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Bacteriophages �29 and Nf from Bacillus subtilis start replication of
their linear genome at both DNA ends by a protein-primed mech-
anism, by which the DNA polymerase, in a template-instructed
reaction, adds 5�-dAMP to a molecule of terminal protein (TP) to
form the initiation product TP-dAMP. Mutational analysis of the 3
terminal thymines of the Nf DNA end indicated that initiation of Nf
DNA replication is directed by the third thymine on the template,
the recovery of the 2 terminal nucleotides mainly occurring by a
stepwise sliding-back mechanism. By using chimerical TPs, con-
structed by swapping the priming domain of the related �29 and
Nf proteins, we show that this domain is the main structural
determinant that dictates the internal 3� nucleotide used as tem-
plate during initiation.

chimerical terminal protein � polymerase � linear genomes �
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Many organisms, such as bacteriophages; animal viruses,
such as adenovirus, mitochondrial plasmids, linear chro-

mosomes and plasmids of Streptomyces (1); and more recently
virus infecting Archaea, such as halovirus (2, 3), possess repli-
cation origins constituted by inverted terminal repetitions (ITR)
with a terminal protein (TP) linked to both 5� ends of their linear
chromosomes (4). In these cases, the location of the 2 replication
origins allows both strands to be replicated continuously, without
requiring asymmetric complexes of DNA polymerase with other
accessory proteins to control the different mechanics of contin-
uous and discontinuous DNA synthesis (5). Additionally, the TP
provides the OH� group of a specific serine, threonine or
tyrosine to prime initiation of DNA replication from the very
ends of the linear chromosome, the TP remaining covalently
linked to the 5�-DNA ends (parental TP) (1, 4, 6).

The development of an in vitro replication system with highly
purified proteins and DNA from bacteriophage �29 of B. subtilis
has allowed to lay the foundations of the so-called protein-
primed mechanism of DNA replication (4, 6). �29 has a linear
dsDNA, 19,285 bp long, containing a TP of 31 kDa covalently
linked to each 5� end [TP-DNA (7)] that, together with a 6-bp
inverted terminal repeat (3�-TTTCAT-5�) (8, 9) form part of a
minimal replication origin. Once the replication origins are
specifically recognized by a heterodimer formed by the DNA
polymerase and a free TP molecule (10, 11), the DNA poly-
merase catalyzes the formation of a covalent bond between
dAMP and the hydroxyl group of Ser232 of the TP, a reaction
directed by the second T at the 3� end (12). Then, the TP-dAMP
initiation product translocates backwards 1 position to recover
the template information corresponding to the first T, the
so-called sliding-back mechanism, which requires a terminal
repetition of 2 bp (12) and provides a way to prevent mutations
at the �29 DNA ends during initiation, since the 3�-5� exonu-
clease activity of �29 DNA polymerase cannot proofread the
TP-linked nucleotide (13).

The sliding-back mechanism, occurring also in the �29-related
phage GA-1 (14); Streptococcus pneumoniae phage Cp-1 (15);

and Escherichia coli phage PRD1 (16) or variations of it, such as
the jumping-back mechanism that takes place in adenovirus (17),
seems to be a common theme of protein-priming replication
systems to maintain full-length DNA (1, 6). In addition, RNA
viruses, such as Poliovirus, characterized by the presence of a
protein covalently linked to the 5� end of the viral genome, have
been also shown to initiate at internal positions with a further
recovery of the terminal sequence by a sliding-back mechanism
(18–20). Bacteriophage Nf belongs to the group of phages that
infect Bacillus (21). It contains a linear, dsDNA, 18,754 bp long
(GenBank accession number EU622808), with an 8-bp ITR
(3�-TTTCATTC) (21, 22) and a TP of 31 kDa covalently linked
to each 5� DNA end (21). Previous in vitro analyses showed that
Nf also replicates its genome (TP-DNA) by means of a protein-
primed mechanism (23, 24).

To get further insights into this special way to initiate repli-
cation, we studied the initiation and the first elongation steps of
Nf TP-DNA replication by using highly purified DNA polymer-
ase and TP and template ssDNA oligonucleotides corresponding
to either the natural replication origin sequence or variants of it.
The analysis indicated that the TP-dAMP initiation product is
template-instructed by the 3� third T, a stepwise sliding-back
mechanism being proposed as the most likely one to account for
the maintenance of the DNA length. Moreover, by swapping
specific TP regions between the �29 and Nf TPs, we show that
the priming domain of the TP is the main structural determinant
that dictates the use of the internal 3� nucleotide as template
during protein-primed initiation of DNA replication.

Results and Discussion
In Vitro Formation of the TP-dAMP Initiation Complex with ssDNA
Templates. The inability of Nf DNA polymerase to catalyze
DNA-independent formation of TP-dNMP products indicated
that the specificity for dATP was provided by the Nf TP-DNA
template whose replication origins, located at both ends, contain
the 3�-TTT terminal sequence (24) (see in Fig. 1 the sequence
of the right replication origin). To determine which 3� terminal
T of the template directed the Nf initiation reaction, we used as
a template single-stranded oligonucleotides containing the Nf
replication origin sequence or variants of it. To prevent exonu-
cleolytic degradation of the template oligonucleotides, the cat-
alytic Nf DNA polymerase Asp-66 residue, belonging to the Exo
II motif and universally conserved in proofreading DNA poly-
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merases (25) was mutated into alanine (see Materials and
Methods). Initially, we chose as template 12-mer oligonucleo-
tides based on previous analysis of deletion derivatives per-
formed with the �29 system, that indicated that the minimal
replication origins were constituted by the terminal 12 bp at each
�29 DNA end (26). As shown in Fig. 1, in the presence of
[�-32P]dATP, the single-stranded oligonucleotide corresponding
to the 3�-sequence from the right end of Nf DNA (ori(12)Nf)
could be used as template by the Nf DNA polymerase/TP
heterodimer, leading to the formation of the TP-dAMP initia-
tion complex. The labeled band is specific, because a control
oligonucleotide lacking the origin sequence did not give signal
using [�-32P]dATP as substrate (data not shown). As also shown
in Fig. 1, only the DNA polymerase/TP homocomplexes from
either �29 or Nf gave detectable reaction. �29 and Nf replication
origins share the six 3� terminal nucleotides, which could explain
why ori (12)� and ori(12)Nf oligonucleotides can direct the
TP-dAMP formation by both, Nf and �29, DNA polymerase/TP
heterodimers (see Fig. 1).

Nf DNA Initiation of Replication Is Directed by the Third Nucleotide at
the 3� End of the Template Strand. As shown in Fig. 2, when ori(12)Nf
was used as template, the incorporation of dAMP to the TP was

much more efficient than that of the other 3 dNMPs, supporting the
idea that Nf TP-dAMP formation is directed by 1 of the 3
consecutive terminal Ts. To find out the T used as template of the
initiation reaction, single changes at the first, second, or third
position from the 3�-end of the template ori(12)Nf were introduced
and assayed for the TP-primed initiation with each of the 4
[�-32P]dNTPs. As shown in Fig. 2, substitution of the first or second
T into A [ori(12)Nf T1A, T2A and T1A/T2A] did not produce any
significant change in the specificity for the nucleotide to be inserted,
TP-dAMP being the initiation product preferentially formed. How-
ever, substitution of the third T either into A [ori(12)Nf T3A and
ori(12)Nf T2A/T3A] or G [ori(12)Nf T3G], produced a drastic
change in specificity, the nucleotide linked to the TP being mainly
T and C, respectively. This result clearly indicated that Nf initiation
mainly occurs opposite the third 3� nucleotide of the template.
Interestingly, the use of oligonucleotide ori(12)Nf T2A rendered
the highest initiation activity. This could indicate that the sequence
at the second 3� position modulates the initiation activity, as it
occurs in �29 (27).

Recovery of the First and Second Nucleotides. The TP-dAMP initi-
ation complex formed using as template the third 3� terminal
nucleotide should not be directly elongated from the initiation site,
because this would imply the lost of genetic information of the 2 first
3� nucleotides. Thus, in virtue of the terminal repetitions, various
terminal sequence recovery mechanisms have evolved: ‘‘sliding-
back,’’ by which the initiation product translocates back 1 position,
enabling the nucleotide used as template for the initiation reaction
to direct also the insertion of the second nucleotide, as it has been
described to occur in �29 (12) and in the �29-related bacteriophage
GA-1 (14); ‘‘stepwise sliding-back,’’ that takes place in the S.
pneumoniae phage Cp-1, which initiates at the 3� third nucleotide
of its terminal repetition (3�-TTT) (15), and by the E. coli phage
PRD1 that initiates at the 4th nucleotide (3�-CCCC) (16), requiring
2 and 3 consecutive sliding-back steps, respectively, to recover the
DNA end information; ‘‘jumping-back,’’ described to occur in
adenovirus, in which the initiation product TP-CAT, initially syn-
thesized using as template the GTA sequence at positions 4–6 in the
template, jumps back to the sequence GTA at positions 1 to 3 (17).
These mechanisms have been envisaged to increase the fidelity
during the initiation reaction, because several base pairing checking
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Fig. 1. ssDNA-dependent in vitro formation of the initiation complex TP-dAMP.
The reaction mixtures contained, in addition to the indicated DNA polymerases
(120 nM) and TPs (120 nM), 5.5 �M either ori(12)Nf or ori (12)� oligonucleotides
as templates.Reactionswerestartedbyadding1mMMnCl2 and,after incubation
for 20 min at 30 °C, stopped, processed and analyzed by SDS-PAGE and autora-
diography (see Materials and Methods for details). The various ssDNAs, DNA
polymerases and TPs, and the mobility of the TP-dAMP complexes, are indicated.
Only the area containing the relevant band is presented.
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Fig. 2. Internal initiation of Nf DNA replication. The formation of the 4 TP-dNMP complexes was assayed and analyzed. Standard initiation reactions were
carried out with 0.1 �M each of the indicated labeled dNTP (A, C, G or T) under the conditions specified in Materials and Methods, in the presence of 60 nM Nf
DNA polymerase, 120 nM Nf TP and 5.5 �M the indicated oligonucleotide as template. Reactions were started by adding 1 mM MnCl2 and, after incubation for
10 min at 10 °C, the reactions were stopped, processed, and analyzed by SDS/PAGE and autoradiography. The six 3�-terminal nucleotides of each ssDNA are also
shown. The nucleotide changed in each template is indicated. For each template, the relative efficiency of the initiation reaction with each of the 4 possible
substrates is indicated, considering as 100% the incorporation level of the preferred dNTP.
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steps have to occur before definitive elongation of the initiation
product takes place (12, 13).

Once established that initiation of Nf DNA replication occurs
opposite the third 3� nucleotide of the template, it was necessary to
ascertain whether the first 2 nucleotides are recovered during the
first steps of replication. To address this question, elongation of the
TP-dAMP complex was studied in the presence of ddCTP, using a
29-mer oligonucleotide containing the Nf replication origin se-
quence. Thus, if the 2 terminal nucleotides were recovered before
elongation, the maximum length of the replication product in the
presence of ddCTP would be TP-(dNMP)12 (see scheme in Fig. 3).
On the contrary, if neither of the nucleotides were recovered, the
elongation product would be TP-(dNMP)10. The use of the natural
Nf TP-DNA as template rendered bands corresponding to all of the
intermediate products (data not shown) and allowed us the proper
assignment of each elongation band. As seen in Fig. 3, with the
wild-type Nf ori sequence (ori(29)Nf), replication was truncated
mainly at TP-(dNMP)12, although a faint band corresponding to
TP-(dNMP)11 was also detected (Fig. 3 Left). This result clearly
demonstrates that, despite initiating opposite the third nucleotide,
all of the positions of the template, including the first and second
nucleotides, are recovered during the first steps of Nf DNA
replication. To establish the recovery mechanism that takes place
in Nf, oligonucleotides containing a single mutation of each of the
3 terminal T were used. As seen in Fig. 3, when the mutated
molecule ori(29)Nf T1A was used as template, the replicated
product was TP-(dNMP)11, indicating that the mutation introduced
precluded the recovery of the 3� terminal position. Interestingly,
with ori(29)Nf T2A, the elongated product corresponded mainly to
TP-(dNMP)12, although a small amount of TP-(dNMP)10 was also
produced. This result suggests that the presence of a single mutation
in the second internal position does not preclude the recovery of the
two 3� terminal positions of the template. As expected, the use of
ori(29)Nf T3A did not give any noticeable initiation product with
[�-32P]dATP as substrate. Although such a labeled nucleotide
could have been inserted in further elongation steps (see sequence
in Fig. 3), the absence of elongation products would indicate that a
mutation in the third internal position hinders not only the recovery
of the ends, but also the elongation of the initiation complex. This
hypothesis was supported by using [�-32P]dTTP as substrate (see
Fig. 3 Right). As shown in Fig. 3, ori(29)Nf T3A gave rise to the
initiation reaction, and no elongation products were detected. As

expected, the elongation pattern obtained in the presence of the
other 3 templates was similar to that described with [�-32P]dATP as
substrate. Interestingly, a faint band likely corresponding to the
TP–dAMP–dTMP product was detected with ori (29)Nf T2A.
Additionally, although from the results presented here it could be
inferred that only the first and third T appear to be absolutely
required for recovering the terminal 3� end sequence, because
substitutions in either of them led to incomplete replication prod-
ucts whereas substitution at the second T gave rise to full replica-
tion, the terminal reiteration of 3 T residues seems optimal to favor
the more efficient elongation of the initiation products.

Two terminal sequence recovery mechanisms could be contem-
plated for Nf DNA replication: (i) Stepwise sliding-back: In this
model, the TP-dAMP formed opposite the third position is trans-
located 1 position back to pair with the second T, the third T
directing again the formation of the TP-AA product. Similarly, this
product slides-back 1 position again, recovering the first T of the
template. Then, normal chain elongation can take place. This
mechanism explains why elongation carried out with ori(29)Nf T1A
oligonucleotide rendered an elongation product 1 base shorter,
because the absence of full complementarity between the TP-AA
product and the 3�-AT of the template precludes the second
sliding-back event, forcing direct elongation after the first translo-
cation step and, as a consequence, the loss of the terminal nucle-
otide. Additionally, the absence of elongation observed with
ori(29)Nf T3A could be explained by dissociation of the TP-dTMP
product after the first sliding-back step, caused by an incorrect base
pairing with the penultimate T. However, the recovery of full length
elongation products with ori(29)Nf T2A leads us to propose a
second recovery mechanism, (ii) the jumping-back from the third
to the first T of the template. Evidence that this mechanism is taking
place with ori(29)Nf T2A is the presence of a faint band, that would
correspond to TP-AT complex (see Fig. 3). Thus, once the TP-
dAMP initiation product jumped-back opposite the first 3� T, the
second 3� A of the mutated template directed the insertion of a
[�-32P]dTMP molecule to render TP-AT. It is difficult to know the
prevalent recovery mechanism during the first steps of Nf TP-DNA
replication. Two arguments could be put forward to favor the
stepwise sliding-back model. First, performing of the stepwise
sliding-back mechanism exclusively relies on successive backwards
motions of the TP-dAMP complex, the third 3� templating nucle-
otide remaining at the same position at the catalytic site to direct

Fig. 3. Truncated elongation on Nf wild-type and mutated single-stranded oligonucleotide templates. The TP-linked DNA molecule resultant of replicating
ori(29)Nf in the presence of ddCTP is shown, assuming that the first and second nucleotides are recovered during elongation. Underlined T in the template
molecule marks the initiation site. Reactions were carried out in the presence of 2.3 �M the indicated oligonucleotide, 60 nM Nf DNA polymerase, 120 nM Nf
TP, 0.1 �M the corresponding labeled dNTP, 10 �M each dATP, dGTP and dTTP, and 100 �M ddCTP. Reactions were started by adding 1 mM MnCl2 and, after
30 min at 30 °C, were stopped and processed as indicated in Materials and Methods. In addition to the initiation complex (TP-dAMP or TP-dTMP), the position
corresponding to different end-products (TP-(dNMP)n) of each truncated elongation assay is indicated.
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consecutive incorporation of the second and third nucleotides. The
same principle applies also for the more complex jumping-back
mechanism described to occur in adenovirus DNA replication. In
this case, the 4th to 6th positions of the template also should remain
fixed respect to the catalytic site after the single jump of the
TP-CAT initiation product, to direct the formation of the next CAT
triplet. However, in the case of Nf DNA replication, the jumping-
back model would require both, a backwards motion of the TP-
dAMP product to be located opposite to the first 3� T and the
concomitant upwards movement of the template strand to allocate
properly the second 3� T at the DNA polymerase catalytic site to
direct the insertion of the second dAMP. Second, from a fidelity
point of view, the stepwise sliding-back would offer more fidelity
checking points, aborting a misinsertion occurring opposite the
second position, as hypothesized to occur in the case of Cp1 (15).

Priming Domain of TP Dictates the Internal Nucleotide Used as
Template of the Initiation Reaction. In addition to the results
presented above, �29 and Nf DNA polymerase/TP heterodimers

initiate replication opposite the second and third 3�-T, respectively,
regardless whether the replication origin is Nf or �29 (data not
shown), indicating that the use of a specific internal nucleotide
depends on a particular DNA polymerase/TP heterodimer. This
prompted us to determine the role of the DNA polymerase and the
TP in dictating such an initiation position.

Based on the high degree of sequence identity between �29 and
Nf TPs (62.4%), we have made chimerical TPs by swapping the
priming domains (residues 174–266) of both TPs (see Materials and
Methods and Fig. 4) giving rise to the chimeras N�-CNf [�29 TP
N-terminal part, composed of intermediate and N-terminal do-
mains (residues 1–173), linked to the Nf TP priming domain] and
NNf-C� (Nf TP N-terminal part connected to the �29 TP priming
domain). Chimeras were overexpressed and purified as described in
Materials and Methods, and further assayed in their ability to use a
specific 3� internal T as TP-primed initiation site.

As shown in Fig. 5A, the initiation complex formation when the
�29 DNA polymerase/TP heterodimer used ori (29)� T2A as
template was much reduced compared with the case of the wild-
type sequence or the T1A or T3A variants, in agreement with
initiation occurring mainly opposite the penultimate 3� T (12).
Conversely, the heterodimer formed by �29 DNA polymerase and
chimera N�-CNf (bearing the Nf TP priming domain) clearly
changed the preference in the use of the templating nucleotide: now
the ori (29)� T2A directed the initiation reaction more efficiently
than ori (29)� T3A, indicating that such a chimerical heterodimer
initiated opposite the third 3� T, as the Nf DNA polymerase/TP
heterodimer did. The initiation reaction obtained with ori (29)�
T2A was higher than that obtained using the natural sequence (ori
(29)�), a hallmark of the Nf heterodimer, now mimicked simply by
replacing the �29 TP priming domain by the corresponding one of
Nf TP. Interestingly, the presence of the �29 TP priming domain
in chimera NNf-C� produced the recovery of the pattern showed
by the �29 heterodimer, i.e., initiation at the second 3� terminal
position (see Fig. 5A). Altogether, the results presented in Fig. 5A
strongly suggest that TP and, more specifically, its priming domain
dictates the template position used to direct the initiation reaction.

Fig. 4. Schematic representation of the chimerical TPs constructed for this
study.

A

B

Fig. 5. In vitro protein-primed initiation with chimerical TPs. (A) Reaction mixtures contained, in addition to �29 or Nf DNA polymerase (120 nM), and either
the wild-type or chimerical TPs (240 nM), 3.6 �M the indicated oligonucleotide as template and 0.1 �M [�-32P]dATP as initiator nucleotide. Reactions were started
by adding 1 mM MnCl2 and, after incubation for 1 h at 30 °C, were stopped, processed and analyzed by SDS-PAGE and autoradiography (see Materials and
Methods for details). (B) The reactions were carried out essentially as described in A, using 0.1 �M [�-32P]dCTP as initiator nucleotide. Reactions were started by
adding 1 mM MnCl2 and incubated at 30 °C for 1 h or 30 min in the case of �29 or Nf DNA polymerase, respectively. The reactions were stopped, processed and
analyzed by SDS-PAGE and autoradiography (see Materials and Methods for details). The various templates, DNA polymerases and TP variants, and the mobility
of the TP-dAMP or TP-dCMP complexes are indicated.
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To further confirm this hypothesis, similar assays were performed
using as templates oligonucleotides bearing a substitution of the
second or third T into G (ori (29)� T2G and ori (29)� T3G,
respectively) and [�-32P]dCTP as initiator nucleotide (Fig. 5B). As
expected, the T2G, and in a lesser extent the T3G, variant directed
the formation of the initiation product (TP-dCMP) by the �29
heterodimer. Conversely, when the �29 DNA polymerase/N�-CNf
heterodimer was used, ori (29)�T3G was the main template that
gave rise to initiation reaction (see Fig. 5B), in accordance with the
initiation taking place preferentially at the third position, as it
occurs with the Nf DNA polymerase/TP complex. Again, the
presence of the �29 TP priming domain in the heterodimer formed
between �29 DNA polymerase and chimera NNf-C� caused the
recovery of the initiation pattern displayed by the �29 heterodimer.
In agreement with these findings, the heterodimer formed by Nf
DNA polymerase and chimera N�-CNf (bearing the Nf TP priming
domain) showed the same specificity pattern as the Nf heterodimer
(see Fig. 5B). Nf DNA polymerase appeared to show a high
stringency in the placement of the non-homologous �29 TP priming
domain as the complex formed with NNf-C� was not active (data
not shown), as described to occur in the case of GA-1 DNA
polymerase (28).

Taking into account that in both, Nf and �29, the priming
Ser232 has to be placed at the polymerase catalytic site in an
orientation competent for catalysis, it could be thought that the
difference regarding the initiation site should rely on a distinct
arrangement of the template strand at the catalytic site of the
DNA polymerase. Binary structures of �29 DNA polymerase
with a 5 base long oligonucleotide showed that the 3� end of the
ssDNA molecule reached the DNA polymerase active site, while
its 5� terminus remained bound to the DNA polymerase in the
tunnel that lies downstream of the active site in a non-sequence
specific manner, suggesting that it alone cannot establish register
of the template (29). Thus, our results together with the above
mentioned structures involve the TP priming domain in the
positioning of the templating T in the catalytic site, most
probably by sterically excluding the template from the upstream
duplex binding region of polymerase, implying that the TP
priming domain acts as a structural barrier. Thus, once the 3� end
of the template contacts the TP priming domain located at the
duplex binding region, the corresponding internal T would be
allowed to be placed at the catalytic site to direct formation of
the TP-dAMP product. Structural superposition of the �29
binary complex with the DNA polymerase/TP heterodimer
showed the TP priming loop [residues 227–233 (30)] as the
region that most probably would contact the 3� end of the
template. There is a difference of only 1 amino acid residue
between the priming loops of �29 and Nf TPs (31). To analyze
the role of this residue in the initiation reaction, we changed
Glu-229 residue of �29 TP into Tyr, the corresponding residue
in Nf TP, and vice versa. The mutant TPs did not produce any
change in the specificity of the internal T used as template (data
not shown). These results lead us to propose that perhaps a
difference in the interaction of each priming domain with each
cognate DNA polymerase could provide the basis for the
different initiation site. The work presented here represents a
step further in the study of the initiation of protein-primed DNA
replication. Before elongation of the initiation product formed
by protein-primed DNA polymerases, the sliding-back mecha-

nism has to take place. This implies both a backwards motion of
the primer (TP) with respect to the fixed template molecule, the
internal template T remaining at the catalytic site to direct the
following insertion step, and a breakage of the pair TP-A:T (in
the case of bacteriophages �29, Cp1, Nf, and GA-1) or, most
drastically, the triple base pairing TP-CAT:GTA, as in the case
of adenovirus. This energetically unfavored step should be
explained by a power stroke mechanism, by which the energy
released after dissociation of the pyrophosphate could drive the
backwards movement of the TP-dNMP initiation product with
respect to the DNA polymerase and template strand with the
consequent correct base pairing with the last or preceding 3�
nucleotide to reach a more energetically favored situation. The
elucidation of the conformational changes that govern the
sliding-back mechanism will give the clues to understand such a
special way to initiate genome replication.

Materials and Methods
Nucleotides and DNAs. Unlabeled nucleotides and dideoxynucleotides, and
[�-32P]dATP (3,000 Ci/mmol), [�-32P]dTTP (3,000 Ci/mmol), [�-32P]dCTP (3,000
Ci/mmol), and [�-32P]dGTP (3,000 Ci/mmol), were supplied by Amersham
Pharmacia. Single-stranded oligonucleotides containing the wild-type and
mutated sequences of the Nf and �29 DNA right replication origin, and used
as template are shown in supporting information (SI) Table S1.

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 de-
scribed (24, 32). �29 DNA polymerase mutant (D12A/D66A) and Nf DNA
polymerase mutant D66A, both exonuclease deficient, were purified as de-
scribed in ref. 33.

Construction, Expression, and Purification of Chimerical TPs N�-CNf and NNf-C�.
For details, see SI Text.

Construction, Expression, and Purification of Nf DNA Polymerase Exonuclease-
Deficient Mutant D66A. The D66A exo(�) Nf DNA polymerase mutant was
obtained using the QuikChange site-directed mutagenesis kit provided by
Stratagene. This mutation specifically inactivated the 3� to 5� exonuclease
activity of the enzyme. The expression and purification of the protein was
carried out as described for the wild-type Nf DNA polymerase (24).

Template-Dependent in Vitro Formation of the Initiation Complex TP-dNMP. The
assays were performed essentially as described in ref. 12, using the indicated
amount of the specified single-stranded oligonucleotide in the presence of
either 60 or 120 nM the corresponding DNA polymerase, the indicated
amount of the specific TP, 40 mM ammonium sulfate, 4 �Ci [�-32P]dNTP, 0.1
�M of the indicated dNTP, and 1 mM MnCl2. After incubation for the indicated
times and temperatures, samples were stopped and processed as described in
ref. 34. Quantification was done by densitometric analysis of the labeled band
corresponding to the TP-dNMP complex.

Truncated Elongation Assays. The reactions were carried out essentially in the
same conditions described for the initiation assay, but in the presence of 10
�M each dATP, dGTP and dTTP, and 100 �M ddCTP. To allow separation of the
different replication intermediates, the samples were analyzed in SDS/12%
polyacrylamide gels (360 � 280 � 0.5 mm) as described in ref. 12.
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