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The transition step from the p3-dAMP initiation complex to the first elongated products, p3-(dAMP)2 and
p3-(dAMP)3, requires a dATP concentration higher than that needed for the initiation reaction or for the
further elongation of the p3-(dAMP)3 complex. The elongation in +29 DNA-protein p3 replication in vitro was
strongly inhibited by salt. Under inhibitory salt concentration, the viral protein p6 greatly stimulated +29
DNA-protein p3 replication. The effect of protein p6 was not on the rate of elongation but on the amount of
elongated product, stimulating the transition from initiation to formation of the first elongation products.

Bacteriophage 429 has a linear, double-stranded DNA
genome which is 19,285 base pairs (bp) long (16), and the
viral protein p3 is covalently linked to both 5' ends (14). 4)29
replication starts at either DNA end by a protein-priming
mechanism and proceeds toward the opposite end by strand
displacement (for a review, see reference 13). An in vitro
replication system using purified proteins has been devel-
oped. A free molecule of the terminal protein p3, in the
presence of the 4)29 DNA polymerase p2 and dATP and with
4)29 DNA-protein p3 as the template, is deoxyadenylylated
(3, 11, 17) in a reaction which is probably catalyzed by the
DNA polymerase. The protein p3-dAMP initiation complex
formed is further elongated by the DNA polymerase activity
of protein p2 to produce full-length 4)29 DNA (4). Whereas
the initiation reaction occurs at a low dATP concentration
(0.1 ,uM), a truncated elongation reaction in the presence of
ddCTP, which gives rise to p3-(deoxynucleoside monophos-
phate)9 and p3-(deoxynucleoside monophosphate)12, re-
quires a dATP concentration higher than 1 ,uM (1). Both the
formation of the initiation complex and its elongation are
stimulated by NH4' ions, shown to be needed for the
formation in vitro of a stable complex between the terminal
protein p3 and the DNA polymerase p2 (2, 4). The viral
protein p6, which binds to double-stranded DNA (12), stim-
ulates both the initiation and the elongation steps in 4)29
DNA-protein p3 replication (1, 9). However, there is not an
absolute requirement for protein p6 in vitro, although mu-
tants with mutations in gene 6 are unable to synthesize 4)29
DNA in vivo (5, 8). In addition, protein p6 inhibits transcrip-
tion from specific early promoters located at the right end of
4)29 DNA (18; I. Barthelemy, R. P. Mellado, and M. Salas,
submitted for publication).

In this paper, we show that protein p6 greatly stimulates
the amount of DNA synthesized under salt conditions that
decrease the replication of 4)29 DNA-protein p3 dependent
on the terminal protein p3 and the DNA polymerase p2. In
addition, we show that the effect of protein p6 is on the
transition from the p3-dAMP initiation complex to p3-
(dAMP)2 and p3-(dAMP)3 and that this step requires a higher
dATP concentration than the initiation reaction and the
elongation from p3-(dAMP)3.

* Corresponding author.

MATERIALS AND METHODS

Materials. The 4)29 DNA-protein p3 complex was isolated
as described by Pehialva and Salas (10). The p3-DNA complex
was treated with HindIlI, AccI, or Hinfl (Boehringer Mann-
heim Biochemicals) in the presence of bovine serum albumin
(1 mg/ml), and the mixture of fragments was used as the
template in the replication assays. Poly(dT) poly(dA)1218
and poly(dA) - poly(dT)12-18 were obtained from P-L Bio-
chemicals. Proteins ssb from Escherichia coli, gp32 from
phage T4, and DBP from adenovirus were gifts from A.
Kornberg, J. J. Toulmd, and P. van der Vliet, respectively.
Assay for formation of the p3-dAMP initiation complex or

for limited elongation. The standard incubation mixture for
the initiation reactions contained (in 25 ,Iu): 50 mM Tris
hydrochloride (pH 7.5), 10 mM MgCl2, 1 mM dithiothreitol,
1 mM spermidine, 20 mM (NH4)2SO4, 4)29 DNA-protein p3
(0.5 jig), and various amounts of [c_-32P]dATP (Amersham
International), purified proteins p2 (3) and p3 (11), and NaCl.
For some experiments, highly purified protein p6 (9) was
also added. After incubation at 30°C for various times, the
reactions were stopped and the samples were treated with
micrococcal nuclease and subjected to sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis as described
previously (1). Quantitation was done by excising the radio-
active band corresponding to the p3-dAMP complex from
the gel and counting the Cerenkov radiation.

In the limited elongation assays, with dATP as the only
nucleotide, the samples without micrococcal nuclease treat-
ment were filtered through Sephadex G-50 spun columns (6)
in the presence of 0.1% SDS, treated with piperidine as
described previously (1), and subjected to electrophoresis in
20% acrylamide-8 M urea denaturing gels (7). The reaction
products from a chemical sequence analysis (7) were run in
parallel as size markers.

Replication assay. The incubation mixture was as de-
scribed above for the initiation reaction, except that it
contained various amounts of the deoxynucleoside triphos-
phates (dNTPs) and [ot-32P]dATP (1 ,uCi). 4)29 DNA-protein
p3 was used either untreated or treated with HindlIl, AccI,
or Hinfl. For some experiments, the template primer
poly(dT) poly(dA)12-18 or poly(dA) poly(dT)12-1. (0.25 jig)
was added instead of 4)29 DNA-protein p3. In this case,
[ca-32P]dATP or [3H]dTTP, respectively, (2.5 ,uCi at various
concentrations) was the only nucleotide added and protein
p3 was omitted. After incubation for various times at 30°C,
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FIG. 1. High dATP requirement for the replication of 429 DNA-protein p3. (A) 429 DNA-protein p3 complex was incubated for 2.5 min

at 30°C with protein p3 (21 ng) and protein p2 (80 ng) at a final NaCl concentration of 30 mM in the presence of [a-32P]dATP (2 ,uCi) at the
indicated concentrations of either dGTP or dATP, with the other dNTPs at 80 ,uM each. After incubation, the samples were filtered through
Sephadex G-50 spun columns in the presence of 0.1% SDS, and the excluded radioactivity was determined. (B) poly(dA) poly(dT)12-18 (0)
or poly(dT) poly(dA)12 18 (0) was incubated for 10 min at 30°C with [3H]dTTP (2.5 ,uCi) or [a-32P]dATP (2.5 p.Ci), respectively, at the
indicated concentrations in the presence of protein p2 (80 ng) at a final NaCl concentration of 4 mM. After incubation, the trichloroacetic
acid-insoluble radioactivity was determined.

the reaction was stopped and the samples were filtered
through Sephadex G-50 spun columns in the presence of
0.1% SDS. Cerenkov radiation in the excluded fraction was
counted. For some experiments, the labeled DNA from the
excluded fraction was treated with proteinase K and sub-
jected to electrophoresis in either 1% agarose (for the
HindIII fragments) or 3.5% (for the AccI fragments) or 8%
(for the Hinfl fragments) acrylamide gels. After electropho-
resis, the gel was dried and autoradiographed with intensi-
fying screens at -70°C.

In some cases, after the initiation reaction in the presence
of dATP, immunoglobulin G anti-p3 (16 pug) was added to
stop further initiation, and after 2.5 min at 30°C, elongation
was allowed to proceed by addition of the remaining dNTPs.

RESULTS

Requirement of high dATP concentration in +29 DNA-
protein p3 replication. To investigate whether the high dATP
requirement for the elongation of 429 DNA-protein p3
replication was unique for this nucleotide, the effect of
changing the concentration of each dNTP while keeping the
concentrations of the other three dNTPs constant on the
replication of 429 DNA-protein p3 was studied. When the
dGTP concentration was changed, the reaction was essen-
tially saturated at 20 ,uM, whereas when the dATP concen-
tration was changed, a sigmoid kinetics curve was obtained
and saturation did not occur up to around 80 ,uM (Fig. 1A).
Changing the dCTP or dTTP concentration gave results
similar to those obtained in the case of dGTP (results not
shown).
To determine whether dATP hydrolysis accounts for the

high dATP concentration required, the hydrolysis of dATP

(or of dCTP as a control) was determined in the presence of
the remaining dNTP in each case concomitant with dATP or
dCTP incorporation. Neither dATP nor dCTP hydrolysis
was detected (results not shown).
To find out whether the high requirement for dATP was a

property of the 4)29 DNA polymerase or whether it was
dependent on the template, the effect of dATP or dTTP
concentration with the template primer poly(dT) -poly
(dA)12-l8 or poly(dA) poly(dT)12 18, respectively, was stud-
ied. Similar kinetics in the incorporation of either dATP or
dTTP with the corresponding template were found, with the
reaction being essentially saturated with a nucleotide con-
centration of 30 puM (Fig. 1B).
High dATP concentration is required for the transition from

the p3-dAMP initiation complex to p3-(dAMP)3. To determine
the step in elongation that has a high dATP concentration
requirement, the replication of 4)29 DNA-protein p3 was
started with either 0.25 or 20 puM dATP in the absence of the
remaining dNTPs to allow the formation of p3-dAMP or
p3-(dAMP)3, respectively. After 7.5 min at 30°C, immuno-
globulin G anti-p3 was added to stop further initiations, and
then, after a fourfold dilution to decrease the initial dATP
concentration, the elongation was allowed to proceed in the
presence of increasing dATP concentration, with the remain-
ing dNTPs kept at 60 ,uM. When the dATP concentration in
the first step was 0.25 ,uM, the lag in the elongation step was
seen, whereas when the dATP concentration in the first step
was 20 ,uM, the lag disappeared (Fig. 2). This result strongly
suggests that the step responsible for the high dATP require-
ment is the transition from the p3-dAMP initiation complex
to the p3-(dAMP)3 partially elongated product. This was
confirmed when the formation of p3-dAMP, p3-(dAMP)2,
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FIG. 2. Effect of the dATP concentration on the elongation of

p3-dAMP or p3-(dAMP)3 in 4)29 DNA-protein p3 replication. 4)29
DNA-protein p3 complex was incubated with protein p3 (21 ng) and
protein p2 (80 ng) at a final NaCl concentration of 41 mM with either
0.25 (0) or 20 (A) ,uM [a-32P]dATP (2.5 RCi) to allow the formation
of p3-dAMP or p3-(dAMP)3, respectively. After incubation for 7.5
min at 30°C, immunoglobulin G anti-p3 (16 ,ug) was added, and after
2.5 min at 30°C the reaction mixture was diluted fourfold and 60 ,uM
dGTP, dCTP, and dTTP and the indicated concentrations of dATP
were added. After 2.5 min at 30°C, the samples were filtered through
Sephadex G-50 spun columns in the presence of 0.1% SDS and the
excluded radioactivity was determined.

and p3-(dAMP)3 was determined as a function of the dATP
concentration. The intensity of the radioactive band corre-
sponding to the p3-dAMP initiation complex decreased with
increasing cold dATP concentration, whereas no such de-
crease in intensity of bands occurred for the p3-(dAMP)2 or
p3-(dAMP)3 complex (Fig. 3).
The stimulation of +29 DNA-protein p3 replication by

protein p6 is dependent on the salt concentration. Figure 4A
shows the salt inhibition of the initiation reaction in 4)29
DNA-protein p3 replication and the stimulation by protein
p6 at all of the NaCl concentrations tested. The replication of
4)29 DNA-protein p3 was strongly inhibited by salt (Fig. 4B).
An increase in the NaCl concentration from 20 to 125 mM
produced a large decrease in the dAMP incorporation. In the
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FIG. 3. Limited elongation in 4)29 DNA-protein p3 replication as
a function of dATP concentration. 4)29 DNA-protein p3 was incu-
bated for 2.5 min at 30°C with protein p3 (21 ng) and protein p2 (80
ng) at a final NaCl concentration of 30 mM and the concentrations of
[a-32P]dATP (5 ,uCi) indicated at the top. After incubation, the
samples were processed, treated with piperidine, and subjected to
electrophoresis in a denaturing gel as described in Materials and
Methods. The reaction products from a chemical sequence analysis
of a labeled DNA fragment were run in parallel as size markers (not
shown). The dAMP has been previously shown to run close to the
dinucleotide position (10).

presence of protein p6, no inhibition was observed at up to
70 mM NaCl; an increase in the NaCI concentration up to
125 mM produced a small inhibition, much lower than that
obtained in the absence of protein p6. It is clear from the
above results that the stimulation of 4)29 DNA-protein p3
replication in vitro by protein p6 is dependent on the NaCl
concentration. Taking this fact into account and the fact that
protein p6 does not affect the initiation step of 4)29 DNA-
protein p3 replication (1) at the high dATP concentration
used in the replication assay, the above results indicate that
the stimulation by protein p6 seen in Fig. 4B is due to an
effect in the elongation step of replication. Other proteins
tested, such as ssb from E. coli, gp32 from phage T4, DBP
from adenovirus, and bovine serum albumin, had no effect.
To determine whether the salt was decreasing the rate of

elongation and whether protein p6 was maintaining the
elongation rate at the higher salt concentrations, the elonga-
tion rates at 25 and 100 mM NaCl in the absence or presence
of protein p6 were measured. When the DNA synthesized
was subjected to alkaline agarose gel electrophoresis, the
results shown in Fig. 5 were obtained. It can be seen that an
increase in the NaCl concentration from 25 to 100 mM
decreased the rate of elongation about twofold and that
protein p6 essentially had no effect on the elongation rate but
increased the amount of DNA synthesized. Therefore, the
stimulation by protein p6 obtained at 100 mM NaCl must be
affecting some specific step of the viral DNA elongation.

Salt-dependent stimulation by protein p6 of the transition
from p3-dAMP to p3-(dAMP)2 and p3-(dAMP)3. The effect of
protein p6 on the transition from p3-dAMP to p3-(dAMP)2
and p3-(dAMP)3 as a function of the salt concentration is
shown in Fig. 6. In the absence of protein p6, the increase in
the NaCl concentration from 20 to 150 mM reduced the
amounts of p3-dAMP initiation complex, p3-(dAMP)2, and
p3-(dAMP)3 formed. When protein p6 was added, no inhibi-
tion was observed when NaCl concentration was increased.
These results indicate that the elongation step affected by
protein p6 at high salt concentrations is the transition from
the p3-dAMP initiation complex to the first elongation prod-
ucts, p3-(dAMP)2 and p3-(dAMP)3; this is in addition to its
effect in the initiation reaction.

Effect of salt concentration on the stimulation by protein p6
of +29 DNA-protein p3 replication from the right or left end.
It has been previously shown that protein p6 stimulates
replication from the right 4)29 DNA end to a higher extent
than it does that from the left end (1, 2). The effect of protein
p6 on the replication from the left or right end as a function
of the salt concentration was studied by digesting 4)29
DNA-protein p3 with HindIll and analyzing the incorpora-
tion of [a-32P]dATP in the absence or presence of purified
protein p6 by gel electrophoresis. At 100 mM NaCl, the
specific incorporation of [a-32P]ATP into the terminal 4)29
HindIll B and L fragments (2,899 and 269 bp long [2]) was
reduced to 15 and 8%, respectively, of the values obtained at
60 mM NaCl (Fig. 7A). As was expected from the previous
results, in the presence of protein p6 the incorporation of
[a-32P]ATP from the 4)29 DNA-protein p3 terminal frag-
ments was more salt resistant than it was in the absence of
the protein. Thus, at 110 mM NaCl, the incorporation into
the HindIlI B and L terminal fragments was 98 and 55%,
respectively, of the values obtained at 70 mM NaCl. In
addition, at the lower salt concentration (70 mM NaCI), the
stimulation of replication from the right-end HindlIl L
fragment by protein p6 was higher than that from the left
one. However, the reverse result was found at a higher salt
concentration (135 mM NaCl) due to the fact that the
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FIG. 4. Effect of the salt concentration on the stimulation by protein p6 of 4)29 DNA-protein p3 replication. (A) 4)29 DNA-protein p3 was
incubated for 10 min at 30°C with protein p3 (125 ng), protein p2 (6.2 ng), and 0.25 ,uM [a-32P]dATP (2 ,uCi) at the indicated NaCl
concentrations in the absence (-p6) or presence (+p6) of protein p6 (3 ,ug). After incubation, the samples were digested with micrococcal
nuclease, filtered through Sephadex G-50 spun columns in the presence of 0.1% SDS, and subjected to electrophoresis, and the amount of
p3-dAMP formation was determined. (B) Same as in panel A, except that 20 ,uM dATP, dCTP, dGTP, and dTTP were added. After incubation
for 10 min at 30°C, the samples were filtered through Sephadex G-50 spun columns in the presence of 0.1% SDS and the excluded radioactivity
was determined.
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FIG. 5. Analysis by alkaline agarose gel electrophoresis of the

products of 4)29 DNA-protein p3 replication at different salt concen-
trations in the absence or presence of protein p6. 4)29 DNA-protein
p3 was incubated for the times indicated below the lanes at 30°C
with protein p3 (21 ng), protein p2 (70 ng), and 80 ,uM each dCTP,
dGTP, dTTP, and [a-32P]dATP (2.5 ,uCi) at a final NaCl concentra-
tion of 25 or 100 mM in the absence (-p6) or presence (+p6) of
protein p6 (3 p.g), as indicated above the lanes. After incubation, the
samples were filtered through Sephadex G-50 spun columns in the
presence of 0.1% SDS and subjected to alkaline agarose gel electro-
phoresis as described in Materials and Methods. The mobilities of
size markers, which were run in parallel, are indicated at the right.

incorporation from the left-end HindIlI B fragment was
more resistant to salt than that from the right-end HindIII L
fragment.
To determine the influence of the size of the terminal

fragment on the stimulation by protein p6 at high salt
concentration, +29 DNA-protein p3 was digested with either
AccI, which gives rise to fragments 1,025 and 125 bp long
from the left and right ends, respectively, or with Hinfl,
which produces terminal fragments 158 and 59 bp long from
the left and right ends, respectively. Addition of protein p6
stimulated the p3-dependent replication of the AccI right
terminal fragment (125 bp long) (Fig; 7B) and that of the left
one (1,025 bp long) (not shown). Figure 7C shows the
stimulation by protein p6 of the p3-dependent replication of
the Hinfl terminal fragment (158 bp long) from the left +29
DNA end. No specific incorporation dependent on protein
p3 was seen in the 59-bp-long Hinfl fragment from the right
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FIG. 6. Limited elongation in 429 DNA-protein p3 replication as

a function of the salt concentration in the absence or presence of
protein p6. 4)29 DNA-protein p3 (0.5 ig) was incubated for 2.5 min
at 30°C with protein p3 (10 ng) and protein p2 (47 ng) in the presence
of 20 ,uM [a-32P]dATP (5 ,uCi) at the indicated concentrations of
NaCl, in the absence (-) or presence (+) of protein p6 (2 ,ug). After
incubation, the samples were processed and subjected to electro-
phoresis as described for Fig. 3.

0
E

C-
0.2

E
0

6--

0.
1.

rn
CL

050 E

.2C-
0
CX

30 O
0~

u-

10

J. VIROL.

x

A

I

.:

i: Z -::.:
li



4)29 DNA REPLICATION 4171

-1 + - - +-+-
+ - + -++

FIG. 7. Effect of the salt concentration and protein p6 on the
replication of terminal fragments of 4)29 DNA. (A) 4)29 DNA-protein
p3 was digested with Hindlll and incubated for 15 min at 30°C with
protein p3 (11 ng), protein p2 (5 ng), and 40 ,uM each dCTP, dGTP,
dTTP, and (a-32P]dATP (2.5 ,uCi) at the indicated concentrations of
NaCl in the absence (-) or presence (+) of protein p6 (3 ,ug). The
samples were filtered through Sephadex G-50 spun columns in the
presence of 0.1% SDS, treated with proteinase K, and subjected to
electrophoresis in 1% agarose gels. Quantitation was done by
densitometry of different exposures of the autoradiograms. The
radioactivity in the Hindlll B fragment in the absence of protein p6
at 100 and 125 mM NaCl was 15 and 8%, respectively, of that at 60
mM NaCl, and that in the Hindlll L fragment at 100 mM NaCl was

8% of that at 60 mM NaCl. In the presence of protein p6, the
radioactivity in the HindlIl B fragment at 110 and 135 mM NaCl was

98 and 67%, respectively, of that at 70 mM NaCl, and that in the
Hindlll L fragment at 110 and 135 mM NaCl was 55 and 9%,
respectively, of that at 70 mM NaCl. Numbers to the left indicate
restriction fragment sizes in base pairs. (B) 4)29 DNA-protein p3 was

digested with AccI and incubated for 15 min at 30°C with protein p3
(44 ng), protein p2 (7.5 ng), and- 20 ,uM each dCTP, dGTP, dTTP,
and [ot-32P]dATP (2.5 .C_i) at 140 mM NaCl in the absence (-) or
presence (+) of protein p6 (3 Rg). The samples were processed as in
panel A and subjected to electrophoresis in 3.5% acrylamide gels.
Number to the right indicates restriction fragment size in base pairs.
(C) 4)29 DNA-protein p3 was digested with Hinfl and incubated for
15 min at 30°C as in panel B. Electrophoresis was in 8% acrylamide
gels. Numbers at the right indicate terminal restriction fragment
sizes in base pairs.

DNA end, probably due either to the small size of the
fragment or to interference by an internal fragment of the
same size (16). It can be also seen in Fig. 7B and C that the
p3-independent incorporation corresponding to filling in of
the cohesive ends by the 4)29 DNA polymerase was not
affected by the presence of protein p6 and that the presence
of protein p3 decreased this filling-in reaction, probably due
to its DNA-binding activity.

DISCUSSION

The replication of 4)29 DNA-protein p3 in vitro only
requires two purified viral proteins, the DNA polymerase p2
and the terminal protein p3, to produce full-length 4)29 DNA
(4). The replication of 4)29 DNA in vivo requires, in addition
to the gene 2 and 3 products, those of genes 5, 6, and 17 (5,
8, 15).

Protein p6 was purified and shown to stimulate the initia-
tion reaction, i.e., the formation of the p3-dAMP complex
(9), as well as the elongation of p3-dAMP (1). The effect of
protein p6 on initiation was to decrease the Krn value for

dATP; therefore, at high dATP concentrations, only the
effect of the protein on the elongation reaction was seen (1).
In this paper we have described the effect of protein p6 on
4)29 DNA-protein p3 replication in vitro as a function of the
salt concentration. Whereas the initiation reaction at low
dATP concentrations was stimulated by protein p6 at NaCl
concentrations from 20 to 125 mM, the stimulation of the
elongation reaction by protein p6 was very much dependent
on the NaCl concentration used. Thus, at 20 mM NaCl, there
was a small stimulation by protein p6 that became larger with
increasing NaCl concentration. At 100 or 125 mM NaCl,
close to physiological salt concentrations, the replication of
4)29 DNA-protein p3 became essentially dependent on the
addition of protein p6. This result is mainly due to the fact
that 429 DNA-protein p3 replication with only proteins p2
and p3 is very strongly inhibited by salt, and protein p6
avoids this inhibition. Although an increase in the NaCl
concentration from 25 to 100 mM produced about a twofold
decrease in the elongation rate, addition of protein p6 had no
effect on the rate of elongation. On the other hand, an
increase in the NaCl concentration decreased the amount of
p3-(dAMP)2 and p3-(dAMP)3 in the absence but not in the
presence of protein p6, indicating that the elongation step
stimulated by protein p6 is the transition from the p3-dAMP
initiation complex to the first elongated products, p3-
(dAMP)2 and p3-(dAMP)3, as has already been suggested (2).
Protein p6 has been shown to interact with double-stranded
DNA, specifically with 4)29 DNA terminal fragments, pro-
ducing a characteristic DNase I footprinting pattern of
hypersensitive bands spaced 24 nucleotides apart flanking
protected regions all along the terminal fragments used
(-300 bp long) (12). In agreement with the salt-dependent
stimulation by protein p6 of the 4)29 DNA-protein p3 repli-
cation is the fact that the interaction of protein p6 with the
4)29 DNA terminal fragments, but not with internal or
heterologous fragments, is resistant to 100 mM NaCl. It is
likely that the interaction of protein p6 with the 429 DNA
ends produces some conformational change that could facil-
itate replication. In agreement with this, for stimulation of
4)29 DNA replication, protein p6 had to be added before the
p3-dAMP complex was formed (unpublished results). The
fact that replication with 4)29 DNA terminal fragments 158
and 125 bp long from the left and right ends, respectively,
was stimulated by protein p6 suggests that the sequences
recognized by the protein are located within these frag-
ments. The negative results obtained with the right 59-bp-
long fragment could indicate the lack of these sequences. A
precise mapping of specific DNA sequences required for
stimulation by protein p6 is being carried out.

It was previously shown that, although the initiation
reaction in 429 DNA-protein p3 replication could take place
at a very low dATP concentration (0.1 p.M), a minimal dATP
concentration higher than 1 ,uM was needed for elongation to
occur (1). We show here that the requirement for dATP
concentration in elongation is higher than that for the re-
maining dNTPs. This high dATP requirement is not a
property of the 4)29 DNA polymerase, since when the
template-primer poly(dT) poly(dA)1218 is used, the dATP
requirement is similar to that of dTTP with poly(dA)
poly(dT)12-18. In fact, we showed that the high dATP re-
quirement is for the transition from the p3-dAMP initiation
complex to the first elongation products, p3-(dAMP)2 and
p3-(dAMP)3, which, as indicated above, seems to be the step
in which protein p6 stimulates 4)29 DNA-protein p3 replica-
tion.
From the above results, it seems that 4)29 DNA-protein p3

A

2899-4 m

B c
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p3 4+++ ++ + +
p69p6 + + + +

NoCI, 60 125 70 135
mM 100 175 110 185
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replication has three differentiated steps: (i) the formation of
the p3-dAMP initiation complex, clearly identified at low
dATP concentrations; (ii) the elongation of p3-dAMP to
p3-(dAMP)2 and p3-(dAMP)3, which requires a high dATP
concentration; and (iii) the elongation of p3-(dAMP)3 to
p3-DNA in a highly processive way (L. Blanco, A. Bernad,
J. M. Lazaro, and M. Salas, manuscript in preparation). The
4)29 DNA polymerase p2 seems to be the only polymerase
involved in 429 DNA-protein p3 replication, and therefore,
it should be able to catalyze the three steps indicated above.
The differences in dATP requirements for these steps could
be due to the different natures of the residues involved in the
phosphodiester linkage; dAMP has to be covalently linked to
the OH group of a serine residue in the initiation reaction
instead of the OH group of a nucleotide, as occurs in the
elongation of a DNA chain. Alternatively, the differences in
dATP requirement could reflect conformational changes in
the dNTP-binding site of the DNA polymerase, probably due
to the protein-protein interaction between the terminal pro-
tein and the DNA polymerase (2), which is likely to be
required for the initiation of protein p3-DNA replication
versus the protein-DNA interaction required for the elonga-
tion of a DNA primer. In the transition step, the DNA
polymerase has to recognize the OH group of a nucleotide
covalently linked to the terminal protein and, probably,
dissociation of the complex formed by the two proteins has
to occur; this may lead to a conformational change that could
affect the interaction with dATP. Finally, the elongation
from the p3-(dAMP)3 complex is probably similar to the
polymerizing activity of any DNA polymerase. The results
presented in this paper suggest that the viral protein p6,
when assayed at salt conditions close to in vivo values, plays
an important role in the coupling of the initiation and
elongation steps in 4)29 DNA replication.
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