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ABSTRACT

Although the DNA methyltransferase 2 family is
highly conserved during evolution and recent
reports suggested a dual specificity with stronger
activity on transfer RNA (tRNA) than DNA sub-
strates, the biological function is still obscure. We
show that the Dictyostelium discoideum Dnmit2-
homologue DnmA is an active tRNA methyltrans-
ferase that modifies C38 in tRNAASPCUC) in yijtro
and in vivo. By an ultraviolet-crosslinking and
immunoprecipitation approach, we identified
further DnmA targets. This revealed specific tRNA
fragments bound by the enzyme and identified
tRNAGL(CUC/UUC)  and  tRNACGYECO) a5 new but
weaker substrates for both human Dnmt2 and
DnmA in vitro but apparently not in vivo. Dnmt2
enzymes form transient covalent complexes with
their substrates. The dynamics of complex forma-
tion and complex resolution reflect methylation effi-
ciency in vitro. Quantitative PCR analyses revealed
alterations in dnmA expression during development,
cell cycle and in response to temperature stress.
However, dnmA expression only partially correlated
with tRNA methylation in vivo. Strikingly, dnmA
expression in the laboratory strain AX2 was sig-
nificantly lower than in the NC4 parent strain.

As expression levels and binding of DnmA to a
target in vivo are apparently not necessarily
accompanied by methylation, we propose an add-
itional biological function of DnmA apart from
methylation.

INTRODUCTION

Dnmt2 is a member of the -eukaryotic DNA
methyltransferase family. A few model organisms, espe-
cially Drosophila melanogaster, Schizosaccharomyces
pombe,  Entamoeba  histolytica and  Dictyostelium
discoideum contain only one Dnmt2 homologue but lack
the more active homologues Dnmtl and Dnmt3. Though
highly conserved during evolution, loss of Dnmt2 homo-
logues has no obvious phenotypic effects in Mus musculus
(1), D. melanogaster (2), S. pombe (3) and D. discoideum
(4,5). In Danio rerio, disruption of dnmt2 has been
reported to cause pleiotropic effects (6) and in
E. histolytica a gene disruption could not be obtained,
suggesting that Dnmt2 was required for viability (7). On
closer inspection, more subtle long-term effects of Dnmt2
loss were observed: in D. melanogaster, for example,
H4K20™ was strongly reduced, and telomeric sequences
were lost (2). Durdevic et al. (8) recently showed that in
D. melanogaster, Dnmt2 was also involved in virus
control. At least in D. melanogaster, E. histolytica and
D. discoideum, low amounts of DNA methylation,
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especially on retroelements, were detected and attributed
to Dnmt2, although these data are controversially dis-
cussed (9—-11).

In 2006, Bestor’s group reported that Dnmt2 rather
methylates transfer RNA (tRNA) than DNA in
M. musculus, D. melanogaster and Arabidopsis thaliana.
Specifically, they found C38 in tRNA” as the major or
only substrate for the enzyme (1). A dual role of Dnmt2
had been discussed (12), and Jurkowski et al. (13) could
show that tRNA™P was methylated by an enzymatic
mechanism characteristic for DNA methyltransferases
rather than by the reaction pathways of enzymes that
methylate RNAs.

tRNA”P methylation activity was also reported for
the Dnmt2-homologues from E. histolytica (14) and
D. melanogaster (15). Schaefer et al. (15) showed that
D. melanogaster tRNAY A and tRNASYECO were
also methylated at position C38 in vivo and by human
Dnmt2 (hDnmt2) in vitro. They further found that
dnmt2 knockout flies were more sensitive to oxidative
stress. A more detailed analysis of tRNAAPGYO gp4
tRNASYGCO  quggested that methylation protected
tRNAs from stress-induced cleavage (15). Double-
knockout mutant mice of Dnmt2 and Nsun2, the second
known m’C-tRNA-methyltransferase in higher eukary-
otes, showed a phenotype with impaired cellular differen-
tiation, an overall reduction in protein synthesis and early
lethality (16). Recently, we identified tRNAS™UYS) a5 an
additional novel substrate of Pmtl, the Dnmt2-homo-
logue in S. pombe (17). Pmtl-dependent tRNA methyla-
tion seemed to be regulated by nutrient conditions.
Nutritional control was also reported for Ehmeth, the
Dnmt2 homologue from E. histolytica that is inhibited
by the glycolytic enzyme enolase (14,18).

Here, we demonstrate that recombinant D. discoideum
DnmA and hDnmt2 can methylate tRNAASPGUO)
tRNACUYO and tRNASYCCO from D. discoideum
in vitro with different efficiencies. Both enzymes formed
covalent complexes [22] with specific tRNAs with similar
kinetics, but they were significantly slower for the minor
substrate tRNA“" than for the major substrate tRNA*P.
Ultraviolet (UV)-crosslinking and immunoprecipitation
(CLIP) experiments showed that specific fragments of
the three target tRNAs associated with DnmA in vivo.
However, in vivo, only methylation of tRNA*PSVO) py
DnmA was confirmed, whereas methylation of the target
nucleotide C38 in other substrates was not detectable by
bisulfite sequencing.

As revealed by quantitative reverse transcription (RT)-
PCR, dnmA is differentially expressed in development, cell
cycle and in the recovery phase after temperature stress.
The increase in dnmA expression levels correlated with
elevated tRNA”P methylation in development but not
after temperature stress. The other targets identified by
in vitro methylation and by CLIP were apparently also
not methylated in vivo in development.

Our data document that additional RNA molecules can
serve as substrates for Dnmt2 binding and that the full
range of targets is probably not yet recognized. The results
also suggest that binding of the methyltransferase to an

RNA molecule not necessarily results in methylation but
may have different biological functions.

MATERIALS AND METHODS
Dictyostelium discoideum cultures and nomenclature

Dictyostelium discoideum AX2-214 was grown in HL5+
medium (ForMedium) containing 50 ug/ml Ampicillin,
0.25pug/ml  Amphotericin-B, 100 pg/ml  Penicillin/
Streptomycin (PAA) at 22°C, constant light under select-
ive conditions as required. NC4 cells were grown in a sus-
pension of Klebsiella aerogenes in phosphate buffer. When
indicated, AX2 cells were also grown in bacterial suspen-
sion to allow for comparison with NC4.

For cold treatment cells (1 x 10°/ml) were shaken at 4°C
for 2—-14 h. Cells were allowed to recover at 22°C for 2% h
before RNA isolation. For synchronization, cells at a
density of 1-3 x 10°/ml were incubated at 4°C over
night. Before cold treatment, cells were briefly cooled
down in a water bath with ice. For synchronization,
cells were then warmed up in a 25°C water bath before
cultivating at 22°C. Synchronization was measured by
counting cells every 30 min during a period of at least
7h. Samples for RNA isolation were taken at the times
indicated.

Gene names and accession numbers refer to DictyBase
(http://dictybase.org/, Jan. 3™, 2013). Complete sequences
for tRNAs relevant for the experiments are given in
Supplementary Table S2. In silico folded clover leaf
structures  for tRNAASPEUO — {RNACMUUCO)  4hq
tRNACSYGCO are given in Supplementary Figure S1.

Nucleotides in tRNAs have been numbered according
to Motorin et al. (19).

Expression and purification of recombinant DnmA and
human hDnmt2

DnmA and hDnmt2 were both cloned with N-terminal
Hisg-tags in pET28a(+) (Novagen) into the Ndel and
Xhol sites. Recombinant proteins were expressed in
Escherichia coli (DE3) Rosetta pLysS cells. Induction
and protein purification were done as described previously
(13). Briefly, the cells were induced at an ODgq of 0.6 with
I mM IPTG and incubated for 3h at 37°C for hDnmt2
and at 22°C for DnmA. After harvesting, cells were resus-
pended in sonication buffer [30 mM KPi (pH 7.0),
300mM KCI, 10% (v/v) glycerol, 10mM imidazole,
0.1 mM Dithiotreitol (DTT)] containing protease inhibi-
tors (complete mini, Roche) and lysed by sonication with a
Dr Hielscher up200s sonifier (5-10 times, cycle 0.5/ampli-
tude 50%). The cell lysate was cleared by centrifugation
(10.000 RCF), and the supernatant was incubated on
NiNTA-Sepharose for 15min at 4°C. After washing with
sonication buffer, Hiss-tagged proteins were eluted with a
buffer containing 30mM KPi (pH 7.0), 300mM KClI,
10% glycerol, 200 mM imidazole and 0.1 mM DTT. The
eluate was dialysed in two steps [30mM KPi (pH 7.0),
200mM KCl, 20% glycerol, I mM DTT, 0.1 mM EDTA
and 30mM KPi (pH 7.0), 100mM KCI, 50% glycerol,
ImM DTT, 0.1 mM EDTA].
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UV-crosslinking and RNA immunoprecipitation

For UV CLIP, 2x 10® D. discoideum cells expressing
DnmA-GFP in the dnmAX®-background and cells ex-
pressing GFP only were harvested (390 RCF, 5min),
washed once and resuspended in 20ml of phosphate
buffer. Ten microlitre aliquots of the suspension were
spread in 10cm petri dishes and UV irradiated (254 nm)
with 250 mJ/ecm?. Cells were spun down and collected in
4 ml of modified RIPA-Buffer [SOmM Tris/HCI (pH 7.5),
150 mM NacCl, 0.5% NP40, 0.5% sodium deoxycholate,
ImM EDTA] (20). Lysis was supported by three times
sonication (cycle 0.5 and amplitude 50%) with a Dr
Hielscher up200s sonifier. Samples were centrifuged
(20000 RCF, 15min, 4°C), and the supernatant was
transferred to a fresh tube; it was again centrifuged, and
the supernatant collected for a third centrifugation step.
Hereafter, the supernatant was pre-incubated with 250 pl
Sephadex™ G-50 Medium (GE Healthcare) and then
transferred to 50ul GFP-trap beads (ChromoTek,
Martinsried) (21). Incubation was carried out for 15min
at 4°C on a rotating wheel, followed by two washing steps
with 1.5ml stringency RIPA buffer A [SOmM Tris/HCI
(pH 7.5), | M NacCl, 1% NP40, 1% sodium deoxycholate,
ImM EDTA, 0.1% SDS, 2M Urea] and two washing
steps with stringency RIPA buffer B [SOmM Tris/HCI
(pH 7.5), 1 M NaCl, 1% NP40, 1% sodium deoxycholate,
I mM EDTA, 0.1% SDS, 1M Urea]

For further analysis, aliquots were taken from input
(supernatant after preincubation with Sephadex G50)
and the last wash. Beads were equilibrated [SOmM Tris/
HCI (pH 7.5), 300 mM NacCl, 0.5% NP40, 0.5% sodium
deoxycholate, 1 mM EDTA, 0.1% SDS] and resuspended
in RIPA elution buffer [SOmM Tris/HCl (pH 7.5),
300mM NaCl, 0.5% NP40, 0.5% sodium deoxycholate,
SmM EDTA, 0.5% SDS]. To each sample, proteinase K
was added at a final concentration of 1mg/ml and
incubated for 1 h at 42°C and 5h at 56°C. Samples were
extracted with  phenol/chloroform/isoamyl alcohol
solution (Roth), and RNA was precipitated with isopro-
panol and 20 pg of glycogen.

Deep sequencing of co-immunoprecipitated RNAs

cDNA synthesis and Illumnia sequencing was carried out
according to previously published protocols (22).
Specifically, the two RNA samples from the CLIP experi-
ment were poly(A)-tailed using poly(A) polymerase. After
that, the 5S’PPP was converted into 5'P using tobacco acid
pyrophosphatase. Then, an RNA adapter was ligated to
the 5'-phosphate of the RNA. First-strand cDNA synthe-
sis was performed using an oligo(dT)-adapter primer and
the M-MLYV reverse transcriptase. The resulting cDNAs
were PCR-amplified to ~20-30ng/ul using a high-fidelity
DNA polymerase. Adaptors that were used for ligation
are listed in Supplementary Table S1.

The cDNA libraries were sequenced using an Illumina
GAIIx machine with 100 cycles resulting in 5674433
(DnmA-GFP pull down) and 5540257 (GFP control)
reads. After removal of the barcodes and adaptor
sequences, the reads were aligned to the genome of
D. discoideum (sequence accession numbers: NC_000895,
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NC_001889, NC_007087, NC_007088, NC_007089,
NC_007090, NC_007091, NC_007092) using the short
read mapper segemehl (23). For unmapped reads,
polyA-tails were computationally searched in the 3’-end
and clipped if found. The resulting sequences were
mapped again to the reference sequences. In all,
1249579 reads of the DnmA-GFP pulldown and
514809 reads of the control sample could be successfully
aligned. Enrichment of RNAs was calculated by compari-
son of normalized read numbers from the DnmA-GFP
pull down and the control. In case of multiple genes re-
sulting in the same transcript, the reads are mapped to the
first copy in the genome starting from chromosome 1.

Cloning and in vitro transcription of RNAs

tRNAAPEUCD (DDB_G0294707),
tRNAPP(GAAD  (DDB (G0294663), tRNAMUUAGD
(DDB_0234827),  tRNAMUAAGS  (DDB 0235066),
tRNAVHCACD (DDB 0234789) and tRNASWECED
(DDB_0234894) were cloned into pJETI/blunt vector
(Fermentas) according to the suppliers suggestions. In
the case of multiple identical genes for one tRNA, only
one gene is listed here. The annotation of tRNAs, se-
quences, potential isoacceptor tRNAs and in silico
folding are shown in Supplementary Table S2 and
Supplementary Figure S1. Genes were produced by recur-
sive PCR using overlapping oligos (Supplementary Table
S1). For tRNAASPGUO) {RNALUUAG) - RNALCUAAG)
tRNAYHCAO and tRNACYECO | the respective oligos 2
and 3 served as template and oligo 1 and 4 as primers. A
restriction site was added at the 3’-end and a T7-promotor
at the 5-end. For tRNAFPP(GAY oligo 1, 2 and 3 are used
as template. Amplification was done with oligo 4 and 5.
The tRNACMUYO (DDB_G0294709) and suppressor
tRNACMCUA (kindly provided by T. Winckler, Jena)
were recloned into pJETI1/blunt vector from pGEM T
vector. The mutated versions tRNAASPEUOCHEA 4h4
tRNACUVOCHA were constructed by using the respect-
ive oligonucleotides (Supplementary Table S1).

For in vitro transcription, 500 ng of linearized plasmid
was incubated at 37°C for 2h in 50 pl with 1 pl T7-RNA
polymerase, 1mM NTPs, 1x transcription buffer
(Fermentas) and RiboLock'™ RNase Inhibitor
(Fermentas). After transcription, samples were treated
with DNasel for 15min, extracted with an equal volume
of phenol/chloroform/isoamyl alcohol (Roth) and purified
over a Sephadex G-50 spin column.

For radio-labelled in vitro transcription, 2pg of
linearized plasmid were incubated at 37°C for 2h in
100 pul volume with 2ul T7-RNA polymerase, 2mM
ATP, GTP and CTP, ImM UTP and 2ul [«**P] UTP
(110 TBg/mmol, Hartmann), 1x transcription buffer
and RiboLock™ RNase Inhibitor (Fermentas). After
transcription, samples were treated as aforementioned.

The enes for

Preparation of small RNA fraction

RNA isolation was done using the Trizol®-method (24).
For enrichment of the small RNA fraction, 0.5M NaCl/
5% PEG 8000 was added to the RNA solution (in DEPC
treated H,O) and incubated at —20°C for 30 min. After
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centrifugation (10.000 RCF, 4°C, 30 min), the supernatant
was collected in a fresh tube and precipitated with three
volumes of 100% EtOH.

SDS-EMSA

Detection of denaturant-resistant DnmA-tRNA was
carried out by SDS-clectrophoretic mobility shift assay
as described elsewhere (25) with some modifications.
Briefly, DnmA (1-9 ng) was incubated in 20 pl of 10 mM
KPi (pH 7.0), 22.5 % glycerol, 25mM KCI, 10mM DTT,
2mM MgCl, and 100-500 uM S-adenosyl-methionine
(SAM) with the respective *°P labelled tRNA (100-
665ng) at 22°C. Reactions were terminated at the
indicated times by addition of 10 ul of SDS-stop mixture
[150mM Tris=HCI (pH 8.0), 6% SDS (w/v), 30mM
EDTA, 0.025% Bromophenol blue] and heated for
10 min at 65°C. Samples were cooled down to room tem-
perature and subjected to electrophoresis on 6 or 12%
SDS—polyacrylamide gels, sealed in Saran Wrap and
exposed to an imager plate for 12-40h at RT. Plates
were read in a phosphoimager (Fujifilm FLA-7000). In
some cases, samples were transferred from the gel to a
nitrocellulose membrane for immunodetection of DnmA
using an anti-His antibody and a secondary mouse
antibody coupled to alkaline phosphatase.

In vitro methylation assay

Methylation of RNA substrates was carried out as
described previously (13): 3 uM of recombinant hDnmt2
and 3-12pM of DnmA were incubated with 500ng of
tRNA-transcript (or 10pg of small enriched RNA), 1x
methylation buffer [SOmM Tris/HCI (pH 70) 50 mM
NaCl, 5SmM MgCl,, 1 mM DTT]rand 1.7uM [*H]-SAM
(Hartmann), 1u/ul RiboLock RNase Inhibitor
(Fermentas) at 22°C for Imin to 1.5h as indicated in
the text. The reaction was stopped by adding 1 mM non-
radioactive SAM and 2mg/ml proteinase K for 30 min.
Loading buffer [formamide, SmM EDTA (pH 7.4),
bromophenol blue] was added, and samples were run on
a 12% denaturing (7M Urea) polyacrylamide gel (1 mm)

for 2-5h at 400V. The gel was stained with
ethidiumbromide, fixed (10% methanol, 10% acetic
acid) and immersed for 1h in amplify solution

(Amersham), dried and exposed to X-ray film (Contatyp
CX-BL+ Medical X-ray film) for 16h up to 2 weeks at
—80°C.

In vitro blocked methylation assay

The in vitro blocked methylation assay is based on the
assumption that RNA methylation is inhibited if the
target site is covered by hybridization with a complemen-
tary DNA oligo. RNA (500 ng of transcript or 10 ug of
small enriched RNA) was mixed with 2 uM of the respect-
ive oligonucleotide in 1 x STE-buffer [10mM Tris/HCI
(pH 8), 50 mM NaCl, 1 mM EDTA], heated up to 8§0°C
in a thermocycler and then cooled down stepwise to room
temperature. The blocked RNA was subsequently used in
a *H-methylation assay as described earlier in the text.
Blocking oligos are shown in Su lpplementdry Table S1
(oligo 2 for tRNA™P and tRNAC™, respectively).

dnmA expression analysis by real-time quantitative PCR

For analysing dnmA expression levels, RNA was extracted
by the Trizol®-method (24). qPCR was performed in an
Eppendorf realplex light cycler with the SensiFAST SYBR
No-ROX One-Step Kit (Bioline) according to the sup-
pliers instructions. Relative quantification was done with
the AACt-method using gapdh (DDB_G0275153) as a
normalization control (housekeeping gene).

Microscopy

For fluorescence analysis, cells were fixed in 4% (w/v)
paraformaldehyde dissolved in 20mM phosphate buffer
(pH 6.7) for 10 min at 22°C and stained with DAPI.

Images were acquired on a Leica DMIRB inverted
microscope equipped with a DC350 camera and IMS50
Acquisition software (Leica Microsystems; Wetzlar,
Germany).

For the movie, DnmA-GFP cells (in DnmA®© back-
ground) were analysed with a Zeiss Cell Observer SD
with Rapp UGA-40-2 L Scanner. Images of living cells
were taken in 15s intervals at 7 layers with a 0.8 uM
distance between each layer during a period of 120 min.
Further image analysis was done with ImageJ 1.46. The
movie is displayed with eight frames per second.

RNA bisulfite sequencing

RNA bisulfite sequencing was carried out as described
elsewhere (26). Primer sequences are listed in the
Supplementary Material (Supplementary Table S1).

RESULTS

DnmA is an active tRNA**? methyltransferase in vitro
and in vivo

Previous experiments have shown that hDnmt2 can
methylate a D. discoideurn RNA in the size range of
tRNAs in vitro (13). Here, we investigated whether the
D. discoideum Dnmt2-homologue DnmA is also an
active tRNA™P methyltransferase. In vitro transcribed
D. discoideum tRNAMPCYO was used as a substrate for
methylation by DnmA and hDnmt2 in vitro. The assays
showed that the tRNA was efficiently methylated by both
enzymes (Figure 1A). The reactron was time dependent,
the activity was sensitive to Mg>" concentrations and
almost lost at 10mM Mg”>". In contrast to the human
enzyme, DnmA was inactive at 37°C (data not shown).
Therefore, all reactions were carried out at 22°C where
hDnmt2 still showed good activity.

To investigate methylation in vivo, RNA bisulfite
analysis of tRNAAPCYO from D, discoideum was
performed Figure 1B shows that in wild-type cells,
tRNAMPOUO - was  methylated at position C38 to
~30%, whereas methylation was at background levels in
DnmA knockout strains. Ectopic overexpression of
hDnmt2 in wild-type cells increased tRNAAPEUC) 38
methylation to ~50% indicating cross-species activity of
Dnmt2-homologues. C49 was methylated at ~90%, inde-
pendently of DnmA and served as an internal control for
the bisulfite reaction.
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Figure 1. In vitro methylation of tRNAAPECYO (A) In vitro methylation of tRNAPEYO by DnmA at 2mM, 5mM and 10mM MgCl, and by

hDnmt2 at 5mM Mg*"
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. The upper panel shows ethidium bromide staining of the in vitro transcripts separated in a denaturing polyacrylamide gel
anel shows mcorporated SH-Me in the tRNAs. Reactions were run for the times indicated. (B) In vivo methylatlon of cytosines in

tRNAMPECYO from different D. discoideum strains. Results of the RNA bisulfite sequencing (454 pyrosequencing) are given in percentage of reads.
Numbers of sequence reads are shown in brackets. C49 is methylated by a different methyltransferase and thus serves as an internal standard. All 22
tRNAMPEYO genes result in the same transcript, and no isoacceptors are encoded in the D. discoideum genome. (C) In vitro methylation of small
enriched RNA of a dnmAX© strain (ex vivo methylation). The methylation reaction was done for the times indicated.

As tRNA™P appeared to be not the only target for
Dnmt2 in other organisms (e.g. D. melanogaster), we
examined if more cellular-derived RNAs could be
methylated in vitro (ex vivo methylation experiments).
Total RNA from dnmAX® AX2 cells was subjected to
in vitro methylation by recombinant DnmA for various
times. Methylated RNAs were separated by gelelectro-
phoresis and visualized by autoradiography. Figure 1C
shows that a substantial RNA fraction in the tRNA size
range could be methylated. At longer incubation times, a
second minor methylated RNA species appeared,

indicating that at least one further substrate could be
methylated in vitro.

Identification of further substrates—in vitro binding and
methylation of tRNA®™

The group of Helm (personal communication) had
proposed a sequence pattern (C32, C34, A37, C40) that
may serve as a target recognition motif for C38 methyla-
tion by hDnmt2. We therefore examined all D. discoideum
tRNAs in silico to identify candidates for the additional
methylated band in the ex vivo experiment. In addition to
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tRNAMPEUO T we  found  tRNACMYYO and
tRNACMCYUO 6 match the pattern (Figure 2 and
Supplementary Table S2).

To test for tRNA™ as a potential substrate, we
modified the methylation assay by addition of a 50nt
DNA antisense oligonucleotide to tRNAASPGUO
covering the methylation target site. Figure 3A shows, as
a control, that methylation of in vitro transcribed
tRNAMPOYO was completely blocked. We then per-
formed ex vivo methylation assays with enriched small
RNAs isolated from D. discoideum after blocking
tRNAMPEYO with the antisense oligo. Figure 3B shows
that the majority of >H-incorporation disappeared.
However, with both DnmA and hDnmt2 a significant
amount of methylation was still detectable in the size
range of tRNAs. Assuming that this signal contained
tRNAY", we used a second antisense oligo directed
against tRNASMYYO for blocking methylation. The
oligo also covered the isoacceptor tRNA™CYO with

Position: 32 3738 40
tRNA-Asp-GUC ..CGCCUGUCACGCGAA...
tRNA-GIu-UUC ..AGUCUUUCACACUGG...
tRNA-Gly-GCC ..UCCCUGCCACGGAUG...
tRNA-Leu-AAG ..GCAUUAAGGCUGCAA...
(RNALOU-UAG ..AGAUUUAGGCUCUAU...
{RNA-Val-CAC ..CCCUUCACACGGGUU...
e B ..AGACUGAAGAUCUUA...
tRNA-Asp-GUC c38A ...CGCCUGUCAAGCGAA...
tRNA-Glu-uuc c38A .. AGUCUUUCAAACUGG...
Suppr. tRNA-Glu-CUA . . AGUCUCUAACACUGG...

Figure 2. Target site sequences of tRNAs used for in vitro methylation.
The position of the putative signature nucleotides are indicated and
printed in bold if present. The anticodon is underlined. tRNASM(CYC)
(not shown) also harbours the nucleotide pattern. Except for the anti-
codon, both tRNAS™" are identical in the anticodon stem-loop region
(Supplementary Figure S2). Only a few differences appear in the
acceptor stem.

A tRNA B
DnmA hDnmt2 )
anti-Asp . + _ + anti-Asp
anti-Glu
EtBr EtBr
3H-Me . 3
. H-Me

minor mismatches (Supplementary Figure S2). A further
reduction of ex vivo methylation was observed. Notably,
the lower band in the tRNA size range disappeared (arrow
in Figure 3B), suggesting that this represented a tRNAS"
population that could be methylated at least in vitro. The
residual methylation after blocking with both oligos may
represent additional tRNAs or other unknown targets. As
we only concentrated on small RNAs, larger methylated
molecules and less abundant targets may have escaped
detection.

To further analyse methylation on tRNA™P and
tRNAC" (exemplified by tRNAS™UYO) we carried out
assays with wild-type sequences and C38A mutated
in vitro transcripts (Figure 4). We also included a suppres-
sor tRNASMCUA that differed in only 2nt from
tRNACMUYO (Figure 2). Assays were done in parallel
with the recombinant hDnmt2 and D. discoideum
DnmA. The experiment showed that tRNA*PCYO wag
the best substrate for both DnmA and hDnmt2 (Figure 4).
Substantial methylation was also observed for
tRNACUYO and suppressor tRNACMCEYA  Moreover,
the complete loss of methylation in the C38A mutations of
tRNAMPEUO 4hd tRNACMYYO confirmed that methy-
lation occurred at position C38 and largely ruled out that

methyl group incorporation was due to another
N N
OR (O P
&6\)0\ \)\)O\ G\\)\O &O\)G\ \)\)O\
tRNA pe® oW e petV T W\
DnmA/hDNmt2 A h A h A h A h A h

EtBr

Figure 4. C38 is the target for in vitro methylation of tRNAAPEGUO
and tRNASMUYO 1y yirro  methylation of tRNAAPEUO),
tRNACMUYO and a suppressor tRNACMEUA)  C38A mutations con-
firmed C38 as the target nucleotide. tRNAPGYO) methylation was
most efficient.

small enriched RNA
DnmA hDnmt2
- + + - + +
- - + - - +

EEERRR]-
..

»4. . ‘<tRNA

Figure 3. Ex vivo methylation and blocking assay. (A) Methylation of in vitro transcribed tRNA”PGYO) wag completely blocked when a comple-
mentary antisense oligo was hybridized. (B) Using enriched small RNA from dnmAK© cells, ex vivo methylation in the tRNA size class was
differentially lost when antisense oli(gos to tRNAAPEYO apd (RNACMUYO were hybridized before the methylation reaction. The oligo against

tRNACHUYO 4150 covers tRNACHEVO

with minor mismatches (see Supplementary Figure S2). Even with both oligos, a significant amount of *H

incorporation still remained. The upper panel shows the ethidiumbromide stained gel to demonstrate equal loading, the lower panel shows the
fluorogram. The arrow marks a band that was specifically lost when the anti tRNAS™YYO oligo was used.
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contaminating methyltransferase in the recombinant
protein preparation (17).

The methylation experiments using in vitro transcribed
tRNAs showed that no other modifications were necessary
for C38 methylation by DnmA and hDnmt2 (13) and that
the processed ends of a mature tRNA were not required
for target recognition, as the tRNA transcripts contain no
3-CCA. Even tRNA®" embedded in a long dsRNA
molecule (~1000nt) with small stem-loop structures at
the ends (27) was a specific substrate of DnmA and
hDnmt2 (Supplementary Figure S3).

By EMSA, no difference in in vitro binding could be
seen for the specific target tRNAC™YYS) and non-target
RNAs, indicating that DnmA associated non-specifically
with any nucleic acid (data not shown). However, specific
covalent enzyme-substrate intermediates can be detected
by denaturing SDS-PAGE (25). Figure 5A and
Supplementary Figure S4 show that radioactively
labelled tRNA transcripts that can be methylated
in vitro by DnmA formed denaturation resistant
complexes while non-target RNAs did not. To confirm
that the denaturation resistant complexes were really due
to binding of the enzyme to the substrate, SDS gels were
blotted, and His-tagged DnmA was detected by a specific
anti-His antibody. A small amount of the tagged protein
was shifted to the same position as the labelled tRNA
(Supplementary Figure S5).

We then performed time courses for the reaction and
found that covalent complex formation was only transient
under the conditions used. For tRNAPEGYO - adducts
reached a maximum after 1 min and were undetectable
after 15min, whereas the tRNASMUYO complex only
began to accumulate after 1 min but persisted for almost
60 min (Figure 5A and B). This coincided with the high
methylation activity on tRNA*PGYED and a lower one
on tRNACMUYC2 The human enzyme appeared to be
slightly faster in the reaction but otherwise showed a
similar behaviour compared with D. discoideurn DnmA.

tRNAASP(GUC), tRNAG]u(UUC/CUC) al‘ld tRNAGly(GCC)
bind specifically to DnmA in vivo

The blocking assay (Figure 3) suggested that further sub-
strates could be targeted by DnmA. To identify such
targets and to further investigate the interaction between
DnmA and RNAs in vivo, we established a UV-CLIP pro-
cedure for D. discoideum. DnmA-GFP expressing cells and
control cells expressing GFP only, were UV cross-linked,
and complexes were precipitated under denaturing condi-
tions by a GFP nanobody (21). Then, co-precipitated
RNAs were isolated, converted into strand-specific
cDNA libraries and analyzed by Illumina sequencing
(Figure 6 and Supplmentary Figure S6).

Various tRNA fragments were enriched in the DnmA
CLIP sample compared with the control. By their length
and position, fragments appeared not to be random but
specific. We found mid-fragments of 20-24nt (position
32-36 to 53-56) that covered the C38 methylation site in
the respective tRNAs, 5-fragments of 17nt (nucleotide
position 1-17), 3'-fragments of 20/21nt (nucleotide
position 54 to the end) and 3’-half tRNAs of 41-43nt
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Figure 5. Formation and turnover of tRNA-methyltransferase
complexes. Turnover of covalent complexes of tRNA substrates with
DnmA and hDnmt2. (A) Examples of time courses on covalent

complex formation with tRNAAPEUO  apd (RNACHUUO - (B)
Complex bands in A were quantified and presented on a time scale.

(position 30-32 to the end). Mid-fragments of
{RNAASPGUO) " R NACMUUCICUO) 04 (RNACGHECO)
were significantly enriched in the DnmA-GFP fraction in
comparison with the control CLIP assay. tRNAAPGUO),
tRNACUYO and tRNAS™CYO harbour the sequence
pattern (C32, C34, A37 C40), which has been suggested
as a signature for C38 methylation %Figure 2, Helm,
personal communication), tRNASYCCO" contains the
pattern except for C40. For tRNAMASO " which does
not contain C38 and the signature pattern, a different
fragment from the 3’-end was enriched in the DnmA-
CLIP sample. For other tRNAs, no significant accumula-
tion was observed in the experiment (Figure 6 and
Supplementary Figure S6). For several tRNAs, varying
amounts of full-length molecules were found, but these
were never enriched in the DnmA sample in comparison
with the control.

tRNACYECO j5 an additional methylation substrate
in vitro

The CLIP data suggested that tRNASY SO was another
target for DnmA. We therefore cloned this and several other
tRNA genes that contained the pattern only partially
(Figure 2). We generated in vitro transcripts and examined
methylation by DnmA and hDnmt2 in vitro. Indeed,
tRNASYGCO was methylated by both enzymes Q‘Fi%ure 7),
while none of the other tRNAs (tRNAMUUAGD
{RNALSUAAGS)  (RNAVACACD  opq  (RNAPhGAA-2)
resulted in detectable methylation signals in the assay
(Supplementary Figure S7). Interestingly, the in vitro methy-
lation efficiency of the three tRNA substrates
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tRNA and tRNA-fragments associated with DnmA
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Figure 6. tRNA and tRNA fragments associated with DnmA-GFP. After UV crosslinking, RNA bound to DnmA was co-immunoprecipitated
under denaturing conditions (CLIP). The number of normalised reads for tRNAs detected by Illumina sequencing is shown for DnmA CLIP and for
the control CLIP with GFP. In addition to full-length tRNAs, four classes of tRNA fragments were found, and these are indicated by different
shading of the bars. Size and localization of fragments is shown schematically on the simplified clover leaf structure. tRNAs that are not significantly
enriched with DnmA are shown in Supplementary Figure S6. In case of multiple gene copys resulting in the same RNA transcript, the sequencing
reads were mapped to the first copy in the genome starting from chromsome 1. Only this copy is listed. Sequences and detailed information on gene

copies and potential isoacceptors are listed in Supplementary Table S2.

(tRNAAPEUO HRNACHUUO T {RNACHECO) correlated
roughly with the number of tRNA fragments found in the
RNA-CLIP experiment.

The data supported the conclusion from the ex vivo
blocking assay (Figure 3B) that in addition to
D. discoideum tRNA”P and tRNAC" other RNAs were
substrates for DnmA and hDnmt2 in vitro.

Expression of dnmA is regulated during development,
cell cycle and on temperature stress

DnmA expression in growing vegetative D. discoideum
cells is low. To examine tRNA methylation in vivo, it

was therefore advantageous to determine conditions
under which dnmA was most highly expressed. Prompted
by previous studies (14,15,17), we assumed that the biolo-
gical function of DnmA was connected to developmental
and/or environmental conditions. We therefore examined
expression levels of dnmA under different regimes. dnmA
mRNA was quantified by gPCR over the 24h develop-
mental cycle of D. discoideum (data not shown) and con-
firmed the data deposited in Dictyexpress (http://
dictyexpress.biolab.si/).

Interestingly, an ~5-fold increase in expression was
observed at 16h in development. This time coincides
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Figure 7. In vitro methylation of tRNASYCO by recombinant DnmA
and hDnmt2. In vitro transcribed tRNAs were methylated in vitro as
described before. The top panel shows the ethidium-bromide stained
gel, the bottom panel the fluorogram of *H-labelled methylated tRNAs.
As a control tRNAMPEYO methylation is shown.

with a presumed synchronous mitotic division (28) where
a multitude of cell-cycle regulated genes are expressed
[(29) and McWilliams, personal Communication].

Therefore, we synchronized vegetative D. discoideum
cells to examine dnmA expression during the cell cycle.
For these experiments, the D. discoideum wild-type
strain NC4, the parent of the axenic laboratory strain
AX2 was used (30). This was prompted by the observation
that D. melanogaster and E. histolytica laboratory strains
may lose dnmit2 expression (Reuter, Ankri, personal
communication).

The data confirmed our assumption of a cell-cycle-de-
pendent transcriptional regulation of dnmA (Figure 8A).
The peak of expression coincided with late mitosis or early
S-phase, as D. discoideum does not display a G1 phase.
Using AX2 cells cotransformed with PCNA-RFP and
DnmA-GFP, we observed GFP accumulation in the
nucleus during S phase (indicated by PCNA expression)
and a loss of DnmA from the nucleus during mitosis
(Figure 8B). This is further exemplified by the movie in
the Supplementary Material (Supplementary Movie S1).

In other organisms, dnmt2 was observed to be
upregulated during stress response (3,15). We therefore
examined expression after anoxia, heat shock and cold
shock but did not find any significant changes (data not
shown). Only during recovery from cold shock, we
detected a strong transient increase in dnmA mRNA by
~47-fold (Figure 8C).

Thus, dnmA expression was differentially regulated
during the cell cycle, development and on temperature
stress. Furthermore, DnmA localization changed specific-
ally during the cell cycle.

Though the basic expression in vegetative cells was in-
distinguishable, dnmA expression in NC4 was ~30-fold
higher at 16h of development, whereas developmental
upregulation was only 5-fold in AX2. The data are
summarized in Figure §D.

NC4, the parent strain of AX2, displays increased
tRNA*" methylation during development

Based on these observations, we asked the question
whether expression levels correlated with tRNA
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methylation activity in vivo. Bisulfite sequencing was
done with primers for tRNA®P, tRNAS" and tRNASY
on RNA isolated from vegetative AX2 cells, AX2 cells
developed for 16h, AX2 cells subjected to cold shock,
AX2 recovered for 2.5h after cold shock, vegetative
NC4 cells and NC4 cells developed for 16 h. The results
on C38 methylation of tRNA*PEY are summarized in
Figure 8E. The methylation status of all C residues from
all tested tRNAs in this study is shown in Supplementary
Figure S8. Indeed, tRNAAPGYO methylation at C38
increased to 76% in development in NC4 cells. No
increase was observed in AX2 cells during development,
possibly due to insufficient sensitivity of the assay.
Interestingly, no increase in tRNA”PCUC) methylation
was observed at the highest dnmA expression levels
during stress recovery. In Figure 8E, the 30-35% methy-
lation level in all tRNAPCYO samples represents signifi-
cant methylation as compared with other C residues (see
Supplementary Figure S8).

We did, however, not detect any significant methylation
of tRNACHUUC/CUO 4hd tRNACYECO ynder any con-
ditions (Supplementary Figure S8). In contrast, C49/C50
methylation, which does not depend on Dnmt2 enzymes,
was found in all samples and thus served as an internal
control. In all, 1.175 bisulfite-sequence reads were
examined for tRNACSMUUCCUO " and 4,040 for
tRNASYECO No methylation above background was
found. Though it cannot be excluded that the failure to
detect C38 methylation of tRNAS™ and tRNASY was due
to inefficient reverse transcription or low levels of methy-
lation (see ‘Discussion’ section), we conclude that
tRNA™P is the major or possibly the only in vivo target
for methylation by DnmA in D. discoideum.

DISCUSSION

The biological function of Dnmt2 methyltransferases is
largely unknown, and its role in DNA methylation is con-
troversially discussed (9,10). In contrast, tRNA methyla-
tion by Dnmt2 is robust in vitro and in vivo and
evolutionary conserved. In addition to the originally
described tRNAASPGUO) (9, two further tRNAs targets
(tRNAVACAD and (RNACYCCO) have been defined in
D. melanogaster (15) and tRNASMVYS in S pombe (17).

To get insight into potential functions of the
D. discoideum Dnmt2 homologue DnmA, we examined
expression levels in development, in the cell cycle and
under different environmental conditions. We confirmed
by qPCR an expression peak at 16h of development.
Weijer and co-workers (28) had previously proposed a
synchronous cell division at this developmental stage.
We therefore investigated dnmA expression in the cell
cycle and found a strong transient increase of mRNA in
S-phase or shortly thereafter. The expression peak was
accompanied by reaccumulation of DnmA in the
nucleus. We assume that DnmA is degraded during
mitosis and re-synthesised after cell division.

In S. pombe as well as in D. melanogaster, tRNA methy-
lation changes in response to environmental challenges
like temperature stress, anoxia or nutrients. We tested
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Figure 8. Expression, localization and tRNA*PSYY methylation activity of DnmA under various conditions. (A) dnmA expression is regulated

during the cell cycle. Cells were arrested in the cell cycle by cold treatment and then released by transfer to 22°C. Cells were counted every 30 min
(grey dots and grey line), and samples were taken for qPCR (black bars). After cell division, dnmA expression increased ~5-fold and then rapidly
declined to basal levels. Normalization was done on vegetative growing cells. dnmA expression is only shown from 3 to 4.5h during recovery.
(B) DnmA is lost from the nucleus during mitosis (arrow). The three cells on the right are in S-phase as indicated by the RFP-PCNA marker and
accumulate DnmA in the nucleus (for further details see movie in Supplementary Material). (C) Relative quantification of dnmA expression levels in
AX2 cells after 2.5h recovery from cold shock at 4°C. Expression of dnmA increased >40-fold and returned within 30 min to basal levels (n = 3).
(D) At 16 h of development, dnmA expression increased ~46-fold in the NC4 strain. In AX2 cells, expression increased only ~5-fold. (E) At 16h of
development, in vivo methylation of C38 in tRNA*PCYS) increased up to 75% in the D. discoideum strain NC4, whereas no significant increase was
observed in AX2 cells.
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heat shock, cold shock, anoxia and various nutrient media
but did not observe altered levels. Only during the
recovery phase after cold treatment, a transient, almost
50-fold increase in mRINA abundance was seen.

Reuter and Ankri (personal communication) had
observed a loss of Dnmt2 expression in laboratory
strains of D. melanogaster and E. histolytica. We therefore
examined D. discoideun NC4, the parent of the axenic
laboratory strain AX2. The developmental regulation in
AX2 and NC4 was qualitatively similar, but expression
levels were much higher in NC4. The observation
supports the assumption that Dnmt2 expression was
reduced under optimal growth conditions in the labora-
tory strain and may actually be selected against.

We show that the D. discoideurn Dnmt2 homologue
DnmA is an active tRNAMPCYS methyltransferase
in vitro and in vivo. To identify further potential targets
for DnmA, we established a UV-CLIP method to analyse
DnmA-RNA interaction in vivo. In addition to the known
target tRNAAPOYO  fraoments of tRNACMUYO apd
tRNACHYECO) were most abundant in comparison with
the control. Unexpectedly, complete tRNAs were not
enriched in the DnmA CLIP fraction but rather specific
‘mid-fragments’ that covered the putative methylation site
and the recognition pattern proposed by Helm (personal
communication). A minor exception was tRNASY(GCO,
which lacks C40. We do not know whether these frag-
ments were directly or indirectly generated by DnmA
in vivo or whether they were protected by DnmA from
degradation during the experimental procedure. As no
co-crystal of Dnmt2 and a tRNA substrate is available,
the exact interface for the interaction is unknown.
Jurkowski et al. (31) mapped the binding site on Dnmt2
by mutational analysis. A manual placement of a tRNA
into the crystal structure suggests that Dnmt2 mainly
contacts the anticodon stem loop. Assuming that mid-frag-
ments are footprints of DnmA, our data support this notion
but suggest that the interaction surface extends into the
D-loop, which is partially covered by the mid-fragments.

We examined the putative DnmA targets in vitro (by
methylation of in vitro transcribed tRNASs), ex vivo
(by methylation of RNA isolated from D. discoideum)
and in vivo (by bisulfite sequencing). Furthermore, we
investigated by SDS-PAGE the kinetics of covalent
complex formation between tRNA”P and tRNA®™ with
DnmA and hDnmt2.

All three tRNAs (tRNA*P, tRNAC™, tRNASY) were
readily methylated by recombinant DnmA and hDnmt2
in vitro, although the activity was much higher (estimated
at least 10-fold) on tRNA”P compared with tRNAS™ and
tRNASY. For tRNA*P and tRNA", this correlated well
with the formation and decay of covalent RNA—protein
complexes where kinetics for tRNA”" were much faster
than for tRNAS". Instead of C methylation, the covalent
intermediate may also proceed to a hydrogen exchange
reaction or to a deamination of the cytosine. In both
cases, an intermediate will be detected, but it will not
result in a methylated product (32). It may be that
slower off rates represent these alternative pathways that
would result in unmethylated tRNAs.
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Using antisense oligos, we showed that tRNAP,
tRNA™" and at least one additional RNA could be
methylated ex vivo. A quantification of the results was
not possible: the apparently low methylation of
tRNAS™ ex vivo could be due to the low activity of the
enzyme on this substrate (as suggested by the in vitro
experiments, see Figure 5B).

The data for the examination of in vivo methylation by
bisulfite sequencing were rather unexpected. Although
tRNAMPEYO was consistently found to be methylated
at C38, we never detected any methylation at C38 of
tRNACHUUC/CUO op {RNACYECO There could be
two reasons to explain the failure to detect C38 methyla-
tion for these in vitro substrates: éi) due to the low activity
of DnmA on tRNACHUVC/CUO gpd tRNACHECO o5
shown in vitro, there was low or no significant methylation
in vivo and (i1) methylation escaped detection because
other unknown modifications blocked reverse transcrip-
tion of the methylated molecules. However, if this was
the case, one has to assume that C49/C50 methylation
occurs independently of these unknown modifications,
whereas C38 methylation strictly depends on them. As
C38 methylation does not require any other modifications
in vitro, we believe that this scenario is less likely. If in vitro
methylation activity was comparable with in vivo methy-
lation, 10% methylation of tRNASMUUC/CUO  4n4
tRNASHECO  could  be expected relative  to
tRNAAPEUO A5 tRNAMP was methylated to ~30%, a
3% methylation of tRNAS™ and tRNASY could be below
the detection level of the bisulfite assay.

We find that high expression of dnmA did not necessar-
ily correlate with increased methylation of tRNAs. During
recovery from cold shock, D. discoideum cells displayed
the highest level of dnmA expression, but this had no
effect on tRNA™P methylation. Only in development
and with the high expressing NC4 strain, a significant
increase of tRNA”" methylation to ~70% was observed.
It has to be considered, however, that bisulfite sequencing
does not necessarily allow for quantitative evaluation of
data: detected C-methylation depends on reverse tran-
scription efficiency, which may be hampered by other
modifications that could be different under different
conditions. Furthermore, the completeness of bisulfite-
mediated conversion could also depend on RNA struc-
ture, which may be altered by other modifications.
However, incomplete conversion will lead to an overesti-
mation of C-methylation as maybe the case for, for
example, C30, C31, C35 in tRNA ¥ in some samples.

Taken together, the data from CLIP, complex forma-
tion and methylation show that all three substrates can be
bound and methylated in vitro. The CLIP data show that
there is a specific interaction of DnmA with tRNA mid-
fragments of tRNAAPEUO  {RNACGMUUCCUO  4nd
tRNASYGCO byt not with other tRNAs. In contrast,
bisulfite se%uencing could only detect methylation on
tRNAMPGYO “even at the highest expression levels of
dnmA. Even though low amounts of methylation may
have escaped detection in bisulfite sequencing, there is
still a discrepancy between dnmA expression levels (e.g.
during cold shock recovery), DnmA binding to substrates
(as determined by CLIP) and methylation in vivo.


.
crosslinking and immunoprecipitation (
)
-
-
to 
``
''
.
if 
if 
Since 
SDS 
to 
very 
 -- 
It should be noted that 
a
very 
, 
b
ile
Since 
to 
Since 
approx. 
e.g.

8626 Nucleic Acids Research, 2013, Vol. 41, No. 18

We therefore suggest that DnmA binding to specific
targets could elicit functions in addition to RNA methy-
lation, e.g. by promoting processing or degradation and/
or recruitment of other proteins. At least for some rRNA
methyltransferases, such as Bud23 or Nepl from
Saccharomyces cerevisiae, it i1s known that they execute
functions independent from the methylation activity
(33-35). As shown by Schaefer and co-workers (195),
methylation protects tRNAs from degradation or process-
ing after stress. By a different pathway, binding of DnmA
may initiate processing that leads to specific tRNA frag-
ments that could serve for other biological functions (36).
Interestingly, tRNASMYYO is also a substrate for the
Dnmt2 homologue Pmtl in S. pombe (17). However,
tRNACMUYO s found to be methylated to a low but
significant extend in vivo in fission yeast when Pmtl is
overexpressed.

The detection of tRNAMYASO) fraements in the CLIP
assay brings up a new question. tRNAMAGO) hag a4 T
instead of a C in position 38 and does not contain the
signature nucleotides in the anticodon stem-loop.
Instead of a mid-fragment, a distinct 3’ fragment was
associated with DnmA, suggesting that a recognition
motif was located in this part of the molecule.

As methylation also occurred in a large artificial
molecule with embedded tRNAS™ (Supplementary
Figure S2), it could be that other longer RNAs containing
an appropriate recognition motif may also be bound by
the enzyme. We thus propose that the biological functions
of Dnmt2 proteins could extend far beyond our present
knowledge. Investigation of further targets and of the sig-
nificance of RNA fragments associated with Dnmt2
should shed light on the importance of this enzyme.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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