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The N¢-methyladenosine (m°A) modification in U6 snRNA, catalyzed by
METTLI16 using S-adenosylmethionine (SAM) as the methyl donor, is required
for efficient and accurate pre-mRNA splicing. However, the mechanism by
which METTL16 modifies U6 snRNA with m°A remains elusive. Here, we pre-
sent cryo-EM structures of METTL16 in complex with U6 snRNA, providing
insights into the METTL16-mediated modification of U6 snRNA with m°A. The
structures reveal that U6 snRNA is recruited to METTL16 through specific
interactions between the C-terminal kinase-associated 1 (KA-1) domain of
METTLI16 and the internal stem-loop (ISL) of U6 snRNA. Upon SAM binding to
the catalytic pocket within the N-terminal methyltransferase domain (MTD),
U6 snRNA undergoes a structural rearrangement that positions the target
adenine-containing motif at the catalytic site. This conformational change is
followed by an additional structural adjustment of U6 snRNA into a productive
conformation, bringing the target adenosine closer to SAM within the catalytic

pocket and thereby ensuring efficient m°A modification. The KA-1 domain
functions as a scaffold for initial substrate recognition and facilitates the
subsequent dynamic methylation process within the MTD, highlighting the
cooperative roles of METTL16 domains for U6 snRNA modification.

N ¢-methyladenosine (m°A) is a well-characterized mRNA modification
crucial for gene expression in various biological processes'™. It reg-
ulates RNA splicing, localization, stability, and translation®>.

Most m°A modifications in mRNAs are catalyzed by the METTL3/
METTL14 complex, which methylates the specific adenosine in the
DRACH (D=A, G or U, R=A or G; H=A, C, or U) motif close to the
stop codon or 3-UTR of mRNAs>*'°">, METTL3 acts as the catalytic
subunit, and METTLI14 plays a structural role critical for substrate
recognition™* ¢,

A distinct m°A methyltransferase, METTL16, targets a particular
motif within specific RNA structures, including mRNAs and non-coding
RNAs"™"%, In vertebrates, METTLI16 installs m°A in RNA hairpins con-
taining the motif UACA*GAR, where A* denotes the methylation site,
within the 3’ UTR of methionine adenosyltransferase 2A (MAT2A)
mRNA, regulating S-adenosylmethionine (SAM) homeostasis by mod-
ulating MAT2A pre-mRNA stability and splicing'”***%. Under high SAM
conditions, the YTH domain-containing protein YTHDCI binds to the

m°A-modified hairpins, promoting MAT2A mRNA degradation and
reducing SAM synthesis"”. In contrast, under SAM-limited conditions,
prolonged METTL16 binding to the 3’ UTR hairpin recruits splicing
factors, enhancing pre-mRNA splicing and increasing SAM
production?, In invertebrates such as C. elegans, the METTL16
homolog, METTI10, methylates the adenosine in the AG dinucleotide
within the UACA*GAGA motif at the 3’-splice site (3’-ss) of SAM syn-
thetase (sams) mRNA, affecting spliceosome assembly and splicing
efficiency®*. High SAM levels sustain the m®A modification at this site,
preventing U2AF35 binding and inhibiting splicing?, and thereby
suppressing SAM production. Conversely, low SAM levels reduce the
mC°A modification, allowing U2AF35 to bind, promoting splicing and
enhancing SAM synthetase mRNA expression, and ultimately increas-
ing SAM production.

METTLI16 and its homologs also methylate a conserved adenosine
in the ACA*GAGA motif of U6 snRNA (A43 in human U6 snRNA)"?7%,
The ACA*GAG box in U6 snRNA base pairs with the 5’ splice site during
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pre-mRNA splicing” . The m®A modification in U6 snRNA is required
for efficient and accurate splicing of specific pre-mRNAs that possess
the BBH motif (B: G, C, or U; H: A, C, or U) at positions -3 to -1and an A
at position 4 (A.4) of the 5 splice site (5-ss)**”*. In spliceosomal B
complex, the m®A in U6 snRNA and the 5-ss A, form a trans Hoogs-
teen sugar edge interaction®, thereby stabilizes the U6 snRNA-5"-ss
interaction**. The BBH motif at the 5’-ss in pre-mRNAs weakly interact
with U5, and thus the absence of m°A in U6 snRNA further destabilizes
the interaction between the 5-ss and U6 snRNA, resulting in intron
retention within these specific pre-mRNAs>.

METTL16 consists of an N-terminal methyltransferase domain
(MTD) and a C-terminal kinase-associated 1 (KA-1) domain®*’. The KA-1
domain was initially named the vertebrate conserved region (VCR) but
later renamed'®*, since the KA-1 domain is widely conserved among
METTLI16 and its homologs across vertebrates, invertebrates, and even
fission yeasts*~*”*%, and the structure is homologous to the KA-1 found
in MARK/PAR1 kinases*® and U6-specific terminal uridylyltransferases
(TUTasel, TENT1)*°,

The crystal structures of the MTD of human METTL16
(hsMETTLI16), its complex with S-adenosyl-L-homocysteine (SAH), and
its complex with a short hairpin from the 3-UTR of MAT2A mRNA
(MAT2A-hp) have been reported*"*?. The MTD of hsMETTL16 (hsMTD)
catalyzed adenosine methylation in the MAT2A-hp as efficiently as full-
length hsMETTL16*. Both the consensus RNA sequence and intrinsic
RNA structural features—the loop and the transition region of MAT2A-
hp— are critical determinants of the methylation efficiency by
hsMTD*. The C. elegans METT10 MTD similarly recognizes specific
structural features of the RNA surrounding the 3’-ss of sams pre-mRNA,
sharing a substrate recognition mechanism with hsMTD*. Regarding
the C-terminal KA-1 domains, predictions based on structural studies
have suggested that they are well conserved among eukaryotes® -,
The KA-1 domains of hsMETTL16 and ceMETTIO facilitate m°A
methylation of the conserved adenosine in U6 snRNA**® by increasing
the affinity of METTL16 (or ceMETTI10) for U6 snRNA and enhancing
the catalytic efficiency. A biochemical analysis also suggested that the
KA-1 domain would interact with the internal stem-loop (ISL) region of
U6 snRNAY. However, the precise mechanisms of U6 snRNA recogni-
tion by METTL16 and the role of its KA-1 domain in enhancing
methylation remain elusive.

Here, we present the structural and functional analysis of Schi-
zosaccharomyces pombe METTL16, revealing the mechanism of
U6 snRNA methylation by METTL16. The KA-1 domain serves as a
scaffold for the multi-step methylation process—U6 snRNA ISL
recognition, motif recognition in the MTD, and target adenosine
positioning in the catalytic site—ensuring the U6 snRNA m°A mod-
ification, which leads to accurate and efficient pre-mRNA splicing.

Results

KA-1 of METTLI6 facilitates U6 snRNA m°A modification

The C-terminal KA-1 domain of human METTL16 (hsMETTL16) report-
edly facilitates the m°A43 modification of U6 snRNA in vitro”, and KA-1
domains are conserved among METTL16 homologs in vertebrates and
invertebrates®. The KA-1 domain is also present in METTL16 homologs
in fission yeast**® (Fig. 1a and Supplementary Fig. 1a, b).

To investigate the role of the KA-1 domain in Schizosaccharomyces
pombe METTL16 (spMETTL16) in the m°A modification at A37—corre-
sponding to A43 in human U6 snRNA-of S. pombe U6 snRNA
(spU6 snRNA), we examined the methylation activities of full-length
SpMETTL16 (amino acids 1-398) and its N-terminal methyltransferase
domain (MTD; amino acids 1-280) (Fig. 1a), using an spU6 snRNA
transcript as a substrate in vitro. The MTD exhibited -10% of the
methylation activity compared to full-length spMETTLI16 (Fig. 1b). A
steady-state kinetic analysis provided estimated K, values of
spU6 snRNA for full-length spMETTL16 and the MTD of 0.182 pM and
0.752 pM, respectively (Fig. 1c). The k., values were estimated to be

0.38 min™ for full-length spMETTL16 and 0.037 min™ for the MTD.
Thus, the catalytic efficiency (kca/Kim) of the MTD was ~2% of that of
full-length spMETTL16. These results indicate that the KA-1 domain of
SpMETTLI16 facilitates A37 methylation in spU6 snRNA, similar to its
role in hsMETTL16%.

KA-1 of METTLI6 facilitates pre-mRNA splicing

The m°A modification at A37 of spU6 snRNA is required for the effi-
cient splicing of specific pre-mRNAs containing the BBH motif (B =G,
C,orU;H=A, C, or U) at positions -3 to -1 and an A at position 4 of the
5" splice site (5™-ss)***. In S. pombe, the SPACISB11.09¢ and cknl tran-
scripts have the sequences A;C.,C../G;U,AzA, at the 5-ss between
exon 1 and exon 2, and U3G.,C,/G;U,A3A, at the 5’-ss between exon 3
and exon 4, respectively®” (Fig. 1d, e). These 5’-ss in pre-mRNAs weakly
interact with US, and the absence of the m°A37 modification in
spU6 snRNA destabilizes the interaction between the 5-ss in the pre-
mRNA and U6 snRNA, resulting in intron retention’.

To assess whether the KA-1 domain could facilitate A37 methyla-
tion and regulate pre-mRNA splicing in vivo, we transformed a mett/16
knockout strain (Amtl16) with a plasmid expressing the MTD of
SpMETTLI16 and analyzed the splicing of specific introns in pre-mRNAs
(SPAC18B11.09c and cknl) by RT-PCR (Fig. 1d, e). In the Amtl16 strain,
introns were retained compared to the wild-type strain, whereas
ectopic expression of full-length spMETTL16 restored proper splicing
and intron removal. In contrast, expression of the spMTD in the
Amtl16 strain failed to rescue splicing (Fig. 1d, e and Supplementary
Fig. 2a, b).

Together with the in vitro analyses (Fig. 1b, c), these results sug-
gest that the KA-1 domain of spMETTL16 facilitates the m®A mod-
ification of spU6 snRNA, thereby promoting the efficient splicing of
specific pre-mRNAs in vivo.

Crystal structure of the KA-1 domain in complex with the ISL of
U6 snRNA

The KA-1 domain of hsMETTL16 has been suggested to interact with the
internal stem-loop (ISL) region of U6 snRNA, based on a previous bio-
chemical study®. Our cryo-EM analysis of the spMETTL16-spU6 snRNA
complex, as described below, also indicated that the ISL region of
spU6 snRNA specifically interacts with the KA-1 domain of spMETTLI16.
The gel-retardation assay showed that the KA-1 domain of spMETTL16
(spKA-1; residues 270-398) (Fig. 1a) binds to the isolated ISL RNA
fragment of spU6 snRNA (splSL; nucleotides 47-77) (Fig. 1f) with a K4 of
~1.2 uM (Fig. 1g).

To elucidate the molecular basis of this interaction in detail, we
crystallized spKA-1in complex with spISL and determined its structure
at 2.8 A resolution (Fig. 2a, b; Supplementary Fig. 3 and Supplementary
Table 1). spKA-1 consists of five antiparallel 3-sheets (38 - $12) and
three a-helices (a8 - «10) (Fig. 2a). The conserved arginine-rich region
(RRR) is in 9. As expected, its overall structure closely resembles that
of the hsMETTL16 KA-1 domain (hsKA-1, PDB ID: 6M1U)”, with an
RMSD of 1.461 A for 61 structurally equivalent Ca atoms (Fig. 2c). The
arginine-rich region (RRR) in hsKA-1 was disordered in the reported
structure” (Supplementary Fig. 1a).

In the complex, helices a9 and a10 interact with distinct regions
of splISL: a9 engages with the major groove of the loop at the splISL tip,
while a10 contacts the minor groove of the double-stranded region of
spISL (Fig. 2a). These interactions are mediated by positively charged
residues on a9 and «10, which stabilize the spKA-1-splSL interaction
(Fig. 2b). The spISL RNA structure within the complex contains non-
canonical base pairings, including G59-A63, C55-A67, and G53-A70
(Fig. 2d, e), with the spKA-1 domain specifically recognizing these
conserved non-canonical base pairs (Supplementary Fig. 1c), as
described below.

The arginine-rich region (RRR: R339, R342, and R343) on a9
interacts with the tip of the ISL (Figs. 2a, 3a and Supplementary Fig. 1a).
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Fig. 1| The KA-1 domain of METTL16 facilitates m°A modification of U6 snRNA
and splicing. a Schematic diagram of S. pombe METTL16 (SpMETTL16) compared
with human METTL16 (hsMETTL16) and C. elegans METT10 (ceMETT10). The
N-terminal methyltransferase domain (spMTD, magenta) and the C-terminal KA-1
domain (spKA-1, cyan) of S. pombe, used in the experiments, are depicted. b In vitro
methylation of the S. pombe U6 snRNA (spU6 snRNA) transcript by spMETTL16 and
spMTD under standard conditions. spU6 snRNA (0.5 pM) was incubated with
200 nM spMETTL16 or spMTD in the presence of 1 mM SAM for 4 min at 37 °C. Error
bars represent the standard deviation (SD) of three independent experiments
(N=3), and the center of the error bands indicates the mean of the measured
values. ¢ Steady-state kinetics of methylation of the spU6 snRNA transcript by
SPMETTL16 and spMTD. spU6 snRNA (0-10 puM) was incubated with 200 nM
SPMETTL16 or spMTD in the presence of 1 mM SAM at 37 °C. All experiments were
independently repeated three times with similar results. d, e Semi-quantitative RT-

PCR analyses of two introns: d SPACI8BI1.09 C and e cknl. The nucleotide
sequences of the respective 5’ splice sites (=3 to +4) are shown. The upper and lower
bands on the gel represent retained and spliced introns, respectively. Intron
retention in the Amtl16 strain was rescued by ectopic expression of plasmid-
encoded full-length METTL16 (SpMETTL16), but not by the methyltransferase
domain (spMTD) alone. All experiments were independently repeated three times
with similar results (Supplementary Fig. 2a, b). f Nucleotide sequence of S. pombe
U6 snRNA (spU6 snRNA, left). The nucleotide sequence of the spISL used for
crystallization of the spKA-1-spISL complex (splSL, right). g Gel retardation assay of
spISL by spKA-1. spISL RNAs were incubated with various concentrations of spKA-1
(0-10 pM). The fractions of the shifted RNA in the gel (left) were quantified (right).
The experiments were independently repeated two times with similar results.
Source data for b, ¢, g are provided as a Source data file.
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Fig. 2 | Crystal structure of spKA-1in complex with spISL. a Crystal structure of
spKA-1in complex with spISL. spKA-1 is shown in blue, and spISL is depicted as an
orange stick model. b Electrostatic surface potential of spKA-1 in the spKA-1-spISL
complex. The electrostatic potential is represented as blue (positive) and red

(negative). spISL is shown as an orange stick model. ¢ Superimposition of the spKA-
1structure (blue) in (a) on the KA-1 domain (hsKA-1, magenta) of human METTL16

Tyr287

(PDB ID: 6M1U)”. The arginine-rich region (RRR) in spKA-1 is shown in red. The
dashed region in hskA-1 represents a disordered area, where the arginine-rich
region (RRR) is located. d Structure of spISL bound to spKA-1. Adenosine, guano-
sine, cytidine, and uridine are colored red, blue, orange, and green, respectively.
Nucleotides forming non-canonical base pairs are boxed. e Schematic repre-
sentation of the interaction between spKA-1 and spISL shown in (d).
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Fig. 3 | Interactions between the spKA-1domain and spISL. a-d Detailed views of ~ bands indicates the mean of the measured values. Source data are provided as a
the interactions between spKA-1and spISL. The colors for nucleosides are the same  Source data file. Semi-quantitative RT-PCR analyses of two introns: f
as in Fig. 2d. e In vitro methylation of the spU6 snRNA transcript by spMETTL1I6 and ~ SPACI8B11.09 C and g cknl. The upper and lower bands on the gel represent

its variants with mutations in the KA-1 domain under standard conditions. retained and spliced introns, respectively. Intron retention in the Amtl16 strain was
spU6 snRNA (0.5 pM) was incubated with 200 nM spMETTLI16 or its variants in the  rescued by ectopic expression of plasmid-encoded full-length METTL16
presence of 1 mM SAM for 4 min at 37 °C. Error bars represent the standard (SpMETTLI16), but not by the spMETTLI16 variants with mutations in the KA-1

deviation (SD) of three independent experiments (N = 3), and the center of theerror  domain shown in (e) (Supplementary Fig. 2c, d).
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The nucleobases of C60-A61-C62 in the loop at the tip of spISL stack
continuously, and the C62 base stacks on the A63 base (Fig. 3a). The
A63 base forms a non-canonical base pair with G59, where the 2-NH,
and the N3 atoms of G59 form hydrogen bonds with the N7 atom and
the 6-NH, of A63, respectively. The Ne and Nnl atoms of Arg339 form
hydrogen bonds with the O6 and N7 atoms of G59, respectively
(Fig. 3a). The Nn2 atom of Arg339 forms a hydrogen bond with the
phosphate backbone of U58. Arg343 forms a hydrogen bond with the
phosphate of Aé61, and the side chain of Arg343 form cation-t inter-
actions with the G59-Arg339 hydrogen bonds. Arg342 forms a hydro-
gen bond with the phosphate backbone of C56. Thus, the RRR
extensively and specifically interacts with the tip of the ISL of
spU6 snRNA. The interactions between the RRR and the tip of the ISL in
the present structure were quite similar to the arginine forks recog-
nition of RNA as observed in the crystal structures of HIV Tat in
complex with TAR RNAs* and Tat or HEXIM in complex with the apical
stem-loop of 7SK RNA*,

«10 contacts the minor groove of the double helix containing the
non-canonical C55-A67 and G53-A70 base pairs (Figs. 2a and 3b, c).
The 4-NH; of C55 forms a hydrogen bond with the N1 atom of A67, and
the Nnl atom of Arg391 forms a hydrogen bond with the 02 of C55
(Fig. 3b). The N1 atom and the 06 of G53 form hydrogen bonds with the
N1 atom and the 6-NH, of A70, respectively, and Glu383 forms a
hydrogen bond with the 2-NH, of G53 (Fig. 3c). The phosphate back-
bone and ribose 2’-OH form hydrogen bonds with several residues—
Asn380, Ser384, Ser387, and Arg394—on «10 (Fig. 2e). Lys286, Lys291,
and His290 in the N-terminal part of spKA-1 form hydrogen bonds with
the phosphate backbone of A72, C73 and G75, respectively, and the
main-chain carbonyl of Tyr287 forms a hydrogen bond with the ribose
2’-OH of C73 (Fig. 3d).

The R339E, R342E, and R343E mutations in the RRR of spMETTL16
reduced the methylation activity of spMETTL16, and the double
mutation (R339E/R343E) and triple mutation (R339E/R342E/R343E)
further decreased the activity in vitro (Fig. 3e). Although the R394E
mutation slightly reduced the activity under our conditions, the R391E
mutation reduced it to the same extent as a single mutation in the RRR
(Fig. 3e). These results suggest that the specific interactions facilitating
the recognition of the ISL of spU6 snRNA are important for A37
methylation by sSpMETTLI16.

Consistently, the Amtl16 strain expressing spMETTL16 with the
R339E, R339E/R343E, or R339E/R342E/R343E mutations failed to res-
cue the splicing of the SPAC18B11.09c and cknl pre-mRNAs, compared
to the strain expressing wild-type spMETTLI16 (Fig. 3f, g). Expression of
SpMETTL16 with the R391E or R394E mutations also failed to rescue
the splicing of these pre-mRNAs, compared to the strain expressing
wild-type spMETTLI16, although their effects were less pronounced
than those of the R339E, R339E/R343E, or R339E/R342E/R343E muta-
tions (Supplementary Fig. 2c, d).

These structural features of the interactions between spISL and
spKA-1 (Fig. 3a-c), along with the biochemical (Fig. 3e) and functional
(Fig. 3f, g) analyses, suggest that spKA-1 specifically recognizes the
conserved sequence and structure of the ISL of spU6 snRNA (Supple-
mentary Fig. 1c) and is important for U6 sSnRNA m°A methylation and
pre-mRNA splicing.

Cryo-EM structure of the METTL16-U6 snRNA complex

To further elucidate the mechanism of spU6 snRNA methylation
by spMETTL16, we determined the cryo-EM structure of spMETTL16
in complex with spU6 snRNA lacking the 5-stem (spU6 snRNA_A17),
which can be methylated as efficiently as full-length spU6 snRNA,
at 3.4 A resolution (Fig. 4a, Supplementary Fig. 4 and Supplementary
Table 2). The spMETTL16-spU6 snRNA_A17 complex was reconstituted
by mixing purified spMETTL16 with in vitro-transcribed
spU6 snRNA_A17, followed by size-exclusion chromatography for
purification.

The cryo-EM density map of the spMETTL16-spU6 snRNA_A17
complex without SAM (hereafter referred to as spMETTL16-spU6)
suggests that spU6 snRNA adopts an extended conformation. How-
ever, only the ISL region (nucleotides 41-82) could be modeled, and
the entire spU6 snRNA structure could not be fully resolved (Fig. 4a),
due to the insufficient quality of the cryo-EM map. In the cryo-EM
structure of spMETTL16-spU6, the KA-1 domain of spMETTLI16 inter-
acts with the ISL region of spU6 snRNA, resembling the interaction of
spKA-1 with splISL in the crystal structure (Fig. 2a and Supplementary
Fig. 5). The helices a9 and «10 interact with the major groove of the
loop at the spISL tip and the minor groove of the double-stranded
region of spISL, respectively. However, the remaining portion of
spU6 snRNA does not interact with the protein. Notably, the ACA*-
GAGA motif containing the target A37- located between the ISL and
the telestem—is far from the catalytic site of the MTD domain (Fig. 4a).
The N-terminal extension (residues 1-61) and the segment between 34
and a5 (residues 172-200) within the MTD (Fig. 4d)—which are both
potentially involved in RNA binding?***—were disordered and could
not be modeled due to the lack of a cryo-EM map. Thus, this structure
likely represents an initial stage of substrate U6 snRNA recognition by
SpMETTLI16.

Cryo-EM structure of the METTL16-SAM-U6 snRNA complex
We also determined the cryo-EM structure of SpMETTL16 in complex
with spU6 snRNA in the presence of SAM (hereafter referred to as
SpMETTL16-SAM-spU6), at 3.0 A resolution. SAM was added to the
SpMETTL16-spU6 snRNA complex.

In the cryo-EM structure of the sSpMETTL16-SAM-spU6 complex
(Fig. 4b, Supplementary Figs. 6 and 7 and Supplementary Table 2), the
mode of U6 snRNA binding to spMETTLI6 differs from that observed
in the sSpMETTL16-spU6 structure (Fig. 4b, c). SAM binds to the cata-
lytic site in the MTD, and the ISL of spU6 snRNA retains its interaction
with the KA-1 domain, as observed in the SAM-free structure. However,
the ACAGAGA motif in spU6 snRNA shifts toward the MTD, and the
methylation site, A37, is proximal to SAM in the MTD (Fig. 4b, c),
although the telestem region (nucleotides 1-34 and 84-99) of
spU6 snRNA could not be modeled due to the lack of a cryo-EM map.
The a4 helix (between 4 and a5) within the MTD, which was not
visible in the spMETTL16-spU6 structure, is partially resolved in the
SpMETTL16-SAM-spUé6 structure (Fig. 4b, c). However, the loop
between a4 and a5 (residues 187-194), as well as the N-terminal
extension (residues 1-55), remains unresolved (Fig. 4c, d).

SAM is located within the catalytic site of the MTD, and its position
is identical to that of SAH observed in human METTL16 (hsMETTL16) in
complex with SAH (Fig. 5a, b, PDB ID: 6B92)*.. The adenine base of SAM
stacks with Ile120 and Phe206, while Lys148 in the K-loop*’, which
regulates SAM binding to the catalytic pocket in hsMETTL16, is posi-
tioned away from the SAM binding site. A37 in the ACA*GAGA motif of
spU6 snRNA resides near the catalytic pocket of the MTD (Fig. 5b, c).
However, the distance between the 6-NH, of A37 in spU6 snRNA and
the methyl group of SAM is -6 A (Fig. 5b), which is longer than typical
distances observed for productive methyl transfer. The methylation of
A37 proceeds relatively slowly (ko = 0.38 min™, Fig. 1c), and the cryo-
EM map at the position of A37 shows no apparent methylation of
6-NH, group of the adenine base (Supplementary Fig. 7c). Additionally,
we determined the cryo-EM structure of the spMETTL16 in complex
with spU6_Atelestem and SAM at -2.9 A (Supplementary Fig. 8a, b). The
sample was applied to the grid immediately after mixing sSpMETTL16,
spU6_Atelestem, and SAM on ice. Structural analysis revealed that RNA
recognition in this complex is consistent with that observed in the
SpMETTL16-SAM-spU6 complex (Supplementary Fig. 8c). The dis-
tance between the 6-NH,, of A37 in U6 snRNA and the methyl group of
SAM remains ~6 A, and the cryo-EM map at A37 shows no apparent
methylation at the N6 position (Supplementary Fig. 8b). These
observations suggest that, in the present structure, the 6-NH, of A37 is
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not positioned for nucleophilic attack on the methyl group of SAM*,
and that the present structure represents a pre-productive state of the
reaction, as described below.

The C36 base stacks with the side chain of Met197. The N1 atom
and the 6-NH, group of A37 form hydrogen bonds with the N&1 atom
and the 081 atom of Asn168, respectively, in the NPPF motif (residues
168-171). The A37 base is sandwiched between Phel71 and the side
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chain of Arg260, which interacts with the phosphate of G38. The 06 of
G38 forms a hydrogen bond with Ser231. The 6-NH, of A39 interacts
with Lys230, which in turn forms a hydrogen bond with Ser283
(Fig. 5c-e). Lys257 forms a hydrogen bond with the phosphate of A39.
These structural features suggest that part of the ACA*GAGA motif in
spU6 snRNA is recognized by the MTD of spMETTL16 (Fig. 5e),
although the 6-NH, of A37 remains distant from SAM. Arg278 forms
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Fig. 4 | Cryo-EM structures of spMETTL16 in complex with spU6 snRNA. a Cryo-
EM map (left) and model (right) of the spMETTL16-spU6 snRNA complex in the
absence of SAM (spMETTL16-spU6). MTD, KA-1 domain, and modeled RNA are
colored magenta, blue and orange, respectively. The N-terminal extension (resi-
dues 1-61) and the RNA binding loop (residues 172-200) are not modeled, and only
nucleotides 41-82 of spU6 snRNA are modeled. b Cryo-EM map (left) and model
(right) of the spMETTL16-spU6 snRNA complex in the presence of SAM
(SpMETTL16-SAM-spU6). MTD, KA-1 domain, and modeled RNA are colored as in
(a). The N-terminal extension and the RNA binding loop (residues 187-194) are not

modeled, and only nucleotides 35-83 of spU6 snRNA are modeled. ¢ Structural
comparison between spMETTL16-spU6 (gray) and spMETTL16-SAM-spU6. In the
presence of SAM, a4 in the MTD becomes resolved, and the ACA*GAGA motif in
spU6 snRNA shifts toward the catalytic site of the MTD. d The secondary structure
of SpMETTL16. The MTD and KA-1 domain are colored magenta and blue, respec-
tively. The regions enclosed by the dashed lines were not visible in the
SpMETTL16-spU6 structure. a4 was visible in the spMETTL16-SAM-spU6 complex.
The N-terminal extension was predicted by AlphaFold2 (Data base: AF-042662-
FL-v4)*.

hydrogen bonds with the phosphates of A72 and C73, and Lys286
interacts with the phosphates of U45 and G75. Thr282 interacts with
the phosphate of U46 (Fig. 5d). Consistent with the RNA recognition by
the MTD in the present structure, the N168A, F171A, K230E, K257E,
R260E, and R278E mutations of spMETTL16 all reduced the methyla-
tion activity of spMETTLI6 in vitro (Fig. 5f).

Altogether, the present spMETTL16-SAM-spU6 structure repre-
sents a stage in which the core of the ACA*GAGA motif of spU6 snRNA
is specifically recognized by the MTD, but spMETTL16 is not yet ready
for catalysis. spU6 snRNA has not adopted a productive conformation
for efficient methylation by spMETTL16, and thus, the present struc-
ture would be the pre-productive stage, as described below.

Structural elements in spU6 snRNA for efficient methylation by
SpMETTLI16

The crystal structure of the methyltransferase domain (MTD) of
hsMETTLI16 in complex with the short hairpin RNA of the 3-UTR of
MAT2A mRNA (MAT2A-hp) has been reported*’. In the structure,
MAT2A-hp adopts a distinct structural conformation, including a loop
(containing the UACAG recognition motif and linker), a stem and a
transition region between the loop and the stem, all of which are
essential for efficient catalysis by the MTD** (Fig. 6a). It has been
suggested that the human U6 snRNA could also adopt a similar
structural conformation, with the UACAG recognition motif posi-
tioned in the same context as in the MAT2A-hp structure”. Likewise,
spU6 snRNA is predicted to adopt the same structure as MAT2A-hp
and human U6 snRNA (Fig. 6a).

To verify the requirement of these structural elements in spU6
snRNA for methylation by spMETTL16, as observed with hsMETTL16,
we tested the methylation of mutant spU6 snRNAs by spMETTL16
in vitro (Fig. 6b). Mutations in the UACAG recognition motif in the
loop, such as C36G and G38C, reduce its methylation by spMETTL16
in vitro (Fig. 6a, b). Mutations in the putative transition region of
spU6 snRNA - G40A41A42 to C40U41U42 or G83A84 to C83U84 - also
reduce its methylation by spMETTLI16 in vitro (Fig. 6a, b). These results
indicate that the structural elements surrounding the methylation site
in spU6 snRNA are necessary for efficient A37 methylation by
SPMETTLI16, similar to hsMETTL16 and ceMETT10*%*2, Furthermore,
spU6 snRNA lacking the 5-stem and telestem, spanning nucleotides 26
to 84 (Atelestem), can be methylated by spMETTLI16, although with
lower efficiency than that of full-length spU6 snRNA, suggesting that
Atelestem can adopt the same structural conformation as MAT2A-hp.
Furthermore, an hsMAT2A-hp-like U6 snRNA variant (Atelestem_Loop)
is also methylated by spMETTLI16 to the same extent as Atelestem
(Fig. 6a, b). These results indicate that spU6 snRNA must adopt a
productive conformation for efficient methylation by spMETTL16, as
required for MAT2A-hp methylation by hsMETTL16.

Transition of spU6 sRNA to the productive form for efficient
methylation by spMETTL16

Superimposition of the structure of the MTD of hsMETTL16 in complex
with MAT2A-hp (hsMTD-MAT2A-hp, PDB ID: 6DU4)** onto that of
SpMETTL16-SAM-spU6 reveals that, while the N-terminal extension and
the RNA-binding loop in the MTD of hsMETTL16 interact with MAT2A-hp
from various angles, the corresponding regions of spMETTL16 are not

visible in the current spMETTL16-SAM-spU6 structure (Figs. 4d and 6c).
This suggests that the N-terminal extension and the RNA-binding loop of
SpMETTL16 would facilitate the transition of spU6 snRNA into a pro-
ductive structure for methylation by spMETTLI6.

Superimposition of the catalytic core of hsMTD-MAT2A-hp onto
that of spMETTL16-SAM-spU6 (Fig. 6¢, d) reveals that A17 in MAT2A-
hp is positioned closer to SAM than A37 in spMETTL16-SAM-spUé6
(Fig. 6d). In the hsMTD-MAT2A-hp structure, the 6-NH, and N1 atoms
of Al7 of MAT2A-hp form hydrogen bonds with the main-chain car-
bonyl and amide of Prol85 and Prol86, respectively*’. These obser-
vations suggest that the reported hsMTD-MAT2A-hp structure
represents the productive stage, and the current structure of
SpMETTL16-SAM-spU6 (Fig. 4b) likely represents a pre-productive
stage, in which the ACA*GAGA motif in U6 snRNA is recognized by
SpMETTLI16 (Fig. 5c), but the spU6 snRNA has not yet transitioned into
a catalytically active, productive conformation for methylation by
SpMETTLI16.

Subsequently, this pre-productive conformation undergoes fur-
ther structural adjustment through interactions involving the
N-terminal extension, the RNA-binding loop, and U6 snRNA. Con-
sistently, the deletion of the N-terminal extension and the RNA-binding
loop in spMETTL16 reduced its methylation activity (Fig. 6e). The
establishment of the interactions between A39G40A41G42 and
G83A84, forming the transition base-pair, along with the base pairings
in the telestem, enables spU6 snRNA to adopt the productive con-
formation. In this state, the ACA*GAGA motif protrudes deeper into
the catalytic site, positioning the A37 base closer to SAM and thereby
facilitating efficient m°A37 modification.

Discussion

The m°A methylation of a conserved adenosine in U6 snRNA, catalyzed
by METTLI16 or its homologs, is essential for the efficient splicing of
specific pre-mRNAs*>, In this study, we elucidated the molecular
mechanisms governing the interactions between S. pombe METTL16
(SPMETTL16) and U6 snRNA, as well as the m°A methylation. The con-
served C-terminal KA-1 domain, present across METTL16 homologs in
vertebrates, invertebrates, and fission yeast, is a critical element that
enhances methylation efficiency and ensures proper pre-mRNA splicing
(Fig. 1). The KA-1 domain, particularly its arginine-rich region (RRR),
interacts specifically with the internal stem-loop (ISL) of U6 snRNA,
recruiting the substrate U6 snRNA to the enzyme (Figs. 2 and 3), and
serves as an axis in the subsequent methylation process.

Cryo-EM structures of the spMETTL16-spU6 snRNA complex,
with and without SAM, reveal the dynamic processes of substrate
recognition, methylation site recognition, and the methylation reac-
tion (Figs. 4, 5, and 7). Previous biochemical studies showed that
hsMETTL16 binds to U6 snRNA with much greater affinity than
SAM**¢_ As for the SpMETTLI16, the K, values for U6 snRNA and SAM
are 0.182 uM and 482 pM, respectively, differing by three orders of
magnitude (Fig. 1c and Supplementary Fig. 7d). This substantial dif-
ference indicates that spMETTL16 has a significantly higher affinity for
U6 snRNA compared to SAM.

Thus, the m°A modification of U6 snRNA occurs by the ordered-
sequential mechanism®. First, U6 RNA is recruited to METTL16
through the specific interactions between KA-1 and the ISL. U6 snRNA
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Fig. 5 | Interactions between spMETTL16 and spU6 snRNA in the
SPMETTL16-SAM-spU6 complex. a Overall structure of spMETTL16-SAM-spU6
(left) and nucleotide sequence of spU6 snRNA. The modeled nucleotides (35-83) in
the structure are colored orange. b SAM recognition by spMETTL16. The structure
of human METTL16 MTD in complex with SAH (hsMETTL16-SAH)*' was super-
imposed onto that of SpMETTL16-SAM-spU6. SAH in the hsMETTL16-SAH is shown
as yellow sticks and SAM in the spMETTL16-SAM-spU6 is shown as cyan sticks.
¢, d Interactions between spMETTL16 and spU6 snRNA. e Schematic representation

of the interaction between A35C36A37G38A39 and the MTD in (c, d). f In vitro
methylation of the spU6 snRNA transcript by sSpMETTL16 and its variants with
mutations in the KA-1 domain under standard conditions. spU6 snRNA (0.5 pM) was
incubated with 200 nM spMETTLI16 or its variants in the presence of 1 mM SAM for
4 min at 37 °C. Error bars represent the standard deviation (SD) of three indepen-
dent experiments (N =3), and the center of the error bands indicates the mean of
the measured values. Source data are provided as a Source data file.
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Fig. 6 | spU6 snRNA methylation requires productive conformation of

spU6 snRNA. a Nucleotide sequences of human MAT2A hairpin (MAT2A-hp)** and
S. pombe U6 snRNA and its variants used for the assays in (b). b In vitro methylation
of spU6 snRNA and its variants by spMETTL16 under standard conditions.

spU6 snRNA or its variants (0.5 pM) was incubated with 200 nM spMETTL16 in the
presence of 1mM SAM for 4 min at 37 °C. Error bars represent the standard
deviation (SD) of three independent experiments (N = 3), and the center of the error
bands indicates the mean of the measured values. ¢ Superimposition of the
SpMETTL16-SAM-spU6 structure onto the human METTL16 MTD
(hsMETTL16_MTD, gray) in complex with MAT2A hairpin RNA (MAT2A-hp: gray,
PDB ID: 6DU4)*. The regions corresponding to the red regions (N-terminal
extension and RNA binding loop), enclosed by dashed lines, in hsMETTL16_MTD

were not visible in the present spMETTL16-SAM-spU6 structure.

d Superimposition of the structure of the catalytic pocket of
SPMETTL16-SAM-spU6 and that of hsMETTL16_MTD-MAT2A-hp (gray). A17 in
MAT2A-hp in the hsMETTL16-MAT2A-hp complex is deeply docked in the pocket
and closer to SAM (cyan) than A37 in spU6 snRNA in the spMETTL16-SAM-spU6
complex. e In vitro methylation of the spU6 snRNA transcript by spMETTL16 and its
N-terminal extension deletion mutant (A_NTE: amino acids 1-50 were deleted) and
RNA binding loop deletion mutant (A_RBL: amino acid 186-189 were deleted),
under standard conditions as in Fig. Se. Error bars represent the standard deviation
(SD) of three independent experiments (N =3), and the center of the error bands
indicates the mean of the measured values. Source data for b, e are provided as a
Source data file.
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of the N-terminal extension (NTE) and the RNA-binding loop with U6 snRNA pro-
mote the transition to the productive stage. U6 snRNA undergoes structural rear-
rangements, adopting productive conformation. This process leads to the
formation of the transition region and base-pairing within the telestem in

U6 snRNA, shifting A37 deeper into the catalytic site, and thereby facilitating effi-
cient m°A modification by MTD.

adopts an extended structure, and the ACA*GAGA motif, containing
the methylation site A37, is apart from the catalytic site in the
methyltransferase domain (MTD), representing the initial U6 snRNA
binding stage (Fig. 7a). Next, the SAM binds to the catalytic site in the
MTD of the METTL16-U6 snRNA complex. The catalytic pocket and
part of the RNA-binding loop in the MTD are resolved, allowing the
ACA*GAGA motif in U6 snRNA to shift closer to the catalytic pocket of
the MTD. At this stage, the motif is specifically recognized by the MTD,
although the target A37 remains -6 A from SAM— indicating a pre-
productive state insufficient for methyl transfer (Figs. 4, 5, and 7b). A
comparison with the hsMETTL16-MAT2A-hp structure, in which
MAT2A-hp RNA adopts a productive conformation for m°A
modification*’, highlights the need for further adjustment of the
U6 snRNA conformation into a productive state for A37 methylation by
the MTD (Figs. 6 and 7c¢). Finally, additional intramolecular interactions
—the formation of the transition region and the stem in the telestem of
U6 snRNA—through the interactions of U6 snRNA with the N-terminal
extension and RNA-binding loops in the MTD, reorient the ACA*GAGA
motif deeper into the catalytic site, aligning the target A37 with SAM
for efficient methylation (Figs. 6 and 7c).

The KA-1 domain not only anchors U6 snRNA to METTL16 but also
serves as a hub that orchestrates the transition of the METTL16-U6
snRNA complex into a catalytically competent state. This multi-step
process, which includes initial ISL recognition, motif recognition, and
final positioning of the methylation site A37 within the catalytic site,
reflects the coordinated roles of the METTL16 domains (Fig. 7). The
productive conformation, consisting of the transition region and the
stem in U6 snRNA (Fig. 7c), might be transient and inherently unstable.
Due to its fleeting nature, we may have been unable to capture it in our
cryo-EM analysis.

In vertebrates, METTL16 regulates SAM homeostasis by control-
ling MAT2A mRNA splicing and stability through the m°A modification
of the 3’-UTR hairpins of MAT2A mRNA"8, The effect of KA-1 on the
methylation of MAT2A hairpins was observed in vitro, although its
impact is much less significant than its role in the methylation of
U6 snRNAY*2, MAT2A-hp has a stem-loop structure, and compared to
U6 snRNA, its loop can more readily adopt the productive conforma-
tion for efficient methylation by METTL16 (Fig. 6a). Structural

adjustment after ACA*GAGA motif recognition would proceed
smoothly, with the recognition of MAT2A-hp by METTL16 primarily
mediated by the MTD. Therefore, as described below, KA-1 would have
been attached to the MTD for the efficient methylation of structured
U6 snRNA.

The KA-1domain reportedly promotes splicing when tethered to a
reporter'®. The splicing of MAT2A mRNA is collaboratively regulated
by METTL16 and the cleavage factor Im (CFIm) complex®. The KA-1
domain may alter the RNA secondary structure surrounding MAT2A
hairpins, particularly by binding to the double-stranded region,
thereby facilitating the recruitment of CFIm complexes and promoting
MAT2A mRNA splicing. The mechanism and involvement of the KA-1
domain in MAT2A mRNA splicing await further investigation.

The KA-1 domain structure is also found in the C-terminal region
of the U6 snRNA-specific terminal uridylyltransferase (TUTase,
TUTD)**, although the amino acid sequence homology between the
KA-1 domains of METTL16 and TUT1 is low*”’. The KA-1 domain of
human TUT1 (hsTUTI) increases hsTUTT’s affinity for U6 snRNA and
facilitates efficient oligo-uridylylation of U6 snRNA®**°. A recent
structural analysis of hsTUT1 in complex with U6 snRNA showed that
the KA-1 domain interacts with the tip of the ISL*, where two helices
engage distinct regions of the ISL: one containing RRR interacts with
the major groove of the loop at the ISL tip, while the other contacts the
minor groove of the double-stranded region of the ISL, similar to the
interaction of spKA-1 with spISL (Fig. 2a and Supplementary Fig. 9).
Notably, these two distinct enzymes, which exert different, yet func-
tionally essential activities on U6 snRNA, share the same structural
domains for their activities. Therefore, the KA-1 domain may have
become associated with the catalytic domains of these enzymes and
evolved to recognize U6 snRNA, particularly the ISL, for the efficient
maturation of functional U6 snRNA.

The KA-1 domain is widely conserved in METTL16 and its homo-
logs across vertebrates, invertebrates, and even fission yeast. As
revealed in this study, the KA-1 domain of spMETTLI16 functions as a
key regulatory domain for efficient U6 snRNA m°A modification and
precise pre-mRNA splicing. Therefore, this mechanism is likely to be
functionally and evolutionarily conserved among eukaryotes, includ-
ing humans.
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Methods

Plasmid construction

The plasmid encoding the full-length S. pombe Mtl16 gene without
untranslated regions (pET28a-SpMettl16) was kindly provided by Dr.
Suzuki®. Plasmids encoding spMETTLI16 variants were prepared using
the pET28a-SpMettll6 plasmid as the template. The DNA fragment
encoding the N-terminal methyltransferase domain (MTD: residues
1-281) of SpMettl16 was PCR-amplified and cloned between the Ndel
and Xhol sites of pET28a, yielding pET28a_SpMettl16-MTD. The DNA
fragment encoding the C-terminal KA-1 domain (residues 270-398)
was PCR-amplified and cloned into the pET15SUMO vector® between
the Ndel and Xhol sites, yielding pET15SUMO_SpMettl16-KA-1. Muta-
tions were introduced using a KOD-Plus Mutagenesis Kit (Toyobo,
Japan), according to the manufacturer’s instructions. The oligonu-
cleotide sequences used for molecular cloning and mutagenesis are
listed in Supplementary Table 3.

Expression and purification of recombinant proteins
For the overexpression of spMETTLI6, its variants, and spMETTL16-MTD
(spMTD), as well as that of spMETTL16-KA-1 (spKA-1) and its variants, E.
coli Rosetta2(DE3) cells (Novagen, Japan) were transformed with the
respective overexpression plasmids. Transformed cells were cultured in
LB medium supplemented with 50 pg/mL kanamycin and 40 pg/mL
chloramphenicol for the expression of spMETTLIS6, its variants, and
spMTD, or with 50 pg/mL ampicillin and 40 pg/mL chloramphenicol for
spKA-1 and its variants. Cultures were grown at 37 °C until the ODggo
reached 0.8, and protein expression was induced by adding isopropyl
-D-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM,
followed by an incubation at 20 °C for 20 h. Cells were harvested and
lysed in buffer containing 20 mM Tris-HCI, pH 7.0, 500 mM NacCl, 5mM
B-mercaptoethanol, 20 mM imidazole, and 5% (v/v) glycerol. Lysates
were clarified by centrifugation at 30,000 x g for 30 min at 4 °C.
SpMETTLIS, its variants, and spMTD were first purified by Ni-NTA
agarose (Qiagen, Japan) chromatography, with proteins eluted in
buffer containing 20mM Tris-HCI, pH 7.0, 500 mM NaCl, 5mM
B-mercaptoethanol, 300 mM imidazole, and 5% (v/v) glycerol. The
eluted proteins were further purified on a HiTrap Heparin column (GE
Healthcare, Japan) and separated by size-exclusion chromatography
using a HiLoad 16/60 Superdex 200 column (GE Healthcare, Japan),
equilibrated with buffer containing 20 mM Tris-HCI, pH 7.0, 200 mM
NaCl, and 10 mM f-mercaptoethanol. His6-SUMO-tagged spKA-1 pro-
teins were purified using Ni-NTA agarose chromatography as descri-
bed above. The His6-SUMO tags were cleaved by ULP1 (ubiquitin-like-
specific protease 1) during dialysis against buffer, containing 20 mM
Tris-HCI, pH 7.0, 500 mM NaCl, 5 mM f-mercaptoethanol, and 5% (v/v)
glycerol, at 4°C overnight. Following cleavage, the proteins were
passed through a Ni-NTA agarose column to remove the uncleaved
His6-SUMO-tagged proteins and ULP1. The cleaved proteins were
further purified as described above. The final purified proteins were
concentrated and stored at -80 °C.

Preparation of synthetic U6 snRNA and its variants

Synthetic S. pombe U6 snRNA internal stem-loop (spISL) RNA was
purchased from Fasmac, Japan. The U6 snRNA and its variants were
synthesized by T7 RNA polymerase, using plasmids encoding the
respective DNA sequences downstream of the T7 promoter as tem-
plates. The synthesized RNAs were purified by 10% (w/v) poly-
acrylamide gel electrophoresis under denaturing conditions. The
nucleotide sequences of the templates used for in vitro transcription
are listed in Supplementary Table 4, and the nucleotide sequences of
the RNAs used in this study are listed in Supplementary Table 5.

In vitro methylation assay
In vitro methylation assays were conducted using the MTase-Glo sys-
tem (Promega, Japan), as previously described”*® with slight

modifications. The reaction mixture (15pL), containing 0.2 pM
SpMETTLI16 (or its variants or spMTD), 50 mM HEPES-KOH, pH 8.0,
120 mM NaCl, 2mM MgCl,, 1mM dithiothreitol (DTT), 1mM S-(5"-
adenosyl)-L-methionine chloride (SAM, Cayman Chemical, USA), 1x
MTase-Glo Reagent, and a series of RNA samples at different con-
centrations (0.05-10.0 uM), was incubated at 37 °C for 4 min. Subse-
quently, 15 pL of MTase-Glo Detection Solution was added, and the
reaction was incubated at room temperature for 30 min. Lumines-
cence was quantified using a GloMax-Multi Detection System (Pro-
mega, Japan). The luminescence value of the mixture without the RNA
substrate was used as the background and subtracted. One picomole
of SAH was estimated to be equivalent to 190,000 LU (light units),
according to the standard quantification curve.

Yeast strains and cultivation

The ED668 (h+ ade6-M216 ura4-D18 leul-32) (wild-type) strain and
SPAC27D7.08cA (Amtl16), mettll6 knockout strain®’ were grown at
30°C in YESS medium [0.5% yeast extract and 3% glucose, supple-
mented with adenine, uracil, lysine, histidine, and leucine (225 mg/mL
each)] or EMM medium [EMM without dextrose (MP Biochemicals)
with 2% glucose, supplemented with adenine and leucine (225 mg/mL
each)]. Yeast cells were cultivated at 30 °C to mid-exponential phase
for total RNA extraction.

Total RNA preparation

Total RNA from yeast cells was prepared by hot phenol extraction®.
Cell pellets were resuspended in TES solution (10 mM Tris-HCI, pH 7.5,
10 mM EDTA, and 0.5% SDS), mixed with an equal volume of acidic
phenol with brief vortexing, incubated at 65 °C for 30 min, and cen-
trifuged at 14,000 x g for 5min at 4 °C. The aqueous phase was col-
lected, mixed with an equal volume of chloroform, and centrifuged at
14,000 x g for 5 min at 4 °C. The supernatant was subjected to ethanol
precipitation to obtain the RNA pellet. The RNA pellet was dissolved in
RNase-free water and stored at —80 °C.

Semi-quantification of intron-retention of specific pre-mRNAs
The plasmid encoding the full-length S. pombe mtll16 gene with
untranslated regions (pREP42-spMETTL16-FL) and the empty control
vector (pREP42-vector) were kindly provided by Dr. Suzuki®?. Plasmids
expressing mutant spMETTL16 were generated by site-directed
mutagenesis. The S. pombe Amtl16 strain was transformed with these
plasmids using a Frozen-EZ Yeast Transformation Il Kit (Zymo
Research, Funakoshi, Japan) and grown on YE5S or EMM medium
plates. After an incubation for 3-4 days, single colonies were selected
and cultured in EMM medium without thiamine until the cell density
reached an OD¢go of 1.0. Cells were harvested, and total RNA was
extracted as described above. One microgram of total RNA was treated
with Recombinant RNase-free DNase I (Takara, Japan) and subjected to
reverse transcription using random hexamer and oligo(dT) primers
with a PrimeScript™ RT Reagent Kit (Takara, Japan). The resulting
cDNA was amplified by PCR with specific primers (SPACI8BI1.09c and
cknl pre-mRNA)** under the following conditions: 30 cycles of 98 °C
for10s, 53°C for 10 s, and 72 °C for 20 s. PCR products were resolved
on a 10% (w/v) non-denaturing polyacrylamide gel, stained with ethi-
dium bromide, and visualized and quantified using a Gel Doc EZ Ima-
ger (Bio-Rad, Japan).

Crystallization and structural determination

The purified spKA-1 was mixed with spISL RNA at a 1:1 molar ratio (final
concentration of 50 pM each), and the solution was incubated on ice
for 10 min. Crystals were obtained using the sitting-drop vapor diffu-
sion method at 20 °C. A 0.2 pL sample of the spKA-1-spISL complex
was mixed with an equal volume of reservoir solution, containing
0.36 M sodium acetate, 0.09 M sodium cacodylate, pH 7.0, 0.01 M Tris-
HCI, pH 8.5, and 23% (v/v) PEG 8000. The crystals were cryoprotected

Nature Communications | (2025)16:7708

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63021-0

with reservoir solution supplemented with 25% (v/v) ethylene glycol
and flash-cooled in liquid nitrogen. X-ray diffraction data were col-
lected at Beamline 17 A of the Photon Factory (KEK, Japan) and pro-
cessed using XDS*. The initial phase of the spKA-1:spISL complex
structure was determined by molecular replacement with Phaser®,
using the AlphaFold-predicted structure of the spKA-1 domain (AF-
042662-F1)*° and the spISL RNA model predicted with SimRNA> as
search models. The structure was manually modeled using Coot*® and
further refined with Phenix.refine*’. The final model was assessed with
MolProbity®’. The details of the crystallographic data collection and
refinement statistics are provided in Supplementary Table 1.

Cryo-EM grid preparation

For the spMETTL16-SAM-spU6 snRNA complex, purified spMETTL16
(0.6 mg/mL) was mixed with the U6 snRNA transcript at a 1:1 molar
ratio in buffer C (20 mM Tris-HCI, pH 7.0, 200 mM NacCl, 10 mM (-
mercaptoethanol, and 2 mM SAM) and incubated at 37 °C for 10 min.
Tween-20 [0.005% (v/v)] was then added, and the mixture was placed
on ice prior to grid preparation. A 3 pL aliquot of the sample was
applied to a glow-discharged UltrAuFoil R1.2/1.3 Au 300 grid (Quanti-
foil) at ~4 °C. The grids were blotted for 4 s at 100% humidity and 4 °C,
and then flash-frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific). The spMETTL16-SAM-spU6_Atelestem
complex was also prepared as described above, except that the sample
was applied to the grid immediately after mixing SpMETTL16, SAM,
and spU6_Atelestem on ice. The spMETTL16-spU6 complex was pre-
pared as described above, except that the sample was applied to a
Quantifoil R1.2/1.3 mesh Cu300 holey carbon grid (Quantifoil), with a
sample concentration of 0.4 mg/mL.

Cryo-EM data collection and processing

All datasets were processed using a similar protocol with minor var-
iations. Data collection parameters are summarized in Supplementary
Table 2, and data processing flowcharts are shown in Supplementary
Figs. 4 and 6. The processing of the spMETTL16-SAM-spU6 snRNA
complex is described as follows. Cryo-EM movies were collected using
a Krios G4 transmission electron microscope (Thermo Fisher Scientific)
equipped with a K3 direct electron detector (Gatan, Inc.) operated at
300 kV. A total of 8497 micrographs were recorded at a pixel size of
0.83 A, with a total electron dose of 50 e /A> Downstream processing
was performed in cryoSPARC (ver. 4.6.0)°. Movies were motion-
corrected using Patch Motion Correction, and contrast transfer func-
tion (CTF) estimation was performed with Patch CTF. Micrographs
were denoised using Micrograph Denoiser, and particles were auto-
matically picked with Blob Picker. Two rounds of two-dimensional (2D)
classification were conducted, and the selected high-quality classes
were used as templates for template-based particle picking. After three
rounds of heterogeneous refinement and one additional 2D classifi-
cation step to remove junk particles, 486,386 particles were selected
and extracted with a 324-pixel box. The final reconstruction from
425,927 particles was obtained using non-uniform refinement, yielding
an EM map at an average resolution of 2.99 A after CTF refinement,
particle subtraction, and reference-based motion correction polishing.
The final map was sharpened using DeepEMhancer (ver. 0.14)*2. The
data processing for the sp)METTL16-spU6 complex was nearly identical
to that of the spMETTL16-SAM-spU6 complex, as described above.
The final reconstruction was obtained using non-uniform refinement,
yielding an EM map at an average resolution of 3.4 A from 173,139
particles (Supplementary Figs. 4 and 6 and Supplementary Table 2).

Model building and refinement

To build the model of the spMETTL16-SAM-spUé6 structure, the
structures of the spMETTL16-MTD domain (residues 56-291) and RNA
base pairs (G43-U82, A44-U81, U45-A80, and U46-C79) were predicted
using AlphaFold2*. The spMETTL16-spKA-1 domain (residues

292-398) and U6 RNA nucleotides (47-77) were derived from the
spKA-1-splSL structure. These models were docked into the cryo-EM
density using ChimeraX (ver. 1.9)%*. Additional RNA nucleotides (A35 to
A42 and G83) and SAM were manually fitted, and the model was con-
structed and adjusted using Coot*®. The structure was refined using
phenix.real_space_refine®. Due to insufficient density for de novo
model building, restraints were applied to maintain the correct geo-
metry of the base pairs G43-U82, A44-U81, U45-A80, and U46-C79
during model refinement. The final structures were validated using
MolProbity®®, and figures were prepared using PyMOL (http://www.
pymol.org/pymol) and UCSF ChimeraX (ver. 1.9)%*. The model building
process for the spMETTL16-spU6 structure was nearly identical to that
for the spMETTL16-SAM-spU6 structure, as described above (Sup-
plementary Table 2).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
author upon request. The data generated in this study are provided as
Source Data files with this paper. The coordinates and structure factors
for the crystal structure of spKA-1-spISL have been deposited in the
PDB, under the accession number 9M86. The atomic coordinates and
cryo-EM maps of spMETTL16-spU6 and spMETTL16-SAM-spU6 have
been deposited in the Protein Data Bank (PDB IDs: 9U47 and 9U48),
and the Electron Microscopy Data bank (EMD-63833 and EMD-63834),
respectively. The micrographs of spMETTL16-spU6 and
SpMETTL16-SAM-spUé6 have been deposited in the Electron Micro-
scopy Public Image Archive EMPIAR-12699 and EMPIAR-12700,
respectively. The structures of hsKA-1 (PDB ID: 6M1U), hsMTD-SAH
(PDB ID: 6B92), and hsMTD-MAT2A-hp (PDB ID: 6DU4) were used for
structural comparisons in this study. Source data are provided with
this paper.
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