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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.

NAD | NAD captureSeq | SPAAC-NAD-seq | NAD-RNA | m’G-RNA

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
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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. 11) 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
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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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to as the m’G-depletion samples. Subsequently, the CuAAC- or
SPAAC-NAD reaction was performed. The biotinylated RNAs were
captured by streptavidin beads, eluted, and subjected to RNA se-
quencing. Random primers were used for reverse transcription as
copper-induced fragmentation of RNA in the CuAAC-NAD reac-
tion would result in the loss of the poly(A) tail. We refer to the two
approaches as CuUAAC-NAD-seq, which is similar to NAD captur-
eSeq, and SPAAC-NAD-seq hereafter.

In our previous study, ADPRC- samples, in which RNAs
were not given the ADPRC enzyme, were deemed to be the
background control for identifying NAD-RNAs (11). The tran-
scripts in the ADPRC- samples represented nonspecific at-
tachment to the beads. Due to their very low abundance and
possible unequal representation of the transcriptome, transcripts
in the ADPRC- samples are not ideal controls. Thus, we instead
performed mRNA sequencing (mRNA-seq) on mock-depletion
samples to reflect mRNA abundance, against which enriched
NAD-RNAs were identified (Fig. 44). Three biological repli-
cates of m’G- and mock-depletion samples, both subjected to
CuAAC- or SPAAC-NAD-seq, were performed (SI Appendix,
Fig. S34). The resulting libraries (mMRNA-seq, CuAAC-NAD-
seq, SPAAC-NAD-seq) each provided a minimum of ~11 to
20 million uniquely mapped reads. Hierarchical clustering and
principal component analysis revealed that the biological repli-
cates of each library type clustered together, indicating the high
quality and reproducibility of the sequencing data. The distance
between the CuAAC- and SPAAC-NAD-seq of m’G-depletion
samples implied that the identified NAD-RNAs differed by
method (SI Appendix, Fig. S3 B and C).

We then identified NAD-RNAs using fold change in NAD-seq
vs. mRNA-seq > 2 and adjusted P value < 0.05 as the criteria. In
total, 3,683 and 3,111 NAD-RNAs were identified by CuAAC-
NAD-seq in the m’G-depletion and mock-depletion samples, re-
spectively. In total, 5,642 and 3,619 NAD-RNAs were identified by
SPAAC-NAD-seq in the m’G-depletion and mock-depletion sam-
ples, respectively (Fig. 4B). Thus, after removing m’G-RNAs, more
NAD-RNAs were discovered by both CuAAC- and SPAAC-
NAD-seq. It is plausible that NAD-RNAs were captured more ef-
ficiently without competition from m’G-RNAs. The abundance
(log, fragments per kilobase of transcript per million mapped reads
[FPKM]) of all identified NAD-RNAs in the mock-depletion
sample was significantly higher than that in the m’G-depletion
sample (Fig. 4C), which was consistent with our previous gel blot
results (Fig. 3D) and was likely due to the extra biotinylated prod-
ucts stemming from m’G-RNAs in both the CUAAC- and SPAAC-
NAD reactions. In striking contrast to the abundance levels, the
FPKM fold change in NAD-seq vs. mRNA-seq, which represented
the enrichment level of NAD-RNAs, was significantly lower in the
mock-depletion samples than in the m’G-depletion samples (Fig.
4D). This suggested that not only were there more NAD-RNA
species identified, but also that the levels of NAD-RNAs in the
datasets were elevated after m’G-RNA depletion. Note that
SPAAC-NAD-seq showed a much larger difference in the en-
richment ratio between the m’G-depletion and mock-depletion
samples than CuAAC-NAD-seq. This is consistent with our
earlier assay that showed that in vitro-transcribed m’G-RNAs
were more prone to biotinylation by the SPAAC-NAD reaction
(Fig. 2D).

To understand whether there is a correlation between mRNA
abundance and enrichment of NAD-RNAs, we grouped all
NAD-RNAs based on total transcript abundance as determined
by mRNA-seq. In m’G-depletion samples, the majority of NAD-
RNAs belonged to the group of lowest abundance (log, FPKM
mRNA-seq < 2), whereas NAD-RNAs in mock-depletion sam-
ples tended to come from more abundant mRNAs (Fig. 4F). The
substantial difference in this classification implicated that many
of the low-abundant NAD-RNAs were overlooked in the mock-
depletion samples. Therefore, when CuAAC- or SPAAC-NAD
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reactions were performed on a transcript pool that was free of
m’G-RNAs, low-abundant NAD-RNAs may have acquired a
higher chance to be captured and identified.

Specifically, in the m’G- and mock-depletion CuUAAC-NAD-seq
datasets, a total of 1,560 identified NAD-RNAs overlapped, which
is represented by group B in Fig. 4F (Left). This suggests that, in
the mock-depletion sample, nearly 50% of the identified NAD-
RNAs were probably m’G-RNAs, as shown by group C. For
NAD-RNA:s identified in the m7G-depletion sample, 2,123 were
novel (Fig. 4 F, Left). Consistent with our previous inference,
NAD-RNAs that were only identified in the m’G-depletion sam-
ples, as seen in group A, exhibited significantly lower mRNA
abundance, while m’G-RNAs in group C showed the highest
mRNA levels (Fig. 4 G, Left). Similar results were observed in the
SPAAC-NAD-seq data (7Fig. 4 F and G, Right). These findings
further underscore that m’G depletion promotes the identification
of low-abundant and authentic NAD-RNAs.

SPAAC-NAD-Seq Preserves Full-Length NAD-RNAs. Gel blot assays
with total RNA and mRNA both suggested that the SPAAC-
NAD reaction enables the biotinylation of more NAD-RNAs
than the CuAAC-NAD reaction (Fig. 1 I and J). Thus, to com-
prehensively compare both methods on a genomic scale, we
analyzed the datasets from SPAAC- and CuAAC-NAD-seq
of m’G-depletion samples. SPAAC-NAD-seq identified 5,642
NAD-RNAs, which was much more than CuAAC-NAD-seq,
which only identified 3,683 NAD-RNAs (Fig. 54). Additionally,
SPAAC-NAD-seq identified 83.4% of the NAD-RNAs found by
CuAAC-NAD-seq (Fig. 5B). In total, 2,571 additional NAD-
RNAs were specifically discovered by SPAAC-NAD-seq (Fig.
5B). For the 3,071 NAD-RNAs identified by both methods,
SPAAC-NAD-seq showed higher enrichment levels than CuAAC-
NAD-seq (Fig. 5C). For reads that uniquely mapped to the mi-
tochondrial genome (note that these reads did not map to the
mitochondrial sequences that are present in the nuclear genome),
eight NAD-RNAs were identified by SPAAC-NAD-seq, while
four were identified by CuUAAC-NAD-seq (Fig. 54). Consistent
with our previous findings (11), no chloroplast genes produced
NAD-RNAs as determined by either CuAAC- or SPAAC-
NAD-seq (Fig. 54). Note that poly(A) RNAs were used as the
starting material, which does not survey the entire mitochondrial
or chloroplast transcriptomes as most transcripts in these organ-
elles are expected to be nonpolyadenylated. When CuAAC- and
SPAAC-NAD-seq were compared on all NAD-RNA genes, 786
NAD-RNAs showed significantly increased abundance in SPAAC-
NAD-seq vs. CUAAC-NAD-seq (fold change > 2 and adjusted
P value < 0.05), while only 2 NAD-RNAs decreased in abundance
significantly (Fig. 5D).

To test whether both methods displayed different enrichment
preferences for mRNAs with different abundances, we classified
NAD-RNA:s into five groups according to total mRNA levels and
observed that, for low-abundant mRNAs, there was an increase in
the NAD-RNAs identified by SPAAC-NAD-seq relative to
CuAAC-NAD-seq (Fig. 5E). Indeed, for low-abundant mRNAs
(log; FPKM mRNA-seq < 6), the enrichment in SPAAC-NAD-
seq was statistically significant (Fig. 5F). Collectively, these results
demonstrate that SPAAC-NAD-seq possesses higher NAD-RNA
enrichment efficiency. Also, it is capable of uncovering more
NAD-RNAs that are otherwise overlooked.

To further elucidate the cause for the NAD-RNA enrichment
difference between CuAAC- and SPAAC-NAD-seq, we analyzed
the read distribution of two NAD-RNAs that were specifically
identified by SPAAC-NAD-seq but deemed non-NAD-RNAs by
CuAAC-NAD-seq (Fig. 5G). Relative to mRNA-seq, the reads
were greatly enriched both in SPAAC- and CuAAC-NAD-seq, but
were enriched in different regions. The former showed reads
distributed along gene bodies, while the latter only showed read
enrichment at the 5’ end. We then analyzed the global read
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Fig. 4 m’G-RNA depletion promotes the identification of low-abundant, authentic NAD-RNAs. (A) Schematic workflow of CUAAC- or SPAAC-NAD-seq.
mRNAs were isolated and treated by the anti-m’G antibody for m’G-RNA depletion. CUAAC- or SPAAC-NAD reactions were subsequently performed to isolate
NAD-RNAs. NAD-RNA libraries were constructed for high-throughput sequencing. NAD-RNAs were defined as ones with a twofold change in FPKM and
adjusted P value < 0.05 in NAD-seq compared to mRNA-seq. (B) Scatter plots showing NAD-RNAs identified by CUAAC- and SPAAC-NAD-seq in m’G-depletion
and mock-depletion samples. The log, FPKM ratio between NAD-seq samples and mRNA-seq samples is plotted against the log, FPKM of mRNA-seq. The
green and orange dots represent the NAD-RNAs identified by CUAAC-NAD-seq or SPAAC-NAD-seq, respectively. (C) Violin plots showing the distribution of
abundance (log, FPKM) for all identified NAD-RNAs in m’G-depletion and mock-depletion samples by CUAAC-NAD-seq or SPAAC-NAD-seq. The center line in
the “box" shows the median value. ***P < 0.001 by two-tailed Student’s t test. (D) The levels (Iog,[FPKMyap-seq/FPKMmrna-seq]) Of all identified NAD-RNAs in
m’G-depletion and mock-depletion samples by CUAAC-NAD-seq or SPAAC-NAD-seq. The center line in the “box” shows the median value. ***P < 0.001 by
two-tailed Student’s t test. (E) The number of NAD-RNA genes identified in m’G-depletion and mock-depletion samples by CUAAC-NAD-seq (left plot) or
SPAAC-NAD-seq (right plot). Genes were separated into five groups based on their mRNA-seq abundance (log, FPKM). Numbers above and below the dotted
line represent the numbers of NAD-RNA genes identified in the m’G-depletion and mock-depletion samples, respectively. (F) The overlap of NAD-RNAs in the
m’G-depletion and mock-depletion samples as identified by CUAAC-NAD-seq (Venn diagram on the Left) or SPAAC-NAD-seq (Venn diagram on the Right).
Numbers represent the number of NAD-RNAs in each group. The percentage is derived from the number of overlapped NAD-RNAs divided by the total
number of NAD-RNAs in the mock-depletion sample. (G) The mRNA abundance (log, FPKM mRNA-seq) for all identified NAD-RNA genes in each group (A, B,
Q) in F. The center line in the “box” shows the median value. ***P < 0.001 by two-tailed Student'’s t test. The plots on the Left and Right represent results from

CuAAC- and SPAAC-NAD-seq, respectively.
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Fig. 5. Profiling of NAD-RNAs by CuAAC and SPAAC-NAD-seq. (A) Scatter plots comparing log, FPKM values between NAD-seq and mRNA-seq in
m’G-depletion samples for all genes, mitochondrial genes, and chloroplast genes. The green and orange dots represent NAD-RNAs identified by
CUuAAC-NAD-seq and SPAAC-NAD-seq, respectively. (B) Scatter plots showing the relative levels of NAD-RNAs as determined by CuAAC-NAD-seq and
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NAD-RNAs enriched (fold change less than —2; adjusted P value < 0.05) in CUAAC-NAD-seq. (C) The overlap of NAD-RNAs identified by CUAAC-NAD-seq and
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**%P yalue < 0.001 by two-tailed Student’s t test. (E) The numbers of NAD-RNA genes identified by CUAAC-NAD-seq or SPAAC-NAD-seq in m’G-depletion
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center line in the “box"” shows the median value. NS denotes no significance; ***P < 0.001 by two-tailed Student’s t test. (G) Genome browser views of aligned
reads from CUAAC-NAD-seq and SPAAC-NAD-seq in m’G-depletion samples and from mRNA-seq for two genes. Both genes were identified as NAD-RNAs by
SPAAC-NAD-seq, but as non-NAD-RNAs by CUAAC-NAD-seq. The coding sequence is displayed as black bars. (H) Read distribution along gene bodies in
CUuAAC-NAD-seq, SPAAC-NAD-seq, and mRNA-seq in mock-depletion samples. Three lines of the same color represent biological replicates. (/) Quantification
of transcript levels by qRT-PCR in ADPRC+ vs. ADPRC— samples after CUAAC or SPAAC-NAD reactions. The NAD-RNAs after both reactions were eluted from
streptavidin beads, reverse transcribed by oligo(dT) primers, and then detected by PCR with gene-specific primers. Data are normalized to the ADPRC— control
set as 1. Error bars represent SE. Three technical replicates from each of two biological replicates were performed.
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distribution along gene bodies in each sample. It was apparent that
a higher proportion of reads was enriched near the 5’ ends of genes
in CuUAAC-NAD-seq, while a near-uniform distribution along gene
bodies was found in SPAAC-NAD-seq and mRNA-seq (Fig. 5H).
This is likely due to RNA fragmentation caused by copper ions in
the CuAAC reaction together with 5’-end capture. Consequently,
the loss of read coverage may result in a low abundance value that
precludes the identification of NAD-RNAs. To validate this hy-
pothesis, qRT-PCR was performed for two NAD-RNA genes that
were identified by both sequencing methods. The cDNA was re-
verse transcribed using an oligo(dT) primer. The SPAAC-NAD
reaction showed a much higher enrichment ratio than the CUAAC-
NAD reaction for the NAD-RNA genes (Fig. 5I). This is consistent
with the notion that most of the NAD-RNAs were not poly-
adenylated after copper-induced cleavage. Therefore, to avoid
underestimating the levels of NAD-RNA, it is beneficial to use the
copper-free SPAAC-NAD-seq to reveal full NAD-RNA profiles
in cells.

Finally, to explore the biological processes that NAD-RNAs are
involved in, we performed a Gene Ontology (GO) term analysis for
1,000 genes with FPKM mRNA-seq > 5 and the highest FPKM
fold change of NAD-seq vs. mRNA-seq. The highly enriched terms
determined in the mock-depletion CuUAAC-NAD-seq was consis-
tent with our previous study (11, 12) and were mainly centered on
the response to oxidative stress and cytokinin, or other processes
such as photosynthesis (SI Appendix, Fig. S4). On the other hand,
in the m’G-depletion CuAAC-NAD-seq, the terms with the
highest enrichment differed from those in the mock-depletion
samples. This suggests that some of the biological processes we
previously detected may have been due to m’G-RNAs. After col-
lecting more NAD-RNA genes through m’G-depletion SPAAC-
NAD-seq, we found previously unidentified terms such as intra-
cellular protein transport, starch biosynthetic processes, or responses
to cadmium ion and bacterium defense (S A7ppendix, Fig. S4).
In conclusion, the SPAAC-NAD-seq on m’'G-RNA-depleted
mRNAs identified more NAD-RNA genes as compared to
CuAAC-NAD-seq, supporting that this is a robust strategy for
studies of NAD-RNAs.

Discussion

NAD™ is broadly present in diverse organisms and can serve as a
noncanonical 5-RNA cap (26). In Arabidopsis, thousands of
NAD-RNAs were recently identified using NAD captureSeq that
was originally developed for E. coli (11). This approach has also
been used to identify NAD-RNAs in other eukaryotic species
(9-11, 27). Based on the same enzymatic principle, NAD tagSeq
appends an RNA tag to NAD-RNAs to enable single-molecule
RNA sequencing (12). However, RNA degradation induced by
copper ions is a serious issue for both NAD captureSeq and NAD
tagSeq. CapZyme-seq, which combines enzymatic decapping of
noncanonically capped 5’ ends with high-throughput sequencing,
was developed to precisely determine the 5’ ends of RNAs with
noncanonical caps (28). However, this method is unable to dis-
tinguish the NAD* cap from other noncanonical caps. In this
study, we developed SPAAC-NAD-seq, which in combination
with m’G-RNA depletion, allows for sensitive and accurate
identification of NAD-RNAs while retaining full-length sequence
information.

The SPAAC-NAD reaction is based on the ADPRC-catalyzed
transglycosylation in NAD captureSeq, but an azide replaces the
alkyne in the ADPRC reaction to enable the subsequent SPAAC
reaction in place of the CuAAC reaction (Fig. 14). The dibenzo-
cyclooctyne used in SPAAC can react with azide-functionalized
compounds without the need for a copper catalyst, resulting in a
stable triazole linkage. Therefore, the entire click chemistry reac-
tion proceeds at a lower activation barrier and is not harmful to
nucleic acids because of the absence of metal ions (14). In previous
studies, most E. coli NAD-RNAs enriched by NAD captureSeq
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were mainly small RNAs (8). Also, in yeast, NAD captureSeq
hardly displayed any full-length NAD-RNAs, and it was postulated
that NAD-RNAs might be subjected to accelerated degradation at
the 3’ end (13). However, the copper ions in the CUAAC-NAD
reaction cause random RNA cleavage, leading to subsequent en-
richment of 5 RNA fragments after affinity purification, irre-
spective of the nature of the 3’ ends (29). Therefore, it was
uncertain whether NAD-RNAs are actually 3’-truncated in vivo.
Using SPAAC-NAD-seq, we observed that enriched reads were
uniformly distributed along gene bodies (Fig. SH). This is different
from the CuAAC-NAD-seq pattern, where reads were preferen-
tially mapped to the 5’ ends of genes (Fig. 5H), as reported pre-
viously (10, 11, 13). Thus, NAD-RNAs are full-length RNAs. The
abundance of NAD-RNAs enriched in SPAAC-NAD-seq was
significantly higher than in CuAAC-NAD-seq, probably for the
following reasons. First, read abundance is higher because of uni-
form coverage along gene bodies. Furthermore, PEG4 in the
SPAAC reaction has a large spacer that makes the compound
more hydrophilic and allows for a greater distance between the
reaction site with the NAD-azide and the biotin group (30). These
features probably endow the SPAAC-NAD reaction a higher
capture efficiency, leading to the identification of more NAD-
RNAs that were overlooked previously. In the companion paper
(31), we profiled NAD-RNAs from E. coli using NAD tagSeq II, a
SPAAC-based, single-molecule NAD-RNA sequencing approach,
and identified hundreds of NAD-RNAs including mRNAs with
complete open reading frames.

The biological processes that the gene products of NAD-
RNAs may be involved in differ between the mock-depletion
and m’G-depletion samples generated through both CuAAC-
and SPAAC-NAD-seq (SI Appendix, Fig. S4 and Datasets
S6-S9). NAD captureSeq in Arabidopsis revealed GO terms such
as photosynthesis and responses to oxidative stress or cytokinin
(11, 12). This is highly consistent with our results in the mock-
depletion samples by CUAAC-NAD-seq. In the m’G-depletion
samples, these processes were not present or were present with
less significance. It is probable that such GO terms were false
due to contamination by m’G-RNAs. When performing SPAAC-
or CUAAC-NAD-seq with m’G-depleted mRNAs, we found GO
terms such as starch biosynthetic processes, intracellular protein
transport, and responses to cadmium ions and bacteria. The in-
formation may guide future studies to understand the biological
functions of NAD-RNAs. Notably, “response to water depriva-
tion” and “response to ABA” are GO terms identified by
SPAAC-NAD-seq (Datasets S7 and S9). This is consistent with a
recent study showing that the hormone ABA remodels the NAD-
RNA transcriptome (32).

SPAAC-NAD-seq will aid future studies on NAD-RNA me-
tabolism and molecular functions. The RNA NAD™ cap can be
removed by at least two classes of decapping enzymes, Nudix
family proteins present in both prokaryotes and eukaryotes (8,
33-35) and DXO proteins found only in eukaryotes (9, 33, 36, 37).
NAD-RNAs transfected into human cells and Arabidopsis proto-
plasts undergo DXO-dependent degradation (9, 37). In an Ara-
bidopsis dxo mutant, NAD"-capped transcripts are channeled to
RNA silencing for degradation (32, 36). NAD captureSeq was
performed in yeast, human, and Arabidopsis dxo mutants to
identify the in vivo targets of DXO (9, 13, 32). However, DXO
and related decapping enzymes, such as yeast Rail or Dxol, also
show m’G cap-removing activity (38, 39). This, together with the
reactivity of m’G-RNAs in the CuAAC reaction, may obscure
the true set of NAD-RNA targets of DXO. Thus, removing
m’G-RNAs is a critical step in profiling NAD-RNAs. Finally, in
eukaryotes, translation initiation is primarily facilitated by the
m’G cap. There are conflicting data on whether NAD-RNAs
possess translatability (9, 11, 13). Our previous study using NAD
captureSeq suggested that NAD-RNAs were enriched in the
polysomal fractions undergoing active translation (11). Further
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NAD-RNA profiling with m’G-depleted polysomal RNAs should
be performed to verify this conclusion. To date, research into
NAD-RNA:s in eukaryotes is still in its infancy. The establishment
of SPAAC-NAD-seq and m’G-RNA depletion provides valuable
tools for future NAD-RNA research.

Materials and Methods

Plant Materials. The Columbia-0 (Col-0) ecotype of Arabidopsis thaliana was
used in all experiments. Col-0 seeds were sown on solid 1/2 Murashige and
Skoog medium with 1% sucrose and 0.7% agar. Plates were kept in the dark
at 4 °C for 3 d for seed stratification and then were placed in a growth room
with a 16/8-h light/dark photoperiod at 22 °C for 12 d. Seedlings were col-
lected at 10 to 11 AM in this study.

CuAAC- and SPAAC-NAD Reactions. CUAAC-NAD reactions were conducted
following the two steps described by Cahova et al. (8). The procedure is
described in detail in S/ Appendix, Supplementary Methods. SPAAC-NAD
reactions were conducted in two main steps. The first step was largely similar
to the CUAAC-NAD reaction, with the only difference being that 3-azido-1-
propanol (Sigma-Aldrich) replaced 4-pentyn-1-ol (Sigma-Aldrich). After the
reaction, 2 uL of the mixture was diluted 200-fold in water for untargeted
analysis by LC-MS. For the second step, 5 pL of the remaining mixture further
underwent the SPAAC reaction on a 20-pL scale at 37 °C for 1 h with the
addition of biotin-PEG4-DBCO (0.5 mM; Sigma-Aldrich) and 2 pL of 10x PBS
buffer (pH 7.4). The reaction products were diluted 50-fold in water for
untargeted analysis by LC-MS. The untargeted LC-MS conditions are de-
scribed in detail in S/ Appendix, Supplementary Methods.

Preparation of In Vitro Transcribed RNAs. The template for in vitro transcription
was generated by annealing complementary oligonucleotides (20 uM) such
that the resulting template DNA carried the T7 class Il promoter ($2.5) and an
adenosine at the transcription start site (primer sequences in S/ Appendix,
Table S1). In vitro transcription was performed in a 100-uL reaction using the
T7 RNA polymerase under the conditions described in S/ Appendix, Supple-
mentary Methods. Quality of in vitro-transcribed RNAs was further analyzed
by boronate affinity electrophoresis with a 7 M urea, 1x TBE, 12% polyacryl-
amide gel supplemented with 0.2% 3-acrylamidophenylboronic acid (Boron
Molecular) (23).

CuAAC- and SPAAC-NAD Reactions with RNAs. The amount of input RNAs varied
between in vitro-transcribed RNAs (500 ng), total RNAs (100 pg), and mRNAs
(1 pg) in CUAAC- and SPAAC-NAD reactions.

The CuUAAC-NAD reaction was performed according to the original NAD
captureSeq protocol (8) with minor modifications. The procedure is de-
scribed in detail in S/ Appendix, Supplementary Methods.

For the SPAAC-NAD reaction, RNAs were incubated with 10 pL of 3-azido-1-
propanol (Sigma-Aldrich), ADPRC (0.85 pM, Sigma-Aldrich), Hepes (50 mM),
MgCl; (5 mM), and 100 units of RiboLock RNase Inhibitor (Thermo Fisher) on a
100-pL scale at 37 °C for 30 min. One hundred microliters of DEPC H,O was
then added and acid phenol/chloroform extraction was performed to stop the
reaction. RNAs were precipitated by ethanol, redissolved in 36 pL of 1x PBS
buffer (pH 7.4), and then incubated with biotin-PEG4-DBCO (1 mM; Sigma-
Aldrich) at 37 °C for 1 h. One hundred sixty microliters of DEPC H,0 were then
added, and acid phenol/chloroform extraction as well as ethanol precipitation
were performed.

Dot Blot and Gel Blot Assays. For dot blots, 1 uL of RNA after biotinylation by
the CuAAC- or SPAAC-NAD reaction was denatured and spotted on a
Hybond N* membrane (GE healthcare). For gel blots, 10 pL of RNA after
biotinylation by the CuUAAC- or SPAAC-NAD reaction was denatured and
resolved in a 2% denaturing agarose gel and transferred to a Hybond N*
membrane by the capillary method. The method to visualize biotinylated
RNAs was described in detail in S/ Appendix, Supplementary Methods.

Assessment of the Specificity of CUAAC and SPAAC Reactions toward NAD-RNA
and m’G-RNA. A 31-nt m’GpppA-RNA and a 70-nt NAD-RNA were produced by
in vitro transcription and mixed together at molar ratios of 22.5:1 and 225:1
(10 pg/1 pg and 100 pg/1 pg). The mixture then underwent the CUAAC- or
SPAAC-NAD reaction for biotinylation and was resolved in a 12% polyacrylamide
urea gel. The RNAs were transferred to a Hybond N* membrane by the semidry
transfer method. The membrane was then soaked in a solution of 1.6 M
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 128 mM 1-methylinidazole
(pH 8) at 65 °C for 1.5 h. Finally, the biotin-labeled nucleic acids on the mem-
brane were probed by stabilized streptavidin-HRP and detected with the
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Chemiluminescent Nucleic Acid Detection Module Kit (Thermo Fisher) and im-
aged by ChemiDoc XRS+ camera (Bio-Rad).

Immunodepletion of m’G-RNAs. m’G-RNAs were immunodepleted from
mRNAs or a mixture of in vitro-transcribed NAD- and m’G-RNAs by using an
anti-m’G antibody (RNO17M; MBL). The procedure is described in detail in
SI Appendix, Supplementary Methods. To examine the efficiency of m’G-RNA
depletion, anti-m’G dot blot assays and nuclease P1 digestion followed by
LC-MS detection were performed. Both assays are described in detail in
SI Appendix, Supplementary Methods.

Sequencing Library Construction. Total RNAs were extracted from three bi-
ological replicates of 12-d-old seedlings and subjected to mRNA isolation
after DNase | treatment. Ten-microgram mRNAs were treated with an anti-
m’G antibody to remove m’G-RNAs. Samples without the addition of the
anti-m’G antibody were the mock-depletion samples. mRNAs in the super-
natant were acid phenol/chloroform extracted, ethanol precipitated, and
dissolved in DEPC H,O. Finally, the dissolved mRNAs were separated into
three aliquots. One aliquot contained ~150-ng mRNAs and was subjected to
mRNA-seq library construction, while the other two aliquots each contained
~3-ug MRNAs to be used for CUAAC- and SPAAC-NAD-seq. CUAAC- and
SPAAC-NAD reactions were performed as described above, except that
100 pug of E. coli tRNA were added prior to the reactions to mitigate RNA loss
during the NAD-RNA capture process. After CUAAC- or SPAAC-NAD reac-
tions, RNAs were incubated at 25 °C for 1 h with 25 L of magnetic MyOne
streptavidin C1 beads, which were preblocked with 100 pug/mL acetylated
bovine serum albumin in 100 uL of immobilization buffer containing NaCl (1
M), 10 mM Hepes (10 mM, pH 7), and ethylenediaminetetraacetic acid (5 mM).
Beads were then washed five times with streptavidin wash buffer containing urea
(8 mM), Tris-HCI (50 mM, pH 7.4), and Triton X-100 (0.25%), and three times with
DEPC H,O. Biotinylated RNAs were finally eluted by incubating the beads with
20 pL of H,O at 80 °C for 5 min and subjected to library construction. NEBNext
Ultra Directional RNA Library Prep Kit for lllumina (E7420; New England Biolabs)
was used for subsequent mRNA-seq and NAD-seq library construction. First, the
three batches of RNAs were incubated with the first Strand Synthesis Reaction
Buffer and random primers at 94 °C for 8 min to fragment RNA. The fragmented
and primed mRNAs were then subjected to first-strand ¢cDNA synthesis. The
remaining steps were performed according to the manufacturer’s instructions.

Sequencing and Data Analysis. All prepared libraries were pooled and se-
quenced on the lllumina NovaSeq 6000 system (paired-end; 150 bp) at Novogene.
RNA-seq data were analyzed using the pRNASeqTools pipeline (https:/github.com/
grubbybio/pRNASeqTools) (40). All reads were processed with cutadapt v1.14.0
with default parameters to remove the adapter sequences (AGATCGGAAGAGCQ),
and reads longer than 20 bp were kept for downstream analysis. The remaining
reads without de-duplication were mapped to the Arabidopsis genome
(Araport 11) using STAR 2.7.3a (41) with the parameters “-alignintronMax 5000—
outSAMmultNmax 1-outFilterMultimapNmax 50-outFilterMismatchNoverLmax
0.1.” Mapped reads were counted by featureCounts v2.0.0 with the parame-
ters “-p -B -C -O -s 0” (42). Transcript levels were quantified in fragments per
kilobase per million total read counts manually. Sample hierarchical clustering
was performed with the R function "hclust" using a matrix composed of all
transcript levels of genes. NAD-RNAs were defined as fold change of tran-
script levels > 2 and adjusted P value < 0.05 in NAD-seq samples compared to
mRNA-seq samples using DESeq2 with default settings (43). The gene body
coverage of NAD-seq reads was calculated using RSeQC (44) by counting the
number of reads covering each nucleotide position; all transcripts were scaled
to 100 bins. GO analysis was performed using the Database for Annotation,
Visualization, and Integrated Discovery (45).

Data Availability. The raw sequence data generated in this study have been
deposited in the National Center for Biotechnology Information Gene Ex-
pression Omnibus (GEO) database (accession no. GSE162114). All other data
are included in the article and/or supporting information.
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