model for examining the reactions that
replication by the circle-to-circle mechanisi®,60; M.S.Wold, ~ occur at a eukaryotic DNA replication fork. We therefore developed
unpublished data). In contrast, rolling circles have only a singk procedure to isolate the rolling circle replication complexes on
replication fork and no efficient mechanism of terminatingd@ramagnetic streptavidin beads (shown schematically i24&jg.
replication. Thus, it is expected that rolling circles will accumulatén this procedure, SV4Q replication reactions were carried out in
throughout the reaction. the presence of low levels of biotin-14-dATP (stage 1). The newly
synthesized DNA was isolated on Streptavidin paramagnetic
beads, washed and incubated under replication conditions that
allow continued DNA synthesis (stage 2).

Control stage 1 reactions were carried out in the presence of

In rolling circle replication, the elongation phase of replicatiorboth [a-32P]JdATP and biotin-14-dATP. Biotin-14-dATP had no
continues for an extended period of time without requiringeffect on DNA synthesis (data not shown). 30-50% of the newly

Isolation and characterization of rolling circle replication
complexes



Nucleic Acids Research, 1999, Vol. 27, No. 2 659

synthesized DNA could be isolated on the paramagnetic, A B

streptavidin beads (e.g. FigB, lanes 1 and 2). There was a Stage 1 " Slage2

significant enrichment of high molecular weight products and lsolationen .

replication intermediates during isolation (F2B, lane 2). Streplavidin Beads — T

Although the basis of this enrichment has not been determined, 20 min A— 4G 45°C

we hypothesize that these forms of DNA may have a more open L

shape and thus are more easily bound to the paramagnetic beads. rolling circles [ #8¥ .-
Significant DNA synthesis was observed when, products from i

a stage 1 reaction were isolated and incubated in a stage 2 reaction Intermediates [ -

containing all required replication proteins ard3gP]dATP monomer -

(Fig. 2C, lane 1). The products of this stage 2 reaction were circles

predominantly high molecular weight DNA (FigC, lane 1). Synthesis (pmol) 20 1 13 2

This demonstrates that the high molecular weight products P 1 2

isolated from stage 1 were capable of directing further DNA

synthesis. We routinely observed 10-20 pmol of synthesis in a

60 min stage 2 mCUbatl.On (FE‘C’ lane 1)' Overall, this is similar . Figure 3.Heat treatment of protein-DNA complexes) Products of an SV40

to the amount of DNA 'SOIa_ted on bgads_ from a stage 1 Ijeacnor@plication reaction in which the complete reaction was treated for 20 min at

(compare 15.2 pmol/60 min at 3Z in Fig. 2B, lane 2 with  either 4 or 45C and then incubated at &7 for 1 h. B) DNA—protein

12 pmol/60 min at 37C in Fig.2C, lane 1). Thus, the level of complexes were isolated on streptavidin beads from Stage 1 reactions.

synthesis in stage 2 is consistent with an efficient rep|icaﬁorfNA—proteln complexes bound on streptavidin beads were incubated at 4 or
. . di . f licati °C for 20 min, washed and added to a Stage 2 reaction. Total synthesis (pmol

reaction since ) We_ exp_ect some Issociation of replica 10R}NMP incorporated) is shown for each reaction.

complexes during isolation. This suggests that rate of DNA

synthesis in stage 2 is similar to that in stage 1 reactions. The

distribution of high molecular weight products from stage 3, gigestion byMbal indicating partial methylation (Fig2C,
reactions incubated for short times (5 or 15 min) were identic@dne 2). These data are consistent with this DNA being synthesized
to those observed in FigC, lane 1 (data not shown). Since by one round of circle-to-circle replication or by repair synthesis.
initiation of SV40 DNA replication takes 15-20 min (FI9,  These products are probably the result of completion of replication

these data argue that the synthesis occurring in stage 2 is not ghgermediates that were isolated on the streptavidin beads.
to new initiation events but rather is due to continued synthesis on

previously initiated molecules.
The number of times a DNA molecule is replicated determin

its methylation state. The template DNA used in these studies Waise DNA synthesis observed in stage 2 could either be caused by
purified fromEscherichia coland is fully methylated. One round continued synthesis of pre-existing replication complexes or by
of replication produces hemimethylated DNA and subsequegiie assembly of new complexes on the isolated rolling circles (or
rounds of replication produce unmethylated DNA products. Ta combination of both processes). To determine whether the isolated
determine the methylation state of the products of stage rdlling circles contained proteins necessary for stage 2 synthesis, we
reactions, the DNA was treated with the isoschizonwlisl  examined the heat sensitivity of the isolated complexes. Human
[which only cleaves unmethylated double-stranded DNAeplication proteins are irreversibly inactivated when incubated at
(dsDNA)], Dpnl (which only cleaves methylated dsDNA) or 45°C for 20 min (Fig.3A, lane 2). When rolling circles were
SawBAI (which cleaves dsDNA regardless of the methylatiorisolated on streptavidin beads, incubated ac4%r 20 min and
state). Replication products from both stage 1 and stagetien added to a complete stage 2 reaction, DNA synthesis was
reactions were completely digested ®BAl, as indicated by almost totally inhibited (Fig3B, lane 2). [Heat treatment neither
the appearance of a 1.1 kb fragment and other appropriately sizfisrupted the DNA nor the interactions between the DNA and the
fragments [Fig2B (lanes 3 and 4) and C (lane 4)]. Thus, the DNApeads (data not shown).] We conclude that protein components
produced in both stage 1 and stage 2 reactions was predominaaigociated with the isolated complexes are necessary for efficient
double-stranded. The high molecular weight products from gynthesis in stage 2.
stage 2 reaction were also fully digestedviyol but insensitive Efficient synthesis required the same fractions as needed for
to Dpnl (Fig. 2C, lanes 2 and 3). This indicates that the DNAcomplete SV40 DNA replication (FigA). In this experiment,
synthesized during stage 2 synthesis is fully unmethylated andiplicate reactions were carried out. The upper panel shows
that both strands are composed of nascent DNA. In addition, themplete reaction products and the lower panel shows the 1.1 kb
stage 2 replication products were not affected by treatment wiffagment obtained after digestion witbol. This enzyme does
topoisomerase Il, demonstrating that they are not catenatadt digest circular products from a stage 2 reaction @ignd
(linked) circles (data not shown). Analysis of the products othus, Mbol digestion allows rolling circle synthesis to be
denaturing gels showed that they were composed of strands thastalized as a discrete species without contributions by circular
were much longer than unit length (Fidp). No nascent DNA  products. When no exogenous RPA was added to a stage 2
was observed in the 100-200 nt size range suggesting thmehction, the amount of DNA synthesized decreased5éo of
processing of lagging strand synthesis was occurring in stagetBat of the complete reaction (F#A, compare lanes 1 and 2).
We conclude that the high molecular weight products froriAddition of a neutralizing antibody to RPA caused a larger
stage 2 are long concatemers of unmethylated dsDNA. decrease in elongation synthesis, indicating that there is RPA
A small amount of monomer circular products was als@ssociated with the isolated DNA—protein complexes @Ag.
observed in stage 2 reactions. These products were not suscepténte 3). [This inhibition was specific for RPA because it could be

elgrotein requirements for elongation
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Figure 5.Inhibition of elongation with monoclonal antibodies. Complete Stage
2 reactions were carried out with all protein components in the presence or
absence of neutralizing antibody. Antibody additions consisted of dialyzed
Synthesis (pmol) 19 8 3.0 9.0 11 089 antibody (Ab) or antibody sample depleted of antibody with Protein-A
sepharose prior to addition (Ab buffer). BdAb, monoclonal antibody to DNA
1.1 kb [ e o= - polymerasex (SJK 287); PCNA Ab, monoclonal antibody to PCNA; Tag Ab,
fragment monoclonal antibody to SV40 Large T antigen (pab 414); RF-C Ab,
1 2 3 4 5 6 monoclonal antibody to RF-C (2-313). The amount of nascent DNA (pmol
dNMP incorporated) in 1.1 Kidbal digestion product shown was quantitated
B. C. as described in Figure 2.
grpa + + + — = = = RPA
- — T . . . .

;‘;‘;‘l I I I T o To examine the requirement for PCNA in more detail, a stage 2
cflRe - ¥ — + — _ cFBC reaction was carried out in which the only exogenous protein
PCNA — — 05 —  _ 1 15 PCNA fraction added was CFIBC. In this reaction, low but significant

L1kb levels of DNA synthesis were observed (synthesis was 20 times
L i e "1 yragment background, FigiC, compare lanes 1 and 2). Similar results were
51 09 26 01 23 07 11 Synthesis observed when only PCNA was added (F@., lanes 3-4).
1 2 3 ; 3 {pmol) (Again synthesis with PCNA alone was0% that of CFIBC,

suggesting that under these conditions, additional components are

needed for optimal synthesis.) This indicated that at least some

] ) ) ] ) complexes isolated on streptavidin beads contain all proteins
Figure 4. Protein requirements for elongatioA) (DNA—protein complexes ecessary for DNA synthesis except PCNA. This suggested that

: ) s ! . n
from Stage 1 reactions were isolated on streptavidin beads, combined with tl .
indicated protein fractions and then incubated in the presenae>&PTdATP h? antigen, DNA POWmer_aSG, DNA polymerased, RPA and
for 60 min at 37C. Duplicate reactions were carried out in each case with oneRF-C were associated with the isolated complexes and that these

reaction analyzed without digestion (top panel) and the second reactiocomplexes were capable of synthesizing double-stranded nascent
digested for 3 h witMbol prior to separation on an agarose gel. Only the 1.1 kb DNA when exogenous PCNA is added. The increased synthesis
(Mbal 1.1 kb) complete digestion fragment is shown (bottom panel). Total observed in the presence of all replication proteins suggested that

synthesis (pmol dNMP incorporated) is shown for each reaction. Protein . . .
fractions used: RPA, human RPA; RPA antibadiC: neutralizing monoclonal  the€ isolated protein complexes were not completely stable during

antibody to RPA; T antigen (Tag); fraction CFll, contains polymemasesd purification and can re-form under replication conditions.
& and RF-C; CFIBC, contains PCNA and protein phosphatasé32#ndC) However, the heat inactivation studies shown in Figimeicate

Stage 2 reactions were carried out and digestedWtith as described in (A). ; ; ; ;
In (C) the only exogenous proteins added were either CFIBC or human PCN,&hat at least s.ome.p.rotems must be ?‘SSOCIated with the rolling
circles to obtain efficient DNA synthesis.

[purified from HeLa cytosolic extracts (53), amounts.@j. The amount of . - . - . )
nascent DNA (pmol dNMP incorporated) in 1.1 Mol digestion product To confirm the identity of the proteins required for elongation

shown was quantitated as described in Figure 2. synthesis in a stage 2 reaction, antibody inhibition studies were
carried out. Stage 2 reactions were incubated with monoclonal
antibodies to individual proteins known to be needed for SV40
DNA replication. Monoclonal antibodies to DNA polymerase
reversed by the addition of RPA (data not shown, see alsg fig. PCNA, T antigen and RF-C all strongly inhibit DNA synthesis
We conclude that RPA is required for elongation phase synthegigg.5). This inhibition was specific for the antibodies because no
(see also below). When either SV40 large T antigen or fractidnhibition was seen with the same fractions after depletion of the
CFIl (which contains DNA polymerase DNA polymeras®  antibodies using protein A beads (Fi. The requirement for
and RF-C) were omitted, synthesis was reducé®®8o that of both PCNA and RF-C strongly suggests that DNA polyméerase
the complete reaction. This suggested that the isolated complei®salso required in this system.
contained sufficient T antigen, DNA polymeraseandd and DNA polymerasex is known to be required for synthesis of the
RF-C to support significant though not optimal DNA synthesisagging strand; its primase activity is needed for initiation of each
(Fig. 4A, lanes 4 and 5). When fraction CFIBC (which containgOkazaki fragment. However, after initiation, DNA polymerase
PCNA and Protein Phosphatase 2A) was left out, no elongatiamnot thought to be required for leading strand synth&&is \We
was seen (FigdA, lane 6). The addition of 0fg of purified observed strong inhibition of DNA synthesis by a monoclonal
PCNA restores synthesis to a leM80% that of CFIBC (FigiB).  DNA polymerasen antibody. This indicated that inhibition of
We conclude that PCNA is necessary for elongation. We aldagging strand synthesis also blocked leading strand synthesis. An
conclude that under these conditions, CFIBC contains additionalternated explanation of these results is that in the absence of
factors that stimulate DNA synthesis. DNA polymerase activity, leading strand synthesis occurred and
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Figure 6. Schematic of RPA mutants and homologues used in elongation assays. The left portion shows schematic diagrams of alsRiRadinittnis study.
Beginning and ending amino acids of each mutant are indicated. The activities of each of the mutants in relation to RidargpshBwn to the right. Number
of +s indicates relative activity; indicates minimal activity; — indicates no activity. Protein interactions with T antigen or DNA polyrenase determined by
ELISA (40,58). ssDNA-binding activity and ability to support SV40 DNA replication were determined previously (38,42,58)owirgftorms of RPA were used
in these studies (abbreviations in parentheses): RFEAFL—616 (RPA78C442), RPATAC169-616 (RPA78C169), RPA70AN1-112 (RPA70AN112),
RPAs 70AN1-168 (RPA70AN168), RPA70(F238A,W361A), homologue of RPA from scRPA.

then the resulting ssDNA was rapidly degraded. To test thisith lane 4). We conclude that ssDNA-binding activity is not
possibility, we incubated radiolabeled, linear sSDNA under stagesifficient for elongation of SV40 rolling circles. The DNA
reaction conditions (including all protein fractions) for 60 min.binding parameters for scRPA and ecSSB differ from those of
No significant degradation was observed (data not shown). ThHisiman RPA 47,61). Therefore, either specific interactions
argues that leading- and lagging-strand synthesis in this systémtween RPA and DNA or RPA—protein interactions (or both) are

are co-ordinated. necessary for elongation.
To examine the role of RPA—protein interactions in elongation,
Activities of RPA needed for elongation we assayed the activity of several additional mutant forms of RPA

. (Fig. 6). RPA7TQAC442 lacks residues 442—661 and is unable to

Sorm a complex with the 32 and 14 kDa subunits of RPA. This

required for both initiation of DNA synthesis and elongation. To te?fnutant binds sSDNA with high affinity (Ka is 10% that of RPA)
the utility of isolated rolling circles for probing the mechanism o and interacts with T antigen and DNA polymerasé0,42)
elongation we examined the activities of RPA necessary f(&/ 9 Y S

X ) Y 10rhis mutant is unable to support SV40 DNA replication but it
elongation using mutant forms of RPA and other SSDNA bindin as not known whether this is a defect in initiation, elongation or
proteins (shown schematically in F&). Initially we examined the both.) RPA7@CA42 was unable to support elongation of isolated
requirement for ssSDNA-binding activity. RF20(F238A,W361A) li S | lecules (Fia7B. | p7p El gt' thesi
is a heterotrimeric RPA complex in which two aromatic residues ifpiing circle molecules (FigrB, lane 7). Elongation synthesis
the high affinity DNA binding domain of RPA70 (F238 and W361)/aS &Is0 not observed when RPATA42 was present at 10-fold
have been changed to alanine. This mutant form of RPA has her concentrations (_F'gB , lane 8). This suggests that the
affinity for sSDNA which is 1000 times lower than wild-type RPA either C-terminal domain of RPA70 and/or the 32 and 14 kDa
(58). RPA 70(F238A,W\B61A) was unable to support eIongation;SUbun'tS‘.are important for RPA function in elongation.
only background synthesis was observed when this mutant forp\-terminal deletion mutants RPAOAN112 and RPA70AN168
was added to a stage 2 reaction (Fi#y, lanes 2 and 3). This (heterotrimeric RPA complexes missing residues 1-112 and
indicates that high affinity sSDNA-binding activity is necessaryt~168 of RPA70, respectively; Fig). were both able to support
for elongation synthesis. elongation synthesis at a leved0% less than wild-type RPA

To determine whether ssDNA binding activity was sufficientFig. 7C, lanes 4 and 5). These mutants have ssDNA binding
for elongation, the RPA homologue from scRPA dhdoli  activity similar to wild-type RPA, interact normally with T
ssDNA-binding protein (ecSSB) were tested for activity. Bottntigen but show decreased interactions with DNA polymerase
proteins have high affinity for sSDNA yet neither protein(4042). The combination of RPANL169 (RPA70 residues
supported efficient DNA synthesis when added to a stage 1-168) and RPA7EN168 which together represent all of the
reaction (data not shown). These experiments were repeated wiggidues of RPA, was unable to reconstitute wild-type activity
neutralizing antibody to the 32 kDa subunit of RPA added to thgig. 7C, lane 6). This suggests that although RPA-—protein
stage 2 reactions. This antibody strongly inhibited DiAtlsesis, interactions and ssDNA-binding are in overlapping regions, they
thereby reducing the background in the assay {Hglanes 2 must be linked for wild-type function of RPA. Taken together,
and 3). This inhibition was specific because it could be largelihese studies show that high affinity SSDNA binding activity is
reversed by the addition of human RPA (FB, lane 4). In the necessary but not sufficient for elongation. RPA—protein interactions
presence of RPA neutralizing antibody, neither SCRPA nor ecSSiso appear to be important but not sufficient for optimal
was able to support elongation (Fi@8, compare lanes 5 and 6 elongation.
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« a « influenced by the concentrations of certain proteins and ionic
A g = 2 strength. For example, rolling circle replication occurs at elevated
levels when topoisomerase | is limitirgflj. At the same time, the
";.1 Kb & - level of rolling circle replication seems to be negligible in
gment

optimized reactions using purified proteir5,66). It appears
Synthesis (pmol) 47 1.4 1.6 most likely that rolling circles arise when one of the two forks in

1 3 3 circle-to-circle replication stalls and breaks down leaving a single

o replication complex on the template. If one of the two template
B. < < o @J s_trand_s then pecomes nicked thr_ough nuclease action, a rolling
< £ 2 < & @ ‘3’ v circle is estab_hshe(_j. Thus, we believe that_the complexes_ present

[ [ - 2 &8 = F on SV40 rolling circles represent bona fide SV40 replication
RPA Ab — — + + + + + 4+ forks and are a good model system for examining reactions at the

11kp : replicatio_n fork. _ _ _ _
fragment [ . e - There is substantial evidence thmavivoa protein complex, a
‘replisome’, exists at the replication fork. In addition, a number
of protein complexes have been isolated that contain multiple
replication proteins. These range from multi-functional forms of
DNA polymerase (67—70) to a large 17S complex that is active

Synthesis (pmol) 49 1.7 04 22 06 06 03 04
1 2 3 4 5 6 7 8

c + in SV40 DNA replication 11,72). However, in spite of these
) < = = 8 8¢ advances, details of the putative replisome have remained elusive.
o & = z =9 In our studies we present evidence supporting the presence of a
replisome-like complex associated with SV40 rolling circles. We
fr;gr:;’m C @l e e aen e find that isolated SV40 replication complexes have associated
proteins that are required for efficient DNA replication. These
Synthesis (pmol) 6.4 ¢ 31 33 33 complexes appear to contain SV40 large T antigen, RPA, DNA
1 2 4 5 6 polymeraset, DNA polymerasé&and RF-C. All of these proteins

interact with one or more of the other proteins and with DNA so
there are multiple specific interactions that stabilize this putative
Figure 7. Activities of RPA required in elongation. Stage 2 reactions containing replication complex](9 3940 73) Furthermore. these complexes
3 pmol of wild-type or individual mutant forms of RPA were indicated. . e ’
Reaction products were digested for 3 h Withol and separated on an agarose are _dynamlc be?ause after isolation, supplemental amounts_ of
gel. The amount of nascent DNA (pmol dNMP incorporated) in 1 Mt replication proteins must be added for optimal DNA synthesis.
digestion product shown was quantitated as described in FigérpAttivity The only protein fraction that was absolutely required for DNA
of wild-type RPA (RPA) and RRA0(F238A,W361A) (RPA) in elongation. — gynthesis with isolated elongation complexes is the fraction

\(Ei)ldﬁ‘;;;"tyRSL FEE,ADA‘;"”dye‘;t:terR,SD;D“('SAC'E'SXEQCOTO&%%S ('chelsogf’ag?”' containing PCNA which is needed for processive DNA synthesis

RPA7QMC442-616 £C442) were added where indicated. Lane 4 contains an DY DNA polymerase. This is consistent with a mechanism _in
additional 3 pmol RPA. 20AC442 contains 30 pmol &fC442. Neutralizing ~ which a new PCNA complex must be loaded for the synthesis of
monoclonal antibody to the 32 kDa subunit of RPA (mab71; RPA antibody) waseach Okazaki fragment. Our results are consistent with recent

added where indicated. This antibody does not interact with scRPA, ecSSB ; - :
AC442.(C) Activity of mutant forms of RPA in elongation. Reactions contain Studies by Maga and Hubscher, who isolated a complex

3 pmol of RPA, RPA7AC169-6164C169), RPA7T0AN1-112 AN112), and  containing DNA polymerase, DNA polymerased and RF-C
RPAs70AN1-168 (N168) where indicated. *The minus RPA lane had from calf thymus 10). This complex could carry out efficient
1.2 pmol of DNA synthesis and was subtracted from all other lanes. DNA synthesis on singly-primed M13 in the presence of ATP and
PCNA (70). These results are also consistent with previous
studies indicating that SV40 large T antigen is present at the SV40
DISCUSSION replication fork 60,74). Our data also indicate that leading and
lagging strand synthesis are co-ordinated in this system. DNA
In this manuscript we describe a system in which protein—-DNAolymeraset is thought to be only required for synthesis of the
complexes from SV40 replication reactions are isolated olagging strand of DNA, yet antibodies to DNA polymerase
streptavidin beads and placed under conditions that alloighibited synthesis of both strands (Fa{.
continued synthesis. We show that continued elongation of thesaVe have used this system to examine the role of RPA in
isolated complexes has the same protein requirements as a @iingation of SV40 rolling circles. We demonstrate that RPA is
SV40 replication reactions and produces long, double-strandeelquired for elongation. Furthermore, both ssDNA binding
concatemers as expected for the rolling circle mechanism attivity and RPA—protein interactions are required for elongation
replication. There does not appear to be significant initiation isynthesis. We found that other ssDNA-binding proteins and
the second stage reactions with isolated replication complexgmrtially active forms of RPA could not substitute for human RPA
allowing analysis of elongation in the absence of initiation.  in this system. These results differ from studies of leading strand
In vivo, SV40 replicates predominantly by a circle-to-circlesynthesisin vitro in both prokaryotic {5,76) and eukaryotic
mechanism@2). In contrast, there is significant replication by asystems11,70) which found either that no ssSDNA-binding proteins
rolling circle mechanisnin vitro. Rolling circle replication has were required for efficient DNA synthesis or that any non-specific
the same protein and cofactor requirements as does circle-to-cirskbDNA-binding protein would promote DNA synthesis. However,
replication and seems to be an intrinsic propertynofitro  our studies are consistent with genetic studies which show that
reactions6,29,63). The level of rolling circle replication can be multiple functions of RPA are needed for chromosomal DNA
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replication {7-80). The difference between our data and thasynthesis and DNA sequencing. These studies were supported by
obtained with model templates probably indicates that additiongtant GM44721 from the National Institutes of Heath General
interactions are required for co-ordinated synthesis of leading adkdicine Institute.

lagging strands. It seems likely that RPA—protein interactions are
important for productive lagging-stand synthesis. This hypothesis

is consistent with several recent studies of prokaryotic ssDONBREFERENCES

binding proteins. A recent study examining interactioris.obli
replication proteins indicated that specific interactions betweer
ecSSB and thesubunit of DNA polymerase Il are important for
loading the PCNA homologigand probably for increasing the 3
processivity 81). Also protein interactions by T7 ssDNA-bhind-
ing protein appear to be essential for the co-ordinated synthesis
of leading and lagging strands in a model system established with
T7 replication proteinsdQ).
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