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Studies of simian virus 40 (SV40) DNA replication in a reconstituted cell-free system have established that
T antigen and two cellular replication proteins, replication protein A (RP-A) and DNA polymerase ot-primase
complex, are necessary and sufficient for initiation of DNA synthesis on duplex templates containing the SV40
origin ofDNA replication. To better understand the mechanism of initiation of DNA synthesis, we analyzed the
functional interactions of T antigen, RP-A, and DNA polymerase ot-primase on model single-stranded DNA
templates. Purified DNA polymerase a-primase was capable of initiating DNA synthesis de novo on unprimed
single-stranded DNA templates. This reaction involved the synthesis of a short oligoribonucleotide primer
which was then extended into a DNA chain. We observed that the synthesis of ribonucleotide primers by DNA
polymerase ea-primase is dramatically stimulated by SV40 T antigen. The presence of T antigen also increased
the average length of the DNA product synthesized on primed and unprimed single-stranded DNA templates.
These stimulatory effects of T antigen required direct contact with DNA polymerase a-primase complex and
were most marked at low template and polymerase concentrations. We also observed that the single-stranded
DNA binding protein, RP-A, strongly inhibits the primase activity of DNA polymerase a-primase, probably by
blocking access of the enzyme to the template. T antigen partially reversed the inhibition caused by RP-A. Our
data support a model in which DNA priming is mediated by a complex between T antigen and DNA polymerase
a-primase. In this model, T antigen functions to facilitate the association of the DNA polymerase oa-primase
with the template, while RP-A acts to suppress nonspecific priming events.

The papovavirus simian virus 40 (SV40) has proved to be
a useful model system for the study of mammalian DNA
replication (5, 11, 13, 31). The SV40 genome is replicated by
the host replication machinery in conjunction with a single
viral protein, T antigen. Synthesis of the viral genome begins
at a well-defined origin and, like chromosomal DNA repli-
cation, proceeds in a bidirectional and semidiscontinuous
manner. The utility of this relatively simple system is exem-
plified by the development of a cell-free replication system
(21, 22) which has allowed the identification of factors
involved in mammalian DNA replication. As a result of work
from several laboratories, seven cellular proteins have been
purified which, in combination with T antigen, are sufficient
to reconstitute bidirectional, origin-dependent DNA replica-
tion (32, 35).
Of the proteins essential for complete replication of the

SV40 genome, only three are absolutely required for initia-
tion of DNA synthesis on duplex templates containing the
viral origin of replication: T antigen, DNA polymerase
a-primase complex, and the single-stranded DNA binding
protein, replication protein A (RP-A, RF-A, or HSSB) (32,
35, 38). T antigen binds to specific sequences within the
origin and, in the presence of RP-A and ATP, catalyzes the
local unwinding of the template (6, 7, 40). The role of RP-A
in this reaction is to stabilize the unwound single strands (6,
39, 41). Following the unwinding of the duplex, the exposed
single strands serve as templates for initiation of DNA
synthesis by DNA polymerase a-primase complex (12, 24,
32, 35, 36, 41). Initiation is a two-step process in which the
primase activity of the complex catalyzes the synthesis of a
ribonucleotide primer which is then extended into a short
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DNA chain by the DNA polymerase activity. In the imme-
diate vicinity of the origin, initiation events occur with
roughly equal frequency on both parental DNA strands, but
in regions outside of the origin, initiation occurs preferen-
tially on the lagging-strand template (25, 32, 35). The syn-
thesis of leading-strand products requires additional proteins
(25, 32, 33, 35, 36). It seems likely that the series of events
required for initiation of SV40 DNA replication are coordi-
nated in space and time by specific protein-protein as well as
protein-DNA interactions. However, relatively little is
known about the details of such interactions.

Several studies have demonstrated that two of the proteins
involved in initiation, T antigen and DNA polymerase a-pri-
mase complex, are capable of forming a specific complex.
This has now been demonstrated both with crude cellular
extracts (9, 10, 28) and with purified proteins (8). Recent
evidence indicates that complex formation involves an inter-
action between T antigen and the large (catalytic) subunit of
DNA polymerase ot (8). A functional role for this interaction
is suggested by the observation that purified DNA polymer-
ase ot-primase from permissive human or monkey cells is
sufficient to restore T-antigen-dependent replication activity
to nonpermissive mouse cells that are otherwise inactive for
SV40 replication (24). Thus, an interaction between T anti-
gen and DNA polymerase ot-primase may be an important
determinant of the host-range specificity of SV40.
To better understand how T antigen, RP-A, and DNA

polymerase o-primase act in concert to initiate DNA synthe-
sis, we analyzed the functional interactions of these three
proteins on unprimed and primed single-stranded DNA
templates. We observed that the synthesis of ribonucleotide
primers by the DNA polymerase ot-primase complex on
unprimed templates is dramatically stimulated by the SV40 T
antigen. The presence of T antigen also increased the aver-
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age length of the DNA product synthesized on primed and
unprimed single-stranded DNA templates. These stimula-
tory effects of T antigen required direct contact with DNA
polymerase a-primase complex and were most marked at
low template and polymerase concentrations. We also ob-
served that the single-stranded DNA binding protein, RP-A,
strongly inhibits the primase activity of DNA polymerase
a-primase complex, probably by blocking interaction of the
primase with the template, but that T antigen can partially
reverse the inhibition. Our data support a model in which
DNA priming is mediated by a complex formed between T
antigen and DNA polymerase a-primase. In this model, T
antigen facilitates the association of both the primase and
polymerase activities with the template, and RP-A acts to
suppress nonspecific priming events.
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MATERIALS AND METHODS

Protein purification. DNA polymerase a-primase, T anti-
gen, and RP-A were purified from HeLa cells as described
previously (41). The hybridoma cell line for monoclonal
antibody (MAb) 419 was obtained from American Type
Culture Collection. Purified MAb 101 was the generous gift
of Richard Piehl (Molecular Biology Resources). Hybridoma
cell lines for MAbs 205 and 414 were obtained from Keith
Peden (National Institutes of Health). All MAbs were puri-
fied with protein A-Sepharose (Pharmacia) and were dia-
lyzed into a buffer containing 30 mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid), 15 mM KCl, 0.25
mM EDTA, and 1.0 mM NaN3.
Polymerase assays. Unless otherwise indicated, reaction

mixtures (25 p.1) were assembled on ice and contained T
antigen as indicated; 0.012 U of polymerase a (1 U is 1.0
nmol of deoxynucleoside triphosphate incorporated into
activated calf thymus DNA in a 30-min reaction); 0.002 U of
primase; 25 ng of M13mp18 single-stranded DNA; 100 ,uM
each dATP, dGTP, and dTTP; 25 p.M dCTP; 50 p.M each
GTP, UTP, and CTP; 4 mM ATP; 0.25 ,uCi of [a-32P]dCTP;
7.0 mM MgCl2; 30 mM HEPES; 40 mM creatine phosphate;
100 p.g creatine kinase per ml; and 100 p.g of acetylated
bovine serum albumin per ml (41). Preprimed reaction mix-
tures lacked ribonucleotide precursors and contained
M13mpl8 annealed to the 17-nucleotide universal primer in a
1:1 molar ratio.

Analysis of deoxynucleotide products. After incubation for
2 h at 37°C, the reactions were terminated with stop buffer
(0.5 mg of proteinase K per ml, 5% sodium dodecyl sulfate,
125 mM EDTA) for 30 min at 37°C. Reaction products were

separated by alkaline agarose gel electrophoresis in 30 mM
NaOH-1 mM EDTA, and the dried gels were visualized by
autoradiography. DNA synthesis was quantitated by excis-
ing the lanes from the dried gel and counting the radioactiv-
ity in liquid scintillation cocktail.
Primase assays. Reactions were performed as described

above for polymerase assays, except that deoxynucleotide
precursors were omitted and the concentration of CTP,
added as 20 ,uCi of [a-32P]CTP, was decreased from 50 to 1
p.M.
Product analysis of primers. Following incubation, the

reaction products were incubated with stop buffer for 30 min
at 37°C, phenol chloroform extracted, and precipitated over-
night from ammonium acetate-ethanol in the presence of 30
,ug of carrier tRNA. Dried samples were resuspended in
loading buffer containing 35% formamide, 8 mM EDTA,
0.09% bromphenol blue, and 0.09% xylene cyanol FF and
heated for 3 min to 95°C. Samples were subjected to dena-
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FIG. 1. Effect of T antigen (Tag) on DNA synthesis by DNA
polymerase a. Reaction mixtures (25 jil) containing 0.012 U ofDNA
polymerase a activity, 0.002 U of primase activity, and 25 ng of
unprimed M13 single-stranded DNA were assembled on ice with the
indicated amount of T antigen. After incubation for 2 h at 37°C,
samples were electrophoresed on a denaturing alkaline 2% agarose
gel, dried, and visualized by autoradiography. The total DNA
synthesized in each reaction mixture (picomoles) is indicated at the
bottom of the figure.

turing gel electrophoresis in 20% polyacrylamide gels con-
taining 7.0 M urea-Tris-borate-EDTA buffer (23) at 600 V for
45 min.

RESULTS

T antigen stimulates DNA synthesis by DNA polymerase
a-primase on single-stranded DNA templates. The mamma-
lian DNA polymerase a holoenzyme possesses both DNA
primase and DNA polymerase activities and is capable of
initiating DNA synthesis de novo on single-stranded DNA
templates (for a review, see reference 20). The reaction
involves the synthesis of a short oligoribonucleotide primer
which is then extended into a DNA chain. To analyze the
effects of T antigen and RP-A on the efficiency of DNA
synthesis, we studied a model system containing purified
DNA polymerase a-primase (41) and single-stranded M13
DNA as the template. Under the standard conditions used
for SV40 DNA replication in vitro (41), DNA polymerase
a-primase synthesized DNA products which ranged in size
from about 0.4 to 3 kb (Fig. 1). Addition of purified T antigen
to this reaction stimulated DNA synthesis 4-fold (2- to
10-fold in replicate experiments). At this level of polymerase
a-primase, the presence of T antigen had only a small effect
on the size distribution of products; thus, the stimulation
observed in this experiment was primarily due to an increase
in the number of DNA chains initiated.
The degree of stimulation by T antigen was highly depen-

dent on the ratio ofDNA polymerase a-primase to T antigen
used in the assay. A titration ofDNA polymerase a-primase
in the presence or absence of a fixed amount of T antigen
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FIG. 2. Effect of DNA polymerase a concentration on stimula-
tion of DNA synthesis by T antigen (Tag). (a) Electrophoretic
analysis of the products. Reaction mixtures contained the indicated
amount of DNA polymerase a and 25 ng of unprimed M13 single-
stranded DNA as the template. After incubation for 2 h in the
presence or absence of 280 ng of T antigen, the reaction products
were electrophoresed on a denaturing agarose gel. Picomoles of
DNA synthesized in each reaction mixture are indicated at the
bottom of the figure. (b) Quantitation of DNA synthesis in the
presence or absence of T antigen. Samples from the gel shown in
panel a containing the indicated amount of polymerase activity plus
(a) or minus (O) T antigen were quantitated by excising the lanes
from the dried gel and counting their radioactivity in liquid scintil-
lation cocktail. dNMP, Deoxynucleoside monophosphate.

(Fig. 2a) revealed that at low levels of DNA polymerase
a-primase, T antigen stimulated DNA synthesis at least
10-fold. In contrast, at the highest level of polymerase
a-primase tested, the stimulation was only about twofold.
Interestingly, in the absence of T antigen, the curve relating
the amount of product synthesized to the amount of DNA
polymerase present was highly sigmoidal. The addition of T
antigen increased the linearity of this relationship (Fig. 2b).

Analysis of the time course of the reaction (Fig. 3)
revealed that the rate of DNA synthesis was roughly con-
stant over the first hour and leveled off during the second
hour, in either the presence or absence of T antigen. The
ratio of the product synthesized in the presence of T antigen
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FIG. 3. Time course of DNA synthesis by DNA polymerase
a-primase on unprimed M13 single-stranded DNA in the presence or
absence of T antigen (Tag). Reactions mixtures (25 ,ul) containing
0.012 U of polymerase activity, 0.002 U of primase activity, 25 ng of
M13 single-stranded DNA, and 280 ng ofT antigen (where indicated)
were assembled on ice. Reaction products were isolated at the
indicated times and electrophoresed on a 2% agarose alkaline gel.
Picomoles of DNA synthesized in each reaction mixture are indi-
cated at the bottom of the figure.

to that synthesized in the absence of T antigen was relatively
constant over the whole time course, suggesting that the
stimulatory effect of T antigen was not simply a result of
stabilizing DNA polymerase a-primase against inactivation
during incubation. This conclusion was confirmed by an
experiment in which T antigen was added to the reaction
after 1 h of incubation. The amount of DNA synthesized
during the subsequent hour of incubation (3.7 pmol) was 75%
of the DNA synthesized during the second hour of a parallel
reaction that contained T antigen for the entire 120 min of
incubation (4.9 pmol). This result indicated that there was
little or no loss of DNA polymerase a-primase activity
during the first hour of incubation in the absence of T
antigen.

Figure 4 shows the effect of template concentration on the
products synthesized by DNA polymerase a-primase in the
presence or absence of T antigen. The amount of product
synthesized increased with increasing template concentra-
tion up to about 2 mg/ml and then leveled off. At the higher
DNA concentrations, the product synthesized in both the
presence and absence of T antigen was shorter than at low
DNA concentrations, presumably because the higher tem-
plate concentration favored starting new chains rather than
extending preexisting chains. In addition, the stimulatory
effect of T antigen was reproducibly lower in magnitude at
the highest template concentration.
RP-A suppresses DNA synthesis by DNA polymerase a-pri-

mase on unprimed templates. In contrast to the effect of T
antigen, the addition of the mammalian single-stranded DNA
binding protein, RP-A, strongly inhibited DNA synthesis on
an unprimed DNA template (Fig. 5). This effect appeared to
be due to a reduction in the number of new chains initiated
rather than a decrease in the size of the products. The
heterologous single-stranded DNA binding protein from
Escherichia coli (E. coli SSB) also inhibited DNA synthesis
(Fig. Sa). This result strongly suggests that RP-A inhibits
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FIG. 4. Effect of DNA concentration on stimulation of DNA
synthesis by T antigen (Tag). Reaction mixtures (25 ,ul) containing
0.012 U ofDNA polymerase activity and 0.002 U of primase activity
were assembled on ice with the indicated amount of unprimed M13
single-stranded DNA plus or minus 280 ng of T antigen. After
incubation at 37°C for 2 h, samples were electrophoresed on a 2%
agarose alkaline gel and were visualized by autoradiography. Pico-
moles of DNA synthesized in each reaction mixture are indicated
below the figure.

DNA polymerase a-primase by blocking potential binding
sites for DNA polymerase a-primase on the template, rather
than by interacting directly with the enzyme. The inhibition
of DNA synthesis by either RP-A or E. coli SSB could be
partially reversed by T antigen (Fig. 5b). In fact, the depen-
dence of DNA polymerase activity on T antigen was repro-
ducibly increased by the presence of either protein. For
example, 60 ng of RP-A almost completely suppressed DNA
synthesis by DNA polymerase a-primase, but addition of T
antigen to the reaction stimulated DNA synthesis more than
eightfold (Fig. 5a).

Effects of T antigen and RP-A on primer synthesis. To
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FIG. 6. Effects ofT antigen (Tag) and RP-A on the DNA primase
activity of DNA polymerase a. Primase reaction mixtures (25 ,ul)
containing 0.0025 U of primase, 0.0125 U of polymerase, the
indicated amount of RP-A, 20 ,uCi of [a-32P]CTP (1 ,uM), 50 ,uM
UTP, 50 p.M GTP, 4 mM ATP, 25 ng of unprimed M13 DNA, and
280 ng ofT antigen where indicated were assembled on ice. Reaction
products were purified, electrophoresed on a denaturing 20% acryl-
amide gel, and visualized by autoradiography. nt, Nucleotides.

determine whether the DNA primase activity of DNA poly-
merase a-primase complex was affected by T antigen and
RP-A, we measured the synthesis of primers directly in
reaction mixtures lacking deoxyribonucleoside triphos-
phates. With DNA polymerase a-primase alone, the prod-
ucts of the primase reaction consisted largely of ribonucle-
otide oligomers 6 to 12 nucleotides in length with a small
amount of longer species (Fig. 6). T antigen stimulated
primer synthesis approximately fourfold, while RP-A
strongly inhibited the reaction. Neither protein significantly
affected the length distribution of primers. As for the DNA
synthesis reactions described above, T antigen partially

b E. coli SSB
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FIG. 5. Inhibition of DNA polymerase a by RP-A and E. coli SSB. Reaction mixtures (25 p.l) containing 0.0125 U of DNA polymerase
activity, 0.0025 U of primase activity, and 25 ng of unprimed M13 single-stranded DNA were assembled on ice with the indicated amount of
RP-A (39), E. coli SSB, or their respective buffers. Where indicated, the reaction mixtures contained 280 ng of T antigen (Tag). Reaction
mixtures were incubated for 2 h at 37°C, and the products were electrophoresed on a 2% agarose alkaline gel. Picomoles ofDNA synthesized
in each reaction mixture are indicated at the bottom of the figure.
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FIG. 7. Effect of T antigen (Tag) on primer extension. Reaction
mixtures (25 ,ul) lacking ribonucleoside triphosphates were assem-
bled on ice with 0.012 U of polymerase activity, 25 ng of primed
M13mpl8 template, and the indicated amount of T antigen. After
incubation for 2 h at 37°C, the reaction products were electro-
phoresed on a 2% agarose alkaline gel and visualized by autoradi-
ography. Picomoles of DNA synthesized in each reaction mixture
are indicated at the bottom of the figure.

reversed the inhibition of primer synthesis by RP-A. Simi-
larly, the stimulatory effects of T antigen on priming were

greatest at low polymerase and template concentrations
(data not shown). These findings indicate that T antigen and
RP-A exert marked and antagonistic effects on the effi-
ciency of primer synthesis by DNA polymerase ot-primase
complex.
T antigen increases the average size of the DNA products

synthesized by DNA polymerase oe-primase complex. To de-
termine whether T antigen had an effect on the efficiency of
primer elongation, we omitted ribonucleotides from the
reaction and made use of a template containing a short
oligodeoxynucleotide primer. In the absence of T antigen,
DNA polymerase ao-primase elongated the primer to a length
of less than 100 nucleotides (Fig. 7). In the presence of
increasing concentrations of T antigen, the products became
larger by relatively discrete increments. At the highest level
of T antigen tested, almost all the products were longer than
300 nucleotides. Although the effect of T antigen on product
length was most striking when a preprimed template was

used, we did observe a significant effect on product size with
the unprimed template, particularly at low polymerase a-

primase concentration (Fig. 2), at early times in the reac-
tion (Fig. 3), or at intermediate DNA concentrations (Fig.
4).

Effects of MAbs on stimulation of DNA polymerase a-pri-
mase activity by T antigen. One reasonable hypothesis,
consistent with our data, is that T antigen stimulates priming
and DNA synthesis via direct interaction with DNA poly-
merase a-primase. Indeed, several groups have demon-
strated that the two proteins can associate to form a specific
complex (8, 9, 28). The association of T antigen and DNA
polymerase a-primase can be blocked by a specific subset of

0 50 100 150 200 250 300
Monoclonal Antibody (ng)

FIG. 8. Effects of MAbs on the stimulation of DNA polymerase
a activity by T antigen (Tag) (unprimed template). Reaction mix-
tures (25 RI) contained 0.0125 U of polymerase activity, 0.0025 U of
primase activity, 25 ng of M13 DNA, and the indicated amount of
anti-T antigen MAb. Either no T antigen ( ) or 350 ng of T
antigen (..... ) was added to each reaction mixture. The MAbs
tested were MAb 419 (A), MAb 101 (W), MAb 205 (A), and MAb 414
(A). MAb 419 (which binds an N-terminal epitope [1 to 82]) and
MAb 101 (which binds a C-terminal epitope) do not inhibit SV40
DNA replication in vitro or formation ofT antigen-DNA polymerase
a complexes in crude extracts (8, 10, 28, 37). MAbs 205 and 414 bind
the putative polymerase a interaction domain (363 to 708), inhibit
SV40 DNA replication, and disrupt complex formation between T
antigen and polymerase a in crude cellular extracts (8, 10, 28). The
amount of DNA synthesized in 2 h at 37°C was quantitated by
excising the lanes from the dried gel and counting their radioactivity
in liquid scintillation cocktail.

MAbs directed against T antigen (e.g., MAb 205 and MAb
414) that do not affect other functions of T antigen such as
specific DNA binding (10, 28). These MAbs abolished the
stimulation of purified DNA polymerase a-primase by T
antigen on an unprimed template (Fig. 8). At antibody
concentrations approximately equimolar with T antigen,
DNA synthesis was actually depressed below the basal level
observed in the absence of T antigen. One explanation for
this observation is that the T antigen-antibody complexes
bind to DNA and block priming by DNA polymerase a-pri-
mase in a manner analogous to SSBs. In contrast, anti-T
antigen MAbs 419 and 101, which do not block the physical
interaction between T antigen and DNA polymerase a-pri-
mase, had no significant effect on the stimulation of DNA
synthesis (see legend to Fig. 8). These data indicate that the
stimulation of priming that we observed very likely requires
formation of a complex between T antigen and DNA poly-
merase a-primase.
We also tested the effect of this subset of MAbs on the

ability of T antigen to stimulate DNA polymerase a on a
preprimed template (data not shown). The same MAbs that
blocked T-antigen-mediated stimulation of DNA synthesis
on the unprimed template (205 and 414) blocked the T-anti-
gen-mediated increase in product size on the preprimed
template. None of the MAbs tested significantly affected
polymerase activity or product size in the absence of T
antigen.
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DISCUSSION T Antigen

While a number of studies have established that T antigen
and DNA polymerase a-primase can form a stable complex,
the functional consequences of complex formation have not
been addressed previously. The data presented here indicate
that the interaction between the two proteins results in a
dramatic increase in the ability of DNA polymerase a-pri-
mase to initiate the synthesis of new DNA chains and to
elongate such chains once initiated. Although our studies
were done with model single-stranded templates, we believe
that the conclusions are likely to be relevant to the replica-
tion of the duplex viral genome. The stimulatory effect of T
antigen on DNA polymerase a-primase activity occurs under
experimental conditions identical to those used for the study
of SV40 DNA replication in vitro. Moreover, the stimulation
is greatest at low DNA polymerase and template concentra-
tions and in the presence of the eukaryotic single-stranded
DNA binding protein, RP-A, conditions which may closely
resemble those operating during DNA replication.
The simplest explanation for the stimulatory effects that

we observed is that T antigen acts to facilitate the interaction
of DNA polymerase ca-primase with the template. It is
known that T antigen binds to single-stranded DNA (29), and
we have verified this fact by direct filter binding experiments
performed under our replication conditions (data not
shown). It follows that formation of a complex with DNA
polymerase a-primase would tether the enzyme to the DNA,
increasing the frequency of productive encounters with
potential template priming sites. By a similar argument,
complex formation would be expected to increase the effi-
cient utilization of primer termini by the DNA polymerase
activity, resulting in the synthesis of longer DNA products.
Thus, all the effects that we observed can be accounted for
by a mechanism in which the primary role of T antigen is to
increase the effective local concentration of DNA substrate
in the neighborhood of DNA polymerase a-primase. How-
ever, we cannot at this point rule out the possibility that T
antigen has other, perhaps more direct, stimulatory effects
on the activities of DNA polymerase a-primase. For exam-
ple, the helicase activity of T antigen may facilitate priming
or polymerization in regions of stable secondary structure in
the template. In addition, interaction with T antigen could
result in structural alterations of DNA polymerase and/or
primase that increase their intrinsic activities. Further work
will be required to assess these possibilities.
Under the conditions of our experiments, DNA synthesis

by DNA polymerase oa-primase is a multistep process. The
initial step is the synthesis of a ribonucleotide primer by the
primase activity of the enzyme. The primase then dissociates
from the primer terminus, allowing the DNA polymerase
subunit to bind. After synthesis of a short DNA chain, the
DNA polymerase dissociates, but the released primer termi-
nus can serve as a substrate for additional elongation events.
Most of the final DNA products that we observed were
generated as a result of multiple binding and dissociation
events by DNA polymerase a-primase. This is evident from
the fact that the products decrease in length as the template
concentration is increased (Fig. 4). The multistep nature of
the overall process of DNA synthesis may also account for
the sigmoidal relationship between total synthesis and DNA
polymerase concentration observed in the absence of T
antigen (Fig. 2b). We suggest that this relationship becomes
more linear in the presence of T antigen because tethering of
DNA polymerase a-primase to the template allows a number

Polymeras. a
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FIG. 9. Model of the initiation reaction. See text for details.

of binding-synthesis-dissociation events to occur before the
enzyme diffuses away into the bulk solution.

It seems likely that the interaction between T antigen and
DNA polymerase a-primase is important for determining the
specificity of initiation events during SV40 DNA replication.
In the initial phase of the replication reaction, T antigen
binds specifically to the viral origin and then functions as a
helicase to unwind the two strands of the duplex (6, 40).
Model studies indicate that a T antigen helicase translocates
in the 3'-to-5' direction along each parental strand, thus
generating two potential replication forks (30, 37, 38). As
illustrated in Fig. 9, we suggest that DNA polymerase
a-primase forms a specific complex with T antigen at each
fork and that the geometry of this complex facilitates primer
synthesis on the lagging strand. This model, in which the T
antigen-DNA polymerase ca-primase complex functions as a
mobile priming apparatus, is analogous to many prokaryotic
systems in which primase activity and helicase activity
reside in either a single polypeptide chain (bacteriophage T7)
(reviewed in reference 26) or a complex of polypeptide
chains (phage T4 and E. coli) (1, 15, 17). The polarity of
translocation of T antigen is the opposite of the prokaryotic
primosome (5' to 3'). However, helicases that translocate in
both directions have been identified within the E. coli
primosome (16, 18). In our model, T antigen moves on the
leading strand but positions DNA polymerase a-primase so
that primer synthesis takes place preferentially on the oppo-
site (lagging) strand.

Previous studies have demonstrated that the single-
stranded DNA binding protein, RP-A, has a small stimula-
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tory effect on the ability ofDNA polymerase a to elongate a

pre-formed primer (14, 19, 33). This observation, which we

confirmed, indicates that RP-A does not block the interac-
tion of DNA polymerase a with a primer terminus. Our
finding that RP-A inhibited priming by DNA polymerase
a-primase indicates that RP-A prevents the productive inter-
action ofDNA primase with unprimed single-stranded DNA
and defines an additional function for the protein in sup-
pressing nonspecific priming events. We suggest that most of
the single-stranded DNA in replication intermediates will be
complexed with RP-A and inaccessible to the primase activ-
ity ofDNA polymerase a-primase. Thus, in a manner similar
to gene 32 of bacteriophage T4 (4, 27), and the SSB of E. coli
(2), RP-A may prevent nonproductive priming events by
suppressing primase activity everywhere except at the rep-
lication fork (Fig. 9).

It seems clear that the functional interaction of T antigen
with DNA polymerase a-primase plays an important role in
the initiation of DNA synthesis during SV40 DNA replica-
tion. It is plausible to speculate that similar interactions,
involving cellular counterparts of T antigen, occur during
initiation of cellular DNA synthesis. Moreover, modulation
of such interactions by either phosphorylation or protein
interactions could provide a mechanism for regulating DNA
replication. In this regard, it is intriguing that the antionco-
gene p53, which is inhibitory to SV40 DNA replication (3,
34), competes with polymerase a-primase for binding to T
antigen in crude cellular extracts (9, 10).
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