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ABSTRACT  We recently reported the development of an in
vitro replication system for bacteriophage 29 DNA. We have used
this system for the isolation of replication activity associated with
gene 3 protein (terminal protein) from $29-infected Bacillus sub-
tilis cells. We utilized two assay systems: (i) DNA replication de-
pendent on 29 DNA with the 5’ end covalently linked to terminal
protein (DNA-protein) and (ii) the formation of complex between
the terminal protein and dAMP. The DNA-replication and the
complex-forming activities were purified together through all steps.
The complex of terminal protein and dJAMP formed in the pu-
rified fraction was shown to serve as an effective primer for suc-
cessive chain elongation in the presence of dNTPs by a pulse—chase
experiment. The protein fraction purified from cells infected with
a temperature-sensitive ¢»29 mutant in gene 3 was thermolabile
compared to the wild-type activity in the assay system for complex
formation. This shows that the purified fraction having replication
activity includes the gene 3 product of ¢29. Both the DNA rep-
lication and the complex formation activities are highly specific for
#29 DNA-protein as template. The product analysis of elongated
DNA revealed that the replication starts at both termini of the
@29 genome. These results are consistent with the basic elements
of the protein-priming model for the initiation of linear DNA syn-
thesis.

Recently, the genomes of the small Bacillus phages became of
considerable interest because they provide unique systems to
study the “protein-priming” mechanism for the initiation of lin-
ear DNA replication (1). We have developed an in vitro DNA
replication system for phage ¢29 (2). Cell-free extracts pre-
pared from @29-infected Bacillus subtilis catalyze the initiation
and the semiconservative replication of the ¢$29 genome. This
cell-free system also catalyzes the formation of a covalent com-
plex between ¢29 terminal protein and dAMP, the 5'-terminal
nucleotide of the ¢29 genome (3). Our in vitro ¢29 DNA rep-
lication system specifically requires ¢29 DNA covalently linked
to a 30-kilodalton (kDa) protein at each 5’ terminus (29 DNA-
protein) as template, the four dNTPs, and Mg®* (2, 3). A similar
cell-free system has recently been described independently by
others (4).

The ¢29 genome is a linear duplex DNA molecule of 18,000
base pairs possessing a 30-kDa terminal protein covalently linked
to the 5’ terminus (1). The ¢29 DNA terminal protein is en-
coded by gene 3 and is essential for the initiation of $29 DNA
replication (5). Studies on ¢29 DNA replication in vivo have
shown that the initiation takes place at either end of the linear
DNA molecule and proceeds in the 5'-to-3' direction by an
asymmetric strand-displacement mechanism (6, 7). The devel-
opment of an in vitro DNA replication system facilitated the
functional characterization of the $29 DNA terminal protein (3,
4) and will enable the factors involved in $29 DNA replication
to be purified and their functions to be determined.
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Ever since it was discovered that DNA polymerases are in-
capable of initiating the synthesis of new chains, replication of
linear DNA molecules has been an intriguing problem (8, 9).
Although various models have been proposed for replication of
linear DNA molecules, such as adenovirus DNA (10) and ¢29
DNA (6, 7), the protein-priming model proposed by Rekosh et
al. (11) is most consistent with the experimental results de-
scribed to date (2, 7). In this model, the terminal protein binds
covalently with the first 5’ nucleotide and thus provides the 3'-
OH end that can be used as primer for subsequent chain elon-
gation by DNA polymerase (11).

In the present communication, we describe the isolation and
characterization of a protein fraction that catalyzes both ter-
minal protein-dAMP complex formation and subsequent chain
elongation reaction. Our results verify conclusively the pro-
tein-priming mechanism for the initiation of ¢$29 DNA repli-
cation.

MATERIALS AND METHODS

Materials. Most of the preparations of cell extracts, phage
$29, $29 DNA-protein, and ¢29 DNA have been described
(2). Phage ¢29 K132 (ts3) has been described (12) and was ob-
tained from M. Salas. N-Ethylmaleimide and 2',3'-dideoxynu-
cleoside 5'-triphosphates (ddNTPs) were purchased from Sig-
ma, and denatured calf thymus DNA-cellulose was from P-L
Biochemicals. N-(p-n-Butylphenyl)guanine and immune serum
against B. subtilis DNA polymerase III were kindly provided
by N. Brown.

Assay for DNA Synthesis. The conditions of the DNA syn-
thesis assay were the same as described in the previous paper
(2) with slight modification. The reaction mixture (50 ul) con-
tained 50 mM Tris"HCI, pH 7.6; 10 mM MgCly; 1 mM ATP; 40
uM each of dATP, dCTP, dGTP, and [methyl->H]dTTP (600
800 cpm/pmol); 1 mM spermidine-3HCI; 1 mM dithiothreitol;
5% (vol/vol) glycerol; 25 ug of bovine serum albumin; 0.8 ug
(2.5 nmol of nucleotide residues) of 29 DNA-protein; and 3—
6 wl of fractions at various stages of purification. The mixture
was incubated at 30°C for 30 min unless otherwise stated. The
DNA products were precipitated with trichloroacetic acid. The
acid-insoluble materials were collected on GF/C glass fiber discs
and their radioactivities were measured as described (2). One
unit catalyzes the incorporation of 1 nmol of [*H]dTMP in 30
min.

Assay for Complex Formation. of Terminal Protein-dAMP.
The conditions for complex formation were basically the same
as described previously (3) with the following modifications.
The standard reaction mixture (50 ul) contained 25 mM Hepes
at pH 7.6, 2 mM ATP, 0.3 uM [a-*?P]dATP (3,200 Ci/mmol;
1Ci = 3.7 x 10" Bq), 60 mM (NH,),SOy, 25 ug of bovine
serum albumin, 0.8 ug of $29 DNA-protein, and 3-6 ul of

Abbreviations: kDa, kilodalton(s); dd-, 2',3'-dideoxy-; Ad-pTP, adenovi-
rus terminal protein.
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fraction at various purification steps. The mixture was incu-
bated at 30°C for 25 min. The mixture was processed and elec-
trophoresed through a sodium dodecyl sulfate/10% polyacryl-
amide gel as described (3). The band was cut from the gel and
its radioactivity was measured with a liquid scintillation counter.
One unit catalyzes incorporation of 1 pmol of [**P}JdAMP into
terminal protein-dAMP complex in 25 min.

Product Analysis of DNA. For the analysis of DNA product,
[32P]dATP was used as a labeled nucleotide in the reaction mix-
ture for DNA replication. The reaction was stopped by adding
1% sodium dodecyl sulfate and the mixture was treated with
proteinase K (200 ug/ml) for 30 min at 37°C. The DNA was
then extracted with phenol, precipitated with ethanol, and sus-
pended in Msp I buffer. After digestion of the DNA by Msp I,
it was electrophoresed through a 1.4% agarose gel in Tris/bo-
rate/EDTA buffer. The gels were dried and each band was cut
out and its radioactivity was measured.

RESULTS

Isolation of the Replication Activity Associated with the
Terminal Protein. The enzymatic activity of terminal protein
can be assayed by using a system to detect the formation of
complex between the terminal protein and dAMP (3), the first
5'-terminal nucleotide of the ¢$29 genome. During the course
of the purification of the ¢29 terminal protein, we found that
the fraction active in the formation of complex between the ter-
minal protein and dAMP is also active in DNA replication. Thus,
we have been able to isolate this DNA replication activity by
using both assay systems: $29 DNA-synthesizing activity and
complex-forming activity between the terminal protein and
dAMP. Elution profiles for both the $29 DNA-synthesizing ac-
tivity and terminal protein-dAMP complex-forming activity as
well as total protein from a phosphocellulose column chro-
matography are shown in Fig. 1. As indicated, both activities
have rather high affinity for phosphocellulose and are eluted
with 0.5 M NaCl in the same fraction. In contrast, host DNA
polymerase III was eluted near the void volume and host DNA
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polymerase II was eluted with 0.2 M NaCl (data not shown).
Some residual amount of DNA-synthesizing activity using calf
thymus DNA as template also coincided with the ¢$29 DNA
replication activity. Generally, the $29 DNA replication activ-
ity increased significantly after phosphocellulose column chro-
matography, suggesting the removal of some inhibitors or pro-
teolytic enzyme activities. The results of a typical purification
are summarized in Table 1. Throughout these purifications, both
29 DNA replication activity and complex-forming activity were
copurified. The purified fraction was stable at 0°C for at least
2 weeks, although dilution of the fraction resulted in the rapid
loss of activity.

Thermosensitivity of the Complex-Forming Activity Puri-
fied from B. subtilis Infected with a Temperature-Sensitive
Gene 3 Mutant. Gene 3 of $29 encodes the terminal protein
(1). To examine whether gene 3 protein is indeed responsible
for the complex-forming activity in the purified fraction, we
prepared the active fraction through phospho- and DNA-cel-
lulose column chromatography from cells infected with $29
temperature-sensitive mutant ¢s3. As a control, the active frac-
tion was also prepared from cells infected with ¢29 wild type.
Fractions were incubated at various temperatures and were then
examined for their ability to support the complex formation be-
tween the terminal protein and dJAMP at 25°C. Fig. 2 shows
temperature inactivation of complex-forming activity in the pu-
rified fraction prepared from cells infected with ts3 and wild-
type @29, respectively. The fraction purified from the ts3-in-
fected cells was far less stable at 35°C than that from wild-type-
infected cells. These results indicate that protein labeled with
dAMP is indeed the gene 3 protein, the same gene product pre-
viously shown to be the terminal protein of the ¢$29 DNA-pro-
tein (14).

Properties of the Purified Fraction. The properties of the
purified fraction V are shown in Table 2. Both DNA-synthe-
sizing activity and complex-forming activity depended on the
addition of Mg?* and ¢29 DNA-protein. ATP is not a necessary
factor for this fraction.

The activities in both reactions are specific for template. The
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Fic. 1. Phosphocellulose chromatography of Fraction IL (Inset) Autoradiogram of product of complex formation between terminal protein and
32P_labeled dAMP. The band was cut and radioactivity was measured (0——0). &——e, Replication activity for $29 dependent on DNA-protein
as template.
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Table 1. Purification of the protein with DNA-replication and complex-formation activity

Complex-forming activity Replication activity
Total Specific Specific
protein, Total activity (A), Total activity (B), Ratio
Fraction Purification step mg units units/mg units units/mg of AtoB
I Crude extract 2,365 — — — —_ —
I (NH,4),S0, precipitate 1,340 1,136 0.8 63.0 0.05 —
I Phosphocellulose 171 1,732 10.1 36.6 0.21 48
v DEAE-cellulose 2.0 1,234 617 26.0 13.0 47
v Denatured DNA-cellulose 0.9 472 514 7.8 8.6 59

A crude extract (fraction I) was prepared from a 12-liter culture of B. subtilis cells infected with ¢29 as described (2). After the extract had been
passed through the DEAE-cellulose column, ammonium sulfate was added to 50% saturation and the resultant precipitate was suspended with 20
ml of buffer I [20 mM Tris-HCI, pH 7.0/20% (vol/vol) glycerol/5 mM MgCl,/60 mM (NH,),SO,/1 mM 2-mercaptoethanol]. The suspension was
dialyzed against the same buffer for 5 hr (fraction II, 23.5 ml). Fraction Il was diluted by the same volume of buffer I and applied to a phosphocellulose
column (100 ml) activated as described in ref. 13. The column was washed and eluted with a 600-ml linear gradient of NaCl (0-0.7 M) in buffer I.
Fractions containing the activity (0.5 M NaCl) were pooled, adjusted to pH 8.0 with NaOH, and dialyzed against buffer II {20 mM Tris-HCl, pH 8.0/
20% glycerol /5 mM MgCl,/60 mM (NH,),S0,/1 mM dithiothreitol] for 3 hr (fraction III, 55 ml). Fraction Il was applied to a DEAE-cellulose column
(6 ml) equilibrated with buffer II. The column was washed and then eluted with a 30-mllinear gradient of NaCl (0-0.6 M) in buffer II. Active fractions
(0.4-0.45 M NaCl) were pooled and dialyzed against buffer I for 3 hr (fraction IV, 4.4 ml). Fraction IV was applied to denatured DNA-cellulose column
(1.2 ml) equilibrated with buffer I. The column was washed extensively with buffer I containing 0.2 M NaCl. The activity was eluted in a stepwise

fashion with buffer I containing 0.7 M NaCl (fraction V, 1.4 ml).

¢29 DNA-protein could not be replaced by deproteinized DNA
even though the DNA was heat denatured. Single- and double-
stranded DNA of the Escherichia coli phage M13 had no ac-
tivity as template. Likewise coliphage ¢X174 DNA did not work
as template (data not shown).

To examine if the whole genome structure of $29 DNA-pro-
tein is necessary, the DNA-protein was cleaved with BstN-I,
which cuts ¢29 DNA only once and generates two fragments,
15.3-kilobase-pair fragment A (right end) and 2.7-kilobase-pair
fragment B (left end) (15). These fragments containing the ter-
minal protein at one end were purified by sucrose gradient cen-
trifugation and then tested for their template activity. Both
fragments showed a significant amount of activity, though the
efficiency of complex formation appeared to be lower than that
of replication. These results suggest that the intact structure of
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FiG. 2. Thermolability of gene 3 product purified from cells in-
fected with a temperature-sensitive mutant. The activity for complex
formation was purified through phospho- and DNA-cellulose chro-
matography as described in Table 1 from cells infected with ¢29 wild
type or the temperature-sensitive mutant ts3. Each fraction was in-
cubated at various temperatures for 10 min and then tested for its abil-
ity to support the formation of the complex of terminal protein and dAMP
at 25°C. Actual radioactivity at 100% is 6,202 cpm for wild type () and
2,497 cpm for ts3 (e@).

the $29 DNA-protein may not be necessary for the template
activity.

It was of considerable interest to determine whether DNA
polymerase III of the host cell is involved in $29 DNA syn-
thesis. Therefore, using the purified fraction, we have tested
anti-DNA polymerase III serum and N2-(p-n-butylphenyl)-
guanine, a specifie inhibitor of B. subtilis DNA polymerase I11
(16). Neither inhibited the activity, suggesting the DNA poly-
merase III of the host cell is not involved in ¢29 DNA repli-
cation in vitro.

Can the ¢29 Terminal Protein-dAMP Complex Serve as a
Primer for Replication? The following experiments were de-
signed to test the protein-primer model for the initiation of DNA

Table 2. Properties of the purified fraction

Complex
formation DNA replication
Assay mixture fmol % pmol %
Complete 2.0 100 11.2 100
—MgCl, 0.08 4 0.7 6
—ATP 0.88 44 12.1 107
—(NH,)2S0, 0.86 43 — —
—DNA-protein 0.02 1 1.0 8
—DNA-protein
+DNA* 0.1 5 2.0 17
—DNA-protein
+heat-denatured
DNA* 0.1 5 — —
—DNA-protein
+M13 RF DNA 0.04 2 0.8 7
—DNA-protein
+M13 ss DNA 0.02 1 0.8 7
—DNA-protein
+BstNI fragment A 0.22 11 6.7 60
--DNA-protein
+BstNI fragment B 0.28 14 39 35
+MalNEt (10 mM) 12 60 54 48
+BuPhGua (0.2 mM) 2.6 130 10.7 95
+Antiserum to DNA
polymerase ITI 1.9 95 9.7 80

RF, replicative form (double-stranded, closed circular); ss DNA, sin-
gle-stranded DNA; MalNEt, N-ethylmaleimide; BuPhGua, N2-(p-n-
butylphenyl)guanine.

* Deproteinized ¢29 DNA was used as DNA template.
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replication directly. The $29 DNA sequences are 5’-A-A-A-G-
T-A-A-G-C (left end) and 5'-A-A-A-G-T-A-G-G-G-T-A-C (right
end) (17, 18). Accordingly, if the terminal protein-dAMP com-
plex serves as primer, the addition of chain-termination ana-
logue ddGTP instead of dGTP in the reaction mixture for rep-
lication should result in the termination of chain elongation at
the fourth nucleotide. Similarly, ddTTP should produce a com-
plex between the terminal protein and pentanucleotides, and
ddCTP should yield two species of complexes: terminal pro-
tein-nonanucleotide (left end) and terminal protein-dodecanu-
cleotide (right end).

In the first stage, the terminal protein-dAMP complex was
formed in the standard assay mixture for DNA replication in the
absence of ANTPs with the purified protein fraction. Then, in
the second stage, one ddNTP together with the remaining three
dNTPs was added and the reaction mixture was further incu-
bated. The formation of products was analyzed by acrylamide
gel electrophoresis as shown in Fig. 3. When ddCTP was added
in the second stage (lane 2), more than 90% of the terminal pro-
tein-dAMP complex was elongated into a 35-kDa product as
expected. The 31.5-kDa product was obtained when ddGTP or
ddTTP was used in the second stage (lanes 3 and 4). Moreover,
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Fic. 3. Function of the terminal protein-dAMP complex as a primer
for chain elongation. Purified fraction (3 ul) was incubated in the re-
action mixture for DNA replication without dNTPs in the presence of
0.5 uM [**PIdATP for 20 min at 30°C (stage I). Then 40 1M each dGTP,
dTTP, and ddCTP and 0.8 nM dATP (lane 2); 40 uM each dCTP, dGTP,
and ddTTP and 0.8 nM dATP (lane 3); or 40 uM each dCTP, dTTP, and
ddGTP and 0.8 nM dATP (lane 4) were added in the reaction mixture.
After the addition of 3 ul of fresh protein fraction, each reaction mix-
ture was further incubated at 30°C for 30 min (stage II). Lane 1 is the
control only for stage I. For the pulse—chase experiment without using
addNTP, 40 M each dGTP, dCTP, and dTTP, 0.8 nM dATP, and 3 pl
of protein fraction were added in the reaction mixture after the reaction
of stage I (lanes 5-8). Then, reaction mixtures were incubated at 25°C
for 10 sec (lane 5), 20 sec (lane 6), 40 sec (lane 7), or 80 sec (lane 8), re-
spectively. After the reaction of stage II, all the reaction mixtures were
processed and subjected to sodium dodecyl sulfate/10% polyacrylamide
gel electrophoresis and autoradiographed for 2 hr (4) or 6 hr (B) with
intensifying screen. Lane M shows the protein markers: phosphorylase
b(92.5 kDa), bovine serum albumin (68 kDa), ovalbumin (43 kDa), a-
chymotrypsinogen (25.7 kDa), and B-lactoglobulin (18.4 kDa).
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we chased the elongation product for a short time (10-80 sec)
after addition of ANTP (without ddNTP) in the second stage
(lanes 5-8). When the time of second incubation was increased,
the 30-kDa band was decreased and shifted to relatively high
molecular mass position. As can be seen from Fig. 3, the amount
of the high molecular mass band (35-40 kDa) increased with
time. These results indicate that the complexes of terminal pro-
tein-dAMP formed in the purified protein fraction serve as
primers for successive chain elongation of ¢29 DNA in vitro.

DNA Product Synthesized in the Purified Fraction. In vivo
studies have shown that ¢29 replication starts from either end
of the DNA and proceeds by a strand displacement mechanism
(6, 7). The following experiments show that the system using
the purified fraction has the same properties.

The mode of replication in the purified fraction was analyzed
by restriction enzyme digestion followed by agarose gel elec-
trophoresis. After a 20- or 40-min incubation of the reaction
mixture, the DNA product was treated with proteinase K, ex-
tracted, and digested with Msp 1. Fig. 4 shows the distribution
of the radioactivity incorporated into the DNA fragment, which
was cut out from an agarose gel and assayed for radioactivity.
Radioactivity was incorporated predominantly into both of the
termini. The mode of distribution of radioactivity was basically
the same after 5-min incubation (data not shown). The rate of
chain elongation was quite low after the initial 15-20%, al-
though the reaction was linear even after 40 min. This is prob-
ably due to the fact that some factors required for elongation in
the purified fraction are missing.
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Fic. 4. Product analysis of DNA replication. After 20 min (upper
lane) or 40 min (lower lane) of incubation of reaction mixture, DNA
was treated with proteinase K and extracted with phenol. DNA was
digested by Msp I and electrophoresed through a 1.4% agarose gel in
Tris/borate/EDTA buffer for 5 hr at 5 V/cm. Gels were dried and au-
toradiographed (A). Each band was cut out and its radioactivity was
measured in a liquid scintillation counter. The ratio of radioactivity to
the DNA length of each fragment was plotted (B). The ratio of the frag-
ment F was arbitrarily set as 1.0, and the other values were normalized
to it. The abscissa represents the Msp I restriction map of ¢29 DNA.
The actual radioactivity for fragment F was 49,333 cpm for the 20-min
digestion (@) and 73,282 cpm for the 40-min digestion (0). (Inset) Ki-
netics of [PHJATTP incorporation with DNA-protein (0) or deprotein-
ized DNA (@) as template.
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DISCUSSION

We have described the isolation of replication activity for ¢29
DNA from phage-infected cells. In all steps of purification, the
activity of complex formation between terminal protein and
dAMP is associated with the activity of DNA replication. The
purified protein fraction prepared from cells infected with a
temperature-sensitive mutant of gene 3 was heat labile, in con-
trast to a protein fraction from wild-type phage-infected cells.
Moreover, immune serum against the terminal protein that was
prepared from ¢29 DNA-protein inhibited the activity of pu-
rified fraction both in complex formation and in DNA repli-
cation (to be described elsewhere). These results indicate that
the gene 3 product is included in the purified fraction and that
the protein labeled with dAMP in the assay system for complex
formation is indeed the terminal protein that is also necessary
for DNA replication in vitro.

According to the protein-primer model, the first step of the
replication is to make a covalent complex of terminal protein
and dAMP (stage I). This complex should provide a 3'-OH for
the subsequent chain elongation (stage II). Thus, one of the
most direct pieces of evidence to prove the model is to show
the coupling of the two reactions. Purified protein fraction cat-
alyzed the reaction for both stages separately in each assay sys-
tem. Moreover, pulse—chase experiments showed that most of
the product of stage I (90%) was able to serve as a substrate for
the stage II reaction. These results indicate that progeny ter-
minal protein of ¢29 indeed functions as a primer for DNA rep-
lication.

Recently, Tkeda et al. (19) reported that when adenovirus ter-
minal protein (Ad-pTP), prepared from adenovirus-infected HeLa
cells, was incubated with $X174 single-stranded DNA, com-
plex formation can take place between the Ad-pTP and dCMP,
the terminal nucleotide of the adenovirus genome. More re-
cently, Tamanoi et al. (20) reported that adenovirus DNA de-
proteinized by piperidine treatment and heat-denatured DNA
treated with protease supported the covalent linking between
the Ad-pTP and dCMP when partially purified enzyme fraction
was used. Thus, they suggested the possibility that the newly
synthesized terminal protein recognizes a specific sequence but
not parental protein linked to the DNA. In contrast, neither
174 or M13 coliphage DNA nor heat-denatured ¢29 DNA
treated with proteinase K was able to support the covalent link-
ing between the ¢29 terminal protein and dAMP. Only the ¢29
DNA-protein complex isolated from the phage particle has been
found to be active. Moreover, in vivo studies showed that mixed
infection at a nonpermissive temperature with ¢s2 (gene 2) and
ts3 (gene 3) mutants of $29 produce only ¢s2 progeny (21).
However, mixed infection with nonsense mutants of sus2 and
sus3 in a nonpermissive host yielded both types of progeny.
Thus, it is likely that the parental terminal protein bound to the
template DNA is necessary for recognition by progeny terminal
protein via protein—protein interaction.

Previous in vivo studies suggested that replication of the ¢29
DNA starts at both ends, not simultaneously, and occurs by a
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mechanism of strand displacement (6, 7). The data presented
here obtained by analysis of the DNA product synthesized in
the purified fraction are in good agreement with in vivo data.
However, the rate of chain elongation is quite low. The ra-
dionucleotides incorporated into DNA are predominantly at both
ends even after 40-min incubation of the reaction mixture (15—
20% of the length at both ends). Possibly, one or more factors
required for further elongation are missing from the purified
fraction. This factor(s) appears to be missing already in the early
stage of purification (fraction II), because the mode of replica-
tion was basically the same when fraction II was used for anal-
ysis of the DNA product (data not shown). A complementation
assay to stimulate DNA replication should enable us to purify
this unknown factor(s).
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