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SUMMARY

Glycine- and arginine-rich (GAR) matifs, commonly found in RNA-binding and -processing
proteins, can be symmetrically (SDMA) or asymmetrically (ADMA) dimethylated at the arginine
residue by protein arginine methyltransferases. Arginine-methylated protein motifs are usually
read by Tudor domain-containing proteins. Here, using a GFP-Trap, we identify a non-Tudor
domain protein, squamous cell carcinoma antigen recognized by T cells 3 (SART3), as a reader for
SDMA-marked GAR motifs. Structural analysis and mutagenesis of SART3 show that aromatic
residues lining a groove between two adjacent aromatic-rich half-a-tetratricopeptide (HAT) repeat
domains are essential for SART3 to recognize and bind to SDMA-marked GAR motif peptides,
as well as for the interaction between SART3 and the GAR-motif-containing proteins fibrillarin
and coilin. Further, we show that the loss of this reader ability affects RNA splicing. Overall, our
findings broaden the range of potential SDMA readers to include HAT domains.

In brief

Using a composite arginine methylation substrate, Wang et al. identify SART3 as a “reader”

of symmetrically dimethylated arginine (SDMA) motifs. This binding is mediated by a groove
formed between two adjacent aromatic-rich half-a-tetratricopeptide (HAT) repeat domains. The
integrity of this methyl-dependent interaction is required for normal splicing.
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The Screen

Half TPR
Repeats

INTRODUCTION

Arginine methylation is an important post-translational modification involved in diverse
biological processes.! There are three distinct types of methylated arginine residues:
asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA), and mono-
methylarginine (MMA). Arginine methylation is catalyzed by the family of protein arginine
methyltransferases (PRMTSs), of which there are nine members in mammals.2 PRMTSs are
classified into three types according to their catalytic activity. Type | PRMTs catalyze the
deposition of ADMA marks, type || PRMTs catalyze the deposition of SDMA marks, and a
lone type 111 PRMT is responsible for MMA marks. The three forms of arginine methylation
are abundant, and 0.5%—4% of all arginine residues are methylated in mammalian cells.3

Identifying the substrates of the different PRMTs is the first step in elucidating the function
of arginine methylation. Many approaches to substrate identification have been taken,
including protein array screens,* small-pool screens,® and pan-arginine methylation-specific
antibodies® that can serve as enrichment reagents in mass spectrometry experiments.’”~9 The
arginine-methylated proteome is now well cataloged.1® Most PRMTs methylate glycine- and
arginine-rich (GAR) motifs within their substrates, including the highly active type I and Il
enzymes PRMT1 and PRMTS5, respectively.8-11 Indeed, a recent proteomic study reports that
about 70% of arginine methylation occurs within GAR motifs.12 GAR motifs are typically
composed of either RGRG or RGGRGG repeats.1! Importantly, the same GAR motif within
a protein can be a shared substrate of both PRMT1 and PRMT5.8:13
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Direct consequences of arginine methylation include the regulation of (1) adjacent post-
translational modification events, (2) subcellular protein localization, (3) phase separation,
and (4) protein-protein interactions.1-214.15 Arginine-methylated motifs can serve as docking
sites for effector proteins that “read” either an SDMA or ADMA motif on a substrate.1416
This reader function is often mediated through Tudor domains. There are roughly 30 Tudor
domain-containing proteins in humans, many of which are effectors for methyllysine or
methylarginine marks.16:17 For example, the Tudor domains of SMN, SPF30/SMNDC1, and
SNDL1 are well-characterized SDMA readers, whereas the Tudor domain of TDRD3 is a
major ADMA reader.16 A crucial element of Tudor domains that recognize methyl marks is
that the domain forms an aromatic-binding cage, created by several aromatic residues that
interact with the methyl mark through cation-r interactions.18 Although methyllysine motifs
are recognized by at least eight different domain types,1719:20 Tudors are the only identified
domain family known to recognize methylarginine marks.18 This paucity of methylarginine
mark effectors prompted us to screen for additional readers.

Here, we identify squamous cell carcinoma antigen recognized by T cells 3 (SART32: also
called Tip110) as an SDMA effector protein. SART3 is a multifunctional protein that is
involved in U4/U6 small nuclear ribonucleoprotein (snRNP) recycling,22 RNA splicing,23:24
viral and host gene expression,2>-26 and H2B histone deubiquitylation.2” The N-terminal
half of SART3 is composed of recurrent elements related to tetratricopeptide repeats (TPRS),
termed half-a-tetratricopeptide (HAT) repeats.2® This region of SART3 is further organized
into HAT-N (5 repeats) and HAT-C (7 repeats) subdomains.2® We identify the HAT repeat
region of SART3 as a reader of methylarginine-marked GAR motifs, raising the possibility
that other proteins with HAT repeats or TPRs could be effectors of methyl marks.

SART3 interacts with a methylated arginine motif

A GFP-Trap approach (developed by ChromoTek), using nanobody-based reagents, is an
efficient way to identify protein-protein interactions in cells.39 Here, we used a GFP-Trap
to identify additional effectors of methylarginine marks. We created a chimeric protein
composed of the arginine-methylated regions from three different proteins: the GAR
region (residues 1-68) of fibrillarin that can be both SDMA and ADMA modified®! and
regions of PABPCL (residues 429-472) and FAM168B (residues 68-107) that represent
CARML1 substrates* (Figure S1A). We refer to this chimeric protein as RMET for arginine
methylation (Rme) effector trap (Figure 1A). The RMET plasmid vector was transiently
expressed in HEK293T human embryonic Kidney cells in either the presence or absence
of one of four inhibitors: a global methyltransferase inhibitor (AdOx),32 a type | PRMT
inhibitor (MS023),33 a CARM1 inhibitor (TP064),3* or a PRMT5 inhibitor (EPZ015666).3°
Inhibitor-induced change of arginine methylation at the three regions in RMET was
confirmed by immunoblot using methyl-specific antibodies (Figure S1B). This result
showed that RMET undergoes arginine methylation when expressed in cells.

To identify methylarginine effectors of RMET, we performed a GFP-Trap purification in
the presence and absence of AdOx (Figure 1A) and identified the associated proteins
using mass-spectrometry-based label-free quantification. We recovered two known methyl-
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dependent GAR-motif readers (SND1 and SMN) that were selectively enriched as RMET
binders, exclusively in cells that were not treated with AdOx (Figure 1B; Table S1), which
served as positive controls for the experiment.18 We also recovered PRMT1, PRMTS5,

and PRMT5-interacting proteins (MEP50 and RIOK1) as relatively enriched proteins in
cells treated with AdOXx (i.e., monomethylated RMET), intimating that these PRMTSs only
efficiently disengage from their substrates after dimethylation has occurred. Finally, like
SND1 and SMN, SART3 exhibited significant enrichment in the protein complex from
untreated cells compared to treated cells (peptide count: 38 to 0). This finding suggests that
SART3 may be an effector of dimethylarginine motifs.

SART3 co-localizes with both coilin and fibrillarin,36:37 two proteins with long and

very well-characterized GAR motifs that serve as major PRMT substrates.11:38-40 To

assess the binding of ectopically expressed RMET to endogenous SART3, SND1, and
SMN, we transiently transfected GFP-RMET into HEK293T cells and performed co-
immunoprecipitation (colP) experiments and western blot analysis. All three proteins bound
to RMET, but the binding decreased with AdOx treatment, indicating that the interactions
are dimethylation dependent (Figure S1C). Furthermore, with the substitution of lysines for
an arginine residue in RMET (RMET-R to RMET-K), the interaction between SART3 and
RMET-K was abolished, suggesting that the interaction, whether direct or indirect, requires
arginine residues (Figure S1D).

SART3 directly binds symmetrically methylated GAR motifs through its HAT repeat domain

SART3 contains several distinct domains, including HAT repeats and RNA recognition
motif (RRM) domains. The HAT repeat domains have a repetitive pattern, characterized by
aromatic residues with a conserved spacing. Given that all reported arginine methylation
readers utilize aromatic residues to recognize arginine methylation,'6 we hypothesized that
the HAT repeats of SART3 might read arginine methylation marks. To test this possibility,
we performed a far-western analysis using cell lysates from HEK293T cells expressing (1)
GFP alone, (2) GFP-RMET, (3) GFP-RMET and treated with AdOx, and (4) GFP-RMET-K,
which were probed with a GST-SART3(HAT) recombinant protein, followed by anti-GST
antibody. We found that the GST-SART3(HAT) signal was enriched on wild-type (WT)
RMET extracts but not AdOx-treated or RMET-K extracts (Figure 1C), supporting the
hypothesis that the HAT repeats of SART3 directly recognize the arginine-methylated motif
in RMET.

To determine whether the methyl-dependent interaction between SART3 and RMET is
driven by SDMA or ADMA, we performed pull-down assays of glutathione S-transferase
(GST) fusion proteins with biotinylated, synthetic GAR motif peptides representing the
fibrillarin GAR motif (utilized in the cloning of RMET). The biotinylated peptides used

in the pull-down assay were synthesized as unmethylated, ADMA modified, or SDMA
modified. Notably, only the SDMA-modified peptide pulled down GST-SART3(HAT)
(Figure 1D, top). As controls, GST-TDRD3 interacted strongly with the ADMA-methylated
peptide and GST-SMN interacted with the SDMA-methylated peptide (Figure 1D, bottom
two images). In addition, the SDMA-modified GAR peptide of coilin also directly binds

to GST-SART3(HAT). The GAR peptide of coilin harbors five arginine residues, and we
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generated two methylated peptides, with either the first three (1-3) or last three residues
(3-5) methylated. The peptide harboring SDMA madifications of the last three arginine
residues (3-5) displayed a strong interaction with GST-SART3 (Figure 1E, top), and the
interaction was maintained under stringent conditions of a radio-immunoprecipitation assay
(RIPA) buffer (Figure 1E, bottom). Isothermal titration calorimetry (ITC) experiments
determined that the GST-SART3 HAT repeats bind the coilin SDMA peptides with an
equilibrium dissociation constant (Kp) of 15-18 uM (Figure S1E).

The complete HAT repeat domain of SART3 is needed to engage a methylated GAR motif

SART3 possesses twelve HAT repeats at its N terminus and two RRMs at its C terminus
(Figure 2A). The structure of the N-terminal HAT repeats has been elucidated,2? showing
that they configure two subdomains (HAT-N and HAT-C), with HAT-C facilitating dimer
formation (Figure 2B). Utilizing four GST fusion proteins bearing all SART3 HAT repeats
(N + C), only HAT-N, only HAT-C, or the two RRMs, we performed interaction mapping
experiments and found that arginine-methylated GAR peptides derived from fibrillarin

or coilin interacted exclusively with GST fusions bearing the full complement of HAT
subdomains (N + C) (Figure 2A). Interestingly, structural analysis of SART3 identified a
groove that forms between the HAT-N and HAT-C subdomains?® (green and teal in Figure
2B), creating a potential methylarginine binding site that incorporates aromatic residues
from both subdomains.

To further explore this groove for potential interactions with methyl arginine, we substituted
alanine for ten aromatic residues situated in, near, or away from the groove. Specifically,
Y110, Y112, F142, and Y180 of HAT-N and W377 of HAT-C are surface exposed along

the groove, and W149 of HAT-N is buried within a cage structure (Figure 2C). Additionally,
Y313, F411, Y417, and W421 of HAT-C are buried and located away from the groove.

We tested these GST-SART3 mutants in pull-down assays using SDMA-modified GAR
motif peptides (Figure 2D). We found four aromatic residues, three in HAT-N (Y112,

F142, and Y180) and one in HAT-C (W377) that, when mutated, exhibited a complete

loss of interaction with the two modified GAR peptides (Figure 2D). The Y110A mutant
also showed reduced interactions with both peptides. W149A, situated at the bottom of an
aromatic cage, exhibited a reduced interaction with the fibrillarin peptide but no interaction
with the coilin peptide. Conversely, alanine substitutions at four distant aromatic HAT-C
residues had no effect on the interaction with the fibrillarin peptide, and only W421A had an
effect (a weakened interaction with the coilin peptide). Together, this evidence is consistent
with GST-SARTS3 relying on a cluster of aromatic residues from both sides of the groove

to read SDMA marks, making both HAT-N and HAT-C essential for binding. Notably, the
cluster of five aromatic residues of SART3 (Y112, F142, W149, Y180, and W377) are
conserved in vertebrates but not Caenorhabditis elegans. Indeed, we found that SART3 HAT
regions from six different vertebrate species, but not C. elegans, selectively bound to the
coilin-SDMA peptide (Figures S2A and S2B).

Consistent with our observation that SART3 selectively interacts with SDMA-modified
GAR motifs (Figures 1D and 1E), inhibition of PRMT5 with EPZ015666 in HEK293T
cells reduced the interaction between GFP-SART3 and endogenous fibrillarin and coilin
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in IP experiments (Figures S2C and S2D). Importantly, this reduced interaction was not
observed when PRMT1 was inhibited with MS023. Notably, no dramatic inhibitor effect
was observed on the interaction between SART3 and its binding partners AGO1, La/SSB,
SAP145, and USP4/15.2941-43 Thus, blocking SDMA methylation of endogenous fibrillarin
and coilin by inhibiting PRMTS5 results in impaired binding to ectopically expressed SART3.
We have modeled the binding of the human SART3 HAT repeats to the unmethylated GAR
peptides using AlphaFold-Multimer. Both fibrillarin (Figures S3A-S3C) and coilin (Figures
S3D-S3F) peptides preferentially associate in the groove between the HAT repeat regions

of SART3 in a manner that could present the methylated arginine residues to the aromatic
cages located at the bottom of the groove (Figure 2C).

To determine whether the surface aromatic residues in the groove between HAT-N and
HAT-C that interact with SDMA GAR are critical for interaction with coilin and fibrillarin
in human cells, we transiently overexpressed both WT and mutant forms of GFP-SART3

in HelLa cells and performed IP experiments. While WT SART3 co-precipitated both coilin
and fibrillarin, the SART3 mutants (Y112A, F142A, Y180A, and W377A) demonstrated a
reduced ability to co-precipitate these proteins (Figure S4A). The residual binding between
the SART3 mutants and fibrillarin/coilin likely results from SART3 dimer formation
between the transiently expressed SART3 mutants and endogenous SART3. To address this
issue, we knocked out SART3 in HelLa cells using CRISPR-Cas9 before stably reintroducing
either GFP-tagged WT SART3 or GFP-tagged SART3 mutants. Both knockout and
restoration efficiencies were validated through western blot analysis (Figure 3A). colP
experiments showed that although reintroduced WT SART3 interacted with both coilin and
fibrillarin, the reintroduced SART3 mutants (Y112A of HAT-N and W377A of HAT-C)
completely disrupted the interaction (Figure 3B).

SART3 methylarginine effector mutants exhibit aberrant splicing

To better define the functional importance of the SART3 SDMA binding domain, we used
a GFP-Trap approach to identify proteins that no longer complex with SART3 when its
methyl-reader ability is compromised. We transiently transfected HelLa cells with a GFP
empty vector control, GFP-SART3 WT, GFP-SART3(Y112A), or GFP-SART3(W377A).
Binding partners were identified by mass-spectrometry-based label-free quantification and
compared between WT and mutant SART3 proteins to identify potential binding partners
(apart from coilin and fibrillarin) that complex with SART3 in a methyl-dependent manner.
Kyoto Encyclopedia of Genes and Genomes Pathway analysis showed that those proteins
that lost interaction with the SART3 mutants are significantly enriched in the spliceosomal
pathway (Figure S4B; Table S2). Further, the lost interactions strongly overlapped between
the two SART3 mutants (Figure S4C). These data indicate that SART3, as a methylarginine
effector, likely helps regulate RNA splicing. Subsequent colP experiments using the
CRISPR knockout/rescued HeLa cell line set confirmed that representative spliceosomal
proteins including EFTUD2, SNRNP200, SART1, PRPF6, and SNRPB exhibited reduced
interactions with the two SART3 mutants compared with WT SART3 (Figure 3C).
Moreover, treatment with the PRMTS5 inhibitor EPZ015666 also inhibits the interaction
between SART3 and the representative spliceosomal proteins (Figure S4D).
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To determine the potential role of the methylarginine effector function of SART3 in splicing
and identify candidate genes that are aberrantly spliced in the absence of SART3’s reader
function, we performed RNA sequencing (RNA-seq) (150-nt paired-end sequencing) using
the rescued HeLa cell line set depicted in Figure 3A. With the consideration of sample
variation and read coverage for splicing junctions, three sets of biological replicates were
prepared for RNA-seq with minimum 130 million reads for each of the 9 samples (3 x

WT rescue; 3 x W337A rescue; 3 x Y112A rescue), and the mapped BAM files were

used as inputs for replicate multivariante analysis of transcript splicing (rMATS)** to

detect differential alternative splicing events. We observed a broad spectrum of changes

in splicing in SART3 mutants, including alteration in the exon skipping rate, retained
introns, alternative 5" or 3” splice site usage, and mutually exclusive exons. Similar rates

of changes for these splicing categories were observed for both analyzed mutants, with
skipped exons accounting for ~65% of the splicing alterations (Figure S5A). There is >40%
overlapped site-specific exon usage within each of the five different splicing categories
between the two SART3 mutants. Upon examining the Gene Ontology (GO) of the skipped
exon events, we found that the GO terms were remarkably similar in both SART3 mutant
samples (Figure S5B). We also performed differential expression analysis on this RNA-seq
data, which showed a very limited number of differentially expressed genes in both SART3
mutants when compared with the WT (Figure S5C; Table S3). Additionally, the magnitude
of expression change in these genes was minimal. These findings suggest that the mutations
in SART3 primarily influence its role in RNA splicing rather than robustly altering gene
expression.

Two examples of the mixture of isoforms (MISO) output landscape, displayed as Sashimi
plots, show the RNA-seq read coverage across the genes for transmembrane protein

255B (TMEMZ255B) and microtubule-associated tyrosine carboxypeptidase 2 (MATCAPZ/
KIAA0895) from the WT-rescued control and the W337A- and Y112A-rescued HelLa

cells (Figure 3D). The rescued mutant lines displayed reduced exon skipping (exon 4 for
transcript ENST00000375353.5) for TMEMZ2558, while an inclusion event was decreased
(exon 3 for transcript ENST00000440378.6) for KIAA0895 (Figure 3D). To validate the
alternative splicing events called by MISO, RT-PCR was performed using primers located
within the exons flanking the impacted exon of these two genes. In both cases, the inclusion/
exclusion ratio was altered ~2-fold when SART3 methylarginine effector function was
blocked (Figure 3E). Together, these data indicate that the methylarginine effector function
of SART3 is involved in regulating RNA splicing.

DISCUSSION

The PRMT5-MEP50-pICIn complex methylates Sm proteins, which are critical for the
maturation of small nuclear ribonucleo-proteins and spliceosome assembly.#>-47 Arginine
methylation plays a critical role in the regulation of splicing and splicing factor performance,
with the Tudor domains of SMN and its paralog SMNDCL functioning as effectors of
methylated Sm proteins.*® SMN and SMNDC1 display distinct subcellular localization
patterns and are both involved in the regulation of phase-separated, membraneless
organelles.1449 Interestingly, SMN and SART3 do not generally co-localize but are found in
two overlapping nuclear biomolecular condensates, Gemini bodies (gems) and Cajal bodies,

Cell Rep. Author manuscript; available in PMC 2024 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 8

respectively.1550 SART3 is a Cajal body scaffolding protein and is required for the induction
of Cajal body formation.38 This raises the possibility that the SDMA effector properties

of SART3 are important for the integrity of Cajal bodies. Indeed, work performed over 20
years ago showed that the arginine methylation of coilin regulates Cajal body formation.>!
Our findings support a modality for PRMT5 regulation of splicing that is mediated by
SARTS3, independent of SMN and SMNDCL.

The HAT repeat region of SART3 is an SDMA reader, which raises the possibility that

other HAT/TPR-containing proteins harbor methyl-reading abilities. Indeed, the 34-amino-
acid-long TPR, characterized by a high content of aromatic residues with a consensus of
WiGgY11G15Y17A20Y24A27P32,%2 seems predisposed to form aromatic grooves for methyl
reading. HATSs have a repeating pattern of three aromatic residues, 5354 and there are

over 300 different human proteins with TPR motifs and 11 proteins with HAT motifs

in the EMBL SMART database. Of particular interest are TPR-motif-containing proteins
with links to epigenetic regulation or splicing, including KDM6A (UTX) and KDM6B
(UTY), OGT, PRMT9 and Geminb5. It is possible that the TPR/HAT-containing proteins may
represent an emerging family of reads for methylated protein motifs.

The SDMA-binding region of SART3 diverges from the usual formation of a typical
aromatic cage, designed for accommaodating a single methylated residue. Instead, SART3’s
ability to recognize SDMA hinges on a cluster of aromatic residues arranged along a groove
created between the HAT-N and HAT-C folds. This unique structure potentially allows for
the accommodation of longer peptides with multiple methylated residues (Figure 2C). The
ability of the distal regions of a protein to assemble into aromatic-rich regions for enhanced
methyl-reader activity has recently been demonstrated for the methyllysine effector protein
PHF2.55 These two studies (SART3 and PHF2) set a precedent for the generation of methyl-
effector interfaces that are generated by protein folding or protein complex assembly, as
opposed to an isolated domain harboring the activity intrinsically.

Limitations of the study

In this study, we identified SART3 as a reader of SDMA marks. We show that this reader
function is key for the ability of SART3 to bind both coilin and fibrillarin in cells. However,
we do not know which methyl-dependent interaction(s) of SART3 drive the splicing defects
we see in the SART3 aromatic residue mutants. Indeed, it is very likely that SART3 binds
additional SDMA-modified proteins apart from coilin and fibrillarin. We have not evaluated
the ability of SART3 to bind mono-methylated arginine motifs. Structural studies will be
valuable to ascertain how multiple methylated residues within a GAR motif engage the
aromatic groove in SART3.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Mark T. Bedford
(mtbedford@mdanderson.org).
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Materials availability—Plasmids, antibodies, and cell lines generated in this study will be
available from the lead contact upon request with a completed material transfer agreement.

Data and code availability

. All gene expression data utilized in the study are publicly available, and the
GEO accession number is GSE246489. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD044862 (Maria) and PXD046708

(Bill).
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and treatment—HEK?293T and HeLa cells were maintained at 37°C in
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS and 1% Antibiotic-
Antimycotic. Cells at 80% confluence were transfected with plasmids using lipofectamine
2000. To generate the HeLa SART3 KO cell line, SART3 sgRNA designed using

CRISPick (Broad Institute) was subcloned into the LentiCRISPRv2 plasmid. Production

of lentivirus was performed in HEK293T cells by co-transfection with pMD2-G, psPAX2
and LentiCRISPRV2 plasmids. Viral supernatant was collected over 2 days. For infection,
cells were seeded in a 6-well plate at 5X10* per well. The next day 1mL viral supernatant
was added with 10 mg/ml polybrene for 24 h followed by a media change. Blasticidin

(10 pg/mL) was added to the culture medium 48 h after infection for HeLa SART3-KO

cell line generation. The cells were then plated at a low density (0.5 cell/well) to get

well separated colonies. Single SART3-KO clones were manually picked and validated

for further experiments. For HeLa SART3 KO cell restoration, different SART3 mutants
were generated from WT lenti-Puro-GFP-SART3 by using Q5 site-directed mutagenesis kit
(NEB #E05545S). The SART3 plasmids were co-transfected with pMD2-G and psPAX2 into
HEK?293T for virus production. HeLa cells were infected with the lentivirus, and puromycin
(2 pg/mL) was added to the culture medium 48 h after infection to select for stable cells
lines with restored SART3 expression. In inhibitor treatments, 25uM AdOx, 1uM MS023, or
10uM EPZ015666 were administered for 3 days before harvesting cell lysates.

METHOD DETAILS

Recombinant protein expression and purification—The DNA sequences of
different gene domain regions were synthesized by Biomatik with codon optimization and
inserted into pGEX-4T-1 vector backbone. The construct was verified by sequencing and
was transformed into £. co/iBL21. A single colony from the transformation was used to
inoculate LB supplemented with 100 mg/mL ampicillin. Expression was induced by adding
IPTG to 0.1mM. After 6-12h induction at 18°C, cells were harvested, lysed by sonication
and clarified by centrifugation prior to incubation with glutathione Sepharose beads for 4h
at 4°C. Then the beads were washed and incubated with fresh glutathione reduced elution
buffer for 2-3h at 4°C for protein elution.
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Generation of methylarginine antibodies—The details of MMA, ADMA and

SDMA antibody generation have been described previously.® Briefly, the same

antigen structure was used to generate all three types of the antibody, namely
N2H-GGRG(dPEG4)GRG(dPEG4)GRG(dPEG4)C-amid. All R residues in the peptide
were modified with MMA, ADMA or SDMA depending on the antibody project.

The antibodies were produced in rabbits by New England Peptide (NEP). The
FAM(ADMA) antibody was raised in rabbits against the human FAM168B peptide sequence
QTAVYPVR(me2s)SAYPQQ, which harbors symmetrically methylated arginine residue.

GFP-trap immunoprecipitation and LC-MS—Cells were harvested, washed with ice-
cold PBS, and total cell extracts were prepared in mild lysis buffer (10mM Tris/Cl pH

7.5; 150mM NacCl; 0.5mM EDTA; 0.5% NP-40) and protease inhibitor cocktail. After
sonication, insoluble materials were removed by centrifugation. Whole cell lysates were
incubated with GFP-trap agarose for 2 h at 4°C. Then the agarose was washed, and the
bound proteins were eluted and separated on polyacrylamide gels for western blot analysis
or for LC-MS analysis. For LC-MS analysis, samples were cut from the gel and the protein
was identified with LC-MS/MS on a Thermo Ultimate 3000 RSLCnano UPLC in-line with
an Orbitrap Fusion at the Proteomics Facility at UT Austin. Proteins were identified with
Proteome Discoverer 2.2 (Thermo) using the Sequest HT search engine, with 10 ppm mass
tolerance for the MS at 0.6 Da for the MS/MS. ldentifications were validated with Scaffold 5
(Proteome Software) using protein threshold of 1% FDR for 2 peptides at peptide threshold
of 0.1% FDR.

Co-immunoprecipitation and western blotting—Cells were harvested, washed with
ice-cold PBS, and total cell extracts were prepared in mild lysis buffer (10mM Tris/CI

pH 7.5; 150mM NaCl; 0.5mM EDTA,; 0.5% NP-40) and protease inhibitor cocktail. GFP
antibody was incubated with Protein A/G beads (Thermo Scientific) for 2h at 4°C, washed
three times with lysis buffer, followed by incubation with the cell lysates for 2h at 4°C. Then
the beads were washed three times with lysis buffer and boiled in loading buffer to elute
the bounded proteins. The cell extracts or immunoprecipitated samples were separated by
SDS-PAGE and transferred onto PVDF membranes. Blots were blocked in PBS containing
5% non-fat dry milk, then incubated with the appropriate primary antibody in the blocking
buffer overnight at 4°C. The blots were then washed with PBST (PBS with 0.05% tween
20) and probed with an HRP-labelled secondary antibody for 1h at room temperature. After
washing three times with PBST, the membranes were incubated with ECL reagent and the
signal was detected on X-ray film.

Far-western blotting—GFP-RMET or GFP-Coilin proteins were immunoprecipitated
from HEK293T cells, separated by SDS-PAGE, and transferred onto PVDF membrane.
Blots were blocked in 5% non-fat milk and then incubated with 5 pg/mL GST-tagged protein
in the blocking buffer for 1 h at room temperature. The blots were then washed and probed
with an anti-GST antibody and incubated with an HRP-labeled secondary antibody for
detection by chemiluminescence. The blots were then washed with PBST (PBS with 0.05%
tween 20) and probed with an HRP-labelled secondary antibody for 1h at room temperature.
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After washing three times with PBST, the membranes were incubated with ECL reagent and
the signal was detected on X-ray film.

Peptide pull-downs—The streptavidin beads were pre-washed with cell lysis buffer,
before incubation with biotinylated peptides in 500 uL mild lysis buffer for 1h at 4°C, with
rocking for conjugation. The conjugated peptide-bead complex was then washed 3 times in
mild buffer and incubated with 2 pg GST-tagged proteins for 1h at 4°C with rocking. After
incubation, the bound proteins were eluted for western blot analysis. Peptides used in this
study were:

GAR-un peptide (unmethylated) FBL: GGRGRGGGFRGRGRGGGG-Biotin;

GAR-Rme2a peptide (ADMA):
GG[Rme2a] G[Rme2a] GGGF[Rme2a]G[Rme2a]G[Rme2a] GGGG-Biotin;

GAR-Rme2s peptide (SDMA):
GG[RmMe2s]G[Rme2s]GGGF[Rme2s]G[Rme2s]G[Rme2s]GGGG-Biotin;

Coilin-un peptide (unmethylated): Biotin-AKGRGMRGRGRGRGHP-Amide;

Coilin-(1-3) Rme2s peptide (SDMA): Biotin-
AKG[RmMe2s]GM[Rme2s]G[Rme2s]|GRGRGHP-Amide;

Coilin -(3-5) Rme2s peptide (SDMA): Biotin-
AKGRGMRG[RmMe2s]G[Rme2s]G[Rme2s]GHP-Amide.

AlphaFold modeling—The interaction between human SART3 (residues 94—

611) and GAR peptide or colin peptide, (GGRGRGGGFRGRGRGGGG) or
(AKGRGMRGRGRGRGHP) respectively, was modeled using AlphaFold-Multimer. The
default settings were employed by treating SART3 and peptide as a heterodimer. The
predicted complex models were visualized by PyMOL (version 2.5.2).

RNA sequencing and splicing analysis—Total RNA was extracted from HeLa cells
using a RNeasy kit (QIAGEN, 74106). RNA samples were sent to MedGenome for
sequencing. cDNA libraries were made using an Illumina TruSeq stranded mRNA kit

and sequencing was performed using a NovaSeq (PE150) machine. Paired-end (150-nt)
sequencing was performed with minimum 130 million reads for each of the 9 samples (3
x WT rescue; 3 x W337A rescue; 3 x Y112A rescue). The FASTQ files of 3 conditions
(WT rescued, W377A rescued and Y112A rescued) in three biological replicates were
checked by FastQC. The low-quality bases and the adaptors were removed by TrimGalore.
After that, the clean data was mapped to human reference genome GRCh38.p14[3] and
annotated (version 42) using Tophat2 aligner. The mapped bam files for three replicates
were used as inputs for rMATS* to detect differential alternative splicing events. We

used the default setting from the rMATS to define a significant splicing event. The

false discovery rate was set as FDR < 0.05. The selected alternative splicing events

from output files of rIMATS splicing were then visualized as Sashimi plot by using a
bioinformatics tool rmats2sashimiplot (https://github.com/Xinglab/rmats2sashimiplot). The
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package “rmats2sashimiplot” is using mixture-of-isoforms (MI1SO) software®6:57 as its
backend.

PCR for splicing analysis—Total RNA was extracted from HeLa cells using a RNeasy
kit (QIAGEN, 74106). cDNA was prepared using iScript cDNA Synthesis Kit (Bio-rad,
#1708891). PCR products were separated on a 2% agarose gel. Primer information is
contained in Supplemental Information, Table S4.

Isothermal titration calorimetry—Isothermal Titration Calorimetry (ITC) experiments
were conducted using a MicroCal PEAQ-ITC automated system (Malvern) at 25°C.
Reference power was maintained at 8 pcal/s. The experiments were carried out in an ITC
buffer containing 20 mM TRIS-HCI (pH 8.0), 0.5 mM TCEP, 5% glycerol, and 50 mM
NaCl. Peptides were prepared at a concentration of 800 uM in the same ITC buffer. Nineteen
injections of peptides were performed, starting with an initial injection of 0.2 uL, followed
by 18 injections of 2 UL each. These peptides were titrated into a solution of 20 UM SART3
protein. ITC data analysis was performed by fitting the data using a ‘one site’ binding model
with the offset subtracted. The binding constants were calculated using the ITC analysis
module provided by the manufacturer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed Ratio-paired t-tests, or Student’s t-tests, were performed using Graphpad Prism,
as indicated. Information on the number of experimental replicates is included in the
relevant figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
SART3 is a methylarginine reader
The HAT repeat domain of SART3 harbors reader function

Reader activity is implicated in the regulation of RNA splicing
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Rme Effector Trap

Peptide #

Figure 1. The HAT repeats of SART3 read SDMA-marked GAR motifs
(A) Schematic representation of the GFP-Trap-based IP-mass spectrometry (MS) approach.

(B) List of GFP-RMET interacting proteins identified by IP-MS. HEK293T cells were
transfected with GFP-RMET, and half the cells were treated with AdOx for 3 days and
subjected to IP-MS analysis. The number of peptides identified for each protein is listed.
(C) Far-western analysis of the interaction between a GST-SART3(HAT) and RMET.
HEK293T cells were transfected with GFP-EV (empty vector) or the GFP-RMET fusion.
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After a 3-day treatment with AdOX, total lysates were probed with GST-SART3(HAT) and
detected with anti-GST antibody.

(D) GST-SART3(HAT) pull-downs using biotinylated fibrillarin GAR peptides. GST-
TDRD3(Tudor) and GST-SMN(Tudor) are controls. A mild buffer (150 mM NaCl) was
used.

(E) GST-SART3(HAT) pull-downs using biotinylated coilin GAR peptides and using mild
buffer (300 mM NaCl) and RIPA.

Experiments (C-E) were independently repeated three times, with similar results.

Cell Rep. Author manuscript; available in PMC 2024 September 03.
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Figure 2. Structure-function studies detailing the methyl-reader properties of SART3

Pulldown

Pulldown

(A) Graphic depiction of the regions of SART3 used in the peptide pull-down assays with
the results of the interaction mapping. Western analysis of the pull-downs with respective

methylated peptides. Ponceau-S staining was performed for peptide loading.
(B) A potential groove is formed by SART3 HAT-N and HAT-C repeats. The aromatic

residues around this groove are highlighted in pink/yellow. The N- (green) and C-terminal

(teal) HAT repeats of SART3 are split by a La/SSB binding region (gray). SART3
homodimerize via HAT-C.
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(C) Two opposite views of a potential aromatic groove that is formed by several key residues
in the SART3 HAT repeats. The marked aromatic residues within this groove are critical for
the methyl-peptide interactions shown in (D).

(D) Peptide pull-downs using the wild-type (WT) SART3 HAT repeats harboring the
indicated point mutants. Ponceau-S staining was performed for the peptide loading.
Experiments (A and D) were independently repeated three times, with similar results.

Cell Rep. Author manuscript; available in PMC 2024 September 03.
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Figure 3. The methyl-reader activity of SARTS3 is required for efficient RNA splicing
(A) Western blot analysis of SART3 expression in CRISPR-mediated SART3-knockout

(KO) HeLa cells and the stable restoration with GFP fusions to WT and mutant (Y112A and

W377A) SART3.
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IP: GFP

Input

(B) IP/western blot analysis of the SART3 interaction with coilin and fibrillarin. Restored

HeLa SART3-KO cells in (A) were used.
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(C) IP/western blot validation of the interaction between SART3 and a subset of
spliceosome proteins identified by IP-MS. Restored HeLa SART3-KO cells in (A) were
used.

(D) Sashimi plots depicting exon skipping in the representative genes TMEM255B and
KIAA0895 in HeLa SART3-KO cells restored with WT (red) and mutant (purple) SARTS3.
False discovery rate < 0.05.

(E) Semiquantitative RT-PCR supporting the TMEMZ2558 and KIAA0895 exon skipping
analysis using HeLa control cells (endogenous SART3), SART3-KO control cells (no
SART3), and HelLa sgSART3-KO cells restored with WT GFP-SART3 or the Y112A and
W377A mutants (restored), as shown in (A). Three biological repeats were performed (n=
3). The PCR products were quantified by densitometric analysis, and the exon skipping ratio
is shown in a percentage expressed as the mean + SEM. Unpaired t test was used to calculate
pvalues: **p<0.01 and ***p < 0.001.

Cell Rep. Author manuscript; available in PMC 2024 September 03.



Page 24

Wang et al.

Author Manuscript

282STO0T gV :AldY ‘¢GT-SE0-TTL #eD
TLL0vEC AV 1YY 'TST-GE0-GTL #1€D

U0J88sa-ouNwWW | UoSHoRL

yaleasayounwuw| uosyoer

96| 1ggey-NUY ASUOQ INdIULYY BSepIX0Iad
96 aSNO-NUY A3YU0Q aiNdIuly asepIxoiad

9z.¥Tee av :Aldy ‘'VEZ6-00EY #BD 1Aureg STdSN
888/65 9V :AlYY 'V628-00EV #1eD IAuteg 7dsn
2520292 AV :Aldy 'V206-€0EV #BD IAuyleg el
98/TT90T AV :AIdY ‘¥60TL2-0s #eD  ABojouyasiolg znid elues aduNS
€T09T9¢ AV :AIdY ‘€506 #eD  ABojouydaL Buireubis 1190 109V
G9€6.8¢ AV Q1YY 'dV-T-626€C #1eD yoayureioid 94d¥d
8vT6.82 AV :AIYY 'dV-T-GL922 #1eD yosjuIslod TLYVS
9v£6.82 AV :AldY ‘dV-T-G/8ET #18D yosjureloid 00ZdNANS
7€8560¢ AV :AIYY ‘dV-T-8020T #1eD yoayureioid zant43
¥8/60£T” AV :AIYY 'VZ98-TOEY #BD 1Aureg NINS
892T€90T AV :AI1¥Y ‘VEBB—Z0EV #BD IAuteg TANS
T00TY #18D JNON 3AOY SLANYd

TZvees av ‘dldy V2L -008V #ed 1Aureg TLNYd
VIN asnoy uj VNN

VIN asnoy ul VINQS

VIN asnoy ul vINavy

V/IN asnoy uj (VIWaV)NvA

T/6862¢ 9V :AI¥Y 'S0G€ #eD  ABojouydaL BuifeuBis 180 (YWav)dawvd
26997 AV :AIdY ‘8L6TV #8D youp|v-ewbis unoy
0TY86.2 AV :AIYY ‘89TYT #18D  ABojouyoal Buieubis (180 oo
88/50T¢ AV :AIYY 'dV-T-T209T #1eD yoayuIeioid uLe||LgId
VIN Jaded sy 1S9

6YSYTEC AV :AIYY ‘S5V9V #eD uaBounuj (d1) 449
G69.¢9 AV :AIdY '9666-0s #1D  ABojouydsiolg znid ejues (am) d49
899666 AV ‘1YY ‘VTZS-TOEV #8D IAureg RS
sa1pognuY

y3I41LN3al 304N0S 304N0S3Y 40 INIDVIH

379VL S304dNOS3H A3

Author Manuscript

Author Manuscript

Author Manuscript

Cell Rep. Author manuscript; available in PMC 2024 September 03.



Page 25

Wang et al.

9¢T1-9T #8D

0.T.d #©D
6T0899TT #€D
TCYTTNS #1€D
GSSTTNS #€D
G96VTT-AH #1€D
TGCyO #1€D
T0-9S.0—L139 #€D

asodiIIN
youp|v-ewbis
ONUBIOS JaysI4 owIay L
youp|v-ewbis
youp|v-ewbis
ssaldx3wayopaN
youp|v-ewbis

ewBis alodi||IN

asoJefe uipineidans

S Neaosuod

0002 aulwrepoajodi|
9995T0Zd3

€20SIN

¥90-dL

paonpay auolyren|o

gt gdsoteydas auolyren|o

9-£00T-4L #18D youp|v-ewbis auaigkjod
00TE0L6dE #BD  JUNUSIIS Jaysl Oway L (Vs9) ulwng|y wnies auinog
0TOOOHAdI #1780 asodi||IN (wrl gy0) aueIqWBW AN
L1T0Z9T #€D peyold (wrl z'0) suelquiaw 4AAd
6.85Q #1BD youp|v-ewbis 0SNG
96881 #€D youpv-ewbis 0r-dN
0z-e1b #eD alowoiyd wf def-d49
929.d #1®D youpv-ewbis (4SINId) apuionyy Auoyins|AyawiAusyd
02v8. #1€D O1J1JUBIOS JBYSIH OwIBy L 11eB{20D JoNqIyu| asereydsoyd
TO06STEBIY #18D youp|v-ewbis 11e14200 Jo3qIyu| 8seslold 818|dwod
ZOBETTIV #BD  DLIUSIIS Jaysld oway L urpAwoind
€OBETTIV #BD  OYNUBIOS Jaysld ouLdy L S uiponselg
1D€50GZLIN #18D Buiuiod %S¢0 V.LAa3-uisdAiL
ADTEOTZLIN #9180 Buiuiod s4ad
9S000G0T #/8D  d4NUBIOS Jaysld ouLdy L LNI3s uIA0q [e1a-
1DZ000€.LIN #1580 Buiuiod upAwoldang-u|oiuad
ADLTOOTLIN #5180 Buiuiod wnipaiN W3NG
suisjo.d Jueulquiodas pue ‘sapndad ‘sjealway)

€000090 #18D  J4NUBIOS Jaysld owudy L 1219409 5
0TOYOYD #18D  dUNUBIOS Jaysld ouLdy L otdoL /00 3
SuleJlS SNUIA puUe [eLsloeg

Y3I141LN3al 304N0S 304N0S3Y 40 LNIOVIY

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cell Rep. Author manuscript; available in PMC 2024 September 03.



Page 26

Wang et al.

V/N $90UaNbas YIIM $ap110ajanuobi|Q 10} ¢S 9.l 39S

sapnosjonuobi|o

V/N Jaded SIYL IN0XI0UY €14VS-e1eH ‘uewnH

G700 TOAD :AlYY ‘€2GT-THD #1eD 201V 1£62X3H :uewnH
0£00 1OAD :Alyy 2109 #eD 201V ©oH :UBWNH
Saul| |19 :S|epow [eyuswiadx3 :uoIssadde 31dd Jaded siy erep SIN-dI
689723SO :U0ISS300E 0FD Jaded syt bes-yNY
elep pansoda@

T6880LT #1€D pey-oid WM SISBYIUAS YN QD 1d1IoSI

TCTSCLT #1€D pey-olq Xjwiadng ussD HAAS [esienun bep

050T608T #1eD uabouyiaul 1Y SISaYIuAs puens-isiiy 1diiosiadng

SPSS03 #eD g3aN 1 sisauabeinuw pajoalIp-als GO

Z6V0IN #1780 g3aN XIN JaIselN X2 Ajspid-ybiH O

90TY. #BD uaberd WM 1IN AseaNy

90T.Z #€D N3IOVIO | dasdiuny uids daudy|O

sAesse |e1aJawwod [ean)

apluy-dHO[szawy]o

[szawy]o[szawy]odNodDMYUnROIg

VIN APMINIA (VIN@S) szaw(s—£)d apndad urji0
APIUY-dHOUDYO[SZaWH]D

[szawd]no[szawy]oMvunolg

VIN APMINIA (VINGS) szaw(e-T)d apndad urji0
3PIWY-dHOHOYDHDHINDHDMV-unolg

VIN SPRINA (payelAypewiun) oawy apndad ujiod
unolg-9999[szawy]o[szowy]o

[szawn]d999[szawy]o[szawyd]o9

VIN 24NUBIS OdD (VN@as) szawy spndad uLre||uqi4
unoig-9999[ezswy]oezawy]o

[ezawy]4999[ezawy]olezewy]oo

VIN JNUBIIS DdD (VINQV) ezawy spndad utrefjugl4
unoIg-9999Y9YOYIDDDHDYDD

VIN 2NUBIIS OdO (parejAysawun) gawy spndad uLreLqi4

d3141LN3al 324N0S 304NOS3Y 10 INIOVIY

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cell Rep. Author manuscript; available in PMC 2024 September 03.



Page 27

Wang et al.

VIN Jaded siyL €.14VS-d49-0ind-NuaT :piwseld
V/IN Jaded siy1 N3 d49-0Ind-Us7 ‘plwise|d

V/IN Jaded sy VLLEM €14VS-d49O PlWsE|d

V/IN Jaded sy VO08TA €LH4VS-d49 ‘plwse|d

V/IN Jaded siy VZrTd €14VS-d49 -plwse|d

V/IN Jaded sy VCTTA €L4VS-dd49 ‘plwse|d

V/IN Miewold €14VS-d49 ‘plwse|d

VN Jaded sy (VTITrd LVH)ELYVS-1SD :pluiseld

VIN Jaded siy 1 (VTZrM LVH)E1YVS-LSO :plwseld

VIN Jaded sy (VLTYA LVH)E1YVS-LSO :plwseld

VN Jaded sy (VTITrd LVH)ELYVS-1SD :pluised

VIN Jaded siy 1 (VETEA LVYH)ELYVS-LSO :plwseld

VIN Jaded sy (VO8TA LVYH)E1YVS-LSO :plwseld

VN Jaded sy (V67TM 1VH)ELHVS-1S9 :piuwseld

VIN Jaded siyL (VZLEM LVH)E1YVS-LSO :plwiseld

VIN Jaded sy (V2T 1VH)ELYVS-1SO plwseld

VN Jaded sy (VZTTA 1VH)ELHVS-LSO :plwse|d

VIN Jaded siy L (VOTTA LVYH)E1YVS-LSO :plwseld

VIN Jaded sy (SNHY)ELYVS-1SD :piuwse|d

VN Jaded sy (0-1VH)ELHVS-1SD :plwseld

VIN Jaded siy L (N-LVH)€LdV'S-LSO :plwseld

VIN Jaded sy (LVH)ELYVS-1SO :piwseld

VN yneworg (40an1)eayal-1s9 :piwseld

VIN Jnewolg (4OANLINNS-1S9 :piuseld

VIN Aiewolg (1) LANY-d49D :prwise|d

VIN ireworg (4) LINY-d49D :pruwseld

087€8 ausfppY 1YY ‘087ES# dUshppY #ED qe] Bueyz 1sB|g-2A YdSIYOnUsT :plwseld
6G2¢T 2usbppY Q1YY 6522T# dUsbppY #1eD Qe ouosL 9'ZaNd :pruise|d
09221 ouaBppY :A1YY ‘092ZT# 2uabppY #BD ge] ouoiL ZXvdsd :pluiseld
VYN JuBUIqI0d3Y

Y3I141LN3al 304N0S 304N0S3Y 40 LNIOVIY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Cell Rep. Author manuscript; available in PMC 2024 September 03.



Page 28

Wang et al.

/ploseyde/saifojouyasy/abooh - purwdsapy/:sdiny puindsag plo4eydy

Jodiwiysesgsyewl/ge|Burx/wod gnuynby/sdny anHUO Jojdiwnysesgsyew
G-ployeds

/s10npoad/wod-aremiosatioalosd mmmy/:sdny 8JeM}JOS 8W08)0.d S ployeds

Jwod pedydesb-mmmy/:sdny pedydelo 6 Wslid

swiyiioB[e pue alemyos

VIN Jaded siy L VZvTd €14VS-d49-0ind-11usT :pluwise|d

V/IN Jaded sy VCTTA €L4VS-d49-0ind-NusT -plwseld

d3141LN3Al 324N0S 30dN0S3Y 40 INIOVIH

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cell Rep. Author manuscript; available in PMC 2024 September 03.


https://www.graphpad.com/
https://www.proteomesoftware.com/products/scaffold-5
https://www.proteomesoftware.com/products/scaffold-5
https://github.com/Xinglab/rmats2sashimiplot
https://deepmind.google/technologies/alphafold/

	SUMMARY
	In brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	SART3 interacts with a methylated arginine motif
	SART3 directly binds symmetrically methylated GAR motifs through its HAT repeat domain
	The complete HAT repeat domain of SART3 is needed to engage a methylated GAR motif
	SART3 methylarginine effector mutants exhibit aberrant splicing

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
	Cell culture and treatment

	METHOD DETAILS
	Recombinant protein expression and purification
	Generation of methylarginine antibodies
	GFP-trap immunoprecipitation and LC-MS
	Co-immunoprecipitation and western blotting
	Far-western blotting
	Peptide pull-downs
	AlphaFold modeling
	RNA sequencing and splicing analysis
	PCR for splicing analysis
	Isothermal titration calorimetry

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	KEY RESOURCES TABLE

