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Ribonucleotides are frequently incorporated into DNA during
replication, they are normally removed, and failure to remove them
results in replication stress. This stress correlates with DNA poly-
merase (Pol) stalling during bypass of ribonucleotides in DNA
templates. Here we demonstrate that stalling by yeast replicative
Pols δ and e increases as the number of consecutive template ribo-
nucleotides increases from one to four. The homologous bacterio-
phage RB69 Pol also stalls during ribonucleotide bypass, with
a pattern most similar to that of Pol e. Crystal structures of an
exonuclease-deficient variant of RB69 Pol corresponding to multi-
ple steps in single ribonucleotide bypass reveal that increased stall-
ing is associated with displacement of Tyr391 and an unpreferred
C2´-endo conformation for the ribose. Even less efficient bypass of
two consecutive ribonucleotides in DNA correlates with similar
movements of Tyr391 and displacement of one of the ribonucleo-
tides along with the primer-strand DNA backbone. These structure–
function studies have implications for cellular signaling by ribonu-
cleotides, and they may be relevant to replication stress in cells
defective in ribonucleotide excision repair, including humans suf-
fering from autoimmune disease associated with RNase H2 defects.
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Replication of the eukaryotic nuclear genome initiates when
RNA primase synthesizes RNA primers of about 10 nucleo-

tides (1). Because this occurs at multiple replication origins and at
∼200-bp intervals on the lagging strand template, about 5% of the
genome is initially synthesized as chains of consecutive ribonu-
cleotides. These ribonucleotides are subsequently removed dur-
ing Okazaki fragment maturation by the combined action of
ribonucleases (RNases) H (2) and flap endonucleases (3). Ribo-
nucleotides are also incorporated into DNA by DNA poly-
merases (Pol) α, δ, and e, because they discriminate against
ribonucleoside triphosphates (rNTPs) efficiently but imperfectly
(4) and because cellular rNTP concentrations are much higher
than dNTP concentrations (4). As a consequence, large numbers
of ribonucleotides are incorporated during replication, and are
present in the genomes of cells defective in the repair enzymes that
initiate their removal, RNase H2 (5-9) and topoisomerase 1 (10).
Ribonucleotides in DNA are a dual-edged sword, in that they

have both beneficial and deleterious consequences. On the
beneficial side, two consecutive ribonucleotides in the genome
are signals for mating type switching in Schizosaccharomyces
pombe (11). In addition, recent evidence suggests that RNase
H2-dependent processing of ribonucleotides incorporated into
the Saccharomyces cerevisiae genome by Pol e, the primary
leading strand replicase, generates a signal that can direct mis-
match repair (MMR) to correct replication errors in the nascent
leading strand (9, 12). Other possible beneficial signaling roles
for ribonucleotides have also been considered (4, 13).
On the deleterious edge of the sword, the 2′-oxygen on a ribose

sugar in DNA can attack the backbone and render DNA chem-
ically unstable. Yeast strains defective in RNase H2-dependent
ribonucleotide excision repair (RER) (5, 14) exhibit several
characteristics of replicative stress, including strongly elevated
rates for deleting 2–5 bp from repetitive DNA sequences (5,
15), events that are initiated by topoisomerase 1 cleavage of a

ribonucleotide in DNA (10, 16). Yeast strains defective in RNase
H2 and RNase H1 progress slowly through S phase, accumulate
ubiquitylated proliferating cell nuclear antigen (PCNA), and are
sensitive to treatment with hydroxyurea (17). Moreover, their sur-
vival in the presence of hydroxyurea partly depends on MMS2-
dependent template switching and on REV3, which encodes
the catalytic subunit of the translesion synthesis (TLS) enzyme
Pol ζ. When ribonucleotide incorporation during leading strand
replication is increased by a M644G substitution in the Pol e
active site, a defect in RNase H2 results in elevated deletion
mutagenesis, elevated dNTP pools, slow growth and activation of
the S-phase checkpoint (5, 10, 18), and concomitant deletion of
the RNH1 gene encoding RNases H1 is lethal (17). In mice,
knocking out any of the genes encoding the three subunits of
RNase H2 is embryonic lethal (7, 19). RNase H2 null embryos
grow slowly due to reduced cell proliferation and exhibit genome
instability and a p53-dependent DNA damage response. Fibro-
blasts from these embryos contain more than a million single and/
or di-ribonucleotides in their genomes and elevated numbers of
strand breaks, γ-H2A histone family, member X foci, micronuclei,
and chromosomal aberrations. In humans, mutations in the genes
encoding RNase H2 are associated with Aicardi-Goutières syn-
drome, a rare neuroinflammatory condition resembling con-
genital viral infection (20).
These phenotypes of RNase-deficient cells are characteristic of

stress that could arise from difficulty in replicating DNA templates
containing unrepaired ribonucleotides. This idea is consistent with
knowledge that replicases require normal DNA helix geometry to
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achieve efficient and accurate DNA synthesis, and with crystallo-
graphic and NMR studies (21–24) showing that ribonucleotides in
DNA alter helix parameters. Recent studies have shown that Pols
δ and e have difficulty bypassing ribonucleotides in DNA tem-
plates (4), whereas Pol ζ does not (17). The probability that Pol e
will pause during single ribonucleotide bypass increases after
dNTP insertion opposite the ribonucleotide and for several ad-
ditional insertions opposite deoxynucleotides (5, 25).
In this study, we quantify stalling by yeast replicative Pols δ

and e as the number of consecutive ribonucleotides in the DNA
template increases from one to four. We show that stalling
increases as the number of consecutive ribonucleotides in the
DNA template increases, with Pol δ being more efficient at ri-
bonucleotide bypass than Pol e. We then examine the structural
basis for difficulty in ribonucleotide bypass using a homologous
B family replicase, bacteriophage RB69 DNA polymerase, as
a surrogate that is highly amenable to structural studies (26, 27).
To promote the structural analysis, we used a variant of RB69
Pol containing a phenylalanine substituted for Leu415 (28).
Leu415 is adjacent to invariant Tyr416, which interacts with the
sugar of the incoming dNTP and has an important role in pre-
venting rNTP incorporation (29). An initial crystal structure of
L415F RB69 Pol with correctly base-paired dTTP opposite
template dA (28) revealed that the phenylalanine ring is ac-
commodated within a cavity present in the WT polymerase
without steric clash or major change in active site geometry,
consistent with retention of high catalytic efficiency for correct
incorporation. Moreover, L415F RB69 Pol can also bypass
8-oxo-guanine more efficiently than can WT RB69 Pol (28).
These bypass results were encouraging because the yeast repli-
cases bypass single ribonucleotides with efficiencies somewhat

similar to those for bypass of 8-oxo-guanine, and L415F RB69
Pol may therefore facilitate crystallization of ternary complexes
with ribonucleotides in the DNA template (25). We show that
WT and L415F RB69 Pol also stall during ribonucleotide bypass,
to a degree most closely resembling stalling by Pol e. We describe
seven unique crystal structures relevant to L415F RB69 Pol by-
pass of one or two ribonucleotides. The data are discussed in
relation to the consequences of ribonucleotides in the genomes
of cells defective in their removal.

Results
Measuring Ribonucleotide Bypass Parameters. All bypass reactions
contain excess primer template over polymerase, such that DNA
products largely reflect one cycle of DNA synthesis. The primer
template excess was empirically demonstrated by the fact that
the probability of termination of synthesis at each position re-
mained constant over the time course of the reaction (30). This
approach allows direct comparisons of relative bypass efficiencies
and site-specific termination probabilities among all substrates
and enzymes examined.

Bypass by Yeast Pol δ.Relative to the all-DNA template (Fig. 1A1,
lanes 2–4), Pol δ bypassed a rA (Fig. 1A1, lanes 6–8) with 69%
efficiency. The slight stalling due to the rA reflects increased
termination after dNTP insertion opposite the dG preceding the
rA, opposite the rA itself, and opposite dC at +1 and dA at +2
(Fig. 1A2). These results recapitulate earlier studies (25) and
show that Pol δ recognizes a single ribonucleotide in a DNA
template and reacts by slightly stalling. Stalling is also observed
for Pol δ bypass of two, three, or four consecutive ribonucleotides,
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Fig. 1. Bypass of ribonucleotides by Pol δ, Pol e, and WT
and L415F RB69 Pol. Bypass reactions were performed as
described in Materials and Methods, in each case using
a large excess of primer template over polymerase. Results
are for primer extension by yeast Pol δ (A), yeast Pol e (B),
RB69 Pol (C), and L415F RB69 Pol (D). A1, B1, C1, and D1
includes PAGE phosphorimages of DNA products when
copying each of five different primer templates (Table S1),
from reactions incubated for 0, 4, 8, and 12 min. The effi-
ciency of ribonucleotide bypass relative to the all-DNA
control was calculated as described previously (30), and the
values are shown as percentages below each set of four
lanes. Termination probabilities are also shown, again
calculated as described previously (30), after incorporation
at each of several template positions during copying of the
all-DNA template (black bars) or templates containing ei-
ther one (A2, B2, C2, and D2) or two ribonucleotides (A3,
B3, C3, and D3) (white bars). The asterisks in D2 correspond
to the structures depicted in Fig. 2, and the double asterisks
in D3 correspond to the structures depicted in Figs. 3 and 4.
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with bypass efficiency decreasing and termination probabilities
increasing at multiple positions from –1 through +2 as the number
of consecutive ribonucleotides present in the template increases
(Fig. 1A1). Despite stalling, some bypass is achieved with all four
templates, including bypass of four consecutive ribonucleotides
at 27% efficiency (Fig. 1A1).

Bypass by Yeast Pol e. Next we examined the ability of WT, four-
subunit yeast Pol e to bypass ribonucleotides in the same tem-
plates. Relative to the all-DNA template (Fig. 1B1, lanes 2–4),
Pol e bypassed a rA (Fig. 1B1, lanes 6–8) with 66% efficiency,
a value similar to that for Pol δ. This result recapitulates our
initial study (4), showing that Pol e stalls during bypass of a single
ribonucleotide in a DNA template, with increased termination
after dNTP insertion opposite positions –1 through +4 (Fig.
1B2). Once the rA-containing base pair is located 5 bp upstream
of the active site, more processive synthesis is observed (Fig. 1B1,
upper bands in lanes 6–8). Compared with Pol δ, Pol e is about
threefold less efficient at bypassing two ribonucleotides (Fig. 1
A1 and B1), a difference that reflects strong increases in termi-
nation at several positions (Fig. 1B3). Pol e is about 10-fold less
efficient than Pol δ at bypassing three ribonucleotides, and it is
unable to bypass four consecutive ribonucleotides during one
cycle of processive synthesis (Fig. 1 A1 and B1).

Ribonucleotide Bypass by RB69 Pols. To set the stage for structural
studies, we compared the ribonucleotide bypass ability of RB69
Pol to that of Pol δ and Pol e. The results (Fig. 1C) reveal that
bypass by RB69 Pol most closely approximates that of Pol e with
respect to efficiency and termination probability at multiple
positions. Initial attempts to obtain crystals relevant to RB69 Pol
bypass of a single ribonucleotide failed. We therefore measured
bypass by L415F RB69 Pol. L415F RB69 Pol was previously
found to be more efficient than its WT parent at bypassing 8-oxo-
dG and at inserting a dNTP opposite an abasic site (28). These
bypass data suggest that its ribonucleotide bypass efficiency
might also be higher, perhaps increasing the probability of
obtaining crystals. Both expectations were met. L415F RB69 Pol
was more efficient at bypassing ribonucleotides, especially two
consecutive ribonucleotides, where relative bypass by the L415F
variant was 14-fold higher than its WT parent (Fig. 1 C1 and D1).
The variant Pol also exhibited less (but measurable) termination
opposite each of several positions (Fig. 1 C2, D2, C3, and D3).

Structural Analysis of L415F RB69 Pol. We obtained seven crystal
structures of L415F RB69 Pol that are relevant to ribonucleotide
bypass (Table S2). These structures all contain a 14-mer primer
hybridized to an 18-mer template of similar sequence to that in
the 1.8-Å structure of RB69 Pol (27). Similar to most published
structures of RB69 Pol, all seven unique structures contain Ca2+
at the polymerase active site. These structures allow metal-
independent comparisons between our all-DNA structure and
the ribonucleotide-containing structures, such that the structural
changes resulting from ribonucleotides in the template are more
likely to be independent of the metal.
The all-DNA structure (2.2 Å) contains an incoming non-

hydrolyzable nucleotide analog (dUMPNPP) correctly paired
opposite template dA. This structure overlays well with the re-
cently described (27) 1.8-Å structure of WT RB69 Pol (RMSD
for Cα, 0.347 Å) with no significant structural changes other than
the L415F mutation.

Structures Relevant to Bypassing a Single Ribonucleotide. Four
structures with a single ribonucleotide in the template were
obtained (Fig. 2). Each contains a ddC primer terminus and dTTP
paired with adenine, but differs with respect to the location (po-
sition 0, −1, −2, and −3) of the ribonucleotide (Fig. 2 A, D, G, and
J, respectively), to model four consecutive insertions during bypass.
Ribonucleotide in the nascent base pair binding pocket (position 0). This
2.1-Å structure overlays well with the all-DNA ternary complex
and shows no obvious structural difference (Fig. 2 A and B). In

both structures, the sugar pucker for the templating base is in
a C3′-endo conformation (Fig. 2C), the preferred conformation
for a ribonucleotide.
Ribonucleotide in the primer-terminal base pair (position −1). This 2.1-Å
structure also overlays well with the all-DNA structure (Fig. 2 D
and E). The sugar pucker for the relevant nucleotide at this
position, designated as –1 because it is 1 bp upstream of the
nascent base pair binding pocket, is again found in the C3′-endo
conformation in both structures (Fig. 2F). However, the pres-
ence of the ribonucleotide displaces Tyr391 from its location in
the all-DNA structure (Fig. 2E). This displacement increases the
distance between the phenol oxygen atoms of Tyr391 and Tyr567
from 3.0 to 4.3 Å, thus disrupting an H-bond between these
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Fig. 2. Superposition of all-DNA structure (magenta) with four different
single ribonucleotide structures (green). (A) Schematic depicting the ribonu-
cleotide in the nascent base pair binding pocket (position 0). A green arrow
implies that dNTP insertion is not strongly reduced, as inferred from the
relatively normal termination after the preceding incorporation (Fig. 1 D1
and D2, −1-dG). (B) Overlay of the ribonucleotide-containing structure
depicted in A with the all-DNA structure, showing template positions 0 and
−1. (C) Simulated annealing Fo-Fc omit map contoured at 3 σ for the ribo-
nucleotide in the nascent base pair binding pocket. (D) Stick diagram
depicting the location of ribonucleotide in the primer-terminal base pair (−1
position). The red arrow implies that dNTP insertion at this position (or pos-
sibly translocation before insertion) is problematic, as indicated by the in-
creased termination following insertion opposite rA (Fig. 1 D1 and D2, rA). (E)
Overlay of the ribonucleotide containing structure depicted in D with the all-
DNA structure, showing template position −1, Tyr391, and Tyr567. The red
sphere indicates the position of an additional water molecule in the ribo-
nucleotide-containing structure. (F) Simulated annealing Fo-Fc omit map
contoured at 3 σ for the ribonucleotide in the −1 position. (G) Stick diagram
of the position of the ribonucleotide located 2 bp upstream of the active site
(−2 position). As above, the red arrow implies that dNTP insertion at this
position is problematic (Fig. 1 D1 and D2, +1-dC). (H) Overlay of the ribonu-
cleotide containing structure with the all-DNA structure at template positions
−2 and −3. (I) Simulated annealing Fo-Fc omit map contoured at 3 σ for the
ribonucleotide at position −2. (J) Stick diagram of the position of ribonucle-
otide located 3 bp upstream of the active site (−3 position). As explained
above, the green arrow indicates that insertion is normal (Fig. 1 D1 and
D2, +2dA). (K) Overlay of the ribonucleotide-containing structure with the all-
DNA structure at template positions −3 and −4. (L) Simulated annealing
Fo-Fc omit map contoured at 3 σ for the ribonucleotide at position −3.
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residues and placing the phenol oxygen of Tyr391 2.6 Å from the
2′O atom on the ribose. In addition to the five previously ob-
served, well-ordered waters interacting in the DNA minor
groove (27), an additional water is observed 2.7 Å from the
phenol oxygen of Tyr391 and adjacent to Tyr567.
Ribonucleotide located 2 bp upstream of the active site (position −2).
This 2.4-Å structure also overlays well with the all-DNA struc-
ture (Fig. 2 G and H), but now the sugar pucker of the ribonu-
cleotide is in the unpreferred C2′-endo conformation, similar to
the all-DNA sugar pucker (Fig. 2I). This conformation places the
2′O atom within 3.3 Å of the methyl group of the adjacent up-
stream template T (Fig. 2H), slightly altering its position (0.8 Å)
with respect to the all-DNA structure.
Ribonucleotide located 3 bp upstream of the active site (position −3). This
2.2-Å structure overlays well with the all-DNA structure (Fig. 2 J
and K). The sugar pucker is again in the unpreferred C2′-endo
conformation, similar to the all-DNA sugar pucker (Fig. 2L).

Structures Relevant to Bypassing Two Consecutive Ribonucleotides.
We obtained two crystal structures of L415F RB69 Pol relevant to
bypassing two consecutive ribonucleotides. These structures cor-
respond to the positions of the two ribonucleotides that are as-
sociated with the termination of synthesis after dNTP insertion
opposite the 3′-ribonucleotide and opposite the 5′-ribonucleotide.
Ribonucleotides in the binding pocket and in the primer terminal base pair
(positions 0 and −1). This 2.4-Å structure aligns well with the all-
DNA structure, but the backbone between the two ribonucleo-
tides is distorted (0.5 Å) (Fig. 3 A, B, and E). The sugar pucker
conformations of the ribonucleotides are similar to the all-DNA
structure and are C3′-endo (Fig. 3C). The distance between
Tyr391 and Tyr567 is increased from 3.0 to 4.5 Å, again dis-
rupting the hydrogen bond found in the all-DNA structure. The
additional water molecule seen in the structure with a single ri-
bonucleotide mentioned above is again observed (Fig. 3D).
Ribonucleotides 1 and 2 bp upstream of the active site (positions −1 and
−2). This 2.6-Å structure aligns well with the all-DNA structure
(Fig. 4 A and B), but the base of the ribonucleotide at the −2
position is 20° out of plane with respect to the all-DNA structure
(Fig. 4C). The ribonucleotides maintain the C3′-endo confor-
mation (Fig. 4D). The position of the Tyr391 is once again al-
tered, but this time, the additional water molecule is not
observed (Fig. 4E). Unique to this structure, the DNA back-
bone in the primer strand opposite the two ribonucleotides is
displaced by 1.3 Å, and the C3′ atom of the primer terminus is
displaced by 0.9 Å (Fig. 4F).

Discussion
These results provide insights into stalling by replicative DNA
polymerases during bypass of ribonucleotides and may be relevant
to phenotypes associated with ribonucleotides in DNA genomes.
All four replicases examined here bypass a single ribonucleotide.
Bypass efficiencies for copying a single ribonucleotide are less than
twofold lower than for copying a deoxyribonucleotide (Fig. 1).
This relatively efficient bypass is consistent with the small struc-
tural changes in L415F RB69 Pol ternary complexes bound to
ribonucleotide-containing template primers (Fig. 2), as well as
with the ability of ribonucleotide repair-deficient yeast (5, 6, 10,
17) and mice (7, 19) to survive and replicate genomes that contain
large numbers of ribonucleotides. The fact that ribonucleotides
incorporated into the genome by DNA polymerases can be tol-
erated is consistent with the idea that they can have beneficial
signaling functions (4, 9, 11, 12).
On the other hand, single ribonucleotides in DNA templates

at least partially impede synthesis by RB69 Pol, Pol δ, and Pol e
(Fig. 1). This impediment includes increased termination of
synthesis at multiple positions as the polymerases progressively
traverse the ribonucleotide (Fig. 1). The greatest increases in
termination by L415F RB69 Pol occur following dNTP insertion
opposite the ribonucleotide and the next template base (Fig.
1D2, rA and +1-dC). These increases could reflect impairment
of any of the steps needed after dNTP insertion at one position

through insertion chemistry at the next position. The increase in
termination after dNTP insertion opposite the ribonucleotide
itself is modeled by the structure in Fig. 2 D–F. Termination
correlates with displacement of Tyr391 resulting from the pres-
ence of the 2′-oxygen of the ribose (Fig. 2E). This displacement
is accompanied by the appearance of a water molecule. Both
changes are interesting in light of previous studies of Tyr391 and
its interaction with Tyr567. Both tyrosines are invariant in human
and yeast Pols α, δ, and e, implying that the present results with
RB69 Pol may be relevant to the eukaryotic replicases. Tyr391 is
in the palm subdomain where it interacts with the backbone of
the template strand between the –1 and –2 positions (26), with
the template-strand sugar of the primer-terminal base pair and
with Tyr567 (31). Tyr567 is located in the fingers subdomain,
where it forms a hydrogen bond with the template base of the
primer-terminal base pair (26, 27), via one of five ordered water
molecules that interact with the DNA minor groove (27).
Substituting other amino acids for Tyr391 and Tyr567 reduces
the fidelity of RB69 Pol and its ability to polymerize using all-
DNA primer templates (27, 31–36). These facts suggest that the
changes in the positions of Tyr391 and Tyr567 reported here are
likely be relevant to the increased termination associated with
bypass of one or two template-strand ribonucleotides by RB69
Pol, and by extrapolation, the eukaryotic replicases.
The increased termination observed at the next position is

accompanied by a C2′-endo sugar conformation for the ribonu-
cleotide (Fig. 2I). Because C2′-endo is an unfavorable confor-
mation for a ribose in duplex DNA, it seems possible that the
energetic cost of achieving and/or maintaining the C2′-endo
conformation with a ribose (beyond that needed when a de-
oxyribose is present, as in the all-DNA substrate) underlies the
increased termination at this position. This idea is consistent
with a recent study suggesting that slow conformational dynamics
at C2′-endo nucleotides have the potential to function as rate-
determining molecular switches during catalysis (37). That sugar
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Fig. 3. Superposition of the all-DNA structure (magenta) with the structure
containing ribonucleotides at 0 and −1 position (green). (A) Schematic in-
dicating the positions of the two ribonucleotides. The red arrow indicates
that incorporation is problematic here (Fig. 1D3, 3′-rG). (B) Superposition of
template nucleotides at positions 0 to −3, Tyr391, and Tyr567. A red sphere
indicates the position of an additional water molecule. (C) Simulated
annealing Fo-Fc maps contoured at 3 σ for the ribonucleotides at template
positions 0 and −1. (D) Overlay with the all-DNA structure, showing the ri-
bonucleotide at the −1 position, as well as Tyr391, Tyr567, and the addi-
tional water molecule. (E) Overlay of the ribonucleotides at positions 0 and
−1 with the all-DNA structure.
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pucker may be relevant to switching during replication that
involves ribonucleotides in DNA is also suggested by a study of Pol
α. After RNA primase synthesizes RNA primers to initiate nuclear
DNA replication at origins and of Okazaki fragments, Pol α uses
these RNA primers to synthesize a DNA primer, followed by
a switch that allows Pol δ to synthesize the majority of each
Okazaki fragment. Recent data (38) indicate that Pol α recognizes
an A-form RNA/DNA helix and that the ensuing synthesis of B-
form DNA terminates primer synthesis to allow the switch to Pol δ.
Ribonucleotides in DNA can be considered as lesions because

they are noncanonical substrates for DNA polymerases. During
translesion synthesis to bypass other lesions, especially those that
strongly stall replication, synthesis by one polymerase terminates
to allow another polymerase to access the primer template. Our
results demonstrate that ribonucleotides become increasingly
problematic for replicases as their number increases from one to
four (Fig. 1). Pol e (Fig. 1B) and RB69 Pol (Fig. 1C) have the
greatest difficulty in bypassing multiple consecutive ribonucleo-
tides. When two ribonucleotides are present, this difficulty is
modeled by the L415F RB69 Pol structures corresponding to the
positions of the two ribonucleotides, each associated with in-
creased termination of synthesis (double asterisks in Fig. 1D).
For the first of these events (Fig. 1D3, 3′-rG), the position of the
DNA backbone between the ribonucleotides at position 0 and −1
changes slightly (Fig. 3 B and E), and similar to the result with
a single ribonucleotide (Fig. 2E), the 2′-oxygen of the ribose in
the primer-terminal base pair displaces Tyr391 disrupting a hy-
drogen bond with Tyr567 (Fig. 3D). The latter feature is shared
in the structure (Fig. 4E) corresponding to strong termination
after the next incorporation opposite rA (Fig. 1D3, 5′-rA). Ad-
ditionally, in that structure, the base of the ribonucleotide at the
−2 position is displaced by 20° (Fig. 4C), and the DNA backbone
in the primer strand opposite the two ribonucleotides is displaced
by 1.3 Å (Fig. 4F). We suggest that these structural perturbations

reduce catalysis and may account for the 29% relative bypass
efficiency of L415F RB69 with two consecutive ribonucleotides.
Yeast Pol δ is more efficient than Pol e at bypassing two, three,
or four consecutive ribonucleotides by factors of ∼3-, 12-,
and ≥20-fold, respectively (Fig. 1 A1 and B1). These differ-
ences are interesting in light of evidence that Pol δ is the major
lagging strand replicase and Pol e is the major leading strand
replicase (6, 8, 9, 39, 40). The opportunity for Pol δ and Pol e to
replicate templates containing two or more consecutive ribonu-
cleotides could result from (at least) three transactions. Foremost is
the 5% of lagging strand replication initially synthesized by primase
as stretches of approximately 10 ribonucleotides. Although these
primers are normally removed during Okazaki fragment matura-
tion, Okazaki fragment maturation is a very common nuclear DNA
transaction, such that even rare persistence of consecutive ribo-
nucleotides could have consequences due to polymerase stalling,
perhaps most especially Pol e stalling. This idea is strongly sup-
ported by evidence in S. pombe that a persistent di-ribonucleotide
imprint made during lagging strand replication stalls the next round
of leading strand replication by Pol e, thereby initiating mating type
switching (13).
A second possibility for consecutive ribonucleotides in DNA

that cannot be excluded by current studies in yeast (5, 6, 10, 17) or
mice (7, 19) is incorporation of consecutive ribonucleotides during
synthesis by DNA replicases, or perhaps by less faithful DNA
polymerases. However, a third possibility for bypass of consecutive
ribonucleotides was suggested by a study demonstrating that when
DNA oligonucleotides containing consecutive ribonucleotides are
introduced into yeast, they can direct the template-dependent
repair of double strand DNA breaks (41). This observation led to
the novel idea that under certain circumstances, RNA may be
used as a template for DNA synthesis in vivo. Initial evidence in
that study suggested that Pol δ was more likely than Pol e to copy
these ribonucleotide-containing templates in yeast. That in-
terpretation is supported by the results in Fig. 1 showing that Pol δ
is substantially more efficient than Pol e at bypassing multiple
consecutive ribonucleotides.
A yeast strain defective in both RNase H2 and RNase H1

progresses slowly through S phase, accumulates ubiquitylated
PCNA that is known to be involved in TLS and is sensitive to
treatment with hydroxyurea. In the presence of hydroxyurea,
survival of the double RNase H-defective strain depends on ei-
ther MMS2-dependent template switching or Rev3-dependent
TLS (17). Dependence on these pathways is not observed for
strains defective in either RNase H1 or RNase H2 alone. Be-
cause only RNase H2 can repair single ribonucleotides in DNA,
but RNases H1 and H2 can both digest substrates containing
multiple consecutive ribonucleotides in DNA (2), the collective
results suggest that replication fork stalling in the RNases H1/H2
double mutant strain may be due to inefficient bypass of multiple
consecutive unrepaired ribonucleotides in DNA, with either
template switching or TLS by Pol ζ required to alleviate the
stalled fork. Our data showing that Pol δ is more efficient than
Pol e in bypassing consecutive ribonucleotides in DNA templates
(Fig. 1 A1 and B1) predicts that the cellular consequences of
defects in both RNases H1 and H2 will be less severe for ribo-
nucleotides present in the DNA template used for lagging strand
replication than in the DNA template used for leading strand
replication.
As mentioned in the Introduction, unrepaired ribonucleotides

also have deleterious consequences in mice. These phenotypes
could reflect difficulty in resolving transcriptional R-loops, they
could result from endonucleolytic cleavage of ribonucleotides in
DNA by topoisomerase 1 to create initially unligatable DNA
ends (10), or based on this study, they could reflect difficulty in
bypassing unrepaired ribonucleotides during DNA replication
that leads to fork stalling. These possibilities are not mutually
exclusive. A better understanding of these transactions is moti-
vated by the fact that, in humans, mutations in the RNH201A/B/C
genes encoding the three subunits of RNase H2 are associated
with Aicardi-Goutières syndrome (20).
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Fig. 4. Superposition of the all-DNA structure (magenta) with the structure
containing ribonucleotides at −1 and −2 positions (green). (A) Schematic in-
dicating the positions of ribonucleotides at −1 and −2. The red arrow indi-
cates that termination frequency is increased ∼10-fold compared with bypass
of an all-DNA template, (Fig. 1D3, 5′-rA). (B) Superposition of template bases
at 0 to −4 positions, Tyr391, and Tyr567. (C) Overlay of ribonucleotides at the
−1 and −2 position with the all-DNA structure. (D) Simulated annealing Fo-Fc
omit maps contoured at 3 σ are shown in blue for the two ribonucleotides at
the −1 and −2 positions. (E) Overlay with the all-DNA structure showing
Tyr391, Tyr567, and the nucleotide at the −1 position. (F) Overlay of primer
terminus and incoming nucleotide with the all-DNA structure.

16806 | www.pnas.org/cgi/doi/10.1073/pnas.1309119110 Clausen et al.

www.pnas.org/cgi/doi/10.1073/pnas.1309119110


Materials and Methods
DNA Polymerases. WT yeast Pol δ and Pol e were purified as described pre-
viously (42, 43). RB69 Pol and its L415F variant were expressed and purified
as described previously (28). In these studies, the RB69 Pol used were exo-
nuclease deficient (D222A/D327A).

Bypass Assays. All components except the polymerase were mixed on ice and
incubated at 37 °C for 2 min. The polymerase was added to initiate reactions,
which were terminated after 0, 4, 8, and 12 min. These mixtures were heated
at 95 °C for 3 min, and the DNA products were separated by electrophoresis
through a 12% (wt/vol) denaturing polyacrylamide gel. A PhosphorImager
was used to visualize the DNA products, which were quantified using Image
Quant software from Molecular Dynamics. Termination probabilities were
calculated as described previously (30).

Protein Crystallization. Crystals of ternary complexes were formed using the
vapor diffusion sitting drop method. The crystals were formed by mixing
protein solution, primer template, and nucleotide with the reservoir solution.
For data collection, crystals were transferred into a cryo-solution. All crystals
were frozen in liquid nitrogen and then mounted on a goniometer in a cold
stream of nitrogen gas at 95 K.

Data Collection and Processing. Data for structures were collected on a Saturn
92 charge-coupled device (CCD) area detector system mounted on a 007HF
rotating anode generator equipped with VarimaxHF mirrors or at the Ad-
vanced Photon Source, Argonne National Laboratory on the Southeast Re-
gional Collaborative Access Team BM beam line, on a MAR225 CCD area
detector. All data were processed using the HKL2000 data processing soft-
ware (44). Model building was performed using iterative cycles of manual
model building using the program COOT (45) and refinement with Phenix
(46) with dihedral restraints turned off for the DNA and incoming nucleo-
tide. The quality of the models was assessed using Molprobity (47). A com-
plete description of materials and methods used can be found in SI Materials
and Methods.
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