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RNA abasic sites and the mechanisms involved in their regulation
are mostly unknown; in contrast, DNA abasic sites are well-studied.
We found surprisingly that, in yeast and human cells, RNA abasic
sites are prevalent. When a base is lost from RNA, the remaining
ribose is found as a closed-ring or an open-ring sugar with a reactive
C1′ aldehyde group. Using primary amine-based reagents that react
with the aldehyde group, we uncovered evidence for abasic sites in
nascent RNA, messenger RNA, and ribosomal RNA from yeast and
human cells. Mass spectroscopic analysis confirmed the presence of
RNA abasic sites. The RNA abasic sites were found to be coupled
to R-loops. We show that human methylpurine DNA glycosylase
cleaves N-glycosidic bonds on RNA and that human apurinic/
apyrimidinic endonuclease 1 incises RNA abasic sites in RNA–DNA
hybrids. Our results reveal that, in yeast and human cells, there
are RNA abasic sites, and we identify a glycosylase that generates
these sites and an AP endonuclease that processes them.
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Abasic sites (also referred to as apurinic/apyrimidinic [AP]
sites or missing bases) impact the structure of RNA and

hence the functions of RNA. Yet, the abundance of abasic sites
in RNA and their regulation are largely unknown. Studies of
DNA abasic sites have led to an important mechanistic under-
standing of DNA damage repair (1). In contrast, only a few
studies of abasic sites in the RNA have been reported, such as
those in ribosomal RNA generated by ricin and loss of bulky
bases that are susceptible to depurination (2, 3).
In the early 1960s, it was noted that, in cells exposed to UV

radiation, bases in the DNA were removed and replaced (4–7).
Then, researchers found that AP sites can arise through cleavage
of N-glycosidic bonds, which release bases from the DNA chain
(8, 9). These discoveries led to elegant mechanistic details that
revealed AP sites as intermediates in DNA damage repair and
formed the basis of many life-saving cancer therapeutics and
advanced studies on aging. Despite the seminal discovery of
abasic sites in DNA, abasic sites in RNA continue to elude at-
tention. Perhaps since the glycosidic bonds in RNA are stronger
than those in DNA (10–12), depurination in RNA may occur less
frequently as compared to that in the DNA, and therefore RNA
abasic sites receive much less attention. However, some studies
suggested that there are glycosylases and conditions that favor
the nucleophilic attack on glycosidic bonds in RNA (13). Since
many functional RNA molecules are single-stranded, abasic sites
can have profound effects on RNA structure and function. Studies
have suggested that RNA abasic sites are more stable than those in
the DNA (14), which may add to their regulatory potential.
The best-characterized RNA abasic site is the one at position

4,324 in 28S ribosomal RNA (rRNA) where an adenine in the
GAGA loop is removed by ricin, an N-glycosylase (2). The resulting
abasic site-containing rRNA leads to ribosome inactivation, translation
deficiency, and cell death. In addition to the abasic site in 28S
rRNA, abasic sites are also found in transfer RNAs (tRNAs) where

some modified bases such as wybutine in tRNAphe are labile (3);
when removed, abasic sites are found in those positions. Additionally,
abasic sites have been generated when 7-methylguanine is reduced
with sodium borohydride, leading to hydrolysis of the glycosidic bond
and release of 7-methylguanine (15). The reactivity of 7-methylguanosine
was leveraged in the first RNA sequencing methods (16) and for
studying the structures of rRNAs (17) and tRNAs (18).
In addition to the known RNA abasic sites, some enzymes form

and process RNA abasic sites. In addition to ricin, other ribosome-
inactivating proteins, such as the Shiga toxin (19), also create abasic
sites in their target RNAs. Some ribosome-inactivating proteins
such as saporin-L1 and pokeweed antiviral protein cleave glycosidic
bonds in rRNA and messenger RNA (mRNA) (20, 21). Addi-
tionally, even though apurinic/apyrimidinic endonuclease 1 (APE1)
is viewed as an enzyme that cleaves the phosphodiester backbone of
DNA at abasic sites (22–25), there are suggestions that APE1 may
cleave RNA abasic sites in vitro (26, 27). Single ribonucleoside
monophosphates (rNMPs) are incorporated in DNA by DNA
polymerases and are removed by ribonucleotide excision repair
(28). Double-strand DNA containing a single abasic ribose is
cleaved by human APE1, but not by eukaryotic RNase H2, the
enzyme that cleaves at rNMPs in DNA (29). However, Escherichia
coli RNase HII does incise at these ribose abasic sites (30).
In a recent study aimed at characterizing proteins that interact

with R-loops, we identified components of the base excision repair
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pathway, including the endonuclease APE1 and the methylpurine
DNA glycosylase (MPG) (31). Since MPG can generate abasic
sites and APE1 can cleave abasic-site–containing nucleic acids, we
suspected that cells may contain more RNA abasic sites than
previously recognized. Here, by chemistry, genetics, and physical
identification, we show that abasic sites are present in nascent
transcripts, mRNA, and rRNA from yeast and human cells. We
also obtained evidence that RNA abasic sites are coupled to
R-loops. We found that MPG has glycosylase activity on RNA of
RNA–DNA hybrids, leading to RNA abasic sites that are sub-
strates for RNA strand incision by APE1. Our findings on RNA
abasic sites expand the biological repertoire of RNA.

Results
Detection of RNA Abasic Sites.At an abasic site, the exposed ribose
adopts an equilibrium between an open-ring aldehyde and
closed-ring hemiacetal structures. The aldehyde group in the C1′
position is electrophilic and reactive to nucleophiles, such as
primary amines (32). Established methods for detection of DNA

abasic sites rely on marker primary amines, such as the aldehyde-
reactive probe (ARP) (N′-aminoxymethylcarboxylhydrazino-D-
biotin) (8, 33) or AA3 (O-2-propynylhydroxylamine hydrochloride)
(34). These reagents react with and label the aldehyde on exposed
deoxyribose; aniline also reacts with the AP site aldehyde inducing
β-elimination–mediated strand incision. Here, we showed that
these methods can identify RNA abasic sites (SI Appendix, Fig.
S1). In addition, a mass spectrometry-based method was de-
veloped to measure ribose-5′-phosphate generated from RNA
abasic sites (see section below).

Probing for Abasic Sites in RNA from Yeast and Human Cells. In an
initial series of experiments, we characterized the presence of
abasic sites in biological samples of RNA. First, we asked if there
are RNA abasic sites in yeast cells that grow under normal
conditions. RNA was extracted from the wild-type (WT) yeast
strain BY4741 and incubated with ARP. The results revealed, as
with the positive control abasic-site–containing oligomer and
tRNAphe (SI Appendix, Fig. S1 A and F), that ARP reacted with
the sample of total RNA (Fig. 1A); sensitivity to RNase A, but
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Fig. 1. (A) ARP bound to total RNA from Saccharomyces cerevisiae. Total RNA purified from wild-type yeast strain BY4741 was treated with biotinylated ARP and
then incubated with RNase A, DNase I, or just buffer. RNA was analyzed by gel electrophoresis. Biotin signal from ARP was detected by blotting and chemilu-
minescent assay. (B) ARP bound to mRNA from S. cerevisiae. Polyadenylated mRNA was purified from yeast using oligo-dT resin and incubated with biotinylated
ARP and detected as above. (C) Abasic sites were detected in nascent RNA of three yeast strains. Nascent RNAwas tagged with biotin and isolated by nuclear run-on
assays. Then the nascent RNAwas incubated with AA3 in vitro and labeled by click chemistry with Alexa Fluor 488. (D and E) RNA abasic sites are found in four types
of human cells in both total RNA (D) and mRNA (E) by ARP detection as above. Representative gel images from at least three experiments are shown.
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resistance to DNase I, confirmed that the ARP-bound samples
were RNA and not DNA. Next, samples enriched in mRNA
were prepared, and these were found to be positive for reaction
with ARP (Fig. 1B). We then extended these studies to other WT
yeast strains (SI Appendix, Fig. S2A) and confirmed that RNA
from these WT yeast strains was labeled by ARP. Aniline
treatment of total RNA samples from these cells revealed
cleavage, as expected for RNA with abasic sites (SI Appendix,
Fig. S2B). Since AA3 is taken up by living yeast cells (34), we
added AA3 to a yeast culture, and RNA was then isolated at
different times to evaluate in vivo abasic site binding and label-
ing. AA3 labeling of RNA was found to increase in a time-
dependent manner (SI Appendix, Fig. S2C). To assess if abasic
sites could be found in newly synthesized RNA, we conducted
nuclear run-on experiments and isolated the nascent RNA. The

resultant nascent RNA was incubated with AA3. Abasic sites
were found in the nascent RNA of all three WT yeast strains
(Fig. 1C). Finally, we investigated whether RNA abasic sites
could be found in human cells. ARP treatment of total and
mRNA samples from primary skin fibroblasts, cultured B-cells,
and cells of kidney origin revealed labeling, consistent with the
presence of RNA abasic sites (Fig. 1 D and E).

Verification of RNA Abasic Sites by Mass Spectrometry. To deter-
mine the presence of abasic sites in RNA using an independent,
quantitative method, we turned to liquid chromatography tan-
dem mass spectrometry. The challenge here was to detect the
ribose-5′-phosphate that is generated at abasic sites. To achieve
this, we utilized hydrophilic interaction liquid chromatography
(HILIC) (35) for the separation of NMPs and ribose-5′-phosphates.
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Fig. 2. Mass spectrometry method to identify RNA abasic sites. (A) The ribose-5′-phosphate calibration curve with seven points that span two orders of
magnitude. The lowest detectable amount was 25 pg, and the upper limit of linearity was 2,500 pg. Linearity was accomplished with an R2 value of 0.9881. (B)
Extracted ion chromatograms of a mixture of four canonical ribonucleoside monophosphates and ribose-5′-phosphate (5′-RP). Under HILIC conditions, the
5′-RP eluted between UMP and GMP. (C) Abundance of RNA abasic sites as determined by mass spectrometry. (D) Overlap of extracted ion chromatograms of
the canonical nucleotides (i) and abasic transition trace (ii). The small peak observed below cytidine monophosphate (CMP) (i) is the result of the CMP M+1
peak. The CMP isotope mass is equal to the mass of UMP and is observed in the UMP trace. Nucleobase loss in the canonical ribonucleoside monophosphates
from the electrospray process is observed. (ii) The abundance of the base loss is four orders of magnitude less than the intact canonical monophosphate.
Labeled peaks are ribose phosphate generated from CMP, ribose phosphate generated from adenosine monophosphate (AMP), ribose phosphate generated
from UMP (very low signal), and ribose phosphate generated from GMP. Asterisk-labeled peak is that of the RNA abasic site which separates from the
canonical nucleotides.
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To enhance detection sensitivity and specificity, selected reaction
monitoring (SRM) with a triple quadrupole mass spectrometer
was used. For the ribose phosphate, the two main product ions
generated by collisional induced dissociation were m/z 97 and 79.
An SRM method was optimized based on these product ions by
direct infusion of ribose-5′-phosphate. The standard curve of
ribose-5′-phosphate showed a linear range of detection from
25 to 2,500 pg and an R2 of 0.99 (Fig. 2A). Chromatographic
conditions were chosen and optimized to ensure that all of the
canonical ribonucleotides were distinguishable from the ribose-
5′-phosphate (Fig. 2B). Under HILIC conditions, the 5′ ribose-
phosphate standard elutes between uridine monophosphate
(UMP) and guanosine monophosphate (GMP).
For mass spectrometric detection of abasic sites in RNA, the

samples were enzymatically digested to 5′-phosphate nucleotides
by RNase P1 (36). Quantification of abasic sites in total RNA
from four types of human cells was then performed. The results
showed that all cell types have about three RNA abasic sites per
million ribonucleotides (Fig. 2C). The method is sensitive to the
presence of ribose-5′-phosphate in the sample as well as to ribose
phosphate generated by base loss from the NMPs during elec-
trospray ionization (Fig. 2D). However, the electrospray-induced
base loss can be distinguished from the ribose-5′-phosphate by
the different chromatographic retention times of the canonical
ribonucleotides and ribose-5′-phosphate. The asterisk-labeled peak
at 9.4 min aligned with the standard ribose-5′-phosphate elution
time. The retention time for the other three peaks aligned with cy-
tidine monophosphate, adenosine monophosphate, and guanosine
monophosphate from the corresponding canonical ribonucleotides.

RNA Abasic Sites Are Coupled to R-Loops. Since the search for RNA
abasic sites was motivated by our finding of MPG and APE1 as
R-loop interacting proteins (31), we examined the relationship
between R-loops and RNA abasic sites more closely. To this end,
we turned to yeast mutants with aberrant R-loop abundance. As
nascent RNA exits the RNA polymerase complex, the RNA is
close to its template DNA, this may lead to the formation of
RNA–DNA hybrids and displacement of the nontemplate
strand, thus generating R-loops (37, 38). The resultant R-loops
must be resolved to allow transcription to continue. Cells have
different mechanisms to resolve R-loops, including the use of
RNase H enzymes to cleave the RNA in the hybrids (39–41) and
topoisomerase to unwind the DNA (41, 42). Yeast deletion
mutants of genes that encode these enzymes are known to ac-
cumulate more R-loops (41–43). Thus, detailed mapping showed
a genome-wide increase in R-loops when genes encoding the
RNase H enzymes were deleted in yeast (44).
To examine a possible correlation between R-loops and RNA

abasic sites in RNA, we quantified abasic sites in RNase H
mutant cells (rnh1Δrnh2Δ). A positive control topoisomerase1
mutant (top1Δ) and the corresponding WT parental strains were
included in the study, and the results are shown in Fig. 3 A and B.
The RNase H and topoisomerase1 mutant cells with increased
R-loops had about 50% more abasic sites than the WT cells
(Fig. 3 A and B). To follow up on these findings with yeast
mutants, we overexpressed human RNase H1 in human fibro-
blasts to increase the resolution of R-loops (45). Following
RNase H overexpression, total RNA from human fibroblasts
exhibited a reduction in abasic sites (Fig. 3C).

MPG and APE1 Interact with RNA. Next, we asked if MPG and
APE1 interact with RNA. MPG is known to bind and cleave the
N-glycosidic bond in DNA (46), but is not known to process
RNA. Here, with biolayer interferometry, we found that MPG
binds single-stranded RNA in a dose-dependent manner in vitro
(SI Appendix, Fig. S3A). Next, to ask if MPG and APE1 bind
RNA in vivo, in human primary fibroblasts, we carried out RNA
immunoprecipitation (RIP) with antibodies against MPG and

APE1. We then identified the RNA substrates genome-wide by
sequencing the RIP eluates, and asked if there are shared RNA
substrates of MPG and APE1, and if those substrates colocalize
to R-loops. SI Appendix, Fig. S3B, shows results for three represen-
tative genes: ARHGAP40, ATP12, and EXD3 where the MPG- and
APE1-binding sites aligned and are found in R-loops. Genome-wide,
there are over 2,000 shared RNA substrates of MPG and APE1 that
are in R-loop regions (SI Appendix, Fig. S3C) (47).

MPG Cleaves Glycosidic Bonds in RNA. To extend the results de-
scribed above using primary human fibroblasts, we silenced MPG
by RNA interference (SI Appendix, Fig. S4A) and then assessed
for RNA abasic sites. The results showed a temporal decrease in
the abundance of RNA abasic sites following MPG knockdown
(SI Appendix, Fig. S4B). These results were confirmed by mass
spectrometry (SI Appendix, Fig. S4C). We also assessed the ef-
fect of MPG knockdown on R-loops (SI Appendix, Fig. S4 D and
E). The results revealed that, in cells with lower MPG levels and
fewer RNA abasic sites, there were fewer R-loops.
Next, we followed up on this in vivo evidence with a bio-

chemical assay to determine if purified MPG can excise hypo-
xanthine from RNA–DNA duplexes with inosine in the RNA
strand of a model R-loop substrate. As shown in SI Appendix,
Fig. S4F, MPG excised the hypoxanthine in the RNA inosine–
DNA duplex of this R-loop model substrate. As expected,
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Fig. 3. RNA abasic sites are coupled to R-loops in yeast and human cells.
(A and B) Abasic sites in total RNA (A) and mRNA (B) from rnh1Δrnh20Δ
(rnhΔΔ), topΔ mutants, and their parental strains were quantified. ARP signal
was normalized to the amount of input RNA. The rnhΔΔ and topΔ mutants
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double-stranded DNA (dsDNA) containing deoxyinosine was
also excised, confirming the known enzymatic activity of our
sample of purified MPG. Incubation of control RNA–DNA and
dsDNA lacking inosine or deoxyinosine with MPG under similar
reaction conditions confirmed the enzymatic specificity of puri-
fied MPG (SI Appendix, Fig. S4G).

APE1 Incises RNA–DNA Hybrids at the RNA Abasic Site. Next, we
asked if RNA–DNA hybrids with abasic-site–containing RNA
could be processed by APE1 in vivo. In yeast, the two genes APN1
and APN2 encode AP endonucleases. We examined the abundance
of RNA abasic sites in the deletion mutants of these two genes.
Fig. 4A shows that apn1Δ and apn2Δ mutants had more abasic sites
than their WT parental strain. Cleavage of a strand in the hybrid of
an R-loop likely resolves the R-loop. To assess if this occurs, we
quantified R-loops in WT yeast and APN mutants. As expected,
yeast mutants that are deficient in cleavage of abasic-site–containing
hybrids had more R-loops, as shown in Fig. 4B.
Given the in vivo evidence that APE1 is involved in the incision

of RNA abasic sites, we characterized APE1 activity on different
RNA substrates containing a stable AP site analog, tetrahydrofuran
(F). We generated two different RNA–DNA hybrid molecules
where F was located within the RNA strand (denoted as RNAF–

DNA) or within the DNA strand (denoted as DNAF–RNA). The
strand containing the AP site, as illustrated in Fig. 4 C and D, was
5′-end–labeled with fluorescein (FAM) as indicated by orange
circles. This strand was annealed with the corresponding comple-
mentary DNA or an RNA 38-mer without an abasic site. To ensure
that the experimentally observed cleavage product was not a result
of RNase contamination in the purified APE1 sample, controls
without abasic sites were incubated with APE1 for the duration of the
incision reactions performed with the RNA–DNA hybrids; we did not
observe any RNase activity in these reaction mixtures (SI Appendix,
Fig. S5A). Finally, in preliminary experiments, we found that APE1
was able to incise the abasic site in the RNA–DNA hybrid substrate
(SI Appendix, Fig. S5A). Therefore, a quantitative assessment of the
APE1 incision activity was performed under single-turnover condi-
tions, where the enzyme concentration exceeded that of the substrate
concentration.
The results shown in Fig. 4C revealed that APE1 was able to

incise the AP site in both RNA–DNA hybrid substrates, i.e., in
the context of RNAF and DNAF. The enzyme exhibited an ap-
proximately six-fold higher activity when the AP site was located
within the DNA strand, as compared to when the AP site was located
in the RNA strand. To better understand the context of APE1 activity
in RNA processing, we generated and tested a third substrate mol-
ecule, RNAF–RNA. As shown in Fig. 4D and SI Appendix, Fig. S5B,
APE1 exhibited activity on the RNAF–RNA substrate, but this
activity was relatively weak compared with the activity against the
RNA–DNA hybrids. The rate constants observed with the three
substrates tested are summarized in Fig. 4E.

Discussion
We report the detection of RNA abasic sites in yeast and human
cells. To date, only a few examples of RNA abasic sites have been
reported with none in yeast or human cells. Here, we show that RNA
abasic sites are not as rare as assumed. We used several methods to
detect abasic sites, including the use of 1) primary amine-based re-
agents (ARP and AA3) to react with the aldehyde group of the ex-
posed ribose of the abasic site, 2) APE1 enzymatic specificity for an
incision 5′ to abasic sites, and 3) aniline to cleave RNA abasic sites
through β-elimination. Additionally, we carried out HILIC chromatography
tandem mass spectrometry to confirm and quantify the presence of
RNA abasic sites. We found that abasic sites are formed early
during RNA synthesis since they were detected in nascent RNA
and coupled to R-loops. RNA abasic sites were identified in both
ribosomal and messenger RNAs. We identified MPG as an enzyme
that cleaves the N-glycosidic bond in ribonucleotides and generates

abasic sites in RNA. Then APE1 can incise at these abasic sites to
process the RNA.
Our search for RNA abasic sites was motivated by identifying

MPG and APE1 as RNA–DNA hybrid binding proteins. We
found that RNA abasic sites are coupled to the abundance of
R-loops. Yeast mutants (rnh1Δrnh2Δ, top1Δ) with more R-loops
have more RNA abasic sites. MPG cleaves the N-glycosidic bond
on RNA in RNA–DNA hybrids. These findings suggest that
R-loops facilitate the formation of RNA abasic sites, perhaps
through the recruitment of glycosylases such as MPG. The re-
sultant abasic sites may, in turn, stabilize the R-loops, since MPG
silencing results in fewer R-loops. Furthermore, it is known that
R-loops are more stable than the corresponding DNA (48, 49)
and that the 2′ OH group of the ribose confers stability to abasic
sites in the RNA compared to deoxyribose in the DNA; in vitro
data showed that RNA with abasic sites is at least 15-fold less
prone to strand cleavage than DNA with abasic sites (14, 50).
Thus, given that R-loops and RNA abasic sites are stable on their
own, it is likely that R-loops with RNA abasic sites can be quite
stable. RNA abasic sites, therefore, may affect how long a particular
R-loop persists, which then influences the expression of that tran-
script and its downstream substrates (51–53). Our preliminary
model, therefore, is that R-loops recruit enzymes such as MPG to
generate RNA abasic sites which in turn stabilize R-loops.
However, the R-loops must be resolved eventually to free the

DNA for transcription. APE1 is recruited to cleave RNA at an
abasic site which then leads to resolution of the R-loop. Our
results show that the activity of APE1 differs when RNA or DNA
are used as a substrate. The difference in sugar puckering for
RNA vs. DNA (C2′ endo for DNA and C3′ endo for RNA)
influences the intrinsic bending and sculpturing of the substrate
necessary for APE1 to create its fully assembled active site. Thus,
the intrinsic flexibility of the substrate may be an important
factor contributing to the activity differences observed with the
substrates that were studied here. Flexibility is also known to be
influenced by nucleic acid sequence; for example, poly(dA) tracts
exhibit decreased DNA flexibility (54). Consequently, cleavage
of the AP site within RNAF, opposite to its cRNA strand, is inhibited
as compared to the RNAF–DNA hybrid. A comparison of the results
from the experiments summarized in Fig. 4E to those previously
published on DNAF–DNA (55) reveals that the strand incision
activity of APE1 is much higher on DNAF–DNA (∼36/s) than the
activities measured on RNA hybrids in the current study. Impor-
tantly, analysis of sugar puckering of Protein Data Bank IDs 5DFF
and 5DFI (55) shows significant changes in sugar conformation pre
and post catalysis by APE1 in both strands as analyzed by the ×3DNA
website (56). This is consistent with the notion that sugar confor-
mation is important in APE1 activity and that the enzyme imposes
conformational changes in the substrate during the strand incision
process. Structural analysis to elucidate the molecular details will be
needed for further understanding of the mechanisms.
The earlier studies of abasic sites were primarily focused on

DNA damage repair. Compared to DNA, RNA transcripts are
short-lived. It seems unnecessary to have an extensive system to
repair the abasic sites in RNA when transcripts can be degraded
and another copy can be made through transcription. However,
there may certainly be an RNA repair mechanism with abasic
sites as intermediates. These RNA abasic sites may result from
the removal of modified ribonucleotides, damaged ribonucleo-
tides, or misincorporated bases during RNA synthesis. Further
studies are needed to examine these possible mechanisms.
If RNA abasic sites are not merely intermediates of repair, they

may be regulatory. Abasic sites likely alter the shape and stability of
RNA, and thus they can alter the interaction of RNA with other
nucleic acids, such as antisense RNA, and with regulatory proteins.
RNA abasic sites may participate in gene regulation in non-
canonical RNA editing by serving as intermediates and by altering
RNA structures to attract the mediating proteins. We previously
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showed that noncanonical RNA editing or RNA–DNA sequence
differences, RDDs, are coupled to R-loops (43, 57). We and others
have found transversion-type differences between RNA and its
underlying DNA sequences (58–60). There is no enzymatic reaction
that converts a purine to a pyrimidine or vice versa. However, an
RNA abasic site can be an intermediate of removal and replace-
ment steps that form these transversion type RDDs.
Our finding of abasic sites in RNA is viewed as a step in under-

standing R-loop metabolism, and MPG and APE1 are the enzymes
uncovered in this pathway. The results presented here form the basis

for future studies on how RNA abasic sites are processed and their
function. The methods developed here enabled the identification of
RNA abasic sites and will facilitate studies of yet-unknown RNA-
processing pathways that depend on abasic sites.

Materials and Methods
Total RNA and mRNA from yeast and human cells were extracted and an-
alyzed for abasic sites by reactions to various amines and by mass spec-
trometry. Yeast and human cells were also processed to study R-loops. RNA
interference and enzymology were carried out to determine the effect of
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the activity of MPG and APE1 on RNA. Detailed information on these
methods is available as SI Appendix, Materials and Methods.

Data Availability. Sequence data have been deposited in the National Center
for Biotechnology Information BioProject database under accession no.
PRJNA625090.
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