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Abstract

The post-transcriptional modification 2’- O-Methyl (2’0OMe) could be present on the ribose of all
four ribonucleosides, and is highly prevalent in a wide variety of RNA species, including the 5’
RNA cap of viruses and higher eukaryotes, as well as internally in transfer RNA and ribosomal
RNA. Recent studies have suggested that 2’0OMe is also located internally in low-abundance RNA
species such as viral RNA and mRNA. To profile 2’0OMe on different RNA species, we have
developed Nm-seq, which could identify 2’OMe sites at single base resolution. Nm-seq is
particularly useful for identifying 2’OMe sites located at the 3’ terminal ends of small RNAs.
Here, we present an optimized protocol for Nm-seq and a protocol for applying Nm-seq to identify
2’0OMe sites on small RNA 3’ terminal ends.

1. Introduction

Like modifications on DNA and protein, post-transcriptional chemical modifications on
RNA play important functional roles, governing RNA function and metabolism to control
gene expression [1,2]. Recent research on RNA modifications has focused primarily on
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modifications specific to each base. Unlike these modifications, the post-transcriptional
modification 2’- O-Methyl (2’0OMe) could be present at the ribose 2° OH of all four
ribonucleosides. 2’OMe is a highly prevalent modification; it is present on the 5° RNA cap
of viruses and higher eukaryotes, and marks nucleotides located at internal positions in
transfer RNA and ribosomal RNA (rRNA).

Techniques to map 2’OMe transcriptome-wide using high-throughput sequencing have
recently been developed, and are able to confirm established 2’OMe sites in human rRNA
[3-9]. The first high-throughput technique to be developed, RiboMeth-Seq, uses alkaline
RNA cleavage followed by high-throughput sequencing; because 2’OMe protects
nucleotides from alkaline fragmentation, modified residues become excluded from the RNA
library [4,7]. Similarly, RibOxi-seq uses alkaline RNA cleavage, and instead enriches for
methylated fragments by preventing ligation of unmethylated fragments to adaptors [8].
Both techniques accurately mapped known 2’OMe sites in rRNA, demonstrating the utility
of high-throughput methods over previous labor-intensive methods to map individual 2’OMe
sites. Another high-throughput technique, 2’OMe-seq, sequences a cDNA library prepared
using reverse transcription (RT) with limiting amounts of dNTPs, which causes RT pauses at
2’0OMe sites [3]. These techniques have provided a useful window toward greater
understanding of the 2’0OMe maodification.

Along with the development of technologies to map 2’0OMe using high throughput
sequencing, improvements in mass spectrometry have facilitated progress in research on
2’0OMe. Studies on viruses have shown that 2’0OMe is not limited to the 5 RNA cap, but also
labels non-terminal nucleotides located internally in viral RNA [10,11], showing that 2’0OMe
can be located internally in an RNA species that codes for protein. Other evidence has begun
to suggest that 2’OMe may be located internally in mammalian mRNAs [6,9,12,13].

We thus aimed to develop a technique to map 2’OMe at single-nucleotide precision in
different RNA species. Our lab has developed Nm-seq, which mapped hundreds of 2’OMe
sites in human RNA at single-nucleotide precision [14]. Nm-seq uses multiple rounds of
oxidation-elimination-dephosphorylation (OED) to iteratively eliminate 2’-unmodified
nucleotides from the 3” end of fragmented RNA (Fig. 1A). 2’0OMe-maodified nucleotides
resist OED, and thus become enriched at the 3’ end of fragments. After multiple rounds of
OED, a final oxidation-elimination reaction performed without dephosphorylation creates
unligatable 3° monophosphate ends on fragments ending in unmodified nucleotides. In
contrast, Illumina-based 3’ adaptors are ligated using the NEB 3’ Ligation Enzyme Mix onto
fragments containing 2’OMe-maodified ends retaining a ligatable 3’ OH so that they can be
further enriched by subsequent PCR. Due to the low abundance of fragments with 2’0OMe-
modified ends compared with other fragments without 2’OMe-modified ends, mispriming
may take place and create artifact reads [15]. We therefore designed new 3’ adaptors
containing a unique barcode so that the reads from mispriming can be filtered out. PCR is
then used to amplify 2’0OMe-maodified fractions, allowing library construction for high-
throughput sequencing (Fig. 2). The 3’ end of each RNA fragment is thus the 2’OMe-
modified nucleotide, which is mapped by high-throughput sequencing.
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Nm-seq is particularly applicable to map 2°OMe residues on the 3’ terminal ends of small
RNAs (Fig. 1B). It has been demonstrated that plant small RNAs and animal piwi-
interacting RNAs (piRNAS) contain 3’ terminal 2’OMe, which is installed by the conserved
methyltransferase HEN1 [16-19]. The terminal 2’OMe modification enhances the stability
of small RNAs by inhibiting nucleotidyltransferase activities, such as uridylation, and 3’ to
5’ exoribonuclease activities, which mediate small RNA decay [20]. Methods using p-
elimination followed by RNA gel blotting have been applied for 2’0OMe detection, because
unmodified RNA loses one base after sodium periodate treatment, resulting in a 1-2 base
band shift on gel [21]. This method usually requires radioactive labeling and is not suitable
for large scale detection. Based on the same principle, the Nm-seq method can be adapted
for small RNA 2’OMe detection by omitting RNA fragmentation and performing just one
round of OED.

We present here a detailed protocol and optimization of Nm-seq. This protocol allows
mapping of 2’0OMe sites in low abundance RNA species such as mRNAs and small RNAs.
The bioinformatics pipeline has been described by the author of the original protocol [14].

Methods

2.1 Preparation of polyA-tailed RNA samples

2.1a RNA fragmentation and 3’ end repair—Set up an RNA fragmentation reaction
for each sample, using 10 ug of polyA-selected RNA for each sample. This amount of RNA
is necessary, as each cycle of OED causes a loss of a portion of the RNA. Add the 10 pg of
RNA, diluted in 72 pl of nuclease-free water, to 8 pl of 10x fragmentation buffer (1 M
Na,COj3 buffer, pH = 9.2). Mix well by vortex and briefly centrifuge the tube. Incubate the
RNA at 95°C for 18 minutes, then place the samples onto ice. This should fragment the
RNA into 30-40-nucleotide long fragments. The fragmentation efficiency can be checked by
bioanalyzer (i.e. Agilent 2100 Bioanalyzer, using an RNA Nano chip), and should be
confirmed before moving onto the next step, as different tubes and incubators may require
different fragmentation times.

Set up a 3’ end repair reaction by adding 9 pl of NEB T4 PNK buffer (10x) and 2 pl of NEB
T4 PNK (M0201L, 10 units/ul) to the 80 ul of fragmented RNA. Incubate the reaction at
37°C for 30 minutes.

After the incubation, set aside 10 pl to use as input for library preparation. Perform 5’
phosphorylation on this 10 pl by adding 29 pl nuclease-free water, 5 ul NEB T4 PNK buffer
(10x), 5 ul NEB ATP (P0756S, 10 mM), and 1 ul NEB T4 PNK. Incubate the 5’
phosphorylation mixture at 37°C for 30 minutes. Purify the RNA using Oligo Clean and
Concentrator (Zymo Research D4061), eluting with 7 pl nuclease-free water. Elute a second
time with another 7 ul water, combining the eluents. Measure the concentration, and set
aside this sample, which will be used for construction of the input library.

Purify the remaining 81 pl of the 3’ end repair reaction using Oligo Clean and Concentrator,
eluting with 35 pl of nuclease-free water.
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2.1b OED reagent setup—The OED cycles require that two of the reagents, lysine-HCI
buffer and sodium periodate solution, be made the day of the experiment. To make 2 M
lysine-HCI buffer, pH 8.5, dissolve 3.653 g of L-lysine monohydrochloride in 10 ml of
nuclease free water. Titrate to pH 8.5 with sodium hydroxide, and filter through a 0.22 um
filter to help avoid the growth of bacteria. To make 200 mM sodium periodate solution,
dissolve 42.778 mg of sodium periodate in 1 ml of nuclease-free water, and protect the
solution from light by using a light-safe opaque microcentrifuge tube.

2.1c OED reactions—OED is done in two successive steps: oxidation-elimination and
dephosphorylation. Set up the oxidation-elimination reaction in a light-safe opaque
microcentrifuge tube by adding 4.3 ul of 2 M lysine-HCI buffer, pH 8.5, and 4.3 ul of 200
mM sodium periodate solution to the 35 pl of purified fragmented and end-repaired RNA.
Incubate the reaction at 37°C in a shaking incubator for 30 minutes.

Perform dephosphorylation by adding 5 pl of NEB CutSmart Buffer (10x) and 2 ul of NEB
rSAP enzyme (0371S, 1 unit/ul) to the reaction. Incubate the reaction at 37°C in a shaking
incubator for 30 minutes. Purify the ~50 pl reaction using Oligo Clean and Concentrator,
eluting with 35 pl of nuclease-free water. Repeat the OED steps in section 2.1c 7 more
times, for a total of 8 cycles of OED. Elute the last OED reaction with 38 pl of nuclease-free
water.

8 cycles of OED are used to allow high sensitivity of Nm-seq. In theory, more cycles would
provide higher sensitivity. However, about 10% of the starting material is lost in each
iterative cycle. We found that, when starting with RNA, 8 cycles is the highest number of
cycles possible before the concentration of the sample becomes too low to reliably construct
OED libraries for sequencing.

2.1d 5’ phosphorylation and final oxidation-elimination—To the 38 ul of OED-
treated sample, add 5 pl of NEB T4 PNK buffer (10x), 5 ul of NEB ATP (10 mM), and 2 pl
of NEB T4 PNK. Incubate the reaction at 37°C in a shaking incubator for 30 minutes. Purify
the reaction using Oligo Clean and Concentrator, eluting with 40 pl of nuclease-free water.

A final oxidation-elimination step is performed without dephosphorylation to create
unligatable 3° monophosphate ends on unmodified nucleotides. To the 40 pl of 5
phosphorylated OED-treated RNA, add 5 pl of 2 M lysine-HCI buffer, pH 8.5, and 5 pl of
200 mM sodium periodate solution. Incubate the reaction at 37°C in a shaking incubator for
30 minutes. Purify the RNA using Oligo Clean and Concentrator, eluting with 7 pl nuclease-
free water. Elute a second time with another 7 ul water, combining the eluents. Measure the
concentration. The sample should contain around 10 ng of RNA per pl, for a total of
approximately 140 ng of RNA. This sample can be used to construct the OED libraries.

2.2 Preparation of small RNA samples

2.2a Reagent setup—Prepare reagents as described in section 2.1b.
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2.2b Oxidation-elimination and 3’ end repair—Prepare 10-20 g of total RNA. Set
aside one third of the total RNA, which will be used for construction of the input library.
Adjust the volume of the remaining two thirds of total RNA to 40 pl.

Set up a 50 pl oxidation-elimination reaction in a light-safe opaque microcentrifuge tube by
adding 5 ul of 2 M lysine-HCI buffer, pH 8.5, and 5 pl of 200 mM sodium periodate solution
to the 40 pl of total RNA. Incubate the reaction at 37°C in a shaking incubator for 30
minutes. Purify the RNA from the oxidation-elimination reaction using Oligo Clean and
Concentrator, eluting with 42 ul nuclease-free water.

Remove 3’ phosphates resulting from the oxidation-elimination reaction by adding 5 ul of
NEB T4 PNK buffer, 2 pl of T4 PNK, and 1 pl of 5% Triton-X100 (to maximize the 3’
phosphatase activity of T4 PNK). Incubate the reaction at 37°C in a shaking incubator for 30
minutes. Purify the RNA from the oxidation-elimination reaction using Oligo Clean and
Concentrator, eluting with 10 pl nuclease-free water.

2.2c Gel electrophoresis and RNA recovery—Denature the half of the total RNA
set aside at the beginning of step 2.2b, the 10 pl of oxidation-elimination treated RNA, and
10 pl of ZR small-RNA ladder (Zymo Research R1090) in RNA Loading Dye (NEB
B0363S) at 70°C for 5 minutes. Run the samples and ladder on a 15% TBE urea PAGE gel
until the dye front comes close to the end of the gel (i.e. 180V, 75 minutes). Stain the gel
with SYBR Gold Nucleic Acid Gel Stain (Thermo S11494) for 5 min at room temperature
according to the manufacturer’s instructions, and cut out the small RNA (17-29 nt) portion
of the gel, using the ladder as a reference (Fig. 3A). To recover piRNAs, cut the gel band
between 17 to just over 30 nt. Recover the small RNAs using ZR small-RNA PAGE
Recovery Kit (Zymo Research R1070), eluting with 6 pl of nuclease-free water.

2.3 Construction of OED libraries

Before library preparation, prepare custom 3’ and 5’ SR adapters (stock concentrations of
11.25 pM). The custom adapters are used due to the possibility of mispriming of the RT
transcription primer. In Nm-seq, only a small proportion of RNA fragments contain 2’0OMe
at the 3’ end, and thus become ligated to the 3° RNA adaptor. The reverse transcription
primer, which is intended to hybridize with the 3’ RNA adaptor, may then hybridize to RNA
fragments with internal sequences complementary to 3’ terminal ends of the RT primer (Fig.
2, top). To prevent mispriming from occurring, use the custom 3’ adaptor with a six-letter in-
line barcode (ATCACG) at its 5’ end. Correct hybridization of the RT primer with the 3’
adaptor creates cDNAs containing the complementary sequence of the in-line barcode (Fig.
2, bottom). On the other hand, cDNASs created by mispriming do not contain the
complementary sequence of the in-line barcode, as only the sequence of the RNA transcript
is transcribed. By using only reads generated by cDNAs containing the in-line barcode, Nm-
seq largely prevents false positives from mispriming. Moreover, both the custom 3’ adaptor
and custom 5’ adaptor contain a sequence of 5 random nucleotides at the ligation junctions
to reduce ligation-associated bias and to function as unique molecular identifiers to detect
and exclude PCR duplicates.

3’ adaptor: 5’-AppNN NNN ATC ACG AGA TCG GAA GAG CAC ACG TCT-3
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5” adaptor: 5’-GUU CAG AGU UCU ACA GUC CGA CGA UC NNN NN-3*

For library preparation of polyA-tailed RNAs, use 6 pl of the OED library and 1 pl of the
input library. For library preparation of small RNAs, use all of the OED and input samples.

Library construction is performed using the NEBnext Small RNA Library Prep Set for
Illumina (E7330S) with minor changes to the manufacturer protocol. Particularly:

1. In step 1.1 of the NEB protocol, replace the NEB provided 3’ SR Adaptor for
Ilumina (green cap) with 1 pl of a 1:4 dilution of the custom Nm-seq 3’ adaptor
(5’-AppNN NNN ATC ACG AGA TCG GAA GAG CAC ACG TCT-3’, stock
concentration: 11.25 pM). Dilution is necessary, as only a small fraction of the
OED library will be ligatable by the 3" adaptor. Dilution helps prevent the
formation of 143nt adaptor dimers.

2. In step 1.4 of the NEB protocol, incubate at 16°C overnight (instead of at 25°C
for one hour).

3. In step 2.1 of the NEB protocol, dilute the (pink) SR RT Primer for lllumina 1:4
in nuclease-free water before use.

4, Skip steps 3.1-3.2 of the NEB protocol, as a custom 5’ adaptor is used.

5. In steps 3.3-3.4, replace the NEB provided 5’ SR Adaptor for Illumina (yellow
cap) with a 1:4 dilution of the custom Nm-seq 5’ adaptor (5’-GUU CAG AGU
UCU ACA GUC CGA CGA UC NNN NN-3’, stock concentration: 11.25 uM).

The size of polyA-tailed RNA libraries should be around 165-170 nt, while small RNA
libraries should be around 160 nt. Use gel electrophoresis to isolate the RNA libraries while
removing adapter dimers, which are present at around 147 nt (Fig. 3B). PCR-amplified
libraries may be stored at —20°C until sequencing. Deep sequence the libraries using an
Illumina NextSeq platform (or similar).

2.4 Data processing

2.4a Pre-filtering—Pre-process sequencing reads from the Illumina NextSeg-500 by
removing standard adapters “AGATCGGAAGAGCACACGTCT” using Cutadapt [22].
Next, filter out misprimed reads by removing reads that do not carry the correct in-line
barcode sequence at the 3’ end of the read (Fig. 2). Filter out PCR duplicates by using the 5
nucleotides at the 5’ and 3’ ends of reads as barcodes. Use only reads that have passed all of
these filtering steps for further steps.

2.4b Alignment and 2’OMe site identification—Map the filtered reads to the
appropriate reference genome and transcriptome with TopHat [23]. To find significantly
enriched sites carrying 2’0OMe, use the 3’ end of sequencing reads to calculate the depth of
each position of all RNA molecules. Signals on a potential 2’OMe site should present
significant enrichment over the other regions on the same transcript, as well as over the same
position of the matched input. Thus, on each nucleotide, calculate the sequencing depth in
both the OED library and input library. Specifically, calculate the following numbers and
perform a Chi-squared test: the depth of the current site (Dpase) in both OED and input
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samples, the total depth of the transcript (Dsym) in nptj OED and input samples, and the
average depth of the transcript in the OED sample (Daye). Positive sites are sites that meet
the following criteria: (1) Chi(Dpase Nm:» Dave_Nm: Dbase_inputs Oave_input): 10g2(ratio)>=1 &
Dpase_nm >= 10 (2) Chi(Dpase_Nm: Osum_Nm» Dave Nm» Dsum_nm): p-value < 0.01 &
1092(Dpase_ Nm / Dave_Nm)>=2.

A detailed command structure can be found at https://github.com/malijia/20me

3. Results and discussion

Nm-seq allows high-throughput identification of sites of 2’OMe. Our method could detect
2’0OMe in abundant RNA species such as rRNA, but also 2’OMe sites in lower abundance
RNA species such as mRNA. The method can be adapted to detect 2’0OMe at the 3’ terminal
ends of small RNAs as we have shown here. In addition, further optimization of our protocol
[14] includes custom 3’ and 5’ adaptors allows filtering out PCR duplicates and RT
mispriming products.

The optimized Nm-seq protocol could identify 2’0OMe sites in various RNA species,
including mRNA and viral RNAs. Detection of 2’0OMe at the 3’ terminal ends of small
RNAs using Nm-seq is also possible by comparing length distributions of miRNASs using a
previously established pipeline [24]. We used Nm-seq to sequence small RNAs from mouse
brain samples, which do not contain a 3’ terminal 2’0OMe [25,26], and from Arabidopsis
seedlings, which contain miRNAs with 3’ terminal 2’OMe [19]. In mouse brain samples, we
observed a uniform size shift of the miRNA let-7a-5p after OED treatment (Fig. 4A, lower
panel). However, in Arabidopsis seedlings, the sizes of miRNAs such as miR156a-5p, which
has a 3’ terminal 2’OMe, are the same in OED treated and untreated samples (Fig. 4A, upper
panel). Similar results were found in mouse testis samples (Fig. 4B). These results suggest
that Nm-seq can be applied for small RNA terminal 2’OMe detection in a large scale.

Nonetheless, there is much room for improvement in the Nm-seq technique. For mRNAs,
the need for eight cycles of OED makes the procedure laborious; they alone take over 10
hours to perform, which does not include the fragmentation, 3’ end repair, final
phosphorylation, final oxidation-elimination, or library preparation steps. A method to
automate Nm-seq would be highly useful. It could be possible to modify Nm-seq to involve
fixing RNA fragments to magnetic beads, thus allowing the use of existing automated
platforms for Nm-seq. Another limitation of Nm-seq is the large amount of RNAs needed
for the procedure, as each cycle of OED causes a loss of around 10% of the RNA sample. A
method that does not cause such a large loss of sample would allow Nm-seq to be performed
on more limited samples, such as specific cell types or human patient samples.

Recently, a method to map 2’OMe sites at single-nucleotide precision on mRNA in yeast
was developed [9]. This method, MeTH-seq, identified hundreds of novel 2’OMe sites on
mRNA genome-wide, and showed that most 2’OMe sites are located on Um. The technique
maps 2°OMe by using limited concentrations of magnesium to promote the pausing of
reverse transcriptase one nucleotide 3’ to 2’OMe methylated sites. To detect false positives,
MeTH-seq validates all 2’OMe sites by depletion of 2’0OMe methyltransferases. Thus,
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MeTH-seq is a powerful tool for 2’OMe detection when combined with the manipulation of
methyltransferases. Future work to discover 2’0OMe methyltransferases in mRNA and
further enhance techniques such as Nm-seq and MeTH-seq would greatly accelerate the
characterization of functional roles of 2’OMe.

Other studies using B-elimination for small RNA library construction have also proved
useful for identifying 2’0OMe sites on small RNAs. In these studies, 3’ phosphate groups at
the ends of unmethylated small RNAs are removed, preventing unmethylated small RNAs
from ligating to a 3* adapter [18,27]. Thus, unmethylated small RNAs are excluded from the
final library preparation. These studies provide a useful method to sequence small RNAs
with 2’0OMe. However, this method without the dephosphorylation step does not retain
information about small RNAs that are partially methylated. Increasing evidence shows that
some small RNAs are partially methylated in diverse species, and varied methylation status
may endow distinct biological functions [28,29]. In contrast, because our method includes a
dephosphorylation step, the library preparation includes both methylated and unmethylated
small RNAs, with unmethylated small RNAs appearing 1 nt shorter. Thus, our method could
capture partially methylated small RNAs based on the 3’ truncation analysis. With further
improvements, our method can potentially quantify 2’OMe levels in small RNAs.
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Highlights for “Single base resolution mapping of 2’- O-methylation sites in human
mRNA and in 3’ terminal ends of small RNAs”

. Nm-seq can be used to identify 2’OMe sites at single base resolution on
various RNAs

. Nm-seq is particularly useful for detecting 2’OMe sites located at the 3’
terminal ends of small RNAs

. Our optimization to include a redesigned custom 3’ adapter improves the
quality of the data by filtering out misprimed reads

. Further enhancements to Nm-seq and similar techniques will prove useful in
the characterization of functional roles of 2’0OMe
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Fig. 1.

Schematic of Nm-seq. A) Schematic for mRNA library OED treatment and library
preparation. RNA fragments undergo eight cycles of OED. Each cycle removes one
nucleotide from unmethylated 3° RNA ends, thus exposing 2’0OMe methylated nucleotides at
the 3’ end of fragments. 3’ ends are blocked by oxidation-elimination without
dephosphorylation, and adaptors are ligated onto all 5° RNA ends and onto 3’ RNA ends
containing 2’OMe. High-throughput sequencing produces an asymmetric read pileup
signature, where the uniform 3” end marks the exact 2’OMe position (the sequence in panel
5 represents a reference transcriptome). B) Schematic for small RNA OED treatment and
library preparation. Small RNAs undergo 1 cycle of OED. 2°OMe methylated small RNAs
remain the original size, while unmethylated ones are one nucleotide smaller with 3’ ends
blocked by a phosphate group. Dephosphorylation is carried out using T4 PNK to remove
the 3’ blockage. Adaptors are ligated onto both RNA ends. High-throughput sequencing
produces small RNA reads in different lengths for small RNAs without 2’OMe.
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Fig. 2.

Use of a 3’ adaptor with an inline barcode prevents mispriming. Mispriming may occur on
fragments containing an internal sequence complementary to the 3’ terminus of the RT
primer sequence (left). However, only cDNA products produced from correctly primed
products will contain the in-line barcode (5 CGTGAT 3’), which is underlined in the figure.
Reads without the in-line barcode are filtered out, thus preventing mispriming.
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Fig. 3.

E)?pected band sizes for gel cutting. A) An example image of a 15% TBE urea PAGE gel of
total RNA from Arabidopsis seedlings. The red box indicates the area to be cut from the gel
for small RNA recovery. B) An example image of a 6% PAGE gel after small RNA library
construction. The red box indicates the area to be cut from the gel for library recovery, and
the band of adapter dimer, which is 20-30 bp smaller, is also indicated.
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Nm-seq detects 2’0OMe at the 3’ terminal ends of small RNAs. A) Size distributions of (top)
miRNAs ath-miR156a-5p from Arabidopsis, which contains 2’0OMe and is not truncated,
and (bottom) mmu-let-7a-5p from mouse brain, which does not contain 2’OMe and is
truncated by one nucleotide. Dot sizes indicate the relative abundances of different lengths
of a miRNA. X-axes represent the extent of 3’ truncation from the canonical, nontruncated
miRNA length at the O position (right). Y-axes represent 3’ tailing, with the canonical
miRNA length at the 0 position (bottom). Dots on diagonals represent reads of the same
length with different statuses of truncation/tailing. B) Size distributions of a miRNA
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(miR-21a-5p) and a piRNA (named piRNA-1 here, with the sequence
“TCCTGTTCTGATTTCCTTTGACTGTGATGT”) in a mouse testis sample.
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