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Abstract

We have investigated the ability of the 3" exonuclease activity of S. cerevisiae DNA polymerase e
(Pol &) to proofread newly inserted ribonucleotides (rNMPs). During DNA synthesis 7 vitro, Pol
e proofreads ribonucleotides with apparent efficiencies that vary from none at some locations to
more than 90% at others, with rA and rU being more efficiently proofread than rC and rG.
Previous studies show that failure to repair ribonucleotides in the genome of rn/201A strains that
lack RNase H2 activity elevates the rate of short deletions in tandem repeat sequences. Here we
show that this rate is increased by 2—4-fold in po/2-4 rnh201A strains that are also defective in Pol
e proofreading. In comparison, defective proofreading in these same strains increases the rate of
base substitutions by more than 100-fold. Collectively, the results indicate that although
proofreading of an ‘incorrect’ sugar is less efficient than is proofreading of an incorrect base, Pol &
does proofread newly inserted rNMPs to enhance genome stability.
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1. Introduction

Replicative DNA polymerases almost always insert correct deoxynucleoside triphosphates
(dNTPs) into correctly aligned primer-templates. When they occasionally do generate
mismatches, these can be excised by the 3’ to 5" exonuclease activities associated with
many replicases, and rare mismatches that escape this proofreading can be corrected by
mismatch repair (MMR). Operating in series, polymerase selectivity and the two error
correction processes assure high fidelity DNA replication and stabilize the eukaryotic
nuclear genome over many generations.
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This understanding of high fidelity DNA replication has emerged from studies of base-base
and insertion-deletion mismatches. DNA polymerases also discriminate well against
inserting an “incorrect’ sugar, i.e., a ribonucleoside triphosphate (rNTP) (reviewed in [1, 2]).
However they do so imperfectly, and the probability that a rNTP may be inserted is further
increased by the fact that cellular NTP concentrations are much higher than dNTP
concentrations [3, 4]. In fact, during DNA synthesis /n vitroin reactions containing the
concentrations of dNTPs and rNTPs measured in extracts prepared from asynchronously
growing, log phase S. cerevisiae cells, all three major yeast family B replicases, DNA
polymerases a, 8, and e (Pols a, 6, and &), incorporate substantial numbers of rNTPs into
DNA [5]. In these experiments, one ribonucleotide (rNMP) was stably incorporated for
every 625, 5,000 or 1,250 deoxyribonucleotides (ANMPs) incorporated by Pols a, 6 and €,
respectively. Interestingly, Pols & and e incorporate rNMPs despite the fact that they have
intrinsic 3" to 5" exonuclease activities that are well known to efficiently proofread single
base-base mismatches. This and the fact that urepaired ribonucleotides incorporated into
DNA result in replicative stress and genome instability [6], motivated the current
investigation of whether rNMPs inserted into DNA by Pol e can be proofread by its intrinsic
3’ exonuclease.

The possibility that ribonucleotides might be proofread by Pol e is suggested by previous
studies of two family B homologs of Pol e, T4 DNA polymerase [7] and $29 DNA
polymerase [8]. The intrinsic 3" exonuclease activity of both polymerases can excise
ribonucleotides from 3’-termini in primer-template DNA. Moreover, $29 Pol extends a
primer with a terminal rG less efficiently than it extends a primer with a terminal dG [8],
thereby potentially increasing the probability of excision rather than extension. This may be
important because studies of single base-base mismatches clearly show that the balance
between excision and extension determines proofreading efficiency (reviewed in [9, 10]).
However, neither the $29 Pol nor the T4 Pol study measured actual proofreading, i.e.,
excision of a newly inserted ribonucleotide during an ongoing polymerization reaction.
Thus, the efficiency with which a base pair containing an incorrect sugar is proofread during
DNA synthesis, if at all, is largely unexplored. It is also currently unknown whether failure
to proofread newly incorporated rNMPs has biological consequences. Interest in whether
ribonucleotides can be proofread is increased by the demonstration that the other mechanism
for correcting replication errors, DNA mismatch repair, does not prevent the genome
instability associated with unrepaired ribonucleotides incorporated during DNA replication
by Pol e in yeast [11].

Here we investigate proofreading of ribonucleotides that are incorporated by S. cerevisiae
Pol e, which has been inferred to be the primary leading strand replicase [12]. This initial
focus on Pol e is based on the fact that Pol e incorporates rNMPs during DNA synthesis /n
vitro [5] and /n vivo[6], and failure to remove these rNMPs due to a defect in RNase H2-
dependent repair increases the rate of 2-5 base pair deletions in tandem repeat DNA
sequences [6]. Our biochemical and genetic results support the conclusion that during
replication by Pol e, exonucleolytic proofreading can remove newly inserted ribonucleotides
and thereby enhance genome stability. We further show that editing an incorrect sugar in
DNA is substantially less efficient than editing single base-base mismatches.

2. Material and Methods
2.1 Biochemistry

DNA maodification and restriction enzymes were from New England Biolabs (Ipswich, MA),
oligonucleotides were from Integrated DNA Technologies (Coralville, 1A), ribonucleotide-
containing oligonucleotides were from Dharmacon RNAIi Technologies Thermo Scientific
(Lafayette, CO), and dNTPs were from Amersham Biosciences (Piscataway, NJ).
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2.2 Polymerases and DNA substrates

Wild type (WT) and exonuclease-deficient S. cerevisiae Pol e were expressed and purified
as previously described [13, 14]. Oligonucleotide primer-templates (Fig. 1A) were prepared
as described [5].

2.3 Extending a ribo-terminated primer terminus

Reaction mixtures contained 50 mM Tris (pH 7.5), 0.1 mg/ml BSA, 2 mM DTT, 8 mM
MgCl,, 100 nM primer-template containing either a 3’-deoxy-terminated primer or a 3’-
riboterminated primer (both labeled with 5”-y-32P), and the concentrations of dNTPs (16
pM dATP, 30 uM dTTP, 12 uM dGTP, 14 uM dCTP) previously measured in extracts of
asynchronous, logarithmically growing budding yeast cells [5]. Reactions were initiated by
adding either exonuclease-proficient or exonuclease-deficient Pol (10 nM). For this assay,
we used the catalytically active 152-kDa N-terminal fragments of the Pol e catalytic subunit,
enzymes that we previously demonstrated [14] are reasonable surrogates for the intact, four
subunit Pol e holoenzymes used for the proofreading assays described below. All
components were mixed on ice and incubated for 30 minutes at 30°C. Aliquots of reaction
products were incubated with either water or 0.3 M KOH for two hours at 55°C. An equal
amount of formamide loading dye (95% deionized formamide, 25 mM EDTA, 0.1%
bromophenol blue and 0.1% xylene cyanol) was added, the mixture was heated to 95°C for
three minutes, and the products were separated by electrophoresis through an 8% denaturing
polyacrylamide gel. A phosphoimager and Image quant software (GE Healthcare) were used
to visualize and quantify the products.

2.4 Stable incorporation of rINMPs into DNA

Stable incorporation of rNMPs into DNA was assessed as previously described [5]. Reaction
mixtures (20 pL) contained 2.0 pmol (100 nM) of a 70-mer template annealed to a 5’-
[y-32P]-labeled 40-mer DNA primer, and 10 nM Pol e. The dNTP concentrations were as
mentioned above, and the rNTP concentrations were rATP, 3000 uM; rCTP, 500 pM;
rGTP, 700 wM; and rUTP, 1700 M, as previously measured in extracts of asynchronous,
logarithmically growing budding yeast cells [5].

2.5 Yeast strain construction

Saccharomyces cerevisiae strains used are isogenic derivatives of strain A|
(—2)|-7BYUNI300 (MATa CANI his7-2 leu2-A::kanMX ura3-A trp1-289 ade?-1 lys2-
AGG2899-2900[15]). Relevant strain genotypes are listed in Supplemental Table S1. The
pol2-M644G, mh201A and pol2-M644G rnh201A strains were described previously [6, 12].
The pol2—4 strain was constructed using the integration-excision method. A wild type strain
was transformed with BamHlI-linearized pJB1 plasmid (containing a fragment of the POL2
gene with the D290A and E292A mutations [16]. Following verification of correct
integration at the POL2locus, URA3was excised and po/2 mutations were confirmed by
DNA sequencing. The pol2—4 rh201A mutant was generated by deletion-replacement of
RNHZ201 via transformation with a PCR product containing the hygromycin-resistance
cassette (HYG-R) amplified from pAG32 [17] and flanked by 60 nucleotides of sequence
homologous to the intergenic regions upstream and downstream of the RKNH201 ORF.
Transformants that arose from homologous recombination were verified by PCR analysis.
The URA3reporter gene was introduced into the po/2—4 and pol2—4 rnh201A strains in
either orientation 1 or orientation 2 at position AGPI [15] by transformation of a PCR
product containing URA3 and its endogenous promoter flanked by sequence targeting the
reporter to AGPL.

DNA Repair (Amst). Author manuscript; available in PMC 2013 August 01.
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2.6 Strain growth and phenotypic analysis

Strains were grown in rich medium (YPDA: 1% yeast extract, 2% bacto-peptone, 250 mg/I
adenine, 2% dextrose, 2% agar for plates). Spot assays were performed by plating 10-fold
serial dilutions of exponentially growing cells onto YPDA in the absence or presence of the
indicated concentrations of hydroxyurea (HU; Sigma H8627). Plates were incubated at 30°C
and photographed after 3 days of growth.

2.7 Measurement of spontaneous mutation rates and sequence analysis

3. Results

Spontaneous mutation rates were measured by fluctuation analysis as described previously
[18]. For each 5-FOA-resistant mutant that was sequenced, an independent colony was
patched to YPDA and then replica plated to medium containing 5-fluoro-orotic acid (5-
FOA). Genomic DNA from a single 5-FOA resistant colony from each patched colony was
isolated and the ura3 gene was PCR-amplified and sequenced. Rates of individual mutation
classes were calculated by multiplying the fraction of that mutation type by the total
mutation rate for each strain.

3.1 rNTP insertion and extension in vitro by wild type and exonuclease-deficient Pol €

In our initial study of ribonucleotide incorporation by yeast replicases [5], we reported that
in reactions containing only one correctly paired dNTP or rNTP present at its cellular
concentration, rNTP insertion by exonuclease-proficient Pol e at a specific template position
was lower than dNTP insertion by a factor of 500- to 6,700-fold, depending on the identity
of the base. When the same method was used in a later study of rNTP insertion by
exonuclease-deficient Pol e[6], discrimination factors were at least 5-fold lower (see Fig. 1A
in [6]), indicating that in these single nucleotide, single site assays, the majority of rNTPs
inserted by Pol e are removed by its intrinsic 3" to 5" exonuclease. On that basis, the present
study began by monitoring the second step required for stable incorporation of a
ribonucleotide into DNA, extension of a 3’-terminal ribonucleotide primer, versus a
‘control’” primer containing a 3’-terminal deoxynucleotide (Fig. 1A). In reactions containing
the four dNTPs at their cellular concentrations, both wild type and exonuclease-deficient Pol
e extended the normal, i.e. deoxynucleotide-terminated primer to generate long DNA
products (Fig. 1B, lanes 2 and 4). The products of these reactions were insensitive to
alkaline hydrolysis (lanes 3 and 5), as expected because no ribonucleotide was present at the
original terminus. The wild type and exonuclease-deficient polymerases also generated long
DNA products with the substrate containing the 3’-terminal ribonucleotide (lanes 7 and 9).
However in this case, all products of extension by exonuclease-deficient Pol e were
hydrolyzed by treatment with 0.3 M KOH, (lane 8), which generates ends with 3’-terminal
phosphates that migrate as if they were about one nucleotide shorter than the original un-
extended primer due to the negatively charged 3’-phosphate [19]. This complete hydrolysis
is consistent with extension of the 3’-terminal ribonucleotide primer in all product
molecules, without initial removal of the ribonucleotide by exonuclease-deficient Pol e. In
contrast, 43% of the products of extension by exonuclease-proficient Pol e were resistant to
alkaline hydrolysis (lane 10), indicating that in those products, the 3’-terminal
ribonucleotide was excised prior to extension.

3.2 Proofreading reduces stable incorporation of rNMPs

The above results suggest that wild type Pol e has the potential to proofread ribonucleotides
that are incorporated when in competition with dNTPs during normal DNA synthesis. We
therefore compared the ability of wild type and exonuclease-deficient four subunit Pol e to
stably incorporate rNMPs into DNA when copying a 70-mer template hybridized to a 40-
mer primer (Fig. 1A), this time in reactions containing all four dNTPs and rNTPs at the
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cellular concentrations previously determined to be present in extracts of asynchronous,
logarithmically growing yeast cells [5]. Full-length DNA products were isolated, subjected
to alkaline hydrolysis and separated by denaturing polyacrylamide gel electrophoresis. The
intensities of product bands measured by phosphoimagery were quantified in order to
calculate the percentage of alkali sensitive, INMP-containing products (values shown at the
bottom of the lanes in Fig. 1C). The ribonucleotide incorporation value for wild type Pol e
was 2.1, which is similar to that reported in our initial study [5], and corresponds here to an
average of about one rNMP incorporated per 1,000 dNMPs. The average ribonucleotide
incorporation percentage for exonuclease-deficient Pol e was 3.1% (Fig. 1C). This indicates
that during ongoing DNA synthesis /n vitro using cellular dNTP and rNTP concentrations,
the exonuclease activity of Pol e excises about one third of the rNTPs incorporated by the
polymerase. Among the four bases, each of which is about equally (6 A,5C,5G,7T)
represented in the substrate (Fig. 1A), the average rNMP proofreading efficiency varies in
the order rU > rA > rC =rG (Fig. 1D). Examination of individual sites reveals that
proofreading efficiency varies from no detectable proofreading at position G43, C47, G48,
C51 and G56 to more than 90% at position T60 and A61 (Fig. 1E). Ranking of all template
sites with respect to proofreading shows that even for the same base, proofreading efficiency
varies with flanking sequence context. In general, the highest proofreading is observed when
the flanking sequence contains low G+C content (Fig. 1F and Supplemental Table S2,
discussed in section 4.1).

3.3 Growth analysis and sensitivity to replication stress

To determine if a defect in proofreading of ribonucleotides by Pol e has phenotypic
consequences, we compared growth and sensitivity to replication stress of the proofreading-
proficient POL2" (Pol &) yeast strain to a po/2-4 mutant defective in Pol e 3" to 5
exonuclease activity. The pol2—4 strain is proofreading-deficient due to alanine
replacements of two conserved acidic amino acids in the exonuclease active site that cluster
around the catalytic metal ions (Asp-290 and Glu-292; [16, 20, 21]). In parallel, we tested
strains lacking RNase H2 activity due to deletion of the gene encoding the catalytic subunit
of the enzyme, RNH201. RNase H2 is the enzyme that initiates repair of rNMPs
incorporated into DNA by Pol e during replication [6]. On rich medium, all mutants grew at
a rate comparable to a wild type strain and colony size was normal, regardless of Pol e
proofreading and/or RNase H2 status (Fig. 2). Next, these strains were challenged with
hydroxyurea (HU), a genotoxin that causes replication fork stalling and activation of the S-
phase checkpoint due to depletion of dNTP pools [22, 23]. The pol2—4 and mh201A
mutants grew as well as the wild type control in the presence of HU (Fig. 2). A pol2-M644G
mutant strain with increased capacity to incorporate rNMPs into genomic DNA was tested in
parallel, and this mutant also grew normally in the presence of HU. However, deletion of
RNHZ201 in the pol2-M644G strain conferred increased sensitivity to HU (Fig. 2, [24],
indicating that failure to remove genomic rNMPs incorporated by Pol e causes increased
replication stress. In contrast, growth of the po/2—4 rnh2014 double mutant was not
impaired in the presence of HU (Fig. 2). The difference in HU sensitivity between the po/2-
M644G mh201A and pol2-4 rh201A strains may be related to the fact that M644G Pol e
stably incorporates 10- fold more ribonucleotides into DNA in vitro and in vivo than does a
wild type strain [6], whereas inactivation of the 3’ to 5" exonuclease activity of Pol e only
increases stable ribonucleotide incorporation by 1.5-fold (Fig. 1C). Thus, the smaller
increase in stable ribonucleotide incorporation correlates with the greater HU sensitivity of
the pol2-M644Grmh201 A strain as compared to the pol2—4 rnh201A strain.

3.4 Increased rate of short deletions in pol-4 rnh201A strains

One cellular consequence of unrepaired rNMPs incorporated into DNA during replication by
Pol e is a 10-fold to 440-fold elevated rate of 2-5 base pair deletions in usually perfect but
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occasionally imperfect repetitive sequences [6, 11, 25]. These deletions dominate the
mutational spectra of rn/201A strains encoding M644G Pol e, or encoding wild type Pol e,
but not the spectra of isogenic RNH20I" strains, demonstrating that they result from
unrepaired rNMPs incorporated by Pol e during replication. To determine if defective
proofreading of ribonucleotides by Pol e increases the rate of these deletions, we compared
spontaneous mutagenesis in POLZ2* rnh201A strains that are proofreading-proficient to
mutagenesis in pol2—4 rh201A strains that lack Pol e proofreading activity. Each strain was
constructed with the URA3 mutational reporter gene placed near an efficient replication
origin (ARS306), in one of two possible orientations (OR1 or OR2). Relative to the POL2*
rmh201A strains, total mutation rates were increased by 7-fold (OR1) and 10-fold (OR2) in
the pol2-4 rh201A strains (Table 1). Sequence analysis of the URA3 gene from 5-FOA
resistant mutants in the po/2—4 rh201A strain background revealed mostly single base
substitutions, single base insertions/deletions and 2-5 base pair deletions (Table 1 and Fig.
3). The rates of specific mutations were then calculated and compared (Fig. 4A and
Supplemental Table S3) to those for POL2* rnh201A strains, using the spectra of mutations
reported earlier (from [11] and listed in Table 1). The results demonstrate that loss of Pol e
proofreading increases the overall rate of 2-5 base pair deletions by 3.5-fold in OR1 (1.1 x
1078 vs. 0.31 x 1078) and by 3.7-fold in OR2 (4.9 x 1078 vs. 1.3 x 1078; Fig. 4A, lower
panel and Supplemental Table S4). The rate increases by 2.6-fold for the OR2-specific CA
deletion at base pairs 216-219 (2.3 x 078 vs. 0.9 x 1078). Thus, depending on the
comparison, the 3’-5" exonuclease activity of Pol e suppresses 62% to 73% of the short
deletions resulting from rNTP incorporation by Pol e. That the short deletions are due to
unrepaired ribonucleotides in strains lacking RNase H2 activity is demonstrated by the fact
that they are very rare in RNH201* strains encoding either wild type Pol £[26] or
proofreading-deficient (po/2—4) Pol e ([27, 28] and Williams and Kunkel, data not shown).

Serving as a useful internal control for proofreading of single base-base mismatches are the
many A to T substitutions seen at base pairs 279 and 686 in orientation 1 (Fig. 3). They
dominate the OR1 spectrum for the pol2-4 rmh201A strain (Fig. 3), but they do not result
from unrepaired ribonucleotides in DNA because they occur at a similar rate in an RNH201*
pol2—4 strain (data not shown). Importantly, the A to T substitutions at base pairs 279 and
686 occur in the pol2-4 rnh201 A strain at rates that are increased by more than 100-fold
compared to the POLZ* mh201A (Fig. 4B), demonstrating that they are proofread much
more efficiently than are the ribonucleotides responsible for the 2-5 base pair deletions (Fig.
4A).

4. Discussion

Given its critical role in stabilizing the genome by correcting replication errors, proofreading
has been extensively studied (reviewed in [10, 29-32], and references therein). The vast
majority of these studies have focused on proofreading of mispaired or misaligned DNA
bases. By comparison, proofreading of a nucleotide containing a natural yet incorrect sugar
is largely unexplored. Our interest in this topic is prompted by recent studies showing that
yeast DNA polymerases a, & and e can incorporate large numbers of ribonucleotides into
DNA in vitro [5], that Pol e does this /n vivo [6], and that failure to remove ribonucleotides
from the yeast nuclear genome due to a defect in RNase H activity results in replicative
stress and genome instability [6, 24]. The abundant and ultimately mutagenic incorporation
of a non-canonical sugar during replication by Pol e occurs despite the fact that Pol e has an
intrinsic 3'-5" exonuclease that can efficiently proofread mismatched bases. This led us to
wonder if Pol e can proofread any of the ribonucleotides that it inserts into DNA, if so, with
what efficiency, and if not, with what biological consequences. The present study provides
insight into these issues.

DNA Repair (Amst). Author manuscript; available in PMC 2013 August 01.
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4.1 Efficiency and specificity of Pol € proofreading in vitro

The biochemical results demonstrate that the exonuclease activity of Pol e can excise 3'-
terminal ribonucleotides from primer-templates during polymerization. This includes
excision of a pre-existing terminal ribonucleotide (Fig. 1A/B), i.e., one not inserted by the
polymerase itself. This observation is consistent with earlier studies [7, 8] showing that the
exonuclease activities of T4 DNA polymerase and $29 DNA polymerase, B family
homologs of yeast Pol e, can excise a terminal ribonucleotide from DNA. Theoretically, the
ability of Pol e to excise a ribonucleotide it did not insert could be useful for removing a
ribonucleotide incorporated by a separate, exonuclease-deficient DNA polymerase, (e.g., by
Pol a at a replication origin [33]). Excision also occurs when Pol e inserts a ribonucleotide
during ongoing DNA synthesis in the presence of all eight nucleotide triphosphates at their
estimated cellular concentrations (Fig. 1C/D). On average, this proofreading excises about
one third of the inserted ribonucleotides that would otherwise be stably incorporated into
full-length DNA chains (Fig. 1C). Having previously found that wild type Pol e proofreads
at least 92% of single base-base mismatches and at least 99% of single base insertion or
deletion mismatches [28], we conclude that proofreading of ribonucleotides is less efficient
than is proofreading of mismatched bases.

Pol e proofreads rU with the highest efficiency, followed by rA, and then rC and rG (Fig.
1D). This order, and the sequence context dependence of proofreading (Fig. 1E), can be
considered in light of previous studies of proofreading of single base mismatches (reviewed
in [10, 29-32], and references therein). The polymerase and exonuclease active sites in
proofreading-proficient DNA polymerases are physically separated, and the exonuclease
active site binds single stranded DNA. Thus, proofreading requires a mismatched terminus
to fray and form enough single stranded DNA to partition to the exonuclease active site for
excision. It could be that rU-dA and rA-dT base pairs are less stable and fray more readily
than rC-dG and rG-dC base pairs, increasing the likelihood of proofreading. Fraying may
also partly underlie the sequence context dependence of ribonucleotide proofreading. For
example, once rG is inserted opposite template C51 (Fig. 1F), it is not proofread (Fig. 1E/F).
This observation correlates with the high G+C content in the upstream duplex (5 out of 7
bases; Fig. 1F) and strong stacking of rG with an upstream purine (an A). Both features
would discourage fraying. In contrast, after rG is inserted opposite template C57, it is
proofread with 47% efficiency (Fig. 1E/F). This correlates with a lower G+C content (3 out
of 7 bases) in the upstream duplex and weaker stacking of rG with an upstream pyrimidine
(@ T; Fig. 1F), which may allow more frequent fraying. Similar logic holds for the difference
in proofreading efficiency once rA is inserted opposite template T52 versus T60 (Fig. 1F). It
is also worth noting that our reactions contain the naturally imbalanced dNTP concentrations
measured in yeast cellular extracts [5]. These NTP concentrations may also contribute to
differences in ribonucleotide proofreading efficiency, because proofreading of single base
mismatches is known to depend on the relative rates of excision of a primer-terminal error
versus continued polymerization to bury the mismatch in duplex DNA and thus protect it
from excision [34] (and reviewed in [9, 10]).

Because proofreading of ribonucleotides has not yet been extensively studied, additional
parameters could also be relevant. Rules may emerge if proofreading is surveyed at a larger
number of sites, which should be easier to do for ribonucleotide-containing base pairs than
for base-base mismatches. This is because exonuclease-deficient Pol e rarely generates
single base mismatches (error rates of 1074 to 107> [28]), whereas it incorporates
ribonucleotides at 10 to 100- fold higher rates (Fig. 1D). Interestingly, exonuclease-deficient
Pol e incorporates the four different ribonucleotides at rates that differ by less than 2-fold
(Fig. 1D, open bars). It therefore follows that the much greater site-to-site variations in
ribonucleotide incorporation by wild-type Pol e(variations of 10 to 70-fold, from Fig. 1C
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and [6]) are largely due to differences in proofreading rather than differences in initial
ribonucleotide insertion.

4.2 Proofreading of ribonucleotides in vivo

Because ribonucleotides are very efficiently removed by RNase H2 and the mutational
signature of 2-5 bp deletions in repetitive sequences is only apparent upon loss of RNase H2
activity [6, 11, 25], our current /n vivo analysis has been conducted in an rnh201A strain
background. The rate of 2-5 base pair deletions that depend on unrepaired ribonucleotides in
DNA is 3.5 to 3.7-fold higher in po/2—4 rhZ201A strains as compared to POLZ2* rh201A
strains (Fig. 4A and Supplemental Table S3). These data support the interpretation that
ribonucleotides incorporated into the nuclear genome by Pol e are proofread by its intrinsic
3’ to 5" exonuclease activity. These increases are consistent with the biochemical results
showing that proofreading excises about one third of the ribonucleotides inserted by Pol e.
In comparison, proofreading of single base mismatches generated by yeast Pol e is much
more efficient (Fig. 4B and Supplemental Table S4). As a consequence, proofreading is
relatively inefficient at preventing stable introduction of ribonucleotides into the yeast
nuclear genome. Interestingly, this is not disastrous because a pol2—4 rh201A strain lacking
Pol e proofreading and impaired for its ability to repair newly incorporated rNMPs grows
relatively normally and is not sensitive when challenged with HU, an agent that causes
replication fork stalling (Fig. 2). The ability to tolerate ribonucleotides in DNA is consistent
with our previous speculation that the transient presence of ribonucleotides in the genome
may have advantageous signaling roles [5].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ribonucleotide extension, incor poration and proofreading by Pol e

(A) Sequences of primer-templates used for panel B (top two substrates) and panel C (lower
substrate); (B) Alkali-cleavage of extension products. e(+) and e(-) refer to proofreading-
proficient and proofreading-deficient Pol e, respectively. NE indicates the no enzyme
control. For the lanes under dC, the highest mobility band represents the unextended deoxy-
terminated primer (d-OH). For lanes under rC, the highest mobility band (r-PO,) represents
the 3’-terminal phosphate-containing product of extension followed by alkali cleavage. This
molecule migrates faster due to the presence of the terminal-phosphate [19]. The percentage
of alkali-resistant product is indicated below the image; (C) Stable rNMP incorporation.
Lanes marked (U) depict products generated by Pol e prior to gel purification, as described
in [5]. The percentage of alkali sensitive products and the percentage of rNMP incorporation
per nucleotide synthesized are shown below each lane. The mean and standard deviation for
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triplicate measurements was 2.1 + 0.3 for wild type Pol e and 3.1 + 0.02 for exonuclease-
deficient Pol e; (D) Average frequency of ribonucleotide incorporation for rU, rA, rC and rG
calculated from (C). The relative difference in ribonucleotide incorporation between
proofreading-proficient and —deficient Pol e is shown above each base; (E) Proofreading
efficiency calculated as 1-(rNMP incorporation for proofreading proficient pol e/rNMP
incorporation for proofreading deficient pol €) at 24 template positions; (F) Proofreading at
two C and two T in four different sequence contexts: C57, C51, T60 and T52. The template
base located at the site of proofreading is between the two spaces. G and C bases are
underlined and in bold face to highlight the possibility that increased G+C content
suppresses proofreading.
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POL2*

untreated

Fig. 2. Phenotypic analysis of the pol2—4 rnh201A strain

Ten-fold serial dilutions of exponentially growing cells from the indicated strains were
grown on YPDA (untreated) or exposed to 150 mM hydroxyurea (HU). Plates were
incubated at 30°C for 3 days and photographed. A pol2-M644G rnh201A mutant strain that
shows moderate sensitivity to HU was included as a positive control.
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Fig. 3. URA3 mutational spectrum for the pol2—4 rnh201A strain

The coding strand of the 804 base pair URA3 open reading frame is shown with every tenth
base indicated by a circle below the DNA sequence. The sequence changes observed upon
sequence analysis of independent ura3 mutants are depicted above the coding sequence for
URAS3 orientation 1 in red, and below the coding sequence for URA3 orientation 2 in blue.
Letters indicate single base substitutions, closed triangles indicate single base additions,
open triangles indicate single base deletions, and short lines indicate deletions of 2-5 base
pairs.
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Fig. 4. Specific mutation rates and proofreading factor for URA3 mutation classes

The mutation rate and proofreading values corresponding to these graphs are listed in
Supplemental Tables S3 and S4; (A) Mutation rates and proofreading factors for the POL2*
rmh201A and pol2-4 rnh201A strains. Mutation rates for the indicated deletion mutations
were calculated using the data in Table 1 and Fig. 3 as the fraction of each type of event
among the total mutants sequenced, multiplied by the overall mutation rate for each strain.
Rates for the POL2* rnh201A strain were calculated from the URA3 spontaneous mutation
rates in Table 1 and previously collected mutational spectra [11]. Proofreading factors were
calculated by dividing the rate for the indicated mutation in the po/2—4 rnh201A strain by
the rate for that mutation in the POL2*mh201A mutant (Table 1 and Fig. 3; [11]). The
orientation of the URA3reporter (OR1 or OR2) is indicated. The asterisk (*) indicates that
no events were observed for the po/2—4 rmh201A strain; (B) Mutation rates and proofreading
factors for the indicated base substitution hotspots were calculated for the POL2* mh2014
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and pol2-4 rnh201 A strains as described in part (A). Data correspond to strains in which
URAZ3is in orientation 1 (OR1).
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Table 1
Mutation rates and sequencing data for the yeast strainsused in this study

The 95% confidence intervals (CI) were calculated as described in reference

[18]. The sequencing data for the POL2* rnh201A strain are from reference [11]. The total number of FOA'
mutants sequenced exceeds the number of mutations because some of the mutants had no sequence change in
the URA3 open reading frame. These mutants may have arisen due to sequence changes in the URA3
promoter or another gene that affects resistance to 5-FOA. Because these mutants contribute to the overall
mutation rate, they are included in the calculation of rates for individual mutation classes.

URA3 orientation OR1 OR2 OR1 OR2

Strain POL2* mh201A pol2-4 rnh201A
Mutation rate (x 1078) 31 3.7 21 36
95% ClI (2.7-35) (3.3-45) (18-26) (29-45)
ura3 mutants sequenced 251 273 216 200
Single base substitutions 86 89 154 57
Single base indels 27 14 26 15
Total 2-5 base deletions 25 96 11 27
Other* 19 13 3 0

*
Other mutations include mutations involving multiple bases (deletions of >5 bases, insertions of >1 base, duplications and complex mutations).
Sequencing data for the POL2" rmh201A strain is from [11].
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