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Abstract

Recent cryo-EM structures of human DNA polymerase ε (Pol ε) bound to PCNA position a Pol ε-specific thumb insertion (polymerase thumb
insertion; PTI) adjacent to a PCNA protomer, suggesting a regulatory role in DNA synthesis. To define the functional contribution of this region,
we generated alanine-substitution variants in the yeast Pol ε thumb domain, targeting the PTI (SLED1131–1134→AAAA; polε-SLED) and an adjacent
conserved loop (PVTE1101–1104→AAAA; polε-PVTE and KPFN1096–1099→AAAA; polε-KPFN). polε-SLED displayed increased intrinsic processivity,
efficient bypass of DNA secondary structures, and enhanced synthesis on long templates, consistent with reduced pausing. In contrast, a
previous study extended this substitution to six amino acids, SLEDLD1131-1136→AAAAAA, and found a reversed effect, a reduced processivity,
indicating that subtle perturbations in this insertion can have opposing functional consequences. polε-PVTE shifted polymerase activity toward
exonuclease proofreading and was not fully rescued by PCNA on long templates, whereas polε-KPFN retained near–wild-type activity but
showed increased sensitivity to secondary structures that was alleviated by PCNA. In vivo, the corresponding pol2-SLED allele caused a modest
mutator phenotype, while pol2-PVTE and pol2-KPFN showed little or no increase. Together, these results indicate that the PTI fine-tunes intrinsic
processivity and proofreading to maintain replication fidelity during leading-strand synthesis.
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ntroduction

he catalytic core of B-family replicative polymerases adopts
classical right-handed arrangement, composed of palm,

humb, fingers, exonuclease, and N-terminal domain [1, 2]. In
pite of this similarity in the overall arrangement of domains, a
et of unique insertions makes the catalytic core of Pol ε differ-
nt from other replicative polymerases. Such unique insertions
re often hallmarks of evolution of new or altered functions
ithin classically conserved protein folds [3, 4]. One of these

nsertions in Pol ε is the P-domain that enhances the processiv-
ty of Pol ε, independent of its interaction with PCNA [5, 6].
nother domain is located at the base of the thumb domain,
as initially identified as important for the fidelity of Pol ε

7] and later named POPS, shown to influence the switching
etween the polymerase and exonuclease sites during proof-
eading [8]. A combination of other insertions coordinates the
eS cluster that is essential for the polymerase activity of Pol
[9].
An understudied insertion, comprising residues 1116–1140

n the thumb domain of yeast Pol ε, is also referred to
s PTI (polymerase thumb domain insertion) (Fig. 1 and
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Supplementary Fig. S1) [5, 10]. It is well established that the
thumb domain in all DNA polymerases stabilizes the interac-
tion with the template by contacting the nascent duplex DNA
[11]. A deletion or alanine substitution of six amino acids
in the PTI was recently shown to disrupt the high processiv-
ity of Pol ε [10]. Another study showed that residue R988
in the thumb domain in yeast Pol ε is required for proces-
sive switching between the exonuclease and polymerase sites
[12]. This observation was further supported by a more re-
cent structural study with human Pol ε, where it was shown
that the thumb domain together with the P-domain assists the
transfer of mismatched DNA from the polymerase to exonu-
clease site, implicating a role during proofreading [13]. Also
in earlier reports it was shown that the thumb domain partic-
ipates in the switch between polymerizing and editing modes
in family B polymerases lacking a P-domain, such as RB69
DNA polymerase and φ29 DNA polymerase [14, 15]. In ad-
dition, cryo-EM structures of human Pol ε–PCNA complex
revealed that the thumb domain of human Pol ε may interact
weakly with a protomer of PCNA. This interaction involves
residues from a loop in the unique thumb domain insertion
26
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Figure 1. (A) Catalytic core region of Pol ε (PDB ID 4m8o [5]) showing the domain organization: palm and P-domain (wheat), thumb domain (green),
fingers domain (yellow), exonuclease domain (blue), and N-terminal domain (pink). The polymerase-thumb-insertion (PTI) is shown with a green surface
representation. (B) Side chains of the residues selected for amino acid substitutions 1131SLED1134 (magenta) in PTI and 1096KPFN1099 (red), 1101PVTE1104

(blue) in a conserved thumb-domain loop.
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region (aa1102–1122 in human) and another conserved loop
in the thumb domain (Supplementary Fig. S1) [13, 16]. How-
ever, it seems counterintuitive that Pol ε would have evolved
an altogether new domain, the P-domain, to reduce the depen-
dence on PCNA for processive DNA synthesis and simultane-
ously developed an insertion in the thumb domain to facilitate
the interaction with PCNA, unless there is a specific reason for
this.

To test how the PTI and neighboring thumb-domain
loops contribute to Pol ε function, we engineered min-
imal alanine substitutions in yeast Pol ε: a PTI variant
(SLED1131–1134→AAAA; polε-SLED) and two variants in ad-
jacent conserved loops (PVTE1101–1104→AAAA; polε-PVTE
and KPFN1096–1099→AAAA; polε-KPFN) (Fig. 1). Using
primer-extension, holoenzyme, and single-hit processivity as-
says, together with tetrad analysis revealing potential growth
defects and measurement of spontaneous mutation rates, we
show that a PTI perturbation increases intrinsic processiv-
ity and enhances bypass of secondary structures but mod-
estly elevates spontaneous mutagenesis, whereas substitutions
in structurally conserved loops primarily promote pausing
and/or exonucleolytic degradation. These findings support a
model in which the PTI acts as a regulatory element that
helps balance processivity and fidelity during leading-strand
replication.

Materials and methods

Expression and purification of Pol ε and its variants

Point mutations were introduced into the pJL1 plasmid for
overexpression of Pol2 with selected alanine substitutions us-
ing polymerase chain reaction (PCR)-based site-directed mu-
tagenesis. The used primer pairs are listed in Supplementary
Table S1. Wild-type Pol ε and alanine-substitution variants of
Pol ε, namely polε-SLED, polε-PVTE, and polε-KPFN, were
overexpressed in the Saccharomyces cerevisiae strain PY116
from two plasmids: pJL1, encoding Pol2, and pJL6, encod-
ing Dpb2, Dpb3, and Dpb4. Expression of both plasmids was
driven by the GAL1–10 promoter. Protein expression and pu-
rification were performed exactly as described previously [9].
RFC, PCNA, and RPA were purified as described in [17–19].

Primer-extension assays

Normal and hairpin-containing templates
Primer-extension reactions were carried out in RQ buffer con-
taining 40 mM Tris–HCl (pH 7.8), 100 μg/ml bovine serum al-
bumin (BSA), and 1 mM dithiothreitol (DTT). In the final reac-
tion after mixing A and B (see below), the contribution of salt
from proteins and DNA substrate rendered a final salt concen-
tration of 65 mM NaAc. Reaction mixture A (10 μl) contained
25 nM DNA substrate (50-mer primer annealed to an 80-mer
normal template or an 83-mer hairpin-containing template),
8 mM magnesium acetate (MgAc2), and a 2× physiological
dNTP mix (44 μM dATP, 22 μM dGTP, 78 μM dCTP, and 132
μM dTTP) in RQ buffer. Reaction mixture B (10 μl) contained
6 nM polymerase and 8 mM MgAc2 in RQ buffer. Mixtures
A and B were combined and incubated at 30◦C for 0, 2, 5, or
15 min. Reactions were terminated by addition of 20 μl stop
solution [95% formamide, 20 mM ethylenediaminetetraacetic
acid (EDTA), and 0.1% bromophenol blue]. Samples were di-
luted four-fold in 0.5× stop solution, heated at 90◦C for 15
min, and resolved on 10% denaturing polyacrylamide gels in
1× TBE buffer. Gels were scanned using an Amersham Ty-
phoon scanner at 535 nm to detect the 5′-TET–labeled primer.

Holoenzyme assays

Holoenzyme reactions (15 μl) contained 40 mM Tris–HCl
(pH 7.8), 200 μg/ml BSA, 1 mM DTT, 8 mM MgAc2, 125 mM
sodium acetate (NaAc), 0.5 mM ATP, 100 μM dATP, dGTP,
and dTTP, 50 μM dCTP, α-32P-dCTP, 75 fmol single-primed
pBluescript II SK(+), 10.5 pmol RPA, 1.15 pmol PCNA, 80
fmol RFC, and 143 fmol Pol ε or variant. Reactions were
incubated at 30◦C and stopped at the indicated time points
by addition of 1 μl 0.5 M EDTA. Control reactions lacking
RFC were incubated for a total of 8 min. Reaction products

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
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ere purified using Cytiva G-50 columns, mixed with load-
ng dye (10% sucrose, 0.1% bromophenol blue), and resolved
n 1% alkaline agarose gels containing 30 mM NaOH and
mM EDTA. Gels were run at 30 V for 16 h, fixed in 5%

richloroacetic acid for 1 h, dried at 55◦C, and analyzed by
hosphorimaging using an Amersham Typhoon scanner.

rocessivity assays

he substrate for processivity assays was prepared
y annealing M13mp18 single-stranded DNA (NEB)
ith a 5′-TET–labeled 35-mer oligonucleotide (TET-
CCAGTCACGACGTTGTAAAACGACGGCCAGTGCC)

n equimolar amounts in 125 mM NaAc (pH 7.8). The
ixture was heated to 70◦C for 5 min and slowly cooled to

oom temperature.
Reactions were performed essentially as described for the

oloenzyme assay, with the following modifications: (i) the
NTP mix contained 100 μM each of dATP, dGTP, dTTP, and
CTP; and (ii) reactions were conducted under single-hit con-
itions using a 40-fold molar excess of DNA substrate over
olymerase. Reactions (15 μl) were stopped by addition of 8
l stop solution and heated at 90◦C for 15 min. A total of 7
l of each reaction was resolved on 8% denaturing polyacry-

amide gels in 1× TBE buffer and visualized using an Amer-
ham Typhoon scanner.

n vivo analysis

east E134 strains (ade5-1 lys2::insEA14
rp1-289 his7-2 leu2-3 112 ura3-52) carry-
ng pol2-SLED (1131SLED1134→AAAA), pol2-
VTE (1101PVTE1104→AAAA), or pol2-KPFN

1096KPFN1099→AAAA) alleles were constructed as de-
cribed previously [9]. Mutations were identified by PCR
creening and confirmed by DNA sequencing of heterozygous
iploids.
Cellular fitness was assessed by tetrad dissection as de-

cribed previously [20]. Temperature sensitivity was evalu-
ted using spot dilution assays. Briefly, strains were grown on
PD plates at 30◦C for 2 days. Single colonies were inocu-

ated into 50 ml YPD medium and grown overnight at 30◦C
ith shaking. Cultures were harvested, resuspended in water

o an OD600 of 1.0, and subjected to fivefold serial dilutions.
liquots (5 μl) were spotted onto YP agar plates, allowed to
ry, and incubated at 30◦C or 37◦C for 48 h.
Spontaneous mutation rates were determined using fluctua-

ion assays performed with 10 independent cultures per strain
n two biological replicates (20 cultures total). Mutation rates
ere calculated as described previously [21, 22].

igures

tructural figures were generated using PyMOL (Schrödinger,
LC) and prepared for publication in Adobe Illustrator.

esults

ationale for generation of mutants

ol ε has a unique thumb domain insertion, residues
116–1140 in Pol2 in yeast, that is not found in other B-family
olymerases (Supplementary Fig. S2). The insertion is over-
ll structurally conserved, but is less conserved when com-
aring the primary sequence from different eukaryotes. De-
spite that, a comparison between yeast and human Pol ε re-
vealed only one amino acid difference, yeast SLED1131–1134

versus human SLQD1118–1121 (Supplementary Fig. S3A). To
explore whether this unique thumb domain insertion could in-
fluence the interaction with PCNA, a SLED1131–1134→AAAA
variant (from here on called Polε-SLED) was created in a
loop region instead of well-defined secondary structural ele-
ments to keep structural distortions to a minimum (Fig. 1B).
To be noted, a previously published six-amino acid dele-
tion (SLEDLD1131–1136 deletion, from here on called pol2-
6�) or alanine substitutions (SLEDLD1131–1136→AAAAAA,
from here on called pol2-6A) overlapping with these amino
acids extended into a short α-helix [10]. This may be im-
portant when comparing the properties of the two different
Pol ε variants, as there are opposing functional consequences.
Additionally, we generated two other Pol ε variants by sub-
stituting PVTE1101–1104→AAAA and KPFN1096–1099→AAAA
(from here on called polε-PVTE and polε-KPFN, respectively)
in a structurally conserved thumb domain region that faces
PCNA and is also found in other B-family polymerases (Fig. 1
and Supplementary Fig. S4). The residues in polε-PVTE are
conserved between human and yeast Polε, whereas polε-
KPFN is not (Supplementary Fig. S3B and C). Although this
region is structurally conserved among other B-family poly-
merases, the residue assignments to this region vary when
aligning different B-family polymerases. It remained of inter-
est to explore whether these residues contribute to the interac-
tion with PCNA, given that they are oriented toward PCNA
(Supplementary Fig. S4) and that interactions between DNA
polymerases and PCNA are species-specific. Modification of
two distinct regions of the thumb domain allowed functional
differences to be isolated and attributed to specific regional
alterations.

Polymerase activity of polε-SLED, polε-PVTE, and
Polε-KPFN variants

To explore whether the alanine substitutions would have
a strong general negative impact on the polymerase activ-
ity, primer extension assays were carried out with a 5′-TET-
labeled 50-mer primer annealed to an 80-mer template. All
three variants, polε-SLED, polε-PVTE, and polε-KPFN, were
catalytically active, extending a primer annealed to a single-
stranded template to the end of the template (Fig. 2). Af-
ter 15 min, wild-type Pol ε extended 50% of the primer to
full-length products. The yield of polε-SLED, polε-PVTE, and
polε-KPFN were 27%, 49%, and 39% full-length products,
respectively (Fig. 2). However, when challenged by a hairpin
on the template strand, wild-type Polε and the polε-SLED
variant were able to extend 3% and 5% of the primer to the
end of template, respectively (Fig. 3). It should be noted that
even though the polε-SLED variant was less active than wild
type Pol ε on the normal template, it was more competent
than wild-type Pol ε when encountering a hairpin structure.
Compare the yield of full-length products in Fig. 2 (wild-type
Pol ε, 50%, and polε-SLED, 27%) with the yield of full-length
products in Fig. 3 (wild-type Pol ε, 3%, and polε-SLED, 5%).

In contrast, polε-PVTE and polε-KPFN were inhibited by
the hairpin structure and failed to reach the end of the tem-
plate even after 15 min of incubation. When comparing degra-
dation products from the inherent exonuclease activity in Pol
ε, the polε-SLED variant produced less degradation prod-
ucts compared to wild-type Pol ε, the polε-KPFN variant was

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
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Figure 2. Denaturing PAGE (10%) showing the results of primer-extension assay with wild-type Pol ε and its variants. Extension of a 5′-TET-labeled
50-mer primer annealed to an 80-mer template. The reactions were stopped at 0, 2, 5, and 15 min, respectively.
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comparable to wild-type Pol ε, and the polε-PVTE vari-
ant showed a greater tendency to degrade the primer strand
on both a normal and a hairpin-containing template. These
primer extension assays revealed that the three different vari-
ants in the thumb domain were affected in different ways. The
polε-SLED variant was potentially more efficient in bypass-
ing the hairpin structure, the polε-KPFN variant stalled at the
hairpin, and the polε-PVTE variant stalled at the hairpin and
began degrading the primer. The underlying cause for these
observations could be altered intrinsic processivity of Pol ε
or balance between polymerase and exonuclease activity or a
combination of both.

PCNA-dependent DNA synthesis

Given that the mutant enzymes displayed polymerase activi-
ties comparable to wild-type Pol ε (50%–100%) on an un-
perturbed template but showed variable activities when chal-
lenged with a hairpin structure, it was investigated whether
PCNA could compensate for these defects by enhancing pro-
cessivity and stabilizing Pol ε on the template. Accordingly,
all three mutants were examined in assays using a long single-
stranded DNA template to test whether PCNA could suppress
the observed defects.

A single-primed pBluescript II SK(+) template was used in
these assays for two reasons: (i) defects in processive leading-
strand synthesis become more apparent when polymerases
are required to synthesize products over several kilobases, as
compared with the relatively short templates used in primer-
extension assays; and (ii) longer templates are more prone to
forming sequence-specific secondary structures that can act as
polymerase stall sites. Using this system, a time-dependent in-
crease in product length was observed for wild-type Pol ε,
with appearance of the full-length product (2.9 kb) after 8
min (Fig. 4). At 4 and 8 min, bands of intermediate length
were also detected, likely representing products generated fol-
lowing intermittent stalling during synthesis.
Strikingly, the polε-SLED variant generated the full-length
2.9 kb product as early as at 2 min, with further increases
in product accumulation at 4 and 8 min (Fig. 4). Compared
with wild-type Pol ε, the increased yield of full-length prod-
ucts for polε-SLED correlated with a marked reduction, or
near absence, of intermediate species. These results indicate
that the polε-SLED variant is more proficient at bypassing
stall sites associated with secondary structure formation, con-
sistent with our observations from hairpin-containing primer-
extension assays.

In contrast, the polε-PVTE variant failed to produce full-
length products even in the presence of PCNA. Nevertheless,
PCNA clearly stimulated polε-PVTE activity (compare lanes
−RFC and +RFC at 8 min, Fig. 4), although not sufficiently
to restore synthesis to wild-type levels. The polε-KPFN vari-
ant, by contrast, produced full-length products after 8 min in
the presence of PCNA, with an efficiency comparable to that
of wild-type Pol ε. Thus, PCNA effectively rescues the activ-
ity of the polε-KPFN variant, likely by facilitating repeated
dissociation and reassociation events during DNA synthesis.

PCNA-dependent processivity

Results from the primer-extension and holoenzyme assays in-
dicated that mutations within the thumb domain affect poly-
merase processivity, although to differing extents among the
variants. The effects of these mutations on processive DNA
synthesis by Pol ε under single-hit conditions were, therefore,
evaluated in the absence or presence of PCNA (Fig. 5).

In the absence of PCNA, the polε-SLED variant exhibited
higher intrinsic processivity than wild-type Pol ε, whereas the
polε-PVTE and polε-KPFN variants displayed reduced pro-
cessivity relative to the wild-type enzyme (Fig. 5). These data
indicate that the SLED mutation enhances the inherent proces-
sivity of Pol ε. Upon addition of PCNA, both wild-type Pol ε
and the polε-SLED variant showed a marked increase in pro-
cessivity (Fig. 5). Notably, the processivity of polε-SLED in the
absence of PCNA was comparable to that of wild-type Pol ε in



A thumb-domain insertion balances processivity and fidelity 5

Figure 3. Denaturing PAGE (10%) showing the results of primer-extension assay with wild-type Pol ε and its variants. Extension of a 5′-TET-labeled
50-mer primer annealed to an 83-mer template containing a hairpin. The reactions were stopped at 0, 2, 5, and 15 min, respectively.
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he presence of PCNA, further supporting the conclusion that
his mutation confers an intrinsically more processive pheno-
ype.

The polε-PVTE variant also exhibited increased processiv-
ty upon addition of PCNA. Similarly, the polε-KPFN variant
howed a PCNA-dependent increase. However, the observed
roducts were substantially weaker in intensity, indicating re-
uced overall DNA synthesis relative to the wild-type Pol ε
nd the other mutants. Given that polε-KPFN displayed near
ild-type activity in the holoenzyme assay, one possible ex-
lanation for the reduced signal in the single-hit processivity
ssay is that this variant remains poorly processive even in the
resence of PCNA. In the holoenzyme assay, the excess of en-
yme likely permits repeated rebinding and extension of the
NA substrate, thereby compensating for the intrinsic pro-

essivity defect. Thus, the loss of processivity in polε-KPFN
s masked under holoenzyme conditions but revealed under
ingle-hit conditions.
Impact of mutations in thumb domain on cellular
fitness and spontaneous mutation rates in vivo

Because the polε-SLED, polε-PVTE, and polε-KPFN variants
exhibited differences in both PCNA-independent and PCNA-
dependent DNA synthesis in vitro, the in vivo effect of these
mutations on cellular growth was examined. Heterozygous
diploid strains in the E134 background carrying the pol2-
SLED, pol2-PVTE, or pol2-KPFN alleles were constructed.
Tetrad analysis revealed that haploid spores expressing pol2-
SLED, pol2-PVTE, or pol2-KPFN displayed no detectable
growth defect, as assessed by colony size in comparison to
each other and to wild-type POL2 strains (Supplementary
Fig. S5A). Temperature sensitivity was evaluated by spot di-
lution assays, which showed that all variants grew equally
well at 37◦C and 30◦C (Supplementary Fig. S5B). This result
was expected, as none of the variants exhibited severe cat-
alytic impairments relative to wild-type Pol ε in vitro, except

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag282#supplementary-data
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Figure 4. Alkaline agarose gel (1%) showing the impact of PCNA on leading strand synthesis by wild-type Pol ε and its variants in the holoenzyme assay.
A single-primed pBluescript II SK (+) template (75 fmol) was replicated by four subunit Pol ε or its variant (143 fmol) in the presence of RPA (10.5 pmol),
PCNA (1.15 pmol), and RFC (80 fmol). Individual reactions were stopped at 0, 4, and 8 min, respectively. Lanes labeled −RFC represents reactions
performed in the absence of RFC.
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under conditions involving difficult-to-replicate secondary
structures in DNA.

Given the ability of the Pol ε-SLED variant to bypass DNA
secondary structures and to exhibit increased processivity in
vitro, we next examined whether the analyzed variants affect
spontaneous mutation rates in vivo. Spontaneous mutation
rates were quantified using fluctuation assays comprising two
reversion assays and one forward mutation assay, as previ-
ously described [22]. As expected from the shift in balance
toward proofreading associated with Pol ε-PVTE, the pol2-
PVTE strain did not display a significant increase in muta-
tion rate relative to the wild-type E134 strain. A very modest
increase in mutation rate, with non-overlapping 95% confi-
dence intervals, was observed at the CAN1 locus, conferring
resistance to canavanine, in the pol2-KPFN strain. In con-
trast, the pol2-SLED strain exhibited 1.5-fold and 3.5-fold
increases in reversion rates at the lys2::insEA14 and his7-2
loci, respectively. In addition, a 1.9-fold increase in the for-
ward mutation rate at the CAN1 locus was observed (Table 1).

Taken together, these data demonstrate that the pol2-SLED
mutation confers a modest mutator phenotype in the presence
of functional mismatch repair. In contrast, mutations affect-
ing regions of the thumb domain that are not unique to Pol ε,
namely pol2-PVTE and pol2-KPFN, do not result in increased
mutagenesis or lead to only a very minor increase, respectively.
These findings suggest that the Pol ε-specific insertion within
the thumb domain, the PTI, contributes to replication fidelity
and that alterations in this region can subtly elevate sponta-
neous mutagenesis in vivo.

Discussion

The acquisition of unique insertions within otherwise highly
conserved protein folds is a recurring theme within the evolu-
tion of specialized functions [3, 4]. DNA polymerase ε (Pol ε)
exemplifies this principle, as its catalytic core contains several
Pol ε-specific insertions, including the P-domain, POPS, and a
unique insertion within the thumb domain [5, 7, 8]. These ele-
ments have been implicated in features such as enhanced pro-
cessivity, integration in the replisome, and replication fidelity.
While the P-domain and POPS have been relatively well char-
acterized, the functional contribution of the thumb domain in-
sertion (PTI, residues 1116–1140 in yeast Pol2) has remained
less well defined.

Recent work suggested that the PTI contributes to intrinsic
processivity by promoting stable DNA binding by the thumb
domain and that more extensive perturbations of this region
reduce Pol ε processivity and compromise genome stability
[10]. In parallel, cryo-EM structures of human Pol ε–PCNA
complexes revealed that loops within or near the PTI region
are positioned close to a PCNA protomer, raising the possi-
bility that the PTI also participates in PCNA-mediated reg-
ulation of leading-strand synthesis [13, 16]. However, Pol ε
already possesses multiple features that reduce its reliance on
PCNA, including the P-domain and a stable association with
the CMG helicase. This raises the question of whether the PTI
evolved primarily to enhance processivity [10] or whether it
instead serves a regulatory role in balancing processivity with
fidelity.

To address this, alanine substitutions were made within the
PTI (polε-SLED) and within two adjacent, structurally con-
served thumb-domain loops (polε-PVTE and polε-KPFN). All
three variants supported normal cellular growth and showed
no detectable temperature sensitivity, indicating that these mu-
tations do not compromise essential Pol ε functions in vivo.
Nonetheless, biochemical analyses revealed pronounced and
mechanistically informative differences among the variants.

Substitutions in the conserved thumb-domain loops (polε-
PVTE and polε-KPFN) impaired DNA synthesis on templates
containing secondary structures. These variants stalled at a
hairpin element, and polε-PVTE in particular displayed en-
hanced primer degradation, consistent with a shift toward ex-
onucleolytic proofreading. Given the established role of the
thumb domain in stabilizing the contact with the nascent
DNA duplex, these phenotypes are most readily explained
by altered DNA–enzyme interactions. Destabilization of the
primer-template interaction likely increases the residence time
of a mismatched or stalled intermediate, thereby favoring
transfer of the primer terminus to the exonuclease site. These
effects were only partially alleviated by PCNA, indicating that
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Figure 5. Denaturing PAGE (8%) showing the impact of absence/presence of PCNA on processive leading strand synthesis by wild type Pol ε and its
variants. Extension of a 5′-TET-labeled 35–mer oligo annealed to M13mp18ssDNA (NEB). Reactions were performed at 40-fold molar excess of DNA
substrate over polymerase to meet single-hit criteria. Individual reactions were stopped at 0, 2, 5, and 15 min, respectively.
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CNA cannot fully compensate for defects arising from per-
urbation of conserved thumb-domain contacts with DNA.

In contrast, substitutions within the PTI produced a
arkedly different phenotype. The polε-SLED variant by-
assed secondary structures more efficiently than wild-type
ol ε, generated fewer degradation products, and exhibited
ubstantially increased intrinsic processivity, even in the ab-
ence of PCNA. Notably, this enhanced processivity correlated
with a modest but reproducible increase in spontaneous mu-
tation rates in vivo. Thus, altering the PTI shifts Pol ε toward
a more processive but less accurate mode of DNA synthesis, in
contrast to the previously reported reduced processivity [10].

Importantly, none of the thumb-domain mutations abol-
ished PCNA responsiveness. Both polε-SLED and polε-KPFN
displayed PCNA-dependent increases in processivity, indi-
cating that the thumb domain is not essential for PCNA



8 Singh et al.

Table 1. Spontaneous mutation rates as observed in fluctuation assay

Strain Mutation rate (x 10−8)∗(95% confidence limits)

Lys+ His+ Canr

Absolute#
Relative

(mut versus wt) Absolute#
Relative

(mut versus wt) Absolute#
Relative

(mut versus wt)

POL2 27.04
(21.65–34.24)

1 1.54
(1.19–2.23)

1 45.31
(30.57–64.16)

1

pol2-SLED 40.8
(36.13–58.53)

1.50 5.42
(4.35–7.02)

3.5 84.12
(75.28–106.79)

1.85

pol2-PVTE 27.50
(26.37–33.83)

1.01 2.65
(1.89–3.51)

1.72 71.75
(55.24–78.01)

1.58

pol2-KPFN 31.32
(24.75–40.81)

1.15 2.10
(1.54–2.79)

1.36 73.93
(66.41–80.77)

1.63

# Mutation rates are given as median of 20 independent cultures.
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engagement. Instead, these findings suggest that the PTI pri-
marily modulates intrinsic polymerase behavior rather than
serving as a dominant PCNA-interaction module. The ob-
servation that polε-SLED achieves processivity levels compa-
rable to PCNA-stimulated wild-type Pol ε further supports
a hypothesis that the PTI normally acts to restrain intrinsic
processivity.

Collectively, our data support a model in which the PTI
evolved to fine-tune the balance between processivity and fi-
delity during leading-strand synthesis. Excessive processivity,
while advantageous for uninterrupted DNA synthesis, may
limit opportunities for error correction by reducing poly-
merase dissociation and proofreading engagement. In the con-
text of continuous leading-strand replication, even modest in-
creases in error rates could have deleterious consequences. By
tempering intrinsic processivity, the PTI appears to promote a
replication mode that preserves high fidelity while remaining
sufficiently processive for efficient genome duplication.

Together, our findings reveal the PTI as a critical regula-
tory element that enables Pol ε to achieve an optimal balance
between processivity and accuracy, underscoring how subtle
structural modifications within conserved enzymes can have
profound functional consequences.
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