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Supplementary Fig. 1: Schematic diagram of the maturation and recycling
processes of U6 sSnRNA.
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Supplementary Fig. 2: Sequence alignment of the vertebrate TUTL proteins. The
human TUT1 sequence (Homo sapiens; Q9H6ES.2) was aligned with the following
sequences: Gallus gallus (XP_015128520.1); Chrysemys picta (XP_008172327.1);
Xenopus laevis (XP_002941502.2) and Danio rerio (NP_001025359.1). Secondary
structures (a.-helices and B-sheets) of human TUT1 domains, revealed by the crystal
structures determined in the present study, are depicted above the sequences: RRM
(orange), Palm domain (magenta), Fingers domain (green) and KA-1 domain (cyan).
PRR and NSL are underlined.



Supplementary Fig. 3: Identification of the barium ion (Ba**) by BaUTP soaking
into the TUT1 form-I crystal. The anomalous difference Fourier map contoured at 5.0
o (colored magenta), overlaid on the active sites of Mol-A and Mol-B in the TUT1 AN
structures (left). A detailed view of the active site in Mol-A (right). Ba*" is colored
green.
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Supplementary Fig. 4: UMP incorporations by TUT1 variants used for
crystallization. Time courses of UMP incorporations into U6 snRNA-u4 under the
standard conditions. Wild-type TUT1, TUT1 AN (141-874, A235-304, A651-750,
C372A/C399A/C415A/C501A/C504S/C574A), and TUT1_AC (54-599, A235-304,
C372A/C399A/C415A/C501A/C504S/C574A) were incubated with U6 snRNA-4u and
a-**P UTP, as in Fig. 2d. The reaction products were separated by 10%(w/v)
polyacrylamide gel electrophoresis under denaturing conditions.
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Supplementary Fig. 5: Structure of N-terminal RRM of TUTL. (a) Structure of the
U2AF65 RRM1 complexed with RNA (PDB ID: 2G4B) . In RRM family proteins,

three well conserved aromatic residues (Tyrl52, Phel97, and Phel99 in U2AF65
RRML1) are involved in single-stranded RNA binding. (b,c) Cartoon representation (b)
and electrostatic surface (c) of the TUT1 RRM. The overall domain fold of the TUT1
RRM is similar to that of U2AF65, and aromatic (or hydrophobic) residues are

conserved in the TUT1 RRM (Phe59, Phe94 and 11e96). The regions around ab and fd
have positively charged surfaces.
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Supplementary Fig. 6: Nucleotide recognition by human TUT1 and yeast Cidl. (a)
UTP recognition by human TUT1. (b) ATP recognition by human TUT1. (c) UTP
recognition by yeast Cidl. The Nz atom of UTP forms a hydrogen-bond with a
water-molecule, which also forms a hydrogen-bond with the side chain of Asp330. (d)
dATP recognition by yeast Cid1%*. Although the water molecule was not observed in
our TUT1 structure complexed with UTP (a), due to the low resolution of the dataset,
the conserved Asp543 would be involved in the water-mediated interaction with the Nj
atom of UTP, as in yeast Cidl. (e) Superimposition of the structures of TUT1
complexed with UTP (Fig. 2b, c) and yeast Cidl complexed with ApU°.
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Supplementary Fig. 7: Oligo-uridylylation of U6 snRNA-U4 by TUT1 and its

variants. The reaction solutions contained 50 nM U6 snRNA-u4 and 50 nM wild-type
TUT1 (or its variants). The reaction was stopped at the indicated time, and the products

were separated on a sequencing gel under denaturing conditions. The gel was stained
with ethidium bromide. (a) The reaction products of wild-type TUT1, APRR, and
AKA-1. (b) The reaction products of wild-type TUT1 and the R779A/R783A mutant.
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Supplementary Fig. 8: Interaction of human TUT1 with U6 snRNA.
Tb(ll1)-mediated cleavage patterns of U6 snRNA in the absence and presence of
full-length TUT1 (amino acid residues 1-874) and truncated TUT1 proteins. The
numbers above the gels indicate the amino acid residues of the TUT proteins used for
the footprinting. *?P-labeled U6 snRNA-u4 was incubated with Th(ll1) in the absence or
presence of 0.4 uM and 0.8 uM recombinant full-length TUT1 and its variants. The
positions of the U6 sSnRNA nucleotides were determined by partial digestion of the RNA
substrate with RNase Ti. Cleavage patterns were analyzed on 16%(w/v) (a) and
8% (w/v) (b) sequencing gels. Protected and de-protected regions were quantified with a
BAS-5000 imager (Fuji Film, Japan).
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Supplementary Fig. 9: Band intensity profiles of foot-printing assay. The
autoradiographs in Supplementary Fig. 8 were quantified with the Image Gauge
software (Fuji Film, Japan). The intensity profiles from the lanes of (a) No enzyme, (b)
wild-type, (c) AZR, and (d) AKA-1 are shown. The numbers in the graphs indicate the
nucleotide positions of U6 sSnRNA.



Supplementary Fig. 10: A model of the 3'-end binding site on TUT1.

(a) Cartoon representation (left) and electrostatic surface (right) of yeast Cidl
complexed with ApU. The expected RNA path is depicted by the yellow arrow?. (b)
Cartoon representation (left) and electrostatic surface (right) of the model of the
TUT1-ApU complex. The telestem of U6 snRNA would be crumpled in the cleft
between the palm (magenta) and fingers (green) domains, and the unfolded 3'-oligo(U)
region enters the catalytic site, as modeled in Fig. 5.
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Supplementary Fig. 11: Nucleotide incorporation onto the 3'-end of 3'-UTR-HO1
RNA. (a) Time-courses of UTP or ATP incorporation onto the 3'-end of the
3'-UTR-HO1 transcript by wild-type TUT1, under standard conditions (1 uM RNA). (b)
Steady-state kinetics of UMP incorporation by wild-type TUT1 and the APRR variant
into the 3-UTR-HO1 transcript, with various RNA concentrations (250-4,000 nM). Bars
in the graphs indicate SD of two independent experiments. Table (below) of kinetic
parameters of UMP incorporation into U6 snRNA-u4 and 3'-UTR-HO1, by wild-type

TUT1 and APRR. The U6 snRNA is a much better substrate than the 3'-UTR-HO1 RNA
in vitro.



Supplementary Fig. 12: Representative images of the electron density.
Stereo views of the 2mFo-DFc maps of TUT1 AN bound with MgUTP, contoured at

1.0 . The electron densities of (a) the residues around MgUTP and (b) 14 and o 18
helices in the KA-1 domain are shown in blue.
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Supplementary Fig. 13: Uncropped images of Figs. 2 and 3, and Supple mentary
Fig. 11a.
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Supplementary Fig. 14: Uncropped images of Fig. 4, Supplementary Figs. 4, 7, 8,
and 11b.



Supplementary Table 1: nucleotide sequence ofsynthetic TUT1 gene

TUT1_gene
(codon-optimized for

E.coli)

5'-AT GGCGGCGGT T GATAGCGAT GT TGAAAGCCTGCCGCGCGGTGGCTTTCG
CTGCT GCCT GT GCCAT GT GACCACCGCGAAT CGCCCGAGCCT GGAT GCACAT
CTGGGT GGCCGCAAACAT CGT CATCT GGT GGAACTGCGT GCGGCGCGTAAA
GCGCAGGGCCTGCGTAGCGTGTTTGT GAGCGGCT TT CCGCGCGAT GT GGAT
AGCGCGCAGCTGAGCGAATATTTTCTGGCGT TTGGCCCGGT GGCGAGCGTG
GT GAT GGATAAAGATAAAGGCGT GTTT GCGAT T GT GGAAAT GGGCGAT GT GG
GCGCGCGTGAAGCGGT TCTGAGCCAGAGCCAGCATAGCCTGGGCGGTCATC
GTCTGCGT GTGCGT CCGCGCGAACAAAAAGAATTTCAGAGCCCGGCAAGC
AAAAGCCCGAAAGGCGCAGCGCCGGATAGT CAT CAGCTGGCGAAAGCGCT
GGCGGAAGCAGCGGAT GT GGGT GCGCAGAT GAT TAAACT GGT GGGCCTGCG
TGAACTGAGCGAAGCGGAACGCCAACTGCGCAGCCTGGTGGTGGCGCTGA
TGCAGGAAGTGTTTACCGAATTTTTTCCGGGCT GCGT GGT GCATCCGTTTGG
CAGCAGCATTAACAGCTTTGAT GT GCATGGCTGCGATCTGGATCTGTTTCTG
GAT CT GGGCGAT CT GGAAGAACCGCAGCCGGT TCCGAAAGCACCGGAAAG
CCCGAGCCTGGAT TCT GCACTGGCAAGCCCGCT GGAT CCGCAAGCGCTGGC
AT GTACCCCGGCAAGT CCGCCGGATAGCCAACCGCCGGCATCTCCGCAAGA
TTCTGAAGCACTGGATTTTGAAACCCCGAGCAGCAGCCTGGCACCGCAGAC
CCCGGATAGT GCACT GGCAAGT GAAACCCTGGCATCTCCGCAAAGCCTGCC
GCCGGCAAGT CCGCT GCT GGAAGAT CGT GAAGAAGGCGAT CTGGGCAAAG
CGAGCGAACTGGCGGAAACCCCGAAAGAAGAAAAAGCGGAAGGLCGLGEC
GAT GCT GGAACT GGT GGGCAGCATTCT GCGT GGCTGT GT GCCGGGCGTGTA
TCGTGTTCAGACCGTGCCGAGCGCGCGTCGCCCGGTTGTGAAATTTT GT CAT
CGCCCGAGCGGCCT GCAT GGCGAT GT GAGCCTGAGCAACCGCCTGGCGCTG
CATAACAGCCGCTTTCT GAGCCTGT GCAGCGAACT GGATGGTCGCGTTCGC
CCGCTGGTTTATACCCTGCGTTGTTGGGCACAGGGT CGTGGT CTGAGCGGTA
GCGGTCCGCTGCTGAGTAATTATGCGCTGACCCTGCTGGTTATTTATTTTCTG
CAGACCCGT GATCCGCCGGT TCTGCCGACCGT TAGCCAGCT GACCCAGAAA
GCGGGCGAAGGT GAACAGGT GGAAGT GGAT GGCTGGGATTGCAGCTTCCC
GCGCGACGCCAGCCGCCTGGAACCGAGCATTAACGT GGAACCGCTGAGCA
GCCTGCTGGCGCAGTTTTTTAGCT GCGT GAGCT GCT GGGAT CTGCGT GGCA
GCCTGCTGAGCCTGCGT GAAGGT CAAGCGCTGCCGGTTGCGGGTGGTCTGC
CGAGCAATCTGT GGGAAGGTCTGCGT CTGGGT CCGCT GAATCTGCAGGATC
CGTTTGATCT GAGCCATAACGT GGCGGCGAAT GT TACCAGCCGT GTTGCGGG
TCGCCTGCAGAATTGCTGCCGTGCGGCGGCGAATTATT GT CGTAGCCT GCAG
TATCAGCGTCGTAGCAGCCGT GGT CGT GAT TGGGGT CTGCTGCCGCTGCTGC
AACCGAGTAGCCCGAGTAGCCTGCTGTCTGCAACCCCGATTCCGCTGCCGC
TGGCACCGTTTACCCAACT GACCGCAGCGCTGGTTCAGGTGTTTCGCGAAG
CGCTGGGCTGCCATATTGAACAGGCGACCAAACGTACCCGTAGCGAAGGCG
GTGGTACCGGCGAAAGCAGCCAGGGTGGCACCAGCAAACGCCTGAAAGTG
GAT GGCCAGAAAAACT GCTGCGAAGAAGGCAAAGAAGAACAGCAGGGCT
GCGCGGGT GAT GGCGGCGAAGAT CGT GT GGAAGAAAT GGT GATTGAAGT GG
GCGAAAT GGT GCAGGATT GGGCGAT GCAGAGCCCGGGT CAACCGGGTGATC
TGCCGCTGACCACCGGTAAACAT GGCGCACCGGGT GAAGAAGGT CAGCCG
AGT CAT GCGGCGCTGGCAGAACGT GGCCCGAAAGGT CAT GAAGCAGCGCA
GGAAT GGAGCCAGGGT GAAGCGGGTAAAGGTGCAAGCCTGCCGAGCTCTG
CGAGCTGGCGTTGTGCGCTGTGGCATCGTGTTTGGCAGGGTCGTCGTCGTG
CGCGTCGTCGTCTGCAGCAGCAAACCAAAGAAGGCGCAGGT GGTGGTGCA
GGTACCCGTGCAGGT TGGCT GGCAACCGAAGCACAAGTTACCCAGGAACTG
AAAGGCCTGAGCGGCGGT GAAGAACGT CCGGAAACCGAACCGCTGCTGAG
CTTTGTGGCGAGCGT GAGCCCGGCGGAT CGTAT GCTGACCGT GACCCCGCT
GCAAGATCCGCAGGGTCTGTTTCCGGATCTGCATCATTTTCTGCAGGTGTTT
CT GCCGCAGGCGAT TCGCCAT CTGAAATAA-3'




Supplementary Table 2: List of synthetic nucleotides

TUT1_Nter_Ndel_Fw

5-TTTTTTTTCATATGGCGGCGGT T GATAGCGAT G-3'

TUT1 FromG54_Ndel Fw

5-TTTTTTTTCATATGGGCCT GCGTAGCGT GT TTGT GAG-3'

TUT1_FromGl41_Ndel _Fw

5-TTTTTTTTCATATGGGCGCAGCGCCGGATAGT CATC-3'

TUT1_FromS598_Ndel Fw

5-TTTTTTTTCATATGAGTAGCCCGAGTAGCCT GCTG-3'

TUT1_Cter_Xhol_Rv_pET15

5-TTTTCTCGAGT TAT TTCAGAT GGCGAAT CGCCT G-3'

TUT1_Cter_Xhol_Rv_pET22

5-TTTTCTCGAGT TTCAGAT GGCGAAT CGCCT G-3'

TUT1_ToS599_Xhol Rv

5-TTTTCTCGAGGCTACT CGGT TGCAGCAGCGGCAGC-3'

TUT1_ToD702_Xhol Rv

5-TTTTCTCGAGT TAAT CCTGCACCAT TTCGCCCAC-3'

TUT1_ToE748_Xhol_Rv

5-TTTTCTCGAGT TAT TCCTGCGCT GCT T CAT GACC-3'

TUT1_ToK234_Rv

5-TTTCGGAACCGGCTGCGGTTCTTCC-3'

TUT1_FromL305_Fw

5'-CT GCCGCCGGCAAGTCCGCTG-3'

TUT1_ToG650_Rv

5'-GCCGGTACCACCGCCTTCGCTACG-3'

TUT1_FromQ751 Fw

5'-CAGGGT GAAGCGGGTAAAGGT GC-3'

TUT1_R779AR783A_Fw

5'-GCAGGGT CGTGCGCGTGCGCGTGCGCGT CTGCAGCAGC-3'

TUT1_R779AR783A Rv

5'-GCT GCT GCAGACGCGCACGCGCACGCGCACGACCCTGC-3'

TUT1_R871AK874A_Xhol Rv

5-TTTTCTCGAGCGCCAGAT GCGCAAT CGCCTGCGGCAG-3'

TUT1_C372A_Fw

5'-CCGGT T GT GAAAT T T GCGCAT CGCCCGAGCGGCCT-3'

TUT1_C372A_Rv

5'-AGGCCGCT CGGGCGAT GCGCAAATTTCACAACCGG-3'

TUT1_C399A_Fw

5'-CGCTTTCT GAGCCT GGCGAGCGAACT GGATGGT CG-3'

TUT1_C399A_Rv

5'-CGACCAT CCAGT TCGCT CGCCAGGCT CAGAAAGCG-3'

TUT1_C415A_Fw

5'-GGT TTATACCCT GCGT GCGT GGGCACAGGGT CGT G-3'

TUT1_C415A_Rv

5'-CACGACCCT GT GCCCACGCACGCAGGGTATAAACC-3'

TUT1_C501AC504S_Fw

5'-CAGT TTTTTAGCGCGGT GAGCAGCT GGGATCTGCG-3'

TUT1_C501AC504S_Rv

5'-CGCAGAT CCCAGCT GCT CACCGCGCTAAAAAACT G-3'

TUT1_C574A_Fw

5'-T GCGGCGGCGAAT TAT GCGCGTAGCCT GCAGTATC-3'

TUT1_C574A_Rv

5'-GATACT GCAGGCTACGCGCATAAT TCGCCGCCGCA-3'

TUT1_Seq 500

5'-GT GCGCAGAT GAT TAAACT GG-3'

TUT1_Seq 1000

5'-GCGGAAGGCGCGGCGATGCT G-3'

TUT1_Seq 1500

5'-GCTGGCGCAGTTTTTTAGCT G-3'

TUT1_Seq 2000

5'-GT GGAT GGCCAGAAAAACT GC-3'
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