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Abstract

U6 snRNA (small nuclear ribonucleic acid) is a ribozyme that catalyzes pre-messenger RNA (pre-mRNA) splicing and undergoes epitranscriptomic
modifications. After transcription, the 3’-end of U6 snRNA is oligo-uridylylated by the multi-domain terminal uridylyltransferase (TUTase), TUT1.
The 3'- oligo-uridylylated tail of U6 snRNA is crucial for U4/U6 di-snRNP (small nuclear ribonucleoprotein) formation and pre-mRNA splicing.
Here, we present the cryo-electron microscopy structure of the human TUT1:U6 snRNA complex. The AUA-rich motif between the 5’-short
stem-loop and the telestem of U6 snRNA is clamped by the N-terminal zinc finger (ZF)-RNA recognition motif and the catalytic Palm of TUT1,
and the telestem is gripped by the N-terminal ZF and the Fingers, positioning the 3’-end of the telestem in the catalytic pocket. The internal
stem-loop in the 3’-stem-loop of U6 snRNA is anchored by the C-terminal kinase-associated 1 domain, preventing U6 snRNA from dislodging on
the TUT1 surface during oligo-uridylylation. TUT1 recognizes the sequence and structural features of U6 snRNA, and holds the entire U6 snRNA
body using multiple domains to ensure oligo-uridylylation. This highlights the specificity of TUT1 as a U6 snRNA-targeting TUTase.
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Introduction into the pre-spliceosome composed of the pre-mRNA and the

Eukaryotic pre-messenger RNA (pre-mRNA) splicing is cat-
alyzed by the spliceosome, a large ribonucleoprotein complex.
The major spliceosome includes five small ribonucleoprotein
(snRNP) complexes (the U1, U2, U4, U5 and U6 snRNPs)
and numerous proteins (1). The U6 snRNP consists of U6
snRNA (small nuclear ribonucleic acid), p110 (hPrp24) and
the LSm2-8 ring protein complex. p110 and LSm2-8 catalyze
the annealing of U6 snRNA to U4 snRNA to form the U4/U6
di-snRNP (2-4). Subsequently, the U4/U6 di-snRNP is trans-
formed into the U4/U6/US tri-snRNP, which is then recruited

U1 and U2 snRNPs. The U6 snRNA pairs with the U2 snRNA,
and participates in the active site formation and catalysis of
the splicing reactions (5).

The U6 snRNA is a catalytic RNA responsible for
pre-mRNA splicing (5) and undergoes various post-
transcriptional processes, including chemical modification
of nucleosides and the addition of nucleotides at its termini
(6,7), during its maturation process. After transcription by
RNA polymerase III, the 3’-end of U6 snRNA is oligo-
uridylylated by the terminal uridylyltransferase (TUTase),
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TUT1 (TENT1), a member of the TENT family of proteins
(8=13). Subsequently, the oligo-uridylylated tail is trimmed
by Mpnl (Usbl), a 3'-5" exonuclease, to five uridines with
a 2/, 3’-cyclic phosphate (UUUUU > p) (14-16). The oligo-
uridylylated tail of U6 snRNA serves as the binding site for
the LSm2-8 ring protein complex (17,18), facilitating the
annealing of the U6 and U4 snRNAs to form the di-U4/U6
snRNA complex and contributing to efficient pre-mRNA
splicing.

Human TUT1 (hTUT1) is a multi-domain protein consist-
ing of an N-terminal zinc finger (ZF), an RNA recognition mo-
tif (RRM), central catalytic Palm and Fingers and a C-terminal
kinase-associated 1 (KA-1) domain (19,20) (Figure 1A). Hu-
man U6 snRNA consists of two stem-loop secondary struc-
tures: a §'-short stem-loop and a 3'-long stem-loop, flanked
by a short single-stranded AUA motif (Figure 1B). The 3’-long
stem-loop is composed of the telestem and the internal stem-
loop (ISL), which are flanked by a mispaired/bulged region
(21,22).

Our previous crystallographic and biochemical studies of
truncated hTUT1 proteins, lacking the C-terminal KA-1 do-
main (hTUT1_AC) or the N-terminal ZF domain and RRM
(hTUT1_AN), and hTUT1_AC in complex with a short U6
snRNA lacking the ISL and 5'-stem-loop (U6_mini) (20,23),
suggested that specific sequences and structural features of U6
snRNA are recognized by the multi-domain hTUT1. However,
the structure of full-length hTUT1 in complex with full-length
U6 snRNA has not been reported, and the mechanisms of the
recognition and oligo-uridylylation of full-length U6 snRNA
by the multi-domain hTUT1 have remained enigmatic.

In this study, we present the cryo-electron microscopy
(cryo-EM) structure of full-length hTUT1 in complex with
full-length U6 snRNA. The structure provides a comprehen-
sive picture, detailing how the structured U6 snRNA is specif-
ically recognized and oligo-uridylylated by the multi-domain
TUT1, and highlighting hTUT1 as a U6 snRNA-specific TU-
Tase.

Materials and methods

Plasmid construction

The synthetic DNA encoding the hTUT1 gene was purchased
from Eurofins Genomics (Japan). The nucleotide sequence
of the synthetic hTUT1 gene is provided in Supplementary
Table S1. The DNA fragment encoding full-length hTUT1 was
cloned between the Ndel and Xhol sites of the pET22b vec-
tor (Merck Millipore, Japan). The amino acid sequence of re-
combinant hTUT1 is shown in Supplementary Table S1. The
nucleotide sequences of the synthetic U6 snRNA gene and its
variants used for iz vitro transcription and the nucleotide se-
quences of the RNAs transcribed are listed in Supplementary
Table S2. The nucleotide sequences of primers used in this
study are listed in Supplementary Table S3.

Expression and purification of recombinant hTUT1
protein

Escherichia coli BL21(DE3) (Novagen, Japan) was trans-
formed with the plasmid expressing hTUT1 (or its variant)
and cultured in LB medium containing 50 pug/ml ampicillin
at 37°C until the absorbance at 600 nm (Aggg) reached 1.0.
Expression of the hTUT1 protein (or its variant) was induced
by adding 0.1 mM isopropyl-p-D-thiogalactopyranoside, and
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the culture was continued at 18°C for 16 h. The harvested
cells were lysed in buffer, containing 20 mM Tris-HCI pH
7.0, 500 mM NaCl, 10 mM B-mercaptoethanol, 20 mM imi-
dazole, 0.1 mM phenylmethylsulfonyl fluoride and 5% (v/v)
glycerol. The proteins were first purified using a Ni-NTA
agarose column (QIAGEN, Japan), followed by purification
on a Hi-Trap Heparin HP column (GE Healthcare, Japan).
Finally, the proteins were separated on a Hi-Load 16/60 Su-
perdex 200 column (GE Healthcare, Japan), in buffer con-
taining 20 mM Tris—=HCI pH 7.0, 300 mM NaCl and 10 mM
B-mercaptoethanol. The purified proteins were concentrated
and stored at —80°C.

RNA synthesis and preparation

Synthetic human U6 snRNA and its variants were synthesized
by T7 RNA polymerase, using the corresponding DNA frag-
ments as templates in vitro (24). To obtain U6 snRNA (or its
variants) with a homogeneous 3'-end, the DNA sequence cor-
responding to the HDV (hepatitis delta virus) ribozyme was
placed downstream of the U6 snRNA gene (or its variants)
(25) (Supplementary Table S2). The reaction mixture, contain-
ing 40 mM Tris-HCI pH 8.0, 14 mM MgCl,, 2 mM ATP, 2
mM GTP, 2 mM CTP, 2 mM UTP, 10 mM GMP, 1 mM sper-
midine, 5 mM DTT, 0.01% (v/v) Triton X-100, 100 pg/ml
template DNA and 10 pg/ml T7 RNA polymerase, was incu-
bated at 37°C for 5 h. After in vitro transcription, the RNA
was extracted with phenol-chloroform and dissolved in buffer,
containing 10 mM Tris—=HCI pH 7.0 and 20 mM MgCl,. The
RNA solution was subjected to 15 cycles of incubation (60°C
for 3 min followed by 25°C for 3 min) to allow the 3’-end
HDV ribozyme to self-cleave and release the U6 snRNA (or
its variants) with a homogeneous 3’-end. The 2/,3’-cyclic phos-
phate group of the U6 snRNA (or its variants) was removed by
T4 polynucleotide kinase (Takara, Japan), in buffer contain-
ing 50 mM MES pH 5.8, 20 mM MgCl, and 10 mM DTT.
Finally, the U6 snRNA (or its variants) with a homogeneous
3’-end was purified by 10% (w/v) polyacrylamide gel elec-
trophoresis under denaturing conditions. After gel purifica-
tion, the structural homogeneity of the RNAs was confirmed
by 10% (w/v) polyacrylamide gel electrophoresis under non-
denaturing conditions, where the RNAs appeared as a single
band. These purified RNAs were then used for the experi-
ments. The synthetic nucleotide sequences of the U6 snRNA
gene and its variants used for in vitro transcription, and the
nucleotide sequences of U6 snRNA and its variants are listed
in Supplementary Table S2.

Cryo-EM grid preparation and data collection

The hTUT1:U6 snRNA complex was reconstituted by mix-
ing equimolar amounts of hTUT1 and U6 snRNA (12.5 uM
each). The complex was separated using a Superdex 200 In-
crease 10/300 column (GE Healthcare, Japan), in buffer con-
taining 20 mM Tris-HCI pH 7.0, 200 mM NacCl, 2 mM
MgCl, and 10 mM B-mercaptoethanol. Fractions containing
both hTUT1 and U6 snRNA were concentrated and stored
at —80°C. Before grid preparation, the hTUT1:U6 snRNA
concentration was adjusted to 0.5 mg/ml and the sample
was supplemented with 0.005% (v/v) Tween 20 (final con-
centration).

The cryo-EM grids were glow-discharged using a PIB-10
(Vacuum Device, Japan) for 30 s at 8 mA. An aliquot (3 ul)
of the hTUT1:U6 snRNA complex was applied to the grids at
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Figure 1. Overall structure of the hTUT1:U6 snRNA complex. (A) Schematic diagram of full-length hTUT1. ZF, RRM, Palm, Fingers and KA-1 are colored
yellow, orange, magenta, green and cyan, respectively. (B) Schematic diagram of full-length U6 snRNA (106 nt). (C) Schematic view of the secondary
structure of hTUT1. Each domain is colored as in panel (A). (D) Composite map of the hTUT1:U6 snRNA complex. (E) Cartoon representation of the
overall structure of the hTUT1:U6 snRNA complex. ZF, RRM, Palm, Fingers and KA-1 of hTUT1 are colored as in panel (A), and U6 snRNA is colored
purple. The flexible linkers in the Palm and KA-1 domains are not model-built, and shown as dotted lines (NLS:nuclear localization signal and PRR:
proline-rich region). (F) Composite maps of the 5’-short stem-loop. (G) The model fitting into the maps in panel (F). (H) Composite maps of the KA-1
domain and the ISL of U6 snRNA. (I) The model fitting into the map in panel (H).
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4°C under 100% humidity with a blot force of 10 for 4 s, and
then plunge-frozen in liquid ethane using a Mark IV Vitrobot
(Thermo Fisher Scientific).

Cryo-EM data were collected using Titan Krios G3i or G4
microscopes (Thermo Fisher Scientific), operated at 300 kV
and equipped with a GIF Quantum-LS Energy Filter and a K3
Summit direct electron detector (Gatan, Inc.). Two datasets
were collected and merged: one obtained using a Quantifoil
Cu R1.3/1.2 #300 (Quantifoil) grid and Titan Krios G3i
(Thermo Fisher Scientific), and the other using an UltrAuFoil
#300 (Quantifoil) grid and a Titan Krios G4 (Thermo Fisher
Scientific). Datasets were collected with a pixel size of 0.83 A
(nominal magnification: x 105 000) under a total exposure of
50 electrons/A2. The defocus range was set between —0.8 and
—1.8 um. A total of 5903 and 9967 movies were acquired for
the Quantifoil Cu and UltrAuFoil grids, respectively.

Image processing

The data were processed using CryoSPARC (version 4.4.1)
(26). Movie stacks were motion-corrected (27) and contrast-
transfer functions were estimated. Particles were picked and
selected through several rounds of 2D classification. Fol-
lowing ab initio reconstruction and non-uniform refinement,
reference-based motion correction was applied to polish the
particles. Further particle selection was performed using 2D
classification and heterogeneous refinement, yielding a high-
resolution consensus map at 3.21 A resolution. While the
core region of the hTUT1:U6 snRNA complex showed a well-
resolved cryo-EM map, the regions corresponding to the 5'-
short stem-loop and ISL of U6 snRNA, as well as the KA-1 do-
main of hTUT1, exhibited relatively weak cryo-EM maps. To
improve the corresponding maps, 3D classification was per-
formed with two focused masks: one for the 5'-short stem-
loop of U6 snRNA (mask-1) and another for the ISL of U6
snRNA and the KA-1 domain of hTUT1 (mask-2). The 3D
classifications were performed with the following parame-
ters: target resolution: 6 A, force hard classification: true,
number of classes: 6, initialization mode: input and conver-
gence criterion (%): 1%. The resultant maps provided detailed
structural features for the corresponding regions for mask-
1 and mask-2. The resolutions for the hTUT1:U6 snRNA
structures encompassing the core and the mask-1 or mask-
2 region were 3.83 and 3.72 A, respectively. The three maps
were post-processed with EMReady (28) and combined to
create a composite map, which was used for model build-
ing and figure preparation. The workflow for the data pro-
cessing and the evaluation of the cryo-EM maps is shown in
Supplementary Figures S1 and S2, respectively, and represen-
tative cryo-EM maps are shown in Supplementary Figure S3.

Model building and refinement

For building the hTUT1:U6 snRNA complex model, the
structures of truncated forms of hTUT1 (hTUT1_AN or
hTUT1_AC) (PDB IDs: SWU1, 5WU6) and hTUT1_AN in
complex with short U6 snRNA (U6_mini) (PDB ID: 8IDF)
(23) were manually docked into the cryo-EM map. The re-
maining part of the U6 snRNA model was initially constructed
using RNAcomposer (29) and then manually model-built with
Coot (30). Structure refinements were performed using Phenix
(31,32). The statistics for the cryo-EM analysis and refinement
are summarized in Table 1. Figures were prepared using UCSF
ChimeraX (version 1.5) (33).
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Uridylylation assays

A 60-ul reaction mixture, containing 50 mM Tris-HCI
pH 8.5, 100 mM NaCl, 10 mM MgCl,, 10 mM B-
mercaptoethanol, 1 mM UTP and the specified concentrations
of U6 snRNA (and its variants) transcript and hTUT1 (or
its variants), was incubated at 37°C. At the indicated time
points, 10-pl aliquots of the reaction mixture were withdrawn
and the reaction was stopped. The RNAs were separated by
10% (w/v) polyacrylamide gel electrophoresis under denatur-
ing conditions and stained with ethidium bromide. Bands were
visualized and their intensities were quantified using a Gel Doc
EZ system with the Image Lab software (Bio-Rad, Japan).

Gel-shift assay

RNAs (20 nM U6_snRNA and its variants) were mixed
with varying concentrations (0-200 nM) of hTUT1_FL or
hTUT1_AC in a 10-ul reaction buffer containing 50 mM
Tris—=HCI pH 8.5, 100 mM NaCl, 10 mM MgCl,, 10 mM -
mercaptoethanol and 10% (v/v) glycerol. The mixture was in-
cubated at room temperature for 15 min. The RNAs were then
separated by 7.5% (w/v) polyacrylamide gel electrophoresis
under native conditions at room temperature, and the gels
were stained with ethidium bromide. The intensities of the
shifted bands were quantified using a Gel Doc EZ imager and
Image Lab software (Bio-Rad, Japan).

Results and discussion

Cryo-EM analysis of the hTUT1:U6 snRNA complex

To elucidate the interactions between hTUT1 and U6 snRNA,
we conducted a cryo-EM analysis of full-length hTUT1 in
complex with full-length U6 snRNA (Figure 1A and B). The
hTUT1:U6 snRNA complex was reconstituted by mixing full-
length hTUT1 (1-874 aa) with full-length U6 snRNA bearing
four uridines at its 3’-end (106 nt). hTUT1 and U6 snRNA
formed a stable complex, which was purified by size-exclusion
chromatography for cryo-EM analysis.

Two datasets were collected. By merging the two datasets,
we successfully obtained a consensus map at 3.2-A resolution
(Supplementary Figure S1). Focused 3D classification on the
regions corresponding to the 5’-short stem-loop of U6 snRNA
and the ISL of U6 snRNA and KA-1 domain of hTUT1 in
the complex improved the quality of their cryo-EM maps
(Supplementary Figure S1). Using the composite map combin-
ing these maps, the structural model of the hTUT1:U6 snRNA
complex was built and refined (Figure 1C and D and Table 1,
and Supplementary Figures S1 and S2).

In the final structural model, several regions of hTUT1
were not modeled due to poor cryo-EM map quality: the N-
terminal residues (amino acid residues 1-5), the linker be-
tween RRM and Fingers (amino acid residues 132-144), the
proline-rich region (PRR, amino acid residues 224-332), the
region around the NLS (amino acid residues 639-762) and the
C-terminal expression tag (hexa-histidine tag) were not mod-
eled (Figure 1C and E, and Supplementary Figure S4). The
statistics for the cryo-EM analysis and refinement are summa-
rized in Table 1.

Overall structure of the hTUT1:U6 snRNA complex

The cryo-EM structure of the hTUT1:U6 snRNA com-
plex reveals extensive interactions between the multi-
domain hTUT1 and U6 snRNA (Figure 1D and E, and
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Table 1. Cryo-EM data collection, refinement and validation statistics

#1 High-resolution
consensus map (EMDB

#2 KA-1-ISL focused map focused map (EMDB

#3 5’-short stem-loop
#4 Composite map (PDB

61234) (EMDB 61235) 61236) 9J8P) (EMDB 61237)
Data collection and processing
Magnification 105 000 105 000 105 000
Voltage (kV) 300 300 300
Electron exposure (e—/AZ) 50 50 50
Defocus range (pum) —0.8 to —1.8 —0.8to —1.8 —0.8to —1.8
Pixel size (A) 0.83 0.83 0.83
Symmetry imposed C1 C1 C1
Initial particle images (no.) 17 065 245 17 065 245 17 065 245
Final particle images (no.) 263158 44 327 46 416
Map resolution (A) 3.21 3.83 3.72
FSC threshold 0.143 0.143 0.143
Refinement
Initial model used
(PDB code) 8IDF, SWU1
Map-Model FSC (masked) (A) 2.67
FSC threshold 0.5
Postprocessing EMReady
Map correlation coefficients
CC_mask 0.84
CC_volume 0.84
Model composition
Non-hydrogen atoms 7062
Protein residues 623
RNA residues 106
Ligands (Zn) 1
B factors (A2)
Protein 128.36
RNA 203.87
Ligand 109.97
R.m.s. deviations
Bond lengths (A) 0.003
Bond angles (°) 0.606
Validation
MolProbity score 1.90
Clashscore 11.53
Poor rotamers (%) 0
Ramachandran plot
Favored (%) 95.28
Allowed (%) 4.72
Disallowed (%) 0

Supplementary Movie S1). Some of these interactions
were previously observed in the crystal structure of
hTUT1_AC, which lacks the KA-1 domain, in complex
with U6_mini, which lacks the 5'-short stem-loop and the
ISL (hTUT1_AC:U6_mini) (Figure 2A). In the hTUT1:U6
snRNA complex structure, the entire U6 snRNA structure
and the entire multi-domain hTUT1 structure were modeled.
Specifically, the 5'-short stem-loop and the ISL of U6 snRNA
were modeled, and the interactions between the ISL and
the KA-1 domain of hTUT1 were observed and modeled
(Figures 1D and E and 2B). The resolution for ISL-KA-1
and 5'-short stem-loop RNA is relatively low compared with
that of the central region (Supplementary Figures S2 and S3).
However, our potential map clearly depicts the characteristic
features of the RNA stem-loop in both the 5’-stem and ISL
(Figure 1F-I). The map shows good continuity and is free
from anisotropy, allowing us to interpret and construct a
reliable model. The potential map corresponding to KA-1
aligns well with the domain’s secondary structure, with
helices represented as tubular densities and the p-sheet as a
sheet-like density. The linker between the Fingers and KA-1

domains is also clearly visible in the density map, further
reinforcing the model. Furthermore, this model is consistent
with previous Tb (IlI)-mediated cleavage assays conducted
in the presence and absence of hTUT1 (and its variants), as
described below. While the final model is mechanistically
reasonable, alternative structural fits for these regions cannot
be entirely ruled out.

Together, the N-terminal ZF, RRM and Palm capture and
surround the single-stranded AUA motif between the 5'-
short stem-loop and the telestem, relocating the 3’-end of
the double-stranded telestem to the catalytic cleft between
the Palm and Fingers (Figure 1E). The structure of the §'-
short stem-loop of U6 snRNA would ensure that the single-
stranded region containing the AUA motif is held by the N-
terminal ZF-RRM and the Palm, thus preventing its disso-
ciation. Furthermore, the root region of the 5'-short stem-
loop interacts with the RRM of hTUT1, as described below.
Thus, the 5’-short stem-loop of U6 snRNA acts as an anchor
that impedes the dissociation of U6 snRNA from hTUT1.
The double-stranded telestem is gripped by the N-terminal
ZF and Fingers, thereby positioning the 3’-end of the U6
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Figure 2. Structural comparisons between hTUT1:U6 snRNA complex and hTUT1 variants and their complexes with RNA. (A) Crystal structure of the
hTUT1_AC:U6_mini complex (PDB ID: 8IDF) (23). ZF, RRM, Palm, Fingers and RNA are colored as in Figure 1E. (B) Superimposition of the cryo-EM
structure of hTUT1:U6 snRNA (magenta) and the crystal structure of hTUT1_AC:U6_mini (cyan). (C) Crystal structure of apo hTUT1_AN, lacking the
N-terminal ZF-RRM (PDB ID: 5WU1) (20). (D) Superimposition of the hTUT1:U6 snRNA (magenta) and apo hTUT1_AN (cyan). (E) Cartoon representation
of the hTUT1:U6 snRNA complex overlayed with the cryo-EM composite map. The regions enlarged in panels (F) and (G) are indicated. (F) Detailed
views of the interactions between U6 snRNA and ZF. (G) Detailed views of the interaction between U6 snRNA and RRM. ZF, RRM, Palm, Fingers, KA-1

and RNA in panels (A), (C) and (E-G) are colored as in Figure 1.

snRNA at the catalytic site for oligo-uridylylation. The 3'-
terminal U106 of the U6 snRNA resides in the UTP bind-
ing site; thus, the structure represents the post-U106 addition
stage (Supplementary Figure S3C). In the hTUT1:U6 snRNA
complex structure, the C-terminal KA-1 domain holds the tip
of the ISL of U6 snRNA (Figure 1E), as described below in de-
tail, causing the 3’-stem region of U6 snRNA to adopt a bent
conformation between the ISL and the telestem (Figures 1B
and E and 2B).

The previous crystal structure of apo hTUT1 lacking the N-
terminal ZF domain and RRM (hTUT1_AN) (Figure 2C, and
Supplementary Figure S5) showed that the C-terminal KA-1
domain is mobile relative to the catalytic Palm and Fingers
(20). Superimposition of the hTUT1:U6 snRNA complex and
apo hTUT1_AN structures revealed the rotation of the KA-
1 domain by ~100 degrees relative to the catalytic Palm and
Fingers upon U6 snRNA binding to hTUT1 (Figure 2D, and
Supplementary Figure S5). In the hTUT1:U6 snRNA complex
structure, the 3’-stem of U6 snRNA adopts a bent confor-
mation between the telestem and ISL, and the ZF interacts
with the bent region (Figure 2E). Arg13, between 1 and 32
in the ZE forms hydrogen bonds with the phosphate back-
bone of A83 (Figures 1B and 2F). In the crystal structure of
hTUT1_AC:U6_mini, the N-terminal RRM interacts with the
A22U23A24 motif located in the 5'-part of U6_mini in a base-
specific manner (23). In the hTUT1:U6 snRNA complex struc-

ture, additional interactions between the RRM and the up-
stream C19A20U21, in the single-stranded region between the
5’-short stem-loop and the telestem, were also observed (Fig-
ure 2E). Arg120, Arg122 and Argl24 form hydrogen bonds
with the phosphate backbones of C19, A20 and U21, re-
spectively (Figures 1B and 2G). Arg13, Arg120, Arg122 and
Arg124 are highly conserved among TUT1 enzymes, indicat-
ing the importance of the interactions between the AUA motif
of U6 snRNA and the RRM of TUT1 (Supplementary Figure
S4).

Altogether, the multi-domain hTUT1 holds the entire body
of U6 snRNA and recognizes its specific sequence and struc-
tural features for efficient oligo-uridylylation.

Recognition of ISL of U6 snRNA by KA-1 domain of
hTUT1

Previous biochemical studies demonstrated that the C-
terminal KA-1 domain of hTUT1 acts as an RNA-binding do-
main (20). While it was suggested that the arginine-rich region
(RRR) in KA-1 interacts with the 3’-stem of U6 snRNA, the
detailed interactions between KA-1 and U6 snRNA remained
unclear. The hTUT1:U6 snRNA complex structure revealed
that KA-1 interacts with the ISL of U6 snRNA (Figure 1D
and E). The tip of the ISL interacts with the positively charged
surface of the KA-1 domain, and the phosphate backbone
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Figure 3. Interactions between KA-1 and ISL of U6 snRNA. (A) The interactions between KA-1 of hTUT1 and the ISL of U6 snRNA. U6 snRNA is shown
in a cartoon representation. hTUT1 is shown in an electrostatic surface representation. Positively and negatively charged areas are colored blue and red,
respectively. (B) Cartoon representation of panel (A). Fingers and KA-1 are colored green and cyan, respectively, and the RRR in KA-1 is colored red. (C
and D) Detailed views of the interactions between KA-1 and ISL. (E) Schematic presentation of U6 snRNA and its variants (U6_AISLT and U6_AISL2)
used for the uridylylation assays. The detailed secondary structure is shown in Supplementary Figure S6. (F) Uridylylation of U6 snRNA and its variants
in panel (E) by full-length hTUT1. (G) Uridylylation of U6 snRNA and its variants in panel (E) by hTUT1_AC lacking KA-1. RNA (25 nM; U6 snRNA or its
variants) was incubated with 20 nM hTUT1 or hTUT1_AC in the presence of 1T mM UTP at 37°C.

aligns within the shallow groove between helices «19 and «21
(Figure 3A and B). The conserved RRR motif (R778-R779-
R780-A781-R782-R783-R784) (Supplementary Figure S4) in
the «19 helix engages with the major groove of the ISL (Fig-
ure 3B). Specifically, Arg779 forms hydrogen bonds with the
phosphate groups of C61 and C62, while Arg780, Arg782 and
Arg783 form hydrogen bonds with the phosphate groups of
C60, C63 and C68, respectively (Figure 3C). Base-specific in-
teractions were not observed between the ISL and the RRR
in KA-1. Thus, the KA-1 domain recognizes the structure of
the tip of the ISL, rather than the sequence. Consistent with
the structure, the R779A/R783A double mutation abolished
the RNA-binding capability of the KA-1 domain, and dis-

played reduced uridylylation activity in vitro (20). Further-
more, Arg778 and Arg782 contribute to the stabilization of
the domain structure through intramolecular hydrogen bonds
(Figure 3D). Arg778 and Arg782 in «19 form hydrogen bonds
with Glu807 in «20, and Arg778 also forms hydrogen bonds
with the main chain carbonyl oxygens of Val774 and Thr822
(Figure 3D).

To explore the role of the ISL of U6 snRNA in U6 snRNA
recognition and oligo-uridylylation by hTUT1, mutant U6
snRNAs with shorter ISLs (U6_AISL1 and U6_AISL2) and
3'- 4Us (Figure 3E, and Supplementary Figure S6) were tested
for oligo-uridylylation by full-length hTUT1 or hTUTT1 lack-
ing KA-1 (h'TUT1_AC) in vitro (Figure 3F and G). The mutant
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U6 snRNA-bound hTUT1

RNA clamping
by ZF-RRM

RNA bending for the interaction

Figure 4. Domain movements for U6 snRNA oligo-uridylylation by hTUT1. Schematic diagram of U6 snRNA recognition by multiple domains of hTUT1. ZF,
RRM, Palm, Fingers and KA-1 domains of hTUT1 are colored orange, magenta, green and cyan, respectively. U6 snRNA is represented by purple lines.
The N-terminal ZF-RRM and the C-terminal KA-1 domain are mobile relative to the catalytic Palm-Fingers. The 5'-short stem-loop and 3’-stem, consisting
of telestem and ISL, are flanked by a single-stranded AUA motif. The 5’-short stem-loop is mobile relative to the telestem, and the 3’-stem could adopt

either an extended or a bent conformation.

U6 snRNAs were designed based on the predicted secondary
and tertiary structures of U6 snRNA. In U6_AISL1 and
U6_AISL2, the 5'-short stem-loop and telestem are expected
to maintain secondary structures similar to those in full-length
U6 snRNA, as predicted by AlphaFold3 (Supplementary
Figure S6). Furthermore, full-length hTUT1 bound to all three
RNAs with comparable affinities, suggesting that the mutant
RNAs (U6_AISL1 and U6_AISL2) adopt conformations sim-
ilar to full-length U6 snRNA, as predicted. The hTUT1_AC
mutant also bound all three RNAs with comparable affinities,
albeit slightly weaker than full-length hTUT1 (Supplementary
Figure S7). These results support the similar secondary struc-
tures shared by these three RNAs.

Full-length hTUT1 oligo-uridylylated U6_AISL1 and
U6_AISL2 less efficiently than full-length U6 snRNA (Figure
3F).hTUT1 extended the oligo-uridine tail of U6 snRNA to 3'-
7Us more rapidly than U6_AISL1 and U6_AISL2, and extends
to 3’-8Us. Furthermore, hTUT1_AC uridylylated U6_AISL1
and U6_AISL2 to the same extent as full-length U6 snRNA
and extends the oligo-uridine tail of U6 snRNA and its vari-
ants to 3’-7Us, while hTUT1_AC uridylated full-length U6
snRNA less efficiently than full-length hTUT1 (Figure 3G).
These results suggest the recognition of the ISL by the KA-
1 domain. A previous biochemical study demonstrated that
hTUT1 mutants, h-TUT1_AC or R779A/R783A, add fewer
UMPs to U6 snRNA, as compared with full-length hTUT1
(20). The absence of KA-1 or the loss of its RNA binding ac-
tivity would allow the U6 snRNA to shift or dislodge easily
on the enzyme surface due to its lowered affinity for the U6
snRNA. Consequently, the U6 snRNA would be released from
the enzyme, leading to fewer UMP incorporations on the 3'-
end of U6 snRNA.

Altogether, the KA-1 domain recognizes the structure of
the ISL of U6 snRNA, and its interactions with the ISL an-

chor the U6 snRNA on the hTUT1 surface for efficient oligo-
uridylylation.

Domain arrangement of hTUT1 and U6 snRNA
conformation change

In apo hTUT1, both the N-terminal ZF-RRM and C-terminal
KA-1 domain are mobile relative to the Palm and Fingers (Fig-
ure 2D, and Supplementary Figure S5B-D) (20,23). The mul-
tiple domains of h"TUT1 hold the entire U6 snRNA body and
position the 3’-end of U6 snRNA in the catalytic pocket, us-
ing the mobile N-terminal ZF-RRM and C-terminal KA-1 do-
main (Figures 1 and 4). Upon telestem binding to the catalytic
Palm and Fingers of hTUT1, the interactions of the mobile
N-terminal ZF-RRM and the C-terminal KA-1 domain with
specific positions in the U6 snRNA ensure the proper place-
ment of the 3’-end of U6 snRNA in the active catalytic site,
and the efficient oligo-uridylylation of the RNA proceeds.
Previous biochemical studies on the interactions between
hTUT1 (or its variants) and U6 snRNA by Tb (III)-
mediated RNA foot-printing (34) allowed us to predict the
hTUT1 binding sites on the U6 snRNA and its structural
changes (Supplementary Figure S8) (20). The RNA foot-
printing revealed that several nucleotides (A48-A53, A83-
A92 and Cé68) were deprotected in a KA-1-dependent man-
ner (Supplementary Figure S8A) (20). In the hTUT1:U6
snRNA complex, nucleotides A48—-A53 and A83-A92 are
located at the bent corner between the telestem and the
ISL of U6 snRNA, while C68 is in the pentaloop of the
ISL (Supplementary Figure S8B). Considering the biochemi-
cal study of Tb (III)-mediated U6 snRNA foot-printing and
the present structure, the positioning of the C-terminal KA-
1 domain at the ISL of the U6 snRNA would induce a con-
formational change of the 3’-stem region structure, which
could intrinsically adopt alternative extended and bent con-
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Figure 5. Comparison of the KA-1 domains of hTUT1 and hMETTL16. (A) Schematic diagrams of full-length hTUT1 and human METTL16 (hMETTL16). ZF,
RRM, Palm, Fingers and KA-1 of hTUT1 are colored yellow, orange, magenta, green and cyan, respectively. The MTase and KA-1 domains of A(METTL16
are colored brown and cyan, respectively. The RRRs in hTUT1 and hMETTL16 are colored red. (B) Sequence alignment around the KA-1 RRRs of hTUT1
and hMETTL16. The secondary structure of hTUT1 is shown. (C) Superimposition of the KA-1 domain of hTUT1 (35) (cyan, PDB ID: 6M1U) and the
AlphaFold2-modeled KA-1 of hMETTL16 (magenta). The RRRs of hTUT1 and hMETTL16 are colored blue and red, respectively. (D) Docking model of the
ISL of U6 snRNA onto the KA-1 of hAMETTL16. The KA-1 domain and U6 snRNA are colored magenta and purple, respectively, and the RRR is shown in

red.

formations, and fix the 3’-stem region in a bent confor-
mation (Figure 4). Structural modulations of the ISL loop
would also be induced by the interactions with the RRR in
KA-1.

The arrangement/movement of hTUT1 domains for U6
snRNA recognition and oligo-uridylylation also aptly ex-
plains the results of previous biochemical kinetic studies
(20). For instance, the deletion of the N-terminal ZF-RRM
(hTUT1_AN) decreased the k¢, value for oligo-uridylylation
more severely than the deletion of the C-terminal KA-
1domain (hTUT1_AC) (0.13 s~! for hTUT1_AC and 0.0003
s~! for h\TUT1_AN) (20). Conversely, while both h\TUT1_AN
and hTUT1_AC have reduced affinities for U6 snRNA,
the affinity of hTUT1_AC for U6 snRNA is weaker than
hTUT1_AN: the K, values of hTUT1_AC and hTUT1_AN
for U6 snRNA were 558 and 377 nM, respectively (20). Thus,
upon hTUT1 binding to U6 snRNA, using the catalytic core
region, the mobile KA-1 interacts with tip of the ISL, lead-
ing the 3’-stem of U6 snRNA to adopt the bent conforma-
tion. The interaction between the KA-1 domain and the ISL
of U6 snRNA, as well as the conformation transition of U6
snRNA to the bent-form, would increase the affinity of the U6
snRNA for hTUT1 during the elongation stage of U6 snRNA
oligo-uridylylation, thereby decreasing K,,. The mobile N-
terminal ZF and RRM hook the single-stranded region be-
tween the 5'-short stem-loop, positioning the 3’-end of the U6
snRNA in the catalytic pocket for efficient oligo-uridylylation
(Figure 4). This domain movement ensures the catalysis of
oligo-uridylylation, thereby enhancing k... The hTUT1:U6
snRNA complex would be further stabilized through the in-
teractions of the loop between f1 and 2 in the ZF and the
phosphate backbone of the bent corner between the telestem
and the ISL, which would also increase the affinity of U6
snRNA for hTUT1 and facilitate the catalysis (Figure 2E
and F).

KA-1 domain homolog in METTL16

A structure homologous to KA-1, containing the RRR,
has been identified in the C-terminal region of eukaryotic
METTL16, an N°-methyladenosine (m®A) methyltransferase
(MTase) (35,36) (Figure SA and B). Eukaryotic METTL16
and its homologs comprise two domains: the N-terminal
methyltransferase domain and the C-terminal domain
(37-39). The C-terminal domain was originally termed the
vertebrate-conserved region, but later renamed a KA-1, and
is conserved among eukaryotes (35,36).

Human METTL16 (hMETTL16) methylates adenosine at
position 43 (A43) of U6 snRNA for 5'-splice site recognition
of specific pre-mRNAs (40-43). METTL16 also methylates
specific adenosines in the 3" untranslated region of the SAM (S-
adenosylmethionine) synthetase (MAT2A) mRNA, regulates
MAT2A mRNA splicing and controls the SAM concentration
homeostasis in cells (42-435).

A previous biochemical study suggested that the KA-1 of
hMETTL16 interacts with the ISL of U6 snRNA, increas-
ing the affinity of h(METTL16 for U6 snRNA (35). Further-
more, the KA-1 of hMETTL16 could be replaced with that
of hTUT1 for the methylation of A43 of U6 snRNA in vitro
(35), suggesting that the KA-1 domains of hMETTL16 and
hTUT1 perform similar functions in the specific recognition of
the U6 snRNA. While the crystal structure of the C-terminal
KA-1 domain of hMETTL16 was reported, the RRR in the
KA-1 domain was not modeled due to its poor electron den-
sity (35). Thus, we compared the structure of the KA-1 do-
main of hTUT1 and an AlphaFold predicted model of KA-1
of hAMETTL16 (UniProt ID: Q86W50) (46,47). The domain
structures, including the RRRs, of hTUT1 and hMETTL16
are well-aligned (Figure 5C, and Supplementary Figure S9). A
docking model of U6 snRNA onto KA-1 of hAMETTL16 shows
that the tip of the ISL of U6 snRNA could bind to the KA-1 of
hMETTL16 in a similar manner to the KA-1 of hTUT1 (Fig-
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ure 5D). The recognition of the ISL of U6 snRNA by the KA-1
domain might be conserved between hTUT1 and hMETTL16.
The detailed mechanism of U6 snRNA recognition by the KA-
1 domain of AMETTL16 awaits further structural analysis.

Conclusion

In this study, we have presented the cryo-EM structure of
full-length hTUT1 in complex with full-length U6 snRNA
(Figure 1). The structure advances our understanding of how
the multi-domain hTUT1 recognizes the structured U6 RNA,
which was not fully clarified in the previous crystal struc-
ture of a truncated hTUT1 (hTUT1_AC) in complex with a
shortened U6 snRNA (U6_mini) (23). Specifically, the present
hTUT1:U6 snRNA complex structure captured the 5'-short
stem-loop of U6 snRNA anchoring the U6 snRNA itself to
hTUT1 and facilitating the relocation of the telestem within
the catalytic cleft of hTUT1 (Figures 1E and 4). The struc-
ture also revealed the C-terminal KA-1 domain interacting
with the ISL of the U6 snRNA via an RRR, anchoring the
U6 snRNA to hTUT1 (Figures 1E and 3A-C). KA-1 binding
to the tip of the ISL induces the conformational transition of
the 3’-stem of U6 snRNA to the bent conformation between
the telestem and the ISL, and the N-terminal ZF-RRM and
the Palm clamp the AUA motif between the 5'-short stem-
loop and the telestem, positioning the 3’-end of U6 snRNA
in the catalytic site for oligo-uridylylation (Figure 4). hTUT1
recognizes specific sequence and structural features of the U6
snRNA and holds the entire body of the U6 snRNA. Thus,
hTUT1 is a U6 snRNA-specific TUTase, distinguishing it from
other TUTases, TUT4/TUT?7, that act on different RNA sub-
strates (12,13,19,48,49). Dysfunctions in enzymes involved in
U6 snRNA maturation are associated with various diseases
and developmental disorders. Mpn1 (USB1), a nuclease essen-
tial for trimming the 3’ oligo-uridylylated tail synthesized by
hTUT1 for U6 snRNA maturation, is associated with poik-
iloderma with neutropenia (7,14-16,50). METTL16, an m°A
methylase that modifies A43 of U6 snRNA (42,43,45), regu-
lates specific pre-mRNA splicing and is essential for embry-
onic development (38). While the involvement of TUT1 dys-
functions in diseases remains unclear, the critical role of U6
snRNA maturation in splicing suggests that hTUT1 dysfunc-
tions may lead to altered mRNA metabolism. The structural
details presented here offer insights into the molecular mech-
anisms of hTUT1-related diseases and potential targeted ther-
apies.

Data availability

The atomic coordinates of the TUT1:U6 snRNA complex
have been deposited in the Protein Data Bank (PDB 9]8P).
The composite and high-resolution consensus EM maps for
the TUT1:U6 snRNA complex have been deposited in the
Electron Microscopy Data bank (EMD-61237 and EMD-
61234, respectively). The KA1_ISL and the 5’-short stem-loop
focused EM maps for the TUT1:U6 snRNA complex have
been deposited in the Electron Microscopy Data bank (EMD-
61235 and EMD-61236, respectively). The micrographs of
TUT1:U6 snRNA have been deposited in the Electron Mi-
croscopy Public Image Archive (EMPIAR-12277).
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