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Nicotinamide adenine diphosphate (NAD*) is a novel messenger
RNA 5’ cap in Escherichia coli, yeast, mammals, and Arabidopsis.
Transcriptome-wide identification of NAD*-capped RNAs (NAD-RNAs)
was accomplished through NAD captureSeq, which combines chemo-
enzymatic RNA enrichment with high-throughput sequencing. NAD-
RNAs are enzymatically converted to alkyne-RNAs that are then bio-
tinylated using a copper-catalyzed azide-alkyne cycloaddition (CUAAC)
reaction. Originally applied to E. coli RNA, which lacks the m’G cap,
NAD captureSeq was then applied to eukaryotes without extensive
verification of its specificity for NAD-RNAs vs. m’G-capped RNAs
(m’G-RNAs). In addition, the Cu?* ion in the CUAAC reaction causes
RNA fragmentation, leading to greatly reduced yield and loss of full-
length sequence information. We developed an NAD-RNA capture
scheme utilizing the copper-free, strain-promoted azide-alkyne cyclo-
addition reaction (SPAAC). We examined the specificity of CUAAC and
SPAAC reactions toward NAD-RNAs and m’G-RNAs and found that
both prefer the former, but also act on the latter. We demonstrated
that SPAAC-NAD sequencing (SPAAC-NAD-seq), when combined with
immunodepletion of m’G-RNAs, enables NAD-RNA identification with
accuracy and sensitivity, leading to the discovery of new NAD-RNA
profiles in Arabidopsis. Furthermore, SPAAC-NAD-seq retained full-
length sequence information. Therefore, SPAAC-NAD-seq would en-
able specific and efficient discovery of NAD-RNAs in prokaryotes and,
when combined with m’G-RNA depletion, in eukaryotes.
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he modification of RNA species contributes to diverse bio-

logical processes by regulating gene expression (1). For
messenger RNAs (mRNAs) in eukal;yotes, one of the most
predominant modifications is the 5’ m’G cap. Extensive studies
over the past decades have revealed its wide-reaching roles in the
life of an mRNA, such as transcript stability, polyadenylation,
pre-mRNA splicing, mRNA export, and translation initiation
(2, 3). In prokaryotes, it was long believed that RNAs contain a
triphosphate at the 5’ end (4). Recently, this view was modified by
the detection of nicotinamide adenine dinucleotide (NADY), a
redox cofactor, at the 5 end of prokaryotic RNAs by high-
performance liquid chromatography coupled to mass-spectrometry
(HPLC-MS) (5). Being an ATP analog, NAD™ is used by RNA
polymerases for incorporation into the RNA 5" end (6, 7).

While affirming that bacterial RNAs possess an NAD™ cap,
LC-MS does not supply sequence information on NAD " -capped
RNAs (NAD-RNAs). In 2015, a robust new technique, known as
NAD captureSeq, was developed for this purpose (8). Originally
applied to Escherichia coli, NAD captureSeq combined chemo-
enzymatic reactions and next-generation sequencing to identify 44
annotated RNA species as NAD-RNAs, including both mRNAs
and noncoding RNAs acting in cellular metabolism and stress
responses (8). Following its demonstration in prokaryotes, NAD
captureSeq was widely applied to eukaryotes, revealing thousands
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of NAD-RNAs in the transcriptomes of yeast, mammals, and
plants (9-13). The widespread discovery of RNAs with this novel
cap opened a new research field dedicated to deciphering the
function of the NAD™ cap.

The methodology of NAD captureSeq includes an enzymatic
reaction followed by click chemistry to specifically biotinylate NAD-
RNAs for subsequent purification. First, adenosine diphosphate-
ribosylcyclase (ADPRC) catalyzes a transglycosylation reaction of
NAD™ to replace the nicotinamide moiety with an alkynyl alcohol.
The alkyne product is further modified by click chemistry-mediated
biotinylation through a copper-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction (14). For simplicity, we will refer to this original
reaction as the CuAAC-NAD reaction. Finally, the biotinylated
NAD-RNAs can be captured using streptavidin beads and subjected
to high-throughput sequencing (8).

NAD captureSeq has been integral in expanding our knowledge
of NAD-RNAs, but still suffers shortcomings. Most notably, the
usage of copper ions during the biotinylation step induces RNA
degradation that would prohibit the preservation of RNAs of low
abundance, which may explain the enrichment of NAD-RNAs in
noncoding transcripts (which may have secondary structures that

Significance

The m’G cap is the canonical RNA cap in eukaryotes, but other
noncanonical RNA caps exist, including the NAD* cap. NAD cap-
tureSeq has been widely used to profile NAD"-capped RNAs
(NAD-RNAs) in prokaryotes and eukaryotes. However, NAD cap-
tureSeq reacts at a low level with m’G-RNAs and introduces
copper ions that cause RNA fragmentation, resulting in reduced
sensitivity and loss of full-length sequence information. To ad-
dress these issues, we developed the copper-free SPAAC-NAD-seq,
which utilizes the strain-promoted azide-alkyne cycloaddition re-
action to capture NAD-RNAs followed by high-throughput se-
quencing. Compared to NAD captureSeq, SPAAC-NAD-seq is more
sensitive and retains full-length sequence information. This opti-
mized technique provides a useful tool to profile NAD-RNAs in
prokaryotes and, when combined with m’G-RNA depletion, in
eukaryotes.

Author contributions: H.H., N.F., H. Zhang, Z.C,, Y.X., and X.C. designed research; H.H.,
R.H., and X.W. performed research; H.H., C.Y., H. Zhong, and X.C. analyzed data; and H.H.,
N.F., and X.C. wrote the paper.

Reviewers: A.T.W., University of Michigan-Ann Arbor; and X.Z., Texas A&M University.
The authors declare no competing interest.
Published under the PNAS license.

To whom correspondence may be addressed. Email: yxia@hkbu.edu.hk or xuemei.chen@
ucr.edu.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2025595118/-/DCSupplemental.

Published March 22, 2021.

https://doi.org/10.1073/pnas.2025595118 | 1 of 11

n
1]
=
W
=
]
o


https://orcid.org/0000-0002-0614-3921
https://orcid.org/0000-0003-1177-1794
https://orcid.org/0000-0002-2981-6121
https://orcid.org/0000-0001-9345-827X
https://orcid.org/0000-0002-1933-6837
https://orcid.org/0000-0002-9543-8341
https://orcid.org/0000-0002-5209-1157
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2025595118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:yxia@hkbu.edu.hk
mailto:xuemei.chen@ucr.edu
mailto:xuemei.chen@ucr.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025595118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025595118/-/DCSupplemental
https://doi.org/10.1073/pnas.2025595118
https://doi.org/10.1073/pnas.2025595118

Downloaded at UNIV OF CALIFORNIA RIVERSIDE on August 27, 2021

promote stability) (8, 13, 15). Moreover, the fragmentation of
RNA in the CuAAC-NAD reaction causes a loss of full-length
sequence information, with reads being concentrated toward the
5’ ends of genes (10, 11). This is because the purification of 5’
biotinylated RNAs, which may have lost their 3’ portions due to
copper ion-triggered cleavage, precedes library construction. Thus,
the establishment of an optimized sequencing technology to avoid
RNA fragmentation will pave the way for enhanced understanding
of NAD-RNAs.

The strain-promoted azide—alkyne cycloaddition (SPAAC)
reaction is an alternative approach for click chemistry that does
not require a Cu* catalyst (16). This reaction is highly efficient
and ultrafast because of the large amount of ring strain in the
cyclooctyne (17). Due to the absence of exogenous metal cata-
lysts, this reaction would reduce RNA degradation. ADPRC can
catalyze the replacement of nicotinamide by various nucleophiles
through transglycosylation (18), providing the possibility of for-
mation of azide-functionalized NAD™*. The SPAAC reaction
would subsequently label this azide-functionalized NAD™* using
cyclooctyne linked to a biotin group. For simplicity, we termed
this approach the SPAAC-NAD reaction. The SPAAC-NAD
reaction, in theory, may be able to enrich NAD-RNAs without
RNA fragmentation to preserve the complete sequence and
structural information of NAD-RNAs.

Other than the capability to enrich NAD-RNAs without
fragmentation, the specificity of NAD-RNA capture is perhaps
the most critical factor in accurate NAD-RNA identification. A
plethora of chemical modifications to RNA exists, with ribo-
somal RNA (rRNA) and transfer RNA (tRNA) containing the
largest number of diverse modifications (19). Therefore, non-
specific reactions involving some RNA modifications may occur
during CuAAC- or SPAAC-NAD reactions, even without the
addition of the ADPRC enzyme (ADPRC-) (11). This can be
circumvented by defining significantly enriched transcripts be-
tween the ADPRC+ and ADPRC- NAD captureSeq samples as
NAD-RNAs. Additionally, NAD™" is not the only substrate that
can be catalyzed by ADPRC to produce a cyclic product in the
absence of nucleophiles (20), which is a concern for specific
NAD-RNA capture. Substrates such as bis-adenine dinucleotide
(Ap,A) or bis-hypoxanthine dinucleotide (Hp,H) also show
strong affinities for the ADPRC enzyme active site, implying that
there may be other purine substrates of ADPRC. In prokaryotes
like E. coli, where NAD captureSeq was originally applied, this
imperfect specificity was less of a concern because RNAs are
largely uncapped; however, in eukaryotes, the m’Gppp cap is the
predominant cap structure and it may possess enzymatic and
chemical reactivity (21, 22). In vitro assays showed that APDRC
does have weak activity toward m’G-capped RNAs (m’G-RNAs)
).

Here, we present an NAD-RNA profiling method, SPAAC-
NAD-seq, which combines the ADPRC reaction with the copper-
free SPAAC reaction for more efficient enrichment of intact NAD-
RNAs followed by sequencing. We examined the specificities of
the CuAAC- and SPAAC-NAD reactions and showed that they
both act weakly on m’G-RNAs. Thus, we optimized NAD cap-
tureSeq and SPAAC-NAD-seq by incorporating an m’G-RNA
depletion step with an m’G antibody. A large number of authen-
tic NAD-RNA-producing genes from Arabidopsis was identified
after eliminating competition from m’G-RNAs. In comparison to
NAD captureSeq, SPAAC-NAD-seq exhibits high efficiency and
no RNA degradation, providing a method to discover low-
abundant NAD-RNAs as well as preserving full-length sequence
information.

Results

Development of the SPAAC-NAD Reaction. NAD captureSeq is the
current method for global identification of NAD-RNAs in cells.
Initially applied to E. coli (8), this method involves chemoenzymatic
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replacement of the nicotinamide moiety of NAD* with 4-pentyn-1-
ol by the ADPRC enzyme. Subsequently, the CuAAC reaction
produces a biotinylated product through click chemistry (SI Ap-
pendix, Fig. S1 A-G). Unfortunately, the addition of copper ions in
the reaction induces degradation of RNA. To circumvent the
problem, we evaluated the potential use of the SPAAC reaction to
biotinylate NAD-RNA (Fig. 14). As in NAD captureSeq, the first
step is the transglycosylation of NAD" catalyzed by ADPRC.
However, the alkyne is replaced by 3-azido-1-propanol, which is
amenable to subsequent biotinylation using copper-free click
chemistry. Untargeted HPLC showed that an NAD™" standard was
completely converted to a new product in the presence of ADPRC,
and MS confirmed that the nicotinamide moiety was replaced by
3-azido-1-propanol (Fig. 1 B-E). Subsequently, the azide moiety of
this product reacted with the alkyne moiety of biotin-PEG4-DBCO
through a SPAAC reaction, thus producing the final biotinylated
NAD *-derived structure, which was confirmed by LC-MS (Fig. 1 F
and G). In acknowledgment of the click chemistry reaction, we
termed this method the SPAAC-NAD reaction.

To further test the feasibility of the SPAAC-NAD reaction to
biotinylate NAD-RNAs, we subjected an in vitro-transcribed,
31-nucleotide (nt) NAD-RNA to the CuAAC- or SPAAC-NAD
reaction. This was followed by incubation with streptavidin beads
and the RNAs eluted from the beads were used to perform a gel
blot assay, wherein biotin signal was detected. In the CuAAC- or
SPAAC-NAD reaction, samples were processed in the presence
or absence of ADPRC, where ADPRC- samples underwent all
treatments except addition of the enzyme (Fig. 1H). The results
suggested that the SPAAC-NAD reaction can successfully
biotinylate NAD-RNA.

To compare the CuAAC- and SPAAC-NAD reactions on
RNAs from cells, 100 pg of total RNA from Arabidopsis seed-
lings were subjected to the CuAAC- or SPAAC-NAD reaction.
Consistent with our expectations, NAD-RNA captured by the
SPAAC-NAD reaction showed intact RNA bands, while those
captured by the CuAAC-NAD reaction were degraded to shorter
fragments (Fig. 17). In striking contrast to the weak smear of
CuAAC-treated samples, SPAAC-treated samples showed much
stronger biotin signals, implying that this method significantly
increases the biotinylation efficiency of NAD-RNAs (Fig. 1/,
compare lanes 1 and 5). However, in both methods, ADPRC-
samples also produced signals (Fig. 1/, lanes 2 and 6) that prob-
ably represented RNAs containing unknown modifications that
were able to react during the CuAAC- and SPAAC-NAD reac-
tions, independently of the ADPRC enzyme. Nonspecific signals
were also observed in SPAAC-treated samples that did not in-
clude 3-azido-1-propanol (Fig. 17, lanes 7 and 8), suggesting that
some unknown modifications in total RNAs can directly react with
biotin-PEG4-DBCO used in the SPAAC-NAD reaction (Fig. 11).

mRNAs usually contain low levels of RNA modifications;
therefore, we isolated mRNAs from total RNAs and performed
similar assays. The results showed that biotin signals were only
detected in ADPRC+ samples (Fig. 1/, lanes 1 and 5), suggesting
that the signals in ADPRC- samples from total RNA samples
(Fig. 1I) were due to non-mRNA transcripts. Additionally, stronger
signals with higher molecular weights were observed in SPAAC-
treated samples compared to CuAAC-treated ones (Fig. 1J), sug-
gesting higher biotinylation efficiency and less RNA degradation in
the SPACC treatment.

Specificity of the SPAAC-NAD Reaction. To examine the specificity of
the CuAAC- and SPAAC-NAD reactions, RNA species capped
with ATP, ADP, m7GpppA, FAD, NAD™", or NADH were tested.
The same DNA sequence carrying a T7 promoter was used as a
template for in vitro transcription to incorporate these 5'-end
nucleotides (Fig. 24). Boronate affinity electrophoresis was used
to distinguish the RNAs with different 5’-end nucleotides (23).
The boronic acid in the gel forms a covalent adduct with a vicinal
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Fig. 1. The establishment and advantage of the SPAAC-NAD reaction. (A) Schematic diagram of the SPAAC-NAD reaction. ADPRC catalyzes the reaction
replacing the nicotinamide moiety of NAD* with 3-azido-1-propanol, followed by SPAAC-based biotinylation with biotin-PEG4-DBCO. (B) HPLC chromatogram
of the control reaction in which NAD* was incubated with 3-azido-1-propanol in the absence of ADPRC. The NAD" peak is marked. (C) Mass spectrum of the
NAD* peak in B. A compound of mass 662.113 matches NAD* in mass. (D) HPLC chromatogram of the ADPRC-catalyzed reaction of NAD* with 3-azido-1-
propanol. A product is found compared to B. (E) Mass spectrum of the “product 1" peak in D. A compound of mass 641.121 matches the expected product as
diagramed. (F) HPLC chromatogram of the ADPRC-catalyzed reaction of NAD* with 3-azido-1-propanol followed by SPAAC with biotin-PEG4-DBCO. Product 2
is formed as compared to D. (G) Mass spectrum of the “product 2” peak in F. The compound of mass 849.414 matches the moiety in red in the molecular
diagram of product 2. (H-J) Gel blot assays showing NAD-RNA capture. CUAAC- or SPAAC-NAD reactions were performed with an in vitro-transcribed NAD-
RNA (H), 100 pg of total Arabidopsis RNAs (/), or 1 pg of Arabidopsis mRNAs (J). RNAs were incubated with/without 3-azido-1-propanol or 4-pentyn-1-ol in the
presence or absence of ADPRC. The RNAs were resolved in 2% agarose gel and transferred to a nylon N* membrane. Biotin-labeled products were probed
with streptavidin-horseradish peroxidase, and signals were detected with a chemiluminescent nucleic acid detection module kit.

diol on the ribose of each of the modified RNAs (NAD?,
m’GpppA, FAD, NADH) causing lower mobility of these capped
RNAs compared to the uncapped RNAs (ATP, ADP). Each cap
also exhibits a different degree of migration retardation on bor-
onate gels. Our results showed that RNAs with 5’-end caps all
presented bands with relative electrophoretic mobilities consistent
with those shown in previous studies (Fig. 24) (24, 25). This
suggested that various capped RNAs were successfully obtained
for further use in CuUAAC- and SPAAC-NAD reactions.
According to the cap incorporation efficiency as determined by
boronate affinity electrophoresis, the same amounts of each
in vitro transcribed RNA were processed for CUAAC- or SPAAC-
NAD reactions. A dot blot assay was used to detect biotinylated
RNAs. Unfortunately, besides NAD-RNAs, both CuAAC- and
SPAAC-NAD reactions also displayed the ability to react with
m’GpppA- and NADH-RNAs (Fig. 2B), but the SPAAC-NAD
reaction displayed only 30% of the NADH-RNA biotinylation
efficiency when compared to the CuAAC-NAD reaction
(Fig. 2C). Untargeted LC-MS analysis showed that NADH was
catalyzed by ADPRC to produce the same transglycosylation
product as NAD™ (SI Appendix, Fig. S2 A-G). Since NADH is the
reduced form of, but otherwise shares a similar structure with,
NAD™, it is not easy to differentiate NAD*- and NADH-capped
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RNAs. Thus, NAD-RNAs identified by CuAAC- or SPAAC-
NAD reactions should actually be NAD(H)-RNAs.

Besides NADH-RNAs, m’G-RNAs also reacted in both
methods (Fig. 2B). Although the signals were much weaker than
for NAD-RNAs, the abundance of m’G-RNAs in vivo is much
higher than that of NAD-RNAs. To better mimic the ratio of
NAD-RNAs to m’G-RNAs in cells and compare the selectivity of
each by both methods, an in vitro-transcribed, 31-nt m’G-RNA
was mixed with a 70-nt NAD-RNA at molar ratios of 22.5:1 or
225:1. Subsequently, the CuUAAC- or SPAAC-NAD reaction was
performed. The gel blot revealed that the SPAAC-NAD reaction
indeed exhibited activity on the m’G-RNA when it was at 225-fold
the concentration of the NAD-RNA (Fig. 2D). The CuAAC re-
action may have also acted on the m’G-RNA, but the RNA
de7gradati0n activity precluded unequivocal identification of the
m’'G-RNA. We deduced that ADPRC may catalyze the same
transglycosylation reaction with m’GpppA as with NAD™, allowing
for nucleophilic attack of the same bond linking the base to the ri-
bose in both m’GpppA and NAD* (Fig. 2G). To test our hypoth-
esis, the first step of the CuUAAC- and SPAAC-NAD reactions was
performed on m’GpppA and products were analyzed by targeted
LC-MS. HPLC showed a new peak identified as 7-methylguanine in
the ADPRC+ samples (Fig. 2F). This revealed that 7-methylguanine
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Fig. 2. The specificity of CUAAC- and SPAAC-NAD reactions. (A) In vitro transcription with ADP, ATP, m’GpppA, FAD, NAD*, or NADH as the initiating
nucleotide. (Top) Sequence of the DNA template with the T7 promoter. The “A” in red is the transcription start site. (Bottom) Boronate affinity electro-
phoresis of each in vitro-transcribed RNA with different 5’ end caps. The arrows indicate the properly capped species. (B) A dot blot assay to detect bio-
tinylated RNAs after the in vitro-transcribed, 5'-end capped RNAs in A underwent CUAAC- or SPAAC-NAD reactions. The same amount of RNA was directly
dotted onto a nylon N* membrane and probed with streptavidin—-horseradish peroxidase, and biotin signals were detected with the chemiluminescent nucleic
acid detection module kit. (C) A gel blot assay of an in vitro-transcribed NADH-RNA after CUAAC- or SPAAC-NAD reactions. Biotin signals were detected as in
B, and input RNA was detected with a radioactive probe. The intensities of bands in the gels were measured using ImageJ. The bar plot on the Right shows the
relative capture efficiency of SPAAC- and CUAAC-NAD reactions as defined by the ratio between biotin signal intensity and input RNA level (with the CUAAC
efficiency set as 1). Error bars represent SE from three independent replicates. (D) Comparison of reactivity between an NAD-RNA and an m’GpppA-RNA in
CUAAC- or SPAAC-NAD reactions. The reactions were performed on mixtures of in vitro-transcribed NAD- and m’GpppA-RNAs at molar ratios 1:22.5 and
1:225. The RNAs were then resolved in a 12% PAGE gel and transferred to a nylon N* membrane. Biotin signals were detected as in B. The lengths of the NAD-
RNA and the m’GpppA-RNA were 70 and 31 nt, respectively. (£) HPLC ion chromatogram and MS/MS transitions (m/z 165—124) of the 7-methylguanine
produced in the ADPRC-catalyzed reaction between m’GpppA and 3-azido-1-propanol or 4-pentyn-1-ol. Reaction of m’GpppA and 4-pentyn-1-ol without
ADPRC was used as a control. (F) Substrates (m’GpppA or NAD*) remaining after the reaction with 3-azido-1-propanol or 4-pentyn-1-ol catalyzed by ADPRC.
The percentage was calculated by the peak area of m’GpppA or NAD* after the ADPRC reaction relative to the peak area in the ADPRC— control. The error
bars represent SE calculated from three independent experiments. (G) Schematic diagram showing the proposed products of ADPRC-catalyzed trans-
glycosylation with m’GpppA and 3-azido-1-propanol or 4-pentyn-1-ol.

was replaced by 4-pentyn-1-ol or 3-azido-1-propanol in the presence
of ADPRC (Fig. 2G). Only 8% and 16% of the m’GpppA substrate
were consumed by CuAAC- and SPAAC-NAD reactions, respec-
tively, while under the same conditions, NAD* was completely
consumed (Fig. 2F). Despite the lower m’GpppA reactivity, our
findings suggest that m’G-RNAs likely produce false NAD-RNA
signals in CuUAAC and SPAAC-NAD reactions due to their high
abundance in vivo.

Depletion of m’G-RNAs. One strategy to remove m’G-RNAs is
immunodepletion. We first examined the specificity of the anti-
m’G antibody toward m’G- vs. NAD-RNAs. The antibody rec-
ognized an in vitro-transcribed m’G-RNA but not NAD-RNA
(8I Appendix, Fig. S2H). Next, a mixture of in vitro-transcribed
m’G- and NAD-RNAs at a molar ratio of 225:1 was treated
without or with an anti-m’G antibody for immunodepletion, and

40f 11 | PNAS
https:/doi.org/10.1073/pnas.2025595118

the remaining RNA was subjected to the SPAAC reaction fol-
lowed by gel blotting to detect biotinylated RNA. The results
showed that biotin signals from the m’G-RNA were removed in
the sample treated with the anti-m’G antibody, while NAD-
RNA biotin signals were not affected (Fig. 34). Next, we per-
formed immunodepletion of m’G-RNAs using plant mRNAs.
Poly(A) RNAs were either mock-treated or treated with the anti-
m’G antibody, and RNAs in the flow-through or pulled down by
the anti-m’G antibody on beads were isolated and then dot-
blotted onto membrane. Methylene blue staining showed the
presence of RNA in the flow-through in both treatments but only
on beads in the anti-m’G treatment (Fig. 3B). Indeed, probing
the blot with anti-m’G antibody showed that the RNAs on beads
were m’G-RNAs (Fig. 3B). The lack of signal in the flow-
through suggested that m’G-RNAs were almost completely re-
moved by immunodepletion (Fig. 3B). To further confirm this,
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Fig.3. CUAAC- and SPAAC-NAD reactions after m’G-RNA depletion. (A) A gel blot assay to evaluate the efficacy of m’G-RNA depletion. A mixture of in vitro-
transcribed NAD-RNA (1 pg) and m’G-RNA (100 ng) (molar ratio, 1:225) was incubated with (m7G—depIetion sample) or without the m’G antibody
(mock-depletion sample). Protein G beads were then used to remove the m’G-RNA. Afterward, RNAs were subjected to the SPAAC-NAD reaction and biotin
signals were detected with the chemiluminescent nucleic acid detection module kit after probing with streptavidin-horseradish peroxidase. The left two lanes
(marker RNA 1 and marker RNA 2) are 70- and 31-nt NAD-RNAs after the SPAAC-NAD reaction; they are used as size markers. The input sample did not
undergo mock or m’G-RNA depletion. (B) A dot blot assay demonstrating that m’G-RNAs in mRNAs were largely removed. Arabidopsis mRNA samples were
treated with (m’G-depletion sample) or without the m’G antibody (mock-depletion sample). Protein G beads were then applied to specifically capture the
m’G antibody. The mRNAs collected from the flow-through and beads were spotted onto a membrane and probed with the anti-m’G antibody or stained
with methylene blue. (C) LC-MS analysis demonstrating that m’G-RNAs were largely removed from mRNAs but NAD-RNAs were not affected by immuno-
depletion. mRNA samples after m’G antibody treatment were subjected to nuclease P1 digestion and analyzed by HPLC-MS. Targeted detection of m’GpppA
and NAD" released by nuclease P1 indicates the amounts of m’G-RNAs and NAD-RNA, respectively. The bar plots show relative m’GpppA or NAD* levels as
calculated by the peak area among the samples. The error bars represent SE calculated from three independent experiments (two-tailed Student’s t test: *P <
0.05; ***P < 0.001; NS, not significant). (D) A gel blot assay of mRNAs that were pretreated with the anti-m’G antibody followed by CUAAC or SPAAC-NAD
reactions. The anti-m’G antibody treatment and biotin signal detection were performed similarly to A. m’G dep, m’G depletion; mock dep, mock depletion.

RNAs recovered from the flow-through and beads in both samples
were subjected to nuclease P1 digestion followed by LC-MS de-
tection. m’GpppA and NAD" released from the RNAs by nu-
clease P1 were used as the indicator for m’G-RNAs and NAD-
RNAs, respectively. Compared to the mock-depletion sample,
m’GpppA levels decreased in the flow-through by more than 80%
in the m’G-depletion sample (Fig. 3C). NAD™ levels in the flow-
through were not significantly changed between mock-depletion
and m’G-depletion samples (Fig. 3C). Therefore, after immuno-
depletion, the ratio of NAD-RNAs and m’G-RNAs was fivefold
to sixfold that of the original ratio (Fig. 3C). Subsequently, RNAs
from the flow-through were subjected to the CuAAC- or SPAAC-
NAD reaction. A gel blot showed that signals from biotinylated
products in the mock samples of both CUAAC- and SPAAC-NAD
reactions were significantly stronger than those seen in the
m’G-depletion samples, indicating that most of the signals in the
mock samples were due to m’G-RNAs (Fig. 3D). RNAs from
beads were also similarly examined. As expected, no biotinylated
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products were found in the mock samples, indicating that NAD-
RNAs were not retained on beads (Fig. 3D). The weak signals
found in the m’G-depletion samples could be due to reactivity of
m’G-RNAs. Collectively, these data demonstrated that the
abundance of NAD-RNAs in eukaryotic cells might be over-
estimated by the CuAAC- or SPAAC-NAD reaction.

Depletion of m’G-RNAs Promotes the Identification of Authentic,
Low-Abundant NAD-RNAs. Given that m’G-RNAs can be captured
by both CuAAC- and SPAAC-NAD reactions, leading to false
biotin signals during identification of NAD-RNAs, we exploited
updated NAD-RNA sequencing approaches based on the original
NAD captureSeq (8) and compared their applications in Arabi-
dopsis. To avoid the nonspecific clickable reaction products in total
RNAs (Fig. 1), poly(A) RNAs, which displayed specific signals only
in ADPRC+ samples (Fig. 1J), were used. To begin, anti-m’G
antibody treatment was applied to poly(A) RNAs to remove
m’G-RNAs. Samples treated with the anti-m’G antibody are referred
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