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Figure 3. Cleavage of poly-rA/poly-dT substrate and oligo substrates with Sc-RNase H2 WT and mutants. (A) The uniformly **P-labeled poly-rA/
poly-dT substrate (1 mM) was digested by the Sc-RNase H2 WT and mutants indicated above the gel in the presence of 10mM MgCl,. The lanes
marked with 0 contained no enzyme, and lanes marked with triangle contained increasing amount of the proteins (1 pM, 11 pM, 110 pM, 1.1 nM
and 11nM). Products of the hydrolysis were analyzed by 12% TBE-urea gels and visualized by Phosphorimager. (B) The 5'-**P-labeled 12 mer
substrates indicated on the left of the gels were digested by Sc-RNase H2 in the presence of 10 mM MgCl,. The lanes marked with 0 contained no
enzyme, and lanes marked with triangle contained increasing amount of the proteins (0.011, 0.11, 1.1 and 11nM). Products of the hydrolysis were
analyzed by 20% TBE-urea gels. The sizes of products were measured based on molecular size markers indicated as M. Cleavage at the 5 of RpD
junction is indicated by an arrow.
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Table 1. Relative activities of yeast RNase H2 derivatives

IR?* 6R? 12R?* poly-rA/
poly-dT
WT 100 100 100 100
Y219A <0.1 <0.1 <0.1 <0.1
P45D Y219A <0.1 3.1° (<0.1)° 25 40
G428 2.2 5.1 4 8
D39A <0.1 <0.1 <0.1 <0.1
Rnh202-APIP 109 85 112 118

“12 mer substrates shown in Figure 1B.
PEfficiency for the cleavage at RpR.
“Efficiency for the cleavage at RpD.

by A in Tm-RNase H2, which are the equivalents to the
Sc-Rnh201 P45D-Y219A substitutions. The Tm-RNase
H2 WT enzyme in the presence of Mg®" cleaves exclu-
sively at the 5-end of the ribonucleotide of the RpD
junction. In the presence of Mn>*, the WT enzyme is
able to cleave RpR structures although with lower
affinity than RpD sequences. Tm-RNase H2-Y163A
had undetectable activity with Mg?" and very low
activity in the presence of Mn”>" with all the substrates
(Supplementary Figure S2). Tm-RNase H2-C24D-
Y163A was inactive with Mg>" and only partially active
in Mn**. For the cleavage of RNA&DNA/DNA |, sub-
strate, this enzyme cleaves at the 5'-end of both the RpD
and RpR sequences, whereas the WT cuts only 5 of the
RpD, suggesting that the mutant lost selectivity for the
RpD junction. This indicated that we have identified in
the yeast and Tm-RNases H2 the amino acids that confer
selectivity for RpD and RpR hydrolysis.

The Gly residue, which in the Tm-RNase H2 co-crystal
is part of the GRG motif interacting with the 2’-OH of the
RpD substrate, is important for substrate specificity (23).
This glycine in the catalytic Hu-RNase H2A is particularly
interesting because it is substituted for Ser in patients pre-
senting a severe form of AGS (22). Tm-RNase H2-G21S
has low Mn-dependent activity on all substrates and
reduced RpD processing (23) in the presence of Mg”'.
To wunderstand the effect of the G37S-equivalent
mutation in the prokaryotic protein, we solved the
crystal structure of Tm-RNase H2-G21S in complex
with a duplex DNA containing a single ribonucleotide
(Supplementary Figure S3). Surprisingly, in the crystal
structure, interactions between the substrate and protein
were only modestly perturbed. The main chain of the
GRG motif was slightly deformed, still allowing full rec-
ognition of the 2-OH (Supplementary Figure S3C).
Moreover, the role of the conserved Tyr in the recognition
of the 2’-OH of the scissile phosphate and in the stacking
interaction with D of RpD junction was intact, suggesting
Tm-RNase H2-G218 retains the ability to recognize RpD
junctions. The mutation affected the dihedral angle of the
loop containing G218 and the surrounding residues due to
the presence of the side chain of Ser21, which needs to be
accommodated at the center of protein—nucleic acid inter-
face. These small perturbations around the active site dis-
turbed the binding of metal ion B. The structure suggested
that G21S substitution in the GRG loop results in a
general defect in catalysis, not a selective loss of RpD or
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RpR hydrolysis. We made the corresponding change
in the catalytic subunit of Sc-RNase H2 and found that
the G42S substitution showed reduced activity with the
different substrates, having about half the activity with
the single-ribonucleotide embedded duplex DNA
sequence than with longer stretches of ribonucleotides
(Table 1). Similar results have been reported for the
mouse (36-38), human (15,34), yeast (25) and Tm-
RNase H2 (23).

Recognition of single ribonucleotide by RNase H2 is
essential for in vitro ribonucleotide excision repair assay

We examined the ability of WT and mutant forms of
Sc-RNase H2 to perform in an in vitro ribonucleotide
excision repair (RER) assay. Three independent experi-
ments reproducibly gave the results shown in Figure 4.
This replication assay relies on several proteins to
produce mpl8 dsDNAs devoid of misincorporated
ribonucleotides as shown in Figure 4A. Alkali treatment
results in DNA strand scissions at the ribonucleotide lo-
cations as seen in Figure 4A. When Sc-RNase H2 is
present, the majority of dsDNA becomes insensitive
to alkali treatment (Figure 4A, WT lane after 3 min incu-
bation) indicating the misincorporated ribonucleotides are
repaired in an RNase H2-dependent manner. Proliferating
Cell Nuclear Antigen (PCNA) is loaded onto the circular
DNA by RFC and increases the activities of DNA poly-
merase 6, FENI and ligasel by interacting with their
PCNA-interacting peptide (PIP). However, as we have
shown before (39), interaction with PCNA is not necessary
for the repair activity of RNase H2, because an RNase H2
with an Rnh202 subunit missing the last 11 amino acid
including the PCNA-interacting peptide (PIP) was as
active as the wild-type enzyme (Figure 4A, APIP lane
after 3 min incubation). Accordingly, the in vitro activity
of the APIP protein with different substrates is equivalent
to the activity of the WT enzyme (Table 1).

The RNase H2 containing the catalytic subunit
Rnh201-P45D-Y219A mutation, which could not cleave
RpD substrates in vitro (Figure 3 and Table 1), also did
not function to repair misincorporated ribonucleotide in
this assay (Figure 4A). Sc-RNase H2-G42S exhibited low
activity in single ribonucleotide cleavage (Table 1) and in
the RER assay showed a modestly larger distribution of
products compared with the catalytically dead Sc-RNase
H2-D39A and the Sc-RNase H2-P45D-Y219A mutants
(Figure 4B). The in vitro activity of these mutants correl-
ates well with their capacity to process INMPs in the RER
assay.

Mutants defective in RpD cleavage have the same mutator
effect as deletion of RNH201

Yeast cells lacking RNH20! accumulate 2-5bp dele-
tions within short tandem repeats in a topoisomerase
1-dependent manner (6). In combination with error-prone
replicative DNA polymerase & mutant (pol2-M644G),
deletion of RNH201 increased the spontaneous mutation
rate and the frequency of the 2-5 bp deletions (5).
We transformed the double mutant strain, po/2-M644G
rnh2014, with  single copy plasmids expressing
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Figure 4. In vitro RER assay. (A) In vitro RER assay is schematically
shown. The 7.3-kb mpl8 single-stranded circle DNA was replicated by
Pold and cofactors in the presence of the physiological levels of dNTPs,
rNTPs and *?P-labeled dATP at 30°C. After 12min incubation, FENI,
Ligasel and wild-type or mutant RNase H2 were added, and the reac-
tions were continued. After 1 or 3 min, aliquots were taken and treated
with NaOH for hydrolysis at RpD linkage due to misincorporation of
ribonucleotide during replication. DNA was extracted from the aliquots
and loaded onto 1% alkali agarose gel. The alkali agarose gel was
visualized by Phosphorimager. (B) The radioactivity distribution was
scanned and divided by the size distribution to obtain a normalized
product distribution as described before (39).

RNH20I-WT, mnh201-G42S or rnh201-P45D-Y2194
driven by their own promoter and a control empty
vector. The transformants were analyzed for the spontan-
eous mutation rate and mutational specificity at the CANI
locus (Figure 5A). Plasmid-expressed WT RNH201
decreased the mutation rate and showed a mutation
spectrum mostly of base substitutions, similar to
wild-type cells. However, pol2-M644G rnh2014 cells ex-
pressing rnh201-P45D-Y219A4 had similar mutation rates
and spectra as the deletion strain pol2-M644G rnh2014
harboring an empty vector (Figure 5A). Cells expressing
rnh201-G42S had a slightly reduced rate of 2-5bp dele-
tions, compared with pol2-M644G rnh2014 cells express-
ing rnh201-P45D-Y219A4, but still had a much higher
accumulation of deletions than wild-type cells. Western
analyses  demonstrated that WT, G42S and
P45D-Y219A Rnh201p were expressed at similar levels
in these strains (Supplementary Figure S4).

A

Strain Mutation  (x 107)
rate
BS 1-bp 2-5 bp del Other Total
indel

WT 48.6 8.1 32 8.1 68
(N=42) (38-104)
rnh201A 78.0 420 144.0 0 264
(N=44) (177-364)
G42S 629 239 112.8 43 204
(N=94) (128-293)
P45D- 69.8 45.6 1315 16.1 263
Y219A (180-356)
(N=98)

B

PeaL-TOP1 rnh14 rnh201A transformed with:

-Leu w/2% Galactose -Leu w/2% Glucose

Figure 5. In vivo phenotypes of strains rnh2014 carrying plasmids har-
boring RNH201 WT and mutants. (A) Saccharomyces cerevisiae strain
pol2-M644G  rnh2014 was transformed with plasmid expressing
RNH20IWT and mutants and empty vector. Strains were plated in
canavanine plates and the rates of individual mutations types at
CANI determined. N, number of mutants sequenced; indel, insertion/
deletion/; BS, base substitution. 95% confidence intervals are in paren-
thesis below total rates. (B) Saccharomyces cerevisiae strain YAEH275
(BY4741 but Pgar-3HA-TOP1 (KanMx6) rnh2014 (NatMx6) rnhlA
(HphMx6)) was transformed with plasmids expressing RNH201-WT,
rnh201-G42S, -P45D-Y219A and -D39A and also an empty vector.
The transformants were grown at 30°C in liquid SD-Leu medium con-
taining 2% galactose, and series of dilutions were spotted on SD-Leu
plates with 2% galactose or 2% glucose and incubated for 3 days at
30°C.

Mutants defective in RpD cleavage can participate in
R-loop processing

Next, we determined whether these enzymes can function
in vivo in the processing of RNA/DNA hybrids. We chose
a system that requires R-loop processing for viability.
Loss of Topl in combination with RNHI and RNH201
deletions leads to R-loop accumulation and consequent
cell death in yeast (40,41). We wused yeast strain
YAEH275 (Pgar-TOPI1 rnhlA rnh2014), in which the
TOPI gene is expressed from the galactose-inducible
GALI1 promoter. Expression is repressed when cells are
grown on glucose with associated lethality. YAEH275
was transformed with plasmids expressing wild-type or
mutant forms of RNH20! or a control empty vector,
and cultures were grown and spotted on selection plates
containing either galactose or glucose (Figure 5B).
RNH201-WT and rnh201-P45D-Y219A rescued lethality,
whereas rnh201-G42S was only partially effective, in ac-
cordance with the lower activity on RNA/DNA hybrid
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substrates of the RNase H2 enzyme containing this
mutant protein (Table 1). The catalytically dead
rmh201-D39A protein did not rescue lethality in glucose.
These results indicate that R-loop removal in vivo parallels
that seen in vitro (Table 1).

RNase H2 R-loop processing is sufficient to correct
rnh201Asgs1 Asynthetic sickness

In S. cerevisiae, Sgsl is crucial for HR repair of
double-stranded DNA breaks and for re-establishing of
replication after fork collapse (42,43). Deletion of any
of the three genes that code for the subunits of the hetero-
trimeric RNase H2 together with deletion of SGS/ confers
a synthetic-sickness phenotype (44), suggesting that the
loss of RNase H2 creates a need for recombinational
repair.

To examine whether RER or R-loop processing is ne-
cessary in the absence of SGSI/, we analyzed a set of
isogenic strains that were both sgs/A4 and mutated in

A
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RNH201 to either eliminate catalytic activity completely
(D39A) or eliminate RER but retain R-loop processing
(P45D-Y219A or G42S). The growth rate was examined
by colony size on YPD plates and by the analysis of
doubling time in liquid medium. The doubling time was
determined at least four times for each strain. The error
bars represent standard deviation (Figure 6A). Chromo-
somal RNH201-W'T, -rnh201-P45D-Y219A4 or -G42S sup-
pressed the slow growth phenotype, while the strain with
active site mutant rnh201-D39A4 showed the same poor
growth as the parental sgs/A rnh2014strain (Figure 6A).
These data were confirmed using plasmid complementa-
tion assays (Supplementary Figure S5).

To eliminate the possibility that an RNase H2-
independent suppressor mutation had restored the
normal growth of the sgsi/A strain expressing rnh201-
G42S and -P45D-Y219A4, we replaced the rnh201-G42S
and -P45D-Y219A alleles by KanMX-cassette, recreating
the mh2014 and thereby reproducing the slow growth
rate (data not shown). Taken together, these results

Doubling time (min)

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0
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Figure 6. Effect of RNase H2-mutations in sgs/4 yeast strain. (A) Doubling time of the yeast strains with RNase H2-mutations in genomic DNA
was determined at 30°C in YPD medium. Error bars are standard deviations with P <0.1 measured by the Ttest in Excel. (B) Representatives of
normal cells and abnormal cells from sgs/A rnh201A background stained with DAPI are shown. (C) Fraction of abnormal cells from log-phase
culture was analyzed by gating enlarged cells by FACS, which was correlated with the ratio of abnormal cells observed by microscope (data not

shown).
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suggest that the growth defect of the sgsi4
rnh201Astrain is caused by R-loops that become stable
in the absence of RNase H2 and Sgsl and that the
residual activity of the enzymes containing P45D-Y219A
and, surprisingly, G42S mutants is sufficient to comple-
ment these defects.

In the sgsiA rnh201Astrain, there was an increase of
nonproliferative abnormal cells arrested in G2/M phase
(Figure 6B), that seem to be unable to complete the cell
cycle, presumably due to replication and repair impair-
ments. By microscopic analysis, we initially noticed
increased levels of enlarged dumbbell-shaped cells or
cells with abnormal shape as shown in Figure 6B. Next,
analysis of the cells for DNA content (propidium iodide
(PI) staining) and cell size (side scattering) by
Fluorescence-activated cell sorting (FACS) (data not
shown) suggested an increased portion of enlarged G2/
M-arrested cells in sgs/A4 rnh2014 mutant, which is in
agreement with the microscopic analysis. In Figure 6C,
enlarged cells observed by side scattering of FACS data
were used to determine the fraction of abnormal cells.

The strain with sgs/4 rnh201-D39A had elevated level of
abnormal cells as sgs/4 rnh2014 mutant, whereas strains
sgslA rnh201-G42S and sgsiA rnh201-P45D-Y219A4 had
the same amount of abnormal cells as single mutant
sgslA Figure 6C, indicating that RNase H2 R-loop reso-
lution prevents increased formation of abnormal cells.

To determine whether interaction with PCNA was im-
portant in this genetic background, we mutated RNH202
by gene replacement in the strain carrying sgs/4 to make
an RNase H2 enzyme devoid of the PIP sequence.
RNase H2-APIP complemented the deletion of RNH202
(Figure 6A), indicating that interaction with PCNA is not
necessary for R-loop processing.

RNase H1 overexpression did not complement sgsiA4
rnh201 Asynthetic sickness

R-loop processing can be accomplished by either RNases
H1 or H2. This seems to be the case for the R-loops in
nucleoli (40). To determine whether RNase H1 can also
participate in the processing of the substrates that accu-
mulate in the sgs/A rnh2014 mutant, we transformed the
sgslA rnh2014 strain with a plasmid that carries the
RNH]I gene under the strong triosephosphate isomerase
(TPI) promoter and looked for complementation of the
growth defect of the double mutant. RNase HI1 was
overexpressed and active (data not shown), but these
high levels of RNase H1 did not restore the growth of
sgsiA rnh2014 mutant strain to the rate of the single
mutant sgs/4 (Supplementary Figure S6), suggesting
that RNase HI cannot act on or have access to the
RNase H2 substrates that accumulate in the absence of
Sgsl.

DISCUSSION

Eukaryotic RNases H1 and H2 are important participants
in maintaining genome stability by resolving R-loops that
form during transcription and by initiating the removal of
rNMPs in DNA. Only RNase H2 can process single

ribonucleotides in DNA but both enzymes are capable
of eliminating RNA/DNA hybrids. Roles of RNase H1
or RNase H2 are usually examined by deleting one or
both enzymes, which in S. cerevisiae leads to modest in-
creases in sensitivity to DNA damaging agents (16), but in
mouse has devastating consequences, causing embryonic
lethality (1,20,21). R-loops naturally form due to tran-
scription errors and are removed by RNase HI and
RNase H2. However, under high transcription (40) and
when RNA biogenesis factors are defective (8,9,18),
R-loop formation is increased, inducing genome instabil-
ity. Stable R-loops constitute a block to replication fork
progression causing fork collapse, recombination and
chromosomal breaks (45,46). The deleterious conse-
quences of the R-loops can be at least partially reversed
by overexpression of RNase H1, indicating that normal
levels of RNase H1 and RNase H2 are insufficient when
there are more abundant R-loops.

In contrast to transcription-induced R-loop formation,
single ribonucleotides in DNA occur during genome du-
plication, and RNase H2 is essential to initiate their
removal. In the absence of RNase H2, rNMPs in the
genome are aberrantly processed by Topl (6), originating
2-5 base pairs deletions within short tandem repeats.
R-loops and single ribonucleotides in DNA are quite
distinct structures that created different challenges to
genome integrity, and loss of RNase H2 may result in
an accumulation of defects in transcription, replication
and repair. Therefore, deletion of the RNH20I gene
does not permit the specific assignment of contributions
of R-loops and single rNMPs to genome instability.

To assess the separate roles of RNase H1, and particu-
larly RNase H2 in R-loop degradation and RER, we
designed a Sc-RNase H2 variant with only two amino
acid substitutions in the catalytic subunit (Rnh201-
P45D-Y219A), which behaves like a bacterial RNase
H3, i.e. the enzyme can participate in R-loop processing
but not in the removal of single NMPs misincorporated
in DNA. This mutant constituted an invaluable tool to
understand the functions of RNase H2 under normal
and pathological condition.

This mutant allowed us to conclusively correlate the
2-5bp deletions observed in rnh2014 strains (6) with
single ribonucleotide misincorporation in the genome. It
also suggested a connection between R-loops and Sgsl-
mediated replication reinitiation at stalled forks, as well
as identifying R-loops that can be processed by RNase
H2, but not by RNase H1 (Figure 7).

Genome instability in yeast is greater when both RNH I
and RNH201 genes are deleted than when single deletions
are present, although in combination with defects of RNA
biogenesis factors, the deletion of RNHI is more deleteri-
ous than that of RNH201 (18). This seems to indicate that
RNases H1 and H2 have partially overlapping specificities
in the resolution of R-loops, but RNase H1 is the major
player in removing transcription-associated R-loops
(Figure 7B). Conversely, our results suggest that there
are R-loops that are uniquely processed by RNase H2.
These loops might be involved in DNA transactions
during replication/repair processes (Figure 7C), and
RNase H2 could have access to them by interaction with
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Figure 7. Effects of RNase H2 mutations in single ribonucleotide processing and R-loop resolution. (A) Single ribonucleotides incorporate in the
genome can be processed by RNase H2. RNase H2-P45D-Y219A mutant cannot remove single INMPs and the AGS-related RNase H2-G42S has
low but detectable activity. Both mutations lead to the accumulation of 2-5bp deletions in genomic DNA, although RNase H2-G42S at a lower rate.
(B) R-loops that form during transcription are processed primarily by RNase H1. RNase H2 WT and P45D-Y219A mutant can process equally well
these structures, whereas RNase H2-G42S is not as effective. (C) R-loops involved in replication fork collapse have unique access to RNase H2. The
WT enzyme and the mutants, RNase H2-G42S and RNase H2-P45D-Y219A, are equally active on these substrates.

PCNA and the replication machinery via the PIP motif of
the Rnh202 subunit. Although no phenotype has been
associated thus far with the deletion of the PIP motif, it
is likely than under stress circumstances or other condi-
tions not yet tested, the PIP might be required for the
function of RNase H2. Moreover, the PIP sequence may
not be the only means of RNase H2 interaction with DNA
replication/repair machines.

Both RNases H complemented the lethal defects caused
by the accumulation of R-loops created under high tran-
scription in a topoisomerase-defective rnhlA rnh2014
mutant, as did the Rnh201-P45D-Y219A mutant that
still processes R-loops (Figure 5B). However, only
RNase H2 was effective in correcting the slow growth of
sgsiA rnh2014 strains (Figure 6 and Supplementary
Figure S6). The synthetic defect of sgs/A4 rnh2014 could
be due to misincorporated rNMPS in DNA, especially
because sgs/A rnhlA strains do not exhibit a slow
growth phenotype. However, the fact that the mutant
completely devoid of single-ribonucleotide processing
activity could reverse the slow growth defect of sgsi/A
rmh2014 (Figure 6A) indicated that persistent R-loops
have deleterious effects in this strain.

R-loops present from bacteria to humans constitute a
block to replication leading to replication fork stalling

(10). Replication after fork arrest can be reinitiated by
HR (46), for which Sgsl is essential (47). Sgsl recruits
the intra-S phase checkpoint kinase Rad53 to stalled
forks and contributes to replication fork stability by
dissolving fold-back structures and Holliday junctions
formed at collapsed forks (48). Our study establishes a
link between stable R-loops and Sgs1-mediated replication
restart.

The forms of RNase H2 containing the AGS-related
mutation Rnh201-G42S, which in vitro has low activity
on RNA/DNA hybrids, could reverse the slow growth
and accumulation of abnormal cells in the sgs/4 back-
ground, indicating that even a very impaired enzyme has
sufficient activity to process the small number of hybrids
formed in this strain. However, the mutant RNase
H-G42S was only partially effective in YAEH275
(PgarL-TOPI1 rnhiA rnh2014), possibly related to the
higher abundance of R-loops in this strain, which might
exceed the capacity of the defective RNase H2-G42S.
Alternatively, for the resolution of R-loops in the sgs/4
strain, RNase H2 could be part of a larger complex that
may confer stability to the mutant enzyme and conse-
quently increasing enzymatic activity.

In vitro, the mutant RNase H2-G42S had low but de-
tectable activity on single rNMP (Table 1) and was
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partially effective in the RER assay (Figure 4). In vivo,
although the RNase H2-Rnh201-P45D-Y219A mutant
strain exhibited a 3.9-fold increase over the wt in
mutation rate, the same as the Rnh201 deletion, the
Sc-RNase H2 containing Rnh201-G42S has an increase
slightly lower (3-fold over wt) mutation rate, and fewer
2-5bp deletions (Figure 5A), indicating that this mutant
and presumably the human enzyme with the correspond-
ing mutation are able to remove single rINMPs in the
genome at some low frequency (Figure 7A).

In agreement with the in vitro and in vivo results, the
Tm-RNase H2 G21S structure in complex with a single
ribonucleotide—substituted duplex DNA showed pre-
served interactions of the RpD junction with the
conserved Tyr and with the GRG (SRG in the mutant)
motif, indicating the enzyme has reduced enzymatic
activity while maintaining substrate specificity. These
data are important to understand the defects associated
with the corresponding mutation in the human enzyme,
which is responsible for a severe form of AGS, providing a
note of caution in interpreting data when both activities
are decreased or absent.

Recently, defects in mouse due to deletion or low ex-
pression of RNase H2 (20,21) have been attributed to
genome instability associated with the presence of
rNMPs in DNA, without considering the possible effects
of unresolved R-loops, and RNA/DNA hybrids formed
during retroelements reverse transcription. However, the
deletion of another AGS-inducing gene, TrexlI, has been
shown to cause the accumulation of single-stranded DNA
derived from endogenous retroelements (49). In addition,
antiretroviral drugs prevented autoimmune response and
restored the viability of Trex1-knockout mice (50). Also
SAMHDI1, a more recently described AGS-associated
protein (51), has been found to restrict the infection of
dendritic and other myeloid cells by human immunodefi-
ciency virus type 1 (HIV-1) by hydrolyzing intracellular
dNTPs (52). Low concentrations of dNTPs, due to the
action of SAMHDI, inhibit the synthesis of the viral
RNA by reverse transcriptase (RT). In the absence of
SAMHDI1, higher levels of dNTPs could facilitate
reverse transcription of endogenous retroelements. AGS
substrates arising via reverse transcription of endogenous
RNAs would lead to standard RNA/DNA duplexes that
could be resolved by RNase H2 and RNase H1. The fact
that RNase H1 does not cause AGS suggests that RNase
H2 has unique access to these substrates. The mutant
described in this study that could degrade RNA/DNA
hybrids formed by RT but could not remove single
rNMPs in DNA will be enormously important to
address the defects associated with AGS.

Here, we have shown that the multiple activities of
RNase H2 can provide quite different functions in vivo.
Our mutant RNase H2 lacking RpD substrate cleavage
allows us and others to precisely analyze the contributions
of R-loops and single rNMPs in DNA to the in vivo
phenotypes until now associated with deletion of RNase
H2. It will be particularly interesting to see the pattern of
changes in gene expression when the rnh201-P45D-Y219A4
gene is present compared with the 349 changes
when RNH201 is deleted (53), and how the loss of

single-ribonucleotide activity of RNase H2 affects the
general genomic instability described by Wahba et al. (18).
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