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Abstract 

The leading strand DNA polymerase, Pol ε , pla y s a crucial role in DNA replication and maintenance of genome st abilit y. In contrast to other 
replicative polymerases, Pol ε contains unique str uct ural domains that likely underlie its specialized functions. However, the contribution of 
these str uct ural elements to the functional capabilities of Pol ε remain poorly understood. In this study, we identify a conserved thumb domain 
insertion as a k e y determinant of the processivity of Pol ε in Saccharom y ces cere visiae . Disruption of this insertion leads to genome inst abilit y 
and significant defects in DNA replication. In vitro DNA binding and polymerase assa y s demonstrate that this insertion is critical for tight DNA 

binding and efficient processive synthesis. Our results highlight the essential role of this previously uncharacterized thumb domain insertion in 
supporting the intrinsic processivity of Pol ε . 
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aithful genomic duplication in eukaryotes requires high-
delity DNA polymerases to accurately replicate DNA from
emplates. Three highly conserved B family DNA poly-
erases are responsible for synthesizing nuclear DNA [ 1 , 2 ].
NA polymerase alpha (Pol α)-primase initiates RNA-DNA
rimers, while DNA polymerase epsilon (Pol ε ) and DNA
olymerase delta (Pol δ) synthesize the bulk of the leading
trand and lagging strand DNA, respectively [ 3–5 ]. 

Pol ε consists of four subunits: Pol2, Dpb2, Dpb3, and
pb4 in budding yeast [ 6–8 ]. The catalytic subunit, Pol2,

s divided into two halves: the N -terminal half (Pol2N) and
he C-terminal half (Pol2C). Pol2N contains both the poly-
erase and exonuclease domains, which are responsible for

dding nucleotides and removing mis-incorporated ones on
he growing nascent strand. The polymerase domain can be
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further divided into the palm, fingers and thumb domains. The
palm domain binds to the extendable end of the DNA and
contains the active site that catalyzes the nucleotidyl trans-
ferase reaction, while the fingers are involved in positioning
the incoming complementary dNTP through conformational
change [ 9–11 ]. The thumb domain primarily interacts with
the double-stranded part of the template-primer DNA. Pol2N
corresponds to Pol3, the catalytic subunit of Pol δ. Deletion
of Pol2N causes cell sickness, but not lethality, as Pol δ can
inefficiently synthesize leading strand DNA [ 12–14 ]. 

Conversely, Pol2C is indispensable. As the second
polymerase-exonuclease module of Pol2, Pol2C has evolved
to become inactivated and gain new functions [ 15 ]. Pol2C,
in collaboration with Dpb2, plays a vital role in assembling
the active replicative helicase CMG ( C dc45- M cm2-7- G INS)
complex and in origin firing [ 16–20 ]. Moreover, Pol2C is
ebruary 24, 2025. Accepted: February 26, 2025 
c Acids Research. 
ons Attribution-NonCommercial License 
ial re-use, distribution, and reproduction in any medium, provided the 
up.com for reprints and translation rights for reprints. All other 
ink on the article page on our site—for further information please contact 

https://doi.org/10.1093/nar/gkaf190
https://orcid.org/0000-0003-2827-7661


2 Ahmad et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

responsible for checkpoint activation in response to replica-
tion stress [ 21 , 22 ]. Dpb3 and Dpb4, which are non-essential
subunits of Pol ε , play a key role in depositing parental
histone H3-H4 onto leading strand DNA during replication
[ 23 ]. Additionally, Dpb3 and Dpb4 bind to double-stranded
DNA and support processive DNA synthesis by Pol ε [ 24 ,
25 ]. A recent study on Pol ε holoenzyme structure revealed
that Dpb3-Dpb4 bridges the Pol2N and Pol2C modules to
form a rigid holoenzyme [ 8 ]. 

Processive DNA synthesis by both leading and lagging
strand polymerases relies on the proliferating cell nuclear anti-
gen (PCNA) [ 26–32 ]. PCNA is a ring-shaped, homotrimeric
sliding clamp that encircles and slides along the nascent
double-stranded DNA, thereby enhancing the processivity of
replicative DNA polymerases. Previous studies in budding
yeast have shown that Pol ε and Pol δ exhibit comparable pro-
cessivity in the presence of PCNA [ 29 ]. However, compared to
Pol δ, Pol ε has a lower binding affinity to PCNA and is less
stimulated by it; nevertheless, Pol ε displays a much higher
binding affinity to DNA and possesses significantly higher in-
trinsic processivity [ 9 , 29 ]. This elevated intrinsic processivity
is primarily supported by unique domains within the Pol2N
of Pol ε . 

One such domain, the P domain, has been shown to facil-
itate the encirclement of the nascent DNA duplex by Pol ε
and is essential for its high processivity in vitro [ 9 ]. Another
unique domain of Pol2N, known as the POPS domain, is po-
sitioned at the outer edge of the catalytic domain and sup-
ports replication progression by balancing the polymerase and
exonuclease activities of Pol ε [ 33 , 34 ]. SUMOylation of the
POPS domain during S phase or under replication stress fur-
ther enhances replication efficiency [ 35 ]. Despite these well-
documented domains, there are additional conserved struc-
tural insertions specific to the Pol2 / POLE family, the func-
tions of which remain unknown. Investigating these inser-
tions is crucial for fully understanding the biological role of
Pol ε . 

In this study, we investigated a previously uncharacterized
thumb domain insertion specific to Pol ε . We demonstrate that
deletion or mutation of this insertion in yeast cells leads to
growth retardation, delayed S phase progression, and genomic
instability . More importantly , we found a defect in replication
progression in the mutant cells. In vitro DNA polymerase ac-
tivity and DNA binding assays suggest that this thumb domain
insertion supports progressive DNA replication by promoting
tight binding of the DNA polymerase domain to the DNA
substrate. 

While preparing our manuscript, cryo-electron microscopy
structures of human Pol ε -PCNA were reported, revealing
that the human counterpart of this thumb domain insertion
forms one of the interaction interfaces with PCNA [ 11 , 36 ].
However, the interface is minimal, and its functional signif-
icance remains unexplored. The primary PCNA-interacting
motif of Pol ε , in both budding yeast and humans, is the
PCNA-interacting peptide (PIP) box [ 11 , 31 , 36 , 37 ]. Our
study shows that mutations in the PIP box result in a milder
phenotype compared to mutations in the thumb domain in-
sertion. This suggests that the importance of this insertion
extends beyond its interaction with PCNA, even if the in-
teraction is indeed functional in budding yeast. Finally, we
conclude that this thumb domain-specific insertion of Pol ε
plays a crucial role in maintaining the intrinsic processivity of

Pol ε . 
Materials and methods 

Yeast strains and genetic manipulation 

Yeast strains, originating from W1588-4C, a RAD5 variant 
of W303 ( MA T a ade2-1 can1-100 ura3-1 his3-11,15 leu2-3,
and 112 trp1-1 rad5-535 ) [ 38 ], are detailed in Supplementary 
Table S1 . Each experiment assessed at minimum of two strains 
per genotype, with only one strain listed per genotype. Gene 
mutations, deletions, and protein tag insertions at endogenous 
loci were achieved using CRISPR-Cas9 genome editing and 

one-step replacement employing marker cassettes. Standard 

PCR-based methods were used for DNA cloning, followed by 
sequence confirmation. 

Cell cycle arrest, release and flow cytometry 

analysis 

Yeast cell G1 arrest and release followed a standard protocol.
Log-phase cultures were treated with alpha-factor (5 μg / ml) 
until > 90% of cells arrested in G1. Samples were collected at 
various time points post double washes and release in YPD 

medium. Flow cytometry analyses adhered to a standard pro- 
cedure. Ethanol-fixed yeast cells underwent washing and re- 
suspension in a sodium citrate solution. Subsequent removal 
of RNAs and proteins involved successive additions of RNase 
A and Proteinase K. DNA was stained with Sytox Green. Flow 

cytometry utilized a CytoFlex flow cytometer (BECKMAN 

COULTER), with data analysis performed using FlowJo. 

GCR and mutation rate assays 

The GCR assay followed a standard protocol, and rates were 
calculated [ 39 , 40 ]. The URA3-CAN1 cassette was inserted 

at YEL068c. At least ten cultures were tested for each geno- 
type. To determine the number of colonies that lose the URA3- 
CAN1 cassette and the total viable colonies, cells were plated 

on SC + 5-FOA + canavanine (FC) and YPD plates, re- 
spectively. The GCR rates were computed as m / NT, where 
m(1.24 + ln[m]) - NFC = 0 and m represents mutational 
events, NFC represents the number of colonies on FC plates,
and NT represents colonies that formed on YPD plates. Mu- 
tation rates were determined using the fluctuation assay [ 41 ].
Briefly, an overnight culture was diluted (1:10 000) and 100 

μl of the diluted culture was distributed into each well of a 
96-well plate. The plate was incubated at 30 

◦C until cultures 
reached saturation. Twenty-four of the cultures were com- 
bined, diluted and plated on YPD plates for total cell num- 
ber (N) calculation. The remaining 72 cultures were plated 

on SC + canavanine plates for mutation events per culture 
(m) calculation. Mutation rates were calculated using the Ma–
Sandri–Sarkar maximum likelihood method, and 95% confi- 
dence intervals were calculated. 

Two-dimensional agarose gel electrophoresis 

Genomic DNA extraction followed a standard cetyl- 
trimethylammonium bromide (CTAB) protocol [ 42 ]. Ini- 
tially, yeast cells were treated with zymolyase to generate 
spheroplasts. Subsequently, after cell lysis and proteinase 
K treatment to degrade proteins, DNA was extracted and 

precipitated by CTAB. DNA digestion, and two-dimensional 
(2D) gel running, and DNA transfer were performed accord- 
ing to previously established procedures [ 33 ]. For southern 

blot analysis, a biotin-labeled DNA probe was used for 
hybridization, followed by chemiluminescent detection using 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
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 kit (Thermo Fisher Scientific, Cat. # 89 880). Two origins
RS305 and ARS1212 were probed. 

o-immunoprecipitation and western blotting 

o get whole-cell extract (WCE), cells were lysed by bead-
eating in lysis buffer, followed by nucleic acid digestion with
enzonase and centrifugation 15 000 rpm for 20 min. For

nvestigating the level of the CMG complex, the lysis buffer
omposition included 100 mM HEPES-KOH pH 7.5, 100 mM
otassium acetate, 10 mM magnesium acetate, 0.1% NP-40,
 mM ED TA-K OH pH 8.0, 2 mM β-glycerophosphate, 2 mM
odium fluoride, 1 mM DTT, 1 mM PMSF, 10 μg / ml leu-
eptin, 1 μg / ml pepstatin A, 10 mM benzamidine HCl, and
 × protease inhibitor cocktail (APExBIO, Cat. # K1009). For
o-immunoprecipitation of Pol2 and Dpb2, the lysis buffer
ontained 50 mM HEPES-KOH pH 7.5, 140 mM sodium
hloride, 1% Triton X-100, 2 mM magnesium chloride, 2
M β-glycerophosphate, 2 mM sodium fluoride, 1 mM DTT,
 mM PMSF, 10 μg / ml leupeptin, 1 μg / ml pepstatin A,
0 mM benzamidine HCl, and 1x protease inhibitor cock-
ail (APExBIO, Cat. # K1009). WCE was then incubated
ith Flag or Myc antibody plus Protein G beads for 3 h
t 4 

◦C. Proteins bound to the beads were washed and then
luted with 2 × Laemmli buffer without DTT. Protein samples
ere boiled prior to SDS-PAGE and transferred to nitrocellu-

ose membrane for western blotting analysis. The antibodies
mployed include anti-Flag (Smart-Lifesciences #SLAB0102),
nti-Myc (Smart-Lifesciences #SLAB2903), anti-HA (Smart-
ifesciences #SLAB0202), anti- β-Tubulin (ShareBio #SB-
B0039), and anti-Rad53 (Abcam #ab104232). 

rotein purification 

he proteins used in the polymerase assay, exonuclease ac-
ivity assay and EMSA were homogeneously purified follow-
ng a standard protocol with some modifications [ 43 ]. Protein
uantification was performed using the Bradford method. 

ol ε 
ells harboring constructs for galactose-inducible Pol ε WT 

r Pol ε 6A were cultured at 30 

◦C in YP-GL (YP + 2%
lycerol / 2% lactic acid) to a density of 2–4 × 10 

7 cells / ml.
alactose induction (2%) was initiated, and cells were grown

or 4 h. Subsequently, cells were harvested by centrifugation
nd washed once with 1 M sorbitol / 25 mM HEPES-KOH pH
.6, followed by a second wash with buffer A (45 mM HEPES-
OH pH7.6, 0.02% NP40, 10% glycerol) / 100 mM NaCl.
ell pellet was resuspended in 0.5 × volume of Buffer A / 100
M NaCl / 1 mM DTT / protease inhibitors, then frozen drop-
ise in liquid nitrogen. The resulting popcorn was crushed

n Mixer Mill MM 400 (Retsch) for two cycles of 4.5 min
t maximum power. Crushed cell powder was resuspended in
 volume of Buffer A / 100 mM NaCl / 1 mM DTT. The final
aCl concentration was adjusted to 0.3 M, and the lysate was

entrifuged at 23 000 rpm for 1 h to remove debris. The sol-
ble extract was supplemented with 2 mM CaCl 2 and incu-
ated for 3 h at 4 

◦C with calmodulin resins. The beads were
ashed with Buffer A / 300 mM NaCl / 2 mM CaCl 2 / 1 mM
TT. Bead-bound proteins were eluted with Buffer A / 300
M NaCl / 1 mM EDTA / 2 mM EGTA / 1 mM DTT. Elu-

tes from affinity purification were dialyzed in Buffer A / 150
M NaCl / 1 mM DTT and then fractionated on a Mono Q
 / 50 GL column with a salt gradient of 150–500mM NaCl.
MonoQ peak fractions were concentrated and fractionated
by gel filtration using the Superdex 

TM -200 column in Buffer
A / 300mM K O Ac / 1 mM D TT. 

PCNA 

The pET28a-His-PCNA plasmid was transformed into
BL21(DE3) cells. Cultures were grown at 37 

◦C until an OD 600

of 0.5 was reached, then induced with 0.5 mM IPTG at
20 

◦C overnight. Cells were harvested by centrifugation at
4000 rpm for 20 min. The cell pellet was resuspended in ly-
sis buffer (50 mM Na-phosphate pH 7.6 / 400 mM NaCl / 10
mM imidazole / 1 mM DTT) / protein inhibitors, and lysed by
sonication. The lysate was centrifuged at 18 000 rpm for 1 h
to remove cell debris. The supernatant was incubated with Ni
NTA beads for 2 h at 4 

◦C. The beads were washed with 10 CV
of lysis buffer, followed by 2CV of lysis buffer containing 50
mM imidazole. Proteins were eluted with a gradient of imida-
zole: 2 CV with 100 mM, 8 CV with 150 mM, 5 CV with 300
mM imidazole in lysis buffer. Eluates were dialyzed against
25 mM Tris HCl pH 7.5 / 1 mM EDTA / 10% glycerol / 0.1 M
NaCl / 1 mM DTT, then fractionated on a Mono Q 5 / 50 GL
column with a salt gradient of 0.1–1 M NaCl. The peak frac-
tions were further purified using a Superdex 200 column equi-
librated in 25 mM HEPES-KOH pH 7.6 / 300 mM K-acetate / 1
mM EDTA / 10% glycerol / 1 mM DTT. 

RFC 

Cells harboring constructs for galactose-inducible RFC were
cultured at 30 

◦C in YP-GL (YP + 2% glycerol / 2% lactic acid)
to a density of 2–4 × 10 

7 cells / ml. Expression was induced
with 2% galactose at 30 

◦C for 3 h. Cells were harvested by
centrifugation at 4000 rpm for 20 min and washed twice,
first with 1 M sorbitol / 25 mM HEPES-KOH pH 7.6 and
then with 25 mM Tris-HCl pH 7.5 / 10% glycerol / 100 mM
NaCl. The cell pellet was resuspended in 25 mM Tris-HCl pH
7.5 / 10% glycerol / 100 mM NaCl / 1 mM DTT / protease in-
hibitors, then frozen dropwise in liquid nitrogen. The result-
ing popcorn was crushed in Mixer Mill MM 400 (Retsch) for
2 cycles of 4.5 min at maximum power. Crushed cell pow-
der was resuspended in 1 volume of 25 mM Tris-HCl pH
7.5 / 10% glycerol / 0.02% NP-40 / 100 mM NaCl / 1 mM DTT.
The final NaCl concentration was adjusted to 0.4 M, and the
lysate was centrifuged at 23 000 rpm for 1 h to remove de-
bris. The supernatant was incubated with anti-FLAG resin for
2 h at 4 

◦C. The resin was washed with 25 mM Tris-HCl pH
7.5 / 10% glycerol / 300 mM NaCl / 1 mM DTT, and proteins
were eluted with 25 mM Tris-HCl pH 7.5 / 10% glycerol / 300
mM NaCl / 0.5 mg ml -1 3 × FLAG peptide. Eluates were dia-
lyzed against 25 mM Tris-HCl pH 7.5 / 10% glycerol / 100 mM
NaCl / 1 mM DTT, then fractionated on a Mono Q 5 / 50 GL
column with a salt gradient of 0.1–1 M NaCl. 

RPA 

The pJM126 was transformed into BL21(DE3) cells [ 44 ]. Cul-
tures were grown at 37 

◦C until an OD 600 of 0.2 was reached,
then shifted to 17 

◦C and grown to an OD 600 of 0.5. Expres-
sion was induced with 0.4 mM IPTG at 30 

◦C for 4 h. Cells
were harvested by centrifugation at 4000 rpm for 20 min. The
cell pellet was resuspended in 0.5 × volume of 25 mM Tris
HCl pH 7.5 / 1 mM EDTA / 10% glycerol / 1 M NaCl / 1 mM
DTT / protease inhibitors / 0.1 mg / ml lysozyme, then lysed by
sonication. The lysate was centrifuged at 23 000 rpm for 30
min to remove debris. The supernatant was adjusted to a final
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NaCl concentration of 0.5 M and applied to a Hitrap blue
column. The column was washed with 10 CV of 25 mM Tris-
HCl pH 7.5 / 1 mM EDTA / 10% glycerol / 0.5 M NaCl / 1 mM
DTT, followed by 10 CV of 25 mM Tris-HCl pH 7.5 / 10%
glycerol / 0.02% NP-40 / 0.8 M NaCl / 1 mM DTT. Proteins
were eluted with 10 CV of 25 mM Tris-HCl pH 7.5 / 1 mM
EDTA / 10% glycerol / 2.5 M NaCl / 1 mM DTT / 40% ethy-
lene glycol. Peak fractions were combined, adjusted to 0.5 M
NaCl, and incubated with ssDNA cellulose (Worthington) for
1 h at 4 

◦C. The column was washed with 2 CV of 25 mM
Tris-HCl pH 7.5 / 1 mM EDTA / 10% glycerol / 0.5 M NaCl / 1
mM DTT, followed by 2 CV of 25 mM Tris-HCl pH 7.5 / 1
mM EDTA / 10% glycerol / 0.8 M NaCl / 1 mM DTT. Proteins
were eluted with 5 CV of 25 mM Tris-HCl pH 7.5 / 1 mM
EDTA / 10% glycerol / 1.5 M NaCl / 1 mM DTT / 50% ethy-
lene glycol. Eluates were dialyzed against 25 mM Tris-HCl
pH 7.5 / 1 mM EDTA / 10% glycerol / 0.1 M NaCl / 1 mM DTT,
then fractionated on a Mono Q 5 / 50 GL column with a salt
gradient of 0.15–1 M NaCl. 

In vitro DNA polymerase and exonuclease assays 

The DNA polymerase activity and exonuclease activities with
short oligonucleotide substrates were measured using estab-
lished protocols with slight modifications [ 45 ,46 ]. Substrates
for these assays were prepared by annealing 5 

′ Cy5- or FAM-
labeled 50-nt oligonucleotide to an 80-mer template. The an-
nealing process was conducted by incubating the primer and
template in a 1:1 ratio with 150 mM sodium acetate at 92 

◦C
for 2 min, followed by gradual cooling to room temperature
over ∼2 h. For the polymerase assay, the reaction mixture
contained the following components: 40 mM Tris-HCl (pH
7.8), 125 mM sodium acetate, 8 mM magnesium acetate, 1
mM DTT, 0.2 mg ml -1 bovine serum albumin (BSA), 30 μM
dCTP , 80 μM dTTP , 38 μM dATP , 26 μM dGTP , 25 nM
oligonucleotide substrate, and Pol ε at the designated concen-
tration. For the exonuclease assay, the reaction mixture con-
tained the same buffer composition except for the omission
of dNTPs. Both reactions were incubated at 30 

◦C for 10 min,
with samples collected at designated time points. Reactions
were quenched by adding an equal volume of 2 × loading
buffer (95% deionized formamide, 25 mM EDTA, Orange G).
Samples were subjected to electrophoresis on a 10% denatur-
ing polyacrylamide gel containing 8 M urea in 1 × TBE buffer.
Quantification was performed using a Typhoon fluorescence
imaging system (GE Healthcare). 

For the polymerase assay involving a long template, proto-
cols were based on previous studies [ 29 , 46 ] with modifica-
tions. Specifically, a 5 

′ Cy5-labeled 50-nt oligonucleotide was
annealed to M13mp18 ssDNA in a 1:1 ratio by heating at
92 

◦C for 5 min, followed by gradual cooling to room tem-
perature. The primer extension reactions were conducted in a
buffer containing 40 mM Tris-HCl (pH7.8), 125 mM NaAc,
8 mM magnesium acetate, 1 mM DTT, 0.2 mg ml -1 BSA, 1
mM ATP, 100 μM dNTPs, and 1.5 nM DNA template. Ini-
tially, 600 nM RPA was added and incubated at 30 

◦C for
5 min. The mixture was then divided into two groups: one
group received 15 nM RFC and 37.5 nM PCNA, while the
other group received 15 nM RFC only. Both groups were in-
cubated at 30 

◦C for 5 min, followed by the addition of 3.75
nM Pol ε WT or Pol ε 6A to initiate replication. Samples (50 μl)
were collected at 0, 7.5, 15 min, and reactions were quenched
by adding 10 μl of stop solution (250 mM EDTA, 1% SDS).
Proteinase K (10 μl of 20 mg ml -1 ) was added to the samples,
which were incubated at 55 

◦C for 1 h. DNA was purified by 
phenol / chloroform extraction, washed, and resuspended. A 

6 × alkaline loading buffer (300 mM NaOH, 6 mM EDTA,
18% Ficoll, 0.15% bromocresol green, 0.25% xylene cyanol) 
was added to each sample. Replication products were sepa- 
rated on a 0.8% alkaline agarose gel, and quantification was 
performed using a Typhoon fluorescence imaging system (GE 

Healthcare). 
All oligonucleotides used in the in vitro polymerase or ex- 

onuclease assays are listed in Supplementary Table S2 . 

Electrophoretic mobility shift assay 

Purified Pol ε WT and Pol ε 6A proteins were pre-mixed with 

5 

′ FAM-labeled DNA substrates as used in the polymerase as- 
say. Various concentration of Pol ε (1, 2, 5, 7.5, and 10 nM) 
were tested with a fixed DNA concentration of 25 nM in a 
buffer containing 20 mM HEPES (pH 7.6), 10% glycerol, 2 

mM EDTA, 2 mM DTT, 0.2 mg ml -1 BSA, and 0.02% NP- 
40. Binding was carried out for 25 min at 4 

◦C. Subsequently,
5 × loading buffer (50% glycerol, 0.025% Orange G) was 
added, and the protein-DNA complexes were resolved by 4% 

polyacrylamide gel electrophoresis at 100 V for 30 min at 4 

◦C 

in 1 × TGE buffer. Quantification was performed using a Ty- 
phoon fluorescence imaging system (GE Healthcare). 

Results 

A thumb domain insertion is crucial for cell growth 

It has been previously reported that there is a Pol2 / POLE spe- 
cific insertion in the thumb domain (residues 1116–1140 of 
yeast Pol2), consisting of two α-helices and a coil region in 

between (Fig. 1 A) [ 9 ]. This domain, referred to as PTI (Poly- 
merase Thumb domain Insertion), is conserved across eukary- 
otes and absent in other replicative polymerases, suggesting its 
functional importance (Fig. 1 A). To assess the significance of 
this region, we initially generated and examined a full-length 

deletion mutant (Fig. 1 B, PTI: A). While complete deletion of 
this insertion does not result in lethality, the mutant exhibits 
severe growth defects, indicating the critical role of this region 

in Pol ε function (Fig. 1 C, pol2- ΔPTI_A ). We further gener- 
ated partial deletions of this domain to identify the major re- 
sponsive region (Fig. 1 B). Our findings reveal that deletion of 
a small region consisting of six amino acids (residues 1131–
1136) in the coil region leads to growth defects similar to 

those observed with the full region deletion, whereas deletion 

of either α-helix has minimal impact on cell growth (Fig. 1 C 

and D). 
Western blotting analysis of total protein extracted from 

yeast cells showed no significant changes in Pol ε protein lev- 
els among these deletion mutants, suggesting that the growth 

defects primarily result from disruption of PTI function rather 
than a reduction in Pol ε protein levels ( Supplementary Fig. 
S1 ). Additionally, we investigated the association of Dpb2 and 

Pol2 using coimmunoprecipitation to determine whether it 
is affected in the mutant pol2-PTI (1131–1136) Δ (abbrevi- 
ated as pol2-6 Δ). Our results indicate no changes in Pol2- 
Dpb2 association in pol2-6 Δ compared with the wild-type 
(Fig. 1 E). In conclusion, our findings demonstrate the crucial 
role of PTI in Pol ε for cell growth, highlighting its functional 
importance. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
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Figure 1. Mutating Pol2-PTI impairs cell growth. ( A ) Top: Schematic of Pol2 domain organization. EXO: Exonuclease domain, POL: Polymerase domain, 
PTI: Polymerase thumb domain insertion. Middle: Superimposition of the crystal str uct ure of Pol2 N -terminal half (PDB: 4M8O) with that of budding 
yeast Pol3 (PDB: 3IAY). The PTI domain is highlighted. Bottom: Sequence alignment of the PTI domain in various eukaryotic species using Clustal 
Omega. Symbols “*,” “:,” and “.” indicate a fully conserved residue, conservation between groups of strongly similar properties, and conservation 
between groups of weakly similar properties, respectively. ( B ) Schematic representation of different deletion mutations of PTI. ( C ) Wild-type, and 
different PTI deletion mutant cells were spotted at 10-fold serial dilutions on YPD medium and incubated at 24 ◦C for 3 days. ( D ) Heterozygous diploid 
cells with various PTI deletion mutations were subjected to tetrad analysis on YPD medium, and incubated at 24 ◦C for 3 days. ( E ) Analysis of Pol2 
association with Dpb2 in pol2- ΔPTI_D (pol2-6 Δ) strain. Flag-tagged Pol2 was immunoprecipitated from whole-cell protein extracts, and coprecipitated 
HA-tagged Dpb2 was examined using western blotting. IP: immunoprecipitation, WCE: whole-cell extracts. 
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TI mutation causes genomic instability 

o assess the consequences of PTI mutation on genomic sta-
ility, we first measured the mutation rate to canavanine resis-
ance in the pol2-6 Δ strain. Compared to the wild-type strain,
here was approximately a seven-fold increase in the muta-
ion rate of Can 

R , indicating that PTI mutation exhibits a sig-
ificant mutator phenotype (Fig. 2 A). We then conducted a
ross chromosomal rearrangement (GCR) assay to determine
f the mutation leads to an increased level of GCR. Our re-
ults showed an over 600-fold increase in GCR in the pol2-
 Δ strain, strongly suggesting that PTI disruption leads to ge-
nomic instability (Fig. 2 B). Additionally, pol2-6 Δ exhibited
synthetic sickness when combined with rad52 deletion, high-
lighting the reliance of pol2-6 Δ on DNA repair mechanisms
for optimal growth (Fig. 2 C). This suggests that more DNA
damage occurs when the PTI is mutated. Furthermore, we
mated a series of checkpoint mutants with pol2-6 Δ to in-
vestigate potential genetic interactions. Our results revealed
synthetic lethality between pol2-6 Δ and all tested check-
point mutants, including mec1 Δ, mrc1 Δ, r ad9 Δ, r ad53 Δ (Fig.
2 D). This indicates that checkpoint response pathway is re-
quired for the survival of pol2-6 Δ. Based on these find-
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Figure 2. pol2-6 Δ induces genome inst abilit y. ( A ) CAN1 f orw ard mutation rate assay performed in wild-type and pol2-6 Δ cells at 30 ◦C. Data are 
presented as mean rates determined from 72 cultures with two biological replicates per genotype. Error bars indicate 95% confidence intervals. ( B ) 
GCR rate measured in pol2-6 Δ at 30 ◦C. Data are presented as median rates of 10 cultures from two biological replicates per genotype. Two-tailed 
Mann–Whitney tests were run for statistical analysis (**** P < 0.0 0 01). Error bars show 95% confidence intervals. ( C ) W ild-t ype, rad52 Δ, pol2-6 Δ, and 
rad52 Δ pol2-6 Δ double mutant cells were spotted at 10-fold serial dilutions on YPD medium and incubated at 24 ◦C for 3 days. ( D ) Diploid cells with the 
indicated genotypes were sporulated, subjected to tetrad analysis on YPD medium, and incubated at 24 ◦C for 3 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ings, we conclude that the PTI mutation leads to genomic
instability. 

PTI point mutant exhibits weaker but similar 
defects to those of pol2-6 Δ

Given the severe growth defects associated with pol2-6 Δ, we
aimed to generate a point mutant with improved growth to
facilitate further investigation into PTI’s function. We cre-
ated a point mutant, pol2-6A , by mutating residues 1131–
1136 to alanine. Although this mutant exhibits only a minor
growth defect at 30 

◦C, its growth was significantly slower at
37 

◦C ( Supplementary Fig. S2 A). Like pol2-6 Δ, the pol2-6A
mutation did not affect Pol2 protein levels ( Supplementary 
Fig. S2 B). Notably, pol2-6A also exhibits a similar level of
Can 

R mutation rate to pol2-6 Δ ( Supplementary Fig. S2 C).
Moreover, it also depends on Rad52 for optimal growth
( Supplementary Fig. S2 D), and shows synthetic sickness with
mec1 Δ, mrc1 Δ, rad9 Δ, as well as synthetic lethality with
rad53 Δ ( Supplementary Fig. S2 E). These results indicate that
the point mutant pol2-6A shares similar, albeit weaker, defects
compared to pol2-6 Δ. Due to its healthier phenotype, we uti-
lized the pol2-6A strain for the remainder of this study for the

convenience. 
PTI mutation leads to asymmetrical and delayed 

replication elongation 

The observed growth defects and genomic instability in PTI 
mutants may be attributed to the replication defect of Pol ε . To 

test this hypothesis, we first examined the cell cycle progres- 
sion using flow cytometry analysis. Yeast cells were synchro- 
nized in the G1 phase and released into S phase, with samples 
collected from different time points to determine DNA con- 
tent. We found that pol2-6A exhibits delayed S phase progres- 
sion compared to the wild-type strain, indicating a potential 
DNA replication defect (Fig. 3 A). 

To gain further insights into the replication defects in pol2- 
6A , we performed DNA 2D gel analysis to examine the accu- 
mulation of replication intermediates at both early (ARS305) 
and late (ARS1212) origins. Since both origins are located at 
the center of the assayed DNA fragments, symmetrical bidi- 
rectional replication forks primarily generate bubble-shaped 

replication intermediates, while the accumulation of large Y- 
shaped intermediates indicates an asymmetrical fork move- 
ment (Fig. 3 B). In the wild-type strain, a minimal level of Y- 
shaped replication intermediates, ranging from small to large 
sizes, is detected at both ARS305 and ARS1212 across time 
points. These intermediates typically arise from passive repli- 
cation initiated from neighboring origins. In contrast, beyond 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
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Figure 3. pol2-6A dela y s replication progression. ( A ) Flow cytometry analysis of DNA replication in pol2-6A cells. Asynchronous cells were initially 
arrested at the G1 phase using alpha-factor and subsequently released into the S phase at 24 ◦C. DNA content was measured by flow cytometry. ( B ) Top: 
Schematic illustrating various forms of replication intermediates (RIs) separated by 2D gel electrophoresis. Bottom: Representation of replication 
initiation from an origin positioned at the mid-point of a restriction fragment. Symmetric replication yields bubble RIs while asymmetric replication 
generates Y-shaped RIs. ( C ) 2D gel analysis of replication intermediates in pol2-6A compared to wild-type strain. Samples were collected from G1 arrest 
and release at 24 ◦C, as depicted in the flow cytometry profiles (panel A). Two distinct probes were employed for the specific detection of ARS305 and 
ARS1 21 2 origins, respectively. ( D ) Quantification of large Y-shaped replication intermediates ratio to total Y- and bubble-shaped intermediates at 40 min 
(panel C). ( E ) Measurement of CMG le v els in pol2-6A across S phase. Samples were collected at indicated time points, aligned with the flow cytometry 
profiles (panel A). Myc-tagged Mcm4 was immunoprecipitated (IP), and the co-purification of Cdc45 was examined. WCE: whole cell extract. 
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he “background level” of Y-shaped intermediates from pas-
ive replication, pol2-6A exhibits a high level of large Y-
haped intermediates at both origins (Fig. 3 C, indicated by
lue arrows). The Y-shaped intermediates peak at 40 min af-
er cells were released into S phase from G1 (Fig. 3 C). Quan-
ification showed that the percentage of large Y molecules,
elative to the sum of large Y and bubble-shaped intermedi-
tes, in pol2-6A was approximately three-fold higher (70%
ersus 25%) at the early origin ARS305 and approximately
wo-fold higher (66% versus 32%) at the late origin ARS1212
ompared to the wild-type strain (Fig. 3 D). 

Additionally, bubble-shaped replication intermediates
merged at the same timepoint (30 min) in both wild-type
nd pol2-6A strains, with similar levels of replication initia-
tion events (the total amount of bubble-shaped and Y-shaped
replication intermediates) (Fig. 3 C). These observations sug-
gest that pol2-6A does not exhibit an apparent replication
initiation defect. 

Furthermore, we performed coimmunoprecipitation to as-
sess CMG (Cdc45-MCM-GINS) levels during S phase pro-
gression. In the wild-type strain, CMG levels peak at 40 min
and then significantly decrease by 60 min, indicating the com-
pletion of replication. However, in the pol2-6A mutant, CMG
levels remain high even at 80 min, suggesting delayed replica-
tion (Fig. 3 E). This delay likely results from slowed replisome
progression caused by the PTI mutation. These findings are
consistent with the delayed S phase progression observed in
flow cytometry analysis and the accumulation of the Y-shaped
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DNA structures in 2D gel analysis. Together, these results sug-
gest that the PTI mutation leads to slowed and asymmetrical
replication fork elongation. 

Previous studies have indicated that Pol ε acts as a media-
tor in the activation of DNA replication checkpoint [ 21 , 47 ,
48 ]. Consequently, we explored the potential relationship be-
tween the PTI insertion and this function. To investigate this,
G1-arrested cells were released into hydroxyurea (HU), and
samples were collected at various time points for Rad53 west-
ern blot analysis ( Supplementary Fig. S3 ). A similar level of
phosphorylated Rad53 was observed in both pol2-6A mutant
and the wild-type strain, suggesting that the pol2-6A muta-
tion does not impact the role of Pol ε in replication checkpoint
activation. 

Mutation in PTI is sensitized by disrupting other 
replication progression factors 

To better understand the role of PTI in DNA replication,
we investigated the genetic interactions between the pol2-
6A mutation and a series of replication-related mutations.
First, we found that pol2-6A is synthetically sick with csm3 Δ

and tof1 Δ mutants under both normal conditions and geno-
toxic stress (Fig. 4 A, Supplementary Fig. S4 A and B). Since
both proteins are components of the fork protection com-
plex (FPC), and play a key role in positioning the parental
DNA duplex for unwinding during DNA replication [ 20 , 49 ],
these data suggest that when parental DNA is not well stabi-
lized for unwinding, pol2-6A experiences greater difficulties
in DNA replication elongation. Next, we tested the genetic in-
teractions between pol2-6A and dpb3 Δ or dpb4 Δ mutants,
as Dpb3 and Dpb4 are involved in the double-stranded DNA
binding and support DNA polymerase’s processivity [ 24 , 25 ].
Both pol2-6A dpb3 Δ and pol2-6A dpb4 Δ show much smaller
colony sizes on the tetrad dissection plates compared to their
single mutant siblings (Fig. 4 B). These data suggest that pol2-
6A ’s replication defect is exacerbated when the polymerase
becomes less processive due to relaxed binding to double-
stranded DNA. 

Given that the previously reported POPS mutant exhibits a
defect in replication progression [ 33 , 34 ], we explored the po-
tential relationships between the PTI and POPS mutations. We
found that combining the PTI mutation (pol2-6A) with POPS
mutation (pol2-R567C) results in an additive effect on cell
growth, suggesting that the POPS and PTI domains function
non-redundantly (Fig. 4 C). Since POPS mutations show signif-
icant synthetic sickness with the PIP mutation (PIPm, F1199A
and F1200A) [ 34 ], which impairs the Pol ε –PCNA interaction
[ 37 ], we tested the impact of the PIP mutation on pol2-6A .
Cells with both the PIP mutation and the pol2-6A mutation
exhibit worse growth compared to single mutants at 30 

◦C or
higher temperatures (Fig. 4 D). However, the impact of PIP mu-
tation on pol2-6A is not as severe as on the POPS mutation.
Since the replication elongation defect caused by the POPS
mutation can be rescued by inactivating the exonuclease ac-
tivity of Pol2, which protects the 3 

′ end of the nascent strand
from degradation [ 34 ], we investigated whether a similar sce-
nario occurs in pol2-6A . However, the catalytic dead muta-
tion (exo 

- , D290A E292A) of the Pol2 exonuclease domain
does not rescue the growth defect of pol2-6A (Fig. 4 E). In sum,
our results suggest that the PTI insertion supports replication
progression through a different mechanism than the POPS

domain. 
Additionally, we tested the genetic interplay between pol2- 
6A and mutations in other proteins related to replication pro- 
gression. One such protein is Rrm3, a 5 

′ to 3 

′ DNA heli- 
case that removes proteins bound at pause sites, such as those 
in rDNA tandem repeats, facilitating the replisome’s move- 
ment past non-histone protein-DNA complexes [ 50 ]. Another 
is RNase H2, which plays a crucial role in resolving R-loops 
generated by replication-transcription conflicts [ 51 ]. In both 

cases, while the double mutants pol2-6A rrm3 Δ and pol2-6A 

rnh201 Δ showed minimal growth defects compared to single 
mutants at 30 

◦C, slower growth was observed at higher tem- 
perature (34 

◦C and 37 

◦C) (Fig. 4 F and G). Additionally, pol2- 
6A rrm3 Δ exhibits greater sensitivity to genotoxic stress at 
30 

◦C compared to single mutants, whereas pol2-6A rnh201 Δ

does not ( Supplementary Fig. S4 A, Supplementary Fig. S4 C). 
Taken together, by investigating the genetic interactions of 

pol2-6A with a series of mutations related to DNA replication 

elongation, we conclude that the PTI insertion likely supports 
the processivity of Pol ε rather than protecting nascent strand 

3 

′ end, especially when replisome encounters obstacles. 

Pol ε 6A exhibits impaired DNA synthesis in vitro 

To investigate the specific function of the PTI insertion in repli- 
cation progression, we purified wild-type Pol ε (Pol ε WT ) and 

its mutated form, Pol ε 6A ( Supplementary Fig. S5 A). The in- 
tegrity of the purified Pol ε 6A protein further confirmed that 
the PTI mutations do not affect the stability or composition of 
Pol ε . We then conducted in vitro assays to assess their poly- 
merase and exonuclease activities, following established pro- 
tocols [ 45 , 46 ]. 

In the polymerase assay, a 5 

′ fluorescently labeled 50-nt 
primer annealed to an 80-nt template was used as the DNA 

substrate. Equal amounts of Pol ε WT and Pol ε 6A were tested 

for the primer extension activity. Pol ε 6A exhibited reduced 

polymerase activity compared to the wild-type protein (Fig.
5 A). Specifically, after a 10-min reaction, the wild-type protein 

converted ∼83% of the substrate into the product, whereas 
the mutated protein converted around 57% (Fig. 5 B). We also 

assessed the exonuclease activity of Pol ε 6A in a similar reac- 
tion by omitting dNTPs. Monitoring the degradation of the 5 

′ 

fluorescently labeled 50-nt strand revealed reduced exonucle- 
ase activity of Pol ε 6A (Fig. 5 C). After a 10-min reaction, less 
than 10% of substrate remained intact with Pol ε WT , while 
more than 30% of the substrate remained undigested with Pol 
ε 6A (Fig. 5 D). These results indicate that the PTI insertion is 
crucial for supporting both the polymerase and exonuclease 
activities of Pol ε . 

Next, we sought to determine whether the DNA polymerase 
activity of Pol ε 6A was compromised on long, natural tem- 
plates in a reaction supplemented with or without PCNA, us- 
ing a modified version of previously described protocols [ 29 ,
46 ]. We purified three additional protein complexes required 

in this system: PCNA, RFC and RPA ( Supplementary Fig. 
S4 B). PCNA was loaded onto a singly primed, 7.25-kb circular 
M13 single-stranded DNA template, and the replication reac- 
tion was initiated by adding either Pol ε WT or Pol ε 6A proteins 
(Fig. 5 E). In the absence of PCNA, Pol ε WT generated short 
DNA products in a time-dependent manner (Fig. 5 F, lanes 1–
3). After 15 min, the average product size was smaller than the 
564-nt marker, consistent with previous reports [ 29 ]. In con- 
trast, Pol ε 6A produced significantly fewer and shorter prod- 
ucts under the same conditions (Fig. 5 F, lanes 4–6), indicat- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
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Figure 4. Mutations in replication progression-related factors sensitize pol2-6A . ( A ) Cells of pol2-6A csm3 Δ, pol2-6A tof1 Δ double mutants, and related 
single mutant cells were spotted at 10-fold serial dilutions on YPD medium and then incubated at 30 ◦C for 2 days. ( B ) Heterozygous diploid cells of 
pol2-6A dpb3 Δ and pol2-6A dpb4 Δ were sporulated, subjected to tetrad analysis on YPD medium, and subsequently incubated at 30 ◦C for 3 days. ( C ) 
Cells of pol2-6A R567C double mutants and related single mutant cells were spotted at 10-fold serial dilutions on YPD medium and incubated at both 
24 ◦C and 30 ◦C for 2 days. (D-G) Double mutants of pol2-6A PIPm , pol2-e x o - -6A , pol2-6A rrm3 Δ, and pol2-6A rnh201 Δ, along with related single mutants 
were spotted at 10-fold serial dilutions on YPD medium and then incubated at 30 ◦C, 34 ◦C, and 37 ◦C for 2 days. 

i  

s  

P  

f  

l  

W  

D  

w  

d  

D  

s  

P  

w  

m  

b
 

t  

P  

t  

a
P

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ng a severe impairment in DNA polymerase activity on long
ubstrates due to the PTI mutation. In the presence of PCNA,
ol ε WT synthesized much longer DNA products, achieving
ull-length replication within 15 min (Fig. 5 F, lanes 7–9), il-
ustrating the processivity enhancement provided by PCNA.

hile PCNA also improved Pol ε 6A ’s processivity, the yield of
NA products was markedly lower, and full-length products
ere barely detectable (Fig. 5 F, lanes 10–12). These results un-
erscore the importance of the PTI insertion in the processive
NA polymerase activity of Pol ε . Given that recent cryo-EM

tructures of the human Pol ε -PCNA complex identified the
TI insertion as an interacting region with PCNA [ 11 , 36 ],
e cannot rule out the possibility that the Pol2-6A mutation
ight also affect the interaction between Pol ε and PCNA in
udding yeast. 
In summary, our in vitro assays with short oligonucleotide

emplates and long circular templates demonstrate that the
TI mutation directly impairs the DNA synthesis of Pol ε . Fur-
her studies are needed to determine whether the PTI mutation
lso influences replication processivity by altering the Pol ε –
CNA interaction. 
Pol ε 6A exhibits reduced processivity in vitro 

Given that the PTI insertion is located peripherally to the cat-
alytic domain (Fig. 1 A) [ 9 , 10 ], the pol2-6A mutation likely
does not directly affect the catalytic site of the polymerase do-
main. We hypothesized that the reduced DNA synthesis ob-
served with Pol ε 6A might result from the impaired proces-
sivity. To test this, we analyzed the processivity of Pol ε un-
der single-hit conditions by lowering the enzyme-to-substrate
ratio [ 52 , 53 ]. Initial assays with short templates (Fig. 5 A–
D) used an enzyme-to-substrate ratio of 1:5, allowing mul-
tiple turnovers and thus did not isolate processivity defects.
We adjusted the enzyme-to-substate ratio to 1:10 and 1:30 to
establish single-hit conditions, as described previously [ 53 ].
Under these conditions, Pol ε 6A exhibited reduced polymerase
and exonuclease activities compared to Pol ε WT (Fig. 6 A–H),
suggesting that its processivity is compromised when PTI is
disrupted. Conversely, at a 1:1 enzyme-to-substrate ratio, no
significant difference in polymerase activity was observed be-
tween Pol ε WT and Pol ε 6A , although the exonuclease activ-
ity of Pol ε 6A remained lower (Fig. 6 I–L). This likely reflects
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Figure 5. Pol ε 6A exhibits reduced polymerase and exonuclease activity in vitro . ( A ) Polymerase activity of Pol ε WT and Pol ε 6A was assayed using a 25 
nM substrate comprising a 50-nt primer labeled with 5 ′ FAM annealed to an 80nt template and 5 nM polymerase. Reaction progress was monitored at 
specified time points using 10% denaturing polyacrylamide gel containing 8 M urea. ( B ) Quantification of polymerase activity. Ratio of the product signal 
to the total signal of the substrate and product from the gel in panel A was determined. Mean values were derived from two independent experiments. 
Error bars represent the standard deviation. ( C ) Exonuclease activity of Pol ε WT and Pol ε 6A was assayed using a 25 nM substrate comprising a 50-nt 
primer labeled with 5 ′ FAM annealed to an 80-nt template and 5 nM polymerase. Experiments were conducted similarly to panel A, with the e x clusion of 
dNTPs from the reaction mixture. ( D ) Quantification of e x onuclease activity. Determination of the remaining substrate at each time point from the gel in 
panel C. The substrate amount at time point “0” was set as 100%. Mean values were derived from two independent experiments. Error bars represent 
the standard deviation. ( E ) Schematic of DNA polymerase assay using the long template M13mp18 in the presence of PCNA. ( F ) The polymerase activity 
of Pol ε WT and Pol ε 6A were assayed using a single-stranded M13mp18 template annealed with a 5 ′ Cy5 labeled primer. The assay included 3.75 nM Pol 
ε , with or without 37.5 nM PCNA. The products were separated in a 0.8% alkaline agarose gel. 
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Figure 6. Pol ε 6A exhibits reduced processivity in vitro . ( A ) Polymerase activity of Pol ε WT and Pol ε 6A was analyzed using a 30 nM DNA substrate 
comprising a 50-nt primer labeled with 5 ′ Cy5 annealed to an 80-nt template. Reactions were conducted with 3 nM polymerase, and the product 
f ormation w as monitored at indicated time points using 10% denaturing poly acrylamide gel cont aining 8 M urea. ( B ) Quantification of the tot al product 
(all product bands combined) at each time point from the gel in panel A. The highest amount in the wild-type sample was set to 100. ( C ) Polymerase 
activity of Pol ε WT and Pol ε 6A was analyzed as in panel A, except with 1 nM polymerase. ( D ) Quantification of the total product at each time point from 

the gel in panel C. ( E ) Exonuclease activity of Pol ε WT and Pol ε 6A was assessed under conditions similar to panel A, but without dNTPs. ( F ) 
Quantification of the total product at each time point from the gel in panel E. ( G ) Exonuclease activity of Pol ε WT and Pol ε 6A was assessed under 
conditions similar to panel C, but without dNTPs. ( H ) Quantification of the total product at each time point from the gel in panel G. ( I ) Polymerase activity 
of Pol ε WT and Pol ε 6A was analyzed as in panel A, using 30 nM polymerase. ( J ) Quantification of the full-length product (the highest band) at each time 
point from the gel in panel I. ( K ) Exonuclease activity of Pol ε WT and Pol ε 6A was evaluated as in panel E, using 30 nM polymerase, and omitting dNTPs. 
( L ) Quantification of the final product (lo w est band in the gel) at each time point from the gel in panel K. For all quantifications, mean values were derived 
from two independent experiments, and error bars represent the standard deviation. 
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multiple enzyme turnovers on the DNA substrate, which com-
pensates for the reduced processivity of Pol ε 6A . In conclusion,
these results demonstrate that the PTI insertion is critical for
maintaining the processivity of Pol ε during DNA synthesis. 

Pol ε 6A exhibits compromised DNA binding in vitro 

To understand how the PTI mutation affects the processivity
of Pol ε , we examined its DNA binding activity. The thumb
domain of DNA polymerases is known to play a crucial role
in DNA binding [ 9 , 10 ]. We hypothesized that the PTI inser-
tion within the thumb domain might contributes to the abil-
ity of Pol ε to stably interact with DNA substrates. To test this
hypothesis, we conducted an electrophoretic mobility shift as-
say (EMSA) using the same short substrate used in the in vitro
polymerase activity assay. The EMSA results showed a signif-
icant reduction in the proportion of shifted substrate with Pol
ε 6A compared to the wild-type protein (Fig. 7 A and B). These
data suggest that the PTI insertion facilitates Pol ε binding to
DNA substrates. Consequently, when this region is mutated,
Pol ε exhibits reduced affinity for the substrate, leading to a
decrease in processivity. 

Discussion 

Distinct structural features differentiate Pol ε from other
replicative polymerases. The Pol2C, P domain, and POPS do-
main all contribute to various aspects of the functions of Pol
ε [ 9 , 11 , 19 , 20 , 33 , 36 ]. In this study, we carefully examined
a previously uncharacterized structural insertion—the PTI in-
sertion in Pol2—and revealed its critical role in DNA replica-
tion. By creating a series of deletion mutations within the PTI
insertion, we pinpointed six key amino acid residues crucial
for PTI’s function and cell growth (Fig. 1 ). Deletion or mu-
tation of these residues led to an increased mutation rate and
GCR, a heightened reliance on the DNA repair protein Rad52,
and on proteins involved in DNA damage checkpoint path-
ways (Mec1, Mrc1, Rad9, and Rad53) (Fig. 2 ). These find-
ings suggest that disruption of PTI leads to genomic instabil-
ity. Moreover, we found that the PTI mutants exhibit defects
in replication progression, which likely underlie the observed
growth defect and genomic instability. 

Our study provides three lines of evidence to support the
role of PTI in replication progression. First, genetic interaction
analysis shows that the PTI mutation is sensitized by muta-
tions in replication progression factors, including Csm3, Tof1,
PCNA, Dpb3 / 4, Rrm3, and RNase H2, indicating that PTI
plays a role in replication progression (Fig. 4 ). Second, in vivo
detection of accumulation of large Y-shaped replication inter-
mediates and the prolonged presence of the CMG complex
during S phase progression indicate asymmetrical fork move-
ment and delayed replication progression (Fig. 3 ). Finally, in
vitro polymerase assays and EMSA using purified proteins
reveal that the PTI mutation reduces DNA binding and de-
creases processivity (Figs 5–7 ). Thus, we conclude that the PTI
domain significantly contributes to replication progression. 

Although the previously reported POPS domain also sup-
ports efficient replication progression [ 33 , 34 ], our findings
suggest that the PTI domain facilitates DNA replication pro-
gression differently. We observed synthetic sickness between
POPS and PTI mutations, indicating that these domains pro-
mote replication progression through distinct mechanisms
(Fig. 4 C). Additionally, there are key differences between the
two types of mutants. First, the PTI mutant exhibits a seven- 
fold increase in the mutation rate (Fig. 2 A, Supplementary Fig. 
S2 C), whereas the POPS mutant’s mutation rate is similar to 

that of the wild-type strain [ 33 ]. This difference is likely due to 

lower DNA binding affinity of Pol ε in the PTI mutant, which 

reduces its exonuclease activity. Second, the PTI mutation is 
more sensitive to the mutations in the replisome components,
such as fork protection complex, which stabilizes CMG on 

DNA, rather than to mutations in proteins required to remove 
replication barriers, such as RNase H2 and Rrm3 (Fig. 4 A, F,
and G). In contrast, the POPS mutation is highly sensitive to 

the latter mutations because the POPS domain primarily curbs 
the exonuclease activity when the replication fork movement 
slows upon encountering replication barriers [ 33 ]. Moreover,
the growth defect of the POPS mutant can be partially res- 
cued by the catalytic dead mutation in the Pol2 exonuclease 
domain [ 34 ], which is not the case for the PTI mutant (Fig.
4 E). These data suggest that Pol ε employs different unique 
domains to maintain efficient DNA synthesis through distinct 
mechanisms: the POPS domain primarily prevents degrada- 
tion of the 3 

′ end of the nascent DNA, while the PTI domain 

promotes the binding of Pol ε to the DNA substrate. 
How does PTI support replication progression? PTI is lo- 

cated far from the catalytic site of the polymerase domain (Fig.
1 A), making it unlikely to directly modulate the catalytic site 
for DNA synthesis. One possibility is that PTI is required for 
the thumb domain to form an appropriate structural confor- 
mation with high affinity for the DNA substrate. When the 
PTI insertion is disrupted, the thumb domain may adopt a dif- 
ferent conformation with lower DNA binding affinity. Since 
Pol3, the catalytic subunit of Pol δ, which lacks the PTI in- 
sertion, still forms a similar structure to Pol2N (Fig. 1 A), we 
speculate that the conformational change caused by PTI dis- 
ruption is likely subtle. A previous study has shown that Pol 
δ has much lower DNA binding affinity compared to Pol ε 
[ 29 ], and PTI may contribute to this discrepancy. Another 
unique domain of Pol ε , the P domain, has been shown to 

promote high processivity of Pol ε through enhanced bind- 
ing to double-stranded DNA [ 9 ]. Therefore, the mechanism 

by which PTI supports tight DNA binding to promote the 
processivity of Pol ε is somewhat similar to that of the P do- 
main. In contrast to the wild-type, the PTI mutant has relaxed 

DNA binding, which could cause Pol2N to frequently disso- 
ciate from the substrate, leading to low processivity (Fig. 7 C).

During the preparation of this manuscript, cryo-EM struc- 
tures of human Pol ε -PCNA complex were reported, reveal- 
ing three interfaces between these two proteins [ 11 , 36 ]. The 
major interface is mediated by the PIP motif, consistent with 

previous data in budding yeast [ 31 , 37 , 54 ]. In contrast, the 
PTI insertion forms a much smaller interface with one of the 
PCNA protomers. However, no functional analyses of this in- 
teraction have been conducted in either budding yeast or hu- 
mans, leaving its role in supporting the processivity of Pol ε 
unclear. 

To investigate the PTI-PCNA interface, we superimposed 

the yeast Pol2N structure onto the human POLE-PCNA com- 
plex. This comparison revealed that while the overall fold 

of the PTI insertions is conserved between yeast and hu- 
mans there is a slight structural shift between the two PTIs 
( Supplementary Fig. S6 A). Sequence alignment of residues at 
the human PTI-PCNA interface identified only two conserved 

residues in the yeast PTI (R1124 and D1129) ( Supplementary 
Fig. S6 B). Notably, these residues were not included among 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf190#supplementary-data
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Figure 7. Pol ε 6A exhibits reduced DNA binding activity in vitro . ( A ) EMSA evaluating the DNA binding activity of Pol ε WT and Pol ε 6A . 5 ′ -FAM-labeled 
DNA substrates, identical to those used in Fig. 5 A, were incubated with increasing concentrations of Pol ε WT or Pol ε 6A . Protein–DNA complexes were 
resolv ed b y 4% poly acrylamide gel electrophoresis (PAGE). ( B ) Quantification of shifted DNA percentage at different protein concentrations. T he highest 
amount in the wild-type sample was set to 100. Mean values were derived from two independent experiments. Error bars represent the standard 
deviation. ( C ) A proposed model illustrating how PTI supports processive replication elongation by supporting stable DNA binding. 
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he six mutated residues in the pol2-6A strain. To explore the
unctional significance of the PTI-PCNA interface residues, we
enerated a double mutant (R1124A, D1129A) and a com-
osite mutant that also included alanine substitutions at the
east counterparts of non-conserved human PTI-PCNA in-
erface residues (R1124A, D1129A, L1128A, P1130A, and
1131A). Neither mutant strain exhibited growth defects or
ensitivity to MMS ( Supplementary Fig. S6 C). In contrast,
he pol2-PIPm mutant displayed MMS sensitivity. These re-
ults suggest that the PTI–PCNA interaction is less critical
han the canonical PIP–PCNA interaction. Furthermore, com-
ared to the pol2-PIPm mutant, the pol2-6A mutant showed
ore pronounced growth defects and MMS sensitivity (Fig.
 D, Supplementary Fig. S6 C). This indicates that the PTI’s role
xtends beyond its interaction with PCNA and directly mod-
lating the intrinsic processivity of Pol ε . 
Moreover, DNA replication processivity appears to rely on

CNA differently in budding yeast and humans. Yeast cells
ith PIP mutations grow normally like the wild-type (Fig.
 D) [ 37 ], and in vitro replication assays show that PCNA is
nly required for optimal leading strand replication [ 30 , 31 ].
n contrast, human Pol ε relies heavily on PCNA for leading
trand synthesis [ 32 ]. Therefore, although Pol ε and PCNA are
onserved between yeast and humans, their specific functions
n DNA replication progression may differ. The interfaces cap-
ured in the human Pol ε -PCNA structures may not necessarily
eflect the situation in yeast cells. Further functional analyses
of the interactions between Pol ε and PCNA in yeast and hu-
mans will help to clarify these differences. 
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