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ABSTRACT

Dnmt2, a member of the DNA methyltrans-
ferase superfamily, catalyzes the formation of 5-
methylcytosine at position 38 in the anticodon loop
of tRNAs. Dnmt2 regulates many cellular biologi-
cal processes, especially the production of tRNA-
derived fragments and intergenerational transmis-
sion of paternal metabolic disorders to offspring.
Moreover, Dnmt2 is closely related to human can-
cers. The tRNA substrates of mammalian Dnmt2s
are mainly detected using bisulfite sequencing; how-
ever, we lack supporting biochemical data concern-
ing their substrate specificity or recognition mech-
anism. Here, we deciphered the tRNA substrates
of human DNMT2 (hDNMT2) as tRNAAsp(GUC),
tRNAGly(GCC) and tRNAVal(AAC). Intriguingly, for
tRNAAsp(GUC) and tRNAGly(GCC), G34 is the dis-
criminator element; whereas for tRNAVal(AAC), the
inosine modification at position 34 (I34), which is
formed by the ADAT2/3 complex, is the prereq-
uisite for hDNMT2 recognition. We showed that
the C32U33(G/I)34N35 (C/U)36A37C38 motif in the an-
ticodon loop, U11:A24 in the D stem, and the cor-
rect size of the variable loop are required for Dnmt2
recognition of substrate tRNAs. Furthermore, mam-
malian Dnmt2s possess a conserved tRNA recogni-
tion mechanism.

INTRODUCTION

5-Methylcytosine is one of the most abundant modifications
in both DNA and RNA (5mC and m5C) (1,2). DNA:5mC
and its derivatives play a prominent role in epigenetic gene
regulation (3). In contrast to the well-established study of
DNA:5mC, research into RNA:m5C is lagging behind. Re-

cently, resulting from the development of high-throughput
methods for RNA:m5C detection (4–6), such as RNA bisul-
fite sequencing and 5-azacytidine based sequencing, the
RNA:m5C modification has been found to be widespread
in different RNA species and organisms (7,8), and could
influence mRNA export, ribosome assembly, RNA stabil-
ity, and tRNA fragmentation, (9–12). Moreover, defects of
RNA:m5C modification are closely related to human dis-
eases, such as intellectual disability, cancer, male infertility,
and metabolic disorders (13–16).

RNA:m5C is catalyzed by the NSun methyltransferase
family and a member of DNA methyltransferase family
(Dnmt), Dnmt2 (17). Intriguingly, Dnmt2 contains the con-
served DNA:5mC catalytic motif (motif IV), but only dis-
plays a weak DNA:5mC methyltransferase activity (18,19).
Indeed, Dnmt2 was identified to methylate cytosine 38 to
form m5C in the anti-codon loop of tRNAAsp (GUC) in
mouse, Arabidopsis thaliana and Drosophila melanogaster
(20). The Dnmt2 and NSun family both use S-adenosyl me-
thionine (SAM) as a methyl group donor, but possess quite
different enzymatic mechanisms. Significantly, Dnmt2 uti-
lizes the catalytic mechanism of Dnmts to methylate tRNA
(21). In Dnmt2, the conserved Cys residue in motif IV func-
tions as the nucleophile in RNA:m5C formation (21,22);
while the NSun family contains both an RNA:m5U-like
motif (motif VI) and a DNA:m5C-like motif (motif IV) (23),
the Cys residue in motif VI is the nucleophile and the Cys
residue in motif IV acts as a general base to initiate prod-
uct release (23,24). To date, Dnmt2 is the only m5C methyl-
transferase identified to catalyze tRNA:m5C formation in
a manner similar to that of DNA:5mC methylation, which
distinguishes Dnmt2 from all other known RNA methyl-
transferases.

Modifications at the anti-codon loop of tRNA usu-
ally contribute to the efficiency and accuracy of decod-
ing (25,26). m5C38, which is near the anti-codon loop,
could increase the amino acid accepting capacity of mouse
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tRNAAsp(GUC) (27). In accordance with that, the charg-
ing level of tRNAAsp(GUC) was reduced in Dnmt2-deficient
mouse cells (27). It was shown that Dnmt2 could ensure spe-
cific protein synthesis in the bone marrow (28), as well as
some proteins with poly-Asp sequences (27). Furthermore,
loss of mouse Dnmt2 and NSun2 (encoding a member of
NSun family NSun2), affected tRNA stability and reduced
the rates of overall mouse protein synthesis (29).

The Dnmt2-mediated m5C38 modification could also
affect the tRNA stability and the production of tRNA-
derived fragments (tsRNAs). In Drosophila melanogaster
and mouse, the m5C38 modification protected tRNAs
against ribonuclease cleavage under stress conditions
(12,28). Consistently, under stress conditions, human
DNMT2 re-localizes to stress granules and participates
in RNA processing, which suggests that Dnmt2 plays
an important role in tRNA stability (12,30,31). Recently,
it has been demonstrated that Dnmt2 alters the sperm
tsRNA expression profile, and mediates the intergenera-
tional transmission of paternal metabolic disorders to off-
spring through the m5C modification on sperm tsRNAs
(16,32). Notably, 5′ fragments of tRNAGly(GCC), a sub-
strate of mouse Dnmt2, were extremely abundant in mouse
mature sperm (33,34). These tRNAGly(GCC) fragments
were upregulated by ∼2–3-fold in mouse sperm with a low
protein diet, and suppressed the expression of the endoge-
nous retroelement MERVL-related genes in mouse embryos
(34). Intriguingly, 5′ tRNA fragments from many other tR-
NAs, such as tRNAGly(CCC) and tRNAGlu(CUC), which
have not been identified as substrates of Dnmt2, were also
affected by knockout of Dnmt2 (34). Taken together, Dnmt2
has a vital influence in the biogenesis and functions of
tRNA-derived fragments, although its mechanistic role re-
mains to be determined.

Dnmt2 is not only related to the canonical functions of
tRNA, but also is associated with physiological functions
of living organisms and human diseases. Danio rerio Dnmt2
promotes proper organ differentiation, including the retina,
liver, and brain (35). D. melanogaster Dnmt2 is required
for efficient innate immune responses to control virus infec-
tion directly (36). Deficiency of Dnmt2 results in condition-
dependent telomere shortening and senescence or apoptosis
in mouse fibroblasts (37). In addition, mouse Dnmt2 corre-
lated with hematopoiesis (28). While in human fibroblasts,
knockdown of DNMT2 induced cellular senescence (38).
Moreover, human DNMT2 is closely linked to virus infec-
tion and cancer development, suggesting the prominent role
of Dnmt2 in higher eukaryotes (31,39).

Dnmt2 is highly conserved in most eukaryotes and a few
bacteria, such as Geobacter sulfurreducens and Holophaga
foetida (Supplementary Figure S1) (40). The RNA sub-
strate of Dnmt2 is not limited to tRNAAsp(GUC), and
several other tRNAs could also be modified by Dnmt2.
Interestingly, the tRNA substrates for Dnmt2 in different
species are not the same. RNA bisulfite sequencing demon-
strated that tRNAGly(GCC) and tRNAVal(AAC) are also
substrates of mouse and D. melanogaster Dnmt2 (12,28).
In Schizosaccharomyces pombe, Dnmt2 preferably methy-
lated tRNAAsp(GUC) and showed a weak enzymatic ac-
tivity to tRNAGlu(UUC) in vivo (41). In addition, the m5C

modification level was regulated by queuine incorporation
at G34 of tRNAAsp(GUC) or S. pombe Dnmt2 overexpres-
sion (41). Dictyostelium discoideum Dnmt2 could catalyze
m5C38 on tRNAAsp(GUC) in vivo and in vitro, but dis-
played weaker methylation activity on tRNAGlu(UUC), -
(CUC) and tRNAGly(GCC) in vitro, but not in vivo (42).
While in G. sulfurreducens, Dnmt2 could only methylate
tRNAGlu(UUC) in vitro and in vivo (43). Above all, these
studies have shown that the substrate specificity of Dnmt2
in different species are very divergent. To date, the tRNA
substrates of higher eukaryotic Dnmt2s have been identi-
fied through RNA bisulfite sequencing (28,29,32); however,
the exact recognition mechanism of mammalian Dnmt2 re-
mains unknown, hindering our understanding of the work-
ing mechanism of Dnmt2.

In the present study, we took human DNMT2 as a
representative, and uncovered the distinct substrate recog-
nition mechanisms of Dnmt2s from different species.
We successfully reconstituted the catalytic activity of
hDNMT2 in vitro, mapped all the C38-containing tRNAs,
and demonstrated that tRNAAsp(GUC), tRNAGly(GCC),
and tRNAVal(AAC) are the authentic tRNA substrates
of hDNMT2. Intriguingly, for tRNAAsp(GUC) and
tRNAGly(GCC), we found that G34 is the discriminator
element; whereas, for tRNAVal(AAC), the pre-existing ino-
sine at position 34 (I34), which is formed by the adenosine
deaminase tRNA specific (ADAT)2/3 complex, serves as
the prerequisite for hDNMT2 recognition. We showed
that the recognition mechanism for tRNAVal(AAC) by
mammalian Dnmt2s is conserved, suggesting that the
interdependent modifications between I34 and m5C38
exist widely in mammals. Besides these, the tRNA motifs:
C32U33(G/I)34N35(C/U)36A37C38 in the anticodon loop,
U11:A24 in the D stem, and the variable loop are also
required for hDNMT2 recognition. Taken together, our
findings demonstrated that the m5C38 modification is
depended on the identity or modification on position 34,
and further defined that mammalian Dnmt2 utilities a
delicate network for tRNA recognition, which involved
both the primary sequence and the tertiary structure of
tRNA substrates.

MATERIALS AND METHODS

Materials

Tris–HCl buffer, tryptone, yeast extract, bovine serum
albumin (BSA), sodium phosphate monobasic, sodium
phosphate dibasic, Pfu DNA polymerase, adenosine
triphosphate (ATP), cytidine triphosphate (CTP), guano-
sine triphosphate (GTP), uridine triphosphate (UTP),
dithiothreitol (DTT), isopropyl-�-D-thiogalactopyranoside
(IPTG), and ethylene diaminetetra acetic acid (EDTA)
were purchased from Sangon Biotech (Shanghai, China).
The DNA fragment rapid purification kit and the plasmid
extraction kit were purchased from Vazyme company
(Nanjing, China). Escherichia coli Rosetta (DE3) cells
were purchased from Weidi biotechnology Co. (Shanghai,
China). Oligonucleotide primers for polymerase chain reac-
tion (PCR) were synthesized by TsingKe (Shanghai, China)
and BioSune (Shanghai, China). The KOD-plus mutagen-
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esis kit and KOD Plus Neo high-fidelity DNA polymerase
were purchased from TOYOBO (Osaka, Japan). Pyrobest
DNA polymerase and the dNTP mixture were purchased
from Takara (Shiga, Japan). MgCl2, NaCl, KCl, guanosine
monophosphate (GMP), sodium acetate (NaAc), ben-
zonase, and phosphodiesterase I from Crotalus adamanteus
venom were purchased from Sigma-Aldrich Co. LLC. (St
Louis, MO, USA). [Methyl-3H] SAM (78.0 Ci/mmol) was
purchased from Perkin Elmer Inc. (Waltham, MA, USA).
Isopropyl �-D-thiogalactoside (IPTG) was purchased from
AMRESCO (Solon, OH, USA). Dynabeads protein G,
Lipofectamine 2000 transfection reagent, T4 DNA ligase,
the ribonuclease inhibitor, Trizol, and all the restriction
endonucleases were obtained from Thermo Fisher Scien-
tific (Waltham, MA, USA). Phusion high-fidelity DNA
polymerase and SAM were obtained from New England
BioLabs (Ipswich, MA, USA). The Superdex™ 200 column
(10/300 GL; column volume, 23.562 ml) and 3 mm filter
papers were from GE Healthcare (Fairfield, CT, USA).
The anti-Dnmt2 antibody was purchased from Santa Cruz
Biotechnology (sc-365001, Santa Cruz, CA, USA). Inor-
ganic pyrophosphate was obtained from Roche Applied
Science (Basel, Switzerland). Polyethyleneimine cellulose
plates and Nitrocellulose membranes (0.22 �m) were
purchased from Merck (Darmstadt, Germany). Nickel
nitrilotriacetic (Ni2+-NTA) super flow resin was obtained
from Qiagen, Inc. (Hilden, Germany).

Construction of expression vectors

The coding sequences of human DNMT2 and mouse
Dnmt2 were amplified from cDNAs, which were ob-
tained by RT-PCR from total RNA extracted from Hela
and NIH/3T3 cells, respectively. The Danio rerio and D.
melanogaster Dnmt2 coding sequences were chemically syn-
thesized by TsingKe. These four coding sequences were
separately inserted between the BamHI and XhoI sites of
pET28a vector with the DNA sequence encoding an N-
terminal His6 tag. The coding sequences of human ADAT2
and ADAT3 were initially amplified from the Hela cells
cDNA, then inserted between the EcoRI /HindIII and
NdeI/XhoI sites of the pRSFDuet-1 expression vector
(Novagen) respectively, which results in ADAT2 with the
DNA sequence encoding an His6 tag at its N-terminus and
ADAT3 with the DNA sequence encoding an S-tag at its
C-terminus and were translated to ADAT2 and ADAT3,
separately. In eukaryotes, the heterodimeric enzyme ADAT,
including ADAT2 and ADAT3, catalyzes inosine modifica-
tion at position 34 (I 34) in seven or eight different eukary-
otic tRNAs (44,45). All the primers used for the construc-
tion of recombined vectors containing DNMT2/Dnmt2,
ADAT2 and ADAT3 are listed in supplementary Table S1.

Expression and purification of Dnmt2 and ADAT2/3

The recombinant pET28a plasmids containing cDNAs cod-
ing the various Dnmt2 proteins were transformed sepa-
rately into E. coli Rosetta (DE3). Single clones were culti-
vated in 100 ml of LB liquid medium containing 100 �g/ml
of kanamycin at 37◦C for 4 h, and then sub-cultured in 1
l of the same medium at 37◦C. When the optional density

reached A600 ∼0.6, protein overproduction was induced by
adding 0.5 mM IPTG into the growth medium, followed by
cultivation at 18◦C for 16 h. The cultured cells were har-
vested by centrifugation (5000 × g at 22◦C for 10 min).

The Dnmt2 proteins from different species were purified
using the same method as described below. E. coli cells were
suspended in lysis buffer (20 mM Tris–HCl, pH 7.5, 500
mM NaCl, 2 mM DTT, 10% glycerol, 10 mM imidazole)
and sonicated in an ice bath. The supernatant was collected
by centrifugation of the crude extracts at 16000 × g at 4◦C
for 1 h, and then incubated with Ni-NTA Superflow resin
for 30 min. Subsequently, the resin was washed with 100 ml
of 20 mM imidazole in lysis buffer to remove the nonspecific
binding proteins, and eluted stepwise using 250 mM imi-
dazole in lysis buffer. The eluted fraction was concentrated
using Dialysis buffer (20 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 2 mM DTT), followed by gel filtration chromatog-
raphy using a Superdex™ 200 column. The eluted fractions
were pooled, and then concentrated. The protein concentra-
tions were determined by UV absorbance at 280 nm, and
the molar absorption coefficient was calculated according
to the sequence of each protein (46).

Co-expression of ADAT2 and ADAT3 from the recom-
binant pRSFduet–ADAT2–ADAT3 and purification of the
heterodimer of ADAT2 and ADAT3 (ADAT2–ADAT3)
were similar to that of Dnmt2. The ADAT2–ADAT3 com-
plex was purified on a Ni-NTA Superflow resin, followed
by gel filtration chromatography with a Superdex™ 200 col-
umn. The purified ADAT2–ADAT3 complex was stored in
50 mM Tris–HCl, pH 8.0, 100 mM KCl, 1 mM MgCl2, 0.1
mM EDTA, 2 mM DTT with 50% glycerol.

tRNA transcription and mutagenesis

The DNA sequence of the T7 promoter and genes encoding
13 human cytoplasmic C38-containing tRNAs investigated
in this study were ligated between the EcoRI and BamHI
sites of pTrc99b to construct pTrc99b-T7-tRNAs. The se-
quences of these tRNAs are listed in Supplementary Table
S2. Mutants of the hctRNAGly(GCC), hctRNAAsp(GUC)
and hctRNAVal(AAC) were obtained using the KOD-plus
mutagenesis kit. All tRNAs were produced by in vitro tran-
scription using T7 RNA polymerase, as described previ-
ously (47). Transcribed tRNAs were purified by urea de-
naturing 12% polyacrylamide gel electrophoresis (PAGE).
Then, tRNAs were refolded by fast heating and slow cool-
ing down at room temperature in the presence of 5 mM
MgCl2. Finally, tRNAs were stored at –20◦C. The tRNA
concentrations were determined by UV absorbance at 260
nm, and the molar absorption coefficient was calculated ac-
cording to the sequence of each tRNA (48).

Methyltransferase activity assay

The methyltransferase activity of hDNMT2 for a wide
range of tRNAs and their mutants was measured in a reac-
tion mixture containing 50 mM Tris–HCl, pH 7.5, 100 mM
KCl, 10 mM MgCl2, 1 mM DTT, 5 �M human cytoplasmic
tRNA and 20 �M [3H]-SAM at 37◦C. The reaction was ini-
tiated by adding hDNMT2 (0.5 �M). At various time inter-
vals (3, 6, 9 and 12 min), aliquots were quenched by spot-
ting on filters and washed with 5% trichloroacetic acid. The
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amount of radioactive [3H]-methyl-tRNA was measured in
a Beckman Las6500 scintillation counting apparatus (Beck-
man Coulter, Indianapolis, IN, USA).

In vitro A34 to I34 deamination of tRNAVal(AAC)

The A34 to I34 deamination of tRNAVal(AAC) was
performed as follows: 5 �g of in vitro transcribed
tRNAVal(AAC) was incubated with 1.3 �M ADAT2–
ADAT3 complex in a reaction buffer comprising 50 mM
Tris–HCl, pH 8.0, 100 mM KCl, 2 mM DTT, and 200
�M SAM for 1 h at 37◦C. tRNAVal(AAC) that had
been incubated in the same buffer without adding the
ADAT2–ADAT3 complex was the negative control. The
tRNAVal(AAC) incubated with ADAT2–ADAT3 was pu-
rified by the standard phenol extraction procedure and pre-
cipitated using a three-fold volume of ethanol. Then, the
tRNA was dissolved in DEPC-treated water and quanti-
fied using a NanoDrop ND-2000 spectrophotometer (Nan-
odrop Technologies, Wilmington, DE, USA). The I34 for-
mation of tRNAVal(AAC) was checked using mass spec-
trometry analysis.

Mass spectrometry analysis of RNA modifications

tRNA (400 ng) was hydrolyzed by 0.5 �l Benzonase, 0.5
�l phosphodiesterase I, and 0.5 �l bacterial alkaline phos-
phatase overnight at 37◦C in a 20 �l reaction buffer contain-
ing 4 mM NH4OAc. The solution was then diluted with 200
�l H2O and 10 �l was subjected to ultra-performance liq-
uid chromatography-mass spectrometry/mass spectrome-
try (UPLC-MS/MS). The nucleosides were separated using
UPLC on a C18 column (Agilent Zorbax Eclipse Plus C18,
2.1 × 50 mm, 1.8-Micron; Agilent, Santa Clara, CA, USA)
or a Hilic column (Atlantis Silica HILIC Column, 3 �m,
2.1 mm × 150 mm, USA). For the separation on the C18
column, the elution solvents consisted of H2O plus 0.1%
formic acid (solvent A) and methanol plus 0.1% formic acid
(solvent B); for the separation on the Hilic column, the elu-
tion solvents consisted of 50% acetonitrile plus 0.1% formic
acid (solvent A) and 90% acetonitrile plus 0.1% formic acid
(solvent B). Subsequently, the detection was performed on
a triple-quadruple mass spectrometer (Agilent 6400 QQQ
or AB Sciex Q-TRAP 6500+) in the positive ion multiple
reaction-monitoring (MRM) mode. The nucleosides were
quantified using the nucleoside-to-base ion mass transitions
of 268.1–136.2 (A), 258.1–126.1 (m5C) and 269.1–137.1 (I),
which were monitored and recorded.

Isolation of endogenous specific tRNA by biotinylated DNA
probe

Total RNA was extracted using Trizol according to the
manufacturer’s instructions. Individual endogenous tRNAs
were isolated from total RNA of HEK293T cell with their
own 5′ biotinylated DNA oligonucleotides, and purified by
Streptavidin Agarose Resin as described previously (49,50).
The probes for tRNAAsp(GUC) and tRNAGly(GCC) se-
lection used in this study are listed in Supplementary Ta-
ble 3. Five micrograms of biotinylated DNA probes were

incubated with 15 �l of the high-capacity streptavidin-
conjugated agarose beads in 100 mM Tris–HCl, pH 7.5
at room temperature for 90 min. After incubation, the
oligonucleotide-coated beads were washed three times in 10
mM Tris–HCl, pH 7.5 and equilibrated in 6 × NTE solu-
tion (20 × NTE solution is 4 M NaCl, 0.1 M Tris–HCl pH
7.5, 50 mM EDTA, 5 mM �-mercaptoethanol). Then, to-
tal RNA was added into the above 6 × NTE solution that
contains oligonucleotide-coated beads and heated for 5 min
at 70◦C. Subsequently, the mixture was naturally cooled to
room temperature, and washed with 3 × NTE for three
times and with 1 × NTE twice. The specific tRNA retained
on the beads was eluted with 0.1 × NTE at 70◦C and pre-
cipitated using 75% ethanol.

Construction of a human DNMT2 knock out HEK293T cell
line

The human DNMT2 gene was knocked out using the
CRISPR-Cas9 mediated gene targeting technology. Briefly,
we designed two single guide RNAs (sgRNAs) targeting
exon 1 of DNMT2 (http://crispr.mit.edu/). Sense and an-
tisense oligonucleotides for the sgRNAs were cloned into
vector pX330-mCherry (plasmid #98750; Addgene, Water-
town, MA, USA) (51). HEK293T cells (1.0 × 106 cells
per well) were transfected with the pX330-mCherry-sgRNA
plasmids (1 �g) using lipofectamine 2000 according to the
manufacturer’s instructions. Twelve hours after transfec-
tion, the 293T cells expressing the red fluorescent protein
were sorted using flow cytometry (FACS Aria SORP, Bec-
ton Dickinson, Franklin Lakes, NJ, USA) and seeded into
96-well plates. Two weeks after the transfection, colonies
were isolated and genomic DNAs were extracted. DNMT2
KO cell lines were selected by confirming the frameshift mu-
tations in the target region. The genotyping of HEK293T
stable cell lines were analyzed by DNA sequencing of PCR
products using the following primers:

hDNMT2-identify-F: GGAGAGGCTGGTCTAATT
TC

hDNMT2-identify-R: CAGGATGAAGGACCGAGT
CT

Western blotting

The knockout efficiency of DNMT2 was measured us-
ing western blotting. The cells were washed using ice-cold
phosphate-buffered saline (PBS) twice and lysed using ice-
cold lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl,
1 mM EDTA, 20 mM NaF, 1% NP-40) supplemented
with a ProteinSafe™ Protease Inhibitor Cocktail (Trans-
Gen Biotech, Beijing, China). The supernatant was col-
lected by centrifugation at 12000 × g for 10 min. Then, the
cell lysates were separated using 10% SDS-PAGE together
with pre-stained molecular protein standards, and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane. The
membranes were blocked with 5% (w/v) non-fat dried milk
and incubated with the corresponding primary antibodies
overnight at 4◦C. The membranes were washed three times
using PBS buffer plus 0.05% Tween-20 (PBST) (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 and
0.5 ‰ Tween-20), and incubated with horseradish peroxi-

http://crispr.mit.edu/
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dase (HRP)-conjugated secondary antibody at room tem-
perature for 1 h. The membranes were treated with the
chemiluminescent substrate after washing three times with
PBST buffer. Imaging of the target protein was performed
using the Amersham imager 680 system (GE).

RESULTS

Reconstitution the tRNA:m5C38 catalytic activity of hD-
NMT2 in vitro

To reconstitute the enzymatic activity of hDNMT2, hD-
NMT2 was purified using Ni-NTA and gel filtration af-
ter isolation from E. coli transformants and analyzed us-
ing SDS-PAGE (Figure 1A). The hDNMT2 consists of 391
amino acid residues and a C-terminal His6 tag. Recombi-
nant hDNMT2 was eluted at 15.5 ml by gel filtration, cor-
responding to a calculated molecular mass of 51.4 kDa,
as compared with the theoretical molecular mass of puri-
fied hDNMT2 of 49.3 kDa, indicating that hDNMT2 exists
as a monomer in solution (Figure 1B). This purified hD-
NMT2 was used for the subsequent methyl transfer assays.
In Hela cells, RNA bisulfite sequencing demonstrated that
human cytoplasmic tRNAGly(GCC), tRNAAsp(GUC) and
tRNAVal(.AC) (‘.’ represents the unknown nucleoside) con-
tain the m5C38 modification, suggesting that these three
tRNAs are potential substrates of hDNMT2 (Figure 1C)
(8). Indeed, we found that tRNAGly(GCC) could be effi-
ciently methylated by hDNMT2 in vitro (Figure 1D). To
confirm that C38 was the methylation site of hDNMT2 in
vitro, we created C38A, C38G, and C38U substitutions in
tRNAGly(GCC) to form three mutants: tRNAGly(GCC)-
C38A, -C38G and -C38U. None of these mutants could
be methylated by hDNMT2 (Figure 1D). To determine if
m5C is the final product of the modification reaction by
hDNMT2 in vitro, the methylated tRNAGly(GCC) was di-
gested to nucleosides and subjected to UPLC-MS/MS anal-
ysis, and the modification was proved to be m5C (Fig-
ure 1E). However, the m5C modification was not detected
in the tRNAGly(GCC) mutants incubated with hDNMT2
(Figure 1E). Thus, the reconstituted assay system for the
tRNA:m5C38 catalytic activity of hDNMT2 was accurate
and efficient in vitro.

hDNMT2 methylates only tRNAGly(GCC) and
tRNAAsp(GUC) among all the thirteen human cytoplasmic
tRNA transcripts containing C38

Mammalian Dnmt2 could modulate the production of sev-
eral different kinds of tRNA fragments, which raised the
possibility that hDNMT2 might have wider range of sub-
strates than those previously identified by RNA bisulfite
sequencing (8). Human cells contain 49 kinds of cyto-
plasmic tRNA molecular species (52), thirteen of which
contain C38 (Figure 2A). To uncover the potential sub-
strates of hDNMT2, we obtained all human cytoplas-
mic tRNAs transcripts containing C38 (tRNAAla(AGC)
and -(UGC), tRNAAsp(GUC), tRNAGlu(CUC) and -
(UUC), tRNAGly(GCC) and -(CCC), tRNAHis(GUG),
tRNALeu(AAG) and -(UAG), tRNAVal(AAC), -(CAC) and
-(UAC)) and determined whether they could be methy-
lated by hDNMT2. Remarkably, only tRNAGly(GCC) and

tRNAAsp(GUC), could be methylated by hDNMT2 in vitro
(Figure 2B-E). The modification in tRNAAsp(GUC) when
methylated by hDNMT2 was confirmed to be m5C (Sup-
plementary Figure S2).

To verify the tRNA substrates of hDNMT2 in vivo,
we knocked out DNMT2 in HEK293T cells using the
CRISPR-Cas9 system and obtained the knockout (KO)
cell lines in which both alleles contained frameshift mu-
tations (Supplementary Figure S3A). The knockout effi-
ciency of DNMT2 is shown as Supplementary Figure S3B.
To validate whether tRNAGly(GCC) and tRNAAsp(GUC)
were the substrates of hDNMT2 in vivo, we isolated these
two tRNAs from the wild-type (WT) and the DNMT2 KO
cell line, and subjected them to UPLC-MS/MS to ana-
lyze their respective m5C levels. For tRNAGly(GCC) and
tRNAAsp(GUC), compared to that of WT cells, the level
of m5C in both decreased significantly in DNMT2 KO cells
(Supplementary Figure S3C, D). Taken together, our results
showed that tRNAGly(GCC) and tRNAAsp(GUC) are the
tRNA substrates of hDNMT2 in vitro and in vivo.

The tRNAAsp(GUC), tRNAGly(GCC) and
tRNAVal(AAC) had been previously identified as sub-
strates of mouse Dnmt2 by substrate identification in
Dnmt2–/– mice and RNA bisulfite sequencing (20,28). Ad-
ditionally, in HeLa cells, RNA bisulfite sequencing revealed
that human cytoplasmic tRNAGly(GCC), tRNAAsp(GUC),
and tRNAVal(.AC) possess m5C38 modification (8). How-
ever, based on our results, only tRNAAsp(GUC) and
tRNAGly(GCC), but not tRNAVal(AAC), -(CAC) and
-(UAC), could be methylated by hDNMT2 in vitro (Figure
2B–E). Notably, the 34th nucleotide of tRNAVal(.AC)
was read as G after reverse transcription followed by
sequencing (8). However, tRNAVal has only -(AAC),
-(CAC) and -(UAC) isoacceptors, and there is no -(G34AC)
isoacceptor, suggesting that some prior modifications in
cellular endogenous tRNAVal might serve the essential
recognition elements for methylation by hDNMT2.

The formation of m5C38 on tRNAVal(AAC) depends on the
pre-existing A-to-I modification at position 34

As mentioned above, tRNAVal(.AC) possesses the m5C38
modification according to the RNA bisulfite sequencing
(8). In addition, the 34th nucleotide of tRNAVal(.AC) was
read as G after reverse transcription followed by sequenc-
ing. The sequence alignment shows that tRNAVal(.AC) has
the same sequence as tRNAVal(AAC) and -(CAC), except at
position 34 (Figure 3A). Therefore, it is impossible to iso-
late the separate tRNAVal(CAC) or -(AAC) from cells using
the biotinylated DNA probes, which hinders the detection
of m5C38 modification level in every separate tRNAVal by
UPLC-MS/MS.

However, tRNAVal has only -(AAC), -(CAC) and -
(UAC) isoacceptors, but there is no -(GAC) isoaccep-
tor in the human genome, raising the question that
whether tRNAVal(.AC) is result from tRNAVal(AAC) or
tRNAVal(CAC) with modification at position 34. Consid-
ering that tRNAVal(AAC) contains an adenosine to inosine
(A-to-I) modification at position 34 (52), and inosine will be
read as G during reverse transcription followed by sequenc-
ing, we speculated that tRNAVal(.AC), which possesses the
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Figure 1. HDNMT2 catalyzes m5C38 modification on tRNAGly(GCC) in vitro. (A) SDS-PAGE analysis of the purified recombinant hDNMT2. Standard
molecular weights are shown on the left. (B) The purified hDNMT2 was analyzed by gel filtration chromatography on a Superdex™ 200 column. HDNMT2
was eluted at 15.5 ml. The evolution volume of the standard proteins was marked above the graph. (C) The secondary structures of tRNAGly(GCC),
tRNAAsp(GUC), and tRNAVal(.AC). (D) The capacity of tRNAGly(GCC) and the three mutants which were generated by in vitro transcription: -C38A,
-C38G, -C38U to be methylated by hDNMT2. (E) tRNAGly(GCC) and the -C38G, and -C38A mutants incubated with hDNMT2 analyzed by UPLC-
MS/MS analysis after digestion. Chromatogram of m5C (Q1/Q3 = 258.1/126.1) and A (Q1/Q3 = 268.1/136.2) are described, respectively. Error bars
represent the standard errors of three independent experiments in Figures 1–8.
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Figure 2. HDNMT2 methylates only tRNAGly(GCC) and tRNAAsp(GUC) among all the thirteen human cytoplasmic tRNA transcripts containing C38.
(A) Schematic diagrams of all the thirteen human cytoplasmic tRNAs containing C38: two tRNAGly isoacceptors, tRNAHis(GUG), three tRNAVal isoac-
ceptors, tRNAAsp(GUC), two tRNAAla isoacceptors, two tRNAGlu isoacceptors, and two tRNALeu isoacceptors. (B–E) The capacity of the thirteen human
cytoplasmic C38-containing tRNAs to be methylated by hDNMT2.

m5C38 modification, might derive from tRNAVal(AAC)
with an A-to-I modification at position 34. Thus, we tested
whether the A-to-I modification at position 34 has an im-
pact on the formation of m5C38.

The A-to-I modification at position 34 is catalyzed by hu-
man the ADAT2-ADAT3 protein complex (53,54); there-
fore, we co-expressed and purified the human ADAT2-
ADAT3 complex, and generated the tRNAVal(AAC) carry-
ing I34 (tRNAVal(IAC)) (Figure 3B). The formation of I34
in tRNAVal(AAC) via the human ADAT2–ADAT3 com-
plex was verified by UPLC-MS/MS analysis (Figure 3B).
Critically, hDNMT2 could methylate tRNAVal(IAC) but
not tRNAVal(AAC) (Figure 3C). We further showed that af-
ter incubation with hDNMT2, the m5C modification could
indeed be detected in tRNAVal(IAC) by UPLC-MS/MS
analysis (Figure 3B). Thus, our results showed that m5C38
on tRNAVal(AAC) catalyzed by hDNMT2 is dependent on
the pre-existing A-to-I modification at position 34 (Fig-
ure 3D).

G34 or I34 function as the determinant for hDNMT2 recog-
nition

To determine the substrate specificity of hDNMT2, we
next characterized the elements of tRNA recognized by
hDNMT2. Based on our results, hDNMT2 could cat-
alyze m5C38 on tRNAGly(GCC), tRNAAsp(GUC), and
tRNAVal(IAC). Notably, inosine is similar to guanine in
that both have a carbonyl oxygen at position 6 (Figure 4A),
suggesting that the 34th nucleoside might play a role in
hDNMT2 substrate recognition. The sequence alignment
of the substrate tRNAGly(GCC) and the non-substrate
tRNAGly(CCC) showed that there are only three different
nucleotides between them, which are located at position 34,
46 and 57 (Figure 4B). To determine whether these three nu-
cleosides are essential for hDNMT2 catalysis, we mutated
the nucleotides at these positions, separately, and the methyl
transferase activity of hDNMT2 for the tRNA mutants was
detected.
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Figure 3. I34 is the prerequisite for hDNMT2-mediated m5C38 modification in tRNAVal(AAC). (A) The secondary structures of tRNAVal(AAC), -(CAC)
and -(.AC). (B) UPLC-MS/MS analysis of m5C (Q1/Q3 = 258.1/126.1) of tRNAVal(AAC) after incubation with or without hDNMT2. UPLC-MS/MS
analysis of I (Q1/Q3 = 269.1 to 137.1) of tRNAVal(AAC) after incubation with the ADAT2-ADAT3 complex. The products of tRNAVal(AAC) incubated
with ADAT2-ADAT3 and then reacted with hDNMT2 were also digested and detected by UPLC-MS/MS analysis. (C) The capacity of tRNAVal(AAC)
and tRNAVal(IAC) to be methylated by hDNMT2. (D) Schematic diagram showing that in tRNAVal(AAC), hDNMT2-mediated m5C38 modification
depends on the A-to-I modification at position 34 formed by the ADAT2-ADAT3 complex.

We constructed G34A, G34C, and G34U substitutions
in tRNAGly(GCC) to form three mutants: tRNAGly(GCC)-
G34A, -G34C and -G34U. Surprisingly, none of these
mutants could be methylated by hDNMT2 (Figure 4C).
However, hDNMT2 could methylate all three mutants
tRNAGly(GCC)-G46A, -G46C and -G46U at position 46,
and tRNAGly(GCC)-G57A at position 57 (Figure 4D-E).
Our results showed that G34 is a critical element for tRNA
recognition by hDNMT2.

We observed that the human cytoplasmic tRNAVal(AAC)
transcript could not be methylated by hDNMT2, but when
A was mutated to G at position 34, it could be efficiently
methylated by hDNMT2 (Figure 4F). Combined with the
observation that I34 is the prerequisite for m5C38 modifi-

cation in tRNAVal (AAC), our results showed that G34 or
I34 serve as the determinant for hDNMT2 recognition.

C32U33(G/I)34N35(C/U)36A37C38 in the anticodon loop is es-
sential for hDNMT2 recognition

Besides the nucleotides at the 34th and 38th positions, the
nucleotide residues at other positions in the anticodon loop
region involved in RNA recognition by hDNMT2 were
then identified (Figure 5A). Given that the 32nd nucleotide
of human cytoplasmic tRNAs is semi-conserved and ex-
ist as C or U, we mutated the C32 to U32 to generate
the tRNAGly(GCC)-C32U mutant. The result showed that
hDNMT2 could not methylate the tRNAGly(GCC)-C32U
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Figure 4. G34 or I34 function as the determinants for hDNMT2 recognition. (A) The formulas of guanosine (G), inosine (I) and adenosine (A). (B) The
secondary structures of tRNAGly(GCC), -(CCC) and tRNAVal(AAC). The capacity of tRNAGly(GCC) with various mutations at position 34 (C), 46
(D) and 57 (E) to be methylated by hDNMT2. (F) The capacity of tRNAVal(AAC) and -A34G to be methylated by hDNMT2.
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Figure 5. The hDNMT2 recognition elements in the anti-codon loop of tRNA. (A) The secondary structure of tRNAGly(GCC), summarizing the mutations
in the anti-codon loop. The capacity of wild-type tRNAGly(GCC) and mutants with various mutations at position 32 (B), 35 (C), 36 (D) and 37 (E) to be
methylated by hDNMT2. (F) Schema showing hDNMT2′s tRNA recognition elements in the anticodon loop.

mutant, indicating that C32 is crucial for hDNMT2 recog-
nition (Figure 5B). According to the tRNA database
(52,55), U33 is conserved in human cytoplasmic tRNAs.
Thus, we speculated that U33 might not serve as a discrimi-
native element for hDNMT2 recognition. As expected, hD-
NMT2 could methylate the tRNAGly(GCC)-U33 mutants
replaced with the other three nucleotides, respectively, indi-
cating that the 33rd nucleotide is dispensable for hDNMT2
recognition (Supplementary Figure S4).

In the anticodon loop, the 35th or 36th nucleotides
were substituted with the other three nucleotides,
separately, to obtain tRNAGly(GCC)-C35A, -C35G,
-C35U, -C36A, -C36G and -C36U mutants. Remark-
ably, the tRNAGly(GCC)-C35A, -C35G, -C35U mu-
tants could all be methylated by hDNMT2 (Figure

5C), while tRNAGly(GCC)-C36G or -C36A could not,
and the efficiency of hDNMT2-mediated methyla-
tion of tRNAGly(GCC)-C36U was lower than that for
tRNAGly(GCC) (Figure 5D). Our results showed that the
35th nucleotide is not essential; however, the 36th must be
pyrimidine C or U for substrate recognition by hDNMT2.

Based on the tRNA database (52,55), the 37th nucleotide
of human cytoplasmic tRNA is A or G. It is noticeable
that among the three identified tRNA substrates of hD-
NMT2, this nucleotide always is A37. To determine whether
hDNMT2 recognized the 37th nucleotide, tRNAGly(GCC)-
A37G was constructed and the methylation by hDNMT2
was assessed. The results showed that tRNAGly(GCC)-
A37G could not be methylated by hDNMT2 completely
(Figure 5E). Furthermore, tRNAGly(GCC)-A37C and -
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A37U mutants were not the substrates of hDNMT2 (Figure
5E), indicating that A37 is a critical element for hDNMT2
recognition.

Collectively, we found the essential elements for hD-
NMT2 recognition: C32, U33, the determinant element
G34 or I34, N35 (N = A, G, C, U), C or U36, A37
in the anticodon loop. Thus, the recognition motif in the
anticodon loop of tRNA for hDNMT2 recognition is
C32U33(G/I)34N35(C/U)36A37C38 (Figure 5F).

HDNMT2 recognizes a well-folded tRNA substrate

Considering that all tRNAs contain the 3′ end CCA, we
determined whether the 3′ end CCA is essential for hD-
NMT2 recognition. Our results showed that hDNMT2
could methylate the tRNAGly(GCC) mutant (Figure 6A),
implying that the common 3′ end CCA of the tRNAs was
not essential for hDNMT2 recognition.

Based on the sensitivity to the tertiary structure of the
tRNA substrates, tRNA methyltransferases can be catego-
rized into two groups (56). The first group only utilizes
well-folded tRNA molecules as substrates, while the sec-
ond group can efficiently methylate truncated tRNA frag-
ments independent of the tRNA tertiary structure (56).
We wondered whether the L-shaped structure of tRNA
or the anticodon stem loop alone was sufficient for hD-
NMT2 recognition. The methyl transferase activity of hD-
NMT2 for the truncation mutants of the full D-loop or
T-loop of tRNAGly(GCC) showed that neither of the two
mutants could be methylated (Figure 6B), indicating that
the tertiary structure of tRNA is required for hDNMT2
recognition. Based on the identified recognition element
in the anticodon loop for hDNMT2 recognition, we con-
structed the tRNA minihelix derived from tRNAGly(GCC).
This minihelix only retained the acceptor stem, anticodon
stem, and loop domains, without the D stem and loop, the
variable loop, and T�C-regions (Figure 6C). The results
showed that hDNMT2 could not methylate the minihelix
of tRNAGly(GCC) (Figure 6C), suggesting that hDNMT2
recognizes a well-folded tRNA substrate.

Elements within the D-stem and variable loop are involved in
recognition by hDNMT2

As mentioned above, hDNMT2 was unable to methylate the
tRNA minihelix that contained the acceptor stem and the
anticodon stem loop region of tRNAGly(GCC), indicating
that additional elements of the tRNA besides the anticodon
loop are important for hDNMT2 recognition. According to
the tertiary structure of tRNA, the D stem and the variable
loop regions are relatively close to the anticodon loop in
space. To investigate whether there are other recognition el-
ements in the D stem region of tRNA, we compared the sec-
ondary structure of tRNAGly(GCC), tRNAAsp(GUC) and
tRNAVal(IAC), and presumed that the two base pairs 11:24
and 12:23, which are spatially close to m5C38, might have
an impact on the recognition of hDNMT2.

Based on the tRNA database, both the 11st and 24th

nucleotides are semi-conserved and exist separately as
pyrimidine and purine, which are Watson-Crick U11:A24
or C11:G24 base pairs. However the 11:24 base pair

of tRNAGly(GCC), tRNAAsp(GUC), and tRNAVal(IAC)
are all U11:A24 (Figure 1C). To investigate the impact
of the base pair between the 11st and 24th on hD-
NMT2 recognition, we substituted the U11:A24 base
pair to C11:G24 in tRNAGly(GCC). Remarkably, the
tRNAGly(GCC)-C11:G24 mutant was not methylated by
hDNMT2 (Figure 7A), implying that U11:A24 base pair
is important for hDNMT2 recognition.

To verify whether the 12:23 base pair is recognized by hD-
NMT2, the base pair U12:A23 was replaced with the more
rigid base pair G12:C23. The mutant tRNAGly(GCC)-
U12G:A23C was still efficiently methylated by hDNMT2
(Figure 7B), indicating that the base pair between the
12nd and the 23rd nucleotides is not involved in tRNA recog-
nition by hDNMT2. Indeed, the 12nd and the 23rd nu-
cleotides are not conserved in the three tRNA substrates
of hDNMT2, they are U12:A23, A12:U23 and G12:C23 in
tRNAGly(GCC), tRNAAsp(GUC) and tRNAVal(IAC), re-
spectively.

To further confirm the D-stem region is recognized by
hDNMT2, we constructed the tRNAGly(GCC)-U25G and
-A24U&U25G mutants to destroy the hydrogen bonds of
the G10:U25 and U11:A24 base pairs, respectively. The re-
sults showed that the methylation of these two mutants by
hDNMT2 was completely lost (Supplementary Figure S5),
suggesting that D-stem of tRNA is involved in the substrate
recognition of hDNMT2.

A previous study showed that for tRNAAsp(GUC) recog-
nition by hDNMT2, the variable loop is also important,
and in particular, the GG dinucleotide in the variable
loop might serve as the anti-determinant (43). Intrigu-
ingly, the GG dinucleotide in the variable loop is observed
in tRNAGly(GCC) and tRNAVal(IAC) (Figure 1C). More-
over, five nucleotides were present in the variable loop of
tRNAVal(IAC), while the other two substrates only con-
tain four nucleotides, suggesting that the recognition mech-
anism in the variable loop might be complicated. To study
whether the number of nucleotides in the variable loop af-
fects hDNMT2 recognition, we first added G or U between
G45 and G46 in tRNAGly(GCC) to form tRNAGly(GCC)-
45GGG47 or -45GUG47 mutants with a variable loop of five
nucleotides (Figure 7C). Compared with that of the wild-
type tRNAGly(GCC), the methylation activity of hDNMT2
toward the two mutants was decreased by varying amounts
(Figure 7C). The tRNAGly(GCC)-45GGGG47a mutant with
the variable loop of six nucleotides, in which was GG was in-
serted between G45 and G46 of tRNAGly(GCC), was com-
pletely incapable of being methylated by hDNMT2 (Figure
7C). Above all, these results indicated that the nucleotide
composition and size of the variable loop are also impor-
tant for hDNMT2 recognition.

The stringent requirement for G/I34 on tRNA is only associ-
ated with mammalian Dnmt2 substrate specificity

The above results showed that G/I34 of tRNAs function as
the determinant for hDNMT2 recognition. Furthermore,
C32U33(G/I)34N35(C/U)36A37C38 in the anticodon loop,
base pair U11:A24 in the D stem, and the number of nu-
cleotides in the variable loop are also involved in hDNMT2
recognition. Many studies have shown that the substrate
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Figure 6. HDNMT2 recognizes well-folded tRNA substrates. (A) The capacity of a tRNAGly(GCC) mutant lacking the CCA terminus to be methylated by
hDNMT2. (B) Schematic diagram showing the truncations of the D-loop and T-loop of tRNAGly(GCC), respectively. The capacity of the two truncated
tRNAGly(GCC) to be methylated by hDNMT2. (C) Schematic diagram showing the tRNAGly(GCC)-minihelix, which is formed by the entire anticodon
stem loop fused with the acceptor stem. The capacity of the tRNAGly(GCC)-minihelix to be methylated by hDNMT2.

specificity of Dnmt2 in different species is extremely diver-
gent, as shown in Figure 8D. This phenomenon indicated
that Dnmt2s from different species might possess distinct
mechanisms for substrate recognition. To test the hypoth-
esis, we first verified whether the substrate recognition el-
ement of hDNMT2, especially the determinant G/I34, is
conserved in M. musculus, D. rerio and D. melanogaster
Dnmt2 proteins, respectively.

We found that M. musculus, D. rerio and D. melanogaster
Dnmt2s, which were successfully purified from E. coli trans-
formants could all methylate the cognate tRNAGly(GCC)
(Figure 8A–C). The data are consistent with the previous
identified tRNA substrates of Dnmt2s from these species.
Significantly, the methylation of tRNAGly(GCC)-G34A by
M. musculus Dnmt2 was completely lost (Figure 8A), indi-
cating that G34 still serves as the determinant for M. mus-
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Figure 7. The D-stem and variable loop are recognized by hDNMT2. (A, B) Mutants of the D-stem region. The capacity of tRNAGly(GCC)-U11C:A24G
(A) and -U12G:A23C (B) to be methylated by hDNMT2. (C) Mutants of the variable loop. The capacity of tRNAGly(GCC) with several mutations in
variable loop to be methylated by hDNMT2.

culus Dnmt2 recognition. Considering that tRNAVal(AAC)
containing the I34 modification is a substrate of M. mus-
culus Dnmt2, as indicated by RNA bisulfite sequencing
(28,52), and the mammalian Dnmt2s share high sequence
similarity with each other (Supplementary Figure S1), we
presumed that G/I34 functions as a common determinant
for the substrate specificity of mammalian Dnmt2.

We found that D. rerio and D. melanogaster Dnmt2 could
both methylate the cognate tRNAGly(GCC)-G34A (Fig-
ure 8B, C), indicating that Dnmt2 from these two species
could methylate the tRNAs containing G34 or A34. In-
deed, a previous study has shown that tRNAAsp(GUC)
and tRNAVal(AAC) are also substrates of D. melanogaster
Dnmt2 (12). Furthermore, we summarized the identi-
fied tRNA substrates of Dnmt2 from different species. S.

pombe Dnmt2 could catalyze the methylation on the cog-
nate tRNAAsp(GUC) and tRNAGlu(UUC) in vivo and in
vitro, although the methylation of tRNAGlu(UUC) was
weaker than that of tRNAAsp(GUC) (41). In D. discoideum,
Dnmt2 could methylate tRNAAsp(GUC) in vivo and in
vitro and also showed weaker methylation activity on
tRNAGlu(UUC), -(CUC) and tRNAGly(GCC) in vitro, but
not in vivo (42). In addition, only tRNAGlu(UUC) is methy-
lated to form m5C38 by G. sulfurreducens Dnmt2 in vitro
and in vivo (43). Collectively, these findings suggest that
G/I34 is independent of the substrate recognition of Dnmt2
from lower species (Figure 8D).

In conclusion, the specific recognition of mammalian
Dnmt2 of its substrate is stringent and requires G/I34 as
the determinant. By contrast, Dnmt2 from lower eukary-
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Figure 8. G/I34 is the prerequisite for m5C38 formation by mammalian Dnmt2s. The capacity of orthologs of tRNAGly(GCC) from different species and
their -G34A mutants to be methylated by their cognate Dnmt2 from M. musculus (A), D. rerio (B) and D. melanogaster (C), respectively. (D) Summary of
the known tRNA substrates of Dnmt2s from different species. Our results, together with those of previous studies, showed that G/I34 in tRNA substrates
is required for mammalian Dnmt2 recognition; while in other lower eukaryotes and prokaryotes, G/I34 is dispensable for Dnmt2 recognition. The tRNAs
labeled with * can only be methylated by the cognate Dnmt2 in vitro, but not in vivo.
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Figure 9. Model of tRNA substrates recognized by hDNMT2.

otes and prokaryotes has looser requirements and indepen-
dent of G/I34 (Figure 8D).

DISCUSSION

The substrate specificity of Dnmt2 during evolution

In this study, we have screened all human cytoplasmic tR-
NAs containing C38 and identified the accurate tRNA sub-
strates of hDNMT2, i.e., tRNAGly(GCC), tRNAAsp(GUC),
and tRNAVal(AAC), by assaying the enzyme activity of hD-
NMT2 in vitro. The substrates recognized by hDNMT2 are
based on the following elements: (i) the determinant G/I34;
(ii) the recognition motif C32U33(G/I)34N35(C/U)36A37C38

in the anticodon loop; (iii) the tertiary structure of the
tRNA substrates; (iv) the U11:A24 in the D stem; and
(v) the nucleotides and size of the variable loop (Fig-
ure 9). In accordance with our study, RNA bisulfite se-
quencing of Hela cells revealed that only tRNAGly(GCC),
tRNAAsp(GUC) and tRNAVal(.AC) contain the m5C38
modification among the tRNA species (8). Additionally,
tRNAVal(.AC) might be derived from tRNAVal(AAC) con-
taining I34, considering that I was read as G after reverse
transcription followed by sequencing (53,54). Thus, our re-
sults demonstrated the stringent and delicate tRNA sub-
strate requirements of hDNMT2, especially for the 34th nu-
cleotide.

During the submission of our work, another in vitro
biochemical study of hDNMT2 was published, demon-
strating new tRNA substrates besides tRNAGly(GCC),
tRNAAsp(GUC) and tRNAVal(AAC) (57), which is not con-
sistent with the RNA bisulfite sequencing from Hela cells
(8). However, in that study, the enzyme concentration used
was extremely high, and the time taken to measure the enzy-
matic activity was quite long, at 70 min (57). What is more,
there was no confirmation of whether the modification is
indeed m5C after that long incubation in such an high con-
centration of the enzyme, especially for the new tRNA sub-
strates (57). Based on these observations, we prefer to be-
lieve that our enzymatic assay system of hDNMT2 is closer
to the in vivo system, and our result of substrate specificity of
hDNMT2 is consistent with the high-throughput sequenc-
ing data (8).

In M. musculus, tRNAGly(GCC), tRNAAsp(GUC) and
tRNAVal(AAC) are the only tRNA substrates of Dnmt2,
as indicated by sequencing (20,28). We found that the

formation of the m5C38 modification by M. musculus
Dnmt2 is also dependent on the G/I34, suggesting that
the dependence on G/I34 of m5C38 formation is a con-
served substrate recognition mechanism of mammalian
Dnmt2s (8,20,28). In lower eukaryotes, such as D. rerio, D.
melanogaster, S. pombe and D. discoideum, G/I34 is dis-
pensable for the substrate recognition of Dnmt2s (12,41,42).
Furthermore, in a few prokaryotes, such as the G. sulfurre-
ducens, the substrate recognition of Dnmt2 does not require
G/I34 as a prerequisite (43). The underlying mechanism of
the substrate recognition of Dnmt2 during evolution still
awaits further studies, especially its relevance to the diverse
biological functions of Dnmt2s.

The modulation by modifications at position 34 on m5C38 for-
mation

In eukaryotes, such as mammals, S. pombe and D. dis-
coideum, queuosine (Q) occurs at G34 of tRNAAsp(GUC)
(58), the most common tRNA substrate of Dnmt2s (20).
Queuosine is formed from the precursor queuine, which
is salvaged from environmental sources, diet, and/or gut
microbiota in eukaryotes (58). In S. pombe, and D. dis-
coideum, the enzymatic activities of Dnmt2s are strongly
stimulated by the pre-existing Q34 modification in the sub-
strate tRNAAsp(GUC) (41,59). Furthermore, the mecha-
nism of Q34 stimulation of m5C38 formation is evolutionar-
ily conserved in mammals (60). Therefore, the m5C38 mod-
ification in tRNAAsp(GUC) modulated by the nutritionally
determined Q34 formation is widespread in eukaryotes.

Based on the result of the present study, we showed
that for mammalian tRNAVal(AAC), only when A34 is
deaminized to form I34, could the m5C38 modification
be formed by Dnmt2s, suggesting that I34 is a prereq-
uisite for the formation of m5C38. In mammalian tR-
NAs, eight tRNAs are I34-modified (52). It is note-
worthy that among the thirteen C38-containing tRNAs,
tRNAVal(AAC), tRNALeu(AAG) and tRNAAla(AGC) are
I34-modified (52). However, U32 instead of C32 is present
on both tRNALeu(AAG) and tRNAAla(AGC), which ex-
clude them from being recognized by hDNMT2.

Previous studies have shown that I34 could potentiate
the wobble-pairing flexibility of the anti-codon, because
I is able to pair with A, C or U (61). Considering that
tRNAVal(AAC) needs to decipher both GUU and GUC
codons of mRNA in mammals (52,55), further investigation
is to determine whether the intricate I34 and m5C38 modifi-
cations play a role in decoding the non-cognate GUC codon
is warranted.

Our results, together with those of previous studies,
showed that the intricate network of modifications on site
34 and m5C38 exists at the ASL (anticodon stem and loop)
region. First, I34 of tRNAVal(AAC) functions as the pre-
requisite for m5C38 formation by Dnmt2s in mammals.
Second, Q34 in tRNAAsp(GUC) promotes the formation
of the m5C38 modification in mammals (60), as well as
in S. pombe, and D. discoideum (41,59). Third, in light of
the formation process of Q34, the environmental condi-
tions or nutrients could modulate the level of m5C38 in
tRNAAsp(GUC) (62). These results indicated that the mod-
ulation of the 34th nucleotide during m5C38 formation is
intricate and varies for different tRNA substrates. Intrigu-
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ingly, the interplay among tRNA modifications are diverse
and usually observed in the ASL region, especially between
modifications at position 34 and 37 (63,64). The exact mech-
anism of how the 34th nucleotide modulates m5C38 for-
mation and the associated biological effect require further
study.

Dnmt2-mediated m5C modification on tsRNA

The Dnmt2-mediated m5C modification has a prominent
role in the production of tsRNA (12,30). Dnmt2 could alter
the sperm tsRNA expression profile, and mediate the trans-
generational inheritance of paternal metabolic disorders to
offspring through the m5C modification on sperm tsRNAs
(16,32). Moreover, 5′ fragments of tRNAGly(GCC), which
contain the Dnmt2-mediated m5C modification, were ex-
tremely abundant in mouse mature sperm (33,34). Accord-
ing to our results, the m5C38 modification catalyzed by
Dnmt2 depends on the tertiary structure of tRNA. There-
fore, we speculated that these m5C containing sperm tsR-
NAs might be generated from intact tRNA that carry
the m5C38 modification. However, some sperm abundant
tsRNAs, such as those derived from tRNAGly(CCC) and
tRNAGlu(CUC), which are not the substrates of mam-
malian Dnmt2s, are also affected by knockout of Dnmt2
(33,34). Accordingly, it remains possible that Dnmt2 might
regulate the production of m5C on tsRNA through other
mechanisms, independent of its tRNA modification activ-
ity, which requires further study.
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