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In  both  budding  and fission  yeast,  a large  number  of  ribonucleotides  are  incorporated  into  DNA  dur-
ing  replication  by  the  major  replicative  polymerases  (Pols  �, �  and  �).  They  are  subsequently  removed
by  RNase  H2-dependent  repair,  which  if  defective  leads  to replication  stress  and  genome  instability.  To
extend these  studies  to humans,  where  an  RNase  H2  defect  results  in an  autoimmune  disease,  here  we
compare  the  ability  of  human  and  yeast  Pol  � to  incorporate,  proofread,  and  bypass  ribonucleotides  during
DNA synthesis.  In  reactions  containing  nucleotide  concentrations  estimated  to be present  in  mammalian
cells,  human  Pol  � stably  incorporates  one  rNTP  for approximately  2000  dNTPs,  a  ratio  similar  to that  for
yeast  Pol  �. This  result  predicts  that  human  Pol  � may  introduce  more  than  a million  ribonucleotides  into
the  nuclear  genome  per replication  cycle,  an  amount  recently  reported  to  be  present  in  the  genome  of
RNase  H2-defective  mouse  cells.  Consistent  with  such  abundant  stable  incorporation,  we show  that  the
3′-exonuclease  activity  of  yeast  and  human  Pol  � largely  fails to edit  ribonucleotides  during  polymer-
ization.  We  also  show  that,  like  yeast  Pol  �, human  Pol  � pauses  as it bypasses  ribonucleotides  in DNA

templates,  with  four  consecutive  ribonucleotides  in  a DNA  template  being  more  problematic  than  single
ribonucleotides.  In conjunction  with  recent  studies  in yeast  and  mice,  this  ribonucleotide  incorporation
may  be  relevant  to impaired  development  and disease  when  RNase  H2  is  defective  in mammals.  As one
tool  to investigate  ribonucleotide  incorporation  by Pol  � in  human  cells,  we  show  that  human  Pol  �  con-
taining  a Leu606Met  substitution  in  the  polymerase  active  site  incorporates  7-fold  more  ribonucleotides

type  
into  DNA  than  does  wild  

. Introduction

The presence of a ribonucleotide in DNA is potentially problem-
tic because the 2′-oxygen on the ribose renders the DNA backbone
usceptible to cleavage and potentially changes the conformation
f the sugar pucker. Thus shortly after the discovery of DNA poly-
erases [1],  it became of interest to examine how effectively DNA

olymerases prevent ribonucleotide incorporation during DNA
ynthesis. Numerous studies since then (reviewed in [2,3]) have
evealed that discrimination against ribonucleotide incorporation
an be high, but varies widely among DNA polymerases and is
ot absolute. The probability of ribonucleotide incorporation is

ncreased by the fact that in both budding yeast [4] and in mam-

alian cells [5],  ribonucleoside triphosphate (rNTP) concentrations

re higher than deoxyribonucleoside triphosphates (dNTPs) con-
entrations. These facts led us to examine the frequency of stable

∗ Corresponding author. Tel.: +1 919 541 2644; fax: +1 919 541 7613.
E-mail address: kunkel@niehs.nih.gov (T.A. Kunkel).
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ribonucleotide incorporation into DNA by the three DNA poly-
merases that replicate the budding yeast nuclear genome, Pols �, �,
and �. In reactions containing physiological concentrations of the
rNTPs and dNTPs, these replicases incorporate a surprisingly large
number of ribonucleotides into DNA [4].  The biological relevance of
these ribonucleotides was  revealed by deleting the budding yeast
RNH201 gene that encodes the catalytic subunit of RNase H2, the
enzyme that initiates removal of ribonucleotides from DNA (see
[6,7] and references therein). Budding yeast rnh201� strains accu-
mulate large numbers of ribonucleotides in their genome and they
have several phenotypes characteristic of replicative stress, includ-
ing genome instability [6–9]. Large numbers of ribonucleotides are
also incorporated by Pol � into DNA in fission yeast, and these are
also removed in a RNaseH2-dependent manner [10]. Moreover, Pol
� from budding yeast can proofread incorporated ribonucleotides,
albeit not as efficiently as a misincorporated base [11].
The phenotypes of RNase H2-defective yeast may  be rele-
vant to the fact that defects in RNase H2 in humans result in
Aicardi–Goutières syndrome, a recessive neuroinflammatory con-
dition with similarities to autoimmune diseases [12]. It is therefore

dx.doi.org/10.1016/j.dnarep.2012.11.006
http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
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f interest to know whether the causes and consequences of ribonu-
leotide incorporation during DNA replication in yeast extend
o higher eukaryotes. Of particular relevance here is a recent
tudy demonstrating that more than a million ribonucleotides are
resent in the genome of RNase H2-defective mouse embryo cells
13]. These could result from failure to completely remove RNA
rimers from Okazaki fragments and/or from rNMPs incorporated
y DNA polymerases during replication. As an initial step toward
nderstanding the origins of ribonucleotides in the mammalian
uclear genome, and their possible relevance to human biology, we
escribe the ability to incorporate and proofread ribonucleotides
uring DNA synthesis in vitro by human Pol �, which has been

nferred to be the primary lagging strand replicase [14] and which
as high fidelity and can efficiently proofread base-base mis-
atches [15]. We  also examine Pol � bypass of single and multiple

onsecutive ribonucleotides in DNA templates. We  observe paus-
ng during bypass that may  contribute to the replicative stress
bserved in RNase H2-defective cells. Finally, having previously
howed that a Leu612Met variant of yeast Pol � that has lower than
ormal fidelity [14] also incorporates increased numbers of ribonu-
leotides into DNA, here we demonstrate that a similar variant in
uman Pol � incorporates large amounts of ribonucleotides into
NA. Overall, the results suggest that the biochemical properties
f yeast Pol � regarding ribonucleotide processing are conserved
n human Pol �, which has several implications that are discussed
elow.

. Materials and methods

.1. Materials and reagents

Oligonucleotides were purchased from Oligos Etc. Inc.
Wilsonville, OR). dNTPs and rNTPs were purchased from GE-
ealthcare. Yeast Pol � was purified as described previously [16].
east PCNA was purified as described previously [17]. Proofreading
eficient human Pol � D402A variants (Exo−) were constructed
s previously described [18]. Proofreading proficient (Exo+) and
roofreading deficient human Pol �, Pol � Leu606Met, and PCNA
ere purified as described previously [19].

.2. Ribonucleotide incorporation assay

Stable incorporation of rNMPs by yeast and human Pol � was
nalyzed using a substrate made by annealing a 40-mer 32P-
abeled primer strand (5′-CCAGTGAATTTCTGCAGGTCGACTCCAAA
GTCAACCCGG) to a 70-mer template strand (5′-ATGACCATGATT
CGAATTCCAGCTCGGTACCGGGTT GACCTTTGGAGTCGACCTGCA-
AAATTCACTGG). Reaction mixtures contained 100 nM DNA
ubstrate, and the reaction buffer contained 20 mM Tris (pH 7.8),
00 �g/mL BSA, 1 mM DTT, 90 mM NaCl, 8 mM Mg-acetate, and
00 nM human or yeast PCNA was added to the reaction mix-
ure. Nucleotide substrates were added at cellular concentrations

Table 1) and contained all eight nucleotides. Reactions were ini-
iated by adding 40 nM human or yeast Pol �. Incubation was  at
7 ◦C for human Pol � and at 30 ◦C for yeast Pol �. Reactions were
erminated after 30 min  by adding an equal volume of formamide

able 1
ucleotide concentrations (�M)  in budding yeast [4] and human [5].

Base Yeast Human

dNTP rNTP dNTP rNTP

A 16 3000 24 3200
C 14  500 29 280
G  12 700 5.2 470
T/U  14 1700 37 570
ir 12 (2013) 121– 127

loading dye, and the reaction products were separated in a denatur-
ing 8% polyacrylamide gel. Full-length reaction products identified
by exposing the gel to x-ray film were excised and purified as
described [4]. Equivalent amounts of recovered products (as deter-
mined by scintillation counting) were treated with either 0.3 M KCl
or 0.3 M KOH for 2 h at 55 ◦C. Following addition of an equal volume
of formamide loading dye, equivalent amounts of pre- and postex-
cision samples were analyzed by electrophoresis in a denaturing 8%
polyacrylamide gel. Products were detected and quantified using a
PhosphorImager and ImageQuaNT software (Molecular Dynamics).

2.3. Bypass efficiency assay

Reaction mixtures contained 100 nM DNA substrate and the
reaction buffer contained 20 mM Tris (pH 7.8), 200 �g/mL BSA,
1 mM DTT, 90 mM NaCl, 8 mM Mg-acetate and 400 nM human or
yeast PCNA. The dGTP, dCTP, dATP and dTTP concentrations used
are shown in Table 1. All components except the polymerase were
mixed on ice and then incubated at 30 ◦C for 2 min. 40 nM of the
polymerase was added to initiate the reaction and aliquots were
removed at 3, 6, and 9 min. Following addition of an equal volume
of formamide loading dye, samples were analyzed by electrophore-
sis in a denaturing 12% polyacrylamide gel. Products were detected
and quantified using a PhosphorImager and ImageQuaNT software
(Molecular Dynamics).

3. Results and discussion

3.1. Abundant ribonucleotide incorporation by human Pol ı

Human Pol � is a heterotetramer comprised of four subunits:
the catalytic subunit (p125) and three accessory subunits (p68, p50
and p12). The frequency with which four subunit human Pol � sta-
bly incorporates ribonucleotides into DNA was  examined in DNA
synthesis reaction mixtures containing human PCNA and the rNTP
and dNTP concentrations estimated to be present in mammalian
cells (Table 1 from [5]). Yeast Pol � is a heterotrimer comprised of
three subunits: the catalytic subunit (pol3), and two  accessory sub-
units (pol31 and pol32). A parallel reaction was  performed using
three subunit yeast Pol � and yeast PCNA, in this case using the
rNTP and dNTP concentrations in yeast (Table 1 from [4]). After
extending a 5′-32P-end-labeled 40-mer primer hybridized to a 70-
mer  template (Fig. 1A), full-length products were gel-purified and
treated with 0.3 M KCl (control) or with 0.3 M KOH to hydrolyze
the DNA backbone at locations where rNMPs are present. The DNA
products were separated by electrophoresis in a denaturing poly-
acrylamide gel and quantified by phosphorimaging. The results
(Fig. 1B) show that 1.2 ± 0.1% of the reaction products generated by
human Pol � (lane 2) were sensitive to alkaline hydrolysis. When
divided by the 24 positions quantified here (nucleotides 41 through
65, Fig. 1A), the average value is one incorporated ribonucleotide
per 2000 deoxyribonucleotides. This ratio is remarkably similar
to that for yeast Pol � (lane 3, 1.3 ± 0.2% total, 1:1800). We  con-
clude that the ability of Pol � to incorporate ribonucleotides into
DNA during synthesis in the presence of physiological nucleotide
pools is conserved between budding yeast and humans. In a model
wherein human Pol � performs about 90% of lagging strand repli-
cation of the six billion nucleotide nuclear genome, the results in
Fig. 1B predict the incorporation of 3,000,000 ribonucleotides by
Pol � into the nascent lagging strand per round of DNA replica-
tion. Given the simplicity of the analysis in vitro compared to the
complexity of replication in vivo, it is amazing that Reijns et al.

[13] recently reported the presence of >1,000,000 single or di-
ribonucleotides per cell in mouse embryos deficient in RNase H2,
the enzyme that initiates removal of ribonucleotides incorporated
into DNA during replication in yeast [6].  While the study in mice did
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Fig. 1. Stable incorporation of ribonucleotides into DNA by proofreading-proficient human (h) and yeast (y) Pol �. (A) Primer-template sequences. (B) Alkali cleavage
products of polymerase reactions with all eight NTPs at cellular concentrations by human and yeast Pol � in the presence PCNA. The relative amount of ribonucleotides
incorporated into the primer strand is indicated below each lane. L indicates the ladder. (C) Average frequency of ribonucleotide incorporation by human Pol � according
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o  the incorporated ribonucleotide. (D) Average frequency of ribonucleotide incor
ibonucleotide incorporation by human Pol � at each of 24 template positions. (F) F
esults are from at least two independent experiments.

ot identify the source of the ribonucleotides in the genome, i.e.,
hether incorporated by RNA primase, a replicase or during repair

ynthesis [20,21], our data imply that large numbers of ribonu-
leotides may  be incorporated during replication in human cells by
ol �.

Variations from the average ribonucleotide incorporation are
een in the gel images (Fig. 1B). These variations depend on the
dentity of the nucleotide (Fig. 1, panels C and D) and its posi-
ion in the DNA sequence (Fig. 1, panels E and F), with the latter
ariations sometimes exceeding 10-fold. These observations pre-
ict that ribonucleotide incorporation into the human genome will
ot be random. This could be relevant to the non-random distri-
ution of short deletions in repetitive sequences observed in yeast
6,9] and the increased presence of micronuclei and chromosomal
earrangements in mice [13] that are associated with unrepaired
ibonucleotides in RNase H2-defective cells. Theoretically, the non-
andom presence of ribonucleotides in DNA could be relevant to
ny signaling functions that ribonucleotides in DNA might have
discussed in [4]), such as signaling for mismatch repair. For these
easons, it will be of interest in the future to map  ribonucleotides
n yeast and mammalian genomes, preferably at single-nucleotide
esolution.

.2. Lack of ribonucleotide proofreading by human and yeast Pol ı
We recently reported that the 3′ exonuclease activity of yeast
ol � can weakly proofread newly inserted ribonucleotides [11].
o determine if this is also the case for yeast and human Pol �,
ion by yeast Pol � according to the incorporated ribonucleotide. (E) Frequency of
ncy of ribonucleotide incorporation by yeast Pol � at each of 24 template positions.

ribonucleotide incorporation experiments were performed using
exonuclease-deficient Pol � derivatives. The results (Fig. 2) were
compared to those described above for the exonuclease-proficient
enzymes (Fig. 1). The proportion of ribonucleotides incorporated
into DNA by the exonuclease-deficient polymerases (Fig. 2A) was
similar to that seen with wild type Pol �, for both human (lane 2,
1.4 ± 0.2%) and yeast (lane 3, 1.3 ± 0.0%) Pol �. Likewise, the propor-
tion of rU, rA, rC and rG incorporated (Fig. 2, panels B and C) and the
site-specific distributions of newly incorporated ribonucleotides
(panels D and E) were similar, albeit not identical. These data indi-
cate that proofreading of ribonucleotides by Pol � is very inefficient.
This suggests that, unlike the efficient proofreading of base-base
mismatches created during replication, the editing function of the
major lagging strand replicase does not protect the nuclear genome
against ribonucleotide incorporation during lagging strand replica-
tion, either in budding yeast or in human cells.

We also examined proofreading by yeast Pol � during synthe-
sis to copy circular M13mp18 DNA in the presence of RFC, PCNA,
and RPA (Fig. 2F, lanes 5 and 6), i.e., a reaction that more closely
mimics lagging strand DNA replication in cells. The median size
of alkali-generated products for this reaction were similar for the
wild type and exonuclease-deficient polymerases (650 ± 100 vs.
700 ± 100 bp) (Fig. 2F). This confirms the lack of ribonucleotide
proofreading by yeast Pol �, and it further supports an ear-

lier study showing that high-density ribonucleotide incorporation
occurs with proofreading-proficient Pol � even in the presence
of the accessory proteins involved in lagging strand replication
in vivo [7].
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Fig. 2. Stable incorporation of ribonucleotides into DNA by proofreading-deficient human (h) and yeast (y) Pol �. (A) Alkali cleavage products of reactions with all eight
NTPs  at cellular concentrations by human and yeast Pol � in the presence of PCNA. The relative amount of ribonucleotides incorporated into the primer strand is indicated
below  each lane. L indicates the ladder. (B) Average frequency of ribonucleotide incorporation by human Pol � according to the incorporated ribonucleotide. (C) Average
frequency of ribonucleotide incorporation by yeast Pol � according to the incorporated ribonucleotide. (D) Frequency of ribonucleotide incorporation by human Pol � at
each  of 24 template positions. (E) Frequency of ribonucleotide incorporation by yeast Pol � at each of 24 template positions. (F) Primed RPA-coated SS-M13mp18 DNA was
fully  replicated by proofreading proficient and deficient yeast Pol � or the Leu612Met mutant forms under standard conditions with or without rNTPs, as described before
(6).  Reactions were treated with 0.3 M NaOH. The products were recovered by ethanol precipitation and separated on a 1% alkaline agarose gel. Median product sizes are
indicated below the gel image. Results are from at least two independent experiments.
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Fig. 3. PAGE phosphorimages of bypass of a single or four consecutive ribonucleotides by proofreading proficient (Exo+) and deficient human Pol � (Exo−). (A) Primer-
template sequences, letters in bold face and small caps indicates positions of a ribonucleotide. (B) Proofreading proficient (Exo+) human Pol � bypassing a single rA or rG.
(C)  Proofreading deficient Pol � (Exo−) bypassing rA or rG. (D) Proofreading proficient human Pol � (Exo+) bypassing four consecutive ribonucleotides. (E) Proofreading
deficient Pol � (Exo−) bypassing four consecutive ribonucleotides. Gel images of reaction products shown in Figs. 3B–E were quantified as described in Section 2 and bar
graph of termination probabilities at each incorporation is shown in Fig. 3F–I, respectively. Position “0” corresponds to the location of the ribonucleotide, “−1” indicates the
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receding incorporation, and “+1” and “+3” indicate sequential incorporations afte
wo  independent experiments.

.3. Ribonucleotide bypass by human Pol ı

In yeast cells defective in RNase H2, unrepaired ribonucleotides
ncorporated into DNA will be in the template strand used for
he next round of replication. Having previously reported on the
ibonucleotide bypass capacity of yeast Pol � [22,23], here we
erformed similar experiments with human Pol �. Bypass was
xamined using DNA templates containing either rA, rG, or four
onsecutive ribonucleotides (Fig. 3A). The ribonucleotides in all
hree templates were bypassed by wild type Pol � (Fig. 3B/D). Rel-
tive to the all DNA (control) template, the single ribonucleotide
ypass efficiency of wild type Pol � was 78% for rA and 85%
or rG (Fig. 3B). Examination of termination probabilities during
rocessive synthesis (Fig. 3F) indicated that reduced bypass is a
onsequence of a slight reduction in incorporation efficiency for

 stretch of four consecutive nucleotides as bypass proceeds, i.e.,
NTP insertion opposite the nucleotide before the template ribonu-
leotide (designated −1) through the template nucleotide two
ases beyond the ribonucleotide (designated +2). Bypass of four
onsecutive ribonucleotides in the template was more problematic,
ccurring with a relative bypass efficiency of only 10% (Fig. 3D).
ith this substrate, insertion becomes increasingly difficult as

ynthesis proceeds (Fig. 3H), i.e., as the number of ribonucleotide-
ontaining base pairs within the duplex DNA upstream of the
olymerase active site increases. When reactions were performed

n parallel with exonuclease-deficient human Pol �, ribonucleotide
ypass parameters were only slightly affected (Fig. 3C/G/E/I), indi-
ating that the dominant determinant of ribonucleotide bypass is
he polymerase, not the exonuclease.
The ribonucleotide bypass capacity of human Pol � is remarkably
imilar to that of yeast Pol � [22,23],  i.e., this biochemical property
s conserved between budding yeast and humans. Pausing during
ibonucleotide bypass by Pol � may  be relevant to the replication
rtion at “0”. Error bars represent the standard deviations. Results are from at least

stress observed in RNase H-defective yeast [6] and mouse cells
[13]. Even slight pausing due to single ribonucleotide bypass may
be biologically relevant given the sheer number of ribonucleotides
present in RNase H2-defective yeast and mouse cells. Also of inter-
est is the difficulty with which Pol � bypasses four consecutive
ribonucleotides (Fig. 3, panels D and H). RNA–DNA hybrid sub-
strates containing four consecutive ribonucleotides in one strand
are subject to cleavage by both RNase H1 and RNase H2 [24]. This is
interesting because when grown in the presence of the replication
inhibitor hydroxyurea, survival of yeast cells lacking both RNases H
depends on two lesion tolerance pathways, Rad5-dependent tem-
plate switching and Rev3-dependent translesion synthesis by Pol
� [22]. We previously showed that yeast Pol � efficiently bypasses
four consecutive ribonucleotides in a DNA template, whereas yeast
Pol � has difficulty doing so [22]. The fact that human Pol � also has
difficulty bypassing multiple consecutive ribonucleotides in DNA
suggests that perhaps in humans as in yeast, certain ribonucleotide-
containing templates may  stall replication fork progression to the
degree that Pol �-dependent TLS is invoked. Precedents for such
replication fork stalling at ribonucleotides are studies of mating
type switching in fission yeast, where two  consecutive ribonu-
cleotides at a specific location in the genome are reported to stall
replication to initiate switching [25].

3.4. Ribonucleotide incorporation by human L606M Pol ı

In budding and fission yeasts, investigating of ribonucleotide
incorporation and its consequences have been facilitated by the
availability of variants of Pol � and Pol � that have an altered

propensity to incorporate ribonucleotides during DNA  synthesis
[6,10].  These variants differ from their wild type parent repli-
cases by a single amino acid change at the active site adjacent
to a tyrosine that acts as a steric gate to prevent ribonucleotide
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Fig. 4. Stable incorporation of ribonucleotides into DNA by proofreading proficient (Exo+) and deficient (Exo−) Leu606Met human Pol �. (A) An alignment of motif A for
human  and yeast Pol � is shown and the asterisk indicates the position of the Leu606Met mutation for human Pol �. (B) Alkali cleavage products of reactions with all eight
NTPs  at cellular concentrations Leu606Met human Pol � in the presence of PCNA. The relative amount of ribonucleotides incorporated into the primer strand is indicated
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f  ribonucleotide incorporation by human Pol � at each of 24 template positions. Re

ncorporation. Increased ribonucleotide incorporation and lack of
roofreading were also observed with the Leu612Met variant of
east Pol � (Fig. 2F, lanes 7 and 8). The median product size was
30 ± 50 bp for the yeast Pol � Leu612Met variant and 120 ± 50 bp
or the proofreading deficient variant. When a Leu612Met vari-
nt of Pol � is present in RNase H2-defective yeast it results in
n increased number of ribonucleotides that are preferentially
resent in the nascent lagging strand (manuscript in preparation).

n order to facilitate future studies of ribonucleotide incorpora-
ion during replication in human cells, we examined the ability
f the homologous Leu606Met variant of human Pol � to incor-
orate ribonucleotides in reactions performed as described above.
he proportion of ribonucleotides incorporated by Leu606Met Pol

 was 8.3 ± 0.5% (Fig. 4B, lane 2), which is 7-fold higher than for
ild type Pol � (1.2%, Fig. 1B). The priority order for ribonucleotide

ncorporation remained similar to wild type, with rG being the
ighest (Fig. 4C), as did the site-specific variations in ribonucleotide

ncorporation at various positions (Fig. 4D). Similar results were
bserved with exonuclease-deficient Leu606Met Pol � (Fig. 4B,
ane 3, 7.7 ± 0.0%), indicating that, as for wild type human Pol �,
ewly incorporated ribonucleotides are not efficiently proofread
uring synthesis by Leu606Met Pol �. These results indicate that
his variant of Pol � will be a useful tool to study ribonucleotide
ncorporation in human cells and the consequences of failure to
epair these non-canonical nucleotides in DNA. Ribonucleotides
ncorporated by this variant could potentially be high-density phys-
cal biomarkers of Pol � action during lagging strand replication and
ossibly during recombination and DNA synthesis associated with
xcision repair processes.
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