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ABSTRACT

Nonhomologous end joining connects DNA ends in the absence of extended sequence
homology and requires removal of mismatched DNA ends and gap-filling synthesis prior to
a religation step. Pol4 within the Pol X family is the only polymerase known to be involved
in end processing during nonhomologous end joining in yeast. The Saccharomyces cerevisiae
POL3/CDC2 gene encodes polymerase 3 that is involved in DNA replication and other DNA
repair processes. Here, we show that POL3 is involved in nonhomologous end joining using
a plasmid-based end-joining assay in yeast, in which the pol3-t mutation caused a 1.9- to
3.2-fold decrease in the end-joining efficiency of partially compatible 5’ or 3’ ends, or incom-
patible ends, similar to the pol4 mutant. The pol3-t pol4 double mutation showed a synergistic
decrease in the efficiency of NHE] with partially compatible 5 ends or incompatible ends.
Sequence analysis of the rejoined junctions recovered from the wild-type cells and mutants
indicated that POL3 is required for gap filling at 3’ overhangs, but not 5 overhangs during
POL4-independent nonhomologous end joining. We also show that either Pol3 or Pol4 is
required for simple religation of compatible or blunt ends. These results suggest that Pol3
has a generalized function in end joining in addition to its role in gap filling at 3’ overhangs
to enhance the overall efficiency of nonhomologous end joining. Moreover, the decreased
end-joining efficiency seen in the pol3-t mutant was not due to S-phase arrest associated
with the mutant. Taken together, our genetic evidence supports a novel role of Pol3 in non-
homologous end joining that facilitates gap filling at 3’ overhangs in the absence of Pol4 to
maintain genomic integrity.

© 2008 Published by Elsevier B.V.

1. Introduction

lar metabolism. DSBs are mainly repaired by homologous
recombination in yeast that requires extensive sequence

DNA double-strand breaks (DSBs) are produced exogenously homology between the damaged DNA and the donor tem-
by ionizing radiation and chemical DNA damaging agents plate. Alternatively, nonhomologous end joining (NHE]), the
or by endogenous free radicals generated during cellu- main mechanism of DSB repair in mammalian cells, directly

Abbreviations: DSB, double-strand break(s); NHE], nonhomologous end-joining; MME], microhomology-mediated end-joining; bp,

basepair; nt, nucleotide.
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joins two broken DNA ends with no or little homology [1]. A
subset of NHE] events called microhomology-mediated end-
joining (MME]J) relies on a few base pairs of sequence homology
that facilitates alignment of DNA ends [2-4]. NHE] is usually
associated with gain or loss of genetic material, nonetheless
accurate end joining of broken ends is important in maintain-
ing continuity of chromosomal DNA and cell survival. Defects
in NHE]J are implicated in aberrant chromosomal rearrange-
ments, cell transformation, and immunodeficiency [5,6].

The main genetic factors of the NHE] pathway in
yeast include the end-binding Hdf1/Hdf2 (yKu70/yKu80) het-
erodimer, the Mre11/Rad50/Xrs2 complex and Dnl4/Lif1 ligase
complex [7]. A reconstituted NHE] system in vitro has shown
that the Hdf1/Hdf2 heterodimer and Dnl4/Lifl ligase com-
plex can promote rejoining of complementary ends [8].
However, the majority of DSBs generated by endogenous
oxygen species or ionizing radiation contain incompatible
ends that render DNA ends unusable for direct ligation.
End joining of such events requires nucleolytic process-
ing and possibly polymerization prior to the religation step
[9].

The S. cerevisiae POL3/CDC2 gene, encodes the large catalytic
subunit of polymerase 3, which possesses the polymerase and
proofreading 3'-5’' exonuclease activities that is required for
leading strand and lagging strand synthesis in DNA replica-
tion [10,11] and other DNA repair processes [12-15]. The pol3-t
allele is a temperature-sensitive mutant with an amino acid
substitution D643N in the vicinity of the polymerase motif VI
[16]. At the restrictive temperature, the pol3-t mutant exhib-
ited replication defects and cell cycle arrest in the S phase
[17]. The pol3-t allele was initially isolated as texI mutant that
exhibited a 20-100-fold increase in Tn5 excision of a bacte-
rial transposon inserted within the yeast LYS2 gene [18]. A
replication slippage mechanism was most likely responsible
for the enhanced excision events. Furthermore, some pol3
alleles exhibited an elevated frequency of spontaneous intra-
chromosomal recombination [19]. The pol3-t mutation causes
a 100-fold and a 40-fold increase in the frequency of dele-
tions between short direct repeats [20] and longer repeats [21],
respectively, as well as destabilizes microsatellite and min-
isatellite DNA sequences [22].

In the current literature, only the polymerases within the
Pol X family are known to be involved in NHE]. In yeast, Pol
B encoded by POL4 is required for NHE] of incompatible ends,
in which efficient gap-filling synthesis and removal of mis-
matches are required [23,24]. Further studies showed that
physical and functional interactions among Pol4, Dnl4/Lifl
and Fen-1 (a 5 flap endonuclease) coordinate between DNA
ends processing and NHE] enzymes [25,26]. The mammalian
homologues Pol p and Pol X have similar functions in gap
filling during NHE]. In vitro data demonstrate the association
between Pol p, Ku and the Ligase IV/XRCC4 [27]. Similarly,
interaction between Pol \ and Ligase IV/XRCC4 facilitates the
gap-filling activity of Pol \ [28].

In this paper, we examined the effect of the pol3-t muta-
tion on NHE] using a plasmid-based end-joining assay in yeast.
We also examined the epistatic interaction between POL3 and
POL4 in NHE]. We report here that Pol3 is involved in NHE]J
and is required for gap-filling synthesis at 3’ overhangs during
Pol4-independent NHE].

2. Materials and methods
2.1. Yeast strains

Experiments were performed in the haploid Saccha-
romyces cerevisiage strain RSY12 (MATa leu2-3,112 his3-11,15
ura3A:HIS3), in which the entire URA3 open reading frame
and promoter sequence was replaced by the HIS3 gene [29].
The pol3-t isogenic mutants were constructed by two-step
gene replacement using the plasmid p171 cut with Hpal and
FOA selection [21]. The pol4 isogenic mutant was constructed
by PCR-mediated disruption, in which the disruption cassette
was generated by PCR using primers POL4-LEU2-FW 5’ AAGGA-
TAAACATGCGACCTGTTAGACAAATCGCACAT GTCTCTAAAG-
GGTACCGTCATCACCGAAACG-3/, POL4-LEU2-RC 5'-CCCA-
TTCG ATATTTCTATGTTCGGGTTCAGCGTATTTTAAGTTTAAT-
AACATAGGCGTATCA CGAGGC-3' and plasmid YEplac128 as a
template, the cassette was then transformed into the RSY12
strain to generate the pol4 mutant. The same disruption
cassette was transformed into the pol3-t mutant to generate
the isogenic pol3-t pol4 double mutant. E. coli strain DH5a was
used for maintenance and amplification of plasmid DNA.

2.2. Plasmids

YEplac195 contains the URA3 marker, Amp" gene for selection
and the 2-pm origin of replication [30].

2.3.  Plasmid-based end-joining assay

Plasmid YEplacl195 was digested with restriction enzymes
and purified by phenol:chloroform extraction. Yeast strains
were grown at 30 °C overnight (25 °C for temperature-sensitive
strains) and diluted to 1x 1077 cells/ml into 50ml YPAD
and incubated for 4h at 30°C under constant shaking.
100-200ng of the linearized plasmid YEplac195 was trans-
formed into yeast strains using the transformation protocol
previously described [31]. Circularized plasmid YEplac195 was
transformed into the yeast strains to measure for the trans-
formation efficiency. Ura* transformants were selected after
4 days of growth. The efficiency of NHE] was calculated as
dividing the number of Ura* colonies arisen after transfor-
mation with linearized plasmid in comparison with that to
the uncut plasmid. Yeast plasmid DNA was purified by glass
beads [32], transformed into E. coli DH5« and selected on Ampi-
cillin plates. Plasmid DNA was isolated from the E. coli strain
using the QIAGEN miniprep kit (Qiagen, Valencia, CA). The iso-
lated DNA was first digested with BamHI to exclude any uncut
plasmid or single cut plasmid that was rejoined by simple reli-
gation, in which the BamHI site is located between Pstl and
Sacl sites or between HindIIl and Kpnl sites. About 5-10% of
rejoined plasmids recovered from the wild-type and mutant
strains could be digested by BamHI and were excluded from
the calculation of transformation efficiency and sequenc-
ing analysis. The isolated DNA was further digested with
HindlIII to estimate the size of the rejoined plasmid. The junc-
tion sequences of the rejoined plasmids were determined by
sequencing using primers upstream and downstream of the
multi-cloning sites, 195-8-FW 5-ATACGCAAACCGCCTCTCC-3/,
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195-690-RC 5'-ATGCGACGTGCAA GATTACC-3" and 195-4583-
FW 5’ACTGGCTTCAGCAGAGCGCAGATACC-3'.

2.4.  Treatment with hydroxyurea

Cells were diluted 1:50 from an overnight culture (RSY12 was
pre-grown at 30°C and pol3-t at 25°C) in warm (30°C) YPAD
and treated with 75 mM hydroxyurea. After 4h at 30°C, cells
were counted and small budded cells were considered to be in
S-phase. The percent of S-phase cells was 89.4 + 3.6 for RSY12
and 83.2 £+ 10.3 for the pol3-t mutant.

2.5. Statistical analysis

Data on the efficiencies of NHE] were statistically analyzed
using Student’s t-test. The percentages of end-joining events
that involved gap filling in different background were com-
pared using Chi-square test or Fisher’s exact test.

3. Results

3.1.  Either Pol3 or Pol4 is required for simple religation
of compatible or blunt ends during NHE]

To examine any effect of the pol3-t mutation on NHE], we
utilized a plasmid-based end-joining assay in yeast. The
YEplac195 plasmid contains the URA3 gene and a 2-um region
which allows the plasmid to replicate episomally [30]. First,
we tested whether Pol3 was required for simple religation
of compatible ends during NHE]J. Since Pol4 is currently the
only polymerase known to be involved in NHE] in yeast [23],
we also examined the epistatic interaction between Pol3 and
Pol4 on rejoining of compatible ends. Plasmid YEplac195 was
first linearized with either HindlIII or Kpnl to generate 5’ or 3’
overhangs, and transformed into the haploid wild-type RSY12
strain and the isogenic pol3-t, pol4 and pol3-t pol4 mutants
lacking the URA3 gene, in the absence of any homology
between the transformed plasmid and the yeast genome.
In parallel, the uncut YEplac195 plasmid was transformed
into each strain to control for the transformation efficiency.
After 4 days of growth, Ura* transformants were selected. The
NHE] efficiency was measured as normalizing the number of
transformants arisen after transformation with the linearized
plasmid in comparison to that with the uncut plasmid.

The efficiencies of end joining with HindIIl or Kpnl-
linearized ends in the pol3-t and pol4 mutant strains were
similar to that of the wild-type cells (Table 1), this lack of
effect was also found previously for the pol4 mutant [23].
However, the pol3-t pol4 double mutation caused a significant
3.0-fold decrease in the NHE] efficiency of 3’ overhangs (Kpnl-
linearized) and a significant 1.8-fold decrease in end joining of
5" overhangs (Hindlll-linearized) (Table 1). These results sug-
gest that either one of the polymerases is required for simple
religation of compatible ends during NHE].

We also tested the effect of pol3-t, pol4 and pol3-t pol4 muta-
tions on end joining with blunt ends. Smal-linearized plasmid
was transformed into each strain and the NHE]J efficiencies
were measured. Both pol3-t and pol4 mutants exhibited a small
decrease in the NHE] efficiencies that are not significantly dif-
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Circular

65.8 + 12.4
46.0 £ 11.5
58.0 + 4.3

12,553
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85.8+4.9

7334
7244
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88.9 + 5.4
81.2 £ 9.2
76.1 £9.3

7632
7787
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8576
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9293

RSY12
pol3-t
pol4

9,784
11,283

75.7 + 10.6
77.5 + 16.6

25.5 + 9.47ab"c

2,674

46.9 + 9.8 be

29.3 + 9.6 abe

7054

pol3-tpol4

Results are the mean of 4-5 independent experiments + standard deviation. Data were statistically analyzed using the Student’s t-test. Data referring to pol3-t pol4 were compared with RSY122, pol3-t®

and pol4¢. *p<0.05, **p<0.01, **p<0.001.
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ferent from the wild-type cells (Table 1). However, the pol3-t
pol4 double mutation caused a 2.6-fold decrease in the NHE]
efficiency that was significantly different from the wild-type
cells or either of the single mutants (Table 1). These results
suggest that either one of the polymerases is also required for
NHE] with blunt ends.

To further examine whether end joining of the HindlII,
Kpnl or Smal-linearized substrates involved end processing,
we amplified the rejoined junctions from the wild-type cells
and all of the mutant strains by PCR and tested whether
the rejoined plasmids retained the restriction sites after end
joining. We amplified five rejoined junctions from each strain
and digested the PCR products with the respective restriction
enzymes (HindIII, KpnlI or Smal). All of the junctions recovered
from the wild-type cells and all mutant strains restored the
restriction sites for the rejoining of the HindlIll, KpnI and
Smal-linearized substrates (data not shown), indicating that
the compatible ends or blunt ends were religated directly
without any end processing. These results suggest that either
Pol3 or Pol4 is required for simple religation of compatible
ends or blunt ends during NHE] without addition or deletion
of nucleotides.

3.2.  Pol3 is involved in NHEJ of partially compatible 5’
or 3’ ends or incompatible ends

We then tested the effect of the pol3-t mutation on the
repair of NHE]J substrates with partially compatible 5 and 3

ends, and incompatible ends. The Pstl-Sacl substrate pre-
sented in Fig. 1 juxtaposes 3’ overhangs with a compatible
“GC” within the 4-bp overhang and the BamHI-EcoRI sub-
strate presented in Fig. 2 contains 5 overhangs with a
compatible “AT” within the 4-bp overhang, in which these
substrates are useful in exploring gap filling after end align-
ment of the compatible 2bp. The HindIlI-KpnI substrate
shown in Fig. 3 juxtaposes 5 and 3’ incompatible ends that
are useful in mixed joining in the absence of any compati-
ble bps. The linearized and uncut YEplac195 plasmids were
transformed into the wild-type RSY12 strain and the pol3-t
mutant independently and the NHE]J efficiencies were deter-
mined.

The pol3-t mutation caused a significant 1.9- or 3.2-
fold decrease, respectively in the NHE] efficiency with the
BamHI-EcoRI or Pstl-Sacl substrates that contain partially
compatible 5 or 3’ ends, and a 2.7-fold decrease in the
efficiency of mixed joining with the HindIII-Kpnl substrate
(Table 2). These results suggest that Pol3 is involved in NHE]J
with partially compatible 5 or 3’ ends or incompatible ends.

3.3.  pol3-tis synergistic with pol4 in NHE] of partially
compatible 5’ ends or incompatible ends

To examine the epistatic interaction between the pol3-t
and pol4 mutants on NHE] with partially compatible ends
or incompatible ends, the same linearized substrates and
the uncut plasmid were transformed into the isogenic pol4

Pstl Sacl
R TTGCATGCCTGCA|3! CGAATTCACT e
9 ¥ AACGTACGG) 3'|TCGAGCTTAAGTGA Deletions  Filled-in Microhomology
Junctions RSY12 pol3t pold  pol3-zpold
TTGCATGLCT CGAATTCACT 14 it 2bp
A 3 10 AACGTACGH CGAGCTTAAGTGA
TTGCATGC GAATTCACT
B 3 1 AACGTA |:I CGAGCTTAAGTGA 51 1nt 2bp
c 3 TTGCAT GAATTCACT
ARCGTA TCGAGCTTAAGTGA Ti0 4nt
D 1 % GAATTCACT 1015
AAC |j CTTAAGTGA
(+4)
E 4 1 AGCT CGAATTCACT 1210
TCGAGCTTAAGTGA - 4bp
F 1 ) & 18 G PTG e . 2bp
G TTGCA CT :
d = AAC — GTEA i 2bp
TTGC AATTCACT y
i 1 AACGT |:I — MIGe R4 1bp
| TTGCATGCC GAATTCACT
2 AACGTACG GCTTAAGTGA 14 : 1bp
J GAATTCACT
1 AaZeaIEC y:! [ GCTTAAGTGA Sr4 : 1bp
,
K 1 CTCGTATGT CGAATTCACT z
GAGCATAC é AGCTTAAGTGA Tt 1bp
TCTGACTT i? CGAATTCACT
t 2 AGACTGA [ AGCTTAAGTGA 47913 : bp

Fig. 1 - PstI-Sacl junction sequences recovered from the wild-type RSY12 strain, pol3-t, pol4 and pol3-tpol4 mutants. The
plasmid YEplac195 linearized with Pstl and Sacl was shown. The number of clones recovered from each strain for each
junction is shown on the left. The nucleotides required to be filled-in are highlighted in grey. Microhomologies utilized for
end joining are shown in bold letters. Deleted nucleotides are presented as blank at the ends of the break and the number
of deleted nucleotides is shown as “—”. “//” represents the DNA end has large deletion. Inserted nucleotides are shown in
white letters and highlighted in grey, the number of inserted nucleotides is shown as “+” in parenthesis.
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Frequency
Junctions RSY12 pol3-t pold4 pol3-tpol4

A 1

BamHI

EcoRI

ACTCTAGAG 5" AATTCACTGGCCG
TGAGATCTCCTAG| 5" GTGACCGGC

ACTCTAGA
TGAGATCTCCTAG

IAATTCACTGGCCG
GTGACCGGC

Deletion

Filled-in Microhomology

/0 8nt
B 4 1 ACTCTAGA CACTGGCCG 0/-4 ant
TGAGATCTCCTAG GTGACCGGC
c 1 ACTCTA [AATTCACTGGCCG 710 ant -
TGAGAT GTGACCGGC
s 1 i 1 ACTCTAGAG TTCACTGGCCG  -2/0 4nt 1bp
TGAGATCTCCT TGACCGGC
ACTCTAG AETTCACTGGCCG
E 2 1 TGAGATCT I‘-QTGACCGGC g ant L
F 1 ACTCTAGA GCCG 1:-9 3nt
TGAGATCTCCTA CGGC
ACTCTAGAG! ATTCACTGGCCG
G 2 6 9 5 TGAGATCTCCTA GTGACCGGC =171 2nt 2bp
H 2 ACTCTAGRAG] TCACTGGCCG 0/-3 2nt 2bp
4 : 10 TEAGATCTCCTAG I—| TGACCGGC &
| 1 ACTCTAG ATTCACTGGCCG 5/-1 2nt 1bp
TGAGATCT TGACCGGC
1 1 ACTCTAGA GGCCG 3/-8 . b
J TGAGATCTCC GGC P
K ACTCTAG ACTGGCCG 5.
1 1 TEAGATOT Gaccage SIS Tbp
ACTCTAGAG GT 3.
L 1 TGAGATCTCC A, iz Thp
M 1 ACTCTAGA GCCG g
TGAGATCTC I—| GGC e e
ACTCTA GCCG e
5 1 TGAGATC |—\—GGC e ibe
ACT CTGGCCG -9/-6
o 1 TGAG j ACCGGC 198
ACT CGTCGTTT 9/-
P 2 TénG \—| \—\/ CAGCARA Bl Tbp
L
Q 1 ACTC GTCGTTTT 9/-12
TGAG CAGCAAARA
1

Fig. 2 - BamHI-EcoRI junction sequences recovered from the wild-type RSY12 strain, pol3-t, pol4 and pol3-tpol4 mutants.
Description of junctions is the same as Fig. 1.

mutant and the pol3-t pol4 double mutant independently and
the NHE] efficiencies were measured. Similar to the pol3-t
mutant, the pol4 mutation caused a significant 1.9- or 1.8-
fold decrease, respectively in the efficiencies of NHE] with
the BamHI-EcoRI or Pstl-Sacl substrates, and a significant
3.6-fold decrease in the efficiency of mixed joining with the
HindIII-Kpnl substrate (Table 2). Intriguingly, the pol3-t pol4
double mutation caused a synergistic decrease in the NHE]J
efficiency of the BamHI-EcoRI or HindIII-Kpnl substrate, a
7.3-fold and 7.2-fold decrease respectively, which are signif-
icantly different from either one of the single mutant and
the wild-type cells (Table 2). For the end joining with the
Pstl-Sacl substrate, the pol3-t pol4 double mutant caused a 2.9-
fold decrease in the NHE] efficiency, similar to that of pol3-t,

and was significantly different from that of pol4 or wild-type
cells.

3.4. Pol3 is involved in Pol4-independent NHE]J that
requires gap-filling synthesis on 3’ ends, but not 5’ ends

To further examine if Pol3 was involved in gap-filling syn-
thesis during NHE] in the presence and absence of Pol4, we
sequenced the rejoined plasmids recovered from the wild-
type strain, pol3-t, pol4 and pol3-t pol4 double mutants and
inferred the number of nucleotides needed to be filled-in
in each clone from the sequence of the rejoined junctions.
We first analyzed the junctions arisen from rejoining of the
Pstl-Sacl substrate that contains partially compatible 3’ ends.
It has been shown that Pol4 is only required for end joining
of 3’ overhangs that necessitates gap filling on both strands,
but is dispensable for joints with a gap on one strand [24].
Thus, we compared the frequency of end-joining event that
requires gap filling on both strands (junction A in Fig. 1) among
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the wild-type cells and all of the mutants. 30% (3 out of 10)
junctions in the wild-type compared to 56% (10 out of 18)
junctions in the pol3-t mutant that is not significantly differ-
ent (Fig. 1). However, in the pol4 mutant none of 16 junctions
had gap filling on both strands, that is significantly differ-
ent from the wild-type (p<0.05) as well as the pol3-t mutant
(p<0.0005). Similarly, none of 20 junctions in the pol3-t pol4
double mutant had gap filling on both strands, that is sig-
nificantly different from the wild-type cells (p <0.05) and the
pol3-t mutant (p<0.0001). These results showed that Pol4 is
required for end joining of 3’ overhangs that requires gap
filling on both strands, which is consistent with previous
results [24]. Other end-joining events that require gap fill-

Hindlll

TTACGCCA CGAGCTCGAA
AATGCGGTTCGA] 5" 3'|CATGGCTCGAGCTT

ing on one strand are junctions B and C that were observed
in the pol3-t and pol4 mutants (Fig. 1). When comparing the
frequency of events that require gap filling on either one or
both strands, 30% (3 out of 10) rejoined plasmids in the wild-
type required gap-filling synthesis compared to 72% (13 out of
18) rejoined plasmids arisen from the pol3-t mutant (p <0.05)
(Figs. 1 and 4). In the pol4 mutant, 25% (4 out of 16) rejoined
plasmids required gap filling, that is not significantly different
from the wild-type. Intriguingly, none of the 20 rejoined plas-
mids from the pol3-t pol4 double mutant involved gap filling
thatis significantly different from the wild-type cells (p <0.05),
pol3-t (p<0.000005) or pol4 mutant (p<0.05, by Fisher’s exact
test) (Fig. 4). These results showed that Pol3 is required

Kpnl

Frequency
Junctions  RSY12  poi3-1  poid  poi3-pold deletion filled-in microhomology
A 2 T-ACGCCA] CGAGCTCGAR o/ bt
AMNTGCGGTTCGA TGGCTCGAGCTT
B 1 4 TTACGCCA CGAGCTCGAA 013 5nt g
AATGCGGTTCGA GGCTCGAGCTT
C 5 2 T-ACGCCA] CGAGCTCGAA 013 -
AATGCGGTTCGA GGCTCGAGCTT — (+2) il
TTACGCCAREN Hc GAGCTCGAA
D & AATGCCCTTCG CGCTCCAGCTT A3 4nt
TTACGCCA -
1 CGAGCTCGAA 113
5 AATGCGGTTCG, GGCTCGAGCTT by 7
TTACGCCAH CTCGAA
5 z AATGCGGTTCGA !_'TCTT 0/8 ant =
G 2 1 TTACGCCA TCGAA » B
AATGCGGTTCGA agerr 91® ant
H 1 m-_‘ m
AATGCGGTTCG GCTCGAGCTT -114 3nt =
I TTACGCCA TCCCCCTTT
2 i ATGCGGW:—ICGA CGGEGAAL 089 3nt 1bp
TTACGCCA CGAGCTCGAA
: 8 1 AATGCGGTTCG creeagcrr 14 nt 1bp
K 3 TTACGCCH 7 CTTGCACG
AATGCGGTTCGA ACGTGC 0/403  2nt 2bp
#
L TTACGLCA
! AATGCGGTTCGH CTTOCACT 01443 ont 26p
M 1 TTACGCCA DCTTCTTTTT
AATGCGETTCG ACAAAAR 0/-734 2nt 2bp
N 1 CAGGCT CGAGCTCGAA
GTCCG ATGGCTCGAGCTT  -95/-1 2nt 1bp
A
o] 3 CAGGCT CGAGCTCGAA 953 1
GTCCGA GGCTCGAGCTT nt
P ACGACCGAGC TCGAA .
1 GG I? TGGCTCGAGCTT 208/ 2 op
TTACGC CGAGCTCGAA .
@ i E‘m\ gerr o4 5bp
~TACGCC AAGCTGCGG .
R 1 AATGCGGTTCGA Z Gece. 01953 Sbe
-
~TACGCCA AGCTCGAA 018 . b
s 3 8 L 2 AATGCGGTTCG GCTT P

Fig. 3 - HindIII-Kpnl junction sequences recovered from the wild-type RSY12 strain, pol3-t, pol4 and pol3-tpol4 mutants.
Description of junctions is the same as Fig. 1. Junction O has one mismatch within the microhomology region.
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,_I]/l ATTTT
CAAGTAAAA 561419 - 4bp

T ,  CACATGTTC E?
GTGTA /i
TTACGLCA I_l ]/‘ AGCTCGTT .
v 1 m@ J AGCAp 071356 dop
CGAGCTCGAA )
v 1 E?E‘%{TACE j ATGGOTCGAGCTT B8/ 3bp
W TTAGGCACC 3? GAGCTCGAA  .102) . :
1 AATCCE TGGOTCGAGETT 10212 3bp
X 5 TTACGCCA AGCGAAGCT
AATGCGGTTCG CTTCGA  -1/-949 : 3bp
L3
Y TTA CGAGCTCGAA .
d AATGC Tceagerr T4 2bp
TTAC GCTCGAA )
z 1 AATGCG agerr 81T 2bp
TGATTAC a? I_I 7 CGATCGC )
Al 2 ACTAA J/ TGGCTAGES 812 2bp
TTACGCC ? AATCITGC
A2 2 AATGCGGTT L AGAACG 31400 - 2bp
A3 1 CAG GCATTTTT
GTCCG fi: — 7/ TAAAAA 961549 : 2bp
Tt I
Ad 2 GCTATGACC );7 TCGAA
CGATACTS GAGCTT -1al4 T tbp
A5 2 CCCCAGG 3? CGAGCTCGAA 10314 © bp
GGGGTCCG) CTCGAGCTT
A6 4  BACGCAAT a? ,_’?TTCACTGGCC
TTGCGTTAA/ | AGTGACCGG 131 /14 - 1bp
GCTTCCAGG 37 GAGCTCGAA
A7 1 CGAAGGTCCC, TCGAGCTT 51875 . 1bp
GCTTCCAG 52 GCTCGAA
A8 2 CGAAGGTCC — GAGCTT S19/7 - qpp
CAGGCT %7 CGAGCTCGAA
A8 1 GTCCGA GCTCGAGCTT B4
CAGGCT a] GAGCTCGAA 4 )
A10 2 GTCCGA CTCGAGCTT Bl

Fig. 3 — (Continued).

for gap filling at 3’ overhangs during Pol4-independent
NHEJ.

Comparison of junctions recovered from the wild-type cells
and the pol3-t mutant indicated that there is a higher fre-
quency of junction A that requires gap filling on both strands
in the pol3-t mutant relative to the wild-type cells, although
it is not significant (56% in pol3-t vs. 30 wt.%). These results
suggest that in the absence of Pol3 DSB repair is channeled
into the Pol4-mediated end joining that mediates gap filling
on both strands.

Comparison of junctions from the pol3-t and pol4 mutants
demonstrated the absence of junction A in the pol4 mutant,
indicating that Pol4 is required for end joining of 3’ over-
hangs that requires gap filling on both strands. However, both
mutants can mediate gap filling on one strand (junctions B
and C), suggesting that either Pol3 or Pol4 is capable of gap
filling on one strand at 3’ overhangs. Comparison of junctions

recovered from the pol4 and pol3-t pol4 mutants indicated the
absence of joints that involved any gap filling in the double
mutant. These results suggest that junctions B and C recov-
ered from the pol4 mutant were mediated by Pol3, and repair
of DSBs is channeled into Pol3-mediated NHE]J in the absence
of Pol4.

For the BamHI-EcoRI substrate that contains partially com-
patible 5" ends, 73% (8 out of 11) rejoined plasmids recovered
from the wild-type strain required gap-filling synthesis at 5’
overhangs, compared to 80% (12 out of 15) from the pol3-
t mutant and 91% (21 out of 23) from the pol4 mutant,
both are not significantly different from the wild-type cells
(Figs. 2 and 4). In the pol3-t pol4 double mutant, 85% (17 out of
20) rejoined plasmids involved gap filling at 5’ overhangs that
is not significantly different from the wild-type cells, pol3-t or
pol4 mutant. These results indicate that neither Pol3 nor Pol4
are required for gap filling at 5’ overhangs during NHE].
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For the HindIII-Kpnl substrate that contains 5 and 3’
incompatible ends, 62% (23 out of 37) rejoined plasmids recov-
ered from the wild-type strain required gap-filling synthesis,
compared to 64% (18 out of 28) from the pol3-t mutant that
is not significantly different and 17% (3 out of 18) from the
pol4 mutant which is significantly different from the wild-type
strain (p <0.005) or the pol3-t mutant (p <0.05) (Figs. 3 and 4).
These results showed that Pol4 is required for gap filling on
mixed joints containing incompatible ends, consistent with
previous results that Pol4 facilitates gap filling at mixed joins
in conjugation with removal of mismatched nucleotides [23].
In the pol3-t pol4 double mutant, 27% (3 out of 11) rejoined plas-
mids involved gap filling that is significantly different from
wild-type cells or pol3-t mutant (p <0.05 for both), but not sig-
nificantly different to the pol4 mutant, indicating that the pol4
mutation is dominant in the pol3-t pol4 background for mixed
joining. In addition, the junctions that involved gap filling in
the pol3-t pol4 mutant (junctions I and M in Fig. 3) were com-
parable to that in the pol4 mutant (junctions G and L in Fig. 3).
These results suggest that Pol3 is not required for gap filling
on mixed joints with incompatible ends.

Taken together, these results demonstrate that Pol3 is a
minor polymerase that is required for gap-filling synthesis at
3" overhangs during Pol4-independent NHE]. Our results also
indicate that neither Pol3 nor Pol4 is required for gap fillingat 5’
overhangs during NHE] and suggest that another polymerase
or enzyme is essential for 5 overhang processing.

3.5.  Decreased NHE] efficiency in the pol3-t mutant
was not due to S phase arrest

Since the pol3-t mutant exhibits replication defects and cell
cycle arrest at S phase [17], the decreased NHE] efficiency seen
in the pol3-t mutant could be due to S phase arrest associated
with the mutant. To test this possibility, the wild-type strain
and isogenic pol3-t mutant were first treated with hydroxyurea
for 4h to inhibit DNA replication and then transformed with
the Hindlll, Kpnl-linearized plasmid. The NHE] efficiencies
were determined. In the wild-type strain, the NHE]J efficien-
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Table 3 - Effect of S-phase arrest on NHE]J in RSY12
wild-type and pol3-t mutant

Yeast strain Ura* colonies

Circular HindIlI-Kpnl % Joined

linearized
RSY12 growing 15,062 4559 30.3 £ 6.0
RSY12 S-phase? 14,719 5401 36.7 + 2.8
pol3-t growing 14,305 1449 10.1 + 3.2
pol3-t S-phase? 11,180 2931 26.2 + 6.6

Results are the mean of five independent experiments =+ standard
deviation. Data were statistically analyzed using the Student’s t-
test. *p<0.05.

cies were 30.3% in the growing cells and 36.7% in the S-phase
arrested cells (Table 3), indicating that S-phase arrest slightly
increased the NHEJ efficiency. In the pol3-t mutant, the NHE]J
efficiencies were 10.1% in the growing cells and increased to
26.2% in the S-phase arrested cells (p<0.05). These results
exclude the possibility that the decreased NHE] efficiency
observed in the pol3-t mutant was due to S-phase arrest asso-
ciated with the mutant.

4, Discussion

In this paper, we demonstrate that Pol3 is involved in NHE]J
using a plasmid-based end-joining assay in yeast. The pol3-
t mutation displayed a 1.9- to 3.2-fold decrease in the NHE]J
efficiency with partially compatible 5 or 3’ ends, or incom-
patible ends. The pol4 mutation also caused a 1.9- to 3.6-fold
decrease in the NHE]J efficiency, similar to previous results.
The pol3-t pol4 double mutation showed a synergistic decrease
in the efficiency of NHEJ with partially compatible 5" ends or
incompatible ends. Sequence analysis of the junctions recov-
ered from the wild-type cells and all of the mutants indicate
that Pol3 is required for gap filling at 3’ overhangs during
Pol4-independent NHE]. However, both Pol3 and Pol4 are dis-
pensable for gap filling at 5’ overhangs during NHE]. We also
demonstrate that either one of the polymerases is required for
simple religation of compatible or blunt ends.

Pol3 has polymerization activity and low processivity in
DNA replication [10,11] and is involved in other DNA repair
processes [12-15]. As the pol3-t allele exhibited a diminished
rate of lagging-strand synthesis in DNA replication [18], it is
possible that the pol3-t mutant exhibits a decreased activity in
gap filling synthesis that may account for the decreased end-
joining efficiency in the pol3-t mutant. In vitro experiments
examining the biochemical activities of Pol 3 purified from
eggs of the teleost fish Misgurnus fossilis have shown that Pol &
can fill in small gaps in a processive manner [33]. In addition,
the observations that Pol 8 binds efficiently to gapped DNA
and DNA duplex containing 3’ single-stranded tails [33] fur-
ther supports that these DNA intermediates present in NHE]
can be recognized by Pol 3.

Pol4 is responsible for a substantial amount of end-
joining events that require efficient gap filling and removal
of mismatches in yeast [23,24], thus we further examined
the epistatic interaction between Pol3 and Pol4 in NHE].
Based on sequence analysis of the rejoined plasmids recov-

ered from the wild-type cells and all of the mutant strains,
our results showed that Pol3 is required for gap filling at
3’ overhangs during Pol4-independent NHE] since none of
the Pstl-Sacl junctions recovered from the pol3-t pol4 double
mutant involved gap filling at 3’ overhangs compared to 72%
of junctions from the pol3-t mutant and 27% of junctions from
the pol4 mutant. These results suggest that Pol4 is the major
polymerase promoting gap-filling synthesis at 3’ overhangs
while Pol3 is a minor polymerase that facilitates similar activ-
ities. Our results also showed that Pol4 is strongly required
for joining of DSBs when the 3’ overhangs contain gaps on
both strands, but is dispensable for joining with a gap on only
one strand, which is consistent with previous results shown
by Daley et al. [24]. According to our results, in the absence of
Pol4, repair of DSBs is channeled into Pol3-mediated NHE] that
can fill-in gaps at 3’ overhangs. In contrast, our results showed
that both Pol3 and Pol4 are dispensable for gap filling at 5
overhangs, suggesting that other polymerases or enzymes are
essential for 5’ end processing. Previous studies have shown
that Pol4 is exclusively required for gap filling at 3’ overhangs
during NHE], in which Pol4 is a specialized polymerase that has
a decreased dependence on a stable template-primer pairing
for DNA synthesis [24]. Our data indicated that Pol3 does not
compensate for the loss of Pol4 in processing 5’ overhangs dur-
ing NHE]. Moreover, our results show that Pol3 is not required
for gap filling at mixed joints containing fully incompatible
ends in the absence of Pol4, in which the HindIII-Kpnl junc-
tions that involved gap filling recovered from the pol3-t pol4
double mutant were comparable to that from the pol4 mutant.

The pol3-t mutation caused a 1.9- to 3.2-fold decrease in
the NHE] efficiencies of partially compatible 5 or 3’ ends, or
fully incompatible ends, in which the spectrum of products
recovered from the pol3-t mutant was comparable to the wild-
type cells. These results suggest that the pol3-t mutation has
a generalized effect on NHE], regardless of the necessity of
gap filling at 3’ overhangs. This is also supported by the fact
that the pol3-t mutant in the pol4 mutant background has a
significantly lower efficiency of end joining of compatible ends
and of blunt ends (Table 1).

One possibility is that Pol3 might bridge the two ends in
close proximity or stimulate the activity of the ligase complex
for DNA religation. A bridge pathway of DNA polymerase-
mediated end-joining has been previously proposed by King
et al. based on in vitro end-joining reactions by the Klenow
Fragment of DNA Polymerase I in E. coli [34], in which a DNA
polymerase binds to a 3’ recessed or blunt end, joins to the
other 3’ end and utilizes it as a template for DNA synthesis.
Further evidence on a polymerase-mediated NHE] is based on
the crystal structure of Mycobacterium tuberculosis polymerase
domain of LigD-mediating synapsis of two noncomplemen-
tary DNA ends [35], supporting that a polymerase is capable
of bridging two DNA ends together. It is possible that Pol3
in yeast may contain bridging activity to juxtapose two ends
together in addition to its role in gap filling at 3’ overhangs,
thus increasing the overall efficiency of NHE]. Alternatively, it
was proposed that a polymerase can act as an alignment pro-
tein to stabilize base-pairing of short homologous sequences
between two ends of a DSB and facilitates microhomology-
mediated end joining [34]. However, it is unlikely that Pol3
acts as an alignment protein as our data showed that the pol3-
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t mutant has no defect in utilizing microhomologies during
NHE]. Further work is required to examine the biochemical
functions of Pol3 in NHE].

Our data also showed that either Pol3 or Pol4 is required
for simple religation of compatible ends or blunt ends, in
which the pol3-t pol4 double mutation caused a 3.0- or 1.8-fold
decrease in the end-joining efficiency of Kpnl or HindlII-
linearized ends and a 2.6-fold decrease in the efficiency of
Smal-linearized ends, whereas neither of the pol3-t nor pol4
mutations by themselves has any effect on rejoining of com-
patible or blunt ends. However, it has been shown that the
polymerization activity is not required for rejoining of com-
patible ends in mammalian cells as there was no effect on in
vitro end-joining when dNTP was omitted in the nuclear cel-
lular extract [36]. This is also supported by the fact that all
our religation products of compatible or blunt ends restored
the restriction sites and did not involve any gap filling. It is
known that Ku binds to DNA ends and bridges two broken
ends together [37,38]. Ku further recruits the Dnl4/Lif1 ligase
complex to the DSB ends and activates the Dnl4/Lifl com-
plex for DNA religation [8,39]. It is possible that either one of
the polymerases may interact with Ku and enhance its bridg-
ing activity to juxtapose two broken ends, thus increasing
the overall efficiency of NHE] with compatible ends or blunt
ends. In addition, our data showed that neither Pol3 nor Pol4
is required for microhomology-mediated end joining in which
repair of DSBs were shifted to the microhomology-mediated
end-joining pathway in the pol3-t pol4 double mutant, sug-
gesting that the putative bridging activity of Pol3 or Pol4 is
exclusively required for mediating direct end-joining events
without any microhomology.

Since the pol3-t mutation exhibited replication defects that
arrested cells at S phase [17], S-phase arrest associated with
the mutant might possibly have led to decreased NHE] effi-
ciency seen in the pol3-t mutant. To test this possibility, we
pretreated cells with hydroxyurea before transformation of
the linearized plasmid and found that S-phase arrest slightly
increased the NHE] efficiency in the wild-type cells and
caused a 2-fold increase in the pol3-t mutant, indicating that
decreased NHE] efficiency observed in the pol3-t mutant was
not due to S-phase arrest associated with the mutant. The
2.0-fold increase in the NHE] efficiency in the arrested pol3-t
mutant could possibly be due to higher amounts of Pol3 pro-
tein available for NHE] during replication arrest.

In higher eukaryotes, Pol & activity increased signifi-
cantly after induction of preB cell differentiation while other
polymerase activities remained at low level or decreased, sug-
gesting that Pol 8 may be involved in DNA synthesis to fill-in
gaps created by opening of hairpin intermediates during V(D)J
recombination [40]. As V(D)J recombination require all NHE]J
factors [41], our data that Pol3 is involved in NHE] is in agree-
ment with a potential role of Pol 3 in gap filling during V(D)J
recombination.

In yeast, Pol3 is known to be involved in gap filling or
repair synthesis in a variety of DNA repair processes such as
DSB-induced gene conversion, nucleotide excision repair, base
excision repair, mismatch repair and translesion DNA synthe-
sis [12-15]. Our genetic evidence shows a novel role of Pol3
in NHE]J that mediates gap-filling synthesis at 3’ overhangs in
the absence of Pol4. It is plausible that eukaryotic cells con-

tain redundant polymerases to enhance NHE] capacity for the
maintenance of genomic integrity.
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