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Chromosomal DNA replication requires one daughter
strand—the lagging strand—to be synthesised as a series
of discontinuous, RNA-primed Okazaki fragments, which
must subsequently be matured into a single covalent DNA
strand. Here, we describe the reconstitution of Okazaki
fragment maturation in vitro using proteins derived from
the archaeon Sulfolobus solfataricus. Six proteins are
necessary and sufficient for coupled DNA synthesis, RNA
primer removal and DNA ligation. PolB1, Fenl and Ligl
provide the required catalytic activities, with coordination
of their activities dependent upon the DNA sliding clamp,
proliferating cell nuclear antigen (PCNA). S. solfataricus
PCNA is a heterotrimer, with each subunit having a dis-
tinct specificity for binding PolB1, Fenl or Ligl. Our data
demonstrate that the most efficient coupling of activities
occurs when a single PCNA ring organises PolB1, Fenl and
Ligl into a complex.
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Introduction

All cellular organisms replicate the bulk of their DNA using
the replication fork mechanism. The two strands of the DNA
double helix are arranged in anti-parallel configuration and
yet all known DNA polymerases can only synthesise DNA
with 5'-3’ polarity. Consequently, while one daughter strand,
the leading strand, can be synthesised continuously, the
second daughter strand, the lagging strand, is synthesised
discontinuously in short RNA-primed molecules; the Okazaki
fragments. The RNA-containing primers of the Okazaki frag-
ments must be removed during the maturation of the lagging
strand and the fragments need to be ligated together to impart
covalent integrity to the nascent DNA. An extensive series of
biochemical reconstitution experiments have provided strong
evidence for a number of distinct pathways operating in
eukaryotic organisms to resolve discontinuous Okazaki frag-
ments (for review see Burgers, 2009; Beattie and Bell, 2011a).

The crenarchaeon Sulfolobus solfataricus has been shown
to possess a simplified complement of the eukaryotic DNA
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replication machinery, and thus serves as a model system for
analysis of replication proteins (Dionne et al, 2003a).
Consistent with a eukaryotic-like replication machinery,
archaeal Okazaki fragments are found in a distribution of
lengths centred around 100 nucleotides (nt), and possess a 5’
RNA primer of ~10nt, similar to eukaryotes (Matsunaga
et al, 2003). Interestingly, S. solfataricus only appears to
possess a subset of the eukaryotic Okazaki fragment matura-
tion factors; most notably DNA polymerase, the flap endo-
nuclease, Fenl, and an ATP-dependent DNA ligase, Ligl,
as well as a DNA sliding clamp orthologous to eukaryal
proliferating cell nuclear antigen (PCNA).

PCNA is a ring-shaped protein that encircles DNA and, via
protein-binding sites located on the outer surface of the ring,
functions as a molecular platform at the replication fork to
recruit numerous replication-associated enzymes (Vivona
and Kelman, 2003; Moldovan et al, 2007). The highly con-
served mode of interaction between almost all PCNA-binding
proteins and PCNA involves docking of hydrophobic and
aromatic residues from a short PCNA-interacting protein
(PIP) motif on the interacting protein into a hydrophobic
pocket formed largely by the interdomain connector loop of
each PCNA subunit.

Our previous work has revealed that S. solfataricus PCNA
is unusually composed of three distinct subunits (Dionne
et al, 2003b). The heterotrimeric PCNA has a precise order of
assembly—PCNA1 and PCNA2 form a heterodimer that then
recruits PCNA3—and thus has a defined stereochemistry.
These initial biochemical studies have been confirmed by a
number of X-ray crystallographic studies of heterotrimers and
subassemblies thereof (Doré et al, 2006; Pascal et al, 2006;
Williams et al, 2006; Hlinkova et al, 2008). Interestingly, the
distinct S. solfataricus PCNA subunits have preferred inter-
action partners. Most intriguingly with relevance to Okazaki
fragment maturation, PCNA1 specifically interacts with Fenl,
PCNA2 is bound by the replicative DNA polymerase PolB1,
and PCNA3 preferentially interacts with Ligl. Furthermore,
our previous work revealed that the PCNA heterotrimer can
act as a bridge between Fenl and PolB1 and/or Ligl (Dionne
et al, 2003b). However, the stoichiometry and functional
relevance of this potential coordination have not yet been
addressed. As with other sliding clamps, S. solfataricus PCNA
can also interact with a range of other proteins, and interac-
tions between the lesion-bypass polymerase Dpo4 and
PCNA1, between a type 4 uracil DNA glycosylase and
PCNA3, and between the DNA repair factor Xpf and PCNA1
and 3 have been reported (Roberts et al, 2003; Dionne and
Bell, 2005; Dionne et al, 2008).

In this study, we describe the in vitro reconstitution of
DNA synthesis-dependent RNA primer removal and subse-
quent DNA ligation in a coupled system that is highly
dependent on PCNA. A combination of mutational analyses
and the use of an alternate DNA polymerase provide support
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for a model in which a single PCNA ring acts as the assembly
platform for an Okazaki fragment maturation complex
composed of PolB1, Fenl and Ligl.

Results

All three subunits of S. solfataricus heterotrimeric PCNA
are expressed throughout S-phase

Previous biochemical and structural analyses have demon-
strated that the S. solfataricus PCNA subunits PCNA1, PCNA2
and PCNA3 assemble into a stable heterotrimer in vitro and
in vivo. Furthermore, all three PCNA genes are essential for
viability in the related archaeon Sulfolobus islandicus (Zhang
et al, 2010). We sought to confirm if this unique assembly
does indeed support DNA replication in S. solfataricus cells.
By adapting a cell-cycle synchronisation method previously
developed for Sulfolobus acidocaldarius (Duggin et al, 2008)
we synchronised S. solfataricus cells in the G1-phase of the
cell cycle and followed synchronous growth through S-phase
and into G2 (Figure 1A). Protein expression was analysed
during synchronous growth, and demonstrated that PCNA1,
PCNA2 and PCNA3 are all present throughout S-phase
(Figure 1B). We therefore conclude that S. solfataricus hetero-
trimeric PCNA does indeed facilitate DNA replication in this
organism. With reference to the loading control TATA-box
binding protein (TBP), we note that there does not appear to
be any significant cell-cycle modulation of PCNA protein
levels across the time course tested.

The replicative polymerase, PolB1, performs strand
displacement synthesis on a model lagging strand
substrate

In order to analyse the process of Okazaki fragment matura-
tion in vitro, we utilised a synthetic lagging strand substrate
consisting of a 100-nt template strand annealed to two
complementary strands mimicking Okazaki fragments: an
upstream strand with a free 3’ end available for DNA synth-
esis and a downstream strand primed by 13nt of RNA,
consistent with the known structure of archaeal Okazaki
fragments (Matsunaga et al, 2003). We then analysed the
activity on this substrate of six recombinantly purified candi-
date proteins from S. solfataricus; PolB1, Fenl, Ligl and
PCNA1, PCNA2 and PCNA3 (Figure 2A). We confirmed the
enzymes PolB1, Fenl and Ligl were catalytically active on
their respective optimal substrates (Supplementary Figure
S1). For simplicity, we utilised a fully functional version of
PCNA in which the three subunits are fused in a single
polypeptide (Dionne et al, 2008).

Bioinformatic and biochemical analysis suggests that
PolB1 is the only replicative polymerase in S. solfataricus
(Rogozin et al, 2008; Choi et al, 2011), and presumably
operates as the primary DNA polymerase on both the leading
and lagging strands. We therefore first measured the activity
of PolB1 on our lagging strand substrate in the presence of
dNTPs, separating reaction products on the basis of size by
denaturing gel electrophoresis (Figure 2B). As expected,
PolB1 catalyses DNA synthesis on the substrate, extending
the upstream Okazaki fragment across the region of unrepli-
cated template (lane 3). In the presence of PCNA, PolB1
activity is stimulated by 50% (as measured by full-length
DNA synthesis), further extending the primer into the region
occupied by the downstream Okazaki fragment (lane 4). The
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Figure 1 S. solfataricus heterotrimeric PCNA is expressed through-
out S-phase. (A) Cell-cycle synchronisation of S. solfataricus cells.
An asynchronous culture was applied to the ‘Baby machine’
apparatus, G1-phase cells were collected at time 0 and subsequently
grown synchronously at 75°C. The DNA content of cells was
analysed at the indicated time points by FACS; ‘1C” and ‘2C’ indicate
fluorescent signal corresponding to 1 or 2 copies of genomic DNA,
respectively. (B) Analysis of PCNA expression throughout the cell
cycle by western blotting. Samples were analysed at the indicated
time points during synchronous growth. TBP was analysed as a
loading control.

fact that this is not accompanied by any degradation of the
downstream fragment (lane 10) suggests that the mechanism
of strand displacement synthesis is operating, with the down-
stream strand excluded into a flap structure. This strand
displacement synthesis activity, while stimulated by associa-
tion with PCNA, is intrinsic to PolB1, and interestingly
appears to be more active on an RNA-primed Okazaki
fragment than a fragment composed entirely of DNA
(Figure 3). PolB1 therefore possesses the properties required
to displace unwanted RNA primers on the lagging strand in a
manner significantly stimulated by PCNA. To our knowledge
this is the first time such activity has been reported for
S. solfataricus PolB1.

PolIB1 coordinates with Fen1 in a PCNA-dependent
manner to excise RNA primers from Okazaki fragments
Strand displacement by PolB1 is predicted to give rise to a
downstream flap structure and we therefore investigated the
activity of the flap endonuclease, Fenl, on the lagging strand
substrate (Figure 2B). While the addition of Fenl and PCNA
alone has no effect (lanes 2 and 8), the addition of Fenl to
PolB1 and PCNA results in cleavage of the downstream
Okazaki fragment (lane 11), suggesting that flap structures
generated by PolB1 during strand displacement synthesis are
indeed a substrate for subsequent Fenl activity. Interestingly,
downstream cleavage by Fenl is accompanied by a further
15% increase in DNA synthesis of the upstream fragment
(lane 5). This suggests that following flap cleavage, PolB1
subsequently re-engages the upstream primer to initiate
further RNA primer displacement and excision, the activities
of PolB1 and Fenl becoming coupled to perform nick transla-
tion. Such activity is ideally suited to the requirement of
replacing initiating RNA with error-free DNA.

To further investigate the importance of PCNA to these
activities, we generated mutants to disrupt the interaction
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Figure 2 PCNA-dependent coupling of PolBl and Fenl activities in vitro. (A) Analysis of purified recombinant proteins by SDS-PAGE
visualised by Coomassie staining. Molecular weight markers are labelled on the left, sizes are in kDa. (B) Activity of purified PolB1, Fenl and
PCNA on an in vitro lagging strand substrate. A schematic of the substrate is illustrated on the left, with section sizes indicated in nucleotides
(for sequences of oligonucleotides see Supplementary Table S1). The jagged region of the substrate denotes a ribonucleotide primer. Reactions
contained 0.1 pmol PolB1, 0.1 pmol Fenl and 20 pmol PCNA. Reaction products were separated by denaturing PAGE. The sizes and migration of
notable DNA synthesis products are indicated. ‘PIP’ denotes the substitution of a Fenl mutated in the PIP motif that is defective in PCNA
binding (see Supplementary Figure S2). Substrates are also indicated below gels, with the radiolabelled strand indicated in red. Note that the
upstream strand was labelled on its 5’ end and the downstream strand on its 3’ end, indicated with asterisks. (C) Analysis of CPs generated by
WT and a PIP mutant version (PIP) of Fenl. Reactions were performed as in (B). Substrate is indicated below gel, labelling of the downstream
strand is indicated in red, asterisk indicates 5’ end labelling. PDE I indicates substrate digestion to completion by snake phosphodiesterase I to
indicate the migration of monoribonucleotides. Quantification of product abundance as a percentage of total DNA after subtraction of
background degradation (lane 2) is illustrated on the right. Values are mean +s.e.m. (n=3).

between PCNA and its binding partners, Fenl and Ligl. The coupled activities of PolB1 and Fenl resulted in a
Guided by previous studies (Gomes and Burgers, 2000; range of cleaved products, with up to 30 nt of the downstream
Dionne et al, 2003b; Pascal et al, 2006), we generated point Okazaki fragment removed. To distinguish if these were the
mutants in the aromatic residues of Fen1 and Ligl PIP motifs, result of multiple rounds of flap creation and cleavage or
which disrupted interaction with PCNA, while having no whether they represent single flap cleavage events with a
effect on the intrinsic catalytic activity of the proteins broad size distribution, we measured initial flap cleavage
(Supplementary Figure S2). Substitution of the Fenl PIP products (CPs) by labelling the downstream Okazaki frag-
mutant into the primer excision assay (Figure 2B, lanes 6 ment at the 5’ end and performing maturation assays as
and 12) resulted in a four-fold reduction in downstream flap before (Figure 2C). Most CPs are relatively short (<4nt), in
cleavage and eliminated enhanced polymerase activity, agreement with measurements on budding yeast proteins
demonstrating that the interaction of Fenl with PCNA is (Garg et al, 2004; Rossi and Bambara, 2006), suggesting
crucial to coupling its activity to that of PolB1, which in that the RNA primer excision observed is the result of multi-
turn is significantly stimulated by PCNA. ple cycles of coordinated PolBl1 and Fenl activity.
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Figure 3 Characterisation of PolB1 strand displacement activity.
(A) Comparison of PolBl activity on substrates possessing or
lacking a downstream Okazaki fragment. Reactions contained 0,
15, 30, 60, 120, 240 fmol PolB1, assays were performed as described
in Materials and methods with the exception that reactions con-
tained 50 mM KCIl and MnCl, was omitted. Reaction products were
separated by denaturing PAGE. Substrates are indicated below gels,
the radiolabelled strand is coloured red and the position of the label
is indicated with an asterisk. The jagged region of the substrate
denotes a 13-ribonucleotide primer. (B) Comparison of strand
displacement by PolB1 on substrates containing Okazaki fragments
possessing or lacking RNA primers. Experiments were performed as
in (A). The sizes and migration of notable DNA synthesis products
are indicated on the right.

Interestingly, when this analysis is performed in the presence
of the Fenl PIP mutant, together with the expected decrease
in the magnitude of flap cleavage, there is also an increase in
the peak flap cleavage length from 1-2nt to 2-3nt. This
supports a mechanistic basis for PCNA stimulation of Fenl
activity whereby colocalisation of PolB1 and Fenl1 facilitates
more rapid flap cleavage as it emerges from the strand
displacing polymerase.

It has previously been reported that the lagging strand
DNA polymerase in budding yeast, DNA polymerase 8, can
maintain its position at the nick between two Okazaki frag-
ment by undergoing a process termed ‘idling’; multiple cycles
of nucleotide addition and accompanying strand displace-
ment followed by exonuclease-mediated backtracking and
nucleotide removal. This process has been proposed to pre-
vent excessive strand displacement synthesis and maintain a
suitable nick structure for subsequent Okazaki fragment
ligation. Interestingly, using the same methodology as Garg
et al (2004), we observe a specific increase in nucleotide
turnover by PolB1 in the presence of a downstream Okazaki
fragment, suggesting that PolB1 is also able to undergo idling
at a nick, albeit at a highly reduced rate (almost three orders
of magnitude lower) relative to that observed with DNA
polymerase & (Supplementary Figure S3). Consistent with
the above analysis, this idling is reduced by 30% in the
presence of Fenl, demonstrating the tight coupling between
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PolB1 and Fenl as strand displaced RNA is cleaved by Fenl,
allowing PolB1 to continue further DNA synthesis rather than
backtracking.

Lig1 coordinates with PolB1 and Fen1 in a PCNA-
dependent manner to ligate processed Okazaki
fragments

Multiple rounds of strand displacement and RNA cleavage by
PolB1 and Fenl are predicted to generate a DNA nick. We
therefore investigated whether Ligl is active on the lagging
strand substrate (Figure 4A). Incubation of Ligl with the full
complement of proteins required for RNA primer excision
(PolB1, PCNA and Fenl, lane 4) results in the production of a
slower migrating larger DNA molecule which, under the
denaturing conditions of the electrophoresis, can only arise
through covalent joining of the labelled downstream Okazaki
fragment to the upstream Okazaki fragment (lane 5). Notably,
omission of Fenl eliminates not only RNA primer excision
but also ligation in the presence of Ligl (lane 3). Consistent
with previous measurements performed on other DNA li-
gases (Pascal et al, 2004), we confirmed that S. solfataricus
Ligl, while demonstrating robust DNA ligase activity, is
unable to ligate an RNA-containing nick intermediate,
which would arise as a result of PolB1 gap filling on our
lagging strand substrate (Figure 4B). This discrimination is
believed to act as a control mechanism to prevent incorpora-
tion of RNA into the nascent lagging strand. This conclusion
is further supported by the fact that in our reconstituted
system, only downstream fragments cleaved beyond the
13 nt of initiating RNA are converted to the ligated form
(Figure 4A, compare lanes 4 and 5). Thus, we observe fully
coupled Okazaki fragment processing in vitro with ligation
absolutely dependent on prior RNA removal, which in turn is
absolutely dependent on prior strand displacement synthesis.
This analysis therefore demonstrates that the catalytic activ-
ity of three proteins, PolB1, Fenl and Ligl are necessary and
sufficient for Okazaki fragment processing in this system
reconstituted from S. solfataricus.

Substitution of the Fenl PIP mutant into this reaction
results in reduced RNA primer excision, and thus a 5.5-fold
reduction in final ligation (Figure 4, lanes 7 and 8).
Furthermore, substitution of a Ligl PIP mutant either alone
(lane 6) or in combination with Fenl PIP (lane 9) completely
abolishes final ligation of Okazaki fragments. Thus, an inter-
action of all three essential enzymes—PolB1, Fenl and Ligl—
with PCNA is crucial to the efficiency of Okazaki fragment
maturation. We confirmed that a non-fused PCNA complex
assembled from PCNA1, PCNA2 and PCNA3 also supports
coordinated PolB1, Fenl and Ligl maturation activity and
thus our observations are not affected by using a fused
heterotrimeric PCNA (Supplementary Figure S4).

While several different pathways have been proposed to
mediate Okazaki fragment maturation in eukaryotic systems,
the central role of these three enzymes in S. solfataricus
appears to correlate with their orthologues constituting the
core pathway for maturation in eukaryotes (Ayyagari et al,
2003). Additional factors shown to regulate this process in
eukaryotes, such as the Dna2 helicase/endonuclease and the
Pifl helicase which are important in resolving large displaced
flaps (Rossi et al, 2008), appear to be absent from S. solfatar-
icus and indeed largely from archaea; a Dna2 orthologue for
example has only been identified in a single sequenced
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Figure 4 Completion of Okazaki fragment maturation in vitro by PolB1, Fenl and Ligl. (A) Activity of PolB1, Fenl, Ligl and PCNA on an in
vitro lagging strand substrate. Reactions contained 0.1 pmol PolB1, 0.1 pmol Fenl, 1 pmol Ligl and 20 pmol PCNA. Reaction products were
separated by denaturing PAGE. The migration of substrate (S), CPs and the ligation product (LP) are indicated. Substrate is indicated below gel,
with radiolabelled strand indicated in red and label position with a red asterisk. The jagged region of the substrate denotes a 13-ribonucleotide
primer. ‘PIP’ denotes the substitution of a Fenl and/or Ligl, which are mutated in the PIP motif and are defective in PCNA binding (see also
Supplementary Figure S2). (B) Substrate specificity of Ligl. Reactions contained 0, 0.625, 1.25, 2.5pmol Ligl. Reaction products were
separated by denaturing PAGE. Substrates (S) are indicated below gel, 5’ end labelling of the downstream strand is indicated in red and label
position with a red asterisk. The ligated product is labelled (P). (C) Activity of purified PolB1, Fenl and PCNA on an in vitro lagging strand
substrate lacking a downstream RNA primer. Reactions contained 0.1 pmol PolB1, 0.1 pmol Fenl and 20 pmol PCNA. Reaction products were
separated by denaturing PAGE. The sizes and migration of notable DNA synthesis products are indicated on the right. ‘PIP’ denotes the
substitution of a Fenl mutant defective in PCNA binding. Substrates are indicated below gels, with radiolabelled strand indicated in red and

label position with a red asterisk.

archaeal genome to date (Higashibata et al, 2003). Such
additional factors may therefore have evolved after the
divergence of archaea and eukaryotes to function redun-
dantly with the core DNA polymerase-Fenl-Ligl pathway.
Type 2 RNaseH enzymes have also been implicated in RNA
removal during Okazaki fragment maturation and further-
more have been shown to interact with PCNA similarly to the
core factors in mammalian cells and archaea (Qiu et al, 1999;
Meslet-Cladiére et al, 2007; Chon et al, 2009; Bubeck et al,
2011). S. solfataricus possesses a predicted RNaseH2 gene but
we were unable to produce soluble recombinant protein to
analyse in our reconstituted system. However, we note that
PolB1, PCNA and Fenl can remove the 5" end of RNA-primed
Okazaki fragments equivalently to Okazaki fragments con-
sisting only of DNA (Figure 4C, compare with Figure 2B),
arguing against an essential requirement for RNaseH2, or
indeed any other additional factors, in facilitating RNA re-
moval from Okazaki fragments. Furthermore, genetic studies
in the euryarchaeal species Haloferax volcanii have proposed
the dominant role of RNaseH2 to be in resolution of aberrant
structures arising from DNA damage rather than during
Okazaki fragment maturation (Meslet-Cladiére et al, 2007)

VOL 31 | NO 6 | 2012

and consistent with this, biochemical studies of
Archaeoglobus fulgidus RNaseH2 demonstrate robust activity
in removing single ribonucleotides embedded in DNA
duplexes (Bubeck et al, 2011).

SSB binds to a lagging strand template but does

not significantly affect Okazaki fragment maturation

In vivo, single-stranded DNA is bound by single-stranded
binding proteins, which provide protection from DNA da-
mage and resolve potential secondary structures. In S. solfa-
taricus, this function is performed by the single-strand
binding protein, SSB (Wadsworth and White, 2001;
Haseltine and Kowalczykowski, 2002). We therefore wanted
to determine if SSB has an influence on lagging strand
replication, where Okazaki fragments are separated by sin-
gle-stranded DNA. We purified recombinant SSB (Figure SA),
and first determined if it was able to bind to the lagging
strand substrate under the same reaction conditions used to
measure Okazaki fragment maturation (Figure 5B). By elec-
trophoretic mobility shift assay, SSB was demonstrated to
bind to the substrate across a range of concentrations; the
binding pattern observed is broadly consistent with previous

©2012 European Molecular Biology Organization
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Figure 5 Effect of SSB on Okazaki fragment maturation in vitro. (A) Analysis of purified SSB by SDS-PAGE visualised by Coomassie staining.
Molecular weight markers are labelled on the left, sizes are in kDa (B) SSB binding to a lagging strand substrate. Substrate, indicated below the
gel, was incubated with 0, 0.14, 5.6, 22.3, 89.1, 356, 1425, 5700 fmol of SSB and protein-DNA complexes separated by native gel
electrophoresis. Radiolabelling of the upstream strand is indicated in red and label position with a red asterisk. (C) Effect of SSB on
Okazaki fragment maturation. Reactions contained 0.1 pmol PolB1, 0.1 pmol Fenl, 1 pmol Ligl, 20 pmol PCNA, and 0, 0.14, 5.6, 22.3, 89.1,
356 fmol of SSB. Reaction products were separated by denaturing PAGE. Substrate is indicated below gel, 3’ end labelling (asterisk) of the

downstream strand is indicated in red.

estimates of a dissociation constant in the low nanomolar
range (Wadsworth and White, 2001). At lower concentra-
tions, a discrete band is observed, presumably representing
coating of the entire 12 nt region of single-stranded DNA by
2-3 molecules of SSB binding non-cooperatively (Wadsworth
and White, 2001; Haseltine and Kowalczykowski, 2002).
However, at higher concentrations, more heterogeneous pro-
tein-DNA complexes are observed, suggesting that SSB ex-
tends its single-stranded binding footprint and melts duplex
DNA, as has been observed previously (Cubeddu and White,
2005; Marsh et al, 2006). Indeed at the highest concentrations
of SSB, a decrease in the size of protein-DNA complexes
relative to the starting substrate is observed, indicating
complete SSB-mediated dissociation of the labelled Okazaki
fragment from the template.

We next tested whether SSB has an effect on full matura-
tion by PolB1, Fenl, Ligl and PCNA across the range of
concentrations at which we see substrate binding but not full
melting (Figure 5C). Addition of SSB has a very modest
inhibitory effect on processing (two-fold reduction in liga-
tion), suggesting minimal effect on the enzymes responsible
for maturation. Because our substrate is designed to study the
final stages of Okazaki fragment maturation only, the amount
of single-stranded DNA present is relatively small compared
with that expected in vivo, where synthesis of Okazaki
fragments will lag behind template production by the repli-
cative helicase, MCM. We therefore speculate that SSB may
have a greater role in lagging strand replication involving
larger regions of single-stranded DNA where resolution of
secondary structure may be important in facilitating progress

©2012 European Molecular Biology Organization

of the replication machinery. Indeed, consistent with this, a
recent study has shown a stimulatory effect of SSB on PolB1
when replicating longer stretches of single-stranded template
(Choi et al, 2011). Given the negligible effect of SSB under
our assay conditions, it was omitted from all subsequent
experiments.

Okazaki fragment maturation is most efficient when
PolIB1, Fen1 and Lig1 are coordinated around a single
PCNA molecule

We wanted to determine whether the importance of PCNA
binding for PolB1, Fenl and Ligl in Okazaki fragment ma-
turation is due to coordination of all three enzymes around a
single heterotrimeric PCNA ring. To address this, we tested
the effect of separating the PolB1, Fenl and Ligl binding sites
across different PCNA rings. We utilised our fused PCNA
heterotrimer to generate mutant rings in which one of the
three enzyme binding sites is disrupted at a time. By using the
fused heterotrimer, we eliminate the possibility of subunit
exchange to generate a fully wild-type (WT) heterotrimer
when different mutants are mixed. A conserved alanine
residue lining the hydrophobic binding site of each PCNA
was replaced with a glutamic acid to sterically and electro-
statically exclude PIP motif binding (Figure 6A). These
mutants were validated by comparing their ability to stimu-
late PolB1, Fenl or Ligl individually on their respective
optimal model substrates (Figure 6B). Each PCNA mutant is
defective in stimulating the intended enzyme activity
(AP1 =Fenl, AP2 =PolB1, AP3 =Ligl) but retains its ability
to stimulate the remaining two enzymes, eliminating the
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Figure 6 Separating binding of PolB1, Fenl and Ligl across multiple PCNA rings impairs coupled activity. (A) Structural basis of PCNA
mutagenesis. Upper panel shows cartoon representation of PCNA1 (yellow) in complex with the PIP peptide motif of Fenl (red). Lower panel
shows electrostatic surface view of the same PCNA1 molecule highlighting the boxed hydrophobic binding pocket. The Fenl PIP motif is
omitted for clarity. The magnified section models a mutation of Alanine 246 to glutamate, rendered in space-filling mode. Images were
generated in PyMOL (http://www.pymol.org) from PDB file 21Z0. (B) Effect of PCNA mutants on stimulating the activities of PolB1, Fenl and
Ligl on optimal model substrates in vitro. Substrates and products for each reaction are indicated on the left, with radiolabelled strands
indicated in red and label position by a red asterisk. “WT’ PCNA is a covalent fusion of PCNA1, PCNA2 and PCNA3. ‘AP1’ possess an A246E
mutation in the PCNA1 subunit of the fusion. ‘AP2’ possesses an A242E mutation in the PCNA2 subunit of the fusion. ‘AP3’ possesses an A241E
mutation in the PCNA3 subunit of the fusion. In all, 30 fmol PolB1/65 fmol Fen1/10 pmol Ligl were incubated with 0, 0.77 and 7.7 pmol of each
PCNA protein and reaction products were separated by denaturing PAGE (C) Effect of PCNA mutants on Okazaki fragment maturation.
Reactions contained 0.1 pmol PolB1, 0.1 pmol Fenl, 1 pmol Ligl and 20 pmol PCNA. Reaction products were separated by denaturing PAGE.
The substrate is indicated below the gel, with radiolabelled strand indicated in red and label position with a red asterisk. Quantification of the
upper ligated band—a measure of completed Okazaki fragment maturation—is shown on the right. Values are mean +s.e.m. (n=3).

possibility that the mutants have disrupted neighbouring The mutant PCNAs were then substituted into the Okazaki
binding sites or the overall ring architecture of the protein. fragment maturation assay and the amount of fully processed
This requirement restricted us to using relatively subtle Okazaki fragments quantified (Figure 6C). Substitution of
mutations and therefore the impact of the mutated binding each mutant into the system individually results in a signifi-
site is relatively small. For example, mutation of the PIP motif cant reduction in activity compared with WT PCNA, consis-
in Ligl completely abrogates PCNA-stimulated activity tent with the preceding analysis in which an interaction of
(Figure 4A), in contrast to the 4.5-fold reduction in Ligl PolB1, Fenl and Ligl with their respective PCNA-binding
stimulation exerted by the AP3 mutant in PCNA. The effects sites is essential to the efficiency of maturation. Indeed, in
of these PCNA mutations are nonetheless significant and the absence of PCNA, processing activity is undetectable.
reproducible. Crucially, when a mix of all three mutants is substituted into
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Figure 7 Preventing DNA polymerase and Fenl from simultaneously binding the same PCNA ring impairs coupled activity. (A) Analysis of
purified Dpo4 by SDS-PAGE visualised by Coomassie staining. Molecular weight markers are labelled on the left, sizes are in kDa (B) Activity
of purified Dpo4, Fenl and PCNA on an in vitro lagging strand substrate. Reactions contained 50 fmol Dpo4, 0.1 pmol Fenl and 20 pmol PCNA.
Reaction products were separated by denaturing PAGE. The sizes and migration of notable DNA synthesis products are indicated. Substrates are
indicated below gels, with radiolabelled strand indicated in red and label position with a red asterisk. The jagged region of the substrate
denotes a 13-ribonucleotide primer. ‘PIP’ denotes the substitution of a Fenl mutated in the PIP motif that is defective in PCNA binding (see also

Supplementary Figure S2).

the system, such that the molarity of PCNA1, PCNA2 and
PCNA3 binding sites is equal to WT but all three sites are
never on the same PCNA molecule, processing activity is not
restored to WT levels, rather the maximal activity we observe
is the same as the activity of the least impaired mutant PCNA
ring (AP3). This indicates a requirement for the three distinct
enzymes PolB1, Fenl and Ligl to be coordinated around a
single PCNA molecule for maximum efficiency of processing.

Efficient coordination of DNA polymerase and Fen1
activities requires simultaneous access to PCNA

We subsequently wanted to determine whether coordination
around a single PCNA is a dynamic process, involving
sequential access of PolB1, Fenl and Ligl to their respective
binding sites, or whether this coordination involves simulta-
neous binding of the three enzymes to PCNA. To address this
question, we analysed the effect on RNA primer excision of
forcing the required enzymatic activities to alternate in their
access to PCNA. To achieve this, we used as a tool the
S. solfataricus translesion DNA polymerase Dpo4, which
interacts with the same PCNA1l binding site as Fenl
(Dionne et al, 2008; Xing et al, 2009). Dpo4 was purified
(Figure 7A) and substituted into the maturation assay
(Figure 7B). Dpo4 possesses similar catalytic activity to
PolB1 on our lagging strand substrate, performing PCNA-
stimulated strand displacement synthesis (lanes 2 and 3).
Consistent with its known lack of 3'-5" exonuclease activity,
Dpo4 is unable to undergo any significant idling at a nick
(Supplementary Figure S3) and therefore potentially under-
goes strand displacement by utilising a different mechanism.
However, because idling activity even by PolB1 is very low,
together with the very similar pattern of strand displacement
observed for both enzymes (compare Figure 2B, lane 4 with
Figure 7B, lane 3), we suggest that both enzymes generate the
same displaced RNA flap structure under these experimental
conditions. However, addition of Fenl to Dpo4 fails to result
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in the coordinated enzyme activity observed with PolB1;
downstream fragment cleavage is minimal (lane 9, compare
with Figure 2, lane 11) while strand displacement by Dpo4 is
actually decreased rather than increased in the presence of
Fenl (lane 4, compare with Figure 2, lane 5). Dpo4 does still
exhibit some PCNA-stimulated strand displacement in the
presence of Fenl, demonstrating that Dpo4 access to PCNA is
decreased rather than totally blocked. Similarly, elimination
of Dpo4 disruption by substituting the Fen1 PIP mutant (lanes
5 and 10) confirms that WT Fen1 also is still gaining access to
PCNA. Therefore, despite Dpo4 and Fenl both being able to
access their shared binding site on PCNA and possessing the
appropriate catalytic activities, alternating access to PCNA is
not sufficient for effective coupling of their activities. We note
that this antagonism between Dpo4 and Fenl may provide a
mechanism to minimise the length of DNA synthesised by
this error-prone polymerase in vivo.

Discussion

In this report, we describe the in vitro reconstitution of
coupled processing of discontinuous RNA-primed Okazaki
fragments into a single continuous daughter strand, with
proteins derived from the crenarchaeon S. solfataricus. In
conjunction with our previous demonstration that PCNA can
act as a bridge between Fenl and PolB1 and/or Ligl (Dionne
et al, 2003b), our current data support a model whereby the
essential enzymes PolB1, Fenl and Ligl are coordinated
around a single PCNA ring, with simultaneous binding to
this ring supporting the most efficient coupling of their
interdependent activities. Such coordination tightly couples
PolB1-mediated flap creation to Fenl-mediated flap cleavage.
Furthermore, colocalisation of Ligl allows it to interrogate
CPs generated by Fenl, enabling it to ligate Okazaki frag-
ments as soon as initiating RNA is fully removed; thus
providing a mechanism by which covalent integrity of the
genome is efficiently maintained (Figure 8).
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A B

Figure 8 Schematic illustration of Okazaki fragment maturation in S. solfataricus. DNA is illustrated by black lines, RNA primer is illustrated
by the jagged region. (A) PolB1 (blue), Fenl (yellow) and Lig (red) bind to their specific PCNA1l, PCNA2 or PCNA3 binding sites on
heterotrimeric PCNA (blue, yellow and red, respectively). PolB1 engages the template to perform DNA synthesis while Fenl and Ligl are
carried by PCNA. (B) Upon encountering a downstream Okazaki fragment, PolB1 initiates strand displacement synthesis, displacing
downstream RNA into a flap structure. (C) Fenl engages the generated flap and cleaves it, producing a nick. Multiple rounds of PCNA-
coordinated PolB1 and Fenl coupled activity enables complete removal of RNA primers. (D) Ligl interrogates nick structures emerging from
Fenl, and, following RNA removal, encircles the DNA nick and catalyses Okazaki fragment ligation. (E) Efficient coupling of PolB1, Fenl and
Ligl activities mediated by PCNA ensures covalent integrity for nascent lagging strands. Adapted from Beattie and Bell (2011b).

An increasing body of structural evidence has revealed
how multiple proteins can be coordinated around a single
PCNA. Crystallographic studies have directly visualised three
molecules of human Fenl bound to PCNA (Sakurai et al,
2005), and three molecules of A. fulgidus RNase H2 bound to
PCNA (Bubeck et al, 2011). A key finding of these structural
studies, together with others investigating single protein-
sliding clamp interactions (Bunting et al, 2003; Nishida
et al, 2009; Xing et al, 2009; Mayanagi et al, 2011), is the
ability of many proteins to adopt different conformations
when bound to PCNA, often mediated by a flexible linker
located between the anchoring PIP motif and the core of the
protein. Such conformational flexibility between apparent
‘carrier’ and ‘active’ states may provide a mechanism for
ensuring accommodation of multiple different enzymes
around a single PCNA, while preventing competitive access
to DNA substrates. One of the most striking examples of such
conformational switching is that of DNA ligase I, which in its
active DNA-bound form has been shown to encircle DNA in a
conformation which would presumably prevent access of
other PCNA-bound factors to DNA (Pascal et al, 2004;
Mayanagi et al, 2009). However, in the absence of DNA,
S. solfataricus Ligl adopts an elongated form radiating from
PCNA (Pascal et al, 2006), thus providing an elegant explana-
tion for how this particular protein may be ‘carried’ by PCNA
without interfering with the action of PolB1 and Fen1 until an
appropriate nick substrate arises.

The heterotrimeric PCNA of crenarchaea has provided us
with a unique opportunity to investigate the architectural
basis of multi-enzyme coordination during lagging strand
DNA replication. The orthologous factors to PolB1, Fenl
and Ligl all interact with eukaryotic homotrimeric PCNA,
and it is possible they may adopt the same higher order
arrangement. Indeed, biochemical analysis supports the si-
multaneous binding of two different proteins to the homo-
trimeric human PCNA (Doré et al, 2009), and furthermore,
biophysical analysis has demonstrated simultaneous binding
of distinct proteins to the homodimeric Escherichia coli 3
clamp (Indiani et al, 2005) and the homotrimeric euryarch-
aeal PCNA (Kiyonari et al, 2009). It is unclear, however, what
might drive the formation of productive complexes of en-
zymes when the binding sites provided by the sliding clamp
are identical. It is possible that crenarchaea, in which a
relatively small number of PCNA-interacting proteins have
been identified to date, may have evolved distinct PCNA
subunits as the simplest mechanism to drive the formation
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of complexes composed of different enzymes. Eukaryotic
PCNA, however, with a vast number of interacting proteins,
may have evolved more regulated mechanisms to determine
which proteins may bind PCNA in which combination at
different times; in this respect, it is interesting that a number
of post-translational modifications have been identified on
both PCNA and PCNA-binding proteins that can modulate the
interaction between the two (Henneke et al, 2003; Moldovan
et al, 2007; Guo et al, 2010). It is worth noting that, as
discussed, S. solfataricus PCNA has been shown to interact
with additional factors outside of those involved in lagging
strand DNA replication investigated here (see Introduction),
and thus as with homo-oligomeric sliding clamps, there are
presumably mechanisms that ensure the appropriate enzyme
binds to each site at the correct time. Key questions for the
future will therefore be whether DNA-sliding clamps can
assemble other multi-enzyme complexes outside of lagging
strand replication, such as during DNA repair, and how
appropriate sets of enzymes are bound at the correct time.

Materials and methods

Constructs

SsPCNA1-2-3, SsPCNA1, SsPCNA2, SsPCNA3, SsPolBl, SsFenl,
SsLigl, SsDpo4 and SsSSB expression constructs were generated
previously (Boudsocq et al, 2001; Wadsworth and White, 2001;
Dionne et al, 2003b, 2008). All mutations were introduced into the
above constructs by single oligonucleotides using a modified
QuikChange protocol (Stratagene).

Cell-cycle synchronisation

S. solfataricus P2 cells were synchronised as described previously
(Duggin et al, 2008), except cells were grown in media lacking
tryptone and G1 cells were collected after 5h. At each indicated
time point, 400l of cells were withdrawn for FACS analysis,
performed as described previously (Duggin et al, 2011), and 1.5 ml
of cells were analysed by western blotting with PCNA1, PCNA2,
PCNA3 or TBP antisera (Dionne et al, 2003b; Duggin et al, 2008).

Protein purification

All proteins were overexpressed in E. coli Rosetta (DE3) pLysS
(Novagen). Cells were grown to Aggo=0.4-0.6 before induction
with 1mM IPTG for 3h at 37°C. Cells were harvested by
centrifugation at 4000 r.p.m. for 15 min.

Ligl and Ligl PIP mutant were purified identically. Cells were
ground in liquid nitrogen, resuspended in 20 mM Tris pH 8, 300 mM
NaCl and complete EDTA-free protease inhibitors (Roche) and
incubated for 25 min at 75°C before centrifugation at 17000 r.p.m.
for 30 min. The supernatant was loaded onto 2 ml Ni-NTA agarose
resin (Qiagen) and eluted with 500 mM imidazole. Eluted fractions
were loaded onto a HiLoad Superdex 200 gel-filtration column
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(GE Healthcare) pre-equilibrated in 10 mM Tris pH 8, 150 mM NacCl,
14mM B-mercaptoethanol. Protein containing fractions were
diluted two-fold in 10mM Tris pH 8, 14 mM B-mercaptoethanol,
loaded onto a MonoQ column (GE Healthcare) pre-equilibrated in
10mM Tris pH 8, 75mM NaCl, 14mM f-mercaptoethanol, and
eluted over a 15-ml linear gradient of 75-1000 mM NaCl. Protein
containing fractions were pooled and stored at —80°C.

All PCNA1-2-3 variants were purified identically. Cells were
resuspended in 20mM Tris pH 8, 300mM NaCl and protease
inhibitors. Extract was lysed by French press at 20000 psi before
centrifugation at 17000r.p.m. for 30 min. Supernatant was heated
to 75°C for 25 min before further centrifugation. The supernatant
was purified by passage through Ni-NTA agarose, and eluted
fractions were loaded onto a HiLoad Superdex 200 gel-filtration
column pre-equilibrated in 20 mM Tris pH 8, 300 mM NacCl. Protein
containing fractions were pooled and stored at —80°C.

Non-covalent heterotrimeric PCNA was prepared from individual
PCNA subunits as described previously (Pascal et al, 2006) taking
advantage of the resistance of the assembled heterotrimer but not
individual PCNA1 and PCNA3 components to heat treatment at
85°C for 25 min.

Fenl and Fenl PIP mutant were purified broadly as described
previously (Hutton et al, 2008). Extracts were lysed by French
Press, clarified by centrifugation before incubation for 15min at
75°C and further centrifugation. The supernatant was purified by
passage through a HiTrap Heparin column (GE Healthcare) and a
HiLoad Superdex 75 gel-filtration column (GE Healthcare). Protein
containing fractions were pooled and stored at —80°C.

Cells expressing PolB1 were resuspended in buffer A (10 mM
HEPES pH 7.5, 100 mM NaCl, 1 mM DTT) with protease inhibitors,
lysed by French press and centrifuged. Supernatant was incubated
for 20 min at 65°C before further centrifugation. The supernatant
was loaded onto a HiTrap Heparin column pre-equilibrated in buffer
A, and eluted over a 75-ml linear gradient of 100-1000 mM NaCl.
Protein containing fractions were loaded onto a HiLoad Superdex
200 column pre-equilibrated in 10 mM HEPES pH 7.5, 500 mM NacCl,
1mM DTT. Protein containing fractions were diluted five-fold in
10 mM HEPES pH 7.5, 1 mM DTT, loaded onto a MonoS column (GE
Healthcare) pre-equilibrated in buffer A and eluted over a 15-ml
linear gradient of 100-1000 mM NaCl. Protein containing fractions
were pooled and stored at —80°C.

Cells expressing Dpo4 were resuspended in buffer A (10 mM Tris
pH 8, 150 mM NaCl, 1 mM DTT) with protease inhibitors, lysed by
French press and centrifuged. Supernatant was incubated at 75°C
for 25min before further centrifugation. Supernatant was loaded
onto a HiTrap Heparin column pre-equilibrated in buffer A and
eluted over a 75-ml linear gradient of 150-1000 mM NaCl. Protein
containing fractions were loaded onto a HiLoad Superdex 200
column pre-equilibrated in 10mM HEPES pH 7.5, 150 mM NacCl,
1mM DTT. Protein containing fractions were pooled and stored at
—80°C.

SSB was purified exactly as described previously (Wadsworth
and White, 2001).

Substrate preparation

Oligonucleotides were synthesised by Eurogentec (Supplementary
Table S1). Oligonucleotides were either 5 end labelled with 3*P-y-
ATP (Perkin-Elmer) using T4 polynucleotide kinase (NEB) or 3’ end
labelled with **P-a-cordycepin (Perkin-Elmer) using Terminal
Transferase (NEB) as indicated. Labelled oligonucleotides were
annealed to two-fold excess Template and four-fold excess
secondary oligonucleotide (if present) by incubating at 95°C for
10 min before gradual cooling to room temperature. Lagging strand
substrates were generated by annealing Template to Upstream and
Downstream_RNA or Downstream_DNA. Fenl substrate was
generated by annealing Template to Upstream_Int and Down-
stream_flap. Ligl substrate was generated by annealing Nick 1 to
two-fold excess Nick2. Unincorporated nucleotide was removed by
passing through a MicroSpin G-25 column (GE Healthcare) before
storage at -20°C. RNase inhibitor (NEB) was included when
generating RNA-containing substrates.

Electrophoretic mobility shift assay

Reaction mixtures (20pul) containing 0.1pmol *2P-labelled sub-
strate, and the indicated amount of SSB were incubated for 15 min
at 50°C in 50mM Tris pH 7.5, 100 mM KCl, 10 mM MgCl,, 100 uM
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dNTPs, 4mM MnCl,, 1 mM ATP, 100 pg/ml BSA, 10mM DTT, 5%
glycerol. Protein-DNA complexes were resolved by electrophoresis
through a 6% polyacrylamide, 0.5 x TBE gel run at 175V. The gel
was dried and visualised by autoradiography.

DNA polymerase assays

Reaction mixtures (20pl) contained 50mM Tris pH 7.5, 100 mM
KCl, 10 mM MgCl,, 100 uM dNTPs, 4 mM MnCl,, 1 mM ATP, 100 pg/
ml BSA, 10mM DTT, 0.1pmol 3?P-labelled substrate, and the
indicated amounts of PolB1 and PCNA. Reactions were incubated at
50°C for 15min before being quenched by the addition of 20 ul
loading dye (8 M urea, 1 x TBE, 0.05% Bromophenol Blue) and
incubated for 5min at 99°C. Reaction products were resolved by
electrophoresis through a 12% polyacrylamide, 8 M urea, 1 x TBE
gel. Gels were dried and visualised by autoradiography.

Flap cleavage assays

Reaction mixtures (20 pl) contained 70 mM Tris pH 7.6, 50 mM KCl,
10mM MgCl,, 100 pug/ml BSA, 5mM DTT, 0.1 pmol **P-labelled
substrate, and the indicated amounts of Fenl and PCNA. Reactions
were incubated at 50°C for 15min before being quenched by the
addition of 20pl loading dye (8M urea, 1x TBE, 0.05%
Bromophenol Blue) and incubated for 5Smin at 99°C. Reaction
products were resolved by electrophoresis through a 12% poly-
acrylamide, 8 M urea, 1 x TBE gel. Gels were dried and visualised
by autoradiography.

DNA ligation assays

Reaction mixtures (20 ul) contained 50 mM Tris pH 7.5, 50 mM KCl,
10mM MgCl,, 1mM ATP, 100 ug/ml BSA, 10mM DTT, 0.1 pmol
32pJabelled substrate and indicated amounts of Ligl and PCNA.
Reactions were incubated at 50°C for 15 min before being quenched
by the addition of 20 pl loading dye (8 M urea, 1 x TBE, 0.05%
Bromophenol Blue) and incubated for 5min at 99°C. For PCNA-
independent assays, reactions were performed in 50mM Tris pH
7.5, 10mM MgCl,, 1mM ATP, 10mM DTT, and reactions were
incubated for 30 min at 70°C. Reaction products were resolved by
electrophoresis through a 12% polyacrylamide, 8 M urea, 1 x TBE
gel. Gels were dried and visualised by autoradiography.

Maturation assays

Reaction mixtures (20ul) contained 50 mM Tris pH 7.5, 100 mM
KCl, 10 mM MgCl,, 100 pM dNTPs, 4 mM MnCl,, 1 mM ATP, 100 pg/
ml BSA, 10mM DTT, 0.1 pmol **P-labelled substrate, 0.1 pmol PolB1
(or 50 fmol Dpo4), 0.1 pmol Fenl, 1 pmol Ligl and 20 pmol PCNA as
appropriate. Reactions were incubated at 50°C for 15min before
being quenched by the addition of 20ul loading dye (95%
formamide, 5mM EDTA, 0.05% Bromophenol Blue) and incubated
for Smin at 99°C. Reaction products were resolved by electrophor-
esis through a 12% polyacrylamide, 8 M urea, 1 x TBE gel. Gels
were dried and visualised by autoradiography.

To analyse flap cleavage size, reaction products were separated
on a 20% polyacrylamide, 8 M urea, 1 x TBE gel and visualised by
autoradiography. For reference, 0.1pmol >?P-labelled Down-
stream_RNA oligonucleotide was digested with 10 ug Phosphodies-
terase 1 (Sigma) for Smin at 37°C in reaction buffer before
quenching.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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