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Phage ¢29 from Bacillus subtilis is a paradigm of the
protein-primed replication mechanism, in which a
single-subunit DNA polymerase is involved in both the
specific protein-primed initiation step and normal DNA
elongation. To start 29 DNA replication, the viral
DNA polymerase must interact with a free molecule
of the viral terminal protein (TP), to prime DNA
synthesis once at eactp29 DNA end. The results shown
in this paper demonstrate that the DNA polymerase—
primer TP heterodimer is not dissociated immediately
after initiation. On the contrary, there is a transition
stage in which the DNA polymerase synthesizes a five
nucleotide-long DNA molecule while complexed with
the primer TP, undergoes some structural change
during replication of nucleotides 6-9, and finally
dissociates from the primer protein when nucleotide
10 is inserted onto the nascent DNA chain. This
behaviour probably reflects the polymerase require-
ment for a DNA primer of a minimum length to
efficiently catalyze DNA elongation. The significance
of such a limiting transition stage is supported by the
finding of abortive replication products consisting of
the primer TP linked up to eight nucleotides, detected
during in vitro replication of $29 TP-DNA particularly
under conditions that decrease the strand-displacement
capacity of $29 DNA polymerase.
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Introduction

Protein priming is one of the mechanisms found in
evolution to overcome the problem of replicating the

strands are replicated continuously from both DNA ends,
no further priming events are required. This mechanism
may occur in a wide variety of genomes, including
bacteriophages, linear plasmids, eukaryotic viruses
(reviewed by Salas, 1991; Salesal, 1996) and perhaps
some bacterial chromosomes (Chen, 1996).

The @29 genome consists of a linear double-stranded
DNA (dsDNA), 19 285 bp long, with a TP covalently
linked to each 5end. To initiate replication, a histone-
like viral protein forms a nucleoprotein complex with the
origins of replication that probably contributes to the
unwinding of the double helix at both DNA ends (Serrano
et al, 1990). Then, the DNA polymerase catalyses the
addition of the first dAMP to the hydroxyl group provided
by Ser232 of the TP. This protein-primed event occurs
opposite to the second Bucleotide of the template, and
the initiation product (TP-dAMP) slides back one position
in the DNA to recover the terminal nucleotide (Niez
et al, 1992). After initiation, the same DNA polymerase
replicates one of the DNA strands while displacing the
other. The high processivity and strand displacement
ability of @29 DNA polymerase makes it possible to
complete replication of thep29 TP-containing genome
(TP-DNA) in the absence of any helicase or accessory
processivity factors (reviewed by Blanco and Salas, 1996).

The genes encoding the DNA polymerase and the
primer TP are linked (Yoshikawa and Ito, 1982) and
transcribed from the same promoter (Bartheleetyal.,
1986), and both proteins remain associated when purified
from @29-infectedBacillus subtiliscells (Watabeet al.,
1983; Matsumotoet al, 1984). A physical interaction
between@29 TP and DNA polymerase was described
initially by Blancoet al. (1987), based on the differential
sedimentation of the free TP (31 kDa) and the hetero-
dimeric DNA polymerase—TP complex (97 kDa), after
ultracentrifugation in a glycerol gradient. Using this
approach, and taking advantage of the fact g DNA
polymerase is able to catalyse initiatiam vitro in the
absence of template DNA (Blanagt al, 1992), it was
shown that the initiation product, TP-dAMP, remains
associated with the DNA polymerase (Blaretal., 1992).

It is likely that an efficient transition between protein-
primed initiation and DNA elongation will involve the
dissociation of the DNA polymerase—TP heterodimer. We

molecular ends of linear genomes. These DNA regions have tried to characterize the step at which this dissociation

cannot be replicated via RNA priming, since the elimin-
ation of the primer at the DNA ends would result in gaps
that could not be filled in by any DNA polymerase. In
the protein priming alternative, the DNA polymerase
initiates DNA synthesis using as primer a hydroxyl group
provided by a Ser, Thr or Tyr residue of a specific protein.
After this initiation reaction, the primer protein remains
covalently linked to the 5end of the new DNA chain,
and is referred to as terminal protein (TP). Since both
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occurs, using aim vitro @29 DNA replication system and

single-stranded oligonucleotides with the sequence of the

@29 replication origins, shown to be active templates for

both TP-primed initiation and further elongation (Mikez

et al, 1992). Our results indicate that, under conditions

that resemble an openepl9 origin of replication, the

primer TP and the DNA polymerase still form a complex

after the synthesis of a five nucleotide long DNA molecule.
Dissociation starts at nucleotide 6 and is achieved com-
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pletely after the incorporation of nucleotide 10. Interest- assay in the presence of the four nucleotides to allow
ingly, in a TP-independent reaction, we found tlg219 complete replication of the template molecule oriL(10).
DNA polymerase requires a minimum DNA primer chain As shown in Figure 2A, the replication intermediates up
of six nucleotides to catalyse elongation efficiently. In to TP-(dNMP} migrated in the position corresponding to
addition, abortive replication products consisting of the the heterodimeric complex (fractions 10—13). Interestingly,
primer TP linked up to eight nucleotides have been the products TP-(dNMR)to TP-(dNMP) showed a
detected duringn vitro replication of the naturap29 TP- slightly slower sedimentation (fractions 12—15), suggesting
DNA by wild-type and several mutant derivatives @9 that this change is the consequence of some structural
DNA polymerase. Based on these data, the different stages modification in the heterodimer, when the polymerase is
of the transition between TP-primed initiation and normal about to separate from the primer TP. In fact, the band
DNA elongation are discussed in the light of changes in corresponding to TP-(dswed a drastic change

the DNA polymerase—TP—DNA association. in sedimentation towards the position of the free TP,
suggesting that the DNA polymerase has dissociated from
the TP and has been further released from the DNA (see

Results I

scheme in Figure 2C).
#29 DNA polymerase and TP still form a complex However, it could be argued that the ‘free’ DNA
after DNA-templated initiation and sliding back polymerase remains linked to the DNA primer—template

To study the association—dissociation stages of the DNA junction after dissociation from the primer TP. In that case,
polymerase—TP heterodimer during the first stepga¥d the intermediate mobility of the products TP-(dNMR)
DNA replication, single-stranded DNA (ssDNA) oligo- TP-(dNMP), would correspond to molecular complexes
nucleotides corresponding to the template strand of the in which the template DNA is acting as a ‘bridge’ between
@29 right or left DNA ends were used as templates in an the TP and the DNA polymerase. Following this reasoning,
in vitro replication assay carried out with purified TP and dissociation of the DNA polymerase from the DNA would
an exonuclease-deficie@29 DNA polymerase. Then, the  occur only when replication is completed [TP-(dNM#)
replication products were subjected to ultracentrifugation An argument against this interpretation is that the salt
analysis in 15-30% glycerol gradients, under the con- concentration present in the sedimentation analysis (0.2 M
ditions described in Materials and methods. The aim of NaCl) does not allow a stable interaction between the
this centrifugation step is to fractionate the replication DNA polymerase and the DNA. However, to rule out this
products [TP-(dNMRY) that are still associated with the possibility unequivocally, a single-stranded oligonucleo-
DNA polymerase (mol. we=97 kDa) from those already tide of slightly increased length [oriL(12)] was used as
dissociated (mol. wt of the free TP, 31 kDa). The different template for replication. If DNA polymerase—TP dissoci-
fractions of the gradient are subjected to SDS—PAGE in ation really occurred at position 10, all the replication
conditions that allow the resolution of the different TP- products equal to or longer than TP-(dNM®BJId
(dNMP), intermediates. migrate at the ‘free TP’ position. On the contrary, if
Oligonucleotide oriL(10) (sequence:” 3TTTCATT- both proteins remain ‘bridged’ by the template after
CGG) was firstly used as template iniarvitro replication dissociation, only the final replication product [TP-
assay in the presence af-f?P]dATP as the only nucleo- (dINMBJ} would migrate at the free TP position. The
tide, thus limiting replication to the three terminal T experiment (Figure 2B) showed that the three bands
residues. The reaction products were subjected to ultra- corresponding to TP-(gNMP)(dNMP); and TP-
centrifugation in glycerol gradients and electrophoresis as (ANMP),, migrate as ‘dissociated’ molecules, suggesting
described above. The Coomassie staining of the gel (Figure that the sharp change in mobility between products TP-
1A) revealed that the DNA polymerase (67 kDa) and the (dNMP)y and TP-(dNMP), really reflects the dissociation
TP (31 kDa) co-sedimented as a heterodimer [compare of the DNA polymerase—primer TP heterodimer. Again,
with the sedimentation of monomeric bovine serum albu- the products TP-dAMP to TP-(dNMP)migrated in the
min (BSA), a 66 kDa protein]. As shown in Figure 1B, position corresponding to the heterodimer, whereas the
not only the initiation product, TP-dAMP, but also TP- sedimentation of TP-(dNMR}o TP-(dNMP) was slightly
(dAMP), and TP-(dAMP} migrated in the glycerol slower, reinforcing the hypothesis that the protein—protein
gradient at the position corresponding to the DNA poly- complex undergoes some structural change just before
merase—TP heterodimer. Thus, neither DNA-templated dissociation.
protein-primed initiation nor the sliding-back step result
in the dissociation of the DNA polymerase—primer TP ¢29 DNA polymerase requires a DNA primer of a
complex. The same result was obtained with oligonucleo- minimum length of six nucleotides to catalyse
tide oriR(12), corresponding to thg29 right origin of polymerization efficiently

replication (results not shown). The experiments described above indicated that, after
protein-primed initiation, the DNA polymerase remains

#29 DNA polymerase is able to synthesize a nine complexed with the primer TP during the synthesis of at

nucleotide long DNA molecule still forming a least 6-9 nucleotides. This could indicate the shortest

heterodimer with the primer TP dsDNA molecule that can be bound ip29 DNA poly-

Having established thagp?9 TP and DNA polymerase merase in a polymerization-competent conformation, i.e.

remain complexed after the replication of the three terminal with the primer terminus adequately positioned at the

nucleotides, the next step was to determine the step at polymerization active site. To test this hypothesis in

which this complex dissociates. This was addressed usingconditions not involving a protein-primed initiation step,

the same approach as above, but performingirihétro the @29 right origin of replication was simulated by
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Transition between initiation and elongation
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Fig. 1. Interaction between the primer TP and the DNA polymerase after the initiation reaction and the sliding-babrk\stepreplication of
oligonucleotide oriL(10) was performed in a 15 min reaction as indicated in Materials and methods. dATP was the only nucleotide present in the
reaction, thus limiting replication to the three first nucleotides. The replication products were subjected to sedimentation analysis in 1&r80% gly
gradients. After ultracentrifugation, the gradients were collected in 34 fractions and an aliquot of each fraction was analysed by SDS—-PAGE.
Fractions 1-7 are not shown because they do not contain either single or complexed protein gpedieshown by Coomassie staining of the gel,
@29 DNA polymerase and TP migrated in fractions 11-14, in the position expected for a heterodimer of ~97 kDa. BSA (66 kDa), loaded in the
gradient as a control, migrated in fractions 14—1). An aliquot of the same fractions as above was subjected to high resolution SDS—PAGE, under
the conditions indicated in Materials and methods. The autoradiograph is included as an inset of the lower panel, showing the densitometric
quantitation of the bands corresponding to TP-dAMP, TP-(dAM#)d TP-(dAMP}. The shadowed area (fractions 22—-24) represents the mobility of
the free TP-dAMP product, as determined in independent experiments.

hybridization of two oligonucleotides, the one correspond- Mutational analysis of the ¢29 DNA six terminal

ing to the primer strand being#abelled. The 3end of nucleotides

the primer strand can be used either as a substrate for the Six base pairs form an inverted terminal repeat (ITR) at
3'-5 exonuclease activity ofp29 polymerase or as a both @29 DNA ends. Having established thg29 TP and

primer for the synthetic activity of the enzyme. By adding DNA polymerase remain complexed during the synthesis
@29 DNA polymerase in the absence of dNTPs, the 3  of replication intermediates ranging from TP-(dAMP) to

5" exonuclease activity of the enzyme should generate a TP-(dNWM/jiation mode’ of the DNA polymerase),

set of DNA primers of decreasing lengths, and later we asked whether mutations in this conserved ITR would
addition of the four dNTPs should lead to repolymerization affect the progressigoDNA polymerase through

of those primer strands that could still be used by the DNA this particular stage and/or the transition to the ‘elongation
polymerase. The result of this experiment is presented in mode’. To address this question, a mutational analysis of
Figure 3. The TP-free DNA molecule corresponding to the ITR was carried out using ssDNA oligonucleotides

the @29 DNA right end was incubated with the DNA corresponding to¢a8 DNA right end.

polymerase in the absence of dNTPs, using eithef™Mg As a control, the efficiencies of initiation and replication

(lane 2) or Mi#* (lane 5) as metal activators. All the (i.e. full-length synthesis) of oriR(12), a 12mer with the
possible primers ranging from one to 28 nucleotides were sequence of thep29 DNA right origin of replication
generated. Upon addition of the four dNTPs, all the DNA (template strand), were considered as 100% in each case.
primers were repolymerized except those shorter than six The individual importance of the six nucleotides forming
nucleotides, which were not used by the DNA polymerase the ITR for complete replication was analysed using 12mer
(Figure 3, lanes 3 and 4, and 6 and 7). This is in agreementoligonucleotides with mutations at each of the six terminal

with the observation thag29 DNA polymerase synthesizes bases. Complete replication of a 12mer includes the three
a DNA chain of a minimum of six nucleotides before it stages: ‘initiation mode’ (nucleotides 1-5), ‘transition’

starts to change from the initiation mode (complexed with (nucleotides 6—9) and ‘elongation mode’ (nucleotides 10—
the primer TP) to the elongation mode. 12). As shown in Table I, substitution of the first, second
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Fig. 2. Synthesis of a short DNA molecule before dissociation of the
DNA polymerase—TP heterodimeA) Replication of oriL(10) was
carried out in the presence of the four dNTPs, as indicated in
Materials and methods. The sample was subjected to sedimentation
analysis in a 15-30% glycerol gradient. After fractionation of the
gradient, an aliquot of fractions 8-22 was analysed by high-resolution
SDS-PAGE. Each band represents a different TP-(dNNMR)duct,
ranging from TP-(dAMP) to TP-(dNMP),. The band corresponding

to TP-dAMP was also detected in longer exposures. The different
products up to TP-(dNMR)migrated at fractions 10-12, at the
mobility expected for the DNA polymerase—TP heterodimer. Products
TP-(dNMP), to TP-(dNMP} showed a slightly slower mobility
(fractions 12—-14), and product TP-(dNMR)nigrated at fractions 16—
18, indicating that it has dissociated from the DNA polymerase. The
difference with respect to the theoretical mobility of the free TP is
probably due to the molecular weight of the DNA molecule attached
to the TP (10 bp= 6.5 kDa). B) Same as above, but using oriL(12)

as template. Since the amount of intermediate elongation products was

higher, exposure time was shorter than in (A). Only products equal to
or longer than TP-(dNMR) migrated in the position corresponding to
free TP molecules.Q) The primer TP and the DNA polymerase are
tentatively depicted as a white circle and a shadowed figure,
respectively.

and fourth nucleotides of oriR(12) significantly reduced
the replication efficiency (from 17 to 30%). The low
replication efficiency of oriR(12)T1C and oriR(12)T2C,
lacking a terminal repetition of two nucleotides, could be

explained by the impossibility of these templates sustaining oriR(12)T6G

the sliding-back step (Malezet al,, 1992). We tested this

in a limited elongation assay, carried out in the presence
of the chain terminator ddTTP. Under these conditions,

the longest product obtained was TP-(dNNMRJ expected
from the wild-type template sequence; BTTCAT... (see

Figure 4). The length of this product is precisely the upper

limit corresponding to the initiation mode @29 DNA
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Fig. 3. 3'-5" exonucleolysis followed by DNA polymerization in a
TP-free@29 right origin of replication. Oligonucleotide oriR(29)d was
5’-labelled and hybridized to oriR(48) to generate a primer—template
structure with the sequence of tpa9 right end. In the absence of
dNTPs, the action of the’35 exonuclease activity of29 DNA
polymerase generates partially degraded primer molecules. The ability
of the DNA polymerase to repolymerize primer chains of different
lengths was assessed by further addition of the four dNTPs to the
reaction mixture. Lane 1, mobility of the oriR(29)d/oriR(48) DNA
molecule h a 7 Murea—20% polyacrylamide gel. Lanes 2 and 5,
action of the exonuclease activity 29 DNA polymerase on
oriR(29)d/oriR(48), using Mg" or Mn?>" as metal activators,
respectively. Lanes 3 and 4: repolymerization of the different primers
generated, in the presence of #g Lanes 6 and 7: same as lanes 3
and 4, in the presence of Mh.

Table I. Mutational analysis of the ITR of29 DNA

Oligonucleotide  Sequence’(X') Initiation  Replication
efficiency efficiency
(%) (%)
oriR(12) TTTCATCCCATG 100 100
oriR(12)T1C _CTTCATCCCATG 30 30
oriR(12)T2C TCTCATCCCATG 110 25
oriR(12)T3C TTCCATCCCATG 110 140
oriR(12)C4G TTTGATCCCATG 61 17
oriR(12)A5G TTTCGTCCCATG 120 160
TTTCAGCCCATG 130 180

Oligonucleotides oriR(12) and mutant derivatives (single substitutions
underlined in the sequence) were used as templates for both the
initiation assay (TP-dAMP formation) and full replication assay, as
indicated in Materials and methods. After SDS—PAGE, the bands
corresponding to the TP-dAMP or full-length [TP-(dNMR)products
were quantitated using a Phosphorimager. The efficiency of replication
was calculated as the ratio between ‘fully replicated’ molecules versus
‘initiated’ molecules. For both initiation and replication efficiencies,

polymerase, prior to the transition stage. Substitution of the values are expressed as a percentage of those corresponding to the
the first (T1C) or second (T2C) nucleotides in the template wild-type oriR(12).
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Fig. 4. Limited replication of oligonucleotides with mutations at the six terminal nucleotides. Oligonucleotide oriR(12) and oligonucleotides with
single variations on the original sequence were used as templates for initiation and partial replication reactions, under the conditionindescribed
Materials and methods. WT corresponds to oriR(12), T1C to oriR(12)T1C, and so on. After incubation, samples were subjected to high-resolution
electrophoresis, that allows fractionation of the different TP-(dNM®dducts. Lanes corresponding to T1C, T2C and C4G were overexposed to
visualize the longest elongation band.

reduced the efficiency of elongation during the initiation

mode, and the longest product obtained lacked one nucleo- ' == < "o
tide [TP-(dNMP); Figure 4]. These results suggest that £
the sliding-back step, not allowed on templates T1C and . -y
T2C, is not absolutely required, but is very important for 3

the next elongation steps preceding transition, sub-

sequently affecting the replication efficiency. Substitution

of the fourth nucleotide (C4G) of the template also reduced

the efficiency of elongation during the initiation mode,

although in this case TP-(dNM&gan be detected as the

longest product and, therefore, the defective elongation I fo
cannot be attributed to the sliding-back step. As expected o -
from their normal replication efficiency (Table 1), templates

with substitutions at positions 3, 5 and 6 did not affect

the efficiency of elongation during the initiation mode,

leading to TP-(dNMR)as the longest product. The replic-

ation efficiencies observed under these limited conditions

(see Figure 4) correlate well with those of full-length

replication indicated in Table I. Therefore, it appears that - _ i il
the role of the template ITR is restricted to events occurring o - J‘{,‘.‘jﬁ?&,ﬂ;
ring the initiation m DNA polymerase. \ = = Ly v
during the initiation mode o§29 polymerase - = J’mﬁ}"ﬁ?:
= aa T _—\“"19.(umpu
In vitro accumulation of abortive replication e e
products WT Nep DIZA/ WT  ne2p DIZA DNA pal
The experiments described so far have been performed =~ " . - y"'lm
using ssDNA oligonucleotides as templates, whereas the . i R
natural@29 origins are TP-containing dsDNA molecules. . = R me  wenkdmRemot
We investigated whether transition from initiation to wg™ Mn® ractal sctivaloe
elongation would represent a limiting step in the complete Fig. 5. Accumulation of abortive replication produdts vitro
replication origins. As shown in Figure 5, durimg vitro Replication of TP-DNA using either wild-type, N62D or D12A/D66A

_replication_ 0f(p_29 TP-DNA, _abortive p_rOdUCtS correspond-  mutant DNA polymerases was carried out as indicated in Materials
ing to replication intermediates of different lengths could and methods, using either ¥ig or Mn®>* as metal activators. Samples

be detected in the presence of Mgr Mn?* as activating Wefde apag’sfdtbz highff?O'?tig”CSDS—IPtAlGE- Tlhe td“;fere'?t tfﬁ}”smon

H H HER _ products detected are Indicated. Completely replicatea molecules
mg:glstl-:‘c,)rrﬁalr\]/};h%g-gz\r}l% ;hned ?g?(é%&%e?gﬁetzg% d, remain at the interphase with the stacking gel.
although a faint band corresponding to TP-(dNK&juld
be also detected in the presence of2¥nlt should be displacement, the latter defect impeding the synthesis of
taken into account that the abortive replication products full-length @29 DNA molecules (Bernacet al, 1989;
could be degraded by the-&' exonuclease activity of Soengas al, 1992). During replication of natural TP-
the DNA polymerase, able to excise all the nucleotides DNA with both mutant DNA polymerases, it was possible
of the nascent chain with the exception of the one linked to detect the accumulation of replication products not seen
to the TP (Estebaet al, 1993). For a complete analysis with the wild-type enzyme. When Mg was used as
of the abortive replication products, DNA polymerases metal activator, both mutant DNA polymerases produced
devoid of exonuclease activity should be used in order to stops at TP-(dNMR)and TP-(dNMP, probably reflecting
analyse the precise length of the ‘stopped’ molecules. Two the molecules aborted during the transition from the
different exonuclease-deficient DNA polymerases were ‘initiation mode’ to the ‘elongation mode’ 0§29 DNA
used (Figure 5): N62D, essentially devoid of3 exo- replication. Two other stops corresponding to TP-(dNMP)
nuclease activity, but retaining the strand displacement and TP-(dNMP) were only obtained with mutant D12A/
ability (de Vegaet al, 1996); and D12A/D66A, a double D66A, that lacks strand displacement capacity (see
mutant that eliminates both-35' exonuclease and strand Figure 5). When MA" was used, a metal that gives an
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optimal activation of the initiation reaction but reduces the
efficiency of processive synthesis §89 DNA polymerase
(Estebaret al,, 1992), mutant N62D showed only a faint
band corresponding to TP-(dNM#P)as in the case of
the wild-type enzyme. Interestingly, mutant D12A/D66A

sliding back), and fourth template nucleotides, are import-
ant for the first translocation steps following TP-primed
initiation. The incorporation of new dNMPs to the nascent
chain while the primer TP and DNA polymerase are still
together will indeed introduce an increasing strain into

showed a large accumulation of products correspondingthe polymerization domain of the enzyme. According to

to TP-(dNMP)} to TP-(dNMP) and, therefore, a poor the model depicted in Figure 6, this strain probably reaches
proportion of molecules proceeding through the transition a maximum when 5-6 nucleotides have been incorporated
step (see Figure 5). In all cases, mutant and wild-type and induces some conformational change in the DNA
enzymes produced an extra abortive product correspondingpolymerase during incorporation of nucleotides 7-9. This

to TP-(dNMP)g. This stop, previously described during progressive change, detected as a difference in the sedi-
replication of TP-DNA with exonuclease-deficient mutant mentation of the corresponding protein—protein complexes,

polymerases (Estebaet al, 1994), occurs after the
transition event described herein.

Discussion

The process ofp29 TP-DNA replication is achieved by
the sequential usage of two modes of priming. For
initiation, 29 DNA polymerase forms a complex with a

free molecule of the TP and the resultant heterodimer

could progressively reduce the molecular strain and result
in the complete dissociation of the DNA polymerase from
the TP to start normal DNA elongation. These three
different steps could be referred to as the ‘initiation mode’,
‘transition’ and ‘elongation mode’ stages g9 DNA
polymerase (Figure 6). Since the three-dimensional struc-
turgp2® DNA polymerase, or of any other protein-
priming DNA polymerase, is unknown to date, the struc-
tural bases for a conformational change during the trans-

recognizes the origin of replication. The parental TP may ition step are unclear at present. However, protein-priming

contribute, by protein—protein interactions, to recruit the
heterodimer to the origin. After incorporation of the
initiating dAMP residue to the primer TP, the same DNA

polymerase starts elongation of the nascent DNA chain,

using as primer the '3hydroxyl group of the initiation
product, TP-dAMP. In this work, we have focused on the
transition between protein-primed initiation and DNA-
primed elongation. Initiation ofg29 DNA replication
occurs at the second Bucleotide of the template, perhaps
because the’3erminal nucleotide of the template DNA
is involved in some interaction with the primer TP
(mutation of the first nucleotide of the template resulted
in a decreased efficiency of initiation). The first nucleotide
is then recovered by a sliding-back of the initiation
product, TP-dAMP. Protein-primed initiation of DNA

DNA polymerases show several differences with respect
to other families of DNA polymerases: first, their structural
adaptation to use a protein as primer during initiation;
second, their intrinsic high processivity, suggesting that
during the DNA elongation mode some specific region of
the DNA polymerase may wrap around the double helix
and hold the enzyme on the DNA; and third, at least in
the case of DNA polymerases from phagg9 (Blanco
et al, 1989) and PRD1 (Caldentest al, 1992), strand
displacement ability coupled to DNA polymerization.
Taking into account all that, it seems quite possible that
@29 DNA polymerase undergoes a conformational change
during the transition from initiation to elongation. Other
approaches to assess directly the conformational change
of the DNA polymerase during the transition (i.e. protease

replication in other systems also occurs at an internal sensitivity, fluorometry, etc.) are technically difficult to

position, close to the DNA end: the second nucleotide in

B.subtilis phage GA-1 (lllanaet al, 1996), the third in
Streptococcus pneumonigghage Cp-1 (Mart et al,
1996) and the fourth irEscherichia coliphage PRD1
(Caldenteyet al, 1993) and also in human adenovirus

undertake due to the fact that two proteins are required
for the initiation step (TP and DNA polymerase), whereas
only one of them is involved in DNA elongation (DNA
polymerase).
There is an interesting parallelism between the mechan-

(King and Van der Vliet, 1994). In all these cases, different ism described here for protein-primed initiation and the
variations of the sliding-back mechanism ensure the main- common mechanism of initiating DNA synthesis by the
tenance of the DNA termini. sequential use of a primase and a DNA polymerase. In

We have presented evidence that neither initiation several of the primases studied so far, the length of the
nor sliding-back result in the dissociation of the DNA primer synthesized by the primase is precisely 10-11
polymerase—primer TP heterodimer. Since the first and nucleotides, and then the DNA polymerase starts elonga-
second dAMP residues are incorporated opposite to thetion (reviewed by Griep, 1995). We have shown, in a TP-
same position of the template, sliding-back has to occur independent reactio@2®hBNA polymerase requires
without translocation of the enzyme along the DNA. This a minimum length of 6 bp to catalyse polymerization
could be explained if residue Ser232 in the TP (donor of efficiently. This minimum length increases up to 10
the initial hydroxyl group) is located in a flexible domain nucleotides when the TP is presep?29 DNA polymerase,
that is retracted backwards during the sliding-back trans- while still complexed with the TP, is somehow acting as
location (site-directed mutagenesis in several residues ofa primase, prior to its highly processive mode of synthesis.
@29 TP is underway to assess this possibilitgd9 DNA On the other hand, at the beginning of transcription,
polymerase and TP separate only when a 10 nucleotidemonomeric and multimeric RNA polymerases go through
long DNA primer chain has been synthesized. After sliding an initial abortive phase in which transcripts are synthe-
back, however, every nucleotide addition will require a sized and released from the ternary complex before the
translocation of the enzyme along the template. Our polymerase enters fully processive transcription (Eick
mutational analysis suggests that the ITR sequente (3 et al, 1994). It has been shown that T7 monomeric RNA
TTTCAT), particularly the first and second (involved in polymerase undergoes a conformational change during the

2524



Transition between initiation and elongation

INITIATION TRANSITION ELONGATION
MODE MODE

Fig. 6. Model for the transition from initiation to elongation during protein-primed DNA replication. The area represented in blue corresggfds to
DNA polymerase, with binding clefts for both TP (indicated by an orange sphere) and DNA. The polymerization active site is indicated by a red
sphere. The conformational change corresponding to the transition stage from the initiation mode to the elongation mode is tentatively tBpresented
a dimensional change of both TP ag29 DNA polymerase. The different products synthesized®y DNA polymerase as the limits of each of

these stages are indicated at the bottom of the figure.

transition from the abortive to the processive phase, the communication between the polymerization and the

and the switch between both conformations is probably exonuclease domains g9 DNA polymerase (Truniger

mediated by an interaction between the nascent chain andet al,, 1996), may be also affected in transition (V.Truniger,

a polynucleotide-binding site located at least partly in the L.Blanco and M.Salas, in preparation). Regarding

N-terminal domain of the enzyme (Soust al, 1992). mutations at the N-terminal domain (containing theéb3

The length of synthesized RNA that triggers the transition exonuclease active site), those exonuclease-deficient DNA

from abortive to processive transcription is precisely nine polymerases that are also affected in strand displacement

nucleotides (Bonneet al, 1992). Despite the obvious are able to reach positions 6, 8 and 16, but a significant

differences between the processes of replication and tran- proportion of nascent molecules abort at positions 4

scription, the overall three-dimensional structure of T7 and 5, not progressing into the conformational change

RNA polymerase (Sousat al, 1992) is similar to that described here as the transition preceding the elongation

of the polymerization domain of DNA-dependent DNA mode. This suggests that a proper strand displacement

polymerases (see reviews by Joyce and Steitz, 1994, capacity may be required to facilitate transition, perhaps

Sousa, 1996), suggesting that the mechanistic problemsby the establishment of the initial interactions with the

associated withde novo nucleic acid synthesis could be nascent displaced strand. This could also be related to the

similar in the case of T7 RNA polymerase a@29 DNA fact that T7 RNA polymerase, when engaged in abortive

polymerase. transcription, protects the coding but not the non-coding
During the structure—function analysis g29 DNA strand from DNase | digestion, but when engaged in

polymerase, several mutations in conserved residues of processive transcription both strands are protected (Basu

the C-terminal domain (responsible for the synthetic and Maitra, 1986; Shet al, 1988).

activities) have been described that, while having little Using the na@2@lTP-DNA molecule, it has been

effect in initiation, impaired the normal progression to the demonstrated thag29 protein p6 stimulates both the

DNA elongation stage ofp29 DNA replication. This is initiation step and also the transition step from initiation

the case for mutations in residues Asn387, that is necessaryto elongation (Blancet al., 1986, 1988) catalysed by the

for DNA binding (Blascoet al, 1993), and Lys498 and wild-typg29 DNA polymerase. Interestingly, the pattern

Tyr500, required for efficient stabilization of the primer of the short elongation products obtained with the exo/

terminus at the polymerization active site (Blasstoal., strand displacement minus mutants @9 DNA poly-

1995). Very recent studies in our laboratory suggest that merase on the naturgl9 TP-DNA molecule is modified

several mutations in the ‘YXGG' motif, involved in by addition of protein p6 (Estebial, 1994). On the
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basis of the results described here, this change in patternn the same form, but in the presence ofisl dATP, 5 uM dGTP and

is interpreted as a difficulty in reaching positions 5 and
6, making the defective transition phenotype of those
mutants more drastic. Sing®9 protein p6 is a dsDNA-
binding protein that requires ~100 bp of the termipad
DNA sequences, a more detailed analysis of its role at
the transition stage cannot be assessed using single
stranded oligonucleotides as templates.

Protein-primed initiation seems to be a hazardous, error-
prone step during29 DNA replication. On one hand, the
insertion fidelity of@29 DNA polymerase during initiation
is much lower than the insertion fidelity during elongation
(Estebaret al, 1993). Although the sliding-back mechan-
ism could represent a non-exonucleolytic editing step
for initiation (Mendez et al, 1992), incorrect initiation
products can be elongated with a low discrimination rate
(Estebaret al, 1993). All these arguments predict a high
frequency of mutation at the origin region. Despite this
fact, the terminal sequence @29 DNA (3'-TTTCAT..)
is conserved, not only at botpp9 DNA ends, but also in
a family of phages related t@29. It is tempting to

UM ddTTP [for oligonucleotides oriR(12), oriR(12)T1C,
oriR(12)T2C, oriR(12)T3C and oriR(12)T6G]; |8V dATP, 5puM dCTP
and 100puM ddTTP [for oligonucleotide oriR(12)C4G]; fiM dATP,
5 uM dGTP and 10QuM ddCTP [for oligonucleotide oriR(12)A5G]; in
the case of oriR(12)T2CaE32P]dGTP was used instead @f-F2P]dATP.
Full replication of the template oligonucleotides was assayed by adding
20 uM of the four dNTPs. In all cases, after incubation for the indicated

time at 30°C, the reactions were stopped by adding EDTA to 10 mM.
Samples were filtered in Sephadex G-50 spin columns in the presence
of 0.1% SDS, and the excluded volume was analysed by SDS-PAGE
and autoradiography. Quantitation was done by densitometric analysis
of the autoradiograms.

Analysis of the interaction between TP and DNA

polymerase

In vitro reactions were performed as indicated above, but in 0t

the presence of plg of exonuclease-deficient D12A/D66429 DNA
polymerase (85 pmol), Fug of TP (160 pmol) and 1lug of the
corresponding template oligonucleotide (260 pmol). When indicated,
elongation was limited to the three first nucleotides by addingVb
dATP as the only nucleotide to the reaction. For complete replication,
20 puM of the four dNTPs was added. The different products of the
correspondingin vitro replication reactions were loaded in 15-30%
glycerol gradients (4 ml), in the presence of 50 mM Tris—HCI, pH 7.5,
20 mM ammonium sulfate, 0.2 M NaCl, 1 mM EDTA, 0.05 mg/ml BSA

speculate that all the specific molecular rearrangementSand 7 mm 2-mercaptoethanol. Loaded gradients were subjected to

occurring during transition from initiation to elongation
function as a replication checkpoint: only when the first
six nucleotides of the nascent DNA molecule have been
replicated faithfully can the DNA polymerase undergo the
structural change from the protein-priming to the DNA-
priming modes, and the nascent chain is elongated to
reach full-length DNA. This possibility would explain
both the strict conservation of tlg29 ITR and the abortive
products arising during the transition from initiation to
elongation. In this sense, it is worth noting tlg29 DNA
polymerase can be purified frogR9-infectedB.subtilis
cells complexed to short TP-(dNMP)roducts (J.M.
Lazaro and M.Salas, unpublished observations), sug-
gesting that transition is a limiting step also duringrivo

@29 DNA replication.

Materials and methods

Nucleotides, DNAs and proteins

[a-32P]dATP (400 Ci/mmol) and \E32P]ATP (5000 Ci/mmol) were
obtained from Amersham International plc. Unlabelled nucleotides were
from Pharmacia P-L Biochemicals. TP-DNA was obtained as described
(Peralva and Salas, 1982). oriR(12), oriR(29), oriR(48), oriL(10) and
oriL(12) are synthetic oligonucleotides with the sequence of the template
strand of@29 DNA right (R) or left (L) end. The number in parenthesis
indicates the length of the oligonucleotide. To identify oligonucleotides
with single variations from the wild-type sequence, a three-symbol code
is included in the name [e.g. oriR(12)T1C]; the first letter indicates the
original, wild-type nucleotide, the number marks its position from the
3’ end of the molecule and the second letter indicates the nucleotide
introduced. Oligonucleotide oriR(29)d corresponds to the displaced
strand of @29 DNA right origin of replication. T4 polynucleotide
kinase was obtained from New England Biolabs. Wild-type aheb'3
exonuclease-deficient (D12A/D66A; N62(29 DNA polymerases were
purified essentially as described @amo et al, 1995). @29 TP was
purified as described by Zaballes al. (1989).

In vitro protein-primed initiation (TP-dAMP formation),

limited elongation and full replication of oligonucleotides

The incubation mixture in a typical initiation assay contained, iruR5

50 mM Tris—HCI, pH 7.5, 1 mM MnGJ, 1 mM dithiothreitol (DTT),

4% glycerol, 0.1 mg/ml BSA, 0.26M [a-32P]dATP (2.5uCi), 0.2 ug

of the indicated oligonucleotide as template and the indicated amounts
of purified TP and exonuclease-deficient D12A/D66§29 DNA poly-
merase. The limited elongation experiment was carried out essentially
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ultracentrifugation in a Kontron rotor TST 60.4 (25 h at 58 000 r.p.m.)
or a Beckman rotor SW 65 (24 h at 62 000 r.p.m.) at 4°C. The gradients
were then fractionated and subjected to high resolution SDS—-PAGE
(360%280x0.5 mm).

Determination of the minimum DNA primer length required

for polymerization (degradation/repolymerization assay)

The incubation mixture contained, in 10, 50 mM Tris—HCI, pH 7.5,

10 mM MgChb or 1 mM MnCh, 1 mM DTT, 4% glycerol, 0.1 mg/ml
BSA, 0.15 ng of the DNA molecule [Habelled-oriR(29)d/oriR(48)]
and 20 ng of wild-typep29 DNA polymerase. Samples were incubated
for 10 min at 20°C. One sample was stopped by addition of EDTA to
10 mM, and the others were incubated for the indicated times at 30°C
after the addition of 1uM dNTPs to allow repolymerization. The
reactions were stopped by adding EDTA up to 10 mM. The products of
the exonuclease and the (exonucleaserepolymerization) reactions
were subjected to electrophoresis in 7 M urea—20% polyacrylamide gels.
After electrophoresis, the gels were autoradiographed.

TP-DNA replication

The incubation mixture contained, in 28, 50 mM Tris—HCI, pH 7.5,

10 mM MgCh or 1 mM MnCh, 20 mM ammonium sulfate, 1 mM DTT,

4% glycerol, 0.1 mg/ml BSA, 0.51g of TP-DNA, 20uM each dCTP,
dGTP, dTTP andd-32P]dATP (1uCi), 100 ng of purified TP and 200 ng

of the indicated DNA polymerase. After incubation for 15 min at 30°C,
the reactions were stopped by adding EDTA up to 10 mM and SDS up
to 0.1%, and the samples were filtered through Sephadex G-50 spin
columns in the presence of 0.1% SDS. The excluded volume was
subjected to electrophoresis in high-resolution SDS-12% polyacrylamide
gels. After electrophoresis, the gels were dried and autoradiographed.
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