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Abstract

Replication. PLoS ONE 7(10): e48257. doi:10.1371/journal.pone.0048257

Bacteriophages $29 and Nf from Bacillus subtilis start replication of their linear genomes at both ends using a protein-
primed mechanism by means of which the DNA polymerase initiates replication by adding dAMP to the terminal protein,
this insertion being directed by the second and third 3’ terminal thymine of the template strand, respectively. In this work,
we have obtained evidences about the role of the 3’ terminal base during the initiation steps of $29 and Nf genome
replication. The results indicate that the absence of the 3’ terminal base modifies the initiation position carried out by $29
DNA polymerase in such a way that now the third position of the template, instead of the second one, guides the
incorporation of the initiating nucleotide. In the case of Nf, although the lack of the 3" terminal base has no effect on the
initiation position, its absence impairs further elongation of the TP-dAMP initiation product. The results show the essential
role of the 3’ terminal base in guaranteeing the correct positioning of replication origins at the polymerization active site to
allow accurate initiation of replication and further elongation.
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Introduction

Some organisms such as bacteriophages and eukaryotic viruses
contain replication origins formed by inverted terminal repeats
(ITR) and a terminal protein (TP) covalently linked at both 5" ends
of their linear genomes [1], [2]. The location of the replication
origins at the ends allows both strands to be replicated
continuously from both ends in a symmetric fashion. For the
initiation of replication, a free TP molecule forms a heterodimer
with the DNA polymerase, providing the OH group of a specific
Ser, Thr or Tyr residue to prime DNA replication from the very
ends of the chromosome. After elongation, the TP remains
covalently linked to the 5" ends of the DNA, circumventing the
problem of replication of linear chromosome ends [3]. The
development of an i vitro replication system with purified proteins
and TP-DNA from bacteriophage $29 has been instrumental for
the elucidation of this so-called protein-primed mechanism of
DNA replication [1], [2].

The genome of $29 is a linear dsDNA of 19285 bp, containing
a TP of 31 kDa covalently linked to each 5" end [4] that, together
with a 6-bp ITR (3'-TTTCAT-5") [5], [6] forms part of a minimal
replication origin. Once the replication origins are specifically
recognized by the heterodimer formed by the DNA polymerase
and a free TP molecule [7], [8], the DNA polymerase catalyses the
formation of a covalent bond between the initiating JAMP and the
hydroxyl group of Ser®* of the TP, a reaction directed by the
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second T at the 3" end of the template strand [9]. Then, to recover
the template information corresponding to the terminal 3’ T, the
TP-dAMP initiation product translocates backwards one position,
the so-called sliding-back mechanism.

Bacteriophage Nf also belongs to the group of phages that infect
Bacillus [10]. Its linear TP-DNA is 18754 bp long, containing a 6-
bp ITR (3" -TTTCAT-5') [10], [11] and a 31 kDa TP at both 5’
ends [10]. In this case, the initiation of DNA replication occurs
opposite the third 3’ terminal nucleotide of the template [12]. The
recovery of the two terminal nucleotides mainly occurs by a step-
wise sliding-back mechanism whereby the TP-dAMP formed
opposite the third position is translocated one position back to pair
with the second T, the third T directing again the formation of the
TP-AA product. This product slides-back one position again,
recovering the terminal 3" T of the template. The sliding-back
mechanism or variations of it, as the jumping-back that takes place
in adenovirus [13] seems to have evolved in protein-priming
replication systems as a general process to maintain full-length
DNA [14], [2].

Phage $29 DNA polymerase is the only protein-primed DNA-
dependent replicase whose 3-D crystal structure has been solved,
both as apoenzyme [15] and complexed to the TP [16]. The $29
DNA polymerase/TP complex shows that TP has an extended
structure complementary to the DNA polymerase surface. The TP
is folded into a N-terminal domain, an intermediate domain that
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Figure 1. Formation of the TP-dAMP complex catalysed by either ¢29 (A) or Nf (B) DNA polymerase. Using a single-stranded
oligonucleotide with the chemically stable analogue of an abasic site, tetrahydrofuran (THF), at the 3’ end, in the presence of [>2P]dATP, both $29
and Nf DNA polymerases were able to catalyze the formation of TP-dAMP product. These products were analysed by SDS-PAGE and autoradiography.

doi:10.1371/journal.pone.0048257.g001

interacts with the DNA polymerase subdomain TPR1, and a C-
terminal priming domain whose shape and electrostatic potential
mimics DNA, occupying the DNA-binding cleft of the polymerase
during initiation of DNA replication. This fact precludes the
initiation at internal DNA sites, as an upstream 3’ template would
sterically clash with the TP, restricting the beginning of DNA
synthesis at the ends of the genome [16].

All structural complexes of $29 DNA polymerase with ssDNA
show that the 3" end of the ssDNA molecule reaches the DNA
polymerase active site, while its 5" terminus remains bound to the
DNA polymerase in the tunnel that lies downstream of the active

Table 1. Oligonucleotides used as template.
Oligonucleotide  Bacteriophague Sequence 3'-5’
3' T-T-T $29 TTTCATCCCATGTCGCTGTTG
TATGTGGT
Nf TTTCATTCCAAGTTTCG
AGCTGGGT
3" THF-T-T $29 (THF)TTCATCCCATGTCGCTGTT
GTATGTGGT
Nf (THF)TTCATTCCAAGTTTCGTTT
TAGCTGGGT
3’ T-THF-T $29 T(THF)TCATCCCATGTCGCTGTT
GTATGTGGT
Nf T(THF)TCATTCCAAGTTTCGTTT
TAGCTGGGT
3’ THF-A-T $29 (THF) ATCATCCCATGTCGCTGTT
GTATGTGGT
Nf (THF) ATCATTCCAAGTTTCGTTT
TAGCTGGGT
3" THF-T-A $29 (THF)TACATCCCATGTCGCTGTT
GTATGTGGT
Nf (THF)TACATTCCAAGTTTCGTTT
TAGCTGGGT
Single-stranded oligonucleotides containing the wild-type and modified
sequences of the $29 or Nf DNA right replication origin were obtained from
Sigma. These oligonucleotides were used as template for both the initiation
assay (TP-dNMP formation) and the truncated elongation assay. THF indicates
the presence of tetrahydrofuran, which is a stable analogue of an abasic site.
doi:10.1371/journal.pone.0048257.t001

PLOS ONE | www.plosone.org

site in a non-sequence specific manner, suggesting that it alone
cannot establish register of the template [17]. In the context of
protein priming, where the polymerase adds the first nucleotide to
residue Ser?®? of the TP by pairing it with the second nucleotide
from the 3" end of the template [9], the priming domain of TP
must position the template in the active site by sterically excluding
it from the upstream duplex binding region of the polymerase,
implying that the TP priming domain acts as a structural barrier.
As a result of data obtained with chimerical TPs by swapping the
priming domains of $29 and Nf TPs [12], we know that TP and,
specifically, its priming domain dictates the template position used
to direct the initiation reaction. Thus, once the 3’ end of the
template contacts the TP priming domain located at the duplex
binding region, the corresponding internal T is placed at the
catalytic site to direct formation of the TP-dAMP product.

To progress in the comprehension of this special mechanism to
initiate replication, we have analysed here the influence of the 3’
terminal base of the template strand in the initiation and the first
elongation steps of ¢$29 and Nf TP-DNA replication, by using
highly purified DNA polymerase and TP of each phage, and
template ssDNA oligonucleotides corresponding to either the wild-
type sequence of the replication origins or variations of it.

Materials and Methods

Nucleotides and DNAs

Unlabelled nucleotides and dideoxynucleotides, [0-*2P]dATP
(3000 Ci/mmol), [a-*?P]dTTP (3000 Ci/mmol), [a-**P]dGTP
(3000 Ci/mmol) and [0-**P]dCTP (3000 Ci/mmol), were sup-
plied by Amersham Biosciences. Single-stranded oligonucleotides
containing the wild-type and modified sequences of the $29 or Nf
DNA right replication origin, used as template, were obtained
from Sigma. Terminal protein-containing $29 DNA ($29 TP-
DNA) was obtained as described [18].

Proteins

Wild-type $29 and Nf TPs were expressed in E. coli BL21(DE3)
cells harboring the gene cloned into plasmid pT7-3 and further
purified as described [19]. $29 DNA polymerase mutant D12A/
D66A and Nf DNA polymerase mutant D66A, both exonuclease
deficient, were purified essentially as described [20].
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Figure 2. (A) The absence of the 3’ base at the template strand
makes $29 DNA polymerase to initiate opposite the third
position. The different initiation products were detected by high
resolution SDS-PAGE and analysed by autoradiography. (B) Schematic
representation of the placement of the 3’ end lacking the terminal base at
the active site of $29 DNA polymerase. On the left side, the $29 DNA
polymerase catalyses the formation of the covalent bond between the
initiating dAMP and the hydroxyl group of Ser®®? of the TP, using as
template the second T at the 3’ end of a wild-type template strand [9].
On the right side, the absence of the terminal base makes the template
strand to enter the polymerization domain one position further, leading
to the placement of the third 3’ nucleotide at the catalytic site to direct
the formation of the initiation complex. (C) The lack of the 3’ terminal
base does not alter the initiation position by Nf DNA polymerase. Bands
corresponding to TP-dNMP products synthesized by Nf DNA polymer-
ase were detected by high resolution SDS-PAGE.
doi:10.1371/journal.pone.0048257.g002

Template-Dependent in Vitro Formation of the Initiation
Complex TP-dNMP

The incubation mixture contained, in 25 pl, 50 mM Tris-HCI
(pH 7.5), 1 mM MnCl,, 20 mM ammonium sulphate, 4% (v/v)
glycerol, 0.1 mg/ml BSA, 0.1 uM dNTP, 3 uCi of the corre-
sponding labelled dNTP, 350 ng of the specified single-stranded
oligonucleotide, 50 ng of $29 or Nf TP and 50 ng of $29 DNA
polymerase mutant D12A/D66A or Nf DNA polymerase mutant
D66A, and incubated for the indicated times at 30°C. The
reactions were stopped by adding 10 mM EDTA and 0.1% SDS,
filtered through Sephadex G-50 spin columns, and further
analysed by SDS-PAGE as described [18]. The labelled bands
corresponding to the TP-dNMP complex were detected by
autoradiography.

Truncated Elongation Assays

The incubation mixture contained, in 25 pl, 50 mM Tris-HCI
(pH 7.5), 1 mM MnCly, 20 mM ammonium sulphate, 4% (v/v)
glycerol, 0.1 mg/ml BSA, 700 ng of the indicated single-stranded
oligonucleotide or 500 ng of $29 TP-DNA as template, 100 ng of
purified TP and 100 ng of exonuclease-deficient $29 or Nf DNA
polymerase. In the case of the initiation reactions, 5 uM of the
indicated dNTP and 4 pCi of the corresponding [0-**P]dNTP
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were used, and 5 pM dATP, dTTP and dGTP, 4 uCi of
[0-*?P]dNTP and 100 uM ddCTP in the case of the elongation
reaction. In all cases, after incubation for five minutes at 30°C,
reactions were stopped by adding EDTA to 10 mM. Samples were
filtered through Sephadex G-50 spin columns in the presence of
0.1% SDS, and the excluded volume was analysed by 12% SDS-
PAGE gel (360%280x0.5 mm) electrophoresis to obtain enough
resolution to distinguish TP bound to the first elongation products.
The length of the different products is indicated.

Results and Discussion

$29 DNA polymerase changes the initiation position of
replication in the absence of the 3’ terminal base

Previous studies showed that ssDNA containing replication
origin sequences can support the template-directed TP-primed
initiation reaction using DNA polymerase/ TP heterodimers,
having become a valuable tool to determine the precise initiation
site, as well as to analyse the effect that nucleotide changes at the
replication origins have in the first steps of DNA replication [9],
[12], [13], [21], [22], [23]. This fact has led us to study the
influence of the base of the 3’ terminal nucleotide in the template-
directed formation of TP-dAMP (initiation complex). For this, we
used a single-stranded oligonucleotide in which the 3'-terminal T
was replaced by the chemically stable analogue of an abasic site,
tetrahydrofuran (THF; THF-T-T oligonucleotide) (sce Table I).
To prevent degradation of the template oligonucleotides, exonu-
clease deficient DNA polymerases, $29 D12A/D66A [24] and Nf
D66A [25], were used. In the presence of [0->P]dATP, both $29
(Figure 1A) and Nf (Figure 1B) DNA polymerases were able to
catalyse the formation of TP-dAMP in the absence of the 3’
terminal base of the template, although in the case of $29 DNA
polymerase in a lower extent than with the unmodified oligonu-
cleotide (Figure 1A). As expected, the absence of the base at the
penultimate 3" nucleotide of the template (T-THF-T oligonucle-
otide) precluded the initiation reaction by the ¢29 DNA
polymerase/ TP heterodimer, as this enzyme has been shown to
initiate opposite the second 3’ terminal position of the template
[9]. Interestingly, the presence of an abasic site in the penultimate
position impaired initiation by Nf DNA polymerase, despite the
fact that formation of the TP-dAMP product by this polymerase is
guided by the third position of the template (Figure 1B). This fact
could suggest that proper stability/orientation of the third T at the
Nf DNA polymerase depends on the presence of the 3’ neighbour
base.

Having established that $29 DNA polymerase is able to initiate
using as template the THF-T-T oligonucleotide, the next step was
to determine which of the 3" terminal Ts directed the initiation
reaction. For this, single changes into A at the second or third
position of the template were introduced and assayed for TP-
primed initiation with each of the four [0-**P]dNTPs. Unexpect-
edly, the substitution of the second T (THF-A-T oligonucleotide)
made the polymerase to preferentially catalyse the formation of
TP-dAMP product (Figure 2A), suggesting that the polymerase
was using the third T as template of the initiation reaction instead
of the second one. To confirm this possibility, the same kind of
experiment was carried out changing the third T on the template
into A. As it can be observed in Figure 2A, now the $29 DNA
polymerase catalysed preferentially the formation of the TP-
dTMP product. These results led us to propose a model in which
the absence of the terminal base makes the template strand to
enter the polymerization domain one position further, making the
third 3’ nucleotide to be allocated at the catalytic site to direct the
formation of the initiation complex (see Figure 2B). As shown in
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Figure 3. (A) The absence of the 3’ terminal base at the template oligonucleotide prevents the recovery of the 3’ terminal end by
$29 DNA polymerase. (B) Size of the products synthesized by $29 DNA polymerase with the oligonucleotides 3’ T-T-T and 3’ THF-T-T. The length
of the product synthesized by $29 DNA polymerase with the oligonucleotides 3’ T-T-T and 3’ THF-T-T correspond with the intermediate replication
products TP-(dNMP),, and TP-(dNMP),, respectively, as deduced from the comparison with the products obtained when the natural $29 TP-DNA is
used as template. (C) The lack of the 3’ terminal base at the template strand blocks elongation of the initiation product by Nf DNA polymerase. In all

cases, the different elongation products were analysed by high resolution SDS-PAGE. The length at the different products is indicated.

doi:10.1371/journal.pone.0048257.g003

Figure 2A, the fidelity of $29 DNA polymerase on the THF-T-A
oligonucleotide was lower than that obtained with the oligonucle-
otide THT-A-T. The change of the third T into A (THF-T-A
oligonucleotide) gave rise, in addition to the expected initiation
product TP-dTMP, to the formation of smaller amounts of TP-
dAMP, TP-dGMP and TP-dCMP initiation products. This result
could indicate that the stability of the templating base is influenced
by the sequence context in such a way that the position previous to
the templating base could affect the incorporation of the initiating
nucleotide. In this sense, it is possible that the presence of a
pyrimidine previous to the initiation position in oligonucleotide
THF-T-A decreases the fidelity of $29 DNA polymerase by
reducing the proper stabilization of the templating nucleotide that
directs the initiation position.

Intriguingly, in spite of the high percentage of sequence
similarity between ¢$29 and Nf DNA polymerase/ TP heterodimers
[26], the latter shows a behaviour quite different from that of the
$29 one with respect to the absence of the 3’ terminal base of the
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template. Nf DNA polymerase does not seem to require the
terminal base for the proper localization of the template
oligonucleotide since, in the absence of the terminal base, Nf
DNA polymerase is still able to use the 3’ third position as
template nucleotide, being TP-dAMP and TP-dTMP the main
initiation products obtained with THF-A-T and THF-T-A
oligonucleotides, respectively (Figure 2C). This last result
indicates that the presence of THF at the 3’ end does not modify
the initiation position by Nf DNA polymerase.

Nf DNA polymerase is not able to elongate the initiation
product on oligonucleotides with an abasic site at the 3’
terminus

It has been reported that the TP-dAMP initiation product
formed using the second and third terminal nucleotide by the $29
and Nf systems, respectively, is not directly elongated from the
initiation site [9], [25]. In $29, the sliding-back mechanism has
evolved to recover the terminal T of the template through

October 2012 | Volume 7 | Issue 10 | e48257



translocation of the initiation complex one position back, enabling
to use again as template the penultimate T to direct the insertion
of the second nucleotide [9]. In Nf, the related step-wise sliding-
back mechanism allows the recovery of the first two nucleotides by
means of two consecutive sliding-back steps [25]. These processes
have to take place before definitive elongation of the initiation
products occurs.

Once established that the absence of the 3’ terminal base makes
the $29 DNA polymerase to initiate opposite the third nucleotide,
it was necessary to find out whether the first two nucleotides were
recovered during the first steps of replication. To address this
question, elongation of the initiation product TP-dAMP was
studied in the presence of dATP, dT'TP, dGTP and ddCTP, using
oligonucleotides containing either the wild-type $29 and Nf
replication origins or the variants bearing a 3’ terminal THF.
Thus, if the 2 nucleotides are recovered before elongation, the
maximum length of the replication product in the presence of
ddCTP obtained with $29 DNA polymerase would be TP-
(ANMP),, with the oligonucleotide 3’ T-T-T, as previously
described [9]. Firstly, to analyse that this elongation is the result
of the synthesis onto the TP-dAMP product, each nucleotide was
provided separately. As shown in Figure 3A, the $29 DNA
polymerase gave rise to initiation products only in the presence of
dATP, TP-dAMP being the main product, although small
amounts of TP(dAMP);-TP(dNMP), complexes were also detect-
able, the latter as a result of misincorporation in front of the fourth
position due to the use of the 3'-5" exonuclease deficient $29 DNA
polymerase mutant D12A/D66A [24]. These results indicate that
the longer elongation products that could be yielded in the
presence of the four nucleotides would be the result of the direct
elongation of TP-dAMP initiation complex (see below). On the
other hand, the lack of initiation products when each of the other
three [0*?P]dNTPs are used indicates that the absence of the 3’
terminal base does not affect the fidelity of the initiation reaction.
As seen in Figure 3A and B, with the wild-type $29 sequence,
and in the presence of dATP, dTTP, dGTP and ddCTP,
replication was truncated at TP(dAMP);5. The use of the natural
$29 TP-DNA as template rendered bands corresponding to
intermediate products and allowed us the assignment of the
clongation band (Figure 3B). On the contrary, the maximum
length of the replication product obtained with oligonucleotide
THF-T-T was TP-(dNMP);, (Figure 3A and B), suggesting that
once the TP-dAMP is formed opposite the third position of the
template, the initiation complex slides-back one position, recov-
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