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Abstract
Lagging strand DNA replication requires the concerted actions of DNA polymerase δ, Fen1 and
DNA ligase I for the removal of the RNA/DNA primers before ligation of Okazaki fragments. To
better understand this process in human cells, we have reconstituted Okazaki fragment processing
by the short flap pathway in vitro with purified human proteins and oligonucleotide substrates. We
systematically characterized the key events in Okazaki fragment processing: the strand
displacement, Pol δ/Fen1 combined reactions for removal of the RNA/DNA primer, and the
complete reaction with DNA ligase I. Two forms of human DNA polymerase δ were studied: Pol
δ4 and Pol δ3, which represent the heterotetramer and the heterotrimer lacking the p12 subunit,
respectively. Pol δ3 exhibits very limited strand displacement activity in contrast to Pol δ4, and
stalls on encounter with a 5’-blocking oligonucleotide. Pol δ4 and Pol δ3 exhibit different
characteristics in the Pol δ/Fen1 reactions. While Pol δ3 produces predominantly 1 and 2 nt
cleavage products irrespective of Fen1 concentrations, Pol δ4 produces cleavage fragments of 1–
10 nts at low Fen1 concentrations. Pol δ3 and Pol δ4 exhibit comparable formation of ligated
products in the complete system. While both are capable of Okazaki fragment processing in vitro,
Pol δ3 exhibits ideal characteristics for a role in Okazaki fragment processing. Pol δ3 readily idles
and in combination with Fen1 produces primarily 1 nt cleavage products, so that nick translation
predominates in the removal of the blocking strand, avoiding the production of longer flaps that
require additional processing. These studies represent the first analysis of the two forms of human
Pol δ in Okazaki fragment processing. The findings provide evidence for the novel concept that
Pol δ3 has a role in lagging strand synthesis, and that both forms of Pol δ may participate in DNA
replication in higher eukaryotic cells.
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1. INTRODUCTION
The process of DNA replication at the replication fork requires that the two daughter strands
be coordinately synthesized. Because of the different polarity of the DNA strands, the
leading strand is continuously extended in the 5’ to 3’ direction, while the lagging strand is
discontinuously synthesized by the production and joining of Okazaki fragments. The length
of Okazaki fragments differs from prokaryotes to eukaryotes. In eukaryotes, the Okazaki
fragments are only about 200 nt in length. The synthesis of eukaryotic Okazaki fragments
starts with the generation of RNA/DNA primers (8–12 RNA nts followed by 10–20 DNA
nts) by Pol α/primase, which are extended by the replicative proofreading DNA
polymerases. These primers must be removed before ligation of the Okazaki fragment to the
lagging strand, because of their RNA content and also because Pol α does not possess a
proofreading 3’ to 5’ exonuclease and is error prone. Thus, the process requires the removal
of the RNA/DNA primer when it is encountered by a new Okazaki fragment and the
formation of a nick (reviewed in [1–3]) that can be sealed by DNA ligase I [4,5]).

The 5’ ends of Okazaki fragments include DNA synthesized by Pol α (which is less accurate
than Pol δ as it lacks a proof reading 3’ to 5’ exonuclease) which are likely to contain errors.
Thus, the removal of these ends during Okazaki fragment processing can be considered in
the broader perspective of a replication-coupled DNA repair process. In addition, the
processes of gap filling in DNA repair processes such as during nucleotide excision repair
also bears resemblances to Pol δ/Fen1 reactions. Thus, both Fen1 and Pol δ are recruited to
sites of nucleotide excision repair with similar kinetics in in vitro assays [6], while Fen1 also
plays a role in base excision and mismatch repair [7–9].

The major pathway for the removal of the RNA/DNA primer is the short flap pathway. This
pathway involves limited strand displacement by Pol δ, which creates short flaps (1–8 nts)
that are cleavable by flap endonuclease 1 (Fen1) [10]. Longer flaps are poor substrates for
Fen1, and these are removed by intervention of a long flap pathway [1,10,11]. Flaps longer
than ca. 25 nts are bound by RPA and cleaved by Dna2 nuclease/helicase, leaving a shorter
flap that is processed by Fen1. A helicase, Pif1, also cooperates to extend longer flaps and to
unwind fold-back flap structures [12,13]. The short flap pathway has been extensively
studied in yeast by both biochemical and genetic analyses [14–16]. These studies
illuminated several key properties of yeast Pol δ which reveal adaptations that are suited for
its role in Okazaki fragment processing. Yeast Pol δ has been shown to perform limited
strand displacement under certain conditions, and idles, leading to the maintenance of a nick
suitable for ligation under the conditions used in reconstituted systems [17,18]. These
properties are not shared by yeast Pol ε [16,17], consistent with the concept of a division of
labor between yeast Pol δ and yeast Pol ε at the lagging and leading strands, respectively
[1,19,20]. In addition, Pol ε has been shown to be organized in the replisome complex
through association with the CMG helicase (Cdc45, Mcm2–7, and GINS) [21–23],
supporting its role as a leading strand polymerase.

The shuttling of the enzymes responsible for the primer extension, removal of primer
sequences and subsequent ligation is coordinated by the processivity factor PCNA, which is
a trivalent molecule that can accommodate multiple protein partners through its affinity for
PIP-box containing proteins [24]. All three components of the Okazaki processing system,
(Pol δ, Fen1 and DNA ligase I) are PCNA binding proteins. The role of PCNA as a platform
that co-ordinates and synchronizes the reactions in Okazaki fragment has been greatly
advanced by studies of the archaeon, Sulfolobus solfataricus, where structural evidence has
led to a model in which the polymerase (PolB1), Fen1 and DNA ligase reside on archaeal
PCNA to form a complex [25–28]. Whether this model is conserved in eukaryotes is still
incompletely defined.
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The details of the biochemistry and functions of the combined Pol δ/Fen1 reactions of the
short flap pathway in the human or higher eukaryotes have not been as intensively studied as
in yeast, although the functions of human Fen1 and Dna2 have been well characterized
[2,3,18]. Human Pol δ (Pol δ4) is a heterotetramer composed of the p125 catalytic subunit,
p50, p68 and p12 subunits [29–32]. Studies of human Pol δ have been facilitated by the
reconstitution of recombinant Pol δ4 and its subassemblies by their expression in Sf9 cells
[33,34]. Pol δ4 has multiple interactions with PCNA, since p125, p68 and p12 bind to
PCNA (reviewed in [32]). The Pol δ trimer lacking the p12 subunit (Pol δ3) is of particular
interest, since it is generated in vivo by the targeting of the p12 subunit is targeted for
degradation in response to UV and alkylating agents as well as replication stress [32,35].
Analysis of the subcellular localization of Pol δ subunits in response to UV indicates that
Pol δ3 is present at sites of DNA damage long before repair is complete, so that Pol δ3 is the
form of Pol δ activity that is likely involved in gap filling reactions during DNA repair.
Biochemical analyses of the properties of Pol δ4 and Pol δ3 in bypass synthesis across
template lesions revealed properties that are consistent with the idea that its presence might
be of benefit when cells are subjected to genotoxic challenges. Pol δ3 exhibited a reduced
tendency for lesion bypass, and stalled more readily on encounter with template lesions. In
addition, it exhibited signs of greater proofreading and discrimination against incorporation
or extension of mismatched primer ends [36,37]. Thus, the p12 subunit modulates the key
kinetic parameters of human Pol δ that determine its behavior on encounter with template
lesions and its proofreading abilities. Human Pol δ differs from its counterpart in S.
cerevisiae, as yeast Pol δ lacks the p12 subunit [38]. Analyses of p12 levels in synchronized
cell populations and laser scanning cytometric analysis indicated that p12 levels, unlike
those of the other subunits, are reduced in S phase [39,40]. This evidence that Pol δ3 is
formed in S phase during normal cell cycle progression suggests that it participates in DNA
replication [39,40].

In this study, we have examined the behavior of Pol δ4 and Pol δ3 in the reactions which are
required for Okazaki fragment processing in cooperation with Fen1, as well as in the
complete reconstituted system that included DNA ligase I. Our studies reveal that while Pol
δ4 is competent in cooperating with Fen1 in the generation and removal of short flaps, Pol
δ3 exhibits near-ideal characteristics for participation in Okazaki fragment processing. In
addition, the comparative analysis of Pol δ3 and Pol δ4 provides insights into the role of
strand displacement behavior in the determination of cleavage product size distribution.

2. MATERIALS AND METHODS
2.1 Proteins for the reconstitution of Okazaki fragment processing

Recombinant human Pol δ4 and Pol δ3 were expressed in Sf9 cells and purified to near-
homogeneity by reproducible procedures that included immunoaffinity chromatography
using immobilized anti-p125 [34]. Their specific activities were determined by standard
assays on poly(dA)/oligo(dT) and conformed to those reported previously [34]. All the Pol δ
subunits were untagged. Protein concentrations were based on the amounts of the p125
subunit as determined by SDS-PAGE and Coomassie blue staining with different
concentrations of a standard protein (catalase) [34]. The human Fen1 coding sequence was
cloned into the pET-41b(+) expression vector (Novogen) between the NdeI and XhoI sites to
generate fusion proteins with a C terminal six histidine-tag. Recombinant Fen1 was purified
on Ni-NTA-agarose (QIAGEN) with the protocol recommended by the manufacturer. Fen1
was then stored at −80°C after addition of 10% glycerol. pFastBacHTb-ligase I was
generated by PCR using pCMV6-XL5-ligase I (Origene) as the template. Baculovirus for
the expression of human DNA ligase was generated using the Bac-to-Bac system
(Invitrogen) and used to infect Sf9 cells. DNA ligase I was purified by metal chelating
chromatography. Human PCNA was expressed in E. coli and purified to homogeneity as
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described previously [41]. The concentrations of human Fen1, PCNA and DNA ligase I
were determined by SDS-PAGE and Coomassie blue staining with a standard curve of
increasing amount of catalase protein. RFC (Replication factor C) was used as described
previously [42].

2.2. Oligonucleotide Substrates
All oligonucleotides were purchased from Integrated DNA Technologies and purified by
PAGE before use. The sequence of each oligonucleotide is listed in Supplemental Table A1.
The substrate was either 5’- labeled or 3’-labeled. The 5’ end labeling reaction was
conducted at 37°C for 1 h in a 30 µl reaction containing 150 pmole of the target DNA, 70
mM Tris-HCl buffer pH 7.6, 10 mM MgCl2, 5 mM DTT, 15U T4 polynucleotide kinase
(NEB) and [γ-32P]ATP (MP Biochemicals). The labeled dsDNA was purified with a
QIAquick Nucleotide Removal Kit (QIAGEN). A target DNA was annealed to a template
with a single nt 5’-overhang prior to 3’-end labeling. The 3’-end labeling reaction was
conducted at 37°C for 2 h in a 30 µl reaction containing 200 pmole of the dsDNA from the
annealing sample, 10 mM Tris-HCl buffer pH 7.9, 50 mM NaCl, 10 mM MgCl2, 1 mM
DTT, 10U Klenow fragment 3’ ’5’ exo− (NEB) and [α-32P]dNTP (MP Biochemicals). The
labeled dsDNA was purified with a QIAquick Nucleotide Removal Kit (QIAGEN). A
selected template and a 5’-blocking oligonucleotide were annealed to the labeled DNA. The
annealing procedure was conducted at 95°C for 5 min followed by 65°C for 20 min. The
annealed substrate was stored at −20°C.

2.3. Reconstitution assays
DNA polymerase activity, Fen1 cleavage and nick ligation reactions were analyzed by
sequencing gels. A standard protocol consisted of a 10 µl solution containing 50 mM Tris-
HCl pH 7.5, 1 mg/ml BSA, 125 mM NaCl, 5 mM DTT, 0.5 mM ATP, 5 mM MgCl2, 100
µM dNTP and the selected oligonucleotide substrate unless otherwise indicated. Reaction
was either initiated by MgCl2 or by addition of the enzymes. The reaction was allowed to
proceed for defined times at 37°C and then quenched by addition of 5 µl stopping solution
(0.02% bromophenol blue, 0.02% Xylene cyanol, 50 mM EDTA, 90% formamide). The
resulting samples were heated at 95°C for 5 min and placed on ice immediately. The
products of DNA synthesis, Fen1 cleavage and nick ligation were analyzed by sequencing
gels (composed of 16~20% acrylamide/bisacrylamide 19:1 (Bio-Rad), 7.4 M Urea, 1 mM
EDTA, 90 mM Tris-HCl and 90 mM boric acid). Reaction products were visualized by
phosphorimaging Molecular Dynamics Storm Phosphorimaging system and quantified with
ImageQuant (Amersham Biosciences). All experiments were repeated at least three times,
and data for representative experiments are shown.

3. RESULTS AND DISCUSSION
3.1 Overall experimental approach

Recombinant human proteins (Pol δ4, Pol δ3, Fen1, DNA ligase I and PCNA) purified to
near homogeneity were used in these studies (Materials and Methods). The stoichiometry of
the subunits of Pol δ4 and Pol δ3 were examined by SDS-PAGE, and were close to the
expected one to one ratios. This confirmed that p12 was stoichiometrically present with the
other Pol δ subunits in Pol δ4, and absent in Pol δ3 preparations. All of the Pol δ subunits
were untagged. For the overall experimental strategy we first examined the strand
displacement activities of Pol δ4 and Pol δ3, followed by the combined reactions of Pol δ4
and Pol δ3 with Fen1, and finally the complete system with DNA ligase I. Conditions were
chosen which reflected near-physiological ionic strength and optimized the requirements of
both Pol δ and Fen1. The substrates used to examine Okazaki fragment processing (removal
of the 5’-end of the prior Okazaki fragment by the concerted Pol δ/Fen1 reactions and
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subsequent ligation) were oligonucleotides in which a primer and a 5’-blocking
oligonucleotide were annealed to a template (see below). For most of our studies we used
biotinylated templates which were capped with streptavidin, similar to those used in the
previous studies of the yeast system [14,15].

3.2. Pol δ4 strand displacement of DNA and RNA 5’-blocking oligonucleotides
The substrates used for analysis of the strand displacement activities of Pol δ4 consisted of a
107mer template to which a 5’-[32P]labeled 30mer was annealed, followed by a gap of 30
nts and a 5’-blocking oligonucleotide annealed to positions 61–77 of the template [14,15].
Three different 5’-blocking oligonucleotides were used in this experiment, a 16mer DNA
oligonucleotide (D16), a 16mer DNA preceded by a 10 nt flap formed by noncomplementary
nucleotides (F10D16), and a 17mer consisting of 9 RNA nucleotides followed by 8 DNA
nucleotides (R9D8) (Fig. 1A). In the presence of Pol δ (10 nM), gap-filling is initiated, so
that the encounter with the 5’-blocking oligonucleotide is a dynamic one. A 60mer is formed
after gap-filling, and further extension of the labeled primer represents strand displacement
until the end of the template is reached to form a 77mer (Fig. 1A).

Pol δ4 readily performs strand displacement synthesis on all three substrates (Fig. 1B). Pol
δ4 initially stalls at the nick position, i.e., just before the annealed 5’-blocking
oligonucleotide, as shown by the accumulation of the 60mer, but readily continues synthesis
after encountering the block. The amounts of the 60mer and 77mer products were
quantitated by phosphorimaging, and plotted against time (Fig. 1C). Similar amounts of
60mer and 77mer products were produced when DNA 5’-blocking oligonucleotides with
(F10D16), or without a flap (D16) were used. On the other hand, the RNA/DNA hybrid 5’-
blocking oligonucleotides (R9D8) resulted in more significant stalling as demonstrated by a
decreased 77mer/60mer ratio (Fig. 1C), where the accumulation of the 60mer exceeded that
of the 77mer. This latter result indicates that a RNA 5-blocking oligonucleotide poses a
significantly greater impediment than a DNA sequence to strand displacement by Pol δ4,
with a ca. 3–4 fold lower rate of accumulation of the 77mer strand displacement product.
This behavior might be of significance in a cellular context, given that the strand
displacement activity of Pol δ4 would be reduced on encounter with the RNA end. We also
compared strand displacement of Pol δ4 on the R9D8 substrate, and a substrate identical to
F10D16 except that the flap was 2 nts long. This gave similar results (data not shown).

3.3. Comparison of the strand displacement activities of Pol δ4 and Pol δ3 reveals that Pol
δ3 exhibits little strand displacement activity

The template/primer designs used for the comparison of the strand displacement activities of
Pol δ4 and Pol δ3 consisted of a 70mer template end labeled with biotin, annealed to a 5’
[32P]end labeled primer, with a 5 nt gap before the blocking oligonucleotide. These were
capped with streptavidin to prevent PCNA from sliding off the DNA [14,15]. Such substrate
designs require the loading of PCNA with RFC. The substrates used were a 31mer, D31 (Fig.
2A), and a 31mer with a 4 nt flap, F4D31 (Fig. 2B). Pol δ4 (20 nM) exhibited very little
stalling after gap filling to form the 39mer, and exhibited robust strand displacement activity
to generate the full-length 70mer with both substrates (Fig. 2C, left panel). The results are
consistent with the observations made with the uncapped substrates used in Fig. 1, except
that the strand displacement reactions were more efficient with the capped substrates. The
behavior of Pol δ4 is similar to that observed with the trimeric yeast Pol δ [14–17].

Pol δ3 exhibited a striking difference from the behavior of Pol δ4 (Fig. 2C, right panel).
Almost negligible amounts of the 70mer were formed, showing the near-absence of strand
displacement activity. Similar results were obtained when the Pol δ3 concentration was
increased 4-fold to 80 nM (data not shown). With both the fully annealed (D31) and the 4 nt
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flap (F4D31) 5’-blocking oligonucleotides, Pol δ3 was stalled after gap filling to form the
39mer. Small amounts of 40mer representing the addition of a single nt were formed.
Quantitation of the amounts of 70mer formed by Pol δ4 and Pol δ3 with both substrates is
shown in Fig. 2D. The rates of strand displacement were estimated by graphical analysis of
the linear portions of the time courses. The ratios of the strand displacement rates of Pol δ4
to Pol δ3 were 11:1 and 19:1 for the D31 (no flap) and the F4D31 (4nt flap) substrates,
respectively.

It was noticed that in the presence of the 4nt flap, the nick was not maintained at the 39nt
position and there was the appearance of smaller 36mer to 38mer products (Fig. 2C, right
panel). The likely explanation as to why this only occurs when the flap is present is that the
presence of the flap acts as a steric hindrance to the polymerase reaction, so that resynthesis
during the idling process is impeded.

Thus, Pol δ3 performs very limited strand displacement, and stalls on encounter with the 5’-
blocking oligonucleotides with or without a flap. Such stalling reactions are not passive, but
represent an active process in which short extension of the primer is followed by
exonucleolytic cleavage in what has been termed an idling process as shown by extensive
studies of yeast Pol δ [14–17]. The iterative process of strand displacement and
exonucleolytic cleavage avoids the formation of a gap to maintain of a nick that can be
ligated [16]. The behavior of Pol δ3 which is observed here is remarkably similar to that
displayed when it encounters template lesions where it exhibits greater stalling behavior
than Pol δ4. In fact, the pattern of products formed by Pol δ3 (Fig. 2C, right panel)
resembles that exhibited on templates containing an AP site [36]. The mechanistic basis for
the increased stalling and exonucleolytic behavior of replicative DNA polymerases with
proofreading 3’ to 5’ exonuclease activities at template lesions is well understood [43–45].
Our previous studies using pre-steady state kinetic analysis of Pol δ3 and Pol δ4 have
revealed the mechanisms for the increased proofreading by Pol δ3; its kinetic constants for
the polymerization step, kpol, for Pol δ3 is decreased, and that for the translocation of the
primer end from the polymerase to the exonuclease active site, kpol-exo, is increased [37].
These two kinetic constants govern the proofreading abilities of replicative polymerases
[43,45]. The differences in these properties between Pol δ4 and Pol δ3 that provide a
mechanistic explanation for the greater stalling at template lesions by Pol δ3 is also
applicable to its behavior in strand displacement. The overt level of strand displacement by
Pol δ3 is largely limited to a single nucleotide, which could be interpreted as due to fraying
of the 5’ end of the blocking oligonucleotide.

The striking difference in strand displacement exhibited by Pol δ4 and Pol δ3 are relevant to
considering their functions in DNA repair. The gap filling reactions in DNA repair, as
during nucleotide excision repair or base excision repair, bear some similarities to the
reactions in Okazaki fragment processing. The attributes of Pol δ3 are more appropriate for a
role in gap filling than Pol δ4, since it avoids excessive strand displacement. Pol δ4 has been
shown to be able to perform D-loop extension during homologous recombination [46].
However, in homologous recombination reactions, extension of the invading strand does
require the ability for strand displacement. In this context, it would be predicted that Pol δ4
would be far more effective than Pol δ3 in the extension of the invading strand in the D-loop
during homologous recombination.

3.4. Combined Pol δ strand displacement-Fen1 cleavage reactions
In order to characterize the nature of the products formed by the concerted action of Pol δ
and Fen1 we used a substrate similar to that used in Fig. 2A in which the labeled primer was
followed by a 15 nt gap and a 5’-blocking 20mer (Fig. 3A). The time course of the reactions
was followed over a period of 80 seconds to observe the early stages of the reactions. Pol δ4
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(50 nM) alone readily performed strand displacement, as shown by formation of the 70mer,
with very little stalling as indicated by accumulation of a 49mer (Fig. 3B, first panel). When
Fen1 (100 nM) was present, the pattern of product formation was altered, with a reduction of
the 70mer, and the appearance of intermediate products starting from the 49mer (Fig. 3B,
second panel). A similar effect was seen with Pol δ3, which produced more products in the
49mer range because of stalling (Fig. 3B, third panel), but produced a range of intermediate
products was produced between the 49 – 70 nt range in the presence of Fen1 (Fig. 3B, fourth
panel). These represent the elongation of the primer, as the 5’-blocking oligonucleotide is
progressively shortened by Fen1 cleavage.

Next we used a nicked substrate (Nick-D35) in which the gap was removed, so that a longer
5’-blocking oligonucleotide was present (Fig. 3C). The longer blocking sequence allowed a
better resolution of the intermediate products on the gels. Pol δ4 alone exhibited a robust
strand displacement reaction (Fig. 3D, first panel) as evidenced by formation of the 70mer,
with few intermediate products. In the presence of Fen1, the intermediate products are more
prominent, and the appearance of a ladder is now clearly visible (Fig. 3D, second panel).
The amounts of 70mer formed in the presence of Fen1 was also decreased, offset by the
formation of the intermediate products. Thus, the strand displacement reaction is converted
to the coupled reaction of primer extension/Fen1 cleavage of the 5’-blocking
oligonucleotide.

With Pol δ3 alone, only limited strand displacement is observed, with accumulation of the
35mer representing the primer+1 product, and very little 70mer (Fig. 3D, third panel). In the
presence of Fen1, primer extension takes place and the formation of a ladder is now distinct
(Fig. 3D, fourth panel). These results indicate that the apparent inability of Pol δ3 for strand
displacement does not prevent it from participating in the coupled Fen1 reaction, i.e., Fen1
now enables primer extension by Pol δ3 as it cleaves the 5’-blocking oligonucleotide. No
major accumulation of the 70mer is evident, so that the intermediate products formed can be
attributed to the combined actions of Pol δ3 and Fen1. The formation of the ladder (Fig. 3D,
fourth panel) is significant since it is consistent with the observation that mononucleotides
are the primary products being cleaved by Fen1 in concert with Pol δ3 or Pol δ4 in the first
cleavage reaction (see below).

The results of the preceding experiments (Figs. 2 and 3) provide a view of the combined
reactions of human Pol δ3 and Pol δ4 with Fen1 that take place in the removal of the 5’-ends
of Okazaki fragments. These are shown diagrammatically to allow a qualitative
interpretation of the nature of the products observed (Figs. 3E, F). The strand displacement
behavior for Pol δ4 shows that it progresses through the formation of a flap that is steadily
displaced, so that the full length product accumulates with very few intermediate products
(Fig. 3E). The flap size continuously increases, so that the rate of strand displacement
probably does not change significantly. When both Pol δ and Fen1 are present, a repetitive
process takes place, in which Pol δ introduces a flap by limited strand displacement, and is
switched with Fen1 which cleaves the flap (Fig. 3F). The process results in the progressive
exonucleolytic degradation of the 5’-blocking oligonucleotides, and the stepwise elongation
of the primer (Fig. 3F). This is observed in Figs. 3C and D, which shows a ladder of labeled
products of increasing size which is evident for both Pol δ4 and Pol δ3.

3.5. Kinetic analysis of the flap cleavage products formed by the concerted actions of Pol
δ4/Fen1 and Pol δ3/Fen1

The purpose of these experiments was to determine the rate of the formation of cleavage
products as well as their size distribution when Pol δ4 or Pol δ3 acts in combination with
Fen1. In order to analyze the flap cleavage products, we used the Gap-D20 substrate in
which the 5’ end of the 5’-blocking 20mer was labeled. With this substrate the cleavage

Lin et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fragments are generated in a dynamic system where the gap provides a “running start” for
Pol δ. In this arrangement, the labeled products represent the first cleavage of the 5’-
blocking oligonucleotide, as subsequent cleavages yield unlabeled products (Fig. 4A). At the
encounter of the moving Pol δ/PCNA complex with the 5’ end of the blocking
oligonucleotide, Pol δ would be initially stalled and then begin strand displacement, forming
flaps which are then cleaved by Fen1. This results in the generation of labeled fragments
which represent the spectrum of the first cleavage products by Fen1. The data shown are
representative of multiple experiments that were performed.

The time course of the combined Pol δ4/Fen1 and Pol δ3/Fen1 was examined at different
Fen1 concentrations (5, 10, 20, 50 nM) with 20 nM Pol δ4 or Pol δ3 and analyzed by gel
electrophoresis. Phosphorimages of the gels for the 10 and 50 nM Fen1 concentrations are
shown as examples for Pol δ4 (Fig. 4B) and Pol δ3 (Fig. 4C). With Pol δ4, the products
formed at 10 nM Fen1 were distributed mainly between 1 – 8 nts, and this was shifted to a
shorter product range with a predominance of 1 nt products at 50 nM Fen1. In the case of
Pol δ3, the product range was lower, with mononucleotides being predominant, and similar
patterns at both Fen1 concentrations. The data for the entire series was quantitated, and the
amounts of each cleavage product from 1 to 10 nts were determined. These were then
summed up for each time point in order to determine the total product formation at each
Fen1 concentration (Fig. 4D, 4E). With Pol δ4, the combined reaction was slower at 5 nM
Fen1 but exhibited only small increases at the 10–50 nM Fen1 concentrations, and reached
maximum conversion at about 70%. This is consistent with the strand displacement step
being the rate limiting step of the combined reaction. With Pol δ3 (Fig. 4E), the rates of
product formation were similar at the three lower Fen1 concentrations, with a slight increase
at 50 nM Fen1. Maximal product formation was slightly lower than for Pol δ4, at 50–60%.

Next, we analyzed the rates of formation for each of the cleavage fragment sizes from 1 – 8
nts for Pol δ4 at the different Fen1 concentrations (Fig. 5). At 5 nM Fen1, the products were
roughly distributed between all fragment sizes, with the 4 and 5 nt fragments being
predominant. With increasing Fen1, the cleavage product size progressively shifted to
shorter products, such that at 50 nM Fen1 the predominant cleavage product was 1 nt, with
smaller amounts of the 2 3 and 4 nt products, and very little of the products >5 nts. This
effect on cleavage fragment size with increasing Fen1 can be explained by the rate limiting
nature of the strand displacement reaction, since the rate of formation of each flap is directly
related to the number of polymerization steps needed.

The product size distribution when Pol δ3 and Fen1 were used revealed a very different
picture, in that there was great similarity in the rates of product formation and the product
size distribution (Fig. 6). The 1 and 2 nt cleavage products were the predominant ones, with
lesser amounts of the 3 and 4 nt products, and products > 5 nt were barely above
background; only at 50 nM was there a marked difference, in that formation of the 1 nt
product was increased (Fig. 6D). Similar considerations of the strand displacement being the
rate-limiting factor as with Pol δ4 can be made. The rates of formation of the 1 and 2 nt
products are almost identical at the three lower Fen1 concentrations (Fig. 6A, 6B, 6C),
providing a clear indication that Pol δ3 strand displacement is limiting. Another factor could
be that Pol δ3 exhibits little tendency for strand displacement, and in fact only presents the 1
or 2 nts flaps for Fen1 to act upon. Thus, in both the case of Pol δ4 and Pol δ3, flap cleavage
is constrained to short flaps, and in the case of Pol δ3, is at the extreme where the
predominant reaction is a nick translation reaction which is limited to a single nucleotide.
This propensity of the coupled enzymatic reactions of Pol δ and Fen1, and in particular that
of Pol δ3, are relevant in terms of the limitations of the cleavage specificity of Fen1 for short
flaps, and acts to suppress the generation of longer flaps that require the intervention of the
long flap pathway.
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It is noted that these data reveal the spectrum of cleavage products, but only indirectly
provide information on the actual cleavage site usage of Fen1. The specificity of Fen1 on
preformed flap substrates has been extensively investigated and indicates a preference for
short flaps of 2–8 nts [10], with a “flap+1” specificity. With the preformed flaps the flap
junction is fixed, and thus this reflects cleavage at 1 nt past the junction. Fen1 displays flap
cleavage at the flap junction, as well as at the flap-1 position, depending on the experimental
conditions [47,48]. We have confirmed that our recombinant Fen1 preparations exhibit the
flap+1 specificity under the conditions used in our experiments. At face value, this
specificity does not explain the preponderance of the 1 nt product, since a preformed 1 nt
flap substrate yields a 2 nt product. However, in an extensive analysis using both 3’ and 5’
flaps, it has been shown that the preferred substrate for yeast Fen1 is a double flap having a
1 nt 3’flap [49]. The origin of the 1 nt product can be explained since a 1 nt 5’ flap can
equilibrate to a 1 nt 3’ flap, leaving a nick. Substrates with this structure yield a 1 nt Fen1
cleavage product [49]. (See Appendix A, Fig. A1 for a diagrammatic explanation).

The experiments of Fig. 4 provide an analysis only of the first flap cleavage during the
combined Pol δ+Fen1 reactions. In order to obtain information on the subsequent flap
cleavages, experiments were performed with the substrates where the 5’-blocking
oligonucleotide was labeled at the 3’ end. Two substrates were used, where the 5’-blocking
oligonucleotide was preceded by a preformed 10nt flap (F10D17, Fig. 7A) or a 2 nt flap
(F2D17, Fig. 7B). The analysis was performed with 20 nM Pol δ3 and 100 nM Fen1. The
phosphorimage of the labeled products for the F10D17 (Fig. 7C) shows that Fen1 exhibits the
expected preference for flap+1 cleavage alone or in combination with PCNA to produce a
16mer. Similarly, a 16mer is generated by cleavage of the F2D17 substrate (Fig. 7D). For
both substrates, the subsequent cleavages yield the 15mer and smaller products to form a
ladder with a periodicity of 1 nt, which is consistent with consecutive single nucleotide
cleavages as shown by the gradual decrease in intensity of the bands. These data illustrate
the predominance of the single nucleotide product formation by Pol δ3/Fen1, consistent with
a nick translation process.

3.6. The Ligation Step of Okazaki Fragment Processing
The final step of Okazaki fragment processing is nick ligation by DNA ligase I [5]. In order
to complete the reconstitution of Okazaki fragment processing, we examined the efficiency
of the ligation of the nicks generated during the Pol δ4/Fen1 and Pol δ3/Fen1 reactions by
human DNA ligase I. For these experiments we used the Gap-D20 substrate (Fig. 8A) in
which the blocking oligonucleotide was labeled at the 5’-end (Fig. 8A). We first compared
Pol δ4 and Pol δ3 in promoting ligation at the initial ligation step in the absence of Fen1
(Fig. 8A). Only the ligation at the first encounter with the end of the 5’-blocking 20mer
results in a labeled product. Ligation occurs much more readily with Pol δ3 than Pol δ4 (Fig.
8B). Quantitative analysis of the 70mer ligation products shows that at the 5 min time point,
ca. the amount of ligated product was 8% when Pol δ3 was used as opposed to ca. 1% with
Pol δ4 (not shown). These results are consistent with the different behavior of the two
polymerases in strand displacement, where Pol δ4 readily performs strand displacement,
while Pol δ3 stalls at the nick and idles (Fig. 2). The importance of the propensity of yeast
Pol δ for maintaining a nick has been well established, and is not exhibited by yeast Pol ε
[16].

Next, we examined the effects of varying the concentrations of Fen1 with a fixed amount of
DNA ligase I using the same substrate. The phosphorimage of the labeled 70mer ligation
products (Fig. 8C, showing only the 10 nM and 50 nM Fen1 reactions) reveals that
formation of the ligation product was inhibited with increasing Fen1 concentrations with
both polymerases, but was more evident with Pol δ3. The 70mer bands were quantitated, and
plotted against time. In the case of Pol δ4, only <1% of ligated product was formed under all
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Fen1 concentrations, and was lowest with 50 nM Fen1 (Fig. 8D). In the case of Pol δ3, the
reaction was most rapid at 5 nM Fen1 (ca. 8% at 5 min), and was clearly inhibited as the
Fen1 concentration increased (Fig. 8E). This decrease is likely due to competition of Fen1
with DNA ligase I for occupancy of PCNA. This in turn supports a model in which a
complex of Pol δ3/Fen1/PCNA performs the strand removal, to be replaced by a Pol δ3/
DNA ligase I/PCNA complex.

The 5’-end labeled Gap-D20 substrate used above measures a single defined reaction, that of
ligation on the initial encounter with the 5’-blocking oligonucleotide. The very low
efficiencies of ligation thus do not necessarily reflect on the overall efficiencies of Pol δ4
and Pol δ3 as this could occur in subsequent rounds of the Pol δ/Fen1 excision of the 5’-
blocking oligonucleotide. In order to compare the efficiencies of Pol δ4 and Pol δ3 in
promoting ligation, we utilized the Gap-D21 substrate, which was labeled at the 3’ end
instead of the 5’ end (Fig. 8F). With this substrate, all the products formed by ligation during
the Pol δ/Fen1 processing of the 21mer are captured as the 70mer; intermediates of the
primer extension are not labeled, and the unligated cleavage products would be <21 nts.
Analysis of the 70mer products (Fig. 8G) shows that processing/ligation reactions with both
Pol δ4 and Pol δ3 were robust. Quantitation of the data showed that the reactions reached a
maximum by about 100s, at ca. 28% for the reactions with Pol δ4 and ca. 18% for Pol δ3,
respectively (Fig. 8H). Thus, it can be concluded that both Pol δ4 and Pol δ3 are competent
in Okazaki fragment processing in a reconstituted system, even though their different
properties result in qualitative differences in the ultimate distribution of cleavage products
(Fig. 4).

3.7. The coupling of Pol δ and Fen1 reactions
An important question is whether the reactions of Pol δ, Fen1 and DNA ligase are simply
stochastic, where they compete for binding to PCNA, or whether there is an inherent or
physical basis for their coupling. This has been demonstrated in the archaeal model, where
Pol1B, Fen1 and DNA ligase (Lig1) form a multi-protein complex with PCNA. Archaeal
PCNA is a heterotrimer and each of the PCNA subunits has a specificity for binding of
either PolB1, Fen1 or Lig1. Since each of the enzymes must not only bind to PCNA but to
the DNA substrate, they must have conformational flexibility where they can swing away
from the face of PCNA [25–28]. Human Fen1 exhibits multiple conformations on PCNA
[50]. Structures of human DNA ligase I show that it also has an extended conformation, but
it has been noted that in the closed conformation it also occludes the face of PCNA [4,5].
There is some biochemical evidence that yeast Pol δ may adopt different conformations on
binding to PCNA [51]. An important limitation is that unlike archaeal PCNA, eukaryotic
PCNA is a homotrimer. Human Pol δ exhibits multivalent interactions with PCNA, and at
least three of its subunits (p125, p68 and p12) interact with PCNA (reviewed in [32]).
Moreover, the p12 subunit possesses a PIP-box that is an extended one that functions as a
PIP-degron by a high affinity binding to PCNA [39]. Currently, there is no biochemical
evidence for the formation of higher complexes involving Pol δ, Fen1 or DNA ligase on
PCNA. Thus, the full applicability of the archaeal model to higher eukaryotes seems
doubtful. However, this does not preclude the possibility that this model has partial
applicability to the eukaryotic system. It is also noted that multiple rounds of Pol δ and Fen1
reactions are involved, where the advantages of a coupling or “hand-off” process can be
seen, while the ligation reaction is a terminal event.

We propose a working hypothesis that Pol δ 3 or Pol δ 4 are both resident on PCNA with
Fen1 during the process of primer extension and replacement of the 5’-end of the Okazaki
fragment. Our findings provide some insights into the applicability of such a model, since
the combined reactions of Pol δ and Fen1 would be expected to exhibit alterations that
reflect their physical coupling and affect the expected outcomes of their behavior based on
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analysis of their individual reactions. The working model we propose is shown in Fig. 9,
where Pol δ and Fen1 are shown bound to PCNA, with Pol δ utilizing two of the three PIP-
box binding pockets [52] of PCNA, with Fen1 using the third. The DNA substrate is also
shown, and the reaction cycle starts with Pol δ bound to PCNA and to the nick substrate,
with Fen1 attached in a conformation that does not sterically hinder the access of Pol δ to the
DNA. The reaction cycle starts with strand displacement by Pol δ to create a flap (Fig. 9,
“1”). Next, Pol δ dissociates from the DNA substrate, and is replaced by Fen1 (Fig. 9, “2”
and “3”). Fen1 then cleaves the flap (Fig.9, “4”), leaving a nicked DNA substrate. Fen1 then
dissociates and is replaced by Pol δ (Fig.9, “4”). Viewed in this manner, it is seen that there
is a cyclic switching of Pol δ and Fen1. Furthermore, each enzyme produces a product that is
a substrate for the other. It should be noted that the binding affinity of the two enzymes for
the DNA would be expected to make a significant contribution to their binding to the
PCNA-DNA substrate, which dynamically switches between the PCNA-DNA-nick and the
PCNA-DNA-flap structures. These changes in structure of the DNA could provide a
thermodynamic basis for enabling the rapid switching of Pol δ and Fen1. This could be
important in limiting the strand displacement reaction of Pol δ4.

One of the key features of the Pol δ 3-Fen1 combined reaction is that the rates of the
reactions is not affected by Fen1 concentration (Figs. 4, 6). This is consistent with what
would be expected of a coupled reaction that is shown in the model. The behavior of Pol δ 3
is in contrast to that of Pol δ 4 (cf. Figs. 4, 5). For Pol δ4, at low Fen1 concentrations, the
flap cleavage products represent a range from 1–8 nts, reflecting the flap cleavage
specificity of Fen1. However, as Fen1 concentration is increased, the pattern of products
changes to one where shorter products, mainly mononucleotides are formed, and resembles
that of Pol δ 3. This behavior is consistent with a stochastic process, where both Pol δ 4 and
Fen1 are not resident together on PCNA and the size distribution is dependent on the rates of
strand displacement before Pol δ4 is displaced by Fen1 (Section 3.5). However, this does not
preclude the possibility that Pol δ4 is also acting in the context of a ternary complex in the
model given in Fig. 9, for reasons discussed below.

Considerations of whether Pol δ 4 and Pol δ 3 can share occupancy of PCNA with Fen1
must take into account the multivalent interactions of Pol δ with PCNA. The p12 subunit of
Pol δ functionally interacts with PCNA [32], and possesses a C-terminally extended PIP-box
with high affinity for PCNA [39]. Its loss by removal of the p12 subunit in Pol δ 3 may
facilitate the loading of Fen1 to form a ternary complex with PCNA by comparison to Pol δ
4. Thus, the transition of product formation by Pol δ 4/Fen1 can be argued to reflect the
higher concentrations of Fen1 that are required for the formation of the Pol δ 4/Fen1/PCNA
complex, in a situation where it may be competing with p12 for interaction with PCNA. We
have previously noted the importance of the differences in Pol δ 4 and Pol δ 3 that are
occasioned by the loss of the p12-PCNA interaction in regard to switching reactions with
translesion polymerases [32,53].

The basis for the termination of the Pol δ /Fen1 reactions and the switch to the ligation
reaction is still a mystery, i.e., how does the system sense when sufficient replacement of the
5’end of the Okazaki fragment is sufficient for the removal of the ca. 30 nts representing the
RNA/DNA pimer. The foregoing discussions lead to a novel consideration. If Pol δ 4 or Pol
δ 3 were to share occupancy of PCNA with Fen1, the processivity of the complex might be
reduced compared to that of Pol δ in the unshared state. Thus, one possibility is that the
inherent processivity of the complex may be what determines at which point the combined
reactions of Pol δ /Fen1 terminates, leading to their dissociation and the recruitment of DNA
ligase I.
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Our data for the complete reactions containing Pol δ, Fen1 and DNA ligase I show that Fen1
competes with DNA ligase I (Fig. 8). This is consistent with a model in which a complex of
Pol δ3/Fen1/PCNA performs the RNA/DNA primer removal, to be replaced by a Pol δ3/
DNA ligase I/PCNA complex.

Finally, we note that our findings do not necessarily directly reflect the in vivo situation.
However, it is a hallmark of DNA replication and repair processes that they involve
formation of chromatin bound complexes, rather than stochastic processes. Our studies also
point to avenues for further investigation that could provide evidence for formation of Pol δ /
Fen/PCNA complexes.

3.8. Significance of our findings: A case for Pol δ3 as a participant in Okazaki fragment
processing in the human system

Our previous studies had shown that Pol δ3 is formed in the cell in response to DNA
damage, and analysis of its properties supported a role in DNA repair [32]. In an analysis of
the distribution of all four subunits of Pol δ by laser scanning cytometry, we have obtained
evidence that p12 levels are significantly reduced during the S phase, unlike the p125, p50
and p68 subunits [32,40], suggesting that Pol δ3 might also be formed during the replication
phase of the cell cycle. More recently, we have shown that p12 levels are significantly
reduced during the S phase by analysis of synchronized cell populations [39]. p12
degradation during the S phase was shown to be regulated by the CRL4Cdt2 E3 ligase that
plays an important role in cellular DNA replication during cell cycle progression by
degradation of the licensing factor, Cdt1 as well as p21 and Set8 [54]. Additionally, the PIP-
box responsible for the interaction of p12 with PCNA was shown to be an extended one that
conforms to the PIP-degrons that are recognized by CRL4Cdt2 [55]. That the formation of
Pol δ3 is mediated by a central regulator of cell cycle progression adds weight to the concept
of a potential role for Pol δ3 in DNA replication.

Our findings show that Pol δ3 has the near-ideal characteristics of a polymerase designed for
Okazaki fragment processing with the important characteristics described by Burgers’
laboratory in the context of yeast Pol δ [16,17] viz., restricted strand displacement, idling
and maintenance of a ligatable nick. Our studies reveal a strong bias toward the restriction of
the coupled Pol δ/Fen1 cleavage reactions to removal of 1 or 2 nt fragments, in a near
stringent manner with Pol δ3. This mode of operation suppresses the production of longer
flaps, and acts preemptively to minimize the use of the long flap pathway which serves as a
fail-safe against failures of Okazaki fragment maturation that can lead to genomic
instability. Human Pol δ3, like yeast Pol δ, is a trimer with the same conserved subunits.
Viewed in this manner, Pol δ3 may be regarded as a more highly evolved version of yeast
Pol δ. Given that yeast Pol δ and human Pol δ3 are both composed of three subunits that are
evolutionarily conserved, Pol δ3 (and not Pol δ4) may be considered as the ortholog of yeast
Pol δ. However, it is noted that both yeast Pol δ and human Pol δ4 exhibit significant
abilities for strand displacement, unlike Pol δ3. It is also noted that the same qualities of Pol
δ3 that appear to be appropriate for its role in DNA repair – increased stalling/idling and
increased proofreading/fidelity - are also appropriate for a role in Okazaki fragment
processing.

These findings now denote a potential role for Pol δ3 in higher eukaryotic DNA replication
as a participant in Okazaki fragment processing. However, we cannot discount the
possibility that Pol δ4 may also function in this role, as their abilities to generate ligated
products in the complete reaction are comparable. This raises the question as to how and
why Pol δ4 and Pol δ3 are deployed during DNA replication. Given the size and complexity
of the human genome, and the complexity of human chromatin, it is possible that such
considerations may dictate their differential utilization. In addition, it is possible that there
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are as yet unknown protein factors that could modulate their functions or direct their
utilization. One possibility why both may be involved could relate to a differential usage
dictated by the nature of the template sequences they encounter [56,57]. Further studies are
needed to establish the roles of Pol δ3 (and Pol δ4) in Okazaki fragment processing, but
nevertheless it is clear that our studies have revealed a significant potential for the extension
of the number of polymerases that may be required for the replication of the more complex
higher eukaryotic genome. In addition, we cannot take for granted that Pol δ activity is
solely involved in lagging strand and not in leading strand synthesis, as evidence for this is
still incomplete in the human system [58], and there is evidence that the activities of Pol δ
and Pol ε may operate in a partly independent manner during cellular DNA replication [59–
62]
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Pol DNA polymerase

Fen1 flap endonuclease 1

PCNA proliferating cell nuclear antigen

RFC replication factor C

AP site apurinic/apyrimidinic site
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Highlights

- Two forms of human Pol δ were characterized in a reconstituted system

- Pol δ4 exhibits strong strand displacement activity in contrast to Pol δ3

- Primary cleavage products in the coupled Pol δ/Fen1 reactions were
mononucleotides

- Pol δ3 exhibits near-ideal properties for a role in Okazaki fragment
processing

- These studies support the novel concept that Pol δ3 participates in DNA
replication
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Figure 1. Strand displacement of DNA and RNA 5’-blocking oligonucleotides by Pol δ4
(A) Diagram of oligonucleotide substrates with different blocking sequences (see text). (B)
100 nM selected oligonucleotide DNA was incubated with 10 nM Pol δ and 400 nM PCNA
in 50 mM Tris-HCl pH 6.5 and 25 mM NaCl. The reaction was quenched at 0.5, 1, 3, 5 and
10 min and analyzed by sequencing gel electrophoresis (Materials and Methods). The main
products are 60mer and 77mer. The formation of 77mer dictates the occurrence of Pol δ
strand displacement synthesis. (C) The amounts of 60mer (squares) and 77mer (circles) were
quantified as a percentage of the original primer and plotted against time.
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Figure 2. Strand displacement by Pol δ4 and Pol δ3 on DNA substrates with or without a flap
(A) Diagram of the D31 substrate. The templates were biotinylated at both ends and blocked
with streptavidin, shown as the shaded circle. (B) diagram of the F4D31 substrate. (C)
Analysis of the strand displacement products produced by Pol δ4 (left panel) and Pol δ3
(right panel) by gel electrophoresis with the D31 and F4D31 substrates. The final reaction
mixture contained 20 nM Pol δ, 50 nM DNA, 10 nM RFC, 70 nM PCNA, 50 mM Bis-Tris
(pH 6.5), 30 mM NaCl, 2mM DTT, 0.2 mg/ml BSA, 1 mM ATP, 5 mM MgCl2, and 0.05
mM dNTP. The DNA substrates were incubated with streptavidin to block both ends before
loading of the PCNA and DNA polymerase onto the DNA substrate. Reactions were started
by adding MgCl2 and dNTP, and quenched at 1, 2, 3, 4, 5 min. (D) The amounts of the full

Lin et al. Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



length 70mer were quantitated and expressed as a percentage of the starting primer and
plotted with time. Data for Pol δ4 are shown as circles (D31 substrate) and squares (F4D31
substrate); data for Pol δ3 are shown as triangles (D31 substrate) and inverted triangles
(F4D31 substrate).
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Figure 3. Analysis of the combined actions of Pol δ4/Fen1 and Pol δ3/Fen1 in strand
displacement/flap cleavage as revealed by extension of a 5’-[32P]end labeled primer
(A), (C) Diagrams of the Gap-D20 and Nick-D35 substrates. (B) Gap-D20 DNA (20 nM) was
blocked with streptavidin and then loaded with 40 nM PCNA by 20 nM RFC. The primer
extension reactions were initiated by the addition of 50 nM Pol δ4 or Pol δ3 in the absence
or presence of 100 nM Fen1. The reactions were quenched at 20, 40, 60 and 80 sec and
visualized by phosphorimaging after sequence gel electrophoresis. Product formation by Pol
δ4 is shown in the absence (first panel) and presence 100 nM Fen1 (second panel). Product
formation by Pol δ3 is shown in the absence (third panel) and presence 100 nM Fen1 (fourth
panel). D) The Nick-D35 substrate was used and reaction condition were identical to those
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used in B. Panels shown in B and D were run on the same gel. (E) Diagram of the strand
displacement reaction by Pol δ alone. “1” Strand displacement results in the formation of a
flap. In the case of Pol δ4, this reaction proceeds without much interruption to generate the
full length 70mer as the major product. (F) Diagram of the combined reactions of Pol δ and
Fen1. “1” Pol δ initiates strand displacement, and Fen1 then cleaves off the flap “2”. This
leads to a stepwise extension of the labeled primer which appears as a ladder of intermediate
products.
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Figure 4. Analysis of the combined actions of Pol δ/Fen1 and Pol δ3/Fen1 in strand displacement/
flap cleavage as revealed by progressive degradation of a 5’-[32P]end labeled blocking
oligonucleotide
(A) Diagram of the Gap-D20 substrate. (B), (C) 20 nM biotinylated oligo DNA was blocked
with 50 nM streptavidin and then loaded with PCNA (40 nM) by 20 nM RFC. The reactions
were initiated by the addition of 20 nM Pol δ4 or Pol δ3 in the presence of 5, 10, 20 or 50
nM Fen1 at 37°C. The reactions were quenched at 1, 2, 3, 4, and 5 min. Representative gels
for the reactions containing 10 nM or 50 nM Fen1 are shown for Pol δ4 (B), and Pol δ3 (C).
(D), (E) The individual oligonucleotide products of the reactions were quantitated, and the
total product formation (1–10 nts) for each time point were calculated and plotted against
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time for Pol δ4 (D) and Pol δ3 (E). Product formation for the 5, 10, 20 and 50 nM Fen1 are
indicated by inverted triangle, squares, triangles and circles, respectively.
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Fig. 5. Time course of formation of individual cleavage fragments by Pol δ4/Fen1
Data from the experiment shown in Fig. 4 at different Fen1 concentrations were plotted
against time. (A) 5 nM Fen1. (B) 10 nM Fen1. (C) 20 nM Fen1. (D) 50 nM Fen1. Data for
the cleavage fragments from 1 – 8 nts are shown as: 1 nt, filled circles; 2 nt, filled triangles;
3 nt, filled inverted triangles; 4 nt, filled diamonds; 5 nt, open inverted triangles; 6 nt, open
squares; 7 nt, open triangles; 8 nt, open diamonds.
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Fig. 6. Time course of formation of individual cleavage fragments by Pol δ3/Fen1
Data from the experiment shown in Fig. 4 at different Fen1 concentrations were plotted
against time. (A) 5 nM Fen1. (B) 10 nM Fen1. (C) 20 nM Fen1. (D) 50 nM Fen1. Data for
the cleavage fragments from 1 – 8 nts are shown as: 1 nt, filled circles; 2 nt, filled triangles;
3 nt, filled inverted triangles; 4 nt, filled diamonds; 5 nt, open inverted triangles; 6 nt, open
squares; 7 nt, open triangles; 8 nt, open diamonds.
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Figure 7. Cleavage of a 3’-[32P]end labeled blocking oligonucleotide by Pol δ3 and Fen1
(A), (B) Diagram of the oligonucleotide substrates containing a 10 nt (F10D17) or a 2 nt
(F2D17) flap at a nick. (C), (D) Product formation with the F10D17 and F2D17 substrates,
respectively. The substrates (20 nM) were incubated with 200 nM Fen1 in the presence or
absence of 200 nM PCNA and 20 nM Pol δ3 at 37°C. The reactions were quenched at 2, 5,
8, 10, 15 and 20 min, analyzed by sequencing gel electrophoresis and visualized by
phosphorimaging.
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Figure 8. Ligation of primers extended by Pol δ4 and Pol δ3
(A) Diagram of the oligonucleotide substrate (Gap-D20) for examination of the initial
ligation step with Pol δ and DNA ligase I alone. (B) Comparison of the ligation products on
the Gap-D20 substrate by Pol δ4 and Pol δ3. Gap-D20 (20 nM) was blocked with 50 nM
streptavidin and then loaded with PCNA (40 nM) by 20 nM RFC. The reaction was initiated
by addition of 5 nM DNA ligase I and 20 nM Pol δ4 or Pol δ3 at 37°C. The reactions were
quenched at 1, 2, 3, 4 and 5 min. (C) Ligation in the complete system with Pol δ and Fen1.
Reactions were performed as in B, and Fen1 was added at concentrations of 5, 10, 20 or 50
nM. Product formation was analyzed by gel electrophoresis and phosphorimaging. Gels for
the 70mer product at the 10 and 50 nM Fen1 concentrations are shown. (D), (E) The 70mer
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ligation product formation for the entire series in C was quantitated, and plotted against
Fen1 concentration for Pol δ4 and Pol δ3, respectively. Data for Fen1 concentrations of 5,
10, 20, and 50 nM are shown as filled circles, triangles, inverted triangles and squares
respectively. (F) Diagram of the 3’-[32P]end labeled Gap-D21 substrate. (G). Reactions were
performed as in C, with 100 nM Fen1, 20 nM Pol δ4 or Pol δ3, and 5 nM DNA ligase I.
Reactions were quenched at 0, 20, 40, 60, 80, 100 and 120 sec, and analyzed by sequencing
gels as before for the production of the 70mer ligation products. (H) The amounts of 70mer
formed in G were quantitated and plotted against time for Pol δ4 (squares) and Pol δ3
(circles).
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Fig. 9. Working model for the physical and functional coupling of Pol δ and Fen1 in the removal
and replacement of the 5’-end of Okazaki fragments
The model depicts Pol δ and Fen1 simultaneously bound to PCNA. “1” Pol δ is shown
having two contacts with PCNA, with Fen1 occupying the remaining PIP-box binding site.
The DNA substrate is also shown as a nicked dsDNA, with Pol δ engaged with the DNA on
the face of PCNA while Fen1 is in a conformation that is away from the face of PCNA. The
series of transactions that are shown are based on the sequence shown in supplementary Fig.
A1, “C”, although essentially other arrangements with flaps of different sizes can be
accommodated. The first reaction is the insertion of a single nucleotide by Pol δ, resulting in
the formation of the a flap, generating the substrate for Fen1. “2” and “3” The formation of a
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flap leads to the dissociation of Pol δ from the DNA, and the engagement of the flap
structure by Fen1, essentially a switch between Pol δ and Fen1. “4” Fen1 cleaves the nick,
generating a nick, which is the substrate for Pol δ. “5” The presence of the nick leads to a
switch between Fen1 and Pol δ. This series of transactions is then repeated.
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