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A simple bypass assay for DNA polymerases shows that
cancer-associated hypermutating variants exhibit
differences in vitro
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Errors made by DNA polymerases contribute to both natural variation
and, in extreme cases, genome instability and its associated diseases.
Recently, the importance of polymerase misincorporation in disease has
been highlighted by the identification of cancer-associated polymerase vari-
ants with mutations in the exonuclease domain. A subgroup of these vari-
ants have a hypermutation phenotype in tumours, and when modelled in
yeast, they show mutation rates in excess of that seen with polymerase with
simple loss of proofreading activity. We have developed a bypass assay to
rapidly determine the tendency of a polymerase to misincorporate in vitro.
We have used the assay to compare misincorporation by wild-type,
exonuclease-defective and two hypermutating human DNA polymerase €
variants, P286R and V411L. The assay clearly distinguished between the
misincorporation rates of wild-type, exonuclease dead and P286R polymer-
ases. However, the V411L polymerase showed misincorporation rate com-
parable to the exonuclease dead enzyme rather than P286R, suggesting
that there may be some differences in the way that these variants cause
hypermutation. Using this assay, misincorporation opposite a templated C
nucleotide was consistently higher than for other nucleotides, and this
caused predominantly C-to-T transitions. This is consistent with the obser-
vation that C-to-T transitions are commonly seen in DNA polymerase €
mutant tumours.
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Introduction

Accurate synthesis by the replicative DNA polymer-
ases is vital for the maintenance of genomic stability.
98-99% of this synthesis is carried out by DNA poly-
merases & and e, which have a high degree of accuracy
[1] (~ 1 in 107* to 107° from in vitro measurements),
the rest being carried out by DNA polymerase o [2],
which is slightly less accurate (~ 1 in 107> to 107%). It
is thought that DNA polymerase € carries out the bulk
of the leading strand synthesis, while DNA polymerase
8 acts predominantly, although not exclusively, on the

Abbreviations

lagging strand. The main reason for the increased
accuracy of DNA polymerases & and & over polymer-
ase o is their possession of a 3'-5 exonuclease activity,
which is able to proofread and remove nucleotides
which have been incorrectly incorporated. The exonu-
clease active site is in the largest subunit for both
DNA polymerases & and e [3-7]. This subunit also
contains a separate polymerase active site, and the
nascent strand terminus moves ~ 40 A from the poly-
merase to the exonuclease site for proofreading. Loss

dNTP, deoxynucleotide triphosphate; MMR, mismatch repair; POLE, DNA polymerase epsilon.
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In vitro incorporation by cancer prone polymerases

of proofreading ability leads to a higher rate of synthe-
sis errors in vitro and also in vivo, in both
Saccharomyces cerevisiae and mice. [1,8-10].

Recently, mutations have been identified in the pol/
exo subunit of both DNA polymerase & and € that
appear to be causative for the generation of tumours
(reviewed in [11-13]). These were originally seen in
colon and endometrial cancers but, more recently,
have also been reported in other cancers. Many of the
mutations studied so far have been in the exonuclease
domain of the pol/exo subunit, and so their effects
could be explained by the lack of exonuclease activity
raising the misincorporation rate higher than can be
handled by downstream mechanisms [particularly mis-
match repair (MMR)]. However, for some mutations,
the misincorporation observed in vivo is higher than
that observed for an exonuclease dead mutant. This
suggests that factors other than the lack of exonuclease
activity must be responsible for the high mutation
rates observed by these polymerases.

Many factors could be responsible for the observed
hypermutation. These could be integral to the polymer-
ase itself (e.g. changes in rate or processivity of synthe-
sis) or could be due to factors only occurring in vivo
(e.g. change in interaction with other proteins or due to
handover to polymerases with lower fidelity). When
studying the mechanisms of mutant polymerases, it is
useful to know which of these possibilities is responsible
for the high error rate, as this will give insight into how
high replication fidelity is normally achieved.
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P286R and V411L are the two DNA Polymerase ¢
(POLE) variants that are the most frequent somatic
variants associated with hypermutated cancer cells
[11]. P286 is highly conserved in & polymerases from a
wide range of organisms, and also in DNA polymerase
6 and phage polymerases (Fig. 1A). S. cerevisiae and
Schizosaccharomyces pombe cells expressing P286R
also show a dramatic hypermutation phenotype
[11,14]. In vitro exonuclease assays show that an N-
terminal fragment of the human DNA polymerases &
catalytic subunit carrying the P286R mutation shows
no exonuclease activity, while similar assays using the
S. cerevisiae holoenzyme equivalent to P286R reported
reduced but significant activity [14,15]. V411 is also
widely conserved in € polymerases (Fig. 1B), but not
in other polymerases, even those as closely related as &
polymerases. In vitro exonuclease assays suggest that
human V411L retains a low level of activity [15]. Curi-
ously, despite the high mutation rates in human cells,
the in vivo mutation rate of the S. cerevisiae variant
equivalent to V411L is similar to that of the wild-type
enzyme [16].

Here, we present a bypass assay to compare the in
vitro misincorporation tendencies of wild-type and
mutant polymerase variants, where omission of a spe-
cific nucleotide forces the polymerase to misincorpo-
rate or generate an indel to synthesise a full-length
product. Application of this assay to analyse misincor-
poration for the P286R and V411L variants of the
human DNA polymerases € holoenzyme are consistent

(A)

HsPole 265 ERPDPVVLAFDIETTKLPLKFPDAETDQI 293
SpPole 266 ERAEPTIMAFDIETTKLPLKFPDSSFDKI 294
T4Pol 102 DRKFVRVANCDIEVTG--DKFPDPMKAEY 128
RB69Pol 104 DHTKIRVANFDIEVTSP-DGFPEPSQAKH 131
HsPold 306 RIAPLRVLSFDIECAGRKGIFPEPERDPV 334
SpPold 290 KMAPLRIMSFDIECAGRKGVFPDPSIDPV 318

* %k %k * %

(B)

HsPole 389 FQKDSQGEYKAPQCIHMDCLRWVKRDSYL 417
SpPole 390 FFRDAEDEYKSSYCSHMDAFRWVKRDSYL 418
ScPoleg 404 FAPDAEGEYKSSYCSHMDCFRWVKRDSYL 432

Fig. 1. Comparison of the sequences of various polymerases in the region of the P286R and V411L mutations. (A) Conservation of the
region around P286 in human polymerase e. The conserved P is highlighted in red for human (P286), S. pombe (P287) and S. cerevisiae
(P301) & polymerases and human (P327) and S. cerevisiae (P332) & polymerases. The conserved D and E residues which form part of the
exonuclease active site are highlighted in blue. The asterisks show residues conserved between all polymerases compared here. (B)
Conservation of the region around V411 in human polymerase €. The conserved V is highlighted in red for Human (411), S. pombe (411) and
S. cerevisiae (426) £ polymerases. This amino acid is not conserved in the & polymerase family (not shown).
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with recent results suggesting that these two variants
may produce misincorporation via different routes.

Results

Wild-type human DNA polymerase ¢ has limited
ability to bypass a templated A nucleotide when
dTTP is not available in vitro

One measure of intrinsic fidelity is to determine how
easily a polymerase can bypass a base in the template
if the complementary deoxynucleotide triphosphate
(dNTP) is not available. This approach has been used
previously with DNA polymerases ¢ looking at rapid
reaction kinetics using stopped-flow measurements [8]
and also to determine the dissociation frequency of
yeast DNA polymerases ¢ during the transfer of the
primer end between the polymerase and exonuclease
sites [17]. We therefore designed a template that had
only a single A nucleotide present in the sequence, and
in which the primer strand was labelled with the infra-
red dye C800 (selected because it can be analysed by
infrared scanning in a quantitative way). The basis of
the assay is shown in Fig. 2A. In the assay, there is a
high ratio of primer/template to polymerase, so if the
polymerase dissociates at the bypass position, it is
unlikely to reassociate with the stalled product. In this
way, the full-length product is likely to reflect misin-
corporation by the polymerase at the bypass position,
followed by continued synthesis in the absence of
dissociation.

Synthesis carried out on this template by the wild-
type enzyme (purified as described in Materials and
methods) with a full complement of dNTPs gave com-
plete synthesis of the template with increasing yield
with time (Fig. 2B,C), whereas synthesis carried out in
the absence of dTTP showed increasing synthesis with
time, but most synthesis was stalled at the position of
the single A base (Fig. 2D,E).

The exonuclease dead and P286R variants bypass
a templated A with higher frequencies than the
wild-type enzyme

This encouraged us to use this assay to compare the
in vitro bypass rate of the wild-type enzyme with exo-
nuclease dead and P286R mutants.

We therefore introduced mutations into the large
subunit of DNA polymerase € to generate exonuclease
dead [where the exonuclease catalytic residues have
been mutated (D275A E277A)] and P286R variants.
An analysis of the exonuclease activity of the wild-
type, and the exonuclease dead and P286R variants

In vitro incorporation by cancer prone polymerases

(Fig. 3A,B) showed that neither the exonuclease dead
nor P286R mutants showed exonuclease activity
in vitro. This is consistent with previous observations
from in vitro studies using an N-terminal fragment of
the human enzyme [15]. This suggests that previously
observed differences in exonuclease activity between
the S. cerevisiae and human P286R variants were not
caused by the use of a truncated form of the human
enzyme and may indicate that the budding yeast
enzyme is affected differently by the mutation.

An example gel for the bypass analysis with these
three variants is shown in Fig. 4A. The exonuclease
dead enzyme showed a higher bypass rate than the
wild-type, and P286R showed a higher rate still. Quan-
titation of the results for multiple experiments using
template Al is shown in Fig. 4B.

Comparison of the bypass rate at multiple time
points (Fig. 5) showed that the percentage of bypass
did not increase with time and provided that a signifi-
cant fraction of the template remained unreplicated.
This implies that the stalled product, once generated,
is not eventually extended to full length, suggesting
that the full-length product is likely to be due to a
misincorporation event which is extended by the same
polymerase without dissociation. Therefore, in all sub-
sequent experiments, bypass rates presented are an
average of the bypass at each time point for each
enzyme.

These results suggest that this assay is sufficiently
sensitive to detect differences in the bypass rates
between polymerases with different fidelities. In addi-
tion, since the bypass rate depends on the ratio of full-
length synthesis to total synthesis, the measurement is
not significantly affected by the absolute enzyme con-
centration. This reduces measurement errors between
different enzymes. The data further suggest that the
hypermutation phenotype of the P286R mutant is at
least in part amenable to in vifro analysis, as it has
higher bypass rate in the in vitro analysis than the exo-
nuclease dead mutant.

Differences in bypass efficiency for human POLE
mutants are also observed for bases other
than A

Similar experiments were then carried out to determine
whether differential bypass by wild-type, exonuclease
dead and P286R polymerases could also be observed
for the three other nucleotides. For both G (Fig. 4C)
and T (Fig. 4D) templates, a similar trend was
observed although the absolute bypass rates varied for
different nucleotides. For the C1 template, however, a
very high bypass rate was observed even with the
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Fig. 2. Bypass assay overview and results. (A) Basis of the bypass assay. The polymerase is provided with a C-800 labelled template that
has one of the bases at a single position, (in this case an A—marked as the mismatch position). The enzyme can only proceed to the end of
the template if a misincorporation occurs; therefore, the ratio of the full length to the blocked template will give a measure of the bypass
frequency and the ability of the polymerase to misincorporate. The conditions of the assay are arranged such that there is an excess of sub-
strate compared with the enzyme; if the enzyme dissociates, it is more likely to bind to a new template than rebind to the original. The
assay therefore represents the ability of an enzyme to misincorporate without dissociation from the template. (B) Representative gel com-
paring the synthesis by wild-type, exo-null and P286R POLE variants at 0, 1, 2, 3 and 4 min on template A1 in the presence of all four deox-
ynucleotide triphosphates (dNTPs). The positions of the unreplicated primer, the bypass position and the full length are marked. The faint
band at the position of the bypass on this gel is due to xylene cyanol which coincidentally runs at the same position and so serves as a
good indicator of the position of the template blockage. It can be distinguished from the DNA bands for quantitation purposes due to its dif-
ferent emission wavelength. This was repeated for each of the templates used for bypass and comparable results were obtained in all cases
(n = 21). (C) Reactions similar to the one shown above were carried out for all templates and the results were combined to calculate the rel-
ative activity of the enzyme preparations used. In all bypass experiments, the amounts of exo-null and P286R enzymes were adjusted so
that the enzyme activity present in each reaction was comparable. The data shown are representative of three independent experiments for
each enzyme. Results for the wild-type enzyme are shown in blue, for the exo-null in green and for P286R in yellow. The error bars show
standard deviation. (D) Representative gel showing synthesis of the A1 template by the wild-type DNA polymerase ¢ in the presence of only
dCTP, dGTP and dATP after 1, 2, 3, and 4 min of reaction. The positions of the full length, bypass position and unreplicated primer are
shown. Although this represents data from a single experiment, this analysis was routinely carried out for all experiments for all templates
to ensure continued enzyme activity throughout the time course of the experiment (n = 28). (E) Quantitation of the results from (D) to show
increasing synthesis of the stalled product with time. Although this represents data from a single experiment, this analysis was routinely car-
ried out for all experiments for all templates to ensure continued enzyme activity throughout the time course of the experiment (n = 28).

wild-type enzyme (Fig. 4E). This shows that differ-
ences in misincorporation between, wild-type, exonu-
clease dead and P268R enzymes are not specific to
bypass of an A residue.

Bypass rates of ‘single C’ templates are
influenced by the context of the base and the
concentration of dNTPs in the reaction

The very high rate of bypass on the Cl template was
surprising, especially in the case of the wild-type
enzyme, but was entirely reproducible using different
independent batches of nucleotides and several inde-
pendently synthesised templates carrying the same
sequence. Comparison of the results observed using
the Al, G and T templates suggested that although
the relative abilities of the different POLE enzymes to
misincorporate opposite the single base were con-
served, there were differences in absolute bypass rates
between different bases. This could be intrinsic to indi-
vidual bases; however, the absolute bypass rate could
also be influenced by the context of the bypassed base.

We therefore determined how the ‘single C’ bypass
rate was affected by the context in which the C is
embedded. We synthesised a template (C2) in which
the immediate environment of the single C residue was
altered 4-bp upstream and downstream of the C. This
change did not affect the base composition of the tem-
plate but made the two bases either side of the C more
AT rich (GGAAGTCGTATTA to GGGTAACTTA
GTA). For this template, the bypass rate was slightly

reduced, (Fig. 6), but still remained much higher than
for the other nucleotides. We also made an additional
C template (C3) where the downstream sequence was
the original template, but the upstream template
was more substantially altered. In addition, the single
C was moved further away from the primer terminus
by the insertion of eight nucleotides (TTGAAGTA
GTGAGATGGAAGTC to TTGAAGTAGTGAGA
TGGAAGTGTAGATTAC). This template also pro-
duced bypass levels for all three enzymes that were
slightly lower than those for the other C templates
(Fig. 6), but again bypass levels, particularly for the
wild-type enzyme, were higher than for other bases.

Another factor that could influence the amount of
bypass is the concentration of the dNTPs present in
the reaction. The presence of an increased concentra-
tion of dNTPs encourages misincorporations in vivo in
a variety of organisms and this is likely to be at least
partly due to direct effects on the polymerase [18]. Fig-
ure 6 shows that reducing the concentration of dNTPs
in the reaction by 60% (to 80 pm) reduced bypass
levels quite significantly for the C3 template. However,
bypass levels still remained higher for C3 at low nucle-
otide concentrations than for the Al, G and T tem-
plates at higher dNTP concentrations. Again, this was
particularly noticeable for the wild-type enzyme.

One curious feature that we observed consistently
for bypass on all C templates at all ANTP concentra-
tions was that the exonuclease dead enzyme had a sim-
ilar bypass rate to the wild-type enzyme although for
the C3 template, the P286R read through is clearly
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higher. These results suggest that it is possible to opti-
mise the bypass assay for a ‘C’ template so that differ-
ences in bypass can be observed between a wild-type
enzyme and a hypermutating enzyme, but in its pre-
sent format, bypass of a single C may not be able to
distinguish a wild-type enzyme from one that has only
lost exonuclease activity.

Bypass rates at ‘physiological’ dNTP
concentrations are raised for P286R

All previous assays were carried out at ANTP concen-
trations that were in the range of values measured for
tumour cells, but higher than those seen for nontrans-
formed cells. To determine how lower dNTP concen-
trations affected the observed bypass rate, we repeated
the bypass experiment using dNTP concentrations esti-
mated for nontransformed cells (dATP 25 pm; dGTP
5.2 pm; dCTP 30 pm; and dTTP 35 pm) [19]. Figure 7
shows that under these conditions, the differences
between the wild-type and exonuclease dead enzyme
were not detectable. The bypass rate for P286R still
remained higher than that for the other two variants,
but the differences were less pronounced.

""
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exo- null

8 16

Fig. 3. Representative gels showing
exonuclease assays for purified Polymerase

P286R ¢ variants. (A) Exonuclease rates for wild-

type and exo-null enzymes. C is the
unreacted substrate and 1, 4, 8 and 16 are
the time in minutes at which the time
points were taken. (B) The reaction for the
P286R variant from the same experiment.
In this case, the samples have been
overloaded and overexposed to check for
residual exonuclease activity. (C) A
4 comparison of wild-type and V411L variants.
C is the unreacted substrate, and in this
case, time points were taken at 1, 2 and
4 min to allow a more accurate estimation
of the level of exonuclease of V411L.
Percentage activity for 411 was obtained by
repeating the assay three times and
scanning the gels produced on a Licor
Odyssey machine.

Bypass on the C3 template predominantly causes
a G to A (C to T) misincorporation

It still remained a formal possibility that some contami-
nation in either the template or the dNTP mix was
responsible for the high bypass rate with the C tem-
plates. Ganai et al. [17] showed that for purified yeast
POLE holoenzyme, very low levels of dGTP (0.34-
0.68 pm) were enough to support some synthesis. In
order to determine whether this was the case, we devel-
oped a protocol to sequence, the DNA that had been
synthesised by the DNA polymerases € variant enzymes.
This protocol allows us to use very small amounts of
synthesised product and so would be applicable to reac-
tions where the bypass is less efficient. The scheme uses
cycle sequencing to determine the base that had been
incorporated at the single C position. The scheme is
shown in Fig. 8A and incorporates steps to remove non-
reacted or partially extended primers, and also as much
as possible of the original template, all of which inter-
fere with the cycle sequencing reaction if they remain in
the solution at a significant level.

Figure 8B shows the results of a sequencing reaction
with the synthesis products of P286R on the C3
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Fig. 4. (A) Synthesis of A1 template by wild-type, exonuclease dead and P286R variants in the presence of only dCTP, dGTP and dATP after
1-4 min of synthesis. 0 is the unreplicated template The positions of the full length, bypass position and unreplicated primer are shown. (B)
Percentage bypass rates on the A1 template (i.e. missing T) for the wt, exonuclease dead and P286R variants in the presence of only dCTP,
dGTP and dATP. (C) Percentage bypass rates for the G template (i.e. missing C) for the wt, exonuclease dead and P286R variants in the
presence of only dATP, dGTP and dTTP. (D) Percentage bypass rates for the T template (i.e. missing A) for the wt, exonuclease dead and
P286R variants in the presence of only dCTP, cGTP and dTTP. (E) Percentage bypass rates for the C1 template (i.e. missing G) for the wt,
exonuclease dead and P286R variants in the presence of only dCTP, cATP and dTTP. For all the above experiments, the data shown are rep-
resentative of three independent experiments. each with four time points. Dots represent individual data points. Comparing the results
between pairs of enzymes (wt vs exo, exo vs 286, wt vs 286,) using the Student t-test gave P < 0.001 for A, G and T templates. For the C
template, P = 0.025 for the wt vs exo comparison and < 0.001 for exo vs P286R and wt vs P286R.

template. C3 was used as the template as the single C
was far enough away from the sequencing primer to
identify the incorporated nucleotide clearly. At the
position on the template where the C is incorporated
in a reaction containing all 4 dNTPs (+), the bypass
reaction (—) shows only trace incorporation of C. A
low level of C incorporation would be generated if

traces of the original template and primer remained
following the exonuclease reaction and heat treatment.
These could anneal, and, during the cycle sequencing
reaction, would generate a C at this position. Instead,
a new band appears in the T track suggesting that if
P286R is unable to incorporate a dG in the template
opposite a dC, it preferentially incorporates a dA. No
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P286R

Fig. 5. Relative bypass rates do not
increase with time for the wild-type, exo-
null and P286R variants under the
conditions of the assay. The time in
minutes is shown on the X-axis and the
percentage bypass on the Y-axis. This
shows the results from one assay with the
A1 substrate, but this analysis was routinely
carried out for all experiments on all
templates used for bypass and a similar
lack of correlation between bypass rate and
time was observed (n = 28).

_'_ Fig. 6. Comparison of bypass rates for
templates C1, C2 and C3 at 200 pwm (hi) or
! 80 pm (lo) dATP, dCTP and dTTP. The Y-axis
shows the % bypass rate. The X-axis
shows the template and the variant used
—'— for the assay: wt—wild-type, exo—
exonuclease dead and 28—P286R. The data
shown are representative of three
independent experiments. Comparing the
results between pairs of enzymes, using
the Student ttest gave P < 0.01 for all
comparisons (exo vs wt, exo vs P286R, wt

wtCl exo wt C2 exo C3hi C3hi C3hi
C1 Cc2 wt exo 286

new bands are visible in other lanes, but we cannot
rule out the possibility that bands are present but
below the level of detection. Similar results were
obtained with both the exonuclease dead and the wild-
type enzymes. Skipping (deletion) at the bypass posi-
tion does not occur as the +/— bands are in alignment
on both sides of the bypass position.

This confirms that the high bypass rate on the C
template cannot be explained only by a contamination
of either the template or the dNTP mix. It further sug-
gests that there is some specificity to the dNTP misin-
corporated during the bypass. The apparent ease with
which DNA polymerase € incorporates dA when there
is a template dC may account for the frequency of

vs P286R, C1 vs C2 for wt and exo, C1 vs
C3 for wt exo and P286R, and high vs low
dNTPs for wt, exo and P286R).

C3lo C3lo C3lo
wt exo 286

C > T transitions in yeast strains expressing an
exonuclease-defective DNA polymerase € in the back-
ground of MMR deficiency [20].

V411L does not show an increased bypass rate
compared with the exonuclease dead variant

Another common cancer-related DNA polymerase €
variant that has been identified as a hypermutator is
V411L. The location of this mutation is further away
from the exonuclease active site than P286R. In addi-
tion, evidence from studies on human cancers and
cancer cell lines carrying different POLE mutations
suggests that there may be some differences in the
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25

Fig. 7. Bypass rates for wild-type,
exonuclease dead and P286R at estimated
physiological deoxynucleotide triphosphate
concentrations and ratios in nontransformed
cells. The Y-axis shows the % bypass rate.
The X-axis shows the templated base (A1,
C1, G and T) and the polymerase variant w
—wild-type, e—exonuclease dead, p—
P286R. The data shown are representative
of three independent experiments.
Comparing the results between pairs of 5
enzymes using the Student t-test showed

that differences between the wt and exo

enzymes were not significant, however, for 0
all comparisons of exo vs P286R and wt vs

P286R < 0.001.

20

% Bypass

10

Aw Ae

mutational signatures of P286R and V411L in vivo
[21-23]. V411L has also been shown to retain some
exonuclease activity when the N-terminal domain of
the large subunit was assayed in vitro [15].

We were interested in determining whether we
could detect an increased misincorporation frequency
for this variant in vitro. We therefore introduced
this mutation into the large subunit of polymerase €.
Consistent with previous results, we saw that the
holenzyme containing the mutation retained a low
level of exonuclease activity (Fig. 3). We then ana-
lysed the ability of the V411L mutant enzyme to per-
form bypass synthesis for Al, Cl, G and T templates.
Although V411L is known to be a hypermutator in
human cells, the bypass frequency appeared more
similar to that of the exonuclease dead mutation than
that of P286R (Fig. 9). This is consistent with in vivo
observations which suggest that the mechanism caus-
ing hypermutation in V411L may differ from that in
P286R.

Discussion

We have developed a rapid bypass assay to measure
the likelihood of polymerase misincorporation using
templates containing a single A, C, G or T when the
required complementary nucleotide is not present in
the polymerisation reaction. We have used the assay to
measure the bypass frequency associated with a 4 sub-
unit wild-type human DNA polymerase ¢ and com-
pared this to the bypass observed for a variant of the
polymerase that has been mutated to inactivate
the exonuclease activity, and two other variants that
have been altered to contain mutations commonly
detected in colon cancer-associated polymerases.

Ap
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Using this assay, it is possible to clearly detect a
measurable difference in misincorporation ability
between purified DNA polymerase € variants with exo-
nuclease domain mutations. Bypass rates can be deter-
mined for a single A G or T in the template. However,
the assay does not provide a quantitative measure of
in vivo fidelity, as the conditions used for the assay are
not conditions that would usually be experienced by
the enzyme in a cellular setting. In addition, the pre-
cise reaction conditions also affect the amount of
bypass that is obtained.

The observed bypass rate in our experiments varies
depending on the identity of the templated bases. For
instance, the observed bypass ratio of exonuclease
dead, P286R and V411L, compared with wild-type all
appear much higher for G than for A, T and C. This
could suggest that the wild-type enzyme more accu-
rately incorporates opposite a templated G. However,
it is possible that the accuracy observed for the G tem-
plate could be specific for the particular template and
conditions used in the assay. This would be consistent
with the data that we obtained using C templates
which suggest that the bypass rate might vary depend-
ing on the context of the base, and also the concentra-
tion of dNTPs that are used in the assay. Similar
effects of chromosome context and dNTP concentra-
tion have been reported previously (reviewed in [24]).
The concentrations of dNTPs used for the bypass
assay are comparable with the concentrations routinely
used for in vitro polymerase assays and are in a similar
range to those seen in tumour cells. However, they are
higher than previously measured cellular ANTP levels,
which range between ~ 5 and ~ 40 pm depending on
the nucleotide [19]. The dANTP levels also show differ-
ences between different cell types and cell cycle stages
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(A)

C3 template
° O Biotin
o (0] C700
Synthesis POLE +/- dGTP 0 C800
A Streptavidin
o ® Single C
Bind to Streptavidin X misincorporated base

Treat with Exonuclease VII

95°C to release extended primer

Anneal C800 primer / cycleseq 30
cycles

] 3« b« i« To

l

—

(B)

Porp—H-HArPpo0-H>H-p0

Fig. 8. Determination of POLE misincorporation preferences on the C3 template. (A) Scheme for sequencing of the products of POLE
synthesis. The presence of the C700 label in the biotin-labelled primer allows verification of the extent of bypass by POLE in the initial reac-
tion. The exonuclease VIl step is designed to remove unannealed template and unextended primer. The heating step is designed to allow
removal of the template strand. (B) Results from the cycle sequencing following the bypass assay using the C3 template and the P286R var-
iant. The equivalent nucleotide lanes are run next to each other to make it easier to see changes. A C G T shows the chain terminator used
for sequencing, + is the analysis of the bypass reaction containing all four nucleotides, and — is the analysis of the bypass reaction missing
dGTP from the extension mix. The expected sequence is shown at the left-hand side of the gel. The lines in the gel show the position of a
visible change between the reaction containing all four nucleotides and the one missing a G in the extension mix, comprising a reduction in
the C-lane and a new band appearing in the T-lane. This shows the result of a single gel, but the experiment was repeated six times and
produced the same result each time.
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Fig. 9. Percentage bypass rates for exonuclease dead and V411L for the A1, C1, G and T templates under the standard reaction conditions
(200 pm of each nucleotide). The Y-axis shows the % bypass rate. The missing base is shown above the relevant lanes (No T = A1 tem-
plate, No C = G template No G = C1 template NoA = T template). Exo shows data for the exonuclease dead and V411L for the V411L vari-
ants, respectively. The data shown are representative of three independent experiments. Comparing the results between exo and V411L
using the Student t-test for each template showed that differences between the enzymes were not significant.

and in addition may be affected by subcellular loca-
tion. When we carried out the bypass at ‘physiological’
concentrations, the differences between the variants
were much reduced, with differences between the wild-
type and exonuclease dead variant no longer being
detectable. The precise reasons for this are not clear;
however, it may be related to the reduced rate of syn-
thesis under these dNTP conditions increasing the
fidelity of the polymerase reaction. The lower ratios
of bypass observed under ‘physiological’ conditions
suggest that higher concentrations of dNTPs are
preferable for maximum sensitivity of the bypass
reaction.

The observation that bypass rates are dependent on
dNTP concentration complicates direct prediction of
in vivo fidelity from the bypass assay. Direct quantita-
tion of in vivo fidelity are further complicated as some
component of the in vivo measured fidelity may not be
intrinsic to the polymerase, but due to another factor
such as a corrupted interaction of the polymerase with
other cellular components or other factors, such as
polymerase switching. Although not a direct measure
of in vivo fidelity, the relative bypass rate measured by
this assay does give insight into the likelihood of a
polymerase having a mutator phenotype in vivo. Fur-
ther optimisation of the assay, by altering the template
and the nucleotide concentration, should also increase
the sensitivity of the assay to allow detection of smal-
ler differences in misincorporation frequency and to
determine whether the polymerase stalls pre- or
postmisincorporation.

Distinct behaviour of single C templates
compared with single -A/G/T templates

The bypass assays using the ‘single C’ template showed
two features that differed from the other single base
templates. The first of these was that all C templates
had a much-increased level of bypass at the standard
dNTP (200 pm) concentrations used for the assay com-
pared with A, G and T templates. The C1 template
has a TCG context around the C, whereas the other
two templates have ACT (C2) and ACG (C3). TCG is
one of the triplets associated with a high frequency of
C > T transitions in POLE tumours [22], which could
explain why this template had a slightly higher rate of
bypass than the other templates. However, the bypass
frequency was also high for the other two templates,
so this cannot fully explain the high bypass rates
observed on ‘single C’ templates.

Reducing the dNTP concentrations to 80 pum signifi-
cantly reduced the bypass rate for the wild-type and
exonuclease dead enzymes, although the rate was still
higher than that for the other bases at 200 pm. This
suggests that under the conditions of the assay, POLE
is more likely to misincorporate opposite a C base in
the template than opposite any of the other bases. At
this point, it is not clear why this should be the case.
C is the only base that shows substantial methylation
in humans, and therefore, it is tempting to speculate
that the relaxed precision may be due to the need to
accommodate the methylated variant. In this regard, it
will be interesting to see whether higher C bypass rates
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are also found in species which do not show high
levels of C methylation.

Sequencing of the DNA polymerase € synthesised
DNA strand from the C3 template showed that there
was a very high tendency for an A to be incorporated
by the enzyme in place of the G, that is misincorpora-
tion results in a C > T transition. A and G are both
purines, and so this substitution would cause the mini-
mum disruption to the double-stranded structure pro-
duced. This substitution is also consistent with the
observation that C-to-T transitions are commonly seen
in DNA polymerase € mutant tumours, particularly in
a CG context [22], in yeast exonuclease-defective DNA
polymerase e strains lacking MMR and in S. pombe
expressing the equivalent mutation (in this case
P287R) [25]. The choice to incorporate an A rather
than any other nucleotide must be made at the level of
the polymerase catalytic site since the same misincor-
poration is seen, not only for the wild-type DNA poly-
merase e, but also for the exonuclease dead and
P286R variants. Neither exonuclease dead nor P286R
possess exonuclease activity, so it would not be able to
change the nucleotide added to the growing chain after
incorporation.

The second and more surprising observation was that
although the ‘single C’ templates and conditions used
here clearly distinguish between a DNA polymerase €
wild-type and P286R mutant, they do not allow a defini-
tive distinction between wild-type and exonuclease dead
enzymes. For all C templates, the exonuclease dead
enzyme showed a similar bypass rate compared with the
wild-type enzyme. The reasons for this are not clear;
however, the wild-type bypass frequency is increased to
levels at least as high as that seen with other nucleotides
for the exonuclease dead. It is therefore possible that, at
least under the specific conditions of this assay, wild-
type DNA polymerase € may have an impaired capabil-
ity to remove a misincorporated base opposite a C in
the template.

Hypermutating mutants V411L and P286R
behave differently in the bypass assay

We have also used the assay to compare the bypass
rate associated with two mutations that are commonly
seen in human tumours, P286R and V411L. These var-
iants have been reported to show some differences in
mutation signatures in patient samples and cell lines,
such that SBS 10B and SBS10A are more predominant
in V411L and P286R, respectively, and V411L may be
less affected if MMR is inactivated [21-23]. In addi-
tion, our assays, and those reported by Shinbrot er al.
[15], show that V411L retains some exonuclease

G. Crevel et al.

activity, while P286R does not (Fig. 3). In contrast to
P286R, V411L showed a bypass rate that was similar
to the exonuclease dead. Although our data are not
sufficient to draw a definitive conclusion about the
cause of this difference, it is tempting to speculate that
P286R and V411L might generate mutations using dif-
ferent mechanisms. This would not be surprising given
their different locations. P286R is located at the edge
of the exonuclease active site and structural analysis of
the yeast enzyme suggested that the amino acid change
blocks entry of the nascent DNA terminus to the exo-
nuclease site [14,26]. V411 is quite well separated from
the exo site and lies in the junction region between the
exo and polymerase site. It is therefore less likely to
block entry to the exonuclease site. It does however lie
in a region of the enzyme that could make contacts
with the DNA substrate in addition to the active site
contacts. Perhaps, the position of the V411L substitu-
tion makes the polymerase more likely to dissociate
from the template as it transfers between the polymer-
ase and exonuclease sites when the wrong nucleotide is
incorporated. With the excess of template present in
the assay, rebinding would be more likely to occur at
a new primer—template than primer—template that is
already partly extended and mismatched.

Conclusion

We have developed an assay that allows us to rapidly
measure the intrinsic ability of a purified polymerase
to misincorporate nucleotides in the absence of other
accessory factors. This assay should be useful to give
an idea of the likely fidelity of mutations in purified
polymerase enzymes and will be useful for rapid analy-
sis of cancer-associated mutants to guide routes for
further study. Sequence analysis of the misincorpora-
tions will also yield insight into the relative contribu-
tions to mutation signatures of the properties of the
polymerase and downstream repair-related activities.
Finally, the assay may also be useful as a tool for
development of drugs that affect the accuracy of a
polymerase, either positively or negatively.

Materials and methods

Manufacture of DNA synthesis substrates

Oligonucleotide primers labelled with C700 and C800, and
where appropriate, also with biotin, were obtained from
IDT and nonlabelled template oligonucleotides from
Sigma. The substrates were made by mixing equal amounts
of primer and template oligos (300 pm) in 20 mm Tris pHS,
10 mm KCI and 0.01 mm EDTA. Samples were heated to
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Table 1. Oligonucleotides used in this analysis.

In vitro incorporation by cancer prone polymerases

Oligonucleotide Sequence

Single A1 TTGCCGTCGTGCGCTGGCCGTAGTCTTCGTCAACGTCGTGACT GGGAAAA

Single C TTGAAGTAGTGAGATGGAAGTCGTATTA GTCAACGTCGTGAC TGGGAAA

Single G TTACCATCATACACTAACCATGATCTTCATCAACGTCGTGACT GGGAAAA

Single T AAGCCGACGAGCGCAGGCCGATGACAACGACAACGTCGTGAC TGGGAAAA

Single C2 TTGAAGTAGTGAGATGGGTAACTTAGTA GT CAACGTCGTGACT GGGAAA

Single A2 CGCTGGCCGTAGTCTTCCAACGTCGTGACTGGGAAAA

C700/800 primer TTTTCCCAGTCACGACGTTG

Single C3 TTGAAGTAGTGAGATGGAAGTGTAGATTACGTATTAGT CAACGTCGTGACTGGGAAA
C800seq C TTGAAGTAGTGAGATGG

100 °C for 15 min and then allowed to cool slowly to room
temperature. The extent of annealing was assessed using
native TBE polyacrylamide gels. In all cases, annealing of
the labelled primer was estimated to be more than 99%.
The oligonucleotides used in the assays are shown in
Table 1.

Cloning of wild-type and mutant DNA
polymerases

Clones for the wild-type DNA polymerase € subunits were
a kind gift from the Hurwitz Lab [27]. The original p261
clone was tagged with a Flag epitope. Since we were inter-
ested in the properties of intact complexes rather than the
isolated p261, the tag was removed from the large subunit
and a Flag tag added to the p58 subunit. The exonuclease
dead, P286R and V411L variants were obtained by carry-
ing out point mutation to these clones using the Quik-
Change II Site-Directed Mutagenesis Kit (Agilent, Santa
Clara, CA, USA). The oligonucleotides used to produce
these mutations are shown in Table 2. The changes intro-
duced to make the polymerase devoid of 3’-5" exonuclease
activity (exonuclease dead) were based on work reported
from yeast and mice [9,10].

Purification of wild-type and mutant polymerases

The DNA for the wild-type and mutated sequences was
introduced into the pFastBac vector (Thermo Fisher Scien-
tific) and transfected into DHI10Bac Escherichia coli in

Table 2. Nucleotide changes made to produce the human POLE
variants used in this study.

order to produce bacmids containing polymerase subunits.
Selection of positive clones was carried out using blue/
white selection. Clones for each of the four subunits were
used individually to infect sf9 cells to produce baculovirus
stocks.

To isolate polymerase complexes, Sf9 cells were infected
with Bacmids for each of the four subunits simultaneously
and grown for 72 h. Cells were harvested and the enzymes
were purified as described [27] with a final glycerol gradient
step to ensure that only intact holoenzymes were present.
The purity of the polymerase enzymes was assessed after
the glycerol gradient step by SDS/PAGE and Coomassie
gel staining. Protein concentrations were calculated using
serial dilutions of Bio-Rad protein markers.

The polymerase activity of each prep was calculated
using the A2 substrate in the presence of all four
nucleotides.

Bypass assays

Polymerase assays were carried out using templates as
described above. 25 pL reactions contain; enzyme, 20 mMm
Tris pH 7.5, 10 mM magnesium acetate and 150 mg-mL ™"
BSA together with 12 pm DNA template and the appro-
priate ANTP mix (200 pm of each nucleotide for the stan-
dard reaction, 80 pm for C1/C2/C3 comparison, and
dATP, 25 pm; dGTP 5.2 pm; dCTP, 30 pm and dTTP
35 um  for reactions at ‘physiological’ concentrations).
Reactions were incubated at 37 °C. 20 fm of wild-type
polymerase added to reactions to ensure that the template
was always in large excess over enzyme. For all assays,
the amount of each mutant polymerase was adjusted so
that it had the same polymerase activity as the wild-type

Amino acid Nucleotide enzyme. Samples were taken at 1, 2, 3 and 4 min for

Polymerase mutation mutation assays with dNTP concentrations at 200 and 80 pm and 2,

i 4, 6 and 8 min with ‘physiological’ dNTP concentrations.

Wild-type n/a n/a The reaction was stopped by the addition of denaturing
Exonuclease D275A E277A a824c . R .

dead 2830c gel loading buffer (Thermo Fisher) supplemented with

P286R P286R 8579 EDTA. Samples were heated at 100 °C for 5 min to dena-

V411L V411L 91231t ture the strands and then analysed on 10% denaturing

TBE gels containing 7 M urea. The gels were visualised

The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 13

Federation of European Biochemical Societies.

85U8017 SUOWWIOD BAIIe.D 3(gedldde ayy Aq peusenob ke sapiie YO 8sn Jo se|ni o} Akeiq18UIIUO A1 UO (SUORIPUOD-PUR-SLLIBYWIO A8 | 1M Afe.d [Bul[UO//:SNL) SUORIPUOD Pue SWIe | 8y 88S *[£202/60/50] Uo ARIqi1auliuo A8]im ‘Uopuo JO Aisienun SaB10e9 1S Aq 9869T'SGRYTTTT 0T/I0p/L0D" A3 1M AIq U1 IUO'STRY//SIY WO pepeo|umod ‘0 ‘8592Zy.LT



In vitro incorporation by cancer prone polymerases

using a Licor Odyssey CLx imaging system and where
applicable quantitated using Licor software. In each case,
the % bypass was calculated as:

primer extended fully
primer extended fully + primer extended to the bypass position

Exonuclease assays

These were carried out under the same conditions as the
polymerase assays except that dNTPs were omitted from
the assay, and the samples were run on 15% denaturing
gels. The template used was Al annealed to a version of
the standard primer with an added mispaired G on the 3
end. Where appropriate, the exonuclease activity was calcu-
lated by quantitation of band intensities using LICOR ODYS-
sey software (Lincoln, NE, USA) and calculating the total
number of bases removed in each case.

DNA sequencing

DNA sequencing was carried out using the Thermo Seque-
nase Cycle Sequencing Kit from (Applied Biosystems/
Thermo Fisher Waltham, MA, USA). Briefly, oligonucleo-
tides labelled with C700 and biotin were annealed to the
appropriate templates as described. These were used as sub-
strates for a polymerase reaction, and the reaction was
allowed to proceed for 20 min. The reaction was stopped
using 25 mM EDTA, and the products were purified by bind-
ing to streptavidin magnetic beads. To reduce background
interference from oligonucleotides bound to the column that
were unextended or not fully extended at the end of the reac-
tion, the beads were subjected to digestion with exonuclease
VII for 60-90 min at 37 °C. To reduce background interfer-
ence from the original oligonucleotide templates that
remained in the reaction, the reactions were subject to two
rounds of heating to 95 °C for 5 min in TE followed by
removal of the supernatant. Following this, the polymerase
products bound to the beads were sequenced following the
instructions from the kit using a primer labelled with C800.
The conditions used for the reaction were as follows: anneal:
30 s at 52 °C, extension: 10 s at 70 °C and the reaction was
carried out for 30 cycles. Amplified products were separated
on 10% denaturing polyacrylamide gels and visualised using
a Licor Odyssey scanner. Sequences were read manually.
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