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(Background: Human Tudor staphylococcal nuclease (Tudor-SN) is involved in the snRNP assembly.
Results: The efficient formation of Tudor-SN-SmB complex requires binding orientation of the methylated ligand and the

Conclusion: Tudor-SN takes part in regulating pre-mRNA splicing via the recruitment of U5 snRNP and the association of Sm

Significance: The mechanism underlying the involvement of Tudor-SN in regulating snRNP biogenesis was revealed.

~N

J

Human Tudor staphylococcal nuclease (Tudor-SN) is com-
posed of four tandem repeats of staphylococcal nuclease (SN)-
like domains, followed by a tudor and SN-like domain (TSN)
consisting of a central tudor flanked by two partial SN-like
sequences. The crystal structure of the tudor domain displays a
conserved aromatic cage, which is predicted to hook methyl
groups. Here, we demonstrated that the TSN domain of
Tudor-SN binds to symmetrically dimethylarginine (sDMA)-
modified SmB/B’ and SmD1/D3 core proteins of the spliceo-
some. We demonstrated that this interaction ability is reduced
by the methyltransferase inhibitor 5-deoxy-5-(methylthio)ad-
enosine. Mutagenesis experiments indicated that the conserved
amino acids (Phe-715, Tyr-721, Tyr-738, and Tyr-741) in the
methyl-binding cage of the TSN domain are required for Tudor-
SN-SmB interaction. Furthermore, depletion of Tudor-SN
affects the association of Sm protein with snRNAs and, as a
result, inhibits the assembly of uridine-rich small ribonucleo-
protein mediated by the Sm core complex iz vivo. Our results
reveal the molecular basis for the involvement of Tudor-SN in
regulating small nuclear ribonucleoprotein biogenesis, which
provides novel insight related to the biological activity of
Tudor-SN.
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Tudor staphylococcal nuclease (Tudor-SN),* also known as
SND1 (staphylococcal nuclease domain containing 1) or p100,
has been identified as a ubiquitous protein present in humans,
cattle (1), rats (2), zebrafish (3), Tetrahymena thermophila (4),
rice (5), peas (6), and many other species. Tudor-SN is a multi-
functional protein implicated in a variety of cellular processes,
such as gene transcription, pre-mRNA splicing, formation of
stress granules, as well as the RNA-induced silencing complex
in which small RNAs are complexed with ribonucleoproteins to
ensure an RNAi-mediated gene (7-14). Combination of the
modeled three-dimensional structures and x-ray crystallogra-
phy indicates that the full-length structure of Tudor-SN resem-
bles a stick with a hook, where SN-like domains form the stick
and the tudor domain makes up the hook (11). It indicates that
different domains of Tudor-SN protein may recruit different
protein complexes to play different roles. In line with this con-
cept, we have demonstrated that Tudor-SN functions as a tran-
scriptional co-activator of STAT6 via interaction with the SN-
like domains (12, 15), whereas the TSN domain is involved in
the spliceosome assembly and accelerates the kinetics of pre-
cursor-messenger RNA (pre-mRNA) splicing (13). However,
the precise molecular mechanism underlying the involvement
of Tudor-SN in pre-mRNA processing has not been fully
elucidated.

The pre-mRNA splicing process is essential for the success-
ful execution of eukaryotic gene expression and mediates the
production of mature mRNA through excision of introns and
ligation of exons in pre-mRNAs by the spliceosome machinery.
The spliceosome consists of five conserved snRNPs formed by
an ordered binding of specific protein complexes onto metabol-

“The abbreviations used are: SN, staphylococcal nuclease-like domain; TSN,
tudor and SN-like domain; U snRNPs, uridine-rich small ribonucleoprotein;
sDMA, symmetrical dimethylarginine; TCL, total cell lysate; Q-PCR, quanti-
tative real time PCR; TMG, trimethylguanosine; snRNP, small nuclear ribo-
nucleoprotein; RIP, RNA-binding protein immunoprecipitation; MTA, 5-de-
oxy-5-(methylthio)adenosine; SMN, survival of motor neuron.
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ically stable U snRNAs, including U1, U2, U5, and base-paired
U4/U6, which are highly abundant in eukaryotic cells (16 -19).
The biogenesis of U snRNPs is a stepwise process, and the hall-
mark of which is the formation of an Sm protein ring consisting
of seven polypeptides (B/B’, D1, D2, D3, E, F, and G) around the
U snRNAs (20-22). Notably, arginine residues in SmB/B’,
SmD1, and SmD3 proteins can be methylated by protein-argi-
nine methyltransferases (23—27). There are two general types
(i.e. type I and type II) of protein-arginine methyltransferase
responsible for protein arginine methylation. Type I methyl-
transferases (PRMT1, -3, -4, and -6) mainly generate mono-
methylarginine and asymmetrical dimethylarginine, whereas
type II methyltransferases (PRMT5, -7, and -9) predominantly
generate monomethylarginine as well as symmetrical di-
methylarginine (sDMA) (24-27). sDMA is detected on both
nuclear and cytoplasmic Sm proteins, whereas asymmetrical
dimethylarginine is only identified on nuclear Sm proteins (28).
The tudor domain has previously been shown to be able to bind
methylated proteins. For example, SDMA-modified Sm pro-
teins are recognized by the tudor domains of SMN and SPF30
(29-31).

The formation of the spliceosome complex is a dynamic
process of snRNP particles occurring on pre-mRNA. The U5
snRNP binds the 5" and 3’ splice sites of exons, allowing the
spliceosome to “tether” the exons at the 5’ splice site, and it
intermediately carries out the first catalytic step and then aligns
with the 3 splice site of exon for the second step. Prp8, U5-116,
and hBrr2 are three key components of U5 snRNP that interact
extensively with each other and play essential roles in the for-
mation, activation, and remodeling of the spliceosome. We
reported earlier that purified Tudor-SN could accelerate the
first catalytic step of splicing, but it did not affect the overall
level of splicing (13). The association of Tudor-SN- and U5
snRNP-specific proteins may explain the phenomenon. How-
ever, it cannot explain how Tudor-SN could associate with dif-
ferent U snRNAs, such as U1, U2, U4, U5, and U6 snRNAs.

The tudor domain in Tudor-SN shows a high level of homol-
ogy to the tudor domain of the SMN protein (13). SMN protein
associates with the spliceosomal Sm proteins via its tudor
domain and plays essential roles in the assembly of U snRNPs
(32, 33). Thus, it is possible that Tudor-SN protein participates
in snRNP assembly through similar interaction mechanisms,
which led us to investigate the relationship between the TSN
domain and Sm proteins. In addition, surface electrostatic
potential plots of tudor domain in Tudor-SN protein also reveal
negatively charged surfaces, which are involved in recognition
and binding of methylation marks (11). The aim of this study
was thus to investigate the molecular mechanisms of the
Tudor-SN protein in the pre-mRNA splicing process. In this
study, we demonstrate that the interaction of Tudor-SN and
snRNPs involves the efficient association of Sm protein, apart
from the interaction with U5 snRNPs.

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmid Construction—HeLa cells and
COS-7 cells were cultured as reported previously (12). COS-7
cells were transiently transfected with expression plasmids by
electroporation with a Bio-Rad gene pulser at 220 V/950 micro-
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farads. siRNA was transfected into HeLa cells using Lipo-
fectamine RNAi MAX (Invitrogen), according to the manufac-
turer’s instructions. Tudor-SN siRNA was generated as
reported previously (14), and SMN siRNA was purchased from
Santa Cruz Biotechnology. pCMV6-AC-GFP-SMN plasmid
was purchased from OriGene Technologies. The pSG5-Tu-
dor-SN expression plasmid containing the full-length cDNA of
human Tudor-SN and the GST-TSN plasmid containing the
TSN domain (640 — 885 amino acids) of Tudor-SN protein were
constructed as described previously (12). GST-Tudor was con-
structed by cloning PCR products corresponding to amino
acids 678 =769 of human TSN into pGEXT-4T-1 vector with
EcoRI and Notl. GST-SN1 (26 —184 amino acids), SN2 (186 —
341 amino acids), SN3 (342-504 amino acids), or SN4 (509 —
673 amino acids) were constructed by cloning PCR products
corresponding to amino acids into pGEX-4T-1 vector with
EcoRI and Notl. GST-TSN mutant constructs (F715A, Y721A,
F715A/Y721A, Y741A, Y738A, and Y738A/Y741A) were gen-
erated as described previously (11). All PCR products were
sequenced.

Glycerol Density Gradient Analysis—The total cell lysates
(TCLs) of HeLa cells were harvested with Nonidet P-40 lysis
buffer (50 mMm Tris-HCI (pH 7.6), 300 mm NaCl, 0.1 mm EDTA,
0.5% Nonidet P-40, 20% glycerol, 0.1 mm sodium orthovana-
date, 1 mm sodium butyrate). The TCLs were layered on a
10-ml gradient of 10—30% glycerol and centrifuged at 24,000
rpm (Beckman SW-41Ti rotor) for 20 h at 4 °C. All glycerol
solutions were prepared with 25 mm Tris-HCl buffer (pH 7.5),
1.5 mm EGTA, 15 mm MgCl,, 50 mm NaCl, 0.1 mm NaF (pH
7.2), 1 mm DTT, 0.04% Nonidet P-40. and 10-30% glycerol.
Eighteen fractions of 500 ul each were collected from top to
bottom. Each fraction was run on SDS-PAGE and analyzed by
Western blotting with corresponding antibodies. The extracted
snRNAs from each fraction were also analyzed by Northern
blotting with Ul, U2, U4, U5, and U6 snRNA probes as
described previously (34). Radiolabeled probes of U1, U2, U4,
U5, and U6 snRNA were made by in vitro transcription of the
linearized snRNA plasmids (34).

RNA-binding Protein Immunoprecipitation (RIP) Assays—
HeLa cells (2.0 X 107) were incubated with 1% formaldehyde
for 10 min at 37 °C to cross-link RNA protein. Then the glycine
(125 mm, pH 7.0) was added to quench the cross-linking. Total
cell lysates were harvested with SDS-lysis buffer (Upstate Bio-
technology), supplemented with protease inhibitor mixture
(Roche Applied Science) and RiboLock Ribonuclease inhibitor
(MBI E00381) for 10 min on ice. Then the lysates were incu-
bated with corresponding antibodies conjugated with protein
G Dynabeads (Invitrogen) or protein A-agarose (Upstate Bio-
technology) in the binding buffer (0.01% SDS, 1.1% Triton
X-100,1.2mMEDTA, 167 mMm NaCl, 16.7 mm Tris (pH 8.1), 400
units/ml MBL RiboLock Ribonuclease inhibitor and Roche
Applied Science protease inhibitors mixture) at 4 °C overnight
with head-over-tail rotation. The precipitated complexes were
sequentially washed with buffer containing 500 mm NacCl, 150
mM NaCl, TE buffer (pH 8.0) and then incubated with the elu-
tion buffer (1% SDS, 0.1 M NaHCO,, 400 units/ml MBL Ribo-
Lock Ribonuclease inhibitor) at 4 °C for 15 min and at 65 °C for
2 h with addition of 5 M NaCl.
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The bound RNAs were isolated using TRIzol reagent (Invit-
rogen) and used for the first-strand ¢cDNA synthesis with
reverse transcriptase M-MLV(RNase H™) and random hex-
amer primers (Takara, Japan), according to the manufacturer’s
protocol. The quantitative real time PCR (Q-PCR) assay was
performed to detect the presence of precipitated U1, U2, U4,
U5, and U6 snRNA with the specific primers (35). Amplifica-
tion specificity was detected by gel electrophoresis and dissoci-
ation curve analysis. For the Q-PCR, the RIP fold changes were
calculated validly using the AACt (cycle time) method (36, 37).
The ACt value of bound snRNAs with either experimental
(anti-Y12 or anti-TMG) or control (anti-IgG) beads was
normalized to the Input fraction Ct value in the same assay.
Then the AACt value was calculated by subtracting the
ACt(normalized anti-IgG  control RIP) from the
ACt(normalized Y12 or anti-TMG RIP). Fold change value
(experimental RIP versus control RIP) was determined by rais-
ing 2 to the power of the negative AACE.

GST Pulldown Assays—GST pulldown assays were per-
formed as described previously (12). GST alone or GST fusion
proteins were produced in Escherichia coli BL21 bacteria and
bound to glutathione-Sepharose 4B beads (Amersham Biosci-
ences) according to the manufacturer’s instructions. The pres-
ence of GST fusion protein in the lysate was separated by SDS-
PAGE, followed by Coomassie Blue staining. TCLs of COS-7
cells or HeLa cells were collected with Nonidet P-40 lysis buffer
(20 mm Tris-HCI (pH 7.6), 100 mm NaCl, 10% glycerol, 1%
Nonidet P-40, 2 mm EDTA, and 50 mm NaF) supplemented
with protease inhibitor mixture (P8340, Sigma). Protein con-
centrations of TCLs were measured using the protein assay
system from Bio-Rad. TCLs of HeLa cells were treated with or
without 100 ul of RNase mixture (MBI Fermentas) at 37 °C for
30 min. The information on the RNase mixture system used in
protein binding assay is shown in supplemental Table S1. The
bead-bound fusion proteins were incubated with TCLs over-
night at 4 °C with head-over-tail rotation and then washed five
times with binding buffer containing 75 mm NaCl. The bound
proteins were separated by SDS-PAGE and blotted with mono-
clonal anti-SmB (Clone 12F5, Sigma) or anti-Sm (Y12, ab3138,
Abcam).

Co-immunoprecipitation Assays and Antibodies—HeLa or
COS-7 cells were incubated with or without the methyltrans-
ferase inhibitor, 5-deoxy-5-(methylthio)adenosine (250 um,
MTA, Sigma) for 20 h. The total cell lysates of HeLa or COS-7
cells were collected and then incubated with corresponding
antibodies conjugated with either protein G Dynabeads (Invit-
rogen) or protein A-agarose (Upstate Biotechnology) at 4 °C for
12 h with head-over-tail rotation. Bound proteins were sub-
jected to SDS-PAGE and detected by blotting with correspond-
ing antibodies.

Antibodies—The following antibodies were used: anti-trim-
ethylguanosine (TMG)-agarose beads and anti-TMG-cap anti-
body (K121, Calbiochem); mouse monoclonal anti-Tudor-SN
antibody and rabbit polyclonal anti-IgG antibody (Santa Cruz
Biotechnology); monoclonal anti-SmB antibody (Clone 12F5,
Sigma); anti-Sm (Y12, Abcam); mouse monoclonal anti-
FLAGM2 coupled with agarose and anti-His-agarose (H-0767,
Sigma); goat anti-Tudor-SN (C-17, Santa Cruz Biotechnology);
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rabbit polyclonal anti-sDMA antibody (anti-dimethylarginine,
symmetric, SYM10, Upstate Biotechnology); and rabbit anti-
SMN (H-195, Santa Cruz Biotechnology). The rabbit poly-
clonal anti-Tudor-SN antibody was generated against TSN
domain (amino acids 640 —885) of Tudor-SN.

In Vitro Splicing Assays and Native Gel Spliceosome Assembly
Analysis—[**P]UTP-labeled adenovirus-splicing substrates
was produced by in vitro transcription with T7 RNA polymer-
ase (Promega) using the Adenovirus Major Late (AdML) plas-
mid linearized with HindIIl as template and purified as
described previously (13, 38). The wild- type TSN proteins or
TSN with single or double amino acid substitutions were puri-
fied as described previously (11). The in vitro splicing reactions,
containing 40% (v/v) HeLa extracts, 2 mm MgCl,, 10 mm DTT,
20 mM creatine phosphate, and 2 mm ATP, were supplemented
with different purified proteins and preincubated at 30 °C for 10
min on ice, followed by addition of 10,000 cpm of the AdML
pre-mRNA. The splicing reactions were incubated at 30 °C for
different time points and stopped by placing the reaction on ice.
Heparin (1 mg/ml final concentration) was added to the splic-
ing reactions prior to loading. Native gel electrophoresis on 4%
acrylamide was performed as described previously (39) and
visualized by autoradiography.

Statistical Analysis—All experiments were repeated at least
three times. The results were presented as means = S.E. and
compared by Independent-Samples Student’s £ test or one-way
analysis of variance using the SPSS 16.0 software. p value less
than 0.05 was considered as statistical significance.

RESULTS

Tudor-SN Is in the Complex with Spliceosomal snRNP in
Vivo—We previously demonstrated that Tudor-SN interacts
with U1, U2, U4, U5, U6, and U7 snRNAs in vitro but not with
7SK snRNA (13). To further consolidate the in vivo association
of Tudor-SN and U snRNAs, we performed glycerol gradient
analysis (Fig. 14) and RIP assays (Fig. 1, B and C). The total cell
lysates of HeLa cells were fractionated by 10 -30% glycerol den-
sity gradient followed by Western or Northern blotting analy-
sis. The antibodies against Tudor-SN, U1-70, or Prp8 protein
were used respectively. U1-70, also known as snRNP70, is a
specific component of U1 snRNP that can directly interact with
astem-loop of U1 snRNA (40). Prp8 is a highly conserved mem-
ber of U5 snRNP-specific proteins (41). As shown in Fig. 14, the
endogenous Tudor-SN proteins distributed throughout the
fractions, especially peaked in fractions from 6 to 11. U1-70
proteins (fractions 3—12) and U1, U2 snRNAs (fractions 1-12
in particular) were found in the same fractions as Tudor-SN.
Prp8, Tudor-SN, and U4, U5, and U6 snRNAs were detected
simultaneously in the same fractions from 6 to 18. The peaked
distribution of all the U snRNAs was in the same fraction (frac-
tions 6 —10) as Tudor-SN. All these data provided the evidence
that Tudor-SN could exist in the same complex with different U
snRNPs in vivo.

Moreover, the RIP assay was performed to verify the associ-
ation of Tudor-SN and U snRNAs. The RNA-protein com-
plexes in HeLa cells were precipitated with anti-Tudor-SN
antibody, anti-IgG as negative control, and anti-TMG-cap or
anti-SmB as positive control. The RNA extracted from the pre-
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FIGURE 1. Analysis of Tudor-SN and U snRNA profiles by glycerol gradient
sedimentation. A, U snRNP complexes from Hela cells were analyzed by
glycerol gradient sedimentation. The total lysates of HelLa cells were sedi-
mented through 10-30% glycerol gradients. The distribution of Tudor-SN,
Prp8, and U1-70 in each fraction was analyzed by SDS-PAGE and immuno-
blotted with specific antibodies as indicated. Fraction (Fr.) 1 is at the top of the
gradient. The extracted snRNAs from fractions were analyzed by Northern
blotting with U1, U2, U4, U5, and U6 snRNA probes and visualized by autora-
diography. Positions of snRNAs are indicated on the left and right. B, Tudor-SN
and SmB associate with U1, U2, U4, U5, and U6 snRNA in vivo. RNA-binding
protein immunoprecipitation assay was performed with total cell lysates of
HelLa cells with formaldehyde and glycine treatment. The TCLs were incu-
bated with bead-bound anti-Tudor-SN, anti-SmB, anti-TMG-cap, and rabbit
1gG antibody as indicated. The co-precipitated snRNAs was extracted and
reverse-transcribed to cDNA with random hexamer primers. The U1, U2, U4,
U5, and U6 snRNAs were generated by PCR analysis. C, U1, U2, U4, U5, and U6
snRNAs in the TCLs of Hela cells for RIP assays were extracted and reverse-
transcribed to cDNA with random hexamer primers and then were generated
by PCR assay.

cipitated complex was detected by reverse transcription-PCR
analysis. As shown in Fig. 1B, U1, U2, U4, U5, and U6 snRNAs
can be detected in anti-Tudor-SN, anti-TMG-cap, or anti-SmB
precipitation, whereas no PCR products were detected in IgG-
negative control. Fig. 1C indicated the PCR products of differ-
ent UsnRNA. These results confirmed the in vivo association of
Tudor-SN with U1, U2, U4/6, and U5 snRNAs.

Tudor-SN Interacts with SmB/B' and SmD1/D3 Proteins—
U5 snRNP is an integral component of the spliceosome, con-
taining a group of specific proteins, such as Prp8 and U5-116.
These proteins and U5 snRNA can be cross-linked to the sites
of pre-mRNA transcript and play crucial roles in the spliceo-
some complex formation and pre-mRNA splicing (41, 42). Our
previous (13) and present results (shown in supplemental Figs.
S1 and S2) demonstrate that Tudor-SN and U5-116 interact
with different domains of Prp8 to form a stable complex. How-
ever, to some extent, these data cannot explain why Tudor-SN
interacts with not only U5 snRNA but also other U snRNAs
such as Ul and U2 snRNAs.

The structure of the tudor domain of Tudor-SN is similar to
that of SMN, which has been shown to bind U1, U2, U5, and
U4/U6 snRNPs via interaction with Sm proteins. Therefore, it is
possible that Tudor-SN protein participates in snRNP assembly
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FIGURE 2. Tudor-SN interacts with SmB/B’ and SmD1/D3 via the tudor
domain. A, ectopically expressed Tudor-SN interacts with SmB. COS-7 cells
were transfected with the pSG5-Tudor-SN-FLAG plasmid. The total cell lysates
of the transfected COS-7 cells were used in immunoprecipitation (/P) with
anti-FLAG or anti-His-agarose beads as control. The co-precipitated proteins
were subjected to SDS-PAGE and blotted with anti-FLAG (upper panel) or
anti-SmB (lower panel) antibody. Approximately 10% of the TCLs were
included as input. B and C, endogenous Tudor-SN or SMN interacts with
SmB/B’ and SmD1/D3.TCLs of HeLa cells were immunoprecipitated with rab-
bit anti-Tudor-SN, anti-SMN, or anti-IgG as control. Bound proteins were sub-
jected to SDS-PAGE and blotted with mouse anti-Tudor-SN, anti-SMN, anti-
SmB, or Y12 antibody. Approximately 10% of the TCLs were included as input.
D, mapping the interaction domain of Tudor-SN with SmB. TCLs of HeLa cells
were incubated with equal amounts of GST and GST fusion proteins contain-
ing the isolated SN domains or the TSN domain as indicated in the upper
panel. Bound proteins were separated by SDS-PAGE and immunoblotted
with anti-SmB antibody (middle panel). The expression levels of the GST
fusion proteins were visualized by Coomassie Blue staining (lower panel).
Approximately 10% of the TCLs were included as input. £, GST pulldown assay
was also performed with GST fusion proteins containing TSN or tudor domain
alone. Bound proteins were detected with anti-SmB (upper panel) or Y12 anti-
body (2 middle panels), and the GST fusion proteins were visualized by Coo-
massie Blue staining (lower panel).

through the similar mechanism. We thus performed co-immu-
noprecipitation and GST pulldown assays to detect the associ-
ation of Tudor-SN, SmB/B’, and SmD1/D3 proteins, which are
the key proteins in the Sm complex. Y12 antibody (Abcam) and
anti-SmB antibody (Sigma) were used in the present study. Y12
antibody can recognize cross-reactive epitopes on the B/B" and
D polypeptides of Sm and has been utilized to detect the
SmB/B’ and SmD1/D3 proteins in many studies (43—-46). To
further confirm the interaction between Tudor-SN and SmB,
the anti-SmB antibody specifically against cellular SmB protein
was used as well. COS-7 cells were transfected with mammalian
expression vector encoding full-length Tudor-SN tagged with
the FLAG epitope. The total cell lysates were immunoprecipi-
tated with anti-FLAG antibody or anti-His antibody as negative
control and then detected with anti-FLAG (Fig. 24, upper
panel) or anti-SmB antibody (Fig. 24, lower panel). We found
that the ectopically expressed Tudor-SN protein was efficiently
co-precipitated with the endogenous SmB proteins (Fig. 24).
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FIGURE 3. Tudor-SN interacts with SmB/B’ and SmD1/D3 in RNA-free lysates. A, TCLs of HelLa cells were incubated in the presence (+) or absence (—) of
RNase mixture (120 g of RNase A; 300 units of RNase Ti; 50 units of RNase H; 300 units of RNase I) or 1% BSA (Sigma) for 30 min at 37 °C. The RNAs were extracted
and separated by EB-agarose gel electrophoresis. The 28 S, 18 S, and 5 S rRNAs are shown. rRNAs (5S and 5.8S), snRNAs (U1, U2, and U5), and GAPDH mRNAs
were also detected using normal PCR assay. The primer sequences of rRNAs and GAPDH are shown in the supplemental Table S2. B, Tudor-SN interacts with
SmB/B’ and SmD1/D3 in an RNase-resistant manner in vivo. The RNase treated or nontreated TCLs were immunoprecipitated with rabbit anti-Tudor-SN or
anti-lgG as control. Bound proteins were subjected to SDS-PAGE and blotted with mouse anti-Tudor-SN (upper panel), anti-SmB (middle panel), or Y12 antibody
(2 lower panels). 10% of the TCLs was included as input. C, TSN domain binds endogenous SmB/B" and SmD1/D3 in an RNase-resistant manner. TCLs of Hela
cells (=RNase) were incubated with equal amounts of GST or GST-TSN fusion protein. Bound proteins were resolved by SDS-PAGE and blotted with anti-SmB
(upper panel) or Y12 antibody (2 middle panels). The expression levels of the GST fusion proteins were visualized by Coomassie Blue staining (lower panel).
Approximately 10% of the TCLs were also included as a control. /P, immunoprecipitated.

Furthermore, the association of endogenous Tudor-SN with
SmB/B’ or SmD1/D3 was also detected in HeLa cells (Fig. 2C),
and the interaction of SMN and SmB/B’ or SmD1/D3 was per-
formed as positive control (Fig. 2B). As shown in Fig. 2, Band C,
the total cell lysates of HeLa cells were immunoprecipitated
with anti-Tudor-SN or SMN antibody. The endogenous
SmB/B’ and SmD1/D3 proteins were co-immunoprecipitated
with both SMN (Fig. 2B) and Tudor-SN protein (Fig. 2C). These
results demonstrate that Tudor-SN protein, the same as SMN,
interacts with SmB/B’ and SmD1/D3 proteins in vivo.

To determine the interaction domain of Tudor-SN and SmB,
GST fusion proteins containing different domains of Tudor-SN
(SN1, SN2, SN3, SN4, TSN, and tudor), as indicated in the
upper panel of Fig. 2D, were incubated with total cell lysate of
HeLa cells. Compared with SN1, SN2, SN3, and SN4 domains,
the TSN domain strongly interacted with SmB (middle panel in
Fig. 2D). We further identified that the isolated tudor domain
alone (without the flanking SN-sequence) could sufficiently
interact with SmB/B’ and SmD1/D3 proteins (Fig. 2E). These
data indicate that the tudor domain mediates the association of
Tudor-SN and Sm proteins.

To exclude the possibility that Tudor-SN and SmB associa-
tion is mediated by RNAs, GST pulldown assay and co-immu-
noprecipitation experiments were also carried out in the pres-
ence of RNase mixture (detailed in supplemental Table S1),
which cleaves RNAs. The total cell lysate of HeLa cells was
treated with or without RNase mixture at 37 °C for 30 min; the
RNA was then extracted, and the existence of rRNA (28 S, 18 S,
and 5 S) in the total cell lysate was detected directly by agarose
gel separation (Fig. 34, upper panel, lanes 1 and 2). After RNase
treatment, there was no detectable RNA in the sample (Fig. 34,
upper panel, lane 3). Furthermore, reverse transcription-PCR
assays were performed to detect the existence of rRNA (5.8 S
and 5 S), snRNAs (U1, U2, and U5), and mRNA of GAPDH in
different samples. As shown in the lower panel of Fig. 34, there
was no detectable PCR product in the RNase-treated sample
(lane 3), compared with the blank control (lane I) or negative

18134 JOURNAL OF BIOLOGICAL CHEMISTRY

control (lane 2). These data indicate that the RNase mixture
successfully degraded the RNAs in the total cell lysate. Then the
RNase-treated or nontreated HeLa TCLs were incubated with
bead-bound GST fusion protein or immunoprecipitated with
rabbit anti-Tudor-SN or anti-IgG as control. Bound proteins
were subjected to SDS-PAGE and blotted with mouse anti-Tu-
dor-SN, anti-SmB, or Y12 antibodies. The results in Fig. 3B
revealed that even after RNase treatment, the SmB/B’ and
SmD1/D3 proteins could efficiently precipitate with Tudor-
SN. In addition, the GST pulldown assays demonstrated the
consistent result that GST-TSN fusion protein could bind to
SmB/B’ and SmD1/D3 proteins even after the removal of RNAs
from the lysates (Fig. 3C). These data suggest that Tudor-SN
and SmB/B’/SmD1/D3 proteins form a stable complex inde-
pendent of RNA. As SmB/B’ and SmD1/D3 proteins are suffi-
cient to bind the Sm core site of U1, U2, U4, and U5 snRNAs
(20-22), it is possible that Tudor-SN binds snRNAs indirectly
via the association of the Sm core complex.

Tudor-SN Associates with Dimethylated Sm Proteins—The
arginines in the RG-rich C-terminal domains of SmB/B’ pro-
tein could be post-translationally modified by symmetrical
dimethylation (43). Recent NMR study demonstrated that the
extended tudor domain of Drosophila melanogaster Tudor-SN
could bind symmetrically dimethylated putative ligands
derived from the C-terminal tails of Sm proteins (47). Notably,
the crystal structure of the tudor domain of D. melanogaster is
similar to that of the human Tudor-SN, which also contains a
conserved cage that potentially hooks methylated ligands (11).
We therefore investigated whether methylation of SmB/B’ and
SmD1/D3 is required for the efficient association with Tudor-
SN. It was reported that SYM10 antibody recognizes proteins
containing multiple symmetrically dimethylated arginines
(sDMA), especially SmB/B’ and SmD1/D3 (45, 48). Hence, a
co-immunoprecipitation experiment was performed with anti-
Tudor-SN antibody or anti-IgG antibody as negative control
and then detected with anti-Tudor-SN (Fig. 44, upper panel) or
SYM10 antibody (Fig. 44, lower panel). The results suggested
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FIGURE 4. Tudor-SN interacts with sDMA-modified SmB/B’ and SmD1/D3
proteins. A, endogenous Tudor-SN interacts with SDMA-SmB/B’ and SmD1/
D3. TCLs of Hela cells were immunoprecipitated (/P) with rabbit anti-Tu-
dor-SN or anti-IlgG as control. Bound proteins were subjected to SDS-PAGE
and blotted with mouse anti-Tudor-SN (upper panel) or anti-sDMA antibody
(SMY10) (lower panel). Approximately 10% of the TCLs were included as input.
B, total cell lysates were prepared from Hela cells cultured in the presence (+)
or absence (—) of the methylation inhibitor MTA (250 um) for 20 h and then
immunoblotted with SMY10 antibody. The filter was stripped and re-blotted
with anti-SmB to assess the reduction in methylation level. C, same HeLa TCLs
(+/— MTA) were immunoprecipitated with anti-Tudor-SN antibody or anti-
His- agarose beads as negative control. The precipitated proteins were sepa-
rated by SDS-PAGE and blotted with either anti-Tudor-SN (upper panel) or
anti-SmB (lower panel) antibody. D, total cell lysates from +/— MTA-treated
Hela cells were incubated with GST, GST-TSN, or GST-Tudor fusion proteins.
The amount of bound SmB protein was visualized by immunoblotting with
anti-SmB antibody (upper panel). The GST fusion proteins were visualized by
Coomassie Blue staining (lower panel).10% of the TCLs was included as input.

that the Tudor-SN protein efficiently precipitated the SDMA-
modified SmB/B’ and SmD1/D3. To further verify this point,
the MTA (a general methylation inhibitor) was used to
de-methylate arginines. HeLa cells were grown in the presence
or absence of 250 um MTA for 20 h. The results in Fig. 4B
indicated that MTA treatment reduced more than 75% of the
methylated epitopes (SmB/B’ and SmD1/D3) recognized by
SYMI10 (upper panel), whereas the levels of cellular SmB
remained equivalent (lower panel). Furthermore, the MTA-
treated lysates were immunoprecipitated with anti-Tudor-SN
antibody (Fig. 4C) or incubated with bead-bound GST fusion
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proteins (Fig. 4D). After MTA treatment (Fig. 4C), less SmB was
co-immunoprecipitated with endogenous Tudor-SN protein
(lane 6) compared with nontreated cells (lane 3). Consistently,
in the lysate with MTA treatment (Fig. 4D), less SmB precipi-
tated with GST-TSN (lane 7) or GST-tudor (lane 8) fusion pro-
tein, compared with the untreated lysate (lanes 3 and 4),
although the SmB protein levels in the lysates without (lane I)
or with MTA (lane 5) treatment were the same. All these data
indicate that methylation modification of SmB is required for
the efficient interaction with Tudor-SN.

Intact Aromatic Cage in TSN Domain Is Required for the Effi-
cient Association of Sm Proteins—Previously, we demonstrated
that the TSN domain of the Tudor-SN protein possesses a con-
served aromatic cage composed of three tyrosine residues (Tyr-
721, Tyr-738, and Tyr-741) and a phenylalanine residue (Phe-
715) (11). Mutagenesis studies indicated that the single point
mutation of Tyr-721, Tyr-738, Tyr-741, or Phe-715 or the dou-
ble point mutation (Y738A/Y741A or Y721A/F715A) of the
aromatic cage diminished binding ability of TSN to snRNAs
(11). As we know that Tudor-SN itself cannot recognize the
TMG-cap structure, the co-existence of Tudor-SN and snRNA
is not due to their direct interaction, rather it is mediated by
other proteins such as the Sm complex. To further verify this
point, we performed GST pulldown assays to investigate the
association of GST fusion proteins containing different
mutants of TSN with the SmB proteins from total cell lysate of
HeLa cells. As shown in Fig. 5, the wild-type TSN efficiently
interacted with SmB proteins, whereas the SmB binding ability
of the TSN with single or double mutants was significantly
reduced (p < 0.001, n = 3), especially the F715A and Y721A
mutants. These data imply that the intact cage structure of the
TSN domain is a prerequisite for the efficient association of
Tudor-SN and SmB. Consistent with the data, we previously
demonstrated the TSN domain with single or double mutants
could not efficiently associate with U snRNPs (11).

Moreover, the native gel analysis was performed to investi-
gate the effect of intact cage structure of the TSN domain on in
vitro spliceosome assembly. We analyzed the formation of pre-
spliceosomal complex A and fully assembled spliceosomal
complex B with in vitro transcripted AAML pre-mRNA as sub-
strates. Fig. 6A demonstrates a time course analysis of spliceo-
somal complex formation. The reactions were either kept onice
(0 min) or incubated at 30 °C for 5, 10, 30, or 60 min prior to gel
analysis. Fig. 6B shows a time course quantitative analysis of
spliceosomal complex A and B formation and normalized each
set by setting the highest value of complex A to 1. As shown in
Fig. 64, in the control reaction (lanes 1-5), complex A was first
detected at the 5-min time point, and complex B was observed
after 30 min of incubation. We also carried out the same native
gel analysis using the purified GST or BSA as control, which
demonstrated the same results (data not shown). The addition
of a different purified single or double mutated TSN domain
(Fig. 6A, lanes 11-40) presented the same pattern in in vitro
spliceosome assembly as the controls. However, the addition of
the purified wild-type TSN protein affected the formation of
complexes (Fig. 6A, lanes 6 —10), especially the transition from
complex A to B. We reproducibly observed that complex B
appeared as early as 5 min after the reaction (Fig. 64, lane 7) and
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FIGURE 5. TSN mutants affect the SmB binding. A, mutations of TSN affect
the binding ability to SmB. TCLs of HeLa cells were incubated with GST and
GST fusion proteins containing wild-type (WT) TSN or different mutants of
TSN as indicated. The precipitated proteins were resolved by SDS-PAGE and
immunoblotted with anti-SmB antibody (upper panel). The expression levels
of GST and different GST fusion proteins were determined by Coomassie Blue
staining (lower panel). 10% of the TCLs were included as input. B, band density
was digitized with TotalLab software and then analysis of variance was used
for statistical analysis. Significant differences were indicated as follows: #, p <
0.001 versus control (n = 3). The level of bound SmB proteins was normalized
against the corresponding GST fusion proteins.

gave strong signal after 10 min (lane 8), although no obvious
complex B was observed in the control and TSN mutations
after 10 min of reaction. These results further imply that the
intact structure of Tudor-SN is required for snRNP assembly.
Effect of Tudor-SN Protein on Recruitment of Sm to suRNP in
Vivo—The Sm core complex is responsible for the recruitment
of U snRNPs to specific U snRNA, although the trimethyl-
guanosine (TMG)-cap is present in U1, U2, U4, and U5 snRNAs
(49). Thus, using the antibody specifically to recognize the
TMG-cap structure could efficiently precipitate the spliceo-
somal snRNPs components, including Sm core proteins. If
Tudor-SN-SmB-D1-D3 interactions play important roles in the
U snRNP formation, knockdown of Tudor-SN would affect the
snRNA binding ability of Sm complex proteins. We first trans-
fected the HeLa cells with Tudor-SN siRNA to knock down the
endogenous Tudor-SN protein. As shown in Fig. 7, A and B, the
endogenous Tudor-SN protein level was significantly reduced
(#, p < 0.01, n = 5) with Tudor-SN mRNA-specific siRNAs
duplex, although no detectable change of the endogenous SmB
and SmD1/D3 proteins compared with the scrambled siRNA
control (Fig. 7, A and B, *, p > 0.05, n = 5). The total cell lysates
of different samples were immunoprecipitated with anti-TMG
antibody or anti-IgG antibody as negative control to capture
the snRNP complex, and then the precipitated SmB and
SmD1/D3 proteins were detected by blotting with anti-SmB or
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Y12 antibody, although the bound Ul, U2, U4, U5, and U6
snRNAs were determined with quantitative real time PCR
(Q-PCR) assay. As shown in Fig. 7C, SmB and SmD1/D3 pro-
teins were precipitated with anti-TMG-cap antibody (lanes 3
and 6) but not with the anti-IgG antibody (lanes 2 and 4); how-
ever, a lesser amount of Sm proteins was precipitated (Fig. 7C,
lane 6) when knockdown of endogenous Tudor-SN protein was
compared with the scrambled control (lane 3). The statistical
analysis indicates significant differences (Fig. 7D, &, p < 0.05,
n = 3) between the Tudor-SN knockdown and the scrambled
control samples. To rule out the possibility of a previous differ-
ence in the accumulation of U snRNAs with anti-TMG-cap
Dynabeads, we isolated and quantitated the bound Ul, U2,
U4/6, and U5 snRNA by RIP-Q-PCR assay. Fig. 7E demon-
strated that equivalent amounts of U snRNAs were purified in
both samples (*, p > 0.05, n = 3). As shown in Fig. 7F, the
amount of precipitated U snRNAs in the lysate with knock-
down of Tudor-SN was significantly reduced, compared with
scrambled control. The statistical analysis indicates significant
differences (Fig. 7F, #, p < 0.01; &, p < 0.05, n = 3). All these
data demonstrated that knockdown of Tudor-SN protein
affected the recruitment of SmB and SmD1/D3 to spliceosomal
U snRNPs in vivo.

SMN and Tudor-SN Have Similar Function in Loading Sm
Protein onto snRNP—This study suggests that Tudor-SN func-
tions in loading Sm protein onto snRNP, which is also attrib-
uted to the SMN protein. Because Tudor-SN and SMN possess
the highly similar structure and function, we therefore investi-
gate whether SMN could restore the defect function of
Tudor-SN in recruiting Sm protein onto snRNP. The endoge-
nous Tudor-SN or SMN protein was either knocked down
alone (Tudor-SN* or SMN®) or both were knocked down
(SMN®*/Tudor-SN*) with transfection of Tudor-SN siRNA or
SMN siRNA, respectively, into HeLa cells. After 72 h, cells were
harvested, and the prepared lysates were examined for the
Tudor-SN or SMN protein level. As shown in Fig. 84, the
respective endogenous SMN (lane 2) or Tudor-SN protein
(lane 3) or both together (lane 4) were 75— 85% decreased com-
pared with the control protein B-actin.

Meanwhile, SMN protein was also ectopically expressed in
the HeLa cells with 80—-85% depletion of Tudor-SN (Tudor-
SN*/SMN ™~ S*") (Fig. 8B, lane 3) by transfecting SMN-GFP
expression plasmid. In Fig. 8B, the upper band is the SMN-GFP
fusion protein, and the lower band is the endogenous SMN
protein. Then the RIP-Q-PCR assay was conducted with immu-
noprecipitation with Y12 antibody in the corresponding lysates
to examine the amount of the bound U1 and U2 snRNAs in the
snRNP complex. As shown in Fig. 8C, compared with scram-
bled control, single knockdown of either endogenous SMN
(SMN®) or Tudor-SN (Tudor-SN*) reduced the in vivo recruit-
ment of Sm to Ul and U2 snRNAs (#, p < 0.01, n = 3). An even
smaller amount of precipitated Ul and U2 snRNAs was
detected in the lysate with knockdown of both SMN and
Tudor-SN proteins (SMN®*/Tudor-SN*), compared with the
single SMN® or Tudor-SN* (##, p < 0.01, n = 3) or scrambled
control (&, p < 0.001, n = 3). The ectopic expression of SMN
protein in the HeLa cells with depletion of endogenous
Tudor-SN  (Tudor-SN*/SMN™~S*P) partially restored the
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normalized by setting the highest value of complex A to 1.

reduced association of Sm with Ul and U2 snRNAs (*, p < 0.05,
n = 3). These data suggest that Tudor-SN and SMN proteins
play similar roles in facilitating the loading of Sm core protein
to snRNDPs.

DISCUSSION

Spliceosome is composed of five snRNPs and a range of non-
snRNP-associated protein factors. The ordered assembly of Sm
proteins and the recruitment of different specific snRNP pro-
teins to specific U snRNA are critical initial steps in the com-
plex process of snRNP biogenesis (20-22). The recognition of
pre-mRNA involves U1l snRNP binding to the 5" end splice site
of the pre-mRNA, and U2 snRNP associates with the branch
point sequence of pre-mRNA and other non-snRNP-associated
factors to form complex A. The U4/U5/U6 tri-snRNP is
recruited to the assembling spliceosome to form complex B,
and following several rearrangements, the spliceosome com-
plex is activated for catalysis (41).

AV N

MAY 25,2012+VOLUME 287 +NUMBER 22

In our previous and present study, we have demonstrated
that Tudor-SN associates with Ul, U2, U4, U5, U6, and U7
snRNAs but not 7SK snRNA (13). This suggests that two com-
mon features of snRNP, Sm core protein and trimethylated cap
structure, are required for the interaction of Tudor-SN, for 7SK
missed both features. However, the hyper-methylation of the
snRNA cap structure is dependent on the recognition and asso-
ciation with Sm core proteins. Therefore, we hypothesize two
possibilities that Tudor-SN interacts with TMG-capped
snRNA as follows: 1) Tudor-SN protein binds Sm proteins
anchoring on the U1, U2, U4, U5, and U6 snRNAs; 2) alterna-
tively, Tudor-SN may recognize the TMG structure of snRNAs
in the spliceosomal complex. The efficient co-immunoprecipi-
tation of Tudor-SN with anti-TMG-cap antibody excludes the
possibility that the TMG-cap structure of snRNAs is the target
of Tudor-SN (13). Therefore, in this study, we speculate about
the association of Tudor-SN and Sm proteins.
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anti-B-actin antibody (lower panel) to detect the protein level of corresponding proteins. B, band density was digitized with TotalLab software and then
Independent-Samples Student’s t Test was performed. Significant difference was indicated: #, p < 0.01 versus control (n = 5);*, p > 0.05 (n = 5). The expression
level of targeting protein (Tudor-SN, SmB, and SmD1/D3) in HelLa cells was normalized against the B-actin. G, total lysates of different samples were immuno-
precipitated (/P) with anti-TMG-cap antibody or anti-lgG coupled with protein G Dynabeads as negative control. The co-precipitated proteins were subjected
to SDS-PAGE and blotted with anti-SmB (upper panel) or Y12 antibody (lower panel). D, amount of SmB and SmD1/D3 proteins immunoprecipitated with
anti-TMG-cap antibody was normalized against the total input Sm proteins. Band density was measured and then Independent-Samples Student’s t Test was
used for statistical analysis. Significant difference was indicated: &, p < 0.05 versus control group (n = 3).E, RNAs in the total cell lysates of different samples were
isolated and reverse-transcribed to cDNA with random hexamer primers, and we then performed the quantitative real time PCR assay to detect the relative fold
changes of U1, U2, U4, U5, and U6 snRNA. The fold changes were analyzed with Independent-Samples Student’s t test. *, p > 0.05 (n = 3). F, total lysates of
different samples were immunoprecipitated with Y12 Dynabeads or anti-lgG Dynabeads as control. The bound RNAs were extracted and reverse-transcribed
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fold changes were analyzed with Independent-Samples Student’s t test. Significant difference was indicated as follows: #, p < 0.01; & p < 0.05, versus control
(n=3).

The tudor domain is a 60-amino acid structure motif thatis recognize U snRNAs. The Drosophila and human tudor
generally found in proteins with putative functions in RNA or  domains are structurally similar, specifically the corresponding
protein binding. In this study, we demonstrate that the interac-  aromatic cages. Shaw et al. (11) reported that the tudor struc-
tion of Tudor-SN and Sm proteins (SmB and SmD1/D3) is  ture of human Tudor-SN is implicated in recognition and bind-
mediated by the tudor domain, and the formation of a high ingof methyl groups. The TSN of Drosophila can also bind with
affinity Tudor-SN-SmB-D1:D3 complex requires binding orien- ~ symmetrically dimethylated putative ligands derived from the
tation of the methylated ligand and the presented specific bind- C-terminal tails of Sm proteins (47), which support our present
ing pocket of the tudor domain, for example, the GST pulldown data that sDMA modification of SmB/B’ and SmD1/D3 is
assay demonstrated that the tudor domain of Tudor-SN pro- required for the efficient association of human Tudor-SN.
tein could efficiently interact with SmB and SmD1/D3 proteins. Recent structure analysis of Tudor-SN in different species
Meanwhile, the co-immunoprecipitation assay also indicated (11, 47, 50) has shown that the tudor domain also associates
that either ectopically expressed or endogenous Tudor-SN pro-  with other methylated peptides. For example, Liu et al. (50)
tein could efficiently associate with SmB and SmD1/D3 pro- reported that the TSN domain of Drosophila Tudor-SN could
teins. However, when the Sm proteins are de-methylated by bind PIWIL1 in an arginine methylation-dependent manner. In
MTA, they could not sufficiently interact with Tudor-SN or PIWIL1 binding, both the N- and C-terminal SN parts of the
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FIGURE 8. Ectopically expressed SMN restored the reduced U snRNP
assembly caused by depletion of endogenous Tudor-SN. A and B, HelLa
cells were transfected with the Tudor-SN siRNA and SMN siRNA (A) or mam-
malian expression plasmids containing full-length SMN tagged with GFP
epitope (SMN-GFP) as indicated (B). The total cell lysates of different samples
were blotted with anti-SMN (upper panel), anti-Tudor-SN (middle panel), or
anti-B-actin antibody (lower panel) to detect the protein level of correspond-
ing proteins. , total lysates of different samples were immunoprecipitated
with Y12 Dynabeads or anti-lgG Dynabeads as control. The bound RNAs were
isolated and reverse-transcribed to cDNA with random hexamer primers, and
we then performed the quantitative real time PCR assay to detect the relative
fold changes of precipitated U1 and U2 snRNA. The RIP fold changes were
analyzed with analysis of variance. Significant difference was indicated as
follows: &, <0.001; #, p < 0.01 versus nontreatment group (n = 3),*, p < 0.05;
##, p < 0.01 versus Tudor-SN* or SMN* group (n = 3).

TSN domain were essential for the ligand binding, whereas in
our study the tudor core domain alone was sufficient to associ-
ate with SmB. Tudor domains of other proteins have also been
shown to bind to methylated protein and regulate protein-pro-
tein interaction. For instance, the tudor domain of 53BP1 (51)
and JMJD2A (52) can bind methylated histone tails, but not the
tudor domain of Drosophila Tudor-SN protein (47). Therefore,
preference for different sDMAs or methyl-lysine modification
of the ligands may contribute to the distinct biological func-
tions of different tudor domain-containing proteins.
Concerning the role of the SMN protein in snRNP biogene-
sis, it is quite similar to Tudor-SN protein. SMN interacts with
the Sm core proteins by binding to the sDMA-rich C-terminal
domains of SmB, SmD1, and SmD3. Here, we speculate that the
tudor domain of Tudor-SN protein participates in snRNP
through Sm protein interaction. Moreover, the efficient associ-
ation of Tudor-SN, SmB/B’, and SmD1/D3 in the RNA-free
lysate strongly supports the idea that the Sm*Tudor-SN com-
plex formation is not mediated by RNA. The assembled snRNPs
could be immunoprecipitated with anti-TMG-coated beads,
which recognize the cap structure present on the mature Sm-
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snRNAs. Using this assay, we further demonstrate that knock-
down of endogenous Tudor-SN or SMN reduced the amount of
Sm proteins anchored on the U snRNAs and impacted the level
of snRNA TMG capping in vivo. Furthermore, depletion of
both Tudor-SN and SMN significantly impairs the association
of the Sm core complex to the snRNA, although ectopically
expressed SMN could restore the impaired association of the
Sm to the snRNA caused by knockdown of endogenous
Tudor-SN protein. All these data indicate that Tudor-SN, as
well as SMN, is required for the recruitment of the Sm core
complex to Ul, U2, U4, U5, and U6 snRNAs. In addition,
Tudor-SN and U5-116 could form a stable complex via inter-
action with different domains of Prp8 protein, even in a high
salt concentration condition (shown in supplemental Figs. S1
and S2). Therefore, there are two possibilities to explain our
finding that Tudor-SN takes part in snRNP assembly (Fig. 9) as
follows: one is the efficient binding of Tudor-SN with the Sm
proteins, and the recruitment to the U snRNAs, and the other
one is via the association of U5 snRNP.

However, in the tudor domain of Tudor-SN protein, muta-
tions of the conserved aromatic residues Phe-715, Tyr-721,
Tyr-738, and Tyr-741, which form the rectangle aromatic cage,
disrupt methyl binding and consequently impair the associa-
tion of SmB. This explains our previous observation that muta-
tion of TSN proteins exhibits weaker interaction with U1, U2,
U5, and U4/U6 snRNAs (13). Mutation of key amino acids
within certain multifunctional proteins frequently alters pro-
tein-protein interactions, influences various biogenesis path-
ways, and even contributes to the pathogenesis of certain dis-
eases. For instance, in type I spinal muscular atrophy, the point
mutations E134K (53) and W92S (54) have previously been
shown to affect the interaction of SMN with Sm proteins. Thus,
it is possible that specific point mutation(s) in the TSN domain
may be involved in the pathogenesis of related human diseases.

Interestingly, the crystal structure indicates that the SN
domain of Tudor-SN could capture nucleic acids (7), and we
reported earlier that the recombinant SN domain of Tudor-SN
protein totally blocked the in vitro splicing reaction and the
spliceosome complex formation (13). The possible explanation
is that ectopically expressed SN domain may interact with
pre-mRNA and occupy the splicing sites. As a result, U snRNP
could not efficiently recognize the splicing sites. We hypothe-
size that SN and TSN domain functions are coordinated in
regulating pre-mRNA splicing. In general, the TSN domain is
responsible for the taking part of the U snRNP, and the SN
domain may help the Tudor-SN-containing U snRNP complex
to anchor on pre-mRNA and then facilitate the recognition and
interaction with the splicing site. More experiments need to be
done to confirm this hypothesis.

The stepwise snRNP biogenesis pathway begins with the
transcription of small nuclear RNAs in the nucleus, followed by
their export to the cytoplasm, where the major Sm core assem-
bly of the snRNPs occurs. Once in the nucleus, mature snRNPs
carry out the process of pre-mRNA splicing (55, 56). The mul-
tifunctional Tudor-SN protein is present in both the nucleus
and cytoplasm (1, 3, 9-11, 13); however, it remains unclear
whether a transport mechanism of Tudor-SN protein between
the cytoplasm and nucleus exists during snRNP assembly and
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FIGURE 9. Model demonstrates two roles of Tudor-SN in regulating pre-mRNA splicing, particularly the formation of spliccosomal complex A and the
transition from complex A to B. Tudor-SN preferentially interacts with symmetrically dimethylated SmB/B’, SmD1, and SmD3 proteins, which facilitates the
recruitment of Sm proteins to the U snRNAs and the formation of spliceosomal complex A. However, Tudor-SN takes part in U5 snRNP via the association with

Prp8 and U5-116, which may facilitate the transition from complex A to complex B.

pre-mRNA splicing processes. Further studies need to be con-
ducted to unravel these open questions.
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