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ABSTRACT

The Né-methyladenosine modification at position 43
(m®A43) of U6 snRNA is catalyzed by METTL16, and
is important for the 5'-splice site recognition by U6
snRNA during pre-mRNA splicing. Human METTL16
consists of the N-terminal methyltransferase domain
(MTD) and the C-terminal vertebrate conserved re-
gion (VCR). While the MTD has an intrinsic prop-
erty to recognize a specific sequence in the distinct
structural context of RNA, the VCR functions have
remained uncharacterized. Here, we present struc-
tural and functional analyses of the human METTL16
VCR. The VCR increases the affinity of METTL16 to-
ward U6 snRNA, and the conserved basic region
in VCR is important for the METTL16-U6 snRNA
interaction. The VCR structure is topologically ho-
mologous to the C-terminal RNA binding domain,
KA1, in U6 snRNA-specific terminal uridylyl trans-
ferase 1 (TUT1). A chimera of the N-terminal MTD
of METTL16 and the C-terminal KA1 of TUT1 methy-
lated U6 snRNA more efficiently than the MTD, indi-
cating the functional conservation of the VCR and
KA1 for U6 snRNA biogenesis. The VCR interacts
with the internal stem-loop (ISL) within U6 snRNA,
and this interaction would induce the conformational
rearrangement of the A43-containing region of U6
snRNA, thereby modifying the RNA structure to be-
come suitable for productive catalysis by the MTD.
Therefore, the MTD and VCR in METTL16 coopera-
tively facilitate the m®A43 U6 snRNA modification.

INTRODUCTION

N°-Methyladenosine (m®A) is an abundant modification
observed in mRNA (1-4) and plays pivotal roles in var-
ious cellular processes, encompassing stem cell differenti-
ation, development, and cell signaling such as circadian
rhythms (5-9). The m® A modification in RNAs affects splic-
ing, translation, localization, decay and stability (10-15).

Most m®A modifications in mRNA are produced by the
heteromeric methyltransferase-like protein 3 (METTL3)
and methyltransferase-like protein 14 (METTL14) com-
plex, and the METTL3/METTL14 complex methylates
mRNA at the RRACH (R =A or G, H =A, C or U) motif
close to the stop codon or 3’-UTR of mRNAs (2,3,16-18).
METTLS3 is the catalytic active subunit and interacts with
S-adenosylmethionine (SAM), while METTL14 is catalyt-
ically inactive and contributes to RNA binding (19-21).

Another methyltransferase-like protein, METTL16, was
recently shown to have distinct target RNAs for m® A mod-
ification. METTL16 methylates the 3 UTR of the SAM
synthetase (MAT2A) mRNA and U6 snRNA (22-24).
METTL16 methylates the adenosine in the UACAGAGAA
(methylated adenosine is underlined) conserved sequence in
a specific structural context (22-26).

The METTLI16-mediated methylation of specific
adenosines in UACAGAGAA (methylated adenosine is
underlined) in the MAT2A 3’ UTR hairpins is involved in
the regulation of the stability and splicing of pre-MAT2A
mRNA, thereby maintaining the homeostasis of the in-
tracellular SAM concentration (22,23). METTLI16 also
methylates a specific adenosine (A43 in human) of U6
snRNA in the conserved motif sequence, as observed in
MAT2A 3 UTR hairpins (23-25). A43 lies within the
highly conserved ACAGAGA (methylated adenosine is
underlined) box of U6 snRNA, which base pairs with
the 5 splice site of mRNA during pre-mRNA splicing
(27-31). In yeast, mutations in this sequence are lethal
(32), implying that the m®A modification at this position is
essential for pre-mRNA splicing regulation, although the
precise functions of this modification remain elusive (24).

Human METTLI16 consists of the N-terminal methyl-
transferase domain (MTD) and C-terminal vertebrate con-
served region (VCR). Recent biochemical and structural
studies of METTL16 showed that the MTD itself is capable
of recognizing the 5'-UACAGAGAA motif in the specific
structural context of RNA (25,26,33). However, the func-
tion of the VCR in the methylation of the MAT2A hairpin
and U6 snRNA has remained elusive.
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In this study, we characterized the structure and func-
tions of the VCR of METTL16 in U6 snRNA methyla-
tion. Biochemical and structural analyses of the METTL16
VCR provided mechanistic insights into the efficient modi-
fication of A43 in the U6 snRNA by METTL16, using the
N-terminal MTD and C-terminal VCR. The VCR interacts
with the ISL (internal stem-loop) within the U6 snRNA,
and this interaction would induce the conformational rear-
rangement required for productive catalysis by the MTD.
Thereby, the MTD and VCR in METTLI16 cooperatively
facilitate the m®A43 modification of U6 snRNA.

MATERIALS AND METHODS

Expression and purification of human METTL16 and its
variants

The DNA fragment encoding human METTL16 was syn-
thesized by Eurofins Genomics Japan, and cloned into the
Ndel and Xhol sites of the pET22b vector (Merck Milli-
pore), yielding pET22_METTL16. The nucleotide sequence
of the synthetic METTL16 gene is shown in Table S1.
The DNA fragments encoding the N-terminal methyltrans-
ferase domain (MTD) and the C-terminal vertebrate con-
served region (VCR) of METTL16 were PCR amplified
from the pET22_ METTL16 plasmid template and cloned
into the Ndel and Xhol sites of the pET22b vector. The
chimeric gene encoding the N-terminal MTD of METTL16
and the C-terminal KA-1 of TUTI (34) was generated by
overlap PCR methods and cloned into the Ndel and Xhol
sites of pET22b. Mutations were introduced by the overlap
PCR methods. The oligonucleotide sequences used for the
plasmid constructions and mutations are listed in Table S2.

For expression of the proteins, Escherichia coli
BL21(DE3) cells (Merck Millipore) were transformed with
the plasmids and grown in LB medium containing 50 pg/ml
ampicillin at 37°C, until the 440y reached 1.0. The expres-
sion of METTLI16 and its variant proteins was induced
by adding IPTG (isopropyl-B-D-thiogalactopyranoside)
at a final concentration of 0.1 mM, and the cultures were
continued for 16 hours at 18°C. The cells were harvested
and lysed in buffer, containing 20 mM Tris—-HCI, pH
7.0, 500 mM NaCl, 10 mM B-mercaptoethanol, 20 mM
imidazole and 5% (v/v) glycerol. The proteins were first
purified using a Ni-NTA agarose column (Qiagen, Japan),
and then further purified on a HiTrap Heparin column
(GE Healthcare, Japan) as described (35). Finally, the
proteins were applied to a HiLoad 16/60 Superdex 200
or 75 column (GE Healthcare, Japan), equilibrated with
buffer containing 20 mM Tris—HCI, pH 7.0, 200 mM NaCl
and 10 mM B-mercaptoethanol. The purified proteins were
concentrated and stored at —80°C until use.

Crystallization and structural determination of VCR

VCR_AL (amino acid residues 310-410 and 509-562), VCR
lacking the linker between VCR1 and VCR2 (Figure 1A),
was crystallized by the sitting drop vapor diffusion method
at 20°C. The concentration of VCR_AL was adjusted to 5
mg/ml, with 10 mM DTT (dithiothreitol) and 5 mM dex-
tran sulfate sodium salt supplementation. A 200 nl por-
tion of the protein solution was mixed with 200 nl of reser-

voir solution, containing 100 mM Tris—HCI, pH 7.4, 20%
(w/v) PEG3350, 200 mM sodium citrate, and 4% (w/v) for-
mamide. For crystallization of the selenomethionine deriva-
tive VCR_AL, the protein concentration was adjusted to 5
mg/ml, with 10 mM DTT and 3 mM dextran sulfate sodium
salt supplementation. A 300 nl portion of the protein solu-
tion was mixed with 200 nl of reservoir solution, containing
100 mM Tris—HCI, pH 7.0, 20% (w/v) PEG3350, 200 mM
sodium citrate, and 4% (w/v) formamide. To facilitate the
crystallization, the mixture was supplemented with 100 nl
of crystal seed solution, prepared with Seed Bead (Hamp-
ton Research).

Data sets were collected at beamline 17A at the Photon
Factory at KEK, Japan. The crystal was cryoprotected in
the reservoir solution supplemented with 25% (v/v) ethy-
lene glycol and flash-cooled in a 100 K nitrogen stream. The
data were indexed, integrated, and scaled with XDS (36).
The initial phase was determined by the single-wavelength
anomalous dispersion (SAD) method, using the selenome-
thionine derivative crystals. Selenium sites were located by
SHELX (37) and initial phase was calculated by Phaser
(38), and then the phase was extended to high resolution
using native data sets. The model structure was built and
refined with phenix.refine (39) and manually modified with
Coot (40).

In vitro methylation assay

In vitro methylation of RNA was performed using an
MTase-GloTM system (Promega, Japan), according to
the manufacturer’s instructions with modifications (41).
A reaction mixture (12.5 pl volume), containing 50 mM
HEPES-KCI, pH 8.0, 120 mM NaCl, 2 mM MgCl,, 1
mM DTT, 1 mM SAM (S-adenosyl-L-methionine, Cayman
Chemical, USA), 1 x MTase-Glo® Reagent, 0.4 (or 0.1)
pwM METTLI6 (or its variants or mutants), and various
amounts of RNA substrate (0.05-4.0 wM), was incubated
at 37°C for 4 min. MTase-Glo® Reagent converts SAH (S-
adenosyl-L-homocysteine), the byproduct of methylation,
to ADP. Subsequently, the reaction mixture was mixed with
12.5 pl MTase-Glo™ Detection Solution and incubated at
room temperature for 30 min to convert ADP to ATP, which
was assessed using a luciferase/luciferin reaction. The lu-
minescence was measured with a GloMax-Multi Detec-
tion System (Promega, Japan). The luminescence value of
the reaction in the absence of RNA substrate was taken
as the background and subtracted from the measured lu-
minescence of the reactions in the presence of RNA sub-
strate. Under the reaction conditions, the methylation re-
action proceeded in a linear range up to 10 min. Thus, for
the steady state kinetic analyses, the methylation reactions
were stopped at 4 min to calculate the initial velocities of
the reactions. The SAH standard curve was prepared using
serial concentrations of SAH (Sigma Aldrich, Japan) to as-
sess the linearity of the reactions, and the amounts of SAH
produced from methylation reactions were calculated. One
picomole of SAH corresponded to 190 000 LU (light units).

RNA substrates (human U6 snRNA and its variants
and MAT2A hairpin RNA) were synthesized by T7 RNA
polymerase in vitro, using plasmids encoding the respective
DNA sequences downstream of the T7 promoter as tem-



MTD VCR
1 291 310 410 509 562
METTL16_FL [ I e N
VCR1 VCR2
MTD —1
METTL16_AL [ | l\/{ |
VCR_ AL s N —
0.08 4
—_ -~ METTL16_FL
= 0.064
S -& MTD
g 0.04
3
3 0024
> /
0.00 4 T T T T ]
0 1 2 3 4 5
U6 snRNA [ uM |
[%x103] 400 -
300 SO,
5 o
£ 200 4
k=)
-
100 4
o T T
< N
‘\6/ »\6/
\% \%
&

Nucleic Acids Research, 2020, Vol. 48, No. 9 5159

[ x10°] 400+
300-

2004

Light units

1.0 (X ]
-~ METTL16_FL

-4 MTD
0.5

Fraction bound

0.0+
0.001 0.01 0.1 1 10 100
Protein concentration [ uM ]

Figure 1. The VCR of METTL16 enhances U6 snRNA methylation. (A) Schematic diagrams of human METTL16 and its variants. METTL16_FL.: full-
length METTL16, MTD: methyltransferase domain, and VCR: vertebrate conserved region. VCR consists of VCR1 (pink) and VCR2 (green) connected
by a linker. VCR _AL is VCR with the deletion of the linker and was used for crystallization and structural determination. (B) Methylation of U6 snRNA by
METTLI16_FL and MTD under standard conditions (1 wM of U6 snRNA). (C) Steady-state kinetics of m®A modification of U6 snRNA by METTL16_FL
and MTD (Supplementary Figure S1A). (D) Gel-shift of U6 snRNA by METTL16_FL (0-0.125 n.M) and MTD (0-8 M) (Supplementary Figure SI1B).
(E) Methylation of U6 snRNA by METTL16_FL and METTL16_AL under standard conditions, as in (B). (F) A stereo view of the structure of VCR_AL.
Amino acid residues 310-381 and 513-562 are modeled in the structure. VCR1 and VCR2 are colored purple and green, respectively. Bars in the graphs in

(B)—(E) are standard deviations (SD) of three independent experiments.

plates. The synthesized RNAs were purified by 10% (w/v)
polyacrylamide gel electrophoresis under denaturing condi-
tions, eluted from the gel and precipitated by ethanol. The
nucleotide sequences of the RNAs used in this study are
listed in Table S2.

Gel-shift assay

For the gel-shift assay, increasing amounts of recombinant
METTLI16 or its variants were incubated with 1 nM of 5'-
32P-labeled RNA, in buffer containing 50 mM Tris—HCI,
pH 8.0, 120 mM NaCl, 10 mM MgCl, and 10% (v/v)
glycerol, for 15 min at room temperature. The samples
were separated by 6% (w/v) polyacrylamide electrophore-
sis under native conditions in TBE buffer. The intensities

of the 3?P-labeled RNAs were quantified by a BAS-5000 or
FLA-3000 imager (Fuji Film, Japan). The affinities between
METTLI16 (or its variants) and RNAs were quantified us-
ing all the shifted bonds in the gel-shift assays.

RESULTS

The C-terminal VCR of METTL16 enhances U6 snRNA
methylation

To evaluate the effect of the C-terminal VCR of hu-
man METTLI6 on the m°®A43 modification of U6
snRNA, the recombinant full-length human METTLI16
(METTLI16_FL) and its N-terminal methyltransferase do-
main (MTD: residues 1-291) proteins were expressed in Es-
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cherichia coli. The enzymatic activities of the purified pro-
teins were analyzed using the U6 snRNA transcript as the
substrate (Figure 1A).

Under the standard conditions (1 wM of U6 snRNA),
METTL16_FL methylated U6 snRNA more efficiently
than the MTD (Figure 1B). Detailed steady state kinetics
showed that METTL16_FL methylates U6 snRNA more
efficiently than the MTD by over two to three orders of
magnitude (Figure 1C). The K, value of U6 snRNA toward
METTL16_FL was estimated to be 0.025 4 0.01 wM (Sup-
plementary Figure S1A), while the Kj;, value of U6 snRNA
toward MTD was much greater than 4 pM (>>4 pM),
suggesting that the affinity between METTL16_FL and U6
snRNA is higher than that between MTD and U6 snRNA,
by more than two orders of magnitude (Figure 1C). To fur-
ther compare the affinities between METTL16_FL and U6
snRNA and the MTD and U6 snRNA, gel-shift assays were
performed. The results showed that the interaction between
METTL16_FL and U6 snRNA is much stronger than that
between the MTD and U6 snRNA, and the Ky values of
U6 snRNA toward METTL16_FL and the MTD were es-
timated to be 0.016 £ 0.002 and 1.6 4= 0.2 wM, respectively
(Figure 1D, Supplementary Figure S1B).

These results indicate that the C-terminal VCR of
METTLI16 enhances the methylation of U6 snRNA by in-
creasing the affinity of METTL16 for U6 snRNA.

Structure determination of the human METTL16 VCR

To address the structural basis of the enhancement of U6
snRNA methylation by the C-terminal VCR of METTLI16,
the VCR (amino acid residues 310-562) and its variant,
VCR_AL (amino acid residues 310-410 and 509-562), lack-
ing the putative disordered linker region between VCR 1 and
VCR2 (amino acid residues: 411-508) in VCR (Figure 1A,
Supplementary Figure S3) were expressed in Escherichia
coli, purified, and subjected to crystallization screenings.
Note that METTLI16_AL (Figure 1A) can methylate U6
snRNA as efficiently as METTL16_FL (Figure 1E) under
the standard conditions, as shown in Figure 1B.

Although our attempt to obtain the crystal of the VCR
was unsuccessful, we crystallized VCR_AL and solved its
structure. The initial phase was determined by the single-
wavelength anomalous dispersion (SAD) method, using the
selenomethionine derivative crystal of VCR_AL (Supple-
mentary Figure S2). The crystal belongs to the space group
R32 and contains one VCR_AL molecule in the asymmetric
unit. The structure was modeled and refined to an R factor
of 23.4% (Ryree of 26.3%), using reflection data up to 2.8
A resolution. Data collection and refinement statistics are
summarized in Table 1.

The VCR_AL consists of a five-stranded anti-parallel 3-
sheet (B1-B5) and three a-helices (a1-a3) (Figure 1F). The
flexible linker, removed for crystallization, resides between
the B3- and B4-strands, and thus VCR1 (B1, al, a2, B2 and
B3, pink) and VCR2 (B4, B5 and «3, green) together com-
pose a single domain, and five B-strands compose the anti-
parallel B-sheet. In the present structure, several N- and C-
terminal residues and residues 382410 could not be model-
built due to the absence of the corresponding clear electron
densities.

Table 1. Data collection and refinement statistics

SeMet-

METTLI16_.VCRAL

Native-
METTL16_.VCRAL

Data collection

Space group R32 R32
Cell dimensions
a, b, c(A) 139.59 139.61
139.59 139.61
53.31 53.13
a, B,y (°) 90, 90, 120 90, 90, 120
Wavelength (A) 0.97800 0.98000

Resolution (A)*

sym

50-3.0 (3.11-3.00)
0.332 (2.973)

50-2.8 (2.89-2.79)
0.305 (4.265)

Ijol* 14.8 (1.9) 14.9 (1.1)
CCpp* 0.998 (0.684) 0.999 (0.523)
Completeness (%)* 100.0 (100.0) 99.8 (98.4)
Redundancy* 40.6 (42.2) 40.9 (41.6)
Phasing
Se sites 3
Mean FOM 0.378
Refinement
Resolution (A) 50-2.8
No. reflections 5013
Ruyork / Reree (O/U) 23.36/26.31
No. atoms
Protein 122
B-factors (A2)
Protein 85.4
R.m.s. deviations
Bond lengths (A) 0.012
Bond angles (°) 1.44
Ramachandran
Preferred (%) 92.4
Allowed (%) 7.6
Outliers (%) 0

*Values in parentheses are for the highest-resolution shell.

VCR is structurally and functionally equivalent to KA-1 of
TUT1

The primary amino acid sequence of the VCR of human
METTLI16 is not homologous to other proteins with known
function, except for the C-terminal region of other pu-
tative U6 snRNA-specific m°A methyltransferase. How-
ever, the structure-based homologous search using the Dali
server (42) revealed that the VCR_ AL structure is topo-
logically homologous to the kinase-associated 1 (KA1) do-
main structure of various proteins (43), including that of the
U6 snRNA-specific terminal uridylyltransferase 1 (TUT1)
(34,44-46) [Z-score of 8.2] (Figure 2A—C). The KA1 do-
main resides at the C-terminal half of TUTI. The C-
terminal KA1 domain of TUTI1 reportedly functions as an
RNA-binding domain to facilitate the oligo-uridylylation
of the 3’-end of U6 snRNA (34,47), which is required for
the maturation and recycling of U6 snRNA (48-50). The
structures of VCR of METTL16 and KA1 of TUT]I super-
imposed well on each other, with an RMSD of 2.4 A for 69
structurally equivalent Ca atoms (Figure 2B, C).

We examined the compatibility of the functions of the
KA1l domain of TUTI1 and the VCR of METTLI16. A
chimeric enzyme consisting of the N-terminal MTD
of METTL16 and the C-terminal KAl of TUTI
(MTD+KA1_wt) (Figure 2D) was expressed in E. coli
and purified, and the enzymatic activity toward the U6
snRNA transcript was analyzed. As expected, the chimeric
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Figure 2. The VCR is structurally and functionally equivalent to KA1 of TUT1. (A) Sequence alignments of the VCR of human METTL16 and the KA1
domain of human TUT1. The secondary structural elements of the VCR and KA1 domain are indicated above and below the alignments, respectively. (B)
A stereo view of the superimposed structures of the VCR of METTLI16 (purple) and the KA1 domain of TUT1 (cyan). (C) Topology diagrams of the VCR
of METTLI16 (left) and the KA1 domain of TUT1 (right). The N- and C-terminal halves are colored pink and green, respectively. (D) Schematic diagrams
of METTLI16 and its variants used for assays in (E). METTL16_FL.: full-length METTL16, MTD: methyltransferase domain, MTD +KA1_wt: a chimeric
protein of the N-terminal METTL16 MTD and the C-terminal TUT1 KA1, MTD+KA1_mt: mutant protein of MTD+KA1_wt. The asterisk indicates
the R779A/R783A mutation. VCR1 and VCR2 of METTLI16 are colored pink and green, respectively. (E) Methylation of U6 snRNA by METTL16_FL
and its variants shown in (D), under the conditions in which 50 nM of U6 snRNA was used for the assays. Bars in the graphs are standard deviations (SD)

of three independent experiments.

protein, MTD+KA1_wt, could methylate the U6 snRNA
transcript more efficiently than the MTD (Figure 2E).
Furthermore, a chimeric protein with the R779A/R783A
mutations in KA1 (MTD+KAIl_mt) was prepared and
the enzymatic activity was analyzed. The R779A/R783A
mutation in TUTI reduced the oligo-uridylylation activity
of TUTI1 toward the U6 snRNA, due to the decreased
RNA binding activity of KA1 (34). Consistent with this,
MTD+KA1_mt could not enhance the methylation to the
same extent as MTD+KA1_wt (Figure 2E). These results
imply that the VCR of METTLI16 and the KA1 of TUT1
have similar functions in the specific recognition of the
U6 snRNA, as described below, and they are functionally
compatible.

RNA binding activity of VCR facilitates U6 snRNA methy-
lation by METTL16

The C-terminal KA1 domain of TUT1 facilitates the oligo-
uridylylation of U6 snRNA, and KA1 itself has RNA-
binding activity (34). An arginine rich a-helix (a16) in KA1
is important for the RNA binding. The amino acid se-
quence alignment indicated that the VCR also possesses the
arginine-rich region (amino acid residues 382-388), termed
the ‘RRR’ hereafter, at the corresponding position in KA1
of TUTTI (Figure 2A). Although the RRR between 33 and
B4 of VCR is disordered in the present structure (Fig-
ures 1F, 2B, 3A), the RNA-binding ability of the VCR of
METTLI16 s likely to be similar to that of the KA1 domain
of TUTTI, to facilitate U6 snRNA methylation.
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Figure 3. RNA binding activity of VCR facilitates U6 snRNA methylation. (A) The arginine-rich region (RRR: amino acid residues 382-388) resides
between B3 and B4 (left). Conservation analysis of the VCR of METTLI16 (right). Conserved and non-conserved residues are colored purple and cyan,
respectively (Supplementary Figure S3). (B) Methylation of U6 snRNA by METTLI16 variants. Relative activities of METTL16 variants. The activity of
METTL_FL under the conditions described in Figure 2E was taken as 1.0. ARRR: METTLI16 lacking RRR in the VCR. (C) Steady-state kinetics of
mSA modification of U6 snRNA by METTLI16_FL and ARRR. (D) Gel shift of U6 snRNA by wild-type VCR (VCR_wt) and its variant lacking RRR,
VCR_ARRR (0-2.0 pM) (Supplementary Figure S1C). Bars in the graphs in (B)-(D) are standard deviations (SD) of three independent experiments.

To evaluate the relationship between the RNA binding
property of VCR and the methylation activity of METTL16
toward U6 snRNA, the conserved residues in the VCR
of METTL16 were mutated or deleted (Figure 3A, Sup-
plementary Figure S3) and the enzymatic activities of the
mutants were analyzed. The mutations, K310A/R541A,
W378A/H380A or R552A/R557A, in the VCR did not
significantly reduce the methylation activity towards U6
snRNA (Figure 3B). In contrast, the RRR deletion (amino
acid residues 382-388: METTL16_ARRR) reduced the
methylation activity of METTL16 toward U6 snRNA to
the extent of the methylation by the MTD (Figure 3B).
Detailed steady state kinetics analyses of the methylation
of U6 snRNA by METTL16_ARRR showed that the de-
creased activity of METTL16_ARRR resulted from the in-
creased K, value toward U6 snRNA. The K, value toward
U6 snRNA was estimated to be 0.32 £+ 0.05 pM, which
is elevated by about twelve-fold by the RRR deletion in
the VCR (Figure 3C). Furthermore, to confirm the reduced
RNA binding activity by the RRR deletion, gel-shift as-
says were performed using wild-type VCR and a mutant
VCR with the RRR deletion (VCR_ARRR). As expected,
VCR_ARRR reduced the RNA binding activity (Figure
3D, Supplementary Figure S1C). Altogether, these results
suggest that the RNA binding activity of VCR facilitates
U6 snRNA methylation by METTL16, using the conserved
RRR in the VCR.

Secondary structure of U6 snRNA for methylation by
METTLI16

METTL16 was reportedly to methylate RNAs contain-
ing 5-UACAGAGAA-3’ sequence (methylated adenosine
is underlined), such as U6 snRNA and MAT2A 3’ UTR
hairpin RNAs (22-24). Recently, the crystal structures of
the MTD of METTLI16 and its complex with the MAT2A
short hairpin 1 RNA were reported (25,26,33). The com-
plex structure with RNA revealed the molecular basis for
the specific recognition of the structured hairpin RNA by
the MTD and identified the RNA conformation necessary
for productive catalysis by the MTD.

The MAT2A 3’ UTR hairpin RNA structure in the com-
plex with MTD consists of the recognition loop containing
the adenosine to be methylated, transition region, and stem
(Figure 4A, right). The 5-UACAG-3' (methylated adeno-
sine is underlined) in the recognition loop is specifically rec-
ognized by the MTD. The transition region also interacts
with the MTD, and the AGAA and GU motifs form three
unusual base pairs, while the stem does not interact with
the MTD (33). By referring to the structure of the MAT2A
hairpin complexed with the MTD, the secondary structure
of U6 snRNA necessary for methylation by the MTD was
modeled (Figure 4A, left).

Unlike the conventional straight telestem-bulge-ISL
structure of U6 snRNA (51), the modeled secondary struc-
ture has a bent telestem-bulge-ISL structure, with a bend



Nucleic Acids Research, 2020, Vol. 48, No. 9 5163

B

U6 snRNA MAT2A_hp1
) cGeC
5--GUGCU” Y g0
CACGAc,.C 1.
’ Q ot [x10°] 800
¥ 30 40
g :
MAAY USSAACOAUA " A " 600
3’--UUUUAUACCUUGCGAA A(mSA)l Recognition loop & CA(mSA)l Recognition loop ® [¢]
A 90--G_.A A c
100 R | Transition region g"Ag | Transition region 3400+
Telestem c-8 oA = °
G=R--s0 g.8 it
Ay Stem S g Stem 200
¢.5 6-¢ E’|
80--G-¢ H-A% 0 r r T T
A-U
st -8 R & &
G c--e0 25 Gaé\ ) ¢
A G coG N >
&g <A ®
70--R-U g W
¢sC u-¢ o
IR
u-G
&g
5--G-C=-3
A5'SL ATS1 ATS2 AISL1
G/I\;I\,}/I\Llj L.JCI;C.;;I\AI\(I;(I;AUA (I?»(IB/.R/I\CI??AUAC (IE(IBAUAC ('B(IBAUA -e- METTL16_FL
UUUUAUACCUUGCG,}\ % CCUUGCG,;A A ccey A cceé\ % 0.10 - - MTD
G G G .
G .A G .A G .A G .A
- U’ U -
g__Ai G__AE G__AE g__AE — 0.08
C-G Cc-G c-G c-G =
U-A u-A u-A U-A = 0.06 -
R-u K-y R-u % E-
AR AR AR Z 0041
g:g éIc 8:8 o
28 3 .0 go2) __e—"
K8 &8 A8 0.00 - r—
Uy § Ué_g UA_g 0 1 2 3 4 5
&g 3¢ &g A5'SL[uM]
Ach CgC CcgC
3 -
- METTL16_FL [*10°] 600 1 METTL16_FL
0.10 - MTD % E=E MTD
— 008 , 4004 ) °
c €
£ 006 5
— [ =
Z o004 2 200
o
g 0.02
0.00 4 T T T T 1 0
0 1 2 3 4 5 v
MAT2A_hp1 [ puM] gﬁ
&°

Figure 4. Secondary structure of U6 snRNA for productive catalysis. (A) The secondary structural model of U6 snRNA for methylation by METTL16
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with a mutation in the putative transition region, under the standard conditions (1 wM of RNAs). (C) Secondary structures of the U6 snRNA variants
used for the assays in (D) and (F). (D) Steady-state kinetics of m°A modification of U6 snRNA_A5'SL by METTL16_FL and MTD. (E) Steady-state
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in the joint between the telestem and ISL (Figure 4A, Sup-
plementary Figure S4). In the model, the U6 snRNA also
forms the same transition region as the MAT2A 3’ UTR
hairpin (Figure 4A, blue), and the region (nucleotides at po-
sitions 33-39) upstream of the 5'-UACA43G-3' (Figure 4A,
red) constitutes the telestem (Figure 4A, left, green), and the
5'-UACA43G-3' is bulged-out at the junction between the
telestem and ISL. As a result, the secondary structure of the
region around the methylation site of U6 snRNA forms a
quasi-loop similar to the MAT2A 3’ UTR hairpin recogni-
tion loop, and the telestem is extended from the recognition
loop. Thus, the bent-form of the telestem-bulge-ISL with
the transition region would be the productive conformation
of the U6 snRNA necessary for methylation by METTLI16.
To evaluate the secondary structural model, we examined
the methylation of U6 snRNA mutants by METTL16_FL.
The mutations in the putative transition region, GAA (46—
48)CUU, G88C or US9A, of the U6 snRNA all reduced
the methylation efficiency by METTLI16 under the stan-
dard conditions (1 wM of RNA) (Figure 4B), as the cor-
responding mutations in the MAT2A 3" UTR reduced the
methylation efficiencies by METTL16 (23,25,33). Thus, the
U6 snRNA would adopt the modeled secondary structure
shown in Figure 4A after the complex formation, and the
bent form of U6 snRNA with the transition region would be
a productive conformation for methylation by METTL16.

VCR interacts with ISL within U6 snRNA

To identify the VCR binding region within the U6 snRNA,
we first deleted the 5" stem-loop (5'SL) (U6 snRNA_AS'SL)
and analyzed the methylation by METTL16_FL and MTD
(Figure 4C). Detailed steady state kinetics revealed that the
VCR enhances the methylation of U6 snRNA_AS'SL by a
similar order of magnitude as the full-length U6 snRNA
(Figures 1C, 4D). Thus, the VCR would not interact with
the 5'SL of U6 snRNA.

METTL16 methylates the MAT2A 3’ UTR hairpin as
well as U6 snRNA. We next analyzed the methylation ef-
ficiencies of the MAT2A 3’ UTR hairpin 1 (MAT2A _hpl)
by METTL16_FL and MTD (Figures 1A, 4E). The methy-
lation efficiencies of MAT2A _hpl by METTL16_FL and
MTD were almost the same under the standard conditions
(1 wM of MAT2A _hpl RNA). However, detailed steady
state kinetics analyses of the methylation of MAT2A _hpl
yielded estimated K, values for MAT2A _hpl toward
METTL16_FL and MTD of 0.027 £+ 0.05 M and 0.76
+ 0.1 wM, respectively (Figure 4E, Supplementary Fig-
ure S1D). Thus, VCR also facilitates the methylation of
MAT2A _hpl by increasing the affinity between METTL16
and the RNA substrate, although the impact of the VCR
on MAT2A _hpl methylation is smaller than that on the U6
snRNA methylation by one order of magnitude (Figures
1C, 4E, Supplementary Figure S1E), as discussed below.

Since the VCR of METTLI16 could facilitate the methyla-
tion of both U6 snRNA_AS SL and MAT2A _hp1 through
increasing the affinities between METTL16 and the RNA
substrates, the VCR would interact with the stem region of
ISL, rather than the telestem of U6 snRNA (Figure 4A).
Consistent with this notion, U6 snRNA_AS5’ SL variants
with shorter telestems (U6 snRNA_ATSI and ATS2, Fig-

ure 4C) could be methylated by METTL16_FL more ef-
ficiently than by the MTD (Figure 4F) under the stan-
dard conditions. However, further shortening of the ISL
of U6 snRNA_ATS2 reduced the methylation efficiency
by METTLI16_FL to the extent of the MTD alone (U6
snRNA_AISLI1, Figure 4C, F). Therefore, the VCR is likely
to interact with the stem region of ISL, rather than the
telestem of U6 snRNA.

Relaxed telestem structure increases the methylation of U6
snRNA by the MTD

As described above, the impact of VCR on the methyla-
tion of U6 snRNA is larger than that on the methylation
of MAT2A _hpl, by one order of magnitude (Figures 1C,
4E, Figures S1A, D). This implies that the difference of the
VCR impacts on the methylation between the two RNAs
would arise from the structural and/or conformational dif-
ferences in the vicinity of the recognition sites of the RNAs.
At the reaction stage, U6 snRNA should adopt a bent con-
formation at the junction between the telestem and ISL and
form a productive conformation for efficient methylation by
the MTD (Figure 4A). Thus, the flexibility at the junction
between the telestem and ISL of U6 snRNA could affect the
methylation of A43 by the MTD.

Consistent with this notion, the mutant U6 snRNA
with mis-pairs in the telestem region (U6 snRNA_TSmt,
Figure 5A, left), in which the junction between the telestem
and ISL would be more flexible than in the wild-type U6
snRNA, was more efficiently methylated by the MTD than
U6 snRNA_AYS SL (Figure 5B). The steady state kinetics
showed that the estimated K, value of U6 snRNA_TSmt
toward the MTD is 2.1 &+ 1.4 pM and smaller than
the K, value of U6 snRNA_AS SL (larger than 4
pM, >>4 uM) (Figure 5B). Furthermore, a mutant U6
snRNA with the telestem deletion (U6 snRNA_ATS3, Fig-
ure 5A, right) could be methylated as efficiently by the
MTD as MAT2A _hpl (Figure 5C). The K, value of U6
snRNA_ATS3 was estimated to be 0.98 £0.19 wM, which is
comparable to that of MAT2A _hpl toward the MTD (0.76
£ 0.10 wM) (Figures 4E, 5C, Supplementary Figure S1D).

These results suggest that, by relaxing the telestem struc-
ture or destabilizing the bulge junction between the telestem
and ISL, the MTD can methylate A43 of U6 snRNA ef-
ficiently. Thus, the different impacts of the VCR on the
methylation of U6 snRNA and MAT2A _hpl could arise
from the structural differences around the methylation sites
between these RNAs.

DISCUSSION

In this study, we analyzed the structure and functions of the
C-terminal VCR of human METTLI16 in the m®A43 modi-
fication of U6 snRNA. The m°®A43 lies in the 5-~ACAGAG-
3’ box (modified A is underlined) of the U6 snRNA, which
base pairs with the 5’ splice site of pre-mRNA during splic-
ing (27-29), and the modification is presumably involved in
the regulation of pre-mRNA splicing (24,30-32).

Our biochemical studies revealed that the C-terminal
VCR of METTLI16 facilitates the methylation of U6
snRNA in the N-terminal methyltransferase domain
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productive catalysis by the MTD.

(MTD) more efficiently than the methylation by MTD
alone, by two to three orders of magnitude (Figure 1C). The
structure of VCR is topologically homologous to that of
the recently identified C-terminal KA1 domain in the U6
snRNA-specific terminal uridylyltransferase, TUT1 (34)
(Figure 2B, C), and the VCR of METTL16 could be func-
tionally replaced with the KA1 of TUTT1 (Figure 2E). Fur-
thermore, the conserved arginine-rich regions between KA1
and VCR are involved in the U6 snRNA-VCR interac-
tions (Figure 3C, D). Thus, KA1l of TUT1 and VCR of
METTLI16 share common functions and are attached to the
catalytic domains of TUT1 and METTL16, respectively, to
promote the different steps of U6 snRNA biogenesis.

The previous protection analysis of U6 snRNA by TUT1
and its variant lacking KA1 showed that KA1 would inter-
act with the ISL in U6 snRNA (34). It was also shown that,
upon the binding of KA1 of TUTI to U6 snRNA, a struc-
tural and/or conformational alteration in the vicinity of the
bulge between the telestem and ISL would be induced. KA1
promotes the oligo-uridylylation of U6 snRNA by TUT]I,
by preventing the U6 snRNA from being dislodged from the

enzyme surface during the reaction. Considering the struc-
tural and functional similarities between KA1 of TUT1 and
VCR of METTLI16, they would interact with the same re-
gion within the U6 snRNA. Consistent with this notion,
a U6 snRNA variant with a shorter ISL could no longer
be methylated efficiently by the full-length METTLI16 (Fig-
ure 4C, F). Thus, the VCR interacts with the ISL of the U6
snRNA in a similar manner to the KA1 of TUTI. In addi-
tion, upon VCR binding to the ISL of the U6 snRNA, the
structure and/or conformation change of the region in the
vicinity of the bulge between the telestem and ISL of U6
snRNA would be probably be induced, as in the interaction
with KAT.

The recent crystallographic study of MTD complexed
with a short MAT2A hairpin identified the intrinsic struc-
tural features of RNA that affect the methylation efficien-
cies by the MTD of METTL16 (26) (Figure 4A). The
MTD itself is capable of recognizing the specific sequence in
the context of the distinct structural features. For efficient
methylation, the U6 snRNA should adopt the bent struc-
ture at the junction between the telestem and ISL, rather
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than the conventional straight telestem-bulge-ISL structure
(Figure 4A, Supplementary Figure S4), and the region in
the vicinity of the methylation site of U6 snRNA should
adopt similar configurations to those of the MAT2A hair-
pin for productive catalysis (Figure 4A). The bent telestem-
bulge-ISL structure is observed in the structure of U6
snRNA - Prp24 complex (52). Thus, a bent telestem-bulge-
ISL could be introduced into U6 snRNA by METTL16
with the help from VCR. The present results suggest that
the VCR would shift the structure of the U6 snRNA to that
required for productive catalysis by the MTD (Figure 5D).

The MTD could methylate U6 snRNA variants with mis-
matches in the telestem more efficiently than the wild-type
U6 snRNA (Figure 5A, B). Furthermore, the MTD methy-
lates the U6 snRINA variant without a telestem as efficiently
as the full-length METTL16 (Figure 5A, C). These results
imply that the relaxation of the telestem-region would al-
low the structural configuration of the region containing the
methylation site to resemble that observed in the MAT2A
hairpin structure. The interaction of the VCR with the ISL
would have the same effects on the structural configuration
changes. VCR binding to the ISL and MTD binding to the
bulge between the telestem and ISL are likely to compress
the RNA structure (Figure 5D), and the telestem-region
might become relaxed and/or warped. This would facili-
tate the rearrangement of the structural configurations of
the U6 snRNA, making them similar to those observed in
the MAT2A hairpin for productive catalysis (Figures 4A,
5D). In the gel-shift of U6 snRNA by METTL16, the mul-
tiple shifted bands were observed (Supplementary Figure
S1B). These shifted bands probably correspond to the se-
quential and cooperative binding of VCR and MTD to ISL
and the bulge between telestem and ISL, respectively, and
reflect the rearrangement of the structural configurations of
U6 snRNA, asthe METTL16 concentration is increased. In
these ways, the MTD and VCR of METTL16 cooperatively
methylate A43 of the U6 snRNA.

The METTLI16 binding and methylation of the MAT2A
3’ UTR hairpin regulate the MAT2A mRNA splicing and
stability, in response to changes in the intracellular SAM
levels (22,23). The recent crystal structure of the MTD
complex with a short MAT2A hairpin showed that the
MTD manifests the full activity without the VCR (25,26),
and the VCR itself recruits splicing factors to mRNA to
promote splicing (23). The present detailed biochemical
analysis of MAT2A hairpin methylation by the full-length
METTL16 and MTD showed that the VCR increases the
affinity of METTL16 toward the MAT2A hairpin and fa-
cilitates the methylation (Figures 4E, Supplementary Figure
S1D). Thus, the VCR binding to the stem would stabilize
the transition region of the MAT2A hairpin required for
productive catalysis, and the VCR complements the methy-
lation of the MAT2A 3’ UTR by the MTD to maintain in-
tracellular SAM homeostasis.

The VCR would interact with double-stranded RNA,
but it is presently not clear whether the interactions are
sequence-specific. The addition of the VCR protein in trans
does not enhance the methylation of U6 snRNA by the
MTD alone (Supplementary Figure S1F). Thus, the VCR
binding site in the U6 snRNA would be partly governed by

the MTD in METTL16. METTLI16 also reportedly inter-
acts with various cellular non-coding RNAs (24), including
the 3’-terminal RNA triple helix of MALAT1 (metastasis-
associated lung adenocarcinoma transcript-1) (53,54). Full-
length METTLI16 binds the MALAT1 RNA triple helix,
while the MTD (amino acid residues 1 — 291) does not
(33). This implies that the C-terminal VCR of METTL16
interacts with the MALAT1 RNA triple helix. At present,
the detailed recognition mechanism of the MALAT1 RNA
triple helix by METTLI16 remains poorly understood. The
detailed mechanisms of the RNA recognition by VCR, the
RNA-VCR interactions, and the cooperative methylation
of specific RNAs by the MTD and VCR of METTL16 await
further structural determinations.
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