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Squamous cell carcinoma antigen recognized by T-cells 3 (SART3) is an essential recycling factor in pre-
mRNA splicing, which is required for association of U4/U6 small nuclear ribonucleoprotein (snRNP).
SART3 contains two RNA recognition motifs (RRMs), and they are responsible for the tertiary interaction
with U6 small nuclear RNA. Despite the importance of structural studies for understanding complicate
U4/U6 snRNP recycling mechanism, only a few of them have been performed for SART3. Here, the
structure of SART3 RRM2 was characterized by heteronuclear multi-dimensional nuclear magnetic reso-
nance experiments. Nearly complete 'H, '°N, and '*C chemical shifts of the backbone residues of RRM2
were assigned. In addition, the secondary structure of RRM2 were predicted by the chemical shift index
and TALOS+ analyses, and the results showed that RRM2 forms a “By-o;-p-P3-02-4-Ps” structure, where
B4 is not common in the canonical RRM domain structures. Our results will provide structural basis for
investigation of SART3-mediated U4/U6 snRNP complex formation.

Keywords: Squamous cell carcinoma antigen recognized by T-cells 3, Splicing, RNA recognition motifs,
Nuclear magnetic resonance, Structure

Introduction

RNA splicing is a series of process that removes introns
and connects exons of the pre-mRNA. RNA splicing is cat-
alyzed in a large RNA—protein complex called spliceosome,
where more than 100 proteins and U1, U2, U4, U5, and U6
small nuclear RNAs (snRNAs) are associated.' After com-
pletion of a splicing, the protein- and RNA-components of
the spliceosome are recycled for the initiation of a new spli-
cing process. Among these components, the post-
spliceosomal U4 and U6 small nuclear ribonucleo-proteins
(snRNPs) are rejoined to form functional U4/U6 snRNPs,
and squamous cell carcinoma antigen recognized by T-cells
3 (SART3) serves as a recycling factor for the formation of
U4/U6 snRNP in human.

SART3 is a large (110 kDa) RNA-binding protein,
which is involved in many biological processes including
pre-mRNA splicing,” regulation of gene transcription,* and
cell proliferation and differentiation.” SART3 consists of
12 half-a-tetratricopeptide (HAT) domains in the N-
terminal half, a nuclear localization signal (NLS) sequence,
two RNA recognition motifs 1 and 2 (RRM1 and RRM2),
and an extension of 10 highly conserved amino acids resi-
dues in the C-terminal (C10) (Figure 1).%7

The recycling of U4/U6 snRNP is associated with
SART3 binding to U6 snRNA.”> Both the HAT and two
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RRM domains are required for U4/U6 snRNP recycling
in vitro. However, for U6 RNA binding, the HAT domain
is not necessary, but the two RRM domains are critical.®
The conserved C10 domain is not essential for recycling of
U4/U6 snRNP in vitro,® but the interaction of C10 with
seven LSm2-L.Sm8 proteins largely enhances the efficient
interaction of SART3 with U6 snRNA compared to the
interaction of SART?3 itself to U6 snRNA.®

Prp24 is a yeast ortholog of SART3, which is composed
of four RRMs 1—4 and the C-terminal conserved sequence.®
Compared to SART3, Prp24 lacks the counterpart of HAT
of SART3. The tertiary interactions between the RRM
domains of Prp24 and U6 snRNA were revealed recently
by the structural investigation of the Prp24-U6 snRNA
complex.’ In the structure, RRM1 does not have any spe-
cific contact with U6 snRNA, but RRM2 and RRM3 signif-
icantly interact with the bulge region of U6 snRNA. This
interaction of RRM with single-stranded RNA is a canoni-
cal RRM-RNA binding pattern as observed in many other
RRM-RNA complexes.'” RRM4 plays a role in forming
the overall conformation of the RNA—protein complex, in
that the RRM4 interaction with two double stranded RNA
regions, internal stem loop and telestem, caused a signifi-
cant RNA bend.

In comparison with Prp24, there are only two RRMs in
SART3. Therefore, it is important to reveal how the two
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Figure 1. (a) Domain structure of human SART3. Twelve HAT repeats, NLS, two RRMs, and a Sm-like (LSm) binding region are shown.
The boundaries of the domains are indicated by amino acid residue number. (b) Sequence alignment of the SART3 RRM2 domain with
the RRM domains of homologous proteins. The SART3 RRM2 sequence (NP_055521) is aligned with Caenorhabditis elegans
(CAA97405), Saccharomyces cerevisiae (P49960), Arabidopsis thaliana (CAB45062), and Schizosaccharomyces pombe (CAB52740).
The identity of amino acids is shown by the purple shading, where the more conserved amino acids are shown in darker color.

RRMs of human SART3 recognize U6 snRNA, and to
compare the U6 snRNA-binding mode of SART3 with
Prp24. The RRMs 1 and 2 of SART3 would recognize the
U6 snRNA in a similar way to the RRMs 2 and 3 of yeast
Prp24, because RRMs 2 and 3 are the functionally and
structurally important domains of Prp24.>!' Despite this
importance, no detailed structural investigation of the
SART3 RRM interaction with U6 snRNA has been per-
formed. The only available tertiary structure of SART3 is
the RRM2 structure alone (Figure 2, inset, PDB ID:
2D04), yet the deposition was incomplete in that no
nuclear magnetic resonance (NMR) restraints have been
reported. The SART3 RRM2 sequence was compared with
the RRM domains of its orthologs, which have some
sequence similarities (Figure 1(b)).

Here, as a first step to structurally understand the SART3—
U6 snRNA tertiary interaction, we characterized the RRM?2
domain using NMR spectroscopy, the most conserved

G825
L]
105
838
e Ggo?
. NBS0
G790 g1 .,
G842 L.
110 o
® ®G785 -
He24
. . . -
5855 . : X
TS g
€ 115 Meg1 Eﬂg L 026 <99 Ds2g yrase
8 Y8459 @ ca21 ' -
= . vess® pasz
® Ked1 1
£ E815 G863 ®
2 806 g g7py SES2 0 1
i s e Eg40 EB19 1820 AB54
E851 N83s. How .
e ® 7834 .A.E:ga L817 .
e ’Vradm\g?s K802 Rv;‘:“ &1 pga7 &
F804 5 g,
A8aaSTeZ S g LIBQNBE.Q' oz
L803 LIS o oo
K14 é k2% @ Pl
¢ Vors S8 7@ 8708 asss ¢ o P
vers a0 7 Ron .
kst a ¢ 00 G
125 Loy & Y38 3 I, n
1866@ ABT4 o - :
47 ‘ NB77 [N ‘
L ] £ 3
o g B __ )
130 3
C
9 Py =
'H (ppm)

Figure 2. 2D 'H-'>N-HSQC spectrum and assignments of the
amide resonances of RRM2. The construct contains 78 residues
from a.a. 800-877. The observable 'H-'>N pairs are labeled by
their residue numbers. The solution NMR structure of RRM2
domain (PDB ID: 2D04) is shown within the spectrum.
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domain of the human SART3.? Nearly complete NMR reso-
nances of the backbone atoms of the RRM2 domain of
SART3 were assigned. Interestingly, the CSI (Chemical
Shift Index) and TALOS+ (Torsion Angle Likelihood
Obtained from Shift and Sequence Similarity +) analyses
showed that RRM2 formed a “P;-a;-fo-B3-0x-f4-Ps~ second-
ary structure, where f, was an extra sheet structure that
was not observed in the canonical RRM domain structure.
Our results will provide important structural basis for
investigation of the tertiary interaction between SART3 and
U6-snRNA and for further studies of SART3-mediated
U4/U6 recycling pathway.

Experimental

Protein Purification. The DNA encoding RRM2 domain
(a.a. 800-877) of SART3 was amplified by polymerase
chain reaction and expressed from the pET28a plasmid,
modifying the protein coding sequences with a short N-
terminal His-tag. The plasmid was transformed into Escher-
ichia coli (E. coli) cells, BL21(DE3). To acquire '°N and
13C-labeled protein, transformed E. coli cells containing the
plasmids, pET28a were grown in minimal (M9) media,
which is enriched with '*C-D-glucose and '"NH,CI. For
unlabeled RRM2 growth, Luria broth media was used.
Protein production was induced with 1 mM isopropyl $-p-
1-thiogalactopyranoside for 16 h at 18°C. Cells were
harvested by centrifugation at 4,000 rpm, 4°C and stored at
—80°C until further purification. The cell pellets were gently
resuspended in 25 mM HEPES pH 7.5, 150 mM NaCl,
2 mM f-mercaptoethanol, 0.2 mM phenylmethane sulfonyl
fluoride, and lysed by sonication. The cell lysates were cen-
trifuged at 18,000 rpm for 30 min at 4°C, and the superna-
tant was filtered to remove the cell debris. The protein was
purified by Ni-affinity chromatography followed by the gel
filtration step using a Hi-load Superdex75 26/60 column,
and the purified protein samples were then analyzed by
SDS-PAGE. For NMR studies, the buffer was exchanged
into 20 mM sodium phosphate pH 6.5, 100 mM NaCl,
0.5 mM dithiothreitol, and concentrated using a centrifugal
filter device (Amicon, Merck Millipore, Germany).
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NMR Spectroscopy. The NMR data were collected on the
Bruker 800MHz NMR spectrometer with a cryogenic z-gradient
triple resonance probe. All NMR experiments were uniformly
executed at 25°C. The obtained NMR data were processed
using Topspin software (Bruker, Germany), and analyzed using
Sparky (University of California, San Francisco, CA, USA).
The 3D CBCA(CO)NH, HNCA, HNCACB, HN(CA)CO,
HNCO, HN(CO)CA, HBHA(CO)NH and 2D 'H-'>’N-TROSY
HSQC experiments were used to complete sequential backbone
assignments of RRM2.

Secondary Structure Analysis. The secondary structure
was determined from the H and C chemical shift values,
using the CSI 3.0 program.'> The RRM2 sequence and
chemical shift values of Hy, HN, N, C,, Cg, and C' were
used for the secondary structure prediction. The CSI values
are written as “1”, “0”, or “~1” based on the chemical shift
value of a residue. For the up-field shifted resonances com-
pared to the random coil residues, the CSI values are “1”’s.
For the down-field shifted residues, they are “—1"s. For the
residues with chemical shifts within the reference value
range, they are marked as “0”s. For H, and Cg, a group
with repeating four or more “—1” without interruption of a
“1” means an a-helix. Also a group with three or more “1”
without interruption of a “~1” means a f-sheet. The chemi-
cal shift of Cg can only be used to confirm p-sheet. In con-
trast, for C, and C’, a group with repeating four or more
“1” without interruption of “~1” means an a-helix. Also a
group with repeating three or more “—1” without interrup-
tion of a “I1” means a P-sheet. All other regions are indi-
cated as a random coil."* To estimate backbone dihedral
angles, TALOS+'* method was used, based on the chemi-
cal shifts.

Results and Discussion

A good dispersion of the peaks in the 2D 'H-"’N-HSQC
TROSY spectrum implies that RRM2 has a well-folded
tertiary structure (Figure 2). The backbone assignment of
uniformly '’C- and '°N-labeled RRM2 protein was
obtained from the analyses of a suite of 2D and 3D NMR
spectra shown in Experimental section. Briefly, the corre-
lation between the chemical shift of an amide residue and
Cy and Cg of its preceding residue was determined by
comparing the CBCA(CO)NH and HNCACB spectra
(Figure 3).

The HNCO and HN(CA)CO spectra provided the chemi-
cal shift correlation between amide and carbonyl carbon
(C'), and the HNCA and HN(CO)CA spectra provided the
correlation between amide and C,. Also, the chemical shifts
of Hy and Hyg were determined by using HBHA(CO)NH
spectra as well as using the amide—carbon correlation
spectra.

Thus, we completed the backbone H,, Hg, HN, N, C,,
Cp, and C’ assignments of the residues 800-877 of RRM2.
The chemical shifts of '°N of two prolines P809 and P840
could not be determined by this sequential assignment, and
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Figure 3. Strip plots from the CBCA(CO)NH and HNCACB spectra
used for sequential assignment of SART3 RRM2. Sequential C, and
Cp connectivity for the residues L.803-L808 is shown with solid lines.

the HN and '°N of K800 and R836 were not determined
due to the significant peak-overlaps. One hundred percent
of Cy, 93% of Cg, and 100% of C’ resonances, including
two prolines were assigned, respectively.

For the chemical shifts of alpha and beta protons, 93%
of H, and 85% of Hg were assigned. All available 5N,
13C, and 'H chemical shifts of backbone atoms of the
RRM2 are listed in Supporting Information (Table S1), and
have been deposited in BioMagResBank (http://www.bmrb.
wisc.edu) database under access code of 26948.

Next, the assigned backbone chemical shifts were used
to predict the secondary structure of RRM2.'* The CSI
results of RRM2 showed a patterned distribution of the
marks —1, 0, and 1 (Figure 4(a)), which indicated that
RRM2 consists of two alpha helices and four beta sheets.
In the consensus CSI, the helical residues were assigned as
K814-A823 (helix 1) and E851-G863 (helix 2) and the
sheet residues as K802-G807 (sheet 1), L830-N835 (sheet
2), G842-Y848 (sheet 3), and N869-I875 (sheet 4), respec-
tively. The boundaries of the helices and sheets of RRM2
in the CSI structure were almost the same as seen in the
solution structure with only one- or two-residue differences,
but the solution structure included an additional short beta
sheet after helix 2. Therefore, to further characterize the
secondary structure of RRM2, the backbone torsion angles
of ® and ¥ were calculated using TALOS+ (Figure 4
(b) and (c)). The TALOS+ predicted secondary structure
was almost consistent with the solution structure including
the additional B4 that was not observed in the CSI results. The
average torsional angle values (@ and W) of the helices and
sheets were —116.4 £ 7.0, —-135.4 + 9.4 (B,), -63.3 £ 3.1,
-394 £35 (), -109.7 &£ 253, -140.7 £+ 144 (Bo),
—-127.8 £ 17.7, -149.0 £ 15.8 (B3), —65.2 + 2.9, -38.0 & 44
(o), =81.7 £ 9.1, —-1453 £ 172 (B4), and —-106.8 £ 17.5,
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Figure 4. Secondary structural information (a) CSI values of each
residue for H,, Cq, Cp, and C’ are shown along the residue num-
bers. The consensus CSI diagram shows the overall secondary
structure of RRM2, where the negative and positive values indi-
cate a-helical and f-sheeted regions, respectively. (b) The sche-
matic representation of the secondary structure of the RRM2
predicted by TALOS+. The arrows and cylinders represent the
sheets and the helices, and the residue numbers are shown. (c) @
and ¥ angle values calculated by TALOS+. The filled diamonds
represent the backbone ® angles and the open rectangles the back-
bone ¥ angles. The standard deviation of each angle is repre-
sented by a vertical line.

—136.5 £ 13.2 (Bs), respectively, which were well consistent
with the typical sheet- and helical propensity.

Conclusion

Overall, the results of CSI and TALOS+ suggest that the
SART3 RRM2 domain adopts the typical RRM domain
structure with an extra beta sheet after the second alpha
helix. However, since B4 is composed of only two residues
M864 and T865, this extra sheet may not exist after further
refinement of the NMR structure. Our NMR chemical shift
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