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ABSTRACT The replication of simian virus 40 (SV40)
origin-containing DNA has been reconstituted by using SV40
large tumor (T) antigen and cellular proteins purified from
HeLa cells. This replication reaction is unaffected by prolifer-
ating-cell nuclear antigen (PCNA). In contrast, PCNA has been
reported to stimulate SV40 DNA synthesis carried out with
crude fractions [Prelich, G., Kostura, M., Marshak, D. R.,
Mathews, M. B. & Stillman, B. (1987) Nature (London) 326,
471-475]. This difference is caused by the presence of a protein
in crude fractions that inhibits the elongation of nascent DNA
chains during replication. In the presence of PCNA, crude
fractions containing this elongation inhibition factor can extend
DNA chains. We describe the partial purification of this
inhibitor and show that its addition limited SV40 DNA repli-
cation to the synthesis of short chains, an effect reversed by the
addition of PCNA. However, the reversal of the inhibition by
PCNA in the SV40 system required additional protein fractions
distinct from PCNA and the enzymes constituting the purified
system. These results suggest that the PCNA-mediated effect on
SV40 DNA replication may be indirect. Such an interplay
between negative and positive regulatory functions including
PCNA may contribute to the control of DNA synthesis char-
acteristic of the eukaryotic cell cycle.

The replication ofDNA containing the simian virus 40 (SV40)
origin of replication can be carried out in vitro (1-3). Inves-
tigation of the proteins involved in this process has revealed
required roles for DNA polymerase a and DNA primase (4),
topoisomerases I and II (5), and a single-stranded-DNA-
binding protein (SSB) purified from human cells (6-8). We
have reported the reconstitution of a SV40 DNA replication
system utilizing purified SV40 large tumor (T) antigen, HeLa
SSB, topoisomerase I or II, and DNA polymerase a-primase
complex (6), which supports both leading- and lagging-strand
synthesis (9). Furthermore, closed circular duplex DNA
products were formed when these proteins were supple-
mented with purified RNase H and a 5' -) 3' exonuclease,
which combine to remove RNA primers, and DNA ligase (9).
In contrast, replication ofSV40 origin-containing (ori+) DNA
was recently shown to require an additional protein, prolif-
erating-cell nuclear antigen (PCNA), when the reaction was
carried out with partially purified fractions. PCNA was
required for the synthesis of the leading DNA strand, and in
its absence only low molecular weight DNA products (150
nucleotides long) accumulated (10, 11).
PCNA was identified previously as a protein that interacts

with the sera of some patients with systemic lupus erythe-
matosus (12, 13). It is detected in the nuclei of proliferating
cells but not of quiescent cells, and it is identical to cyclin
(14), a protein synthesized preferentially during the S phase
of the cell cycle (15-18). In addition, PCNA was demon-

strated by immunofluorescence to reside only in the cell
nucleus and to increase during S phase (17, 19, 20). However,
PCNA is quite stable in the cell, and its level remains fairly
constant throughout the cell cycle (17, 21, 22). The location
of PCNA in the nucleus during S phase, shown by immuno-
fluorescence, corresponds to the sites of DNA synthesis (17,
19-21). These results led to the suggestion that PCNA plays
some role in DNA replication (17, 20). This suggestion was
further supported when a protein isolated as an accessory
factor for DNA polymerase 8 (23) was shown to be identical
to PCNA (18, 24, 25), and with the demonstration of a role for
PCNA in SV40 DNA replication (10, 11, 25).
Here we show that the synthesis of SV40 DNA with

purified proteins is unaffected by PCNA or by antibodies
against PCNA. To reconcile these findings with the obser-
vations described above, we investigated the nature of the
PCNA effect in crude fractions of HeLa cell extracts. We
detected a protein that inhibits the elongation phase of SV40
DNA replication. In addition, this inhibition factor blocks a
number of reactions that occur at DNA ends, such as the
action of DNA ligase and both 5' -* 3' and 3' -- 5'
exonucleases. The inhibition of SV40 replication can be
overcome by the addition of PCNA plus other protein
fractions, which in the absence of the elongation inhibitor
have no effect on the in vitro replication ofSV40 DNA. These
results suggest that the stimulation of SV40 DNA replication
by PCNA is indirect, manifesting itself only in the presence
of the inhibitor.

MATERIALS AND METHODS
Preparation of HeLa Extracts, DNA, T Antigen, PCNA,

Anti-PCNA Serum, and Purified Enzymes. Cytosolic extracts
ofHeLa cells, SV40 ori+ DNA (pSVOLAEP), SV40 T antigen,
immunopurified DNA polymerase a-primase complex (1.2 x
103 and 4.1 x 103 units/mg of protein, respectively), topo-
isomerase I (6 x 106 units/mg), HeLa SSB (630 units/mg),
5'-- 3' exonuclease (1.4 x 105units/mg), and DNA ligase
(0.8 unit/mg) were prepared as described (9). PCNA (5.2 x
105 units/mg) was purified to near homogeneity by a modi-
fication of the procedure of Prelich et al. (11, 25); a linear
gradient of NaCl (0.175-0.6 M) was used in the DEAE-
cellulose step, and hydroxylapatite (Bio-Rad) was substi-
tuted for the Q-Sepharose column. The source of the anti-
bodies against PCNA was a human lupus serum (AK), which
was generously supplied by Eng M. Tan. This serum was
shown by Tan and coworkers to be relatively monospecific
for PCNA (13, 26) and it inhibited the ability of PCNA to act
as a DNA polymerase 8 auxiliary protein (24).
Assay and Fractionation of the Elongation Inhibitor. The

inhibitor was measured by the SV40 replication assay.

Abbreviations: SV40, simian virus 40; SV40 T antigen, SV40-
encoded large tumor antigen; SSB, single-stranded-DNA-binding
protein; PC, phosphocellulose; dsDNA, double-stranded DNA;
PCNA, proliferating-cell nuclear antigen.
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Reaction mixtures (40 dul) contained 6 tkg (protein) of the
fraction eluted from phosphocellulose by 0.3 M NaCl (0.3 M
PC fraction, prepared as described below); 0.6 ,ug of SV40 T
antigen; 0.8 ,ug of HeLa SSB; 103 units of topoisomerase I;
16 jig of bovine serum albumin; 1.0 ,ug of creatine kinase; 40
mM creatine phosphate (di-Tris salt, pH 7.7); 7 mM MgC12;
0.5 mM dithiothreitol; 4 mM ATP; 200 gM each CTP, UTP,
and GTP; 100 ,uM each dATP, dGTP, and dTTP; 20 uM
[a-32P]dCTP (104 cpm/pmol); and 0.23 4g of pSV01AEP
DNA (ori+). Mixtures were incubated for 60 min at 37°C. One
unit of elongation inhibitor activity was defined as the amount
that inhibited the incorporation of dNMP by 50%. When
products were analyzed by gel electrophoresis, reactions
were terminated by the addition of 20mM EDTA, 1% sodium
dodecyl sulfate, and 40 ,ug of Escherichia coli tRNA as
carrier, and the mixture was digested with proteinase K (100
jsg/mnl) at 37°C for 30 min. After extraction with phenol/
chloroform (1:1, vol/vol), products were precipitated with
ethanol, dried, and electrophoresed for 12 hr at 50 V in a 1.2%
agarose gel containing 30 mM NaOH and 1 mM EDTA. The
gel was then dried and autoradiographed.
The starting material for the isolation of the inhibitor was

the 1 M NaCl PC fraction (fraction II) described by Prelich et
al. (11), prepared from HeLa extract. This fraction (476 mg)
was rechromatographed on a PC column (5 mg of protein per
ml of bed volume; 2.5 x 20 cm) equilibrated with buffer A [25
mM Tris HCl, pH 7.5/10% (vol/vol) glycerol/1 mM dithio-
threitol/1 mM EDTA/0.01% Nonidet P-40/0.1 mM phenyl-
methylsulfonyl fluoride] containing 25 mM NaCl and was
eluted stepwise with buffer A (180 ml per step) containing 0.3,
0.4, 0.6, and 0.8 M NaCl. All fractions were dialyzed against
buffer A containing 20% (wt/vol) sucrose and 25 mM NaCl.
The 0.6 M PC fraction, containing the inhibitor (119 mg;
33,000 units), was adjusted to 0.2 M NaCl, applied to a
double-stranded-DNA (dsDNA)-cellulose column (8.0 mg of
protein per ml of bed volume; 2.5 x 3.0 cm) equilibrated with
buffer A containing 25 mM NaCl, and eluted stepwise with
the same buffer (40 ml per step) containing 0.2, 0.4, 0.6, and
0.8 M NaCl. The inhibitory activity was eluted at 0.6 M NaCl
and was dialyzed against buffer A containing 25 mM NaCl.
This fraction (1.17 mg of protein, 4912 units) was concen-
trated by adsorption to a 0.8-ml dsDNA-cellulose column and
eluted with 1.0 M NaCl in buffer A. This concentrated
dsDNA-cellulose fraction (0.91 mg of protein, 2800 units) was
dialyzed against buffer A containing 25 mM NaCl. An aliquot
(0.2 ml, 0.13 mg of protein, 400. units) of the concentrated
dsDNA-cellulose fraction was adjusted to 0.25 M NaCl and
layered onto a 5.0-ml linear gradient of glycerol (15-35%,
vol/vol) in buffer A containing 0;25 M NaCl. Gradients were
centrifuged at 45,000 x g for 24 hr in a Sorvall AH650 rotor
at 4°C. Thirty fractions (0.17 nl1) were collected from the
bottom, and bovine serum albumin (Miles) was added to each
fraction (0.2 mg/ml) immediately after collection in order to
stabilize the activity. The inhibitor peaked at fraction 18
(from the bottom), which corresponded to a sedimentation
coefficient of 4.2 S. The pool of fractions 16-20 yielded 60%
of the activity applied to the gradiept. The overallpurification
of the inhibitor was at least 100-fold with a yield of5% starting
from the 0.6 M PC fraction.

RESULTS
PCNA Is Not Required for Replication of SV40 DNA with

Purified Proteins. SV40 T antigen, HeLa SSB, HeLa DNA
polymerase a-primase complex, and topoisomerase I sup-
ported SV40 DNA replication in vitro (6, 9), and this reaction
was unaffected by the addition of PCNA (Fig. lA). Further,
none of these purified preparations (-1 jig of protein)
contained detectable PCNA as determined by immunoblot-
ting techniques that could have detected as little as 20 ng of
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FIG. 1. Effect of PCNA and anti-PCNA serum on SV40 DNA
replication with purified proteins. Replication reaction mixtures (30
gl) contained the following proteins: T antigen (0.3 pAg), DNA
polymerase a-primase complex (2.5 x 162 and 8.2 x 102 units,
respectively), HeLa SSB (0.34 ,ug), topoisomerase 1 (103 units),
creatine kinase (1 tug), and bovine serum albumin (10 utg). (A)
Reaction mixtures were supplemented with various amounts of
PCNA and incubated at 370C for 90 min. DNA synthesis in the
absence of PCNA was defined as 100% and was equal to 44 pmol of
dTMP incorporated into acid-insoluble material. (B) The protein
components of the replication reaction were incubated at 0C for 30
min in the presence of various amounts of anti-PCNA serum; the
remaining components then were added and the mixtures were
incubated at 37TC for 90 min.

PCNA. However, the possibility that PCNA levels below this
amount could have supported the replication reaction was
examined. A human lupus serum monospecific for PCNA
was previously shown to neutralize PCNA activity (24). This
anti-PCNA serum had no effect on SV40 DNA replication
with purified proteins (Fig. 1B). When topoisomerase II,
RNase H, the 5' -- 3' exonuclease, and DNA ligase were
included in the above reaction mixture, both leading- and
lagging-strand synthesis and the production of covalently
closed monomer circles occurred (9). The amount and the
nature of the DNA products formed by this replication
system were unaffected by the addition of PCNA or anti-
PCNA serum (data not shown). These experiments indicated
that the purified replication system was not contaminated
with PCNA and did not require PCNA.
PCNA Is Required for Efficient Replication of SV40 DNA in

Crude Extracts. In contrast to SV40 DNA replication with
purified proteins, replication with crude fractions has been
shown to be stimulated by PCNA (10, 25). Consistent with
this observation, anti-PCNA serum inhibited SV40 DNA
replication catalyzed by crude extracts of HeLa cells =90%
(Fig. 2A). Purified PCNA restored 70% of the inhibited
DNA synthesis, thus demonstrating that the inhibition by the
anti-PC A serum was caused specifically by the neutraliza-
tion of 1CNA in the crude extract (Fig. 2B). PCNA. did not
stimulate DNA replication in the absence of anti-PCNA
serum, indicating that the crude extract contained saturating
levels of PCNA.

Fractionation of Crude Extract Yields an Inhibitor Required
for PCNA Activation. The fractionation of crude extracts of
HeLa cells by PC chromatography yielded a 1 M NaCl PC
fraction (see Materials and Methods), which, in the presence
of SV40 T antigen and HeLa SSB, catalyzed the synthesis of
short DNA4,fragments in the absence of PCNA and much
longer products in the presence of PCNA (Fig. 3, lanes 1 and
2). When this fraction was rechromatographed on PC and
step-eluted with increasing concentrations of NaCl, it was
evident that an inhibitor of the replication reaction was
resolved from the fractions containing DNA polymerase a.
The fractions that were eluted at 0.3 M and 0.4 M NaCl
contained 90% and 10%, respectively, of the DNA polymer-
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FIG. 2. Inhibition of SV40 DNA replication in crude extracts by

anti'-PCNA serum and reconstitution by PCNA. (A) HeLa crude
extract (170 A.g of protein) and varipujs amounts of anti-PCNA serum
were incubated at 0OC for 30 mmnfollowed by the addition of the
remaining reaction components and incubation at 37TC for 60 min.
DNA synthesis in the absence of serum was defined as 100lo and was
equal to the incorporation of 89 pmol of dTMP. (B) HeLa crude
extract (170 pig) was incubated in the presence (a, m) or absence (o,
o) of anti-PCNA serum (1.5 1d) for 30 min at 0C. The remaining
reaction components were added, including various amounts of
PCNA, and the mixtures were incubated at 37TC for 60 min. T antigen
was omitted from some reactions (u, *).

ase a and DNA primase activities eluted from the column,
whereas the other fractions were devoid of these activities
and did not support dNMP incorporation (data not pre-
sented). In contrast to the results obtained with the parental
1 M PC fraction, the 0.3 M PC fraction supplemented with
SV40 T antigen, HeLa SSB, and topoisomerase I supported
DNA replication, and this reaction was largely unaffected by
PCNA (Fig. 3, lanes 3 and 4). However, when the 0.3 M
NaCl, polymerase-rich PC fraction was combined with the
fractions eluted at higher salt concentrations, replication was
inhibited and the addition of PCNA partially reversed this
effect (Fig. 3, lanes 5-10). It was evident that the PC fractions
that eluted at 0.6 and 0.8 M NaCl contained the majority of
the inhibitory activity. When fractions that were eluted at
higher salt concentrations were added to the reaction to-
gether (Fig. 3, lanes 11-18), no additional changes in the size

PC 1.0M ++.
0.3M - - + + + + + + + + ++
0.4M - - -- + + --- - + +
0.6M - - -.+ + - + +
0.8M - - - + +
PCNA - + - + - + - + - + +

dNMP incorp. (pmol) 5.6 14 36 36 14 25 11 19 9.2 12 7.6 19
1 2 3 4 5 6 7 8 9 10 11 12

2480-

310 -
n.t.

of replication products were observed. The addition ofthe 0.4
M PC fraction and PCNA (Fig. 3, lanes 6 and'12) appeared to
stimulate the amount of long product formed.
Most strikingly, the synthesis of long DNA products was

reduced by the higher salt fractions, and it was the synthesis
of the long products that was restored by PCNA. Thus, the
inhibitor appears to block the elongation step of DNA
synthesjs, leading to the accumulation of short DNA frag-
ments.' hese results are in keeping with the observations
describe in Figs. 1 and 2. The replication of SV40DNA with
purnpd proteins devoid of the inhibitor was unaffected by
PCi4A or antibodies against this protein, whereas cruder
fractions, containing the inhibitor, required PCNA and were
inhibited by neutralizing antibodies against PCNA.
Thp ability of the inhibitor to block the synthesis of SV40

DNA replication was used as an assay to further purify this
activty, as described in Materials and Methods. The inhib-
itory 4ctivity (of either the dsDNA-cellulose or glycerol
gradient fractions) was destroyed by heat and proteinase K
treatment. Fractions containing the inhibitor activity also
blocked a number of enzymatic reactions that occurred at
DNA termini, including the action of exonuclease III, the
5' -- 3' exonuclease (9), and DNA ligase. The inhibition of
these activities and the elongation inhibitor copurified, were
heat-inactivated at the same rate, and were resistant to N-
ethylmaleimide. Although the inhibitory activity was N-
ethylmaleimide-resistant in all ofthese assays, the inhibition of
DNA chain elongation by N-ethylmaleimide-treated inhibitor
(dsDNA-cellulose) was not reversed upon addition of PCNA
(data not shown).

Effect of the Inhibitor on the Rate of Replication and the Size
of DNA Products. Reactions containing SV40 T antigen,
HeLa SSB, topoisomerase I, and the 0.3 M PC fraction
supported replication of SV40 DNA and accumulated prod-
ucts of increasing lengths at the same rate in the presence or
absence of PCNA (Fig. 4). In the presence of the inhibitor,
the rate and extent of DNA synthesis were markedly re-
duced, as was the size of the DNA products. In contrast,
when reactions contained PCNA and the inhibitor, the rate of
synthesis and the size ofDNA products were almost the same
as those observed in the absence of the inhibitor, though
some differences in the size of products were noted at early
times (5 and 10 min). These results were qualitatively similar

8.4 20 8.0 14 4.8 18
13 14 15 16 17 18 FIG. 3. Influence of PC fractions and

PCNA on SV40 DNA replication. Reaction
mixtures (40 Al) contained SV40 T antigen

_ (0.6 ,ug), HeLa SSB (0.8 jig), topoisomerase
I (103 units), pSVO1AEP (0.23 pg), and 6 ,ug
ofeach PC fraction as indicated. The 1 M PC
fraction was the same as fraction II de-
scribed by Prelich et al. (11). Where indi-
cated, 0.2 fig ofPCNA was added, Reaction
mixtures were preincubated at 370C for 15
min, after which the four dNTPs, including
[a-32P]dCTP (104 cpm/pmol), were added.
After 45 min at 370C, reactions were stopped
by addition of 80 Al of a solution containing
20 mM EDTA, 1% sodium dodecyl sulfate,
and 0.5 mg ofE. colitRNA per ml. DNA was
isolated and electrophoresed in an alkaline
1.2% agarose gel. DNA size markers are
indicated at the left of the autoradiogram.
n.t., Length in nucleotides.
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FIG. 4. Influence of purified PCNA and inhibitor on the rate of
replication and the size ofDNA products. Reaction mixtures (40 ,ul)
contained T antigen (0.6 tig), HeLa SSB (0.8 jig), topoisomerase I
(103 units), pSVO1AEP DNA (0.23 ,ug), and 6.0 jig of the 0.3 M PC
fraction as the source of the DNA polymerase a-primase complex.
Where indicated, 0.2 jig of PCNA and 1.3 jug of inhibitor (dsDNA-
cellulose fraction) were added. After reaction mixtures were prein-
cubated at 370C for 30 min, dNTPs containing [a-32P]dCTP (1.5 x 104
cpm/pmol) were added (time 0). Reactions were stopped at 5, 10, 30,
and 60 min of incubation after the addition of dNTPs. (A) DNA was
isolated and electrophoresed in an alkaline 1.2% agarose gel. (B) The
amount of acid-insoluble material was determined. The reaction
mixture that lacked T antigen (Tag) contained all other ingredients,
including PCNA and the inhibitor. n.t., Length in nucleotides.

to those described by Prelich and Stillman (10) with the
exception that the accumulation of small products observed
in Fig. 4 was governed by the inhibitor, and not by the
absence of PCNA; PCNA affected chain elongation only in
the presence of the inhibitor.
PCNA-Mediated Reversal of Inhibition Requires Additional

Factors. When immunopurified DNA polymerase a-primase
complex was used in place of the 0.3 M PC fraction, addition
of the inhibitor decreased the size of the replication products,
but this effect was not reversed by the addition ofPCNA (Fig.
5, lanes 4-6). This indicated that one or more additional
factors present in the 0.3 M PC fractiont but missing from the
immunopurified polymerase a-primase complex prepara-
tion, were required for the inhibition to be reversed. This
conclusion was verified by further fractionation of the 0.3 M
PC fraction on DEAE-Sepharose, which separated the poly-
merase a-primase complex (eluted at 0.28 M NaCl, the 0.28
M DFAE fraction) from an activator fraction (eluted at 0.08
M NaCl). The activator fraction was further chromato-
graphed on hydroxylapatite and eluted at a concentration of
0.5 M potassium phosphate. This fraction (0.5 M HAP), when
combined with the inhibitor fraction and immunopurified
polymerase a-primase complex, yielded small DNA prod-
ucts that were elongated in the presence of PCNA (Fig. 5,
lanes 7 and 8). Similar results were obtained with the 0.2# M
DEAE DNA polymerase a-primase complex that was iso-
lated by further fractionation of the 0.3 M PC fractiqp (Fig.

0.5MHAP - - - -- - + ++ + - + - ++ + + -

PCNA - - + -- + + - + -+--- + + - + +
Inhibitor - + + -+ - +- + + + - - -

0.28MDEAE-- - - - + + + + +++

Purified Pola /Pri - - - + + + + + + + +
0.3M PC + + + - - - - - - - -

dNMP incorp. (pmol) 58 20 38 35 24 17 21 12 40 40 331.6 56 25 29 2514 33 31 52
1 2 3 4 5 6 7 8 9 101112 131415 1617 181920* * . ~~~~~~--2480

2480C,

310~~~~~~~~~~~~A

FIG. 5. Restoration ofDNA synthesis with immunopurified DNA
polymerase a-primase requires both PCNA and additional factors.
The 0.3 M PC fraction (300 mg) was loaded onto a DEAE-Sepharose
column (4 ml) that was equilibrated with 25 mM Tris HCI, pH 7.5/1
mM dithiothreitol/0.5 mM EDTA/10% glycerol/0.1 mM phenylm-
ethylsulfonyl fluoride/0.08 M NaCI. After the column was washed
with the same buffer (0.08 M NaCl), proteins were eluted stepwise
with 0.18, 0.28, and 0.45 M NaCl in the same buffer. The fraction
eluted at 0.28 M contained 90% of the DNA polymerase activity
applied to the column, and the remaining polymerase activity was
recovered in the 0.18 M fraction. The flow-through fraction (0.08 M,
4 mg of protein) was dialyzed against buffer A containing 20%
sucrose and 25 mM NaCl and was loaded onto a hydroxylapatite
column (0.7 ml) that was equilibrated with 20 mM potassium
phosphate, pH 7.0/1 mM dithiothreitol/0.5 mM EDTA/20% glyc-
erol. After the column was washed with the same buffer, proteins
were eluted with this buffer containing 0.5 M KCI and then with 0.5
M potassium phosphate, pH 7.0/1 mM dithiothreitol/0.5 mM
EDTA/20o glycerol. The fraction eluted at 0.5 M potassium phos-
phate (0.5 M hAP) was dialyzed against buffer A containing 20%
sucrose and 25 MM NaCI. The 0.6 M PC inhibitor fraction was
adsorbed and eluted from a single-stranded (ss)-DNA-cellulose
column instead of dsDNA-cellulose. Fractions eluted at 0.4-0.8 M
NaCI in buffer A were used as the inhibitor fraction. Replication of
SV40 ori+ DNA was carried out as described in Materials and
Methods. Where indicated, 7.2 /ig of the inhibitor (ssDNA-cellulose
fraction), 9.2 jig of activator (0.5 M HAP fraction), and either 47
milliunits of 0.3 M PC fraction, 95 milliunits of immunopurified
polymerase a-primase (Pol a/Pri), or 52 milliunits of 0.28 M DEAE
fraction as the source of DNA polymerase a (and DNA primase)
were added. After incubation for 1 hr at 370C, DNA was purified and
electrophoresed in an alkaline 1.2% agarose gel. n.t., Length in
nucleotides.

5, lanes 13-17). In these experiments the effect of the
inhibitor was not quantitatively reversed by the addition of
the 0.5M HAP fraction, due to a low recovery of the activator
activity. In all reactions carried out with the inhibitor and
activating fractions, the addition of aphidicolin completely
prevented DNA synthesis, as did the omission of SV40 T
antigen.

Further purification of the inhibitor by glycerol gradient
centrifugation (see Materials and Methods) also resolved it
from an activating factor that was required for the PCNA-
mediated elongation reaction. The activation factor isolated
from the 0.3 M PC fraction and the activator isolated from the
inhibitor fraction appear to be different. Thus, the elongation
phase of DNA synthesis that is carried out by the four
purified proteins (SV40 T antigen, HeLa SSB, topoisomerase
I, and polymerase a-primase) is blocked in the presence of an
inhibitor we have isolated, and this inhibition is overcome by
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the addition of PCNA and at least two other activating
factors.

DISCUSSION

The results presented here support the conclusion that PCNA
is required for SV40 DNA replication in vitro when the
elongation of DNA chains is blocked by a protein inhibitor.
This inhibitor also interferes with other enzymatic reactions
occurring at the ends of DNA, such as those catalyzed by
DNA ligase, exonuclease III, and the 5' -* 3' exonuclease.
This is consistent with the results of Prelich and Stillman (10),
who noted that the absence of PCNA during SV40 DNA
replication resulted in the inhibition ofDNA ligase activity as
well as DNA chain elongation. In contrast, the unwinding of
SV40 ori+ DNA by the combined action of T antigen, SSB,
and topoisomerase I (27, 28) was unaffected by the inhibitor
(data not shown). This unwinding reaction depends solely on
circular duplex DNA with no ends, whereas the enzymatic
reactions affected by the inhibitor require free DNA termini.
This suggests that the site of action of the inhibitor is at the
ends of DNA chains.
The effects of the inhibitor on SV40 DNA replication

carried out by four purified proteins can be overcome by
PCNA and at least two other activating factors. Further, the
block of exonuclease III activity by the inhibitor can be
reversed by PCNA and the activating factors alone, in the
absence of DNA polymerase activity (data not shown). We
suggest that the inhibitor acts by blocking the ends of DNA
chains, possibly by binding to them noncovalently, and that
the inhibitor can be displaced from these ends by the
combined action of PCNA and the activating factors.
The inhibitor decreased the level of nucleotide incorpo-

ration as much as 75-80%. However, the PCNA-mediated
synthesis of longer DNA products formed in the presence of
the inhibitor did not necessarily lead to a level of nucleotide
incorporation observed in the absence of the inhibitor. It is
possible that this discrepancy may be resolved with further
purification of the inhibitor and the activating factors.
At present, the requirements for the elongation of primed

templates in eukaryotic systems are unclear. DNA polymer-
ase a was assumed to be the only polymerase involved in
replication. Recently, DNA polymerase 8 has been proposed
as an entity distinct from DNA polymerase a that is also
involved in replication. These two polymerases were re-
ported to differ immunologically and in some of their intrinsic
properties (29-31). Further, some preparations of DNA
polymerases 8 have been shown to require PCNA for
elongation activity (29). Nevertheless, some of the charac-
teristics used to distinguish polymerase a from polymerase 8
have been questioned, making the distinction between these
enzymes less clear. For example, the presence of a 3' -- 5'
exonuclease and the resistance of chain elongation to the
inhibitor N2-[p-(n-butyl)phenyl]-dGTP, properties thought
to be specific for DNA polymerase 8, have also been
observed with the 180-kDa catalytic subunit of DNA poly-
merase a isolated from Drosophila (32, 33). In contrast, the
intact DNA polymerase a-primase complex of Drosophila
did not contain 3' -* 5' exonuclease activity and it was
inhibited by low concentrations of N2-[p-(n-butyl)phenyl]-
dGTP (28, 29). Further studies will be required to elucidate
the differences between these two DNA polymerases and
their roles in replication.
A number of studies have suggested an important role for

PCNA in replication and in the control of cellular prolifera-
tion (17, 20, 21, 34). It is possible that PCNA, the inhibitor
protein, and other activation factors essential for the elon-

gation reaction constitute a set of proteins that may regulate
DNA synthesis. It should be noted, however, that SV40
DNA replication is not under many of the controls operating
in cellular DNA replication. It is possible that PCNA may
play a more direct and complex role in replication than
suggested by the results presented here. The further purifi-
cation and characterization of the inhibitor and the other
proteins that lead to the PCNA-dependent elongation ofDNA
chains may offer a more tractable biochemical approach to
the regulation of DNA synthesis than has been hitherto
available.
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