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Idling by DNA polymerase 8 maintains
a ligatable nick during lagging-strand
DNA replication
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During each yeast cell cycle, ~100,000 nicks are generated during lagging-strand DNA replication. Efficient
nick processing during Okazaki fragment maturation requires the coordinated action of DNA polymerase
(Pol &) and the FLAP endonuclease FEN1. Misregulation of this process leads to the accumulation of
double-stranded breaks and cell lethality. Our studies highlight a remarkably efficient mechanism for Okazaki
fragment maturation in which Pol & by default displaces 2-3 nt of any downstream RNA or DNA it
encounters. In the presence of FEN1, efficient nick translation ensues, whereby a mixture of mono- and small
oligonucleotides are released. If FEN1 is absent or not optimally functional, the ability of Pol & to back up via

its 3'-5'-exonuclease activity, a process called idling, maintains the polymerase at a position that is ideal
either for ligation (in case of a DNA-DNA nick) or for subsequent engagement by FEN1 (in case of a
DNA-RNA nick). Consistent with the hypothesis that DNA polymerase ¢ is the leading-strand enzyme, we
observed no idling by this enzyme and no cooperation with FEN1 for creating a ligatable nick.
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The nature of semidiscontinuous DNA replication in a
eukaryotic cell mandates the synthesis of short RNA-
primed Okazaki fragments on the lagging strand. During
each cell cycle, tens of millions of these small Okazaki
fragments are synthesized in a mammalian cell. Even
during replication of the much more compact yeast ge-
nome, an estimated ~100,000 Okazaki fragments are
synthesized. Each of these fragments needs to be ma-
tured into continuous double-stranded DNA with high
fidelity. Unrepaired nicks lead to double-strand breaks
during the next cell cycle. These breaks can be repaired
by the double-strand break repair system; however, the
accumulation of as few as 30 unsealed nicks can over-
whelm this system in yeast and cause cell lethality
(Resnick 1978). Therefore, it is essential not only that
the maturation of Okazaki fragments occurs with high
speed and high fidelity, but also that backup mecha-
nisms are available for the infrequent occasions that the
prevailing maturation machinery fails.

Several different models have been proposed to ac-
count for initiator RNA degradation and gap filling dur-
ing the maturation of Okazaki fragments (for review, see
Kao and Bambara 2003). In one proposed mechanism, the
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initiator RNA is degraded by the sequential action of
RNase H2 and the FLAP endonuclease FEN1. A second
mechanism has been proposed in which the initiator
RNA is degraded by the sequential action of the nucle-
ase/helicase Dna2 and FEN1. Based on biochemical stud-
ies, we, and others, have recently proposed a third model
for Okazaki fragment maturation, in which a simple ma-
chinery of DNA polymerase & (Pol 8) and FEN1 carries
out nick translation in a processive complex with the
replication clamp PCNA (proliferating cell nuclear anti-
gen) in order to degrade the RNA primer (Maga et al.
2001; Ayyagari et al. 2003; Kao et al. 2004). In this model,
Dna2 and/or RNase H2 would only be required under
rare conditions of dysfunction of the maturation com-
plex, either by mutation, scarcity of one of the factors, or
by the presence of unusual DNA structures, when the
simple machinery starts to fail. Whereas in our model,
Dna2 serves as an essential backup factor during Oka-
zaki fragment maturation, others have proposed a con-
stitutive function for this enzyme at the lagging strand
(Budd and Campbell 1997; Bae et al. 2001, 2002). On the
other hand, analysis of the mutation spectrum of RNase
H2 mutator mutants suggests that this enzyme may act
in an alternate pathway of Okazaki fragment matura-
tion, which may only be activated upon FEN1 dysfunc-
tion (Qiu et al. 1999; Chen et al. 2000).

Unexpectedly, the 3'-5' exonuclease activity of Pol §
was also identified as an important factor in Okazaki
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fragment maturation in vivo and in vitro, suggesting that
this nuclease activity cooperates with FENT1 in creating a
ligatable nick and preventing genome instability (Jin et
al. 2001, 2003). Severe phenotypic defects, indicative of a
failure in the maturation of Okazaki fragments, were
observed if both activities were even partially compro-
mised. The most frequent class of mutations observed in
such mutants where the removal of 5'-flaps, generated
by the DNA polymerase during Okazaki fragment syn-
thesis, is impaired are extended duplications (up to 100
bp) flanked by short direct repeats (4—8 bp) (Tishkoff et al.
1997b; Jin et al. 2001, 2004).

More than 30 years ago, it was recognized that turn-
over of ANTPs to dNMPs during DNA replication by
bacteriophage T4 DNA polymerase could function to in-
crease replication fidelity (Muzyczka et al. 1972). The
stochastic choice that the polymerase makes between
5'-3’ extension and 3'-5’ excision, and the influence of a
mismatch on this choice, has been put in a kinetic
framework for several DNA polymerases (for review, see
Johnson 1993). Turnover also occurs when DNA synthe-
sis with only one dNTP present leads to repeated cycles
of incorporation and degradation at the primer terminus,
or when progression of the polymerase is inhibited by
the immediate downstream presence of stable hairpins
in the template (Topal et al. 1980; Roth et al. 1981).
These latter processes have been called “idling” because
dNTP — dNMP turnover is not accompanied by net
DNA synthesis or degradation.

Here we report that idling by Pol & at a nick is an
important mechanism for maintaining a ligatable nick
during lagging-strand DNA replication. We present ex-
perimental evidence indicating that hidden in the simple
Pol 3/FEN1 machinery is a homeostatic control mecha-
nism that maintains this machinery at the position of
the nick such that extended and deleterious strand-dis-
placement synthesis cannot readily take place. This ho-
meostatic control depends on a fully functional 3'-5'-
exonuclease activity of Pol 8. We find that idling by Pol
& through successive cycles of polymerization and 3’-
degradation serves to maintain the maturation complex
at the position of the nick. Importantly, idling occurs in
such a fashion that 2-3 nt of the 5'-strand are opened,
providing an ideal substrate for FEN1, and thereby in-
creasing the efficiency of nick translation. Idling is an
unique property of the lagging-strand DNA polymerase
8. DNA polymerase & (Pol &) is the proposed leading-
strand enzyme (Fukui et al. 2004). In support of the

Table 1. Oligonucleotides used in this study

Idling by Pol & at a nick

model that Pol ¢ is not required for Okazaki fragment
maturation, we find that it does not idle at a nick.

Results

Strand-displacement synthesis by Pol &

In order to accurately assess strand opening and strand-
displacement synthesis by the processive PCNA-Pol
complex, and determine the factors that contribute to it,
we used a model oligonucleotide system (Table 1; Fig.
1A). The 113-nt-long oligonucleotide template is primed
with a 30-mer primer (PRI) and with a downstream
blocking oligo (BLO). The two oligos are separated by 25
template dT residues, and an additional 30 dT residues
precede the PRI position. The single-stranded binding
protein RPA is first bound to the oligo(dT) stretches, fol-
lowed by loading of PCNA by replication factor C (RFC).
The terminal biotin-streptavidin anchors prevent PCNA
from sliding off the DNA (Kaboord and Benkovic 1993;
Ayyagari et al. 2003). Upon initiating replication, 25
dATPs were incorporated by the polymerase prior to en-
countering the blocking oligo. Replication products
longer than 55 nt are the result of strand-displacement
synthesis. In general, strand-displacement synthesis by a
DNA polymerase is more efficient when its exonuclease
has been inactivated (e.g., see Canceill et al. 1999). This
was also observed with Pol 8. Complete strand-displace-
ment synthesis, as shown by the appearance of extension
products 81-82 nt in length, was observed with the exo-
nuclease-defective Pol 3-5DV, but only in a complex
with PCNA (Fig. 1B). The wild-type enzyme was much
less active in strand-displacement synthesis.
Interestingly, when Pol 3-5DV replicated into the
double-stranded DNA region, the major replicational
pause site was at positions 2-3 nt into the double-
stranded DNA, whereas pausing by the wild-type was at
the precise nick position. Previously, we had detected
strand opening of 2-3 nt into different template-primer
sequences by Pol 3-5DV, indicating that this is a general
property of the polymerase (Jin et al. 2003). In this paper,
we call the characteristic displacement of the nick-proxi-
mal few nucleotides strand opening, reserving strand-
displacement synthesis for more extensive synthesis
into the double-stranded region. Our working hypothesis
is that strand opening is a reversible step for wild-type
Pol 3, whereas strand displacement is not. Similar to
what is observed for complete strand-displacement syn-

Bio-V6: Bio-3"-T1, TCCCTTCCCTCTCCCTCCTCTTCTTCCCTCT,,,TCCAAGGTGGTTTGTTTTGGTTGGGTTGA-5'Bio
C12 (PRI}): 5-AGGGAAGGGAGAGGGAGGAGAAGAAGGGAG-3

pC6 (BLO): 5'pGGTTCCACCAAACAAAACCAACCCAAC-3

pRC6: 5'pGGUUCCACCAAACAAAACCAACC-3

pC6-2G: 5" pTTCCACCAAACAAAACCAACCCAAC-3

PACG: 5pAGGTTCCACCAAACAAAACCAACCCAAC-3
pA2C6: 5'-pAAGGTTCCACCAAACAAAACCAACCCAAC-3
pA4CG: 5 pAAAAGGTTCCACCAAACAAAACCAACCCAAC-3

PAG6CG: 5" pPAAAAAAGGTTCCACCAAACAAAACCAACCCAAC3

The underlined sequence denotes RNA. The standard primer (PRI) and blocking (BLO) oligonucleotides are indicated (see also Fig. 1A).
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Figure 1. Strand-displacement synthesis by DNA polymer-
ases. (A) Schematic of the substrate. The 113-mer template is
Strep-Bio-V6 (Table 1); PRI is the 5'-3>P-labeled 30-mer primer;
BLO is the 5'-phosphorylated 27-mer blocking oligo. The tem-
plate strand between the PRI and BLO positions is (pT),s (see
Materials and Methods). (B) DNA synthesis by Pol 3-5DV and
Pol 3-wt with or without PCNA present. The standard assay
(Materials and Methods) was modified to contain only 40 mM
NaCl to allow PCNA-independent synthesis to proceed more
efficiently. Full-length strand-displacement products should be
83 nt, but 1-2-nt shorter products were mainly observed be-
cause the biotin-streptavidin block inhibited progression of the
polymerase. The open arrows indicate extension products
paused at the nick position (55 nt, position 0] and the closed
arrows indicate products at the +3 position (58 nt). (C) Strand
opening by various DNA polymerases in the presence of PCNA.
Only a close-up of the nick region is shown for each enzyme.
The exo-deficient forms of Pol & and Pol ¢ also carried out com-
plete strand-displacement synthesis, generally up to ~30% after
7 min (data not shown). The standard assays contained 100 mM
NaCl, RPA, RFC, PCNA, and a threefold molar excess of each
DNA polymerase over template-primer. Assays with Sequenase
were carried out on naked DNA without accessory factors. As-
says were at 30°C for the indicated times and analyzed by 7 M
urea/12% PAGE, followed by Phosphorlmaging of the dried gel.
Strand opening (as percent) is defined as 100 x [products in po-
sitions 1 + 2 + 3 + 4]/[products in positions 0 + 1 +2 + 3 + 4] at
the 5-min time point.
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thesis, the appearance of strand-opened products gener-
ated by Pol 3-5DV was also strongly stimulated by
PCNA. Furthermore, the relative distribution of pause
sites stayed constant once the polymerase reached the
blocking oligo.

Table 2. Overview of Pol 8 mutants

We surveyed several forms of Pol 8 and two forms of
Pol ¢ to determine the percentage of strand opening in
the presence of PCNA at 100 mM NaCl. This percentage
is defined as 100 x [products in positions +1 to +4]/[prod-
ucts in positions 0 to +4], where position 0 identifies
the precise nick position (open arrows in Fig. 1B,C).
During the course of the assay, all forms of Pol § and
Pol & maintained a fairly constant ratio of pausing
products between that at the nick position and those at
the +1 to +4 positions (Fig. 1C). Interestingly, whereas
the exonuclease-deficient forms of Pol §, that is, Pol 8-01
and Pol 3-5DV, produced a greatly increased percentage
of strand-opened products compared to wild-type, the
same was not observed with the exonuclease-deficient
Pol &, which predominantly paused at the precise nick
position. Pausing by Sequenase was much more tran-
sient.

Recently, we studied a series of POL3 mutator muta-
tions at Leu 523 in the exonuclease domain (Jin et al.
2004). Of these, Pol 8-L523S and Pol 3-L523H show a
close to wild-type or wild-type exonuclease activity, re-
spectively (Table 2). Their in vivo defects, including a
defect in Okazaki fragment maturation, have been pro-
posed to result from a partial defect in switching of the
template-primer between the polymerase and exonucle-
ase domains. The L523X mutant enzymes also show in-
creased strand opening, suggesting that the lack of ob-
servable strand opening by the wild-type enzyme may be
areflection of efficient switching from the polymerase to
the 3'-5'-exonuclease domain after strand opening had
occurred, followed by rapid degradation back to the nick
position (Fig. 1C).

Rapid nucleotide turnover at a nick by Pol §

Successive cycles of 5'-strand opening followed by 3'-
degradation are expected to result in overall nucleotide
turnover (ANTP — dNMP) at the nick. In the oligo-
nucleotide-based system, initial DNA replication only
requires the incorporation of 25 dA residues by Pol 8.
Subsequent incorporation of the next two nucleotides,
two dGTPs, would require strand opening of the block-
ing oligo (Fig. 2). If strand opening were followed by deg-
radation, dGMP would be liberated. Through the inclu-
sion of radioactive dGTP in the assay, the conversion of

Growth with

Mutation Exonuclease Idling Nick
Allele rate canl rad27-A rad27-p activity rate ligation
wild type 1 + + 100 100 100
-DE321,323AA (01) 19 - - <0.1 0 2
_D520V (5DV] 13 - + <0.1 0 2
-L523H 1.5 - + 100 32 64
-L523S 20 - - 68 10 6
-L523D 110 - n.d. 10 1 9

Activities for wild type were set at 1 or at 100.
n.d., not done.

All data, except in last two columns, are from Jin et al. (2001, 2004).
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Figure 2. Nucleotide turnover at a nick. (A) Standard
dGTP — dGMP turnover assays contained the Strep-Bio-V6
template either with the PRI oligo or with the BLO oligo, or
with both, as indicated (see Fig. 1A). Reactions were carried out
for the indicated times with Pol & or with Pol e. (B) The standard
turnover assay, with both the PRI and BLO oligos hybridized,
contained wild-type Pol 8 and increasing [a-3*P]dGTP, from 2.5
EM to 80 puM. Rates of turnover were calculated from time-
course assays and plotted against the dGTP concentration. Half-
maximal turnover rates were obtained at 3 pM dGTP. (C) The
standard turnover assay, with both the PRI and BLO oligos hy-
bridized, contained wild-type or L523X Pol 8, as indicated, or
wild-type Pol 8 with FEN1 or with DNA ligase I. (Inset) Se-
quences of the oligos at the junction positions are shown.

dGTP to dGMP was measured by thin layer chromatog-
raphy.

When only the primer oligo or the blocking oligo was
hybridized to the template, very limited turnover of
dGTP by Pol 8 was observed. However, when both oligos
were hybridized to the template, turnover was stimu-
lated >20-fold, indicative of active idling by the polymer-
ase at the nick (Fig. 2A). Interestingly, dGTP — dGMP
turnover by Pol & did not increase substantially when it
encountered the blocking oligo. This lack of nucleotide
turnover is not an artifact resulting from complete
strand-displacement synthesis by Pol &. Less than 20% of
the blocking oligo was fully displaced by Pol & during the
time period of the assay (data not shown).

The turnover assays were carried out with 100 pM
each of the nonradioactive dNTPs and increasing con-
centrations of [a->**P]JdGTP. The half-maximal rate of
turnover was reached at 3 uM dGTP (Fig. 2B). Therefore,
all subsequent assays were carried out with 10 pM dGTP
in order to be close to saturation while still retaining the
sensitivity of the assay. Additional control experiments
showed that the rate of idling was dependent on the con-
centration of the DNA polymerase. However, once satu-
ration was reached with the polymerase in excess over
DNA, addition of even a 10-fold molar excess of poly-
merase over DNA did not further increase the observed
turnover rate, indicating that idling occurred only in the
stable polymerase-DNA complex (data not shown).
Therefore, all DNA polymerases were used in three- to
fourfold molar excess over DNA.

Idling by Pol 8 was not limited to a DNA-DNA nick.
When the blocking oligo contained an initial 8 nt of
RNA, efficient idling at the DNA-RNA junction was
also observed (Table 3). Therefore, both gap filling and
Okazaki fragment maturation can be accompanied by

Idling by Pol & at a nick

idling at a similar rate. Consistent with our observation
that strand opening by the exonuclease-deficient Pol
3-5DV required PCNA, idling by the wild-type enzyme
was abolished when PCNA was absent (Table 3). Fur-
thermore, when DNA ligase was included in the assay,
the rate of idling decreased with time (Fig. 2C), because
ligation of the nick was achieved (~60% ligation after 7
min) (data not shown). Inclusion of FEN1 in the assay
completely abolished idling, indicating efficient utiliza-
tion of the invaded strand by FEN1 to give nick transla-
tion.

The mutator activity of pol3-L523X mutants has been
proposed to result in part from a defect in switching of
the template-primer between the polymerase and exo-
nuclease domains (Jin et al. 2004). We reasoned that a
similar domain switching would also be required for ef-
ficient idling, and therefore be important for high-fidel-
ity gap filling and Okazaki fragment maturation. Of the
three mutant enzymes, Pol 3-L523H is the only one to
show wild-type exonuclease activity while being par-
tially defective in switching. This enzyme idled with
only 32% the rate of wild-type, indicating that idling
requires efficient switching between the polymerase and
exonuclease domains (Fig. 2C; Table 2). Idling by the
more severe mutator Pol 3-L523S was 10% of wild type,
and no significant idling by Pol §-L523D was observed.

Strand opening is a prerequisite
for nucleotide turnover

We carried out two complementary series of experi-
ments to determine how many nucleotides on either side
of the nick are subject to idling. In the first assay, turn-
over of dTTP, representing positions +3 and +4 past the
nick, was compared to that of dGTP (positions +1 and
+2). Turnover of dTTP was substantially lower than that
of dGTP with both the DNA and RNA blocking oligo
(Table 3). No significant turnover of dCTP, correspond-
ing to positions +5 and +6, was observed (data not
shown).

In the second set of experiments, we measured dGTP
turnover using a series of blocking oligos with different

Table 3. Nucleotide turnover at a nick

Turnover

Condition dGTP dTTP
Block = pC6 (BLO) 100 9
Block = pRC6 (RNAGDNA, ¢ 97 14
Block = pC6-2G 16 57
40 mM NaCl 132

40 mM NaCl—PCNA 2

Pol §-5DV or Pol 8-01 0

Standard turnover assays were modified as indicated. The turn-
over rate of dGTP with pC6 (BLO) and wild-type Pol & at 100
mM NaCl (standard conditions) was set to 100. See Figure 3 for
alignment of the different oligos. The sequence of pRC6 was
identical to that of pC6, except that the eight 5'-nucleotides
were RNA.

GENES & DEVELOPMENT 2767


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

Garg et al.

5'-end positions (Fig. 3; Table 1). When the blocking
oligo was shortened by 2 nt at the 5’-end (pC6-2G in
Table 1), turnover of dGTP was severely reduced, but
that of dTTP was enhanced (Fig. 3; Table 3). The main
conclusion from this series of experiments is that turn-
over by Pol & of ANTPs corresponding to those nucleo-
tides just prior to the double-stranded DNA block is not
efficient. On the other hand, when the length of the
blocking oligo was increased at the 5’-end by the succes-
sive addition of dA residues (pAC6 through pA6C6 in
Table 1), a concomitant decrease in dGTP turnover was
observed, indicating that the highest turnover is ob-
served for those dNTPs corresponding to 2-3 nt into the
double-stranded region. The very low nick-dependent
nucleotide turnover that we observed with Pol & was also
further characterized (Fig. 3). In contrast to Pol §, turn-
over catalyzed by Pol & proceeded both via strand open-
ing and gap formation with comparable rates.

Idling maintains the Pol 8 machinery at a ligatable
nick position

Idling by Pol & appears to shuttle the DNA substrate
primarily between a strand-displacement product and a
precise nick. Therefore, in the presence of DNA ligase I,
idling should allow efficient ligation of DNA replication
products. We used a circular SS DNA substrate primed
with a 5'-phosphorylated primer to assay the accuracy of
gap-filling synthesis and nick closure (Ayyagari et al.
2003). DNA ligase-catalyzed closure of the nick resulting
from precise gap filling produces covalently closed cir-
cular DNA that has a unique migration position when
electrophoresed through an agarose gel in the presence of
ethidium bromide (Fig. 4A). Replication by Pol & in the

l
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PRI PAAAAGGTTCC— -4
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Figure 3. Efficient turnover by Pol 3 requires strand opening.
Standard dGTP — dGMP turnover assays contained the Strep-
Bio-V6 template primed with the PRI oligo and one of a series of
BLO oligos as shown. The C on the template indicated by the
arrow is defined as position 0, and therefore blocking oligo pC6
(5’-p-GGTTCC—] has its 5’'-junction at the O position, and the
other oligos accordingly. Blocking oligo pC6-2G (Table 1) is the
+2 oligo. Turnover rates with Pol § (gray) or with Pol & (cross-
hatched) were plotted as a function of the junction position.
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Figure 4. Gap filling and ligation by Pol 8 and Pol &. Assays
were as described in Materials and Methods. (A) The scheme
shows the proposed sequential action of the factors. However,
in the assay PCNA was first loaded by RFC onto RPA-coated
primed DNA. Subsequently, Pol 8 or Pol ¢ was added together
with DNA ligase and FEN1, where indicated. (B) Comparison of
Pol 8 and Pol &. Replication was for the indicated times at 30°C.
PCNA was increased to a 10-fold excess over DNA to increase
processivity of Pol & (Burgers 1991). The arrow indicates a rep-
licational pause that is particularly strong with Pol . (C) Com-
parison of Pol 8 mutants. All assays were for 7 min at 30°C. The
replication products indicated by the arrows are due to aberrant
strand displacement. The generation of these products is sup-
pressed in the presence of FENI1.

presence of DNA ligase I produced predominantly cova-
lently closed DNA after 4 min of reaction (Fig. 4B). Ad-
dition of FEN1 increased the efficiency of closure to vir-
tually 100%. Replication by Pol & in the presence of
DNA ligase also produced covalently closed double-
stranded circles albeit at a lower rate. However, addition
of FEN1 did not significantly alter the efficiency of clo-
sure, suggesting that Pol ¢ and FEN1 do not act syner-
gistically at a nick.

Studies of the Pol 8 mutants revealed that only the
L523H mutant produced covalently closed DNA with
some efficiency (53%), compared to 83% for wild type.
The other mutants yielded little or no covalently closed
DNA, suggesting that those enzymes did not generate or
maintain ligatable nicks (Fig. 4C). The severity of the
observed defect in the production of covalently closed
DNA by these DNA polymerases is a function of their
increased strand-opening capacity (Fig. 1B). However,
when FEN1 was also added to the assay, proper process-
ing of the displaced strand produced ligatable nicks with
near full efficiency for all forms of Pol 3.

Coupled activity of Pol 8 and FEN1 during
nick translation

Given the propensity of Pol & and its exonuclease-defi-
cient mutants to rapidly displace 2-3 nt of DNA, we
expected that nick translation in the presence of FEN1
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would primarily result in the release of small oligo-
nucleotides. In this assay the blocking oligo was 5’'-la-
beled to allow detection of FEN1-dependent degradation
products made specifically during nick translation (Fig.
5A). Incubation of the substrate with Pol 8 and dNTPs
did not liberate small labeled products, whereas incuba-
tion with just FEN1 liberated the expected mononucleo-
tide dGMP and very low amounts of the trinucleotide
(Harrington and Lieber 1994). Surprisingly, however,
when both Pol § and FEN1 were included so that nick
translation could take place, dGMP was the main reac-
tion product and larger products, di- to tetranucleo-
tides, made up a total of only 5% of the products specifi-
cally released by the combined action of Pol 8 and FEN1
(Fig. 5A).

FENI also efficiently cuts RNA tails, and therefore
nick translation into downstream RNA should proceed
similarly (Murante et al. 1996). Previous studies had
shown that Pol 8 and FEN1 carry out a remarkable effi-
cient RNA degradation coupled to DNA replication of
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Figure 5. Coupled action of Pol 8 and FEN1 at a nick. Nick
translation assays were as described in Material and Methods.
(A) Analysis of nick translation products at a 5'-DNA or a 5'-
RNA nick. Nick translation was carried out for 1 min at 30°C.
Prolonged incubation, up to 5 min, did not significantly change
the distribution of the small oligonucleotide and mononucleo-
tide products (data not shown). Control reactions carried out
under otherwise identical conditions were as indicated. In the
marker lanes, the DNA oligo was partially digested with snake
phosphodiesterase (PDE, lane 5), or with exonuclease V (ExoV,
lane 6), which produces a 5'-dinucleotide (Burgers et al. 1988),
and the RNA-DNA oligo with PDE (lane 7). (B) Comparison of
Pol & mutants in nick translation. The indicated forms of Pol &
were used on the DNA oligo substrate. Only the mononucleo-
tide to hexanucleotide region is shown. None of the DNA poly-
merases showed products in this region in the absence of FENI1.

Idling by Pol & at a nick

model substrates such as shown in Figure 4 in which the
primer was RNA (Jin et al. 2003). However, how RNA
degradation was accomplished during maturation has
not yet been determined. A comparable distribution of
products was observed when the nick translation ma-
chinery encountered an RNA rather than a DNA primer;
~8% of the specific product were oligoribonucleotides
while 92% was GMP. These results indicate that the
functional coupling between Pol 8 and FENI1 is ex-
tremely efficient.

The distribution of nick translation products was also
analyzed with the Pol & mutants. With the exception of
Pol 3-L523H, each one of the mutants released a much
higher percentage of oligonucleotides than wild type
(Fig. 5B). The exonuclease-defective Pol 8-01 and the
switching-defective Pol 8-L523S released even hexa-
nucleotide products at a low frequency and a total of
22% oligonucleotides was released during nick transla-
tion by Pol 3-01 and FENI1.

Discussion

The hypothesis that the 5’'-nuclease activity of FEN1 and
the 3'-exonuclease activity of Pol & act cooperatively
during Okazaki fragment maturation and simple gap fill-
ing stemmed from the observation that double mutants
in which mutations in RAD27(FEN1) are combined with
exonuclease mutations in POL3 (Pol ) are either lethal,
or show a strong genetic instability phenotype indicative
of Okazaki fragment maturation defects (Jin et al. 2001,
2004). Preliminary DNA replication studies revealed a
cooperation between the Pol § exonuclease and FEN1 in
forming a ligatable nick (Jin et al. 2003). However, the
biochemical principle underlying this hypothesis re-
mained unclear. Here, we provide compelling evidence
that the main function of the 3’'-5’-exonuclease in matu-
ration is to prevent uncontrolled strand-displacement
synthesis by the polymerase, through idling. Unlike
other DNA polymerases, Pol 8 uniquely carries out lim-
ited strand-opening synthesis when downstream double-
stranded RNA-DNA is encountered. By doing so, the
substrate for FEN1 cutting is generated on the fly, allow-
ing rapid and efficient degradation of the RNA
portion of an Okazaki fragment to take place. DNA li-
gase I does not catalyze ligation of an RNA-DNA nick
(Ayyagari et al. 2003). This specificity ensures that
the entire RNA portion of an Okazaki fragment is de-
graded before ligation can occur. However, once the
RNA has been degraded, closure can occur as early as a
few nucleotides past the RNA-DNA junction (Ayyagari
et al. 2003).

Role of strand opening in Okazaki
fragment maturation

Given the degree of strand opening effected by Pol §, we
expected that the products formed during a coupled nick
translation reaction would mostly consist of di- and tri-
nucleotides. Surprisingly, the degradation products ob-
served were mainly mononucleotides, regardless of
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whether nick translation proceeded through RNA or
DNA (Fig. 5A). Therefore, during lagging-strand DNA
replication the RNA primer is likely degraded through
repeated cycles of strand opening and FEN1 action. In-
terestingly, inactivation of the exonuclease activity of
Pol & generated both longer oligonucleotides and a higher
proportion of oligonucleotides to mononucleotides, con-
sistent with the increased strand opening observed with
these enzymes (Fig. 1B). However, even then, mono-
nucleotides still made up the majority of the degradation
products (Fig. 5B). An alternative explanation is that the
presence of FEN1 in the maturation complex may
modify the strand-opening capability of Pol & to that of
only a single nucleotide, which is then rapidly cut by
FENI1. Currently, our data do not allow us to distinguish
between these two mechanisms.

Why is strand opening by Pol 8 not much more exten-
sive so that it can exceed the RNA portion of an Okazaki
fragment, ~10 nt in length (Badaracco et al. 1985)? In that
case, the entire RNA portion of an Okazaki fragment
could be removed in one single-coupled reaction by Pol &
and FEN1. Our studies indicate, for the first time, that
strand opening is actually not even allowed to proceed
for more than 1 nt when FEN1 is present (Fig. 5A). The
strong coupling between FEN1 and Pol 8 indicates that
lagging-strand replication proceeds in such an efficient
manner that nucleotides are cleaved by FEN1 as soon as
they are displaced by Pol 8. Even when increased strand
opening is catalyzed by an exonuclease-deficient form of
Pol 3, the tight coupling to FENI cutting is still main-
tained to a large extent (Fig. 5B). Owing to the high cou-
pling efficiency, it is perhaps not surprising that the exo-
nuclease-deficient forms of Pol § do not show a large
defect in Okazaki fragment maturation in vivo, unless
FENI1 is also compromised (Jin et al. 2001, 2004). For
instance, neither the single pol3-L523H mutant, which
shows a minor defect in switching between the polymer-
ase and exonuclease domains, nor the single rad27-p mu-
tant, which specifies FEN1 compromised for binding
PCNA, shows an increase in duplication mutations.
However, the double mutant shows a large increase of
extended duplications flanked by short direct repeats,
indicative of a failure in the maturation of Okazaki frag-
ments (Jin et al. 2004).

Another important consideration is that if more exten-
sive strand displacement were allowed to take place, it
would increase the chance of protein binding to the dis-
placed SS RNA or DNA or the formation of secondary
structures in the SS tail, both of which inhibit access by

Figure 6. A binary choice model for Pol 8 to maintain
a ligatable nick. A DNA gap and displacement of 2 nt by
Pol § is shown. During Okazaki fragment maturation,
Pol & and FEN1 go through multiple cycles of displace-
ment synthesis and FLAP cutting (upper cycle, nick
translation) until all RNA has been degraded. pN,pN, is
the oligonucleotide released during nick translation,
whereas pN,; and pN, indicate mononucleotides re-
leased either during nick translation (orange) or during
idling (purple).
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FEN1 (Murante et al. 1995; Gordenin et al. 1997). The
critical tail length in vivo that would allow protein bind-
ing and consequent FEN1 inhibition is unknown, but in
the reconstituted in vitro systems with purified proteins,
it is 25-30 nt, the binding site size of RPA (Bae et al.
2001; Ayyagari et al. 2003; Kao et al. 2004). In such cases,
the Dna2 nuclease/helicase could act to trim down this
5'-tail, but this must be considered a fail-safe rather than
a standard response. Therefore, it appears that the cell
has opted for very tight control and safety by allowing only
a few nucleotides to be displaced in a single action cycle.

Idling by Pol & prevents extensive strand displacement

Uncontrolled strand-displacement synthesis forms a po-
tential problem associated with the strand-opening ap-
proach to maturation, and can lead to the formation of
double-strand breaks and duplication products (Jin et al.
2004). To curb extended strand displacement, Pol & uses
a control mechanism that consists of successive rounds
of limited strand opening and 3’-degradation, called
idling. This process cycles the DNA substrate between a
nick, which can be ligated, and a strand-opening product,
which can be cut by FEN1. Notably, the extent of strand
opening of 2-3 nt, as determined with the exonuclease-
deficient forms of Pol 3 (Fig. 1C), matches the number of
nucleotides in the double-stranded DNA that undergo
most efficient idling (2-3 nt) (Fig. 3). Figure 6 shows our
model in which a ligatable nick can be maintained either
by idling or by nick translation.

Under our experimental conditions, nucleotide turn-
over occurred at a rate of ~50 dGMPs/min produced per
DNA substrate. Assuming that two dGTP residues are
incorporated and two dGMPs produced during each
idling cycle with this DNA substrate (Fig. 3), idling oc-
curs at a rate of 0.4 cycles/sec. Under comparable condi-
tions, nick translation by the concerted action of Pol §
and FENI1 occurs at a rate of 1.7 nt/sec (Ayyagari et al.
2003). Consequently, nucleotide turnover is expected to
be suppressed in the presence of FEN1 because nick
translation dominates. Unfortunately, in the experimen-
tal system we used to measure idling, the end of the
template is rapidly reached during nick translation.
Therefore, the observed suppression of nucleotide turn-
over in the presence of FEN 1 is more a reflection of the
limitation of the system than a true measurement
of nucleotide turnover during nick translation (Fig. 2B).
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Relationship between strand opening, idling,
and ligatability of a nick

How does the DNA polymerase initiate strand opening,
and how is the extent of strand opening regulated by the
polymerase? Based on a structural comparison between
phage T7 RNA polymerase and the Klenow fragment of
Escherichia coli DNA polymerase I, a helix in the finger
domain has been implicated in strand separation of
downstream DS DNA (Steitz and Yin 2004). Release of
pyrophosphate after nucleotide incorporation is corre-
lated with a conformational change in the finger domain
that may be coupled to strand separation. The closest
structural model for Pol 3 is that of the bacteriophage
RB69 DNA polymerase, which unfortunately does not
present a clue regarding strand separation. However, in
the structure of the replicating complex, the down-
stream template strand exits the active site through a
groove made by the N-terminal domain and the exo-
nuclease domain (Franklin et al. 2001). Therefore, it is
not unreasonable to assume that the exonuclease do-
main of the structurally analogous Pol 8 may participate
in regulating the degree of strand opening at a nick. Our
study of two exonuclease-deficient forms of Pol & with
different strand-opening signatures supports this hypoth-
esis. Strand opening of 2-3 nt predominates for Pol
3-5DV, whereas 3-4-nt strand-opening products pre-
dominate for Pol 3-01 (Fig. 1C). Pause sites at the +1
position predominate for the three L523X mutants. Since
the L523D mutant enzyme does not idle, it appears that
in this mutant strand opening by only 1 nt is most com-
mon. It is therefore likely that the different structural
perturbations associated with these different mutations
affect putative interactions with the downstream
double-stranded DNA. Whatever the mechanism may be
that dictates pausing of Pol & after limited strand open-
ing, it is likely that this is not determined by the length
of the displaced 5'-tail. In previous studies we have
shown that the extent of opening into the double-
stranded region by Pol 3-5DV was the same, regardless of
whether the downstream 5’-strand was fully hybridized
or if it contained a 10-nt noncomplementary 5'-tail (Jin
et al. 2003).

The study of exonuclease-proficient but switching-de-
fective Pol 8-L523X mutants has also allowed us to es-
tablish a relationship between strand opening, idling,
and maintenance of a ligatable nick. Both the L523H and
L523S mutants of Pol 8 have wild-type or close to wild-
type exonuclease activity, respectively (Table 2). Switch-
ing of the DNA from the polymerase to the exonuclease
domain after misincorporation is more defective in the
L523S than in the L523H mutant, making the former a
stronger mutator (Jin et al. 2004). Strand opening in-
creased from 7% with wild-type Pol & to 49% with
L523H and 73% with L523S. Associated idling rates
were 50 nt/sec, 16 nt/sec, and 5 nt/sec, and nick ligat-
ability decreased from 83 % to 53% and 5%, respectively,
for these enzymes (Figs. 1C, 4; Table 2). Therefore, both
proofreading and idling require the same action by the
DNA polymerase, that is, rapid switching of the DNA

Idling by Pol & at a nick

substrate, either a mismatch or a strand-opened product,
from the polymerase to the exonuclease domain. These
in vitro phenotypes are reflected in the cell, where we
found that pol3-L523S is not only synthetic lethal with
rad27-A, but also with a mild mutation in FEN1 (rad27-
p) that decreases its affinity for PCNA. On the other
hand, pol3-L523H is only synthetic lethal with rad27-A,
although the viable pol3-L523H rad27-p double mutant
accumulates duplication mutations indicative of de-
fects in Okazaki fragment maturation (Jin et al. 2004). In
view of the fact that RAD27 deletion mutants are viable
but double mutants that also delete a related nuclease
EXO1 are not, we assume that Exol can substitute, al-
beit less efficiently, for FEN1 during nick translation
(Tishkoff et al. 1997a; Tran et al. 2002). However, this
assumption still requires direct experimental verifica-
tion. Apparently, the functional interactions between
Pol & and Exol, while sufficient for viability, are so
stressed that even a very mild perturbation of the exo-
nuclease such as in pol3-L523H is sufficient to cause
lethality.

Idling is specific for the lagging-strand
DNA polymerase

These studies allow us to compare the functions of Pol &
and Pol ¢ in Okazaki fragment maturation and gap fill-
ing. Elegant genetic experiments with mutator DNA
polymerases have shown that Pol § and Pol & are oppo-
site-strand DNA polymerases (Shcherbakova and Pavlov
1996; Karthikeyan et al. 2000). The assignment of Pol &
as the leading-strand enzyme follows primarily strong
experimental support for Pol 8 as the lagging-strand en-
zyme, although in vitro replication studies with Xeno-
pus extracts provide suggestive evidence for Pol ¢ as the
leading-strand enzyme (Fukui et al. 2004; for review, see
Kao and Bambara 2003). In this study we find that the
weak idling carried out by Pol ¢ is as likely to proceed by
degradation from the nick, leading to a small gap, than
by strand opening (Figs. 2, 3). This would make Pol &
inefficient at nick translation. Indeed, in a gap-filling as-
say, we find no evidence for a functional interaction be-
tween FEN1 and Pol ¢ (Fig. 4B).

Both Pol & and Pol & are B class DNA polymerases, all
of which have an invariant aspartate residue in the Exolll
motif (D520 in Saccharomyces cerevisiae) that is essen-
tial for exonuclease catalysis (Soengas et al. 1992; Jin et
al. 2001). The Pol 3-5DV enzyme used in this study is
mutated at D520. Several amino acids near this catalytic
aspartate are invariant in all 26 sequenced Pol § catalytic
subunits, deposited in GenBank, but not in other B class
DNA polymerases (Jin et al. 2004). L523 is one of these
invariant Pol §-specific amino acids. It is unlikely to be
directly involved in exonuclease catalysis, but may well
be important for a specific Pol §-related function, such as
the ability of strand opening and active site switching.
Certainly, it appears that the acquisition of strand open-
ing and idling are unique evolutionary properties ac-
quired by Pol & to deal with the recurring challenge of
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Okazaki fragment maturation during lagging-strand
DNA synthesis. Given these properties, it may also have
been developed as the preferred enzyme for regular gap
filling, for example, during base excision repair (Blank et
al. 1994; Jin et al. 2003).

Materials and methods

Materials

DNA Ligase I, Pol 3, and its mutants were purified from yeast
overproduction strains as previously described (Burgers and
Gerik 1998; Ayyagari et al. 2003; Jin et al. 2003, 2004). Pol & and
the exonuclease-deficient form of Pol & (containing Pol2-4) were
also overproduced and purified from yeast (Chilkova et al. 2003;
Shcherbakova et al. 2003). Replication protein A (RPA), PCNA,
Replication factor C (RFC), and FEN1 were purified from E. coli
overproduction strains (Henricksen et al. 1994; Ayyagari et al.
2003). All other enzymes were obtained commercially.

All oligonucleotides were obtained from Integrated DNA
Technologies and purified by polyacrylamide gel electrophore-
sis or HPLC before use. The 113-nt 5’- and 3’-biotinylated tem-
plate Bio-V6 (Table 1) was prepared by hybridizing two half
oligos to a bridging primer followed by ligation with T4 DNA
ligase and purification by preparative urea-PAGE (see Fig. 1A).
The oligos were hybridized to the template at 70°C. After hy-
bridization, streptavidin was added in a twofold molar excess.

Idling assays

Standard 80 pL assays contained 20 mM Tris-HCI at pH 7.8, 1
mM dithiothreitol, 100 pg/mL bovine serum albumin, 8§ mM
MgAc,, 0.5 mM ATP, 100 mM NaCl, 10 uM (unless otherwise
indicated) the [a-3*P]JdNTP for which turnover was being mea-
sured, 100 pM the other dNTPs, 580 fmol of DNA, 3 pmol of
RPA, 1 pmol of RFC, and 2 pmol of PCNA. The DNA was
preincubated with RPA, PCNA, and RFC for 30 sec at 30°C, and
the reaction was started by adding the relevant DNA polymer-
ase (1.5-3 pmol). Incubations were at 30°C. Aliquots of 10 pL
were quenched by the addition of 5 puL of stop buffer (25 mM
EDTA, 1% SDS, and 5 mM each of the relevant nonradioactive
dNTP and dNMP). Reaction products were analyzed by thin
layer chromatography on PEI/cellulose in 0.5 M LiCl/HCOOH,
followed by Phosphorlmager analysis.

Strand-displacement and nick translation assays

The idling assays were modified as follows. Either primer C12
(strand-displacement assays in Fig. 1), or oligo pC6 or pRC6
(nick translation assays in Fig. 5) was labeled at the 5’-end using
T4 polynucleotide kinase (NEB) and [y-32P]JATP. The labeled
oligo, together with a fivefold excess of the other nonlabeled
oligo, was hybridized to a twofold molar excess, over the labeled
oligo, of template Bio-V6. All other reaction conditions were the
same, except that 100 pM each nonradioactive dNTPs were
included. Reactions were analyzed on 12% (strand displace-
ment) or 20% (nick translation) denaturing polyacrylamide gels.
The gels were dried and exposed in a Phosphorlmager. Quanti-
tation was carried out using ImageQuant software (Amersham).

Maturation assays

Standard 25-pL assays contained 20 mM Tris-HCI at pH 7.8; 1
mM dithiothreitol; 100 pg/mL bovine serum albumin; 8§ mM
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MgAc,; 1 mM ATP; 100 uM each dATP, dCTP, and dGTP; 10
uM [«-*?P]dTTP; 100 mM NaCl; 100 fmol of single-stranded
bluescript SKIT* DNA primed with SKdc10 (5'-p-ACGACGTTG
TAAAACGACGGCCAGTGAGCG]); 10 pmol of RPA; 250 fmol
of PCNA; 200 fmol of RFC; 200 fmol of Pol & wild-type or
mutant or 300 fmol of wild-type Pol ¢; and when indicated, 250
fmol of FEN1 and/or 500 fmol of DNA ligase. The DNA was
preincubated with RFC, PCNA, and RPA for 30 sec at 30°C, and
the reaction was started by the addition of the rest of the pro-
teins in a mixture. Incubations were for the indicated times at
30°C. The products were analyzed by electrophoresis on a 1%
agarose gel containing 0.5 pg/mL ethidium bromide. The gels
were dried and analyzed on a Phosphorlmager. ImageQuant soft-
ware was used to quantitate the data. The images in the figures
were contrast-enhanced for visualization purposes.
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