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ABSTRACT

RNA molecules harbor diverse modifications that
play important regulatory roles in a variety of bio-
logical processes. Over 150 modifications have been
identified in RNA molecules. Nf-methyladenosine
(m8A) and 1-methyladenosine (m'A) are prevalent
modifications occurring in various RNA species
of mammals. Apart from the single methylation of
adenosine (m®A and m'A), dual methylation mod-
ification occurring in the nucleobase of adeno-
sine, such as N®,Né-dimethyladenosine (m%€A), also
has been reported to be present in RNA of mam-
mals. Whether there are other forms of dual
methylation modification occurring in the nucle-
obase of adenosine other than m®€A remains elu-
sive. Here, we reported the existence of a novel
adenosine dual methylation modification, i.e. 1,N¢-
dimethyladenosine (m'-6A), in tRNAs of living organ-
isms. We confirmed that m'6A is located at position
58 of tRNAs and is prevalent in mammalian cells
and tissues. The measured level of m'®A ranged
from 0.0049% to 0.047% in tRNAs. Furthermore, we
demonstrated that TRMT6/61A could catalyze the
formation of m'®A in tRNAs and m'SA could be
demethylated by ALKBHS3. Collectively, the discovery
of m'6A expands the diversity of RNA modifications
and may elicit a new tRNA modification-mediated
gene regulation pathway.
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Beyond the four canonical nucleobases, RNA molecules
also carry a diverse array of modifications (1). In recent
years, there have been substantial efforts to uncover and
characterize the modifications present on RNA, motivated
by the potential of such modifications to regulate RNA
metabolism (2). Over 150 different types of modifications
have been reported to be present in various RNA species
across all domains of living organisms (3). These naturally
occurring modifications in RNA molecules serve critical
roles in impacting RNA structure and also broaden our un-
derstanding toward the functions of RNA molecules (4—
6). In a manner analogous to DNA, increasing evidence
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proposes that these modifications in RNA molecules par-
ticipate in regulating RNA processes (7).

Methylation is the most prevalent modification occurring
in RNA molecules of mammals (3). Two isomeric adenosine
methylation modifications of N®-methyladenosine (m°®A)
and 1-methyladenosine (m'A) have been reported to be
widely present in different RNA species of mammals (8).
mlA is found in eukaryotic messenger RNA (mRNA),
transfer RNA (tRNA), ribosomal RNA (rRNA) and non-
coding RNA (ncRNA) (9). Intensive studies of m°A in re-
cent years have implicated m°A in a broad range of critical
functions, ranging from cell development and differentia-
tion (10), stress responses (11,12), to development of can-
cers (13). At the molecular level, m°A is involved in RNA
stability (14), regulation of translation (15), and microRNA
biogenesis (16). m' A is a modification primarily observed in
the conserved sites in rRNA and tRNA (17-19). m' A is also
found in mammalian mRNA, with enrichment in the 5’ un-
translated region (5 UTR) (20-22). m'A in RNA can affect
ribosome biogenesis, respond to environmental stress, and
mediate antibiotic resistance in bacteria (23).

Apart from the single methylation on the nucleobase of
adenosine (m°A and m'A), dual methylation modification
occurring in the nucleobase of adenosine, such as N N°-
dimethyladenosine (m®®A), also has been reported to be
present in RNA. m®®A is a conserved modification found
in human 18S rRNA and plays a critical role in ribosome
biogenesis (24,25). Since both m'A and m®A are ubiqui-
tous modifications in RNA of mammals, we speculate that
the dimethylated adenosine other than m®°A, such as 1,N°-
dimethyladenosine (m'°A), may be present in RNA. How-
ever, unlike m®°A, m""°A has never been discovered in liv-
ing organisms across the three-domain system, including ar-
chaea, bacteria, and eukaryotes. The presence of m'°A in
RNA remains an open question.

In this study, we reported the existence of a novel adeno-
sine dual methylation modification, i.e. m'®A, in tRNAs
of mammalian cells and tissues. Notably, we demonstrated
that m'°A was located at position 58 of tRNAs. Further-
more, we demonstrated that TRMT6/61A was responsible
for the formation of m"A in tRNAs and ALKBH3 was
capable of demethylating m!°A in tRNAs.

MATERIALS AND METHODS
Chemicals and reagents

The nucleosides and modified nucleosides, including
adenosine (A), guanosine (G), cytidine (C), uridine (U),
N3-methylcytidine (m3C), 5-methylcytidine (m°C), N7-
methylguanosine (m’G), N®-methyladenosine (m°A),
N® N°-dimethyladenosine  (m®®A), 1-methyladenosine
(m'A), 1,2’-O-dimethyladenosine (m'Am), and N°2'-O-
dimethyladenosine (m®Am) were purchased from various
commercial sources and the detailed information of these
nucleosides can be found in Supplementary Table S1 in
Supporting Information. 1,N®-dimethyladenosine (m!®A)
was synthesized in the current study. Venom phospho-
diesterase 1 and TRIzol reagent were purchased from
Sigma-Aldrich (Beijing, China). Calf intestinal alkaline
phosphatase (CIAP) and S1 nuclease were obtained from
Takara Biotechnology (Dalian, China). Proteinase K was
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obtained from Sangon Biotechnology (Shanghai, China).
Dimethyl sulfate (DMS) was purchased from Macklin
Biochemical Technology Co., Ltd (Shanghai, China).
Trimethylsulfoniumiodide (Me;SI) was purchased from
Bide Pharmatech Ltd. (Shanghai, China). L-Methionine-
(methyl-D3) (Ds3;-Met) was purchased from Aladdin
Industrial Inc. (Shanghai, China). Dulbecco’s modified
Eagle’s medium (DMEM), RPMI-1640 medium and fetal
bovine serum were purchased from Thermo-Fisher Scien-
tific (Beijing, China). Chromatographic grade methanol
was purchased from Merck (Darmstadt, Germany).

Synthesis and characterization of m!-°A

m!®A was synthesized by two different strategies. Briefly, 20
wM of m' A or m°A was used as the substrate to react with
100 mM of DMS under different pH at 37°C for 1 h. Alter-
natively, m®A (6 mg) in DMF was used as the substrate to
react with Me;SI (30 mg) at 85°C for 3.5 h. The obtained
m!°A was separated and purified by high performance lig-
uid chromatography (HPLC). The HPLC separation was
performed on Shimadzu LC-20AT HPLC system. A home-
made C18-T column (10.0 x 250 mm) was employed for the
separation. An isocratic separation was performed at a flow
rate of 2.0 ml/min with 10% methanol (v/v) as the mobile
phase. The synthesized m""*A was characterized by high-
resolution mass spectrometry and nuclear magnetic reso-
nance (NMR) analysis.

Biological and clinical samples

Human embryonic kidney 293T cell line (HEK293T), hu-
man cervical carcinoma cell line (HeLa), human hepatic
cell line (HL-7702), human breast cancer cell line (MCF-
7), human liver carcinoma cell line (HepG2), human ma-
lignant myeloid cell line (K562), human leukemic cell line
(Jurkat-T), and mouse neuroblastoma N2a cell line (Neuro-
2a) were obtained from the China Center for Type Culture
Collection. HEK293T, HelLa, MCF-7, HepG2 and Neuro-
2a cells were grown in DMEM medium. HL-7702, Jurkat-
T and K562 cells were grown in RPMI-1640 medium. The
medium was supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pwg/mL streptomycin. Cells
were maintained in a humidified atmosphere with 5% CO,
at 37°C. As for stable isotope tracing experiments, hu-
man HEK293T and HeLa cells were cultured in DMEM
medium supplemented with 0.3 mM of D3;-Met. HEK293T
and HeLa cells were harvested after culturing for 72 h in
DMEM medium supplied with D3-Met.

The animal experiment was treated in accordance with
the protocols and approved by the Animal Ethics Commit-
tee at the Innovation Academy for Precision Measurement
Science and Technology, Chinese Academy of Sciences. The
rat and mouse were anesthetized and euthanized, and the
rat brain tissues were quickly removed and manually di-
vided into nine regions, including olfactory bulb (OB), cere-
bellum (CE), medulla (MED), midbrain (MID), thalamus
(THA), hypothalamus (HYP), hippocampus (HP), stria-
tum (ST) and cerebral cortex (CC). A total of 10 breast
cancer tissues and matched tumor-adjacent normal tissues
from five breast cancer patients were collected from Hubei
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Cancer Hospital. The human related study was granted and
approved by the Hubei Cancer Hospital Ethics Committee
and met the declaration of Helsinki. All the experiments
were performed in accordance with Hubei Cancer Hospi-
tal Ethics Committee’s guidelines and regulations.

Purification of different RNA species

Cellular total RNA was extracted using TRIzol reagent
(Sigma-Aldrich, Beijing, China) according to the manu-
facturer’s recommended procedure. Large RNA (>200 nt)
and small RNA (<200 nt) were purified using an E.Z.N.A.
miRNA kit (Omega Bio-Tek Inc., Norcross, GA, USA).
The small RNA (<200 nt) was further separated by 10%
urea—PAGE and gel-purified to obtain tRNAs, 5S rRNA
and 5.8S rRNA. For the isolation of 18S rRNA and 28S
rRNA, the total RNA was further separated by means of
size exclusion chromatography (SEC) using a Bio SEC-5
column (5 mm, 1000 A, 4.6 x 150 mm; Agilent Technolo-
gies, Foster City, CA, USA) according to a previous study
(26). Isocratic separation was performed at a flow rate of
0.35 ml/min at 35°C with 100 mM CH;COONH, (pH 7.0)
as the mobile phase. The fraction was collected and pro-
cessed with the E.Z.N.A. miRNA kit to remove salt. For
mRNA isolation, the obtained large RNA (>200 nt) was
extracted twice using PolyATtract® mRNA isolation sys-
tem (Promega, Madison, WI, USA). The isolated RNA
was quantified by UV spectrophotometer B-500 (Metash,
Shanghai, China).

Isolation of individual tRNA

Typically, 20 pl of PuriMag G-Streptavidin magnetic beads
(PuriMag Biotech, Xiamen, China) were washed three
times with 1x binding buffer (20 mM Tris—HCI, pH 8.0, 0.5
M NaCl), and then resuspended in 100 pl of 1 x binding
buffer. Subsequently, 40 wM of biotin-labeled DNA probe
(Supplementary Table S2 in Supporting Information) that
is complementary to individual tRNA in 100 wl of 1x bind-
ing buffer was added to beads and incubated at 25°C for 30
min with gentle mixing. The DNA probe-coated beads were
then washed four times using 200 pl of 1x binding buffer
and resuspended in 100 pl of 1x binding buffer. Then 30
g of purified tRNAs dissolved in 100 pl of 1x binding
buffer was mixed with the DNA probe-coated beads and in-
cubated at 75°C for 10 min followed by incubation at 25°C
for 3 h to allow the hybridization of the individual tRNA
to DNA probe. The DNA probe-coated beads were washed
five times with 200 .l of washing buffer (7 mM Tris—-HCI,
pH 8.0,0.17 M NaCl). The individual tRNA was recovered
by degradation of streptavidin with 27 wM of proteinase K
digestion at 55°C for 40 min in 50 pl of RNase-free H,O or
through incubation in 20 wl buffer (95% formamide, 10 mM
EDTA, pH 8.2) at 65°C for 5 min. The resulting tRNA
was further purified using RNA Clean & Concentrator kit
(Zymo Research).

Isolation of specific fragment of tRNA

To obtain a specific fragment of tRNA, we proposed
a strategy of DNA hybridization protection combined

with S1 nuclease digestion. Specifically, 600 ng of pu-
rified tRNASY(OGCO and 5 wM of 22-mer biotin-labeled
DNA probe (or 20-mer or 18-mer biotin-labeled DNA
probe, Supplementary Table S2 in Supporting Informa-
tion) were mixed in a 20-pl of hybridization buffer (50
mM Tris—-HCI, pH 7.0, 5 mM MgCl,). The mixture was
heated at 70°C for 10 min followed by gradual cooling
down to 25°C to allow the hybridization of the 22-mer
biotin-labeled DNA probe (or 20-mer or 18-mer biotin-
labeled DNA probe) with tRNASY(GCO)  Subsequently, S1
nuclease (180 units/pl in stock solution) was added to the
mixture (final concentration of 0.3 units/pl) to digest the
single-stranded region of tRNASY(GCO) 35 well as the ex-
cess biotin-labeled DNA probe at 23°C for 15 min. Finally,
the PuriMag G-Streptavidin magnetic beads were applied
for isolation of the 22-bp RNA/DNA hybrid (or 20-bp or
18-bp RNA/DNA hybrid) according to the aforementioned
procedure.

LC-ESI-MS/MS analysis

RNA was enzymatically digested under neutral condi-
tions according to our previously described method (27).
LC-ESI-MS/MS analysis of the digested nucleosides was
performed on a Shimadzu 8045 mass spectrometer (Ky-
oto, Japan) equipped with an electrospray ionization (ESI)
source (Turbo Ionspray) and a Shimadzu LC-30AD UPLC
system (Tokyo, Japan). A Shimadzu Shim-pack GIST C18
column (100 mm x 2.1 mm i.d., 2.0 wm) was employed for
the separation at 40°C. The mobile phases consist of 0.05%
formic acid/H,O (solvent A) and methanol (solvent B) with
a flow rate of 0.2 ml/min. A 20-min gradient (0—2 min of
5% B, 2—10 min of 5 to 80% B, 10—12 min of 80% B, 12—13
min of 80 to 5% B and 13-20 min of 5% B) was employed for
the separation. The nucleosides were detected by multiple
reaction monitoring (MRM) under positive-ion mode. The
optimal MRM mass spectrometric parameters are listed in
Supplementary Table S3 in Supporting Information.

High-resolution mass spectrometry analysis

The synthesized m'®A was characterized using a high-
resolution LTQ-Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), which was
equipped with an ESI source and a Dionex Ultimate 3000
UPLC system (Thermo Fisher Scientific, Waltham, MA,
USA). The LC separation conditions were the same as
that on Shimadzu 8045 mass spectrometer system. The
MS analysis was performed in positive-ion mode with full
scan detection (m/z 100-350) at a resolution of 60 000. The
molecular mass (m/z 296.1) of the m'®A was listed as the
precursor ions for MS/MS analysis. The high-resolution
MS/MS analysis was performed under positive-ion mode
at the resolution of 60000 using collision induced dissoci-
ation (CID) activation mode with a collision energy of 20
eV. In addition, the product ion (m/z 164.1) of the m'®A
was listed as the precursor ions for MS? analysis. The high
resolution MS? analysis was performed under positive-ion
mode at the resolution of 60 000 using CID activation
mode with a collision energy of 35 eV. The source and
ion transfer parameters applied were as follows: capillary



temperature, 350°C; heater temperature, 300°C; auxiliary
gas flow, 15 arbitrary units; sheath gas flow, 35 arbitrary
units; capillary voltage, 35 V; spray voltage, 3.5 kV; the
S-lens RF level, 60%. Data analysis was performed using
Xcalibur v3.0.63 (Thermo Fisher Scientific, Waltham, MA,
USA).

Expression and purification of recombinant proteins

The human ALKBH3 (hALKBH3), human ALKBHI
(hALKBHI1), human TRMT6 (hTRMT6), human
TRMT61A (hTRMT61A) and mouse Alkbh3 (mAlkbh3)
genes were synthesized by TsingKe Biological Technology
(Beijing, China). The synthesized hALKBH3, hALKBHI,
hTRMT6 and mAlkbh3 genes were separately cloned
into pGEX-4T1 plasmid that contains the glutathione
S-transferase (GST) tag. The h'TRMT61A gene was in-
serted into pET28(a) plasmid. The human METTLI6
gene was constructed from the MTase domain (1-310
amino acids, referred to as AMTDI16) and inserted into
pET28(a) plasmid. These protein-expressing constructs
were examined and confirmed by sequencing and trans-
formed into BL21 (DE3) strain, grown in LB medium
at 37°C until the OD600 reached 0.8—1.2. As for the
expression of the hTRMT6/61A protein complex, the
protein-expressing constructs for TRMT6 and TRMT61A
were simultaneously transformed into BL21 (DE3) strain.
The induced protein expression was carried out at 16°C for
20 h with the addition of 0.5 mM IPTG (isopropyl-B-D-
thiogalactopyranoside).

For the purification of hALKBHI, hALKBH3 and
mALKBH3 proteins, E. coli cells were collected in PBS
buffer (136 mM NaCl, 2.6 mM KCI, § mM Na,HPOq,
2 mM KH,PO4, 2 mM DTT) supplemented with pro-
tease inhibitors (0.2 mM). After ultrasonication, the su-
pernatant was applied to purify recombinant proteins us-
ing GST affinity beads. After washing with PBS buffer,
Cryonase™ Cold-Active nuclease (Takara Biotechnology,
Dalian, China) was added to degrade the residual nucleic
acid at 4°C for 1 h. The recombinant proteins were eluted
with 20 mM reduced glutathione in 100 mM Tris—-HCI (pH
8.0). For the purification of h(MTDI16, E. coli cells were col-
lected in the lysis buffer (20 mM Tris—HCI 8.0, 150 mM
Nacl), and the recombinant protein was purified using Ni-
NTA and then eluted with 250 mM imidazole in the elu-
tion buffer (20 mM Tris—HCI, pH 8.0, 150 mM NaCl). For
the purification of A TRMT6/61A protein complex, we used
GST affinity beads to pulldown the complex followed by
elution with 20 mM reduced glutathione in 100 mM Tris—
HCI (pH 8.0). All the purified proteins were analyzed by
SDS-PAGE and stored at —80°C.

In vitro methylation and demethylation assay

The in vitro methylation and demethylation assays were
conducted according to previous studies with slight mod-
ifications (28,29). For the methylation assay of hMTDI16,
the reaction mixture (20 wl) contained 50 mM Tris—HCI
(pH 8.0), 200 mM NaCl, 2 mM MgCl,, | mM DTT, 0.2
units/pul (final concentration) of RNase inhibitor, | mM
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SAM (S-adenosyl-L-methionine), 20 uM hMTDI16, and 5
pmol hairpin RNA (Supplementary Table S2 in Support-
ing Information) or 100 ng of purified tRNAs. The reac-
tion was carried out at 37°C for 3 h. For the methylation
assay of hTRMT6/61A, the mixture (20 wl) included 50
mM Tris—-HCI (pH 8.0), 50 mM NH4CI, 10 mM MgCl,, 1
mM DTT, 0.2 units/wl (final concentration) of RNase in-
hibitor, 60 uM SAM, 5 puM hTRMT6/61A, and 200 ng
of tRNAs. The reaction was performed at 30°C for dif-
ferent times. For the demethylation assay, the reaction so-
lution (20 pl) contained 10 wM recombinant hALKBHI,
hALKBH3 or mALKBH3 protein, 600 ng of purified tR-
NAs, 100 mM KCI, 2 mM MgCl,, 0.2 units/wl (final con-
centration) of RNase inhibitor, 2 mM L-ascorbic acid, 1
mM a-ketoglutarate, 150 wM (NHy),Fe(SO4),-6H,0, and
50 mM Tris—HCI (pH 7.0). The reaction was carried out at
37°C for 3 h. All the reactions were quenched by heating at
95°C for 5 min.

Overexpression and siRNNA knockdown

The plasmid pEGFP NI-hALKBHI1, pCMV Sport6-
hALKBH3, and pCMV Sport6-mALKBH3 were obtained
from Sangon Biotechnology (Shanghai, China) and con-
firmed by sequencing. Human HEK293T cells were trans-
fected with these plasmids or control plasmids using
Lipofectamine 3000 (Invitrogen, USA) according to the
manufacturer’s instruction. Knockdown of hALKBHI or
hALKBH3 was performed using siRNA (TsingKe Biologi-
cal Technology, Beijing, China) targeting human ALKBH]
or ALKBH3 mRNA. The non-targeting siRNA was used as
a negative control. The sequences of hALKBHI, hALKBH3
siRNA and control siRNA are listed in Supplementary
Table S2 in Supporting Information. Human HEK293T
cells were transfected with "ALKBHI siRNA, hALKBH3
siRNA, or control siRNA using Lipofectamine 2000 (Invit-
rogen, USA) according to the manufacturer’s instruction.
The culture medium was changed at 8§ h after transfection
and cells were harvested at 48 h after transfection.

Quantitative real-time PCR analysis

The isolated total RNA (1 pg) was used to generate cDNA
using Hifair®III 1st Strand cDNA Synthesis SuperMix
for qPCR (gDNA digester plus) (Yeasen Biotechnology,
Shanghai, China). The Hieff® qPCR SYBR Green Mas-
ter mix (No Rox) (Yeasen Biotechnology, Shanghai, China)
was used for PCR reaction according to the manufacturer’s
instructions. Quantitative real-time PCR (qPCR) was per-
formed using a CFX96 Real-Time PCR Detection system
(Bio-Rad Laboratories). The levels of gene expression were
normalized to glyceraldehyde 6-phosphate dehydrogenase
gene (GAPDH). The sequences of PCR primers are listed
in Supplementary Table S2 in Supporting Information.

Western blotting

HEK293T cells were lysed using RIPA lysis buffer (Be-
yotime Biotechnology, Shanghai, China). Then proteins
were analyzed by SDS-PAGE and transferred to a PVDF
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Figure 1. Synthesis and characterization of m'**A by high-resolution mass spectrometry. (A) The chemical reaction for the synthesis of m'“*A. (B) Chro-
matogram for separation and purification of m'»¢A. (C) The extracted-ion chromatogram of the synthesized m-6A. (D) MS/MS spectra of the synthesized
m!“%A by high-resolution mass spectrometry analysis. Shown in red are theoretical 712/z; shown in blue are measured n1/z.

membrane (Millipore). Membranes were blocked with 5%
milk proteins in TBST buffer (50 mM Tris—-HCI pH 7.6,
150 mM NacCl and 0.1% Tween-20), and probed with pri-
mary antibody for 2 h. Then the membranes were washed
three times with TBST buffer (5 min each) and probed with
HRP-conjugated secondary antibody for 1 h. After wash-
ing three times, signal was detected using ECL western blot
kit (ComWin Biotech Co., Ltd., Beijing, China) and imaged
on a Tanon-4600SF chemiluminescent detector (Tanon,
Shanghai, China). Antibodies that specifically recognized
ALKBHI1 (Abcam, ab12889, Cambridge, MA), ALKBH3
(Abcam, ab93174, Cambridge, MA) and GAPDH (Cell
Signaling Technology, Danvers, MA) were used at 1:2000,
1:2000 and 1:3000 dilutions, respectively. HRP-conjugated
secondary goat anti-rabbit antibody (Abcam, ab6721, Cam-
bridge, MA) was used at a 1:10 000 dilution.

RESULTS AND DISCUSSION
Characterization of the synthesized m!°A

m'!A and m®A are two prevalent modifications in RNA of
mammals. In addition to the single methylation of adenine,
dual methylation of adenine, such as m®®A, has also been
identified to be present in RNA of mammals. However, the
dual methylation of adenine, i.e. m"®A, has not been re-
ported before. In this study, we aimed to investigate whether
m!®A is present in RNA of mammals.

We first synthesized the m!°A standard, which is essential
for the unambiguous determination of its potential pres-
ence in RNA of mammals. It has been reported that DMS
can methylate the N1 or N6 position of adenosine under

different pH conditions (30). Thus, we initially used m' A
and m°A as the substrates to react with DMS to synthe-
sizem"°A (Supplementary Figures S1 and S2 in Supporting
Information). The results showed that the potential m"-¢A
could be obtained; however, the yield was low. We therefore
carried out the reaction under different pH to test whether
pH plays critical role on the reaction efficiency for the syn-
thesis of m'“*A. However, the yield of m'®A was still low
and many by-products were also produced under different
reaction conditions (Supplementary Figures S1 and S2 in
Supporting Information). It can be seen that the reaction is
not suitable for the synthesis of m'-°A standard. In this re-
spect, we turned to use Me;SI as the reagent to react with
mPA (Figure 1A). The HPLC analysis showed that, in ad-
dition to the substrate of m°®A (24.0 min), a new peak oc-
curred at 5.0 min after the reaction (Figure 1B). The yield
for m'®A is estimated to be ~90%. The high-resolution MS
analysis showed that the precursor ion (m/z 296.1356) and
fragment ions (m/z 164.0930) of the synthesized product
were identical to the theoretical m/z of m""®A (m/z296.1353
and 164.0931, Figure 1C and D), indicating that the com-
pound should be the desired m!®A. The chromatographic
retention time of this synthesized compound (3.2 min) in
LC-ESI-MS/MS analysis is different from that of m®°A
standard (7.8 min) (Supplementary Figure S3 in Supporting
Information), excluding the possibility of the synthesized
compound being m®®A. In addition, NMR analysis further
confirmed the synthesized compound was m'®A (Supple-
mentary Figures S4-S6 in Supporting Information). Col-
lectively, these results demonstrated that m!'®A was suc-
cessfully synthesized with high yield by using MesSI as the
reagent.
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Figure 2. Determination of m""®A in mammalian tRNAs. (A) The extracted-ion chromatograms of m"%A from different samples by LC-ESI-MS/MS
analysis. The synthesized m'®A standard was added into the enzymatically digested total RNA or tRNAs of HEK293T cells to confirm the existence
of mA. (B, C) Confirmation of the detected m'-°A from tRNAs of HEK293T cells by high-resolution mass spectrometry analysis. The extracted-ion
chromatograms (upper panel), MS/MS spectra (middle panel), and MS? spectra (bottom panel) of the synthesized m'-°A standard and detected m'-°A from
tRNAs of HEK293T cells. (D, E) Identification of m!-®A in tRNAs of HEK293T cells using stable isotope tracing monitored by mass spectrometry. The
extracted-ion chromatograms of the detected m!*A (MRM: 296.1—164.1, upper panel), D3-m'-°A (MRM: 299.1—167.1, middle panel), and Dg-m'-°A
(MRM: 302.1—170.1, bottom panel) from tRNAs of HEK293T and HeLa cells.

Determination of m'°A in RNA of mammalian cells

With the synthesized m'°A standard, we next investigated
the potential existence of m"®A in mammalian RNA by
mass spectrometry analysis. The preliminary results showed
a peak with a retention time of 3.2 min in the extracted-
ion chromatogram (m/z 296.1—164.1) from the total RNA
of HEK293T cells, which was consistent with the retention
time of m!°A standard (Figure 2A). We added the m!°A
standard to the enzymatically digested nucleosides from to-
tal RNA of HEK293T cells. It can be seen that the spiked
m'®A standard had the same retention time as that de-
tected in HEK293T cells and the peak intensities increased
with the spiked m!-°A standard (Figure 2A), suggesting that
the detected compound should be m'®A. On the contrary,
m!°A was undetectable in the negative control sample of
water or the sample with only adding enzymes and omit-
ting RNA (Figure 2A), which excludes the possibility that
the detected m'*A was from the contamination of water
or enzymes. We next examined m"®A in different RNA
species from HEK293T cells. The total RNA was separated

into mRNA, 28S rRNA, 18S rRNA, 5.8S rRNA, 5S rRNA
and tRNAs (Supplementary Figure S7 in Supporting In-
formation), followed by enzymatical digestion and LC-ESI-
MS/MS analysis. The results showed that m"°A mainly ex-
isted in tRNAs and was undetectable in other RNA species
(Figure 2A).

We further employed high-resolution MS to examine the
detected m!®A from tRNAs of HEK293T cells. The colli-
sional activation the [M + H]" ions of the m!®A standard
can readily eliminate a ribose moiety to yield the protonated
ions of the nucleobase portion (m/z 164.0931) as the dom-
inant fragment ions in MS/MS (Supplementary Figure S8
in Supporting Information). Further collisional activation
of the ions of m/z 164.1 leads to facile loss of C;H,N moi-
eties to yield the dominant fragment ions of n1/z 123.0665 in
MS? for m'°A (Supplementary Figure S8 in Supporting In-
formation). The MS/MS and MS? analysis showed that the
precursor ions and fragment ions (1/z shown in blue) of the
detected compound in tRNAs of HEK293T cells were iden-
tical to their corresponding theoretical values (172/z shown
in red) as well as to that of the standard (Figure 2B and
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Figure 3. Quantification of m'"®A, m'A and m°A in tRNAs from different cell lines and tissues. (A) The extracted-ion chromatograms of m'°A from
tRNAs of different cell lines. (B) The extracted-ion chromatograms of m"®A from tRNAs of mouse brain tissues and different regions of rat brain tissues.
OB: olfactory bulb; CE: cerebellum; MED: medulla; MID: midbrain; THA: thalamus; HYP: hypothalamus; HP: hippocampus: ST: striatum; CC: cerebral
cortex. (C, D) Quantification of m'-®A in tRNAs from different cell lines and tissues. (E, F) Quantification of m' A and m®A in tRNAs from different cell

lines and tissues.

C), further confirming the detected m'°A in tRNAs. Col-
lectively, the results demonstrate that m'-°A is present in tR-
NAs of HEK293T cells.

Metabolic labeling of m'°A

We further carried out the stable isotope tracing moni-
tored by mass spectrometry assay to evaluate the methyl

group donor for m!'"®A. It has been well known that L-
methionine (Met) could be converted into S-adenosyl-L-
methionine (SAM) by methionine adenosyltransferase and
SAM is a methyl group donor for many methylated nucleo-
sides (31). If m'°A exists in mammalian cells, culturing cells
in the DMEM medium supplied with isotopically labeled
L-methionine (D3-Met) should lead to the transfer of the
CDj3 group from D3-SAM to m'°A. Theoretically, single
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Figure 4. Quantification of RNA adenosine modifications in tRNAs and the mRNA levels of hALKBHI, hALKBH3, hTRMT6 and hTRMT61A in
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breast cancer patients were analyzed.

and dual CD3 might be added tom"-°A, including D3-m!-°A
(CDs-labeled N1 or N6) and Dg-m!°A (CDjs-labeled both
N1 and N6). The results showed that, as expected, m'°A,
D;-m"°A and Dg-m!°A, were clearly detected in tRNAs of
HEK?293T and HeLa cells (Figure 2D and E). The concen-
tration of D3-Met in the medium is 60% of the total me-
thionine (D3-Met/ (D3;-Met + Met)). Quantification data
showed that approximately 60% of the measured m'-°A car-
ried CDj3 group, which is comparable to the theoretical per-
centage of D3-Met in total methionine in the medium. Col-
lectively, the results further confirm the presence of m'*°A in
tRNAs of mammalian cells and SAM is the methyl donor
for m'"0A.

Quantification of m'°A in tRNAs of multiple cell lines and
tissues

With the discovery of m!'®A in tRNAs of HEK293T and
HeLa cells, we next examined whether m"-°A is a prevalent
modification present in tRNAs of mammals. In this respect,
the tRNAs from a variety of mammalian cells, including
HepG?2 cells, K562 cells, Jurkat-T cells, MCF-7 cells, HL-
7702 cells, and mouse Neuro-2a cells, were extracted and
analyzed. The results showed that m!-°A could be detected
in all these cell lines (Figure 3A). Furthermore, m""%A was
present in tRNAs of rat and mouse brain tissues (Figure
3B). Notably, m"°A was detected in all the different regions
of rat brain tissues (Figure 3B). The measured m"-°A ranged
from 0.0049% to 0.0084% and from 0.019% to 0.047% in
tRNAs of mammalian cells and tissues, respectively (Fig-
ure 3C and D). Obviously, the level of m'°A is low than
that of m'A and m®A in tRNAs of mammals (Figure 3E
and F).

It has been reported that RNA modifications are involved
in a variety of human diseases (32). Herein, we further eval-
uated whether there is a difference in the level of m'°A
between human breast cancer tissues and tumor-adjacent
normal tissues. The statistical results showed that the lev-
els of m"°A, m'A and m°A in tRNAs significantly in-
creased in human breast cancer tissues compared to tumor-
adjacent normal tissues (Figure 4A—C). We further exam-
ined the expression of hALKBHI and hALKBH3 in these
tissues since ALKBH 1 can demethylate m' A and ALKBH3
can demethylate both m'A and m°A (33-35). The results
showed that the mRNA levels of htALKBHI and hALKBH3
were generally decreased in human breast cancer tissues
(Figure 4D and E), revealing that the decreased expres-
sions of hALKBHI and hALKBH3 in human breast can-
cer tissues are correlated to the increased levels of m!°A,
m!A and m®A in tRNAs. Moreover, m'A at position 58
(m'Asg) of human cytoplasmic tRNAs was catalyzed by
TRMT6/61A methyltransferase (36). However, the mRNA
levels of h”TRMT6 and hTRMT61A were only slightly in-
creased in human breast cancer tissues (Figure 4F and G).
Taken together, these results indicate that the increased con-
tents of m'°A, m'A and m°A in tRNAs of human breast
cancer tissues are closely correlated to the expression of
hALKBHI and hALKBH3.

Determination of the site of m'°A in m! Asg-containing tR-
NAs

m'A in tRNAs is a highly conserved modification in mam-
malian cells. TRMT6/61A methyltransferase complex is re-
sponsible for forming m'Asg in tRNAs (36). The crystal
structure of TRMT6/61A bound to tRNAs displayed that
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Figure 5. Identification and quantification of m"0A in individual tRNA from HEK293T cells. (A) Urea—PAGE analysis of isolated small RNA (<200
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the methyltransferase complex was highly conserved to the
secondary structure of the substrate tRNAs (37). Thus, we
suspect that the biosynthesis of m""*A may be through the
further methylation of m'A at the N6 position, resulting
the generation of m!-°A at position 58 of tRNAs. To verify
our hypothesis, we purified three m' Asg-containing tRNAs,
including tRNAGNGCO {RNAHSGUG) and tR NAMeUCAD)
(Figure 5A). These purified tRNAs were enzymatically
digested and analyzed by LC-ESI-MS/MS. The results
demonstrated that all these tRNAs carried m"°A (Figure
5B). The quantification data showed that the levels of m""¢A
and m'A ranged from 0.0016% to 0.0060% and from 2.6%
to 3.2% in these individual tRNA, respectively (Figure 5C
and D).

We next examined whether m'°A is located at position 58
of tRNAs. To this end, we developed a strategy of DNA hy-
bridization protection combined with S1 nuclease digestion.
In this strategy, a 22-mer biotin-labeled DNA probe com-
plementary to tRNASYGCO was ysed to hybridize to the
region that contains m'Asg, followed by S1 nuclease diges-
tion (Figure 6A and B). S1 nuclease could specifically digest
the single-stranded RNA, but not the hybrid of RNA/DNA
duplex region. Therefore, the remaining 22-bp RNA/DNA

hybrid was recovered by PuriMag G-Streptavidin magnetic
beads after S1 nuclease digestion (Figure 6A and B). The
gel electrophoresis analysis confirmed the successfully iso-
lated 22-bp fragment (Figure 6C). LC-ESI-MS/MS anal-
ysis of the 22-bp fragment demonstrated that the 22-nt
fragment from tRNASYGCO contained m'°A (Figure 6D),
with the level being 0.022% (Supplementary Figure S9 in
Supporting Information). Because the 22-nt fragment in
tRNASYGCO) contains only one adenosine at position 58
(Figure 6A), the detected m'®A theoretically is from the
position 58 of tRNASYGCO  [n addition, we also synthe-
sized shorter 20-mer and 18-mer DNA probe to carry out
the DNA hybridization protection combined with S1 nucle-
ase digestion assay. The LC-ESI-MS/MS analysis showed
that similar results were obtained with using different length
of DNA probes (Supplementary Figure S10 and Supple-
mentary Figure S11 in Supporting Information). Collec-
tively, these results with using different length of DNA
probes (22-mer, 20-mer and 18-mer) reveal that m""%A ex-
ists at position 58 of tRNASYGCO)  Here, we focused on
the study of m""®A in m' Asg-containing tRNACGYGCO) The
other m' Asg-containing tRNAs may also carry m'"%A at po-
sition 58, which can be explored in future studies.



A 3
A
C
C
5 @
e
°0—@C
A U
um A
v @A
mG) C
G (C U)W, \aAgy
U OIOIGIOIE O
G G 3
OIN ‘m’cm*c G)(G - C
u CIOIOE © D€
e G
05 a®00, AG 22-mer DNA probe
ORR©
(D)R(c)
(OR=(c
O®
©—@©
c m*C,
U A
OPNC
C
=
40 bp =—— =~
20bp— w0 =¥
X,
& &
> Q)
S O
SRS
&
&S
R
i

Nucleic Acids Research, 2022, Vol. 50, No. 17 9867

B e mA
4 Biotin
-G
lDenature

1Hybridize with biotin-labeled DNA probe

lDigeste with $1 Nuclease
*~ 22-bp RNA/DNA hybrid
lAdd PuriMag G-Streptavidin beads

lMagnetize

i
E Wash

lProteinase K

|

Enzymetic digestion and
LC-ESI-MS/MS analysis

D
6.0x10°; m°A
m'6A standard
0.0 v .
o 2 3 4 5
& 1.6x10°;
2 Supernatant
®
c
3
c 0.0 v "
i 2 B 4 5
1.6x10°7 Eluent
0.0 B WA
2 3 4 5
Time (min)
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TRMT6/61A catalyzes the formation of m'-°A in tRNAs

We next explored the potential methyltransferase respon-
sible for the formation of m'®A in tRNAs. The biosyn-
thesis of m'"*A may be through the further methylation
of m'A at the N6 position or methylation of m°A at the
N1 position to form m!'®A. As for the further methylation
of m'A at the N6 position, m!Asg in tRNAs is located in
the TWC loop with a GUUCRA (R = A/G) motif (20),
thus the methyltransferase of m'*°A should recognize such
motif and secondary structure of tRNAs. Among the re-
ported m°®A methyltransferases, the METTL3/METTL14

complex (38,39), METTLS/TRMT112 complex (40) and
ZCCHCH4 (15) all exhibit strong substrate specificity and are
unlikely to exert further methylation of m! Asg at the N6 po-
sition in tRNAs.

It has been reported that the methyltransferase
METTLI16 can methylate adenosine to form mCfA in
pre-mRNAs, U6 snRNA and other highly structured IncR-
NAs (41). METTL16 shows no obvious recognition motif
and could recognize substrates with secondary structures,
making it a potential candidate for m"®A methyltrans-
ferase. We therefore expressed and purified recombinant
hMTD16 protein that had similar activity as h(METTL16
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protein (42,43) (Supplementary Figure SI2A in Support-
ing Information). The activity of hMTD16 was verified
using a synthetic hairpin RNA bearing the hMTD16
recognition site (ACAGA) (Supplementary Figure S12B in
Supporting Information). Incubation of the hairpin RNA
with hMTD16 led to formation of m°A (Supplementary
Figure S12C in Supporting Information), suggesting the
recombinant h(MTD16 exhibits m®A methyltransferase ac-
tivity. However, incubation of the tRNAs from HEK293T
cells with hMTD16 in the presence of SAM didn’t lead
to the obvious increase of m'*A or m°A (Supplementary
Figure S12D and Supplementary Figure S13 in Supporting
Information). We also synthesized and utilized D3;-SAM
as the methyl group donor in the methylation assay
(Supplementary Figure S12E and Supplementary Figure
S14 in Supporting Information). Likewise, no D3-m!°A
was detected (Supplementary Figure S12F in Supporting
Information), indicating that METTL16 is not responsible
for the formation of m"®A in tRNAs.

The DNA hybridization protection combined with S1 nu-
clease digestion assay indicated that m°®A was also present
at position 58 of tRNASYGCO) (Supplementary Figure S15
in Supporting Information). Thus, it is possible that the
biosynthesis of m"*®A may be through the further methy-
lation of m®A at the N1 position to form m"®A. It has
been reported that TRMT10 is responsible for the methy-
lation of purine at position 9 in some tRNAs (17,44), and
TRMT6/61A is responsible for the deposition of m'A at
position 58 in tRNAs (36,45). Since m"®A is located at
position 58 of tRNAs, we next explored the formation
of m'"*A by TRMT6/61A protein complex. We expressed

and purified the recombinant h\TRMT6/61A protein com-
plex (Supplementary Figure S16 in Supporting Informa-
tion). Incubation of the hALKBH3-treated tRNAs with
hTRMT6/61A led to a dramatic increase of m'A (Supple-
mentary Figure S17 in Supporting Information), confirm-
ing the purified recombinant hTRMT6/61A protein com-
plex has good activity.

We carried out the in vitro methylation assay to examine
whether TRMT6/61A can methylate m®A to form m'°A
in tRNAs. First, the isolated tRNAs were subjected to alka-
line treatment (pH 9.0) at 50°C for 1 h to allow the Dimroth
rearrangement (m'A-to-m®A rearrangement) according to
previously described method (21) (Figure 7A). It can be
seen that the level of m®A was increased after alkaline treat-
ment (Figure 7B and Supplementary Figure S18 in Sup-
porting Information). The alkaline-treated tRNAs were pu-
rified and then further incubated with h\TRMT6/61A. The
result showed a time-dependent increase of m"®A (Figure
7C), suggesting that TRMT6/61A can further methylate
m°A at the N1 position to form m!®A in tRNAs. In addi-
tion, we also carried out the incubation of untreated tRNAs
(without alkaline treatment) with hTRMT6/61A. Again,
we observed an increased level of m!°A (Figure 7C). Since
the level of m®A in alkaline-treated tRNAs was much higher
than that in tRNAs without alkaline treatment, the formed
m'®A upon incubation with hTRMT6/61A from alkaline-
treated tRNAs was therefore much higher than that from
tRNAs without alkaline treatment (Figure 7C). Taken to-
gether, these results suggest that TRMT6/61A is responsi-
ble for the formation of m!-®A in tRNAs. We speculate that
a small fraction of m' Asg will be rearranged to m® Asgin vivo
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(although so far no methyltransferase has been reported
for m°A in tRNAs, we cannot exclude the possibility that
mPAsg is deposited by certain methyltransferase), and the
generated m®A sg will be further methylated to form m!Asg
by TRMT6/61A (Figure 7D).

ALKBH3 catalyzes the demethylation of m!°A in tRNAs

m'Asg in tRNAs can be demethylated by ALKBH1 and
ALKBH3 (29,33,46). According to the finding that the lev-
els of m"®A and m'A in tRNAs of human breast cancer
tissues are correlated to the expression of hALKBHI and
hALKBH3 (Figure 4), we thus speculate that these demethy-
lases for m!Asg may also potentially demethylate m'-°A.
Along this line, we expressed and purified recombinant
hALKBH3 protein (Supplementary Figure S19A in Sup-
porting Information), and carried out the in vitro demethy-
lation assay. Incubation of the tRNAs from HEK293T
cells with hALKBH3 led to a dramatic decrease of m'A,
mPA, m*C and m'°A, but not the levels of m’G or m*>C

(Figure 8A and B). The results suggested that hALKBH3
had demethylation activity toward m'°A. Additionally,
hALKBH3 exhibited stronger demethylation activity to-
ward m'A than m°A and m'°A (Figure 8C). The observed
demethylation activity of hALKBH3 toward m'A, m°A
and m3C in tRNAs is also consistent with previous reports
(29,46). In addition to the in vitro assay, the overexpression
of hALKBH3 in HEK293T cells caused marked decline in
the level of m'A, m°A and m!®A (Figure 8D and E). Recip-
rocally, knockdown of 14 LKBH3 by siRNA in HEK293T
cells induced a significant increase of the levels of m'A,
m®A and m"%A (Figure 8F and G). Similar phenomena
were observed by using mALKBH3 (Supplementary Figure
S19B and S20 in Supporting Information). Taken together,
these results suggest that ALKBH3 is responsible for the
demethylation of m'®A in tRNAs.

In addition, we also expressed and purified recom-
binant hALKBHI1 protein (Supplementary Figure S21A
in Supporting Information) and carried out the in vitro
demethylation assay. As expected, incubation of tRNAs



9870 Nucleic Acids Research, 2022, Vol. 50, No. 17

with hALKBHI1 led to a significant decrease in the m'A
level (Supplementary Figure S21B in Supporting Informa-
tion). However, m°A, m’G, and m"°A in tRNAs did not
change significantly (Supplementary Figure S21B and S21C
in Supporting Information), indicating that ALKBHI is
only capable of demethylating m'A in tRNAs and can-
not demethylate m"A in tRNAs. Similarly, in vivo over-
expression and knockdown of 7ALKBHI indeed resulted
in the corresponding change of m'A in tRNAs (Supple-
mentary Figure S21D-G in Supporting Information), but
no noticeable difference was observed for m'°A in tR-
NAs (Supplementary Figure S21E and S21G in Support-
ing Information). In addition, we used hALKBHI to treat
the single tRNAM®! that was confirmed to carry m'-°A.
The result also showed that hALKBHI1 could demethy-
late m'A in tRNA™M¢ but not m"°A (Supplementary Fig-
ure S22 in Supporting Information). These results show
that ALKBHI is unlikely the demethylases for m'°A in
tRNAs.

Intriguingly, some RNA modifications formed by physi-
ologically enzymatic processes could also be generated by
damaging agents, thus blurring the line between a phys-
iological mark and a damage-induced modification (i.e.
RNA lesion) (47). For example, m'A and 3-methylcytosine
(m>C) could be produced by RNA methyltransferases or
by damaging agents (23,48,49). In this point, m'®A might
also be considered as an RNA lesion since its formation
is involved in the nonenzymatic rearrangement. In addi-
tion, LC-ESI-MS/MS with MRM detection mode gen-
erally could offer the detection sensitivity of nucleosides
at femtomole level (50-52), allowing the detection of low-
abundant RNA lesions produced by endogenous or exoge-
nous damaging agents. Repair of RNA lesion is critical
because some RNA lesions have the potential to disturb
posttranscriptional events (53). Clearly, m"®Asg could be
demethylated (or repaired) by ALKBH3 to restore to un-
modified adenosine. We observed a higher level of m!°A in
breast cancer tissues, which could be attributed to the lower
expression level of ALKBH3 in breast cancer tissues. Al-
though m'®°A could be viewed as an RNA lesion, it is pos-
sible that it may also play potentially regulatory role like 8-
oxoguanine in DNA and RNA (54,55). We anticipate that
future investigations will provide us further understanding
of m-A.

In summary, with the synthesized standard, we iden-
tified m"®A in tRNAs of mammals. We confirmed that
m!®A is located at position 58 of tRNAs and is preva-
lent in mammalian cells and tissues. m"%A could be formed
from the further methylation of m®A at the N1 position
by TRMT6/61A. We demonstrated that ALKBH3 could
demethylate m"°A in tRNAs. Based the obtained results to-
gether previous studies, we proposed a pathway for the dy-
namic regulation of the adenosine methylation at position
58 in tRNAs (Supplementary Figure S23 in Supporting In-
formation). The methyltransferase complex TRMT6/61A
could methylate adenosine at position 58 of tRNAs to form
m'Asg. m'Asg could be demethylated by ALKBHI and
ALKBH3 to restore adenosine. On the other hand, m®Asg
that may be from the rearrangement of m'Asg (or formed
by certain methyltransferase) could be further methylated

at the N1 position to form m'*Asg by TRMT6/61A. The
generated m!®A g could be demethylated by ALKBH3. The
significantly increased level of m!°A in human breast can-
cer tissues indicates it may be correlated with cancer de-
velopment. Taken together, we identified a modification of
m!CA that has not been reported in living organisms be-
fore, which diversifies RNA modifications and may indi-
cate a new regulation mechanism for tRNA modification-
mediated gene expression.
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