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ABSTRACT

We report the properties of two mutations in the ex-
onuclease domain of the Saccharomyces cerevisiae
DNA polymerase �. One, pol2-Y473F, increases the
mutation rate by about 20-fold, similar to the cat-
alytically dead pol2-D290A/E290A mutant. The other,
pol2-N378K, is a stronger mutator. Both retain the
ability to excise a nucleotide from double-stranded
DNA, but with impaired activity. pol2-Y473F degrades
DNA poorly, while pol2-N378K degrades single-
stranded DNA at an elevated rate relative to double-
stranded DNA. These data suggest that pol2-Y473F
reduces the capacity of the enzyme to perform catal-
ysis in the exonuclease active site, while pol2-N378K
impairs partitioning to the exonuclease active site.
Relative to wild-type Pol �, both variants decrease
the dNTP concentration required to elicit a switch
between proofreading and polymerization by more
than an order of magnitude. While neither mutation
appears to alter the sequence specificity of polymer-
ization, the N378K mutation stimulates polymerase
activity, increasing the probability of incorporation
and extension of a mismatch. Considered together,
these data indicate that impairing the primer strand
transfer pathway required for proofreading increases
the probability of common mutations by Pol �, eluci-
dating the association of homologous mutations in
human DNA polymerase � with cancer.

INTRODUCTION

The normal division of labor at the nuclear DNA repli-
cation fork in Saccharomyces cerevisiae is orchestrated by
three DNA polymerases (Pols) (1,2). DNA polymerase �
primes replication of Okazaki fragments, after which DNA
polymerases � and ε primarily replicate the lagging strand
and the leading DNA strand, respectively (3–6). Replication

is template-directed, ensuring that both DNA strands are
accurately replicated prior to cell division. The high fidelity
of nuclear DNA replication is achieved by three highly co-
ordinated processes. The first is selection of the incoming
nucleotide (7–9). Pols � and ε, but not Pol �, have exonu-
clease catalytic activity that can excise mismatches during
ongoing replication. This proofreading can occur intrinsi-
cally, when a mismatch made at either polymerase active site
transitions as frayed single-stranded DNA to the exonucle-
ase active site for removal without intervening dissociation
of the enzyme. The exonuclease active site of Pol � can also
bind directly to single-strand DNA, which potentially al-
lows extrinsic proofreading of a mismatch made by any of
the three major replicases (10–12) The third process is DNA
mismatch repair, which occurs after replication, and defects
in which are strongly associated with disease, including can-
cer (13,14) and references therein).

Replicative DNA polymerases share a common architec-
ture likened to that of a right hand, with fingers, thumb
and palm subdomains composing the polymerase catalytic
core (15) (Figure 1). Pol ε also has a unique P-domain that
enhances processivity, i.e. the number of nucleotidyl trans-
fer reactions occurring during a single pol-DNA binding
event (16–18). Common to both Pols � and ε are domains
that contain the 3′-exonuclease that can proofread replica-
tion errors. The exonuclease active site is separated from the
polymerase active site by ∼30–40Å (15–18), a distance that
compels 3–4 nucleotides of the nascent DNA strand to be
unpaired in order to permit excision of a 3′-terminal nu-
cleotide. Structural comparison indicates that like the poly-
merase catalytic core, the exonuclease domains of Pols � and
ε share a common architecture (15,16) containing exonu-
clease (Exo) I-III motifs composed of residues found in the
N-terminal region of the primary structure (19) (Figure 1).

The Exo I, II and III motifs are highly conserved in proof-
reading polymerases in both A and B families from viral,
prokaryotic and eukaryotic sources (19–23). These motifs
combine to form the DEDD active site belonging to a super
family of nucleases that includes RNases and other DNases
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Figure 1. Pol2 Catalytic Core and Exo I, II, and III Motifs Illustrating the Exonuclease Active Site. (A) Cartoon structural representation of Pol2 (6FWK),
bound to duplex DNA (dark purple); N-terminal domain (light yellow), P-domain (bright purple) and exonuclease domain (green) with polymerase domain
in shades of blue - thumb (slate blue), fingers (deep teal) and palm (sky blue) sub-domains. (B) Exonuclease domain of Pol2 with DNA (bright purple
template & magenta nascent strand) from a structure of RB69 DNA polymerase with primer bound in the exonuclease domain (1CLQ). Modeled by
alignment of the exonuclease domains. Conserved Exo I-III motif residues represented as sticks. (C) As in B, showing only Exo I, Exo II and Exo III motifs
from Pol2. Terminal and penultimate nucleotides of the nascent strand shown as sticks. Metal ions depicted as dark grey spheres. (A–C) The orientation
of the exonuclease active site is aligned to the proposed transition state from Pol-I (28, 26). (D) Sequence alignment of Exo I–III motifs. Highlighted in
grey are the conserved carboxylates, in black are the residues which are the focus of this study, labeled in (C).

(24,25). Figure 1D describes these motifs, and highlights the
conservation of the four carboxylates for a subset of proof-
reading DNA polymerases. The transition state architecture
has been proposed from structures of A-family Escherichia
coli DNA Pol I bound with DNA in the exonuclease ac-
tive site, and describes a common two-metal ion mechanism
for nucleotidyl transfer reactions (26–28). Using structural
data for Pol I (26–28) and the B family polymerases from the
bacteriophages Phi29 (29) and RB69 (30), we have modeled
DNA in the exonuclease active site of a recently published
structure of S. cerevisiae Pol2 (31), the catalytic subunit of
Pol ε (Figure 1). For ease of interpretation, we present this
model of the Exo I–III motifs in an orientation which mim-
ics that of the proposed transition state for Pol I (26,28)
(Figure 1C).

Dozens of mutations in the exonuclease domains of Pols
� and ε have been identified by DNA sequence analysis
of tumors in cancer patient genomes (32–36) and refer-
ences therein). The consequences of these mutations range
in prognosis from drivers of hypermutation to passenger
mutations in microsatellite-unstable tumors of individuals
carrying mismatch repair deficiencies characterized by poor
survival (13,14) and references therein). For mutations lo-
cated in the exonuclease domain, the mutator effects have
generally been attributed to defective exonucleolytic proof-
reading resulting in increased mutation rates. This is most
apparent in the tumor-associated Pol � D316G/H/N and
Pol ε D275A/G/V mutations that alter essential exonucle-
ase active site catalytic residues (13,14,34,36,37). Certain
other mutations in the exonuclease domain are hypermu-
tators that increase the mutation frequency beyond that of
a defect in exonuclease activity alone (13,38). For example,

among the most common exonuclease domain mutations
identified in human tumors are changes of a highly con-
served proline to arginine or histidine in Pol ε, and to leucine
in Pol � (13,32,33,35,36). In a Canr forward mutation as-
say in S. cerevisiae, the pol2-P301R mutation generates the
highest mutation rate reported for a single pol2 point muta-
tion in the exonuclease domain (38). The pol2-P301R muta-
tion increases the mutation rate by 150-fold over wild type
Pol ε, exceeding that observed for the exonuclease deficient
variant pol2-04 (pol2-D290A/E292A) (39,40) and see fur-
ther discussion below). This is but one example of numer-
ous such mutations (38) and references therein), illustrating
that much work still needs to be done to understand pos-
sible mechanisms to account for elevated mutation rates in
diseased individuals resulting from reduced replication fi-
delity.

Here, we describe mutational studies and complementary
biochemical experiments for S. cerevisiae homologs of two
additional exonuclease domain mutations identified in Pol
ε in human tumors, POLE-N363K and POLE-Y458F. The
POLE-Y458F mutation was identified as an A:T transver-
sion in a patient with pancreatic cancer (41). The POLE-
N363K mutation was identified as an A:C transversion
in pancreatic, colorectal and endometrial cancers, as well
as in large cell glioblastoma (14,42–44). Pedigree analy-
sis of families carrying these autosomal dominant muta-
tions demonstrate high penetrance for cancer (14,42–44).
In contrast to the pol2-P301R mutation mentioned above,
these peptides are distal to the polymerase-exonuclease do-
main interface, residing in the putative DNA binding cleft
proximal to the exonuclease active site. The Asn and Tyr
residues reside in the Exo II and Exo III motifs, respec-
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tively, and are highly conserved in proofreading DNA pols
(Figure 1D).

Structural and biochemical studies of the viral homo-
logues for Pol2-N378 have described this residue as criti-
cal to the process of primer strand transfer from the poly-
merase active site into the exonuclease active site (21,45,46).
It has been proposed that this residue induces a torsion on
the backbone of the DNA substrate, enhancing the chemi-
cal transformation and removal of the terminal nucleotide
(46,47). Mutations that change this residue change both
the rate and sequence specificity for exonucleolytic degra-
dation of single and double-stranded DNA substrates (21).
Similar studies examining the role of the viral and bacte-
rial homologues for pol2-Y473 have identified this residue
as an organizational component of the exonuclease active
site (28,29,48,49), interacting with the terminal phosphate
upon which chemistry is performed and the activated hy-
droxide ion that is poised for attack of the phosphodiester
linkage. Additionally, a recent Pol ε structure reveals that
the phenolic oxygen interacts with the A-site catalytic metal
ion (31). Mutational studies suggest this tyrosine is not only
responsible for organization of the active site for chemical
transformation, but it is additionally involved in the stabil-
ity of the primer terminus in the exonuclease active site (48),
with a Y:A mutation stabilizing the dwell time of the primer
terminus in the exonuclease active site under non-catalytic
conditions.

The purpose of the present study is to examine the S.
cerevisiae homologs for two variants identified in human
cancer, pol2-N378K and pol2-Y473F. We demonstrate that
these variants are indeed strong mutators, with similar but
slightly different mutational specificity. We then present bio-
chemical evidence which demonstrate, using yeast homo-
logues of cancer-associated mutations in the exonuclease
domain of human Pol ε, loss of DNA replication fidelity
can occur through multiple mechanisms.

MATERIALS AND METHODS

Generation of mutant strains

All bacterial cloning experiments utilized the Escherichia
coli strain DH10B. Bacteria were grown with NZYM (MP
Biomedicals) media supplemented with chloramphenicol
(25 �g/ml). For standard growth, yeast were propagated on
synthetic complete (SC) solid media (6.7 g/L Difco yeast
nitrogen base without amino acids, 2% wt/vol dextrose, 2
g/L SC amino acid mix (Bufferad), and 2% agar) or liq-
uid YPD media (1% wt/vol Bacto yeast extract, 2% wt/vol
Bacto peptone, and 2% wt/vol dextrose). To select for trans-
formation with the hygromycin B phosphotransferase gene
(HPH) expression cassette, we used solid YPD media sup-
plemented with hygromycin (200 �g/ml).

We engineered diploid strains using CRISPR/CAS9
using the Modular Cloning (MoClo) Yeast Toolkit (YTK),
which utilizes Golden Gate Cloning technology (50). All
oligonucleotides used in these experiments can be found
in Table S1. Goldengate cloning allows multiple DNA
fragments with different mutations to be combined into a
single vector in one assembly reaction. For each mutation
to be introduced, primers were designed to produce two
adjacent PCR products with 5′ overhangs with BsmBI Type

II restriction endonuclease sites. BsmBI digestion of the
two PCR products creates unique complementary four nu-
cleotide overhangs from within the POL2 coding sequence,
which form ‘scarless’ junctions following ligation during
the assembly reaction. We used the ‘Assembly Wizard’ tool
in the cloud-based online informatics program ‘Benchling’
to design a coherent set of unique junctions for each assem-
bly reaction so that only a single circular plasmid would
emerge. For a PCR template we used a cloned 5′ fragment
of the POL2 gene that had previously been engineered to
remove pre-existing BsmBI and BsaI sites (pAJH250). The
template had also been modified to include two different
sgRNA cleavage-resistant sites. The first of these is found
at the 5′ end of the gene (Table S1, see lower case nts
in Pol2prt1f). The second is targeted by SgRNA pol2a,
which anneals to nucleotides 148527–148546 of chro-
mosome 14. To make this site cleavage-resistant, we
introduced silent mutations (lower case) between nts
148430–148544 (5′-aGaGTcACcACgAAt-3′). Given the
locations of the desired mutations for this study (N378K
and Y473F) we wanted the ability to utilize a third sgRNA
recognition site targeted by SgRNA POL2 149726,
which anneals to nts149723-149742 of chromosome
14. To make this site cleavage-resistant, we designed
two oligonucleotides (POL2SgRNA 149726 RTf and
POL2SgRNA 149726 RTr) that introduced silent muta-
tions that inactivated the PAM site and created a convenient
DraI site for restriction fragment length polymorphism-
PCR (RFLP-PCR). For each of the candidate pol2 mutator
mutations, we designed primer pairs (pol2N378Kf,
pol2N378Kr; and pol2Y473Ff, pol2Y473Fr) that intro-
duced the mutations as well as additional silent mutations
to facilitate RFLP-PCR detection (Table S1). One ad-
ditional design feature of the repair templates should be
noted. In keeping with the yeast MoClo convention, the
finalized pol2 repair template can be linearized by BsaI
digestion, due to nested restriction sites engineered into the
pol2prt1f and pol2prt2rb primers.

To create the three mutator repair templates, we com-
bined three PCR fragments (pcrA, pcrB, and pcrC) with
pYTK001. To create the pcrA fragments for the assem-
blies, we amplified the DNA with POL2prt1f and the re-
verse primer for each candidate mutator mutation (e.g.
pol2N378Kr). To create the pcrB fragments, the forward
primer for each allele (e.g. pol2N378Kf) was used with
POL2SgRNA 149726 RTr. Finally, to amplify the pcrC
fragment (used for each of the three assemblies) we used
POL2SgRNA 149726 RTf and POL2prt2rb. All Golden
Gate assembly reactions utilized 20 fm of pYTK001 and
40 fm of each pcrA, pcrB, and pcrC fragment in a 20 ul
reaction in 1x T4 DNA ligase buffer using 1 �l of BsmBI
(10 units) and 1 �l of T4 DNA ligase (400 units) from New
England Biolabs. Fully assembled plasmids were recovered
by transformation of E. coli and sequenced confirmed.

To introduce the mutations into yeast we used a dual
CAS9/sgRNA expression vector, built using the same ba-
sic strategy as Shaw et al. (51). Strains were derived from
�|(−2)|-7B-YUNI300 (MATa CAN1 his7-2 leu2�::kanMX
ura3� trp1-289 ade2-1 lys2ΔGG2899-2900) (52), commonly
termed �7. The approach assembles the final dual ex-
pression vector in yeast using homologous recombination-
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directed ‘gap repair’ using linearized DNA fragments from
two plasmids: a CAS9 ‘dummy’ dual expression vector
(pAJH103, Herr et al., in preparation) and an sgRNA ex-
pression cassette vector (derived from pAJH001, Herr et al.,
in preparation). The CAS9 dummy dual expression vector
carries the CAS9 coding sequence flanked by a strong pro-
moter and termination sequence, a 2-micron origin of repli-
cation, a selectable marker (HPH), and two 500 bp homol-
ogy arms flanking a removable dummy sequence (GFP),
bounded by BsmBI sites that facilitate gap creation. The
sgRNA cassette is flanked by the same homology arms but
bounded by BsaI sites. pAJH001 carries internal BsmBI
sites that permit cloning of sgRNA sequences (see Table S1)
as described for pYTK050 (50). Following digestion with
the appropriate enzymes the two digests are co-transformed
into yeast, allowing gap repair to occur, creating a stably
replicated 2-micron plasmid. The key difference in our ap-
proach from that of Shaw et al. was the use of homology
arms based on the mouse Adh1 gene to direct the gap re-
pair (Herr et al. in preparation).

All yeast transformations were carried out using a high
efficiency transformation procedure (53). For most trans-
formations we diluted an overnight culture of yeast 1:50 in
50mls YPD and cultured the cells ∼ 4–5 hours at 30◦C to
obtain a concentration of 1–2 × 107 cells/ml. We harvested
the cells by centrifugation and suspended the cells in 25 mls
0.1 M Lithium Acetate. We then spun the cells down and
suspended them 1 ml 0.1 M Lithium Acetate. We counted
the cells and adjusted the concentration to 109 cells/ml. We
set up transformations in PCR tubes by first preincubating
107 cells (10 �ls) for 30 minutes at room temperature with 1
ul freshly denatured Salmon Sperm DNA (10mg/ml) and
10 �ls of the DNA to be transformed (10 ng of the lin-
earized CAS9/sgRNA dummy vector digest; 20 ng of the
sgRNA POL2 149726 expression cassette digest; and 200
ng of the linearized repair template). After the preincuba-
tion step, we mixed the cells again and then added 79 uls of
a mixture containing 60�l 50% PEG 3350, 9�l 1 M Lithium
Acetate, and 10�l DMSO, gently mixed the cells by pipet-
ting, and incubated them for 30 minutes at 30◦C. We then
shifted the cell suspensions to 42◦C in a thermocycler for
14 minutes, mixing the cells gently halfway through. We
centrifuged the cells, removed the supernatant, suspended
them in 5mM CaCl, and incubated them for an additional
10 minutes at room temperature, before plating serial dilu-
tions of the transformation mixes onto selection plates to
ensure that single colonies were obtained.

Protein Mutagenesis, Expression and Purification

Expression plasmid PJL1 (POL2 and POL2-
D290A/E292A) (54) was mutagenized using Agilent
SDM XL kit with the following primer pairs,

• N378K-F 5′-gccaatcgaaaaagtcacccttgaaggtggatataacagtg-
3′

• N378K-R 5′-cactgttatatccaccttcaagggtgactttttcgattggc-
3′

• Y473F-F 5′-ctgcatcggaaacagaaaattcggaaaggtgctgtg-3′
• Y473F-R 5′-cacagcacctttccgaattttctgtttccgatgcag-3′.

These plasmids were combined with the Pol ε acces-
sory subunits (DPB2, DPB3, DPB4) plasmid, pJL6, in a
two-step yeast transformation. Protein expression and pu-
rification generally follow established methods (18,54,55).
Briefly, holoenzyme expression induced by addition of 4%
galactose and grown for 6 hours. Pelleted cells resuspended
in 1

2 equivalent volume of sterile water and frozen by slow
addition into liquid nitrogen. Frozen cells lysed by freezer
mill and thawed in equal volume of buffer (150mM tris-
acetate pH7.8, 50 mM NaOAc, 3 mM EDTA, 1 mM DTT,
10 mM NaHSO3 1 �M pepstatin A, 1 �M leupeptin, 5 mM
benzamide, 300 �M PMSF. 175mM ammonium sulfate)
was added to solubilized lysate and allowed to mix at 4◦C
for 5 minutes, after which 40 �L/mL of 10% polymin-p was
added and allowed to stir for 15 minutes. Lysate was cleared
by centrifugation and supernatant was precipitated with 0.3
g/mL ammonium sulfate powder and ultra-centrifugation.
Supernatant was discarded and pellet resuspended in buffer
containing 25 mM hepes pH 7.6, 10% glycerol, 1.5 mM
EDTA, 0.005% NP40, 1 mM DTT, 5 �M pepstatin A, 5 �M
leupeptin. Sample was batch bound to 1 mL glutathione
sepharose beads (GE) equilibrated in the same buffer with
the addition of 300mM NaOAc. Slurry was batch washed
by gravity column with 15 mL fresh equilibration buffer, fol-
lowed by 20 mL wash buffer containing 750 mM NaOAc.
Sample was eluted with wash buffer containing 20 mM glu-
tathione at 4◦C overnight into a fresh tube containing 40U
PreScission protease. 4 subunit Pol ε was then purified by
FPLC in two steps. First using a 1 mL MonoQ column with
10 mL linear gradient of elution buffers containing 800 mM
NaOAc and 1200 mM NaOAc. Then using a 1mL MonoS
column by 15 mL linear gradient of elution buffers contain-
ing 200 and 800 mM NaOAc. Samples were concentrated by
Amicon Ultra4 10K centrifugal concentrators.

Mutation Rates (Forward Mutation Assay and Fluctuation
Analysis)

Freshly dissected tetrads of yeast �7 strains homozygous
for their POL2 variation and URA3 in orientation 1 were
used for each fluctuation analysis and forward mutation
study, performed as recently described (56). Briefly, at least
20 independent cultures from single colonies were inocu-
lated in 5 ml YPDA rich liquid media with 100 �g/ml sup-
plemental adenine. The cultures were incubated at 30 ◦C un-
til saturation (usually ∼3 days for cells with no growth de-
fect). The cultures then were diluted and plated on to non-
selective synthetic media and selective media (containing 5-
fluoroorotic acid (for selection of ura3 mutants). Mutations
were calculated using Drake’s formula (57). New data col-
lected on pol2-D290A/E292A and WT-pol2 was used as an
internal control for experiments and combined with previ-
ously published rates data (9,58).

Exonuclease Activity

Triplicate reactions were in normal buffer conditions; 5%
glycerol, 1 mM DTT, 1 x TE (pH8), in nuclease free wa-
ter. 10 nM Enzyme and 10 nM DNA1ii were preincu-
bated in buffer for 10 minutes at 30◦C then initiated with
11 mM MgCl2. After 5 seconds, reactions were quenched
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with equal volume stop solution (20 mM EDTA, 95%
formamide, 0.1% bromophenol blue). Individual replicates
were analyzed by 12% denaturing PAGE, scanned for Cy-3
fluorescence by Typhoon, and quantified by ImageQuant.
Replicates were averaged and standard deviations are re-
ported.

Exonuclease Processivity

Duplicate reactions were in normal buffer conditions; 5%
glycerol, 1 mM DTT, 1 x TE (pH8), in nuclease free wa-
ter. 50 nM Enzyme and 50 nM DNA1ii were preincubated
in buffer for 10 minutes at 30◦C then initiated with 11 mM
MgCl2 in the presence of 2 �g/mL heparin. Heparin is a
long poly anion that acts as a molecular trap when the en-
zyme dissociates. Thus, these plots describe the termina-
tion pattern of the bands in the gel. After 2 minutes, reac-
tions were quenched with equal volume stop solution (20
mM EDTA, 95% formamide, 0.1% bromophenol blue). In-
dividual replicates were analyzed by 12% denaturing PAGE,
scanned for Cy-3 fluorescence by Typhoon, and quantified
using ImageQuant. Quantification of bands considers the
band volume at each nucleotide of the labeled oligo. Ter-
mination probability at each base is calculated as (band
intensity)/(sum of that band + all subsequent bands). Du-
plicate reactions we averaged and plotted as a function of
sequence. The substrate and terminal product for these re-
actions were omitted in the plots for clarity.

Polymerase-Exonuclease Kinetic Balance Assay

Using normal buffer conditions, 5% glycerol, 1 mM DTT, 1
x TE (pH8), in nuclease free water, triplicate reactions were
preincubated for 10-minutes at 30◦C in the presence of fold-
molar ratios of cellular dNTP concentrations (dA 16 �M,
dC 14 �M, dG 12 �M and dT 30 �M (59)) with 5 nM En-
zyme and 5 nM DNA1i. DNA contained primer:template
ratio of 1:1.25 to ensure all labeled DNA was duplex. 1-
minute reactions were initiated with 11 mM MgCl2 in the
presence of 2 �g/mL heparin to prevent multiple turn over
reactions that deplete dNTP pools. For each enzyme the
concentrations tested for triplicate repeat reactions were
as follows: WT – 0.01, 0.05, 0.1, 0.5 -fold; N378K – 0.1
(x10−3), 0.5 (x10−3), 0.1 (x10−3), 0.5 (x10−3) -fold; Y473F
– 0.05 (x10−3), 0.01 (x10−3), 0.5 (x10−3), 0.1 (x10−3) -fold.
Reactions were quenched with equal volume stop solu-
tion (20mM EDTA, 95% formamide, 0.1% bromophenol
blue). Individual replicates were analyzed by 12% denatur-
ing PAGE, scanned for Cy-3 fluorescence by Typhoon, and
quantified using ImageQuant. Based on an averaged plot of
the two activities, exonuclease and polymerase, the intersec-
tion point was estimated and is described as a fold-cellular
dNTP concentration dependent switch point.

Polymerase Activity

Using normal buffer conditions (5% glycerol, 1 mM DTT,
1 x TE (pH8), in nuclease free water), triplicate reactions
were preincubated for 10-minutes at 30◦C in the presence
of cellular dNTP concentrations (dA 16 �M, dC 14 �M,
dG 12 �M and dT 30 �M (59)) with 10nM Enzyme and

10 nM DNA1i. 1-minute reactions were initiated with 11
mM MgCl2 in the presence of 2 �g/mL heparin to prevent
multiple turn over reactions that deplete dNTP pools. Re-
actions were quenched with equal volume stop solution (20
mM EDTA, 95% formamide, 0.1% bromophenol blue). In-
dividual replicates were analyzed by 12% denaturing PAGE,
scanned for Cy-3 fluorescence by Typhoon, and quantified
using ImageQuant. Product accumulation was calculated as
the sum of every band larger than the substrate, while full
length product accumulation was calculated as the percent-
age of product at the full length of 35 added nucleotides.
Polymerase termination probability was determined as de-
scribed for the exonuclease reactions. All plots describe av-
erages from triplicates and error shown in standard devia-
tion.

T•T Mismatch Incorporation and Extension Assay

Using normal buffer conditions, 5% glycerol, 1 mM DTT, 1
x TE (pH8), in nuclease free water, triplicate reactions were
preincubated for 10-minutes at 30◦C in the presence of 50
�M dTTP with 10 nM Enzyme and 10 nM DNA2. DNA
contained primer:template ratio of 1:1.25 to ensure all la-
beled DNA was duplex. 1-minute reactions were initiated
with 11 mM MgCl2. Reactions were quenched with equal
volume stop solution (20 mM EDTA, 95% formamide,
0.1% bromophenol blue). Replicates were analyzed by 12%
denaturing PAGE, scanned for Cy-3 fluorescence by Ty-
phoon, and quantified using ImageQuant. Quantification
was done as described in figure legend.

We have evaluated solution structures of the WT pol ep-
silon and its N378K and Y473F variants using molecu-
lar dynamics simulations. The initial structure of the wild
type was obtained from the X-ray crystal coordinated of
the pdb ID: 4M8O. The missing residues (91–107, 226–231,
669–675) in the crystal coordinates were introduced using
Modeller-9.2 (60). Variant systems were created by mutat-
ing N378 and Y473 residues to Lys and Phe, respectively us-
ing Coot-0.8 (61). Crystallographic water molecules, metal
ions (Mg2+ and Zn2+), the fragment of DNA bound to pol
epsilon, and the incoming nucleoside triphosphate (dATP)
were kept in the simulations. After introducing protons us-
ing Molprobity (62) counter ions were added, each system
was solvated in a box of water, and each solvent box was
selected so that box boundaries were at least 12 Å from
the closest protein atom (total atoms in each system rang-
ing from 184 781 to 184 791). Randomly selected water
molecules were converted to Na+ and Cl– ions so that the
final medium was a 100 mM NaCl solution. Prior to equili-
bration, the following molecular dynamics simulation pro-
tocol was executed; all systems were subjected to (i) a quick
10 000 step minimization, (ii) 2-ns belly dynamics runs with
fixed peptide at 200 K, (iii) minimization, (iv) low temper-
ature constant pressure dynamics with fixed protein to as-
sure a reasonable starting density (about 4ns), (v) minimiza-
tion, (vi) step-wise slow heating molecular dynamics at con-
stant volume (so far, all simulations were performed under
position constraints for heavy atoms in biomolecules) and
(vii) constant volume molecular dynamics for 50 ns with the
slow release of position constraints on heavy atoms. All fi-
nal unconstrained trajectories were calculated at 300 K un-



Nucleic Acids Research, 2022, Vol. 50, No. 2 967

Table 1. Mutation Rates & Classes of Mutations as determine by fluctuation analysis (Figure 2)

Pol2 URA3R (10−7) 95% CI No. mutants Transitions Transversions Insertions Deletions

WT 0.18 0.14–0.23 211 0.04 0.06 0 0.01
D290A/E292A 3.7 3–5.6 206 0.56 2.5 0.18 0.27
N378K 7.8 4.9–12 181 1.1 6.6 0.26 0.43
Y473F 3.3 2.6–4.2 189 0.37 2.1 0.28 0.6

Figure 2. Mutation rates (forward mutation assay and fluctuation analysis). Absolute (×10–7) mutation rates determined by yeast fluctuation analysis and
forward mutation assays. Error bars show 95% confidence interval. Values reported above the error bars are the fold increase in mutation rate relative to
WT.

der the constant volume (for 500 ns with time step 1 fs) us-
ing the PMEMD module of Amber18 (63) to accommodate
long range interactions. All protein parameters were taken
from the FF14SB force field. All calculations were tripli-
cated with the second and third simulations were started
with the conformations selected at 20 and 30 ns time inter-
vals of the primary simulation (these structures were then
subjected to re-equilibration before their production runs).
Root mean square deviations and positional fluctuations
represented by B-factors were calculated using the CPP-
TRAJ utility program provided by Amber18. The B-factors
were calculated from the last 300 ns segment of each trajec-
tory.

RESULTS

Mutator effects of pol2-N378K and pol2-Y473F variants

We began this study by testing if the pol2-N378K and pol2-
Y473F variants were indeed mutators. To achieve this, we
determined the rate and specificity of mutations generated
by the pol2-N378K and pol2-Y473F variants relative to
wild-type (WT) Pol2 and its exonuclease deficient deriva-
tive, pol2-04 (pol2-D290A/E292A). Consistent with previ-
ous observations (9,58), pol2-D290A/E292A increases the
rate of mutations in the URA3 reporter gene by about 20-
fold relative to WT Pol2 (Table 1 and Figure 2). The overall
mutation rate in the pol2-Y473F variant resembles that of
pol2-D290A/E292A (Figure 2). The overall mutation rate of
the pol2-N378K is somewhat higher, being a statistically sig-
nificant 43-fold higher than for WT Pol2 and 2-fold higher
than the rates for the pol2-Y473K and pol2-D290A/E292A
mutants. Sequence analysis of URA3 mutants indicates that
single base mismatches predominate in the variant poly-
merase strains (Table 1). Particularly notable are ‘hot spot’

locations where multiple mutations were observed, most no-
tably A•T to T•A transversions at base pairs 279 and 686
in the ura3 gene (Table 2 and Supplementary Figure S1).
These two hotspots were also observed in previous studies
of the pol2D290A/E292A mutant (Table 1, (9,58). Because
Pol ε primarily replicates the leading DNA strand, and here
URA3 is in orientation 1 relative to the nearest replication
origin, ARS306, we infer that these substitutions are gen-
erated by insertion of dTTP opposite a template thymine
by Pol ε. Other types of substitutions are also generated
by both variants, notably G•C to G•A and G•T substitu-
tions. Among the two variants, the mutation rates for some
of these substitutions are similar, but they differ in other in-
stances, with rates for pol2-N378K being higher (Table 2).
Notably, the G•T substitution at position 345 stands out as
distinct to the Pol ε variants, but is not observed in the WT
or pol2-D290A/E292A strains. The rate of mutation at this
locus is remarkably high for the pol2-N378K mutant. Fur-
ther studies will address the complexities of why this spot
becomes a mutational hotspot in these strains.

Exonuclease activity of the N378K and Y473F variants on
primer-template DNA

To begin investigating the mechanisms that underlie the ob-
served mutation rates, we examined digestion of a primer
strand when bound to its cognate template (DNA1ii Sup-
plementary Figure S2), in the absence of the dNTPs re-
quired for DNA synthesis. This experiment is used to de-
termine if the ability to perform exonucleolysis on a fully
pair DNA duplex is altered by the mutations. As antici-
pated, WT Pol ε efficiently performs exonucleolysis (Figure
3) and does so in a processive fashion (Figure 3C and Sup-
plementary Figure S3). The two variant enzymes did per-
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Table 2. Rates of mutations (×10–7) for specific hotspots in the URA3 gene, calculated as the reporter gene mutation rate multiplied by the fraction of the
hotspot occurrence in all colonies sequenced

Pol2 T97C �A160 A279T G345T C461A G679T A686T

WT ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001
D290A/E292A ≤0.001 0.2 0.6 0.1 ≤0.001 ≤0.02 1.2
N378K 0.2 0.1 1 1.5 0.1 0.2 1.8
Y473F 0.1 0.4 0.6 0.5 0.1 0.1 0.3

A B C

Figure 3. Exonuclease activity assays. (A) Representative PAGE image for reactions described in b, with reactions in the same order as bar plot. (B) Log
bar-plots describing the amount of exonuclease product formed during 5 s reactions in the presence of either double-stranded (DS) or single-stranded
(SS) DNA. (C) Average termination probability during 1-min reactions for each enzyme in the presence of heparin trap. Sequence describes the nucleotide
encountered by the enzyme starting with the 3′ end on left. Termination probability is determined by calculating (band intensity)/(sum of that band + all
subsequent bands in the reaction). Data shown for DNA1ii (Supplementary Figure S2).

form digestion, but their macroscopic rates are reduced by
∼40-fold (Figure 3B). Both variants also reduced the pro-
cessivity of double-stranded DNA digestion, with N378K
Pol ε completely terminating digestion at only half the chain
length of WT Pol ε, and Y473F Pol ε terminating digestion
after excising only one, two or three nucleotides (Figure 3C).
In electrophoretic mobility shift assays, the variant enzymes
exhibit enhanced binding relative to the wild type enzyme
(Supplementary Figure S4), suggesting that the differences
are not due to a reduced capacity of the enzyme to bind du-
plex DNA.

Exonuclease activity of the N378K and Y473F variants on
single-stranded DNA

Next, we compared the exonuclease activities of the two
variant polymerases in-vitro using oligonucleotide sub-
strates mimicking a region of the URA3 gene (Supple-
mentary Figure S2, DNA1ii). Using purified four-subunit
holoenzymes (54), we examined the ability of each holoen-
zyme to digest single-stranded DNA. While this may not be
a meaningful substrate biologically, single-stranded DNA
provides a handle to test the capacity of the exonuclease ac-
tive site to perform catalysis without the necessity of DNA
first being bound to the polymerase active site. Wild-type
Pol ε exhibited highly active exonuclease activity on single-
stranded DNA (Figure 3). In contrast, while both variant
enzymes do digest ssDNA (Figure 3A, B), their digestion
rates differ significantly, with the rate for the N378K variant
exhibiting 40% of wild-type Pol ε activity, while the Y473F
variant reduced to only 4% of WT Pol ε (Figure 3A, B).

Moreover, the processivity of single-stranded DNA diges-
tion also differed. Under single hit conditions, in the pres-
ence of heparin trap, Pol2-N378K is capable of being as pro-
cessive on single-stranded DNA as WT Pol ε, but Y473F is
much less processive, excising only one or two nucleotides
before dissociating (Figure 3C and Supplementary Figure
S3). These data indicate that the extents to which each mu-
tation alters exonuclease activity and processivity on single-
stranded DNA are unique.

The kinetic balance between proofreading and DNA polymer-
ization

During DNA replication a natural balance between DNA
synthesis and proofreading occurs. We set out to examine
the competition between DNA synthesis and proofreading
for these Pol ε variants. These reactions contained increas-
ing concentrations of dNTPs present in the relative ratios
reported in wild-type yeast cells (59). At low dNTP con-
centrations, exonuclease activity dominates (Figure 4), and
as dNTP concentrations increase, the balance shifts from
exonucleolysis to polymerization. The two exonuclease do-
main mutations perturb this kinetic balance, decreasing the
concentration of dNTPs required to overcome exonucle-
olytic activity relative to WT Pol ε by 27-fold and 200-fold,
for N378K and Y473F Pol ε, respectively (Figure 4). This
observation indicates that both variants are significantly
less likely to perform exonucleolytic cleavage in the presence
of normal cellular dNTP concentrations.
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Figure 4. Kinetic Balance Assay. Representative gel for the reaction prod-
ucts from the polymerase exonuclease balance assay. Above, the Pol ε vari-
ant and fold dNTP concentrations for each lane are described. The esti-
mated concentration of dNTP required for 50% product from each cat-
alytic activity (substrate annotated with*, polymerase product above and
exonuclease product below) is described as the Kinetic Switch. Inset plots
the dNTP concentration dependent kinetic switch for each Pol ε enzyme;
wild type (blue), N378K (green), Y473F (red). The y-axis is fold cellular
dNTP where the concentrations for 1-fold are – dA 16 �M, dC 14 �M, dG
12 �M and dT 30 �M (59).

Polymerase activity in the absence of exonuclease activity

To further dissect the mechanism behind the mutagenic-
ity observed for pol2-N378K and Y473F variants, we di-
rectly tested their ability to synthesize DNA by combin-
ing these mutations with the exonuclease deficient version
of the enzyme, pol2-D290A/E292A. In the presence of a
heparin trap and established normal-cellular dNTP con-
centrations, we observed 2.4-fold more polymerase prod-
uct for pol2-N378K/D290A/E292A and 1.5-fold more poly-
merase product for pol2-Y473F/D290A/E292A relative to
the exonuclease-inactive pol2-D290A/E292A version of the
enzyme (Figure 5), with no significant change in the se-
quence dependent termination probability as a function of
the mutations (Figure 5A, D). However, there is a marked
increase in the amount of full-length product formed by
pol2-N378K (Figure 5A, C). These data indicate that the
polymerase function of pol2-N378K is enhanced relative to
both pol2-D290A/E292A and pol2-Y473F.

Mismatch extension activity of N373K and Y473F

To explore the possibility that the pol2-N378K variant en-
hances the rate of errors at sites commonly mutated by
pol2-D290A/E292A, we tested the ability of the variants to
make and extend a mismatch on a paired primer-template

duplex. We utilized a substrate to test the incorporation
of a T•T mismatch (DNA2 in Supplementary Figure S2)
because this is the most common mutation observed in
the forward mutation assays with these enzymes (Table 2
and Supplementary Figure S1). The probabilities of T•T
mismatch incorporation for pol2D290A/E292A and pol2-
Y473F/290A/E292A are nearly identical in this context
(Figure 6A, B). In contrast, pol2-N378K/D290A/E292A
produced twice as much mismatched product under these
conditions (Figure 6A, B). The design of the substrate is
such that after misincorporation of T across T, the mis-
matched end can be further extended by incorporation
of a properly paired T•A (Figure 6A and Supplemen-
tary Figure S2). The probability of mismatch extension by
pol2-N378K/D290A/E292A relative to pol2D290A/E292A
is increased nearly 1.5-fold (Figure 6A, C), and de-
scribed by the schematic in Figure 6D. Thus, the pol2-
N378K/D290A/E292A variant increases the probability of
both incorporating and extending a mismatch.

DISCUSSION

The results presented here provide insight into the different
mechanisms by which mutations in the exonuclease domain
of yeast Pol ε reduce the fidelity of nuclear DNA replica-
tion. We discuss the results for each variant and then briefly
consider their implications.

The role of the phenolic oxygen of residue 473

The mutation rate observed for the pol2−Y473F variant
demonstrates this mutation reduces the ability of the en-
zyme to edit mistakes that evade the initial process of nu-
cleotide selectivity by Pol ε (Figure 2). The spectrum of
mutations identified in the URA3 reporter gene, and their
respective rates, generally mimic those observed for pol2-
D290A/E292A. Combined with the reduced rates of exonu-
cleolysis observed with both single-stranded and double-
stranded DNA, the data suggest that this amino acid sub-
stitution impairs the ability to perform exonucleolytic cleav-
age. Prior studies with other related polymerases (see In-
troduction) show that this residue is located near the ex-
onuclease active site and that it interacts with the termi-
nal phosphate (27,28) and the catalytic metal ion (26,27,31),
that it coordinates the hydroxide ion for attack of the phos-
phodiester linkage (49), and that it governs the stability of
the primer terminus in the exonuclease active site (48). Also
noteworthy, in structures of Pol-I, RB69 and Phi29, this ty-
rosine is rotated away from the active site and the pheno-
lic oxygen is H-bonded to the backbone or R-groups of an
unstructured loop (26,29,30,49). These facts suggest addi-
tional levels of regulation and promiscuity in the interacting
partners of the phenolic oxygen.

In a recent structure of Pol ε liganded to both the A and
B-site metal ions (31), the phenolic oxygen coordinates the
A-site metal ion required to lower the energy barrier for the
exonucleolytic cleavage reaction. Our exonuclease experi-
ments demonstrate that without this oxygen, coordination
of the substrate for catalysis is significantly impaired but is
not totally eliminated (Figure 3A). In additional structures
of both Pol ε (16) and Pol � (64), this conserved residue co-
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A B C

D

Figure 5. Polymerase Activity. Average reaction products during 1-min reactions by each enzyme on duplex DNA1i in the presence of heparin trap and
cellular concentrations of dNTPs (59). (A) Representative PAGE image for reaction. (B) Bar plot of average total reaction product. (C) Bar plots describing
the average full-length product. (D) Termination probability at each nucleotide in the template listed left to right, 3′ to 5′ respectively, determined by
calculating (band intensity)/(sum of that band + all subsequent bands). Error bars describe standard deviation (B–D).

A B C

Figure 6. T•T Mismatch Incorporation and Extension Assay. (A) Denaturing PAGE image demonstrating the product accumulation of dTMP in-
corporation for DNA2 by variants of Pol ε. Prime (P) and Template (T) terminal base pair of substrate labeled with resulting incorporated dTMP
T:X base pairs described. (B) Graphical representation for the probability of incorporating a T calculated by dividing total product generated by
each reaction (T:T + T:A + T:G). (C) Graphical representation for the probability of mismatch extension product generated by each reaction
(T:A + T:G)/(T:T + T:A + T:G). (D) Schematic representation of reactions.

ordinates a structurally conserved water molecule whose ex-
change might act to guide the substrate and or metal ion(s)
into the exonuclease active site. Additionally, rather than in-
teracting with structurally proximal partners that are distal
in sequence, in the structures of Pol ε (16) and Pol � (64), this
tyrosine is within hydrogen bond distance with the back-
bone of the conserved Exo III carboxylate, a helical neigh-
bor residing four amino acids away and whose activity is
critical to catalysis. Considering our data and the results de-
scribed for related DNA polymerases, it appears then that

this tyrosine is involved in multiple steps of exonucleolysis,
including substrate binding, active site assembly across the
transition state and ejection of the substrate and or product
from the exonuclease active site.

The role of the conserved asparagine at position 378

The mutation rate and biochemical properties conferred by
the N378K mutation imply that changing this single base
pair in the Pol2 gene disrupts the exonucleolytic capacity
of pol ε by changing the balance between exonucleolysis
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Figure 7. Mismatch Editing and Extension. Model describing the process of mismatch incorporation, editing and extension by Pol ε. This model includes
the possibility of extrinsic proofreading by Pol �. Proposed and measured mechanisms from these experiment for attenuating various branchpoints in the
DNA synthesis and editing pathways are described in the accompanying table.

and polymerization, without eliminating the intrinsic ability
of the exonuclease to excise a nucleotide. Compared to the
catalytically dead pol2-D290A/E292A mutant, the average
URA3 mutation rate of pol2-N378K is two-fold higher, with
specific mismatches generated at even higher rates, and the
polymerization and exonucleolytic properties of N3787K
Pol ε are different from D290A/E292A Pol ε. Unlike the
exonuclease deficient pol2-D290A/E292A enzyme that fails
to digest DNA, the N378K variant retains the ability to di-
gest both single-stranded and double-stranded DNA, but
does so with reduced total activity. Moreover, the N378K
variant binds to duplex DNA more avidly, its polymerase
activity is more active, and it switches from exonucleolysis
to polymerization at 27-fold lower dNTP concentration.

These results are generally consistent with data described
for Phi29 DNA polymerase and E. coli Pol I. A change
in the homologous asparagine in Phi29 DNA polymerase
was found to perturb the pathway of primer strand trans-
fer between the polymerase and exonuclease active sites,
and it also affects the rate of processive exonucleolysis
(21,45). Those observations led the authors to suggest that
the charge on the asparagine is a determinant of single-
stranded DNA binding and exonucleolytic activity. Obser-
vations with the equivalent asparagine to alanine change in
E. coli Pol I also describe a general decrease in exonucle-
ase activity on both single and double-stranded DNA (48).
To better understand the consequence of the mutations, we
employed molecular dynamics to estimate the contributions
of these mutations to the catalytic core dynamics and de-
scribe the structural consequence of each mutant. The re-
sults (Supplementary Figure S5) indicate no major struc-
tural changes in the mobility and relative C� proximity of
the Pol2 catalytic core as a function of the mutations. The
structure suggests that K378 does not directly interact with
the exonuclease active site. Rather, in the time scale of our
estimations, the lysine resides in the putative path taken by
the primer strand as it transfers from the polymerase active
site to the exonuclease active site, and therefore may act as

a physical barrier to the primer strand entering the exonu-
clease active site.

Collectively then, the data suggest that the N378K
variant does not simply inactivate the exonuclease cat-
alytic activity of pol ε per se, as does the change in
pol2D290A/E292A. Rather, the N378K change interferes
with the ability of Pol ε to proofread replication errors by
altering two other properties. One is to prevent the mis-
match made at the polymerase active site from fraying suf-
ficiently to enter the exonuclease active site. The other, and
perhaps related change is to increase the ability of the poly-
merase active site to more efficiently create (Figure 5B) and
then extend (Figure 5C) a mismatch. These properties are
consistent with the possibility that the N378K change al-
ters the exonuclease domain such that it interferes with the
primer strand transfer pathway, stimulating the activity of
the polymerase catalytic core, including the ability to cre-
ate and extend mismatches. In doing so, a mismatch will
be more readily fixed into duplex DNA rather than being
proofread, thereby accounting for the strong mutator phe-
notype.

Extrinsic proofreading

The human equivalent of yeast N378K Pol ε is one of sev-
eral hypermutators associated with cancer that has been
identified in the putative DNA-binding cleft of the exonu-
clease domain of Pol ε. Impairing the pathway of primer
strand transfer could stimulate polymerase activity by cre-
ating a barrier to the exonuclease active site, therefore stabi-
lizing the nascent strand in the polymerase active site. This
mechanism is of particular interest in the context of extrin-
sic proofreading, whereby the dissociation of Pol ε (12) (or
Pol �, see (10,11) after making an error allows the exonu-
clease active site of Pol � to bind directly to and then excise
a mismatch (Figure 7). We suggest that the N378K muta-
tion suppresses the extrinsic proofreading activity of Pol �
by promoting the ability of N378K Pol ε to create and then
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extend mismatches without dissociation. This same mecha-
nism may contribute to some of the mutability of the Y473F
variant, which shares with N378K a greater than an order of
magnitude reduction in the dNTP concentration required
to switch from predominantly exonucleolysis to polymeriza-
tion. Our data demonstrate that the hypermutator pheno-
type associated with mutations in the DNA-binding cleft of
the exonuclease domain in DNA polymerases may be driven
not only by changes in the balance between the DNA syn-
thesis and proofreading capacities of the enzyme but also by
the processivity of the enzyme, reducing the probability for
extrinsic proofreading. The competition between inter and
intramolecular proofreading being regulated by the intrin-
sic processivity of the enzyme was first suggested in studies
of T5 DNA polymerase and DNA Pol I in the 1980s (65–
67). Our data and proposed model for Pol ε (Figure 7) are
in strong agreement with data describing how DNA travels
between the two active sites for DNA Pol I (67).

Concluding remarks

In principle, there are numerous mechanisms by which
DNA replication fidelity can be reduced (see insert to Fig-
ure 7 for the subset tested here). It is now clear that con-
comitantly perturbing two or more of these mechanisms
can result in the hypermutator phenotypes now associ-
ated with cancer. The present study highlights the likeli-
hood that replication fidelity can be diminished by reducing
proofreading through inactivation of exonuclease activity
directly, as in pol2-D290A/E292, or indirectly by reducing
partitioning of a mismatch to the exonuclease active site,
thereby promoting mismatch extension and/or suppress-
ing extrinsic proofreading. We also demonstrate that muta-
tions in the exonuclease domain can have pleiotropic effects
on DNA binding, polymerase activity and processivity by
both active sites. The distinct mutation rates and biochem-
ical properties for the two Pol2 mutations described herein
provide evidence for a potential mechanism for the hyper-
mutator phenotype, namely, increasing the intrinsic proces-
sivity of the DNA polymerase. Knowledge of the mecha-
nisms that are responsible for mutations, exactly how they
operate, and their consequences for developing chemother-
apies, are all questions for future studies.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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