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reaction at 95°C for 1 minute and then amplified with 27 cycles of 98°C
for 10 seconds, 60°C for 5 seconds, 72°C for 1 minute. This amplifica-
tion was monitored on a T100 Thermal Cycler (Bio-Rad). The primers
used are shown in Supplemental Tables 6 and 7.

Microarray analysis. HeLa cells were plated in a 6-cm culture dish
at a density of 1 x 103 cells per dish. Cells were incubated with FIT-039
or flavopiridol at 4 pM or 800 nM, respectively, following total RNA
extraction using the RNeasy Mini Kit (QIAGEN), per the manufactur-
er’s instructions. RNA was prepared for microarray expression analy-
sis by the GeneChip 3' IVT Expression Kit (Affymetrix Inc.) according
to the manufacturer’s instructions. The prepared RNA was hybridized
and stained onto the Human Genome U133 Plus 2.0 array (Affymetrix
Inc.) using the GeneChip Hybridization Wash and Stain Kit (Affyme-
trix Inc.). Signals were detected using the GeneChip Scanner 3000G
(Affymetrix Inc.). These data were analyzed with Perl scripts and a
statistical package, R (http://www.r-project.org/).

Two-week repeat-dose oral toxicity study. Male 5-week-old Wister
rats were purchased from Charles River Laboratories Inc. FIT-039
(1,000 mg/kg) or the solvent (carboxymethylcellulose) was admin-
istrated orally to male rats once a day for 14 days, and these animals
were followed for 14 days from the final administration. Three rats
were assigned to each experimental group. Body weights and gen-
eral conditions were determined for 28 days from the first admin-
istration. Hematology tests were performed and the organ weights
were noted on day 28.

Ointment supplement with chemical compounds. The 5% ACV oint-
ment, which contained polyethylene glycol, glycerol, and ACV, was
provided by Rakool Pharmaceutical Marketing Co. Ltd. Japan. We
used 10% lactic acid, in addition to polyethylene glycol and glycerol,
to dissolve FIT-039 in ointment.

Mouse skin HSV-1 or ACV-resistant HSV-1 infection model. Male
5-week-old ICR mice were purchased from Charles River Laboratories
Inc. The left mid-flank of each mouse was depilated with a chemical
depilatory hair remover. The naked skin was scratched 1 or 2 days later
with a 27-gauge needle, and 20 pl of the HSV-1 suspension of 2 x 10°
PFUs was applied to the scratched area. Each ointment was adminis-
tered to mice (5 mice per group) as follows. For experiment 1 (topical
treatment, the effect of different concentrations), FIT-039 prepared in
the ointment formulation at concentrations of 1.25%, 2.5%, 5%, and
10% (w/w) was topically applied to the scratched area (30 mg/area/
dose) 3 hours after the HSV-1 infection and twice daily for 12 days. For
experiment 2 (topical treatment, therapeutic efficacy of FIT-039 in
skin ACV-resistant HSV-1-infected mice), 10% FIT-039 ointment was
applied topically to the scratched area (30 mg/area/dose) 3 hours after
the ACV-resistant HSV-1 infection and twice daily for 12 days. The pla-
cebo (ointment base) and 5% ACV ointment applied twice daily were
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used as control. In both experiments, the development of skin lesions
and mortality were continuously observed twice daily for 12 days after
the HSV-1 or ACV-resistant HSV-1 infection and scored as follows:
0, no lesion; 2, vesicles in a local region; 4, erosion and/or ulceration
in a local region; 6, mild zosteriform lesion; 8, moderate zosteriform
lesion; 10, severe zosteriform lesion; 14, death.

Database repository. Gene expression profiling data were depos-
ited in GEO (accession no. GSE57429).

Statistics. Numerical values are reported as mean * SD unless
stated otherwise. Statistical significance was determined with a 2-tailed
Student’s ¢ test. A P value of less than 0.05 was considered significant.

Study approval. All animal protocols were reviewed and approved
by the Animal Research Committee, Graduate School of Medicine,
Kyoto University.
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RBFOX and SUP-12 sandwich a G base to cooperatively
regulate tissue-specific splicing

Kanako Kuwasako!-314, Mari Takahashil*>14, Satoru Unzai%, Kengo Tsudal:2, Seiko Yoshikawa!, Fahu Hel,
Naohiro Kobayashil»>, Peter Giintert®-%, Mikako Shirouzu!>2, Takuhiro Ito!2, Akiko Tanakal:2,
Shigeyuki Yokoyamal>1%, Masatoshi Hagiwara! 112, Hidehito Kuroyanagi!!'13 & Yutaka Muto!-3

Tissue-specific alternative pre-mRNA splicing is often cooperatively regulated by multiple splicing factors, but the structural
basis of cooperative RNA recognition is poorly understood. In Caenorhabditis elegans, ligand binding specificity of fibroblast
growth factor receptors (FGFRs) is determined by mutually exclusive alternative splicing of the sole FGFR gene, egl-15. Here we
determined the solution structure of a ternary complex of the RNA-recognition motif (RRM) domains from the RBFOX protein
ASD-1, SUP-12 and their target RNA from egl-15. The two RRM domains cooperatively interact with the RNA by sandwiching

a G base to form the stable complex. Multichromatic fluorescence splicing reporters confirmed the requirement of the G and the
juxtaposition of the respective cis elements for effective splicing regulation in vivo. Moreover, we identified a new target for the
heterologous complex through an element search, confirming the functional significance of the intermolecular coordination.

Alternative splicing plays a substantial part in the production of appro-
priate protein isoforms for various developmental stages and tissue
types!, and a number of diseases have been reported to be associated
with dysfunction of alternative splicing?3. A variety of splicing-
regulatory factors prerequisitely bind to specific sites on precursor
mRNAs (pre-mRNAs) to control exon inclusion or exclusion*-?.
However, the binding sequences for many of the RNA-binding pro-
teins lack tight consensus, and therefore cooperative recognition
of the target pre-mRNAs by multiple splicing-regulatory factors is
expected for accurate splicing regulation in vivo.

RNA-binding protein, fox-1 homolog (C. elegans) (RBFOX) family
proteins are well-documented and evolutionarily conserved splicing
regulators with important roles in tissue-specific alternative splic-
ing in metazoans!?. The RBFOX family proteins are characterized
by their single and nearly invariant RRM domain, which specifically
binds to a (U)GCAUG element with extraordinarily high affinity!l.
The (U)GCAUG element is enriched in flanking introns of alterna-
tive exons regulated in neuron-specific or muscle-specific manners
in mammals”-12-15, Indeed, RBFOX1 and RBFOX2 are predominantly
expressed in the brain, skeletal muscle and heart, although RBFOX2
is present in many cell types!®!7, and RBFOX3 is expressed exclu-
sively in neurons!8. Comparative genomic analysis of evolutionarily
conserved intronic UGCAUG elements!® as well as genome-wide
identification of binding sites for RBFOX2 in human embryonic

stem cells?® has revealed many alternative-splicing events regulated by
the RBFOX family and has elucidated a position-dependent trend of
splicing regulation via the (U)GCAUG elements. Nevertheless, some
of the alternative exons with the UGCAUG element(s) in the flanking
introns are oppositely regulated in brain and muscle tissues or are
unresponsive to expression or knockdown of the RBFOX proteins!?,
thus suggesting that other tissue-specific splicing regulators may
be required for proper regulation of the brain- or muscle-specific
splicing of the RBFOX-target exons.

In C. elegans, ligand binding specificity of FGFRs is determined
by mutually exclusive selection of exon 5A or exon 5B of the egl-15
gene encoding the sole homolog of the FGFRs?!. The EGL-15(5A)
isoform is required for directed migration of hermaphrodite sex
myoblasts toward the center of the body, where its specific ligand,
EGL-17, is expressed?!. However, the EGL-15(5B) isoform and its
specific ligand, LET-756, exert essential functions in embryonic and
larval development??-2>. We previously visualized the tissue-specific
selection patterns of egl-15 exon 5A and exon 5B in living worms with
bichromatic fluorescence reporter minigenes?®. Through genetic and
biochemical analyses, we demonstrated that the C. elegans RBFOX
family proteins ASD-1 and FOX-1 cooperate with SUP-12, a member
of the SUP-12-RBM24-RBM38 family proteins for muscle-specific
production of EGL-15(5A) in vivo?”. Both ASD-1 and FOX-1 are
expressed in a wide variety of tissues?’, like RBFOX2 in mammals,
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whereas SUP-12 is muscle specific?®, thus indicating that functional
coordination between these factors is crucial for the muscle-specific
selection of egl-15 exon 5A. Furthermore, asd-1I; fox-1 and asd-1;
sup-12 double-mutant worms are defective in the directed migration
of the sex myoblasts and in egg laying (Egl-d)?6%7, the same phe-
notypes as in the egl-15(5A) and egl-17 mutants, thus emphasizing
that egl-15 exon 5 is the essential physiological target for the RBFOX
family in nematodes.

We previously identified a UGCAUGGUGUGC stretch located
just upstream of the splice-acceptor site for exon 5B as a cis element
allowing the RBFOX family and SUP-12 to cooperatively repress exon
5B26:27 (Fig. 1a). The RBFOX family proteins specifically recognize
the first 6-nt UGCAUG segment, whereas SUP-12, which also has a
single RRM domain, is expected to bind to the latter GUGUGC seg-
ment?’. However, the precise RNA sequence specificity of SUP-12
is not yet clear, and it remains obscure why two RRM proteins are
necessary for the effective regulation of the egl-15 pre-mRNA.

We set out to elucidate the structural basis for the cooperative
RNA recognition by the RBFOX family proteins and SUP-12. We
thus determined solution structures of a binary complex consisting
of SUP-12 RRM and 5’-GUGUGC-3’ and a ternary complex consist-
ing of ASD-1 RRM, SUP-12 RRM and 5-UGCAUGGUGUGC-3".
We found that muscle-specific regulation of egl-15 alternative
splicing requires appropriate positioning of the two RRM domains
that sandwich the G base at the seventh position in the RNA
sequence. We confirmed the rigidity and the flexibility in their
cooperativity predicted from the structural analysis with our
egl-15 splicing-reporter system in vivo.

ARTICLES

RESULTS

Cooperative RNA binding by RRM domains of ASD-1 and SUP-12
We previously reported cooperative binding of full-length ASD-1 and
full-length SUP-12 to the egl-15 pre-mRNA in vitro?’. Here, we first
created ASD-1and SUP-12 fragments and then determined which of
them were capable of RNA binding. For ASD-1, we used a fragment
spanning residues 97-190 (hereafter termed ASD-1 RRM), according
to a previous report on the identical RRM domains of mammalian
RBFOX1 (ref. 11), which share high sequence identity with that of
ASD-1 (Supplementary Fig. 1). For SUP-12, NMR chemical-shift-
perturbation analyses revealed that a fragment spanning residues
20-121 (SUP-12 RRM) was sufficient for binding to the RNA oli-
gonucleotide 5'-GUGUGC-3" (RNAy) (Supplementary Fig. 2a,b).
Next, we tested whether the RRM domains are sufficient for coop-
erative RNA binding by performing an electrophoretic mobility shift
assay (EMSA) experiment with 10 nM of the RNA oligonucleotide
5-UGCAUGGUGUGC-3’ (RNA},) and ASD-1 RRM and/or SUP-12
RRM. In the case of ASD-1 RRM, a 1:1 protein-RNA binary complex
(ASD-1-RNA;, complex) was mainly formed (Fig. 1b). When we
added only SUP-12 RRM to RNA |5, we observed a smeared signal, and
the mobility of the RNA gradually shifted according to the increase
in the amount of SUP-12 RRM (Fig. 1¢), thus implying that SUP-12
RRM alone lacked strict RNA sequence specificity and that multiple
SUP-12 RRM molecules can bind to multiple sites in RNA;,. Then
we added SUP-12 RRM to RNA; in the presence of 25.6 uM ASD-1
RRM (Fig. 1d). In this case, SUP-12 RRM supershifted a band cor-
responding to the ASD-1-RNA |, complex to form another clear band
(Fig. 1d), indicating the formation of a ternary complex. The ternary
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Figure 2 Solution structures of SUP-12-RNAg and ASD-1-SUP-12-RNA;, complexes. (a,b) Ribbon representations of the SUP-12-RNAg
complex (a) and the ASD-1-SUP-12-RNA;, complex (b). SUP-12 RRM and ASD-1 RRM are colored white and gray, respectively. The G, A, U and
C nucleotides are shown in light blue, pink, light green and yellow, respectively. The side chains in the RRM domains involved in the G7-base
recognition are represented as follows: black, carbon; red, oxygen; blue, nitrogen. (¢) Schematic diagrams of the SUP-12-RNAg complex (left) and
the ASD-1-SUP-12-RNA;, complex (right). (d,e) Electrostatic-potential surfaces of the RRM domains in the SUP-12-RNAg complex (d) and the
ASD-1-SUP-12-RNA;, complex (e). Red and blue indicate negative and positive charges, respectively. The RNA molecule is colored yellow.

complex was formed at a lower concentration of SUP-12 RRM than
was required for the formation of the SUP-12-RNA ; binary complex
(Fig. 1¢). These results suggested that ASD-1 RRM anchored SUP-12
RRM to the appropriate position on the target RNA to form a stable
ternary complex at a molar ratio of 1:1:1.

In order to assess the cooperativity between ASD-1 RRM and
SUP-12 RRM, we also performed isothermal titration calorimetry (ITC)
experiments by using SUP-12 RRM, the RNA oligonucleotides and a
preformed ASD-1-RNA; binary complex (Fig. 1le,f). SUP-12 RRM
exhibited an apparent K4 value of 565 nM for binding RNA, (Fig. 1e).
Consistently with the EMSA experiments, SUP-12 RRM bound more
effectively to the preformed ASD-1-RNA, binary complex, with a Ky
of 42.4 nM (Fig. 1f). The ITC experiments also revealed that SUP-12
RRM by itself could bind to some extent to other RNA stretches
with GU and/or UG element(s) flanking the canonical binding site
(Supplementary Fig. 3a—e), whereas ASD-1 RRM specifically bound
to the UGCAUGG stretch (Supplementary Fig. 3a,f-h). The wobble
RNA recognition of SUP-12 RRM may explain the EMSA results in
which SUP-12 RRM alone shifted the mobility of RNAj, in a non-
uniform manner and hypershifted the mobility more effectively than
ASD-1 RRM alone (Fig. 1b-d). Thus, the EMSA and ITC experiments
indicated that ASD-1 RRM guides SUP-12 RRM to the proper site to
effectively form the stable ASD-1-SUP-12-RNA, ternary complex.

Structural basis for cooperative RNA recognition

In order to elucidate the structural basis for the cooperation
between ASD-1 and SUP-12, we solved a solution structure of a binary
complex composed of SUP-12 RRM and 5-GUGUGC-3’ (SUP-12-
RNAg complex) (Fig. 2a,c,d, Supplementary Fig. 2c,d, Table 1 and
Supplementary Tables 1 and 2) and that of the ternary complex com-
posed of ASD-1 RRM, SUP-12 RRM and 5’-UGCAUGGUGUGC-3’
(ASD-1-SUP-12-RNA;, complex) (Fig. 2b,c,e, Supplementary
Fig. 4, Table 1 and Supplementary Tables 3 and 4).

In the ternary complex, ASD-1 RRM and SUP-12 RRM were arranged
side by side in fixed positions and formed positively charged sur-
faces for RNA recognition (Fig. 2b,c,e and Supplementary Fig. 4c,d).
All of the nucleotide residues (U1-C12) interacted with either or both
of the RRM domains: U1-G6 were located on ASD-1 RRM, G7 was
sandwiched between the two RRM domains, and U8-C12 were on
SUP-12 RRM (Fig. 2b and Supplementary Fig. 4c-e).

The RNA-recognition mode of ASD-1 RRM in the ternary complex
was essentially the same as that of the single RRM domain of mam-
malian RBFOX1 in a binary complex with 5-UGCAUGU-3’ except
for the base at the seventh position; the U base is not fixed on the body
of the RRM domain of RBFOX1 (ref. 11). The mode of recognition of
G9-C12 by SUP-12 RRM was common between the SUP-12-RNA¢4
and the ASD-1-SUP-12-RNA |, complexes (Fig. 2a-c). The G9 base
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Table 1 Data collection and refinement statistics

ASD-1-SUP-12-
SUP-12-RNAg RNA2
NMR distance and dihedral constraints
Distance restraints
Total NOE 1,640 1,839
Intra-residue 428 602
Inter-residue
Sequential (Ii—-jI=1) 400 519
Non-sequential (/- /I > 1) 812 718
Hydrogen bonds? 40 112
Protein-nucleic acid intermolecular 67 122
Total dihedral angle restraints
Protein
[0 2 5
174 2 5
Nucleic acid
Base pair 0 4
Sugar pucker 6 12
Backbone 6 12
Total RDCs (HN-N)® - 69
Average correlation - 0.963 £ 0.007
Average Q - 0.272+£0.021
Structure statistics
Violations (mean and s.d.)
Distance constraints (A) > 0.1 0.145+0.028 0.134 +0.036
Dihedral angle constraints (°) 0 0
Max. dihedral angle violation (°) 0 0
Max. distance constraint violation (A) 0.186+0.024 0.188 £0.047
Deviations from idealized geometry
Bond lengths (A) 0.014 0.014
Bond angles (%) 1.8 1.9
Average pairwise r.m.s. deviation A
Protein®
Heavy 1.19+0.14 2.52+0.69
Backbone 0.45+0.09 2.09+0.69
RNAd
All RNA heavy 1.27 £0.47 2.13+0.68
Complex®
Protein and nucleic acid heavy 1.24£0.15 259+ 1.00

aUsed only in CYANA calculation. bUsed only in AMBER calculation. ¢For the calculated
residues, the proteins were lle37-Alal 14 of SUP-12 RRM and Leul02-Alal74 of ASD-1
RRM. 9For the calculated residues, the RNAs were G7-C12 in the SUP-12-RNAg complex and
U1-C12 in the ASD-1-SUP-12-RNA,, ¢For the calculated residues, the proteins and RNAs
were |le37-Alall4 and G7-C12 in the SUP-12-RNAg complex and Leul102-Alal74 and
U1-C12 of ASD-1-SUP-12-RNA, 5.

was located in a pocket composed of Phe38, Tyr78 and Asn106 of SUP-
12 (Fig. 3a). The O6 atom of G9 was recognized by the H3 proton of
Asn106 in the pocket (Fig. 3a). The U10 base was sandwiched between
the conserved Phe38 residue of the RNP2 motif and a C-terminal
extension of the RRM domain spanning residues Leul12 to Lys115
(Fig. 3b). Its functional moieties, the O4 atom and the imino proton,
were recognized by hydrogen-bonding with the H® amide proton of
Asn108 and the main chain carbonyl oxygen atom of Alal10, respec-
tively (Fig. 3b). The G11 base was stacked with the side chain of Phe80
on the RNP1 motifand that of Lys115 (Fig. 3¢). Two hydrogen-bonding
interactions were formed between the O6 atom of G11 and the amide
proton of Lys115 and between the OP2 atom of G11 and the H%? atom
of Lys115 (Fig. 3c). The C12 base stuck into the space composed of
Ile67 and Arg70; the O2 atom of C12 could be hydrogen-bonded to a
proton of the guanidyl group of Arg70 (Fig. 3d).

ARTICLES

ASD-1 RRM altered the mode of RNA recognition by SUP-12 RRM
In the ASD-1-SUP-12-RNA; complex, the side chain of Argl77 of
ASD-1 RRM intruded into the space between the G6 nucleotide on
ASD-1 RRM and the U8 nucleotide on SUP-12 RRM to interact with
the phosphate backbones of the G6, G7 and G9 nucleotides (Figs. 2b
and 3e). Accordingly, the recognition modes for the G7 and U8 bases
by SUP-12 RRM were quite different between the SUP-12-RNA¢ and
the ASD-1-SUP-12-RNA |, complexes.

The G7 base was buried in a groove formed by the B1-oal and
the 02—B4 loops and was sandwiched between Tyr44 and Argl03
in the SUP-12-RNA4 complex (Fig. 2a,c,d). The imino proton of
the G7 base formed a hydrogen bond with the main chain carboxyl
oxygen of Leu42 and exhibited several nuclear Overhauser effects
(NOEs) with SUP-12 RRM (Supplementary Fig. 5a). Thus, the
G7 base was fairly strictly recognized in the SUP-12-RNAg binary
complex. Correspondingly, ITC experiments revealed that SUP-12
RRM exhibited the lower affinity for the G7-substituted RNA oligo-
nucleotides AUGUGC, CUGUGU and UUGUGC (with substituted
oligonucleotides underlined here and subsequently) than for RNAg
(Supplementary Fig. 5¢c-f).

In the ASD-1-SUP-12-RNA |, complex, the G7 base was sandwiched
between ASD-1 Ile132 and SUP-12 Tyr44 and was surrounded by a wall
formed by ASD-1 Glu130 and SUP-12 Arg103 to fix the spatial relation-
ship between ASD-1 RRM and SUP-12 RRM (Fig. 3e). The x, angle of
SUP-12 Tyr44 was altered to maintain the stacking interaction with
the G7 base as described above (Figs. 2b and 3e). Correspondingly,
the imino-proton resonance from the G7 base was missing in the
ASD-1-SUP-12-RNA, complex (Supplementary Fig. 5b).

The U8 base was barely recognized in the SUP-12-RNA4 complex
(Fig. 3f). In the ASD-1-SUP-12-RNA; complex, the alternation of
the y, angle of SUP-12 Tyr44 induced re-formation of the pocket that
accommodated G9 (Figs. 2b and 3f), and the U8 base intruded into
the pocket to stack with the G9 base. The sugar moiety of U8 was
also stacked with ASD-1 Argl77, and the O4 atom of U8 was recog-
nized by the H® and H"?! amide protons of SUP-12 Arg103 (Fig. 3f).
Consistently with the relocation of U8 to the pocket, five intermolecu-
lar NOEs were present between the U8 base and the two RRM domains
in the ASD-1-SUP-12-RNA, complex, whereas only one NOE was
present between the U8 base and SUP-12 RRM in the SUP-12-RNA4
complex (Supplementary Tables 1 and 3). The solution structure thus
revealed that the stacking of the U8 base with the G9 base and ASD-1
Argl77 was a dominant interaction for U8 recognition in the ASD-
1-SUP-12-RNA |, complex. However, the space beside the U8 base
was large enough for the other bases (Supplementary Fig. 6a).

The role of the G7 base in ternary-complex formation

The G7-recognition mode in the ASD-1-SUP-12-RNA |, ternary com-
plex was distinct from that in the SUP-12-RNA¢ binary complex, as
described above. Analyses of the solution structures described above
predicted that G7 was the key nucleotide for the cooperation between
ASD-1RRM and SUP-12 RRM through the sandwich-like hydropho-
bic interactions, because a G base is preferable for such hydrophobic
interactions with hydrophobic amino acid residues. To test whether an
A base could substitute for the G at this position, we obtained an NMR
spectrum of a mutant ternary complex containing a G7A-mutant oli-
gonucleotide 5-UGCAUGAUGUGC-3" (RNA,(G7A)). The spectrum
indicated that both of the RRM domains bound to RNA,(G7A) and
that the A base resided at the position corresponding to the G7 base
(Fig. 4a). In contrast to the wild-type ASD-1-SUP-12-RNA;, com-
plex (Fig. 4b), however, the resonances of the following UG dinucleo-
tide (U8 and G9) were missing in the G7A-mutant complex (Fig. 4a),
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Figure 3 Close-up views of the ASD-1-SUP-12-RNA;, and SUP-12-RNAg complexes. (a-d) The recognition contacts for G9 (a), U10 (b), G11 (c) and
C12 (d) in the ASD-1-SUP-12-RNA2 complex. The side chains of the RRM domains involved in RNA recognition are represented as follows: green,
carbons in SUP-12 RRM; orange, carbons in ASD-1 RRM; red, oxygens; blue, nitrogens. The RNA molecule is represented by a ball-and-stick model

with atoms colored as follows: dark gray, carbon; red, oxygen; blue, nitrogen;

yellow, phosphorus. The base-specific hydrogen bonds, calculated by

AMBER, are represented by dashed cyan lines (also Supplementary Tables 3 and 4). (e) Stereo view of cooperative G7 recognition by ASD-1 RRM and

SUP-12 RRM in the ASD-1-SUP-12-RNA;, complex. (f) Comparison of U8-

and the ASD-1-SUP-12-RNA;, complex (bottom) in stereo views.

and G9-recognition contacts between the SUP-12-RNAg complex (top)

thus indicating that the recognition of these two nucleotides by
SUP-12 RRM was weakened, and the cooperativity between the
two RRM domains was probably lost.

Then we analyzed NMR dynamics parameters for the wild-type
and the mutant ternary complexes by measuring backbone-nitrogen
relaxation times T and T, and proton-nitrogen heteronuclear NOEs.
The correlation time (7. = 10.2 ns) and relatively large deviations of
the T; and T,/T, values for each of the RRM
domains indicated that the ASD-1-SUP-12-

(Supplementary Fig. 6c). These data suggested that the low
binding activity of SUP-12 RRM to the mutant RNA and/or the poor
fitting of A7-G9 on SUP-12 RRM caused the lower rigidity of the
G7A-mutant complex.

We also performed ITC analysis with a preformed ASD-1-
RNA,(G7A) binary complex and found that binding of SUP-12
RRM to the ASD-1-RNA,(G7A) complex (Fig. 5a) was reduced as

a 12345678 9101112 b 123456 78 9101112
RNA}, complex was shaped like a prolate ASD-1-SUP-12-UGCAUGAUGUGC ASD-1-SUP-12-UGCAUGGUGUGC
spheroid and behaved in one united body £
(Supplementary Fig. 6b). In the G7A-mutant o = o i w
complex, in contrast, the deviations were in 33 #é 23 ITTAEECEEE S
a small range, and the correlation time did 0 - 0 b OQPOPROPP Y 2
not correspond to the appropriate mole- . x-
cular weight for the rigid ternary complex {
H [ L ,
2.0 é 2.0 4= k. -1;: a2 W
Figure 4 Recognition of the U8 and G9 bases
is weakened in the G7A-mutant complex. ~ : . " .
(a,b) The H2, H6 and H8 regions of 2D 1H-1H i 4.07 ) E 4.0 i 1
NOESY spectra of the G7A mutant (a) and the s ; s nd B L
wild-type (b) ASD-1-SUP-12-RNA1, complexes te N T 1
at 298 K. The assignments of the H2, H6 and 604 . 604 3t 4
H8 atoms in the RNA molecules are indicated ' : ’ T
with blue and green lines. The assignment of H
the H8 atom of A7 is indicated with a dashed »
red line in a. Asterisks in a denote unsuccessful 8.04 H 8.0 Ty
assignment of the H6 atom of U8 and the H8 LT
atom of G9 for the mutant complex, indicating [ . - . - 1l ! - ]
weakened recognition of the U8 and G9 bases 9.0 8.5 8.0 7.5 7.0 6.5 9.0 8.5 8.0 %5 7.0 6.5
by SUP-12 RRM. H (p.p.m.) "H (p.p.m.)
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analyzed and represented as in Figure 1f,g.
For each of the ITC experiments, data were
obtained from single technical trial,

Lane 123 45 6 7

8 910 Lane 1 2 3 4 56 7 8 9101112

owing to the difficulty of the preparation of the purified binary complex. (e,f) EMSA experiments using a radiolabeled RNA;, probe with a dilution
series of ASD-1(E130R) RRM alone (e) and with a dilution series of SUP-12 RRM in the presence of 25.6 uM ASD-1(E130R) RRM (f). For each of the
experiments, a representative image from two independent experiments is shown.

compared to binding to the wild-type ASD-1-RNA, binary complex
(Fig. 1f). All these data supported the idea that the G7 base was cru-
cial for ASD-1 RRM and SUP-12 RRM to cooperatively recognize the
egl-15 pre-mRNA and form the stable and rigid ternary complex.

Although we did not observe a direct NOE between ASD-1 RRM
and SUP-12 RRM, NOEs from the G7 and U8 nucleotides to Ile132 and
Argl77 of ASD-1 and to Tyr44 and Arg103 of SUP-12 fixed the spatial
relationship between ASD-1 RRM and SUP-12 RRM (Supplementary
Table 3). We confirmed the orientation of the two RRM domains by
residual dipolar coupling (RDC) experiments (Supplementary Fig. 4b).
Correspondingly, the side chains of ASD-1 Ile132 and SUP-12 Tyr44
and the G7 base were well converged (Supplementary Fig. 4e).

From the structural information, we expected direct electrostatic
interactions between Asp128 and Glul30 of ASD-1 and Argl03 of
SUP-12 in the ASD-1-SUP-12-RNA |, complex (Figs. 2b and 3e and
Supplementary Fig. 4e). However, we did not confirm the interac-
tions with the NMR data because carboxyl groups in the side chains
of Asp128 and Glu130 had no protons for NOE measurements.

In order to elucidate the requirement for the interaction between
ASD-1 Glul30 and SUP-12 Argl03, we prepared a mutant protein
ASD-1(E130R) RRM and performed EMSA and ITC experiments.
The EMSA experiments demonstrated that ASD-1(E130R) RRM by
itself exhibited the same RNA binding activity to RNA,, (Fig. 5e)
as wild-type ASD-1 RRM (Fig. 1b). However, the formation of the
ASD-1(E130R)-SUP-12-RNA, ternary complex was diminished
(Fig. 5f) compared to formation of the wild-type ternary complex
(Fig. 1d). The ITC experiment revealed that the K4 value of SUP-12

RRM for binding to the preformed ASD-1-RNA;, complex was
weakened from 42.4 nM for the wild-type complex (Fig. 1f) to 1.46 uM
for the E130R-mutant complex (Fig. 5b). These results indicated
that ASD-1 Glu130 was essential for the intermolecular interaction
between the ASD-1-RNA |, complex and SUP-12 RRM and not for
the RNA binding activity of ASD-1 RRM.

SUP-12 Argl03 was also involved in RNA recognition in distinct
ways in the binary and the ternary complexes (Figs. 2 and 3e,f). ITC
experiments with a mutant protein SUP-12(R103E) RRM revealed that
the mutation in SUP-12 Arg103 more profoundly affected the binding
of SUP-12 RRM to the ASD-1-RNA, binary complex than to RNAg
(Fig. 5¢,d), confirming that SUP-12 Arg103 is one of the key residues for
the cooperative formation of the ASD-1-SUP-12-RNA |, complex.

Conclusively, the present structural studies delineated three charac-
teristic cooperative effects that stabilize the ASD-1-SUP-12-RNA, ter-
nary complex: the intrusion of Argl77 of ASD-1 RRM to interact with
the G6-US8 stretch, the sandwich-like recognition of the G7 base and
the electrostatic interaction between ASD-1 and SUP-12. In cooperation
with ASD-1, which specifically recognizes the UGCAUG stretch, SUP-
12 accurately recognized the GUGUGC stretch with higher affinity.

The G7 base was crucial for splicing regulation in vivo

In order to confirm the structural model in the actual regulation
of alternative splicing in vivo, we performed mutation analyses of
fluorescent egl-15 splicing reporter (Fig. 6). RFP was predominantly
expressed from the wild-type minigene (Fig. 6a), thus reflecting
exon 5A selection in body-wall muscles?®?7, whereas GFP was
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Figure 6 The sandwiched base G7 and not U8 is crucial for regulation

of muscle-specific alternative splicing /in vivo. (a-I) Microphotographs

of egl-15 reporter worms carrying wild-type (a) and mutant (b-I)
egl-15BGAR minigenes, acquired with a dual-band-pass filter.

(b,c) Substitution mutations of the RBFOX site (b) and the SUP-12

site (c). (d—f) Substitution mutations of the G7 base: G7A (d), G7C (e) and
G7U (f). (g-i) Substitution mutations of the U8 base: U8A (g), U8C (h)
and U8G (i). (j-I) Insertion mutations with three extra bases between the
elements: AAA (j), ACA (k) and ACC (I). The sequences of the cis elements
are indicated with the altered residues underlined. Scale bar, 200 pm.
The images were processed so that the images in the red channel appear
in magenta. These microphotographs are representative of three or more
transgenic lines (a,c,d,f,g,j-1) and of one or two transgenic lines (b,e,h,i).

predominantly expressed from mutant minigenes lacking the
consensus for either RBFOX or SUP-12 (Fig. 6b,c), thus indicating
exon 5B selection. When the G7 base was replaced with the other
bases (i.e., A, C or T) in the minigenes, the color of the worms also
changed to green (Fig. 6d-f), a result confirming that the G7 base
was crucial for the muscle-specific splicing regulation of the egl-15
gene in vivo.

However, when the T8 base was replaced with the other bases (i.e.,
A, Cor G), the body-wall muscles remained red or orange (Fig. 6g-i),
as we had speculated would happen, on the basis of the solution
structure. Indeed, the T8 base of the tandem elements is not fully
conserved in the egl-15 gene of related nematode species but is
replaced with C in Caenorhabditis briggsae (Supplementary Fig. 7a).
These data confirmed that the U8 base was not crucially involved
in splicing regulation.

To investigate the importance of the distance between the respec-
tive cis elements, we inserted three nucleotides (AAA, ACA or ACC)
between G6 and G7 in the minigene. These insertions drastically
changed the color of the splicing-reporter worms (Fig. 6j-1), indicat-
ing that proper positioning of the cis elements for the two RRM pro-
teins is crucial for the splicing regulation of egl-15 exon 5 in vivo.

Conservation of the cooperative splicing regulation

We speculated that a UGCAUG stretch immediately followed by a
GYGUG stretch in introns flanking an alternative exon may predict
cooperative regulation of the exon by the RBFOX family and SUP-12
in C. elegans. To test this idea, we searched the C. elegans genome
for the UGCAUGGYGUG sequence. We found that 14 out of 47
UGCAUGGYGUG sites in the genome reside in the sense strand of
protein-coding genes including egl-15. Among them, the cle-1 gene,
encoding the sole homolog of vertebrate type XV and type XVIII
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o o
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Figure 7 A highly conserved UGCAUGGUGUG stretch in cle-1 intron

16 successfully predicts the activation of exon 16 by the RBFOX family
and SUP-12. Reverse-transcription PCR analyses of endogenous cle-1
exon 16 (left) and egl-15 exons 5A and 5B (right) in the wild-type strain
(N2), the asd-1; fox-1 double mutant and the sup-12 mutant. Changes in
percentage spliced in (A'¥) in molar concentration as compared to N2 are
indicated. The results shown are from one of two technical replicates.
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collagen, has a highly conserved UGCAUGGUGUG stretch in the
downstream intron of its cassette exon (Supplementary Fig. 7b).
Consistently with the observations that the RBFOX family and the
UGCAUG stretch(es) in the downstream introns tend to promote
inclusion of cassette exons in mammals!®20 and nematodes (H.K.,,
unpublished data), we confirmed that the inclusion level of cle-1 exon
16 was decreased in the asd-I; fox-1 double mutant and was highly
dependent on SUP-12 (Fig. 7), thus confirming that cle-1 exon 16
was a common target for the RBFOX family and SUP-12 in vivo. To
our knowledge, this is the first successful prediction and validation
of a new target pre-mRNA for SUP-12 based on the combination
of the splicing-regulatory elements, and our results emphasize the
importance of cooperative splicing regulation by the RBFOX family
and SUP-12.

DISCUSSION

In this study, we elucidated the cooperative RNA-recognition mode
of ASD-1 and SUP-12. When ASD-1 RRM binds to the UGCAUG
stretch, SUP-12 binds to the juxtaposed GUGUG stretch with higher
affinity and specificity, to form a tight ternary complex with the G7
base sandwiched between them.

So far, two types of cooperative and specific RNA recognition
by multiple RRM domains have been elucidated. One is the inter-
molecular protein-protein interaction between Hrpl and Rnal5 on
the scaffold protein Rnal4 for tight RNA binding in yeast. In this
case, the RRM domains of Hrpl and Rnal5 separately recognize
their own target sequences without any cooperation?®. Another is
the intramolecular cooperation between two RRM domains in a single
molecule, such as Drosophila Sx13°. Intermolecular cooperation
between RRM domains for specific base recognition, as we observed
between ASD-1 and SUP-12, had not been reported previously, to our
knowledge. We identified the combinations of the amino acid residues
in ASD-1 and SUP-12 involved in the cooperative recognition
(Fig. 3e). We could not find the combinations of residues among all
of the 705 human RRM domains in the Pfam database (release 26.0).
Thus, we consider the sandwich-like RNA recognition by the RBFOX
family and SUP-12 to be unique among the RRM proteins.
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The muscle-specific RNA-binding protein SUP-12 confers muscle
specificity in the RBFOX-mediated splicing regulation of egl-15 exon
5 (ref. 27). Similarly, a neuron-specific CELF family RNA-binding
protein, UNC-75, confers neuron specificity in RBFOX-mediated
splicing regulation of unc-32 exon 7 (refs. 31,32). In mammals, some
cassette exons with UGCAUG stretches in their flanking introns are
oppositely regulated in brain and muscle tissues!?. These facts sug-
gest a general model in which specific binding of the RBFOX family
to the UGCAUG stretch(es) is necessary yet insufficient for proper
splicing regulation and that other tissue-specific factors are required
for combinatorial splicing regulation. One possible reason why the
high-affinity binding of the RBFOX family is insufficient might be
that occupancy of most of the UGCAUG stretches by the RBFOX
family proteins is low, owing to their low concentration in vivo, and
this is overcome by cooperative recognition, as shown in the present
study. This view is supported by splicing autoregulation of the RBFOX
family to strictly maintain RBFOX expression level in mammals?3 and
C. elegans (H.K., unpublished data).

We also demonstrated that the cooperation relies on the appropri-
ate distance of the cis elements for the RBFOX family and SUP-12.
In the case of muscle-specific alternative processing of unc-60
pre-mRNA, the target sequences for SUP-12 and ASD-2, a signal
transduction and activation of RNA (STAR) family protein, are
separated by three or more nucleotides?*-3¢, thus implying that the
spatial relationship between the cis elements directing the coopera-
tive recognition can vary according to the combination of splicing-
regulatory factors. Future structural studies on the combinatorial
recognition of target sequences by multiple RNA-binding proteins
together with the confirmation experiments with multichromatic
fluorescence splicing reporters will contribute to deciphering the
detailed splicing codes in vivo.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Chemical shifts of the SUP-12-RNA¢ complex and
those of the ASD-1-SUP-12-RNA |, complex have been deposited
in the Biological Magnetic Resonance Data Bank under accession
numbers 11517 and 11518, respectively. Atomic coordinates for the
ensembles of 20 energy-refined NMR conformers, representing the
solution structures of the SUP-12-RNAg and ASD-1-SUP-12-RNA ,
complexes, have been deposited in the Protein Data Bank under acces-
sion codes 2RU3 and 2MGZ, respectively.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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