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Alternative splicing plays a substantial part in the production of appro-
priate protein isoforms for various developmental stages and tissue  
types1, and a number of diseases have been reported to be associated  
with dysfunction of alternative splicing2,3. A variety of splicing-
regulatory factors prerequisitely bind to specific sites on precursor 
mRNAs (pre-mRNAs) to control exon inclusion or exclusion4–9.  
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 metazoans10. 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 affinity11. 
The (U)GCAUG element is enriched in flanking introns of alterna-
tive exons regulated in neuron-specific or muscle-specific manners 
in mammals7,12–15. Indeed, RBFOX1 and RBFOX2 are predominantly 
expressed in the brain, skeletal muscle and heart, although RBFOX2 
is present in many cell types16,17, and RBFOX3 is expressed exclu-
sively in neurons18. Comparative genomic analysis of evolutionarily  
conserved intronic UGCAUG elements19 as well as genome-wide 
identification of binding sites for RBFOX2 in human embryonic 

stem cells20 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 proteins19, 
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 FGFRs21. 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 expressed21. However, the EGL-15(5B) isoform and its 
specific ligand, LET-756, exert essential functions in embryonic and 
larval development22–25. We previously visualized the tissue-specific 
selection patterns of egl-15 exon 5A and exon 5B in living worms with 
bichromatic fluorescence reporter minigenes26. 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 vivo27. Both ASD-1 and FOX-1 are 
expressed in a wide variety of tissues27, like RBFOX2 in mammals, 
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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.
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whereas SUP-12 is muscle specific28, thus indicating that functional 
coordination between these factors is crucial for the muscle-specific 
selection of egl-15 exon 5A. Furthermore, asd-1; 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)26,27, 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-
ment27. 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.

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 vitro27. Here, we first 
created ASD-1 and 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′ (RNA6) (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′ (RNA12) 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–RNA12 complex) was mainly formed (Fig. 1b). When we 
added only SUP-12 RRM to RNA12, 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. 1c), 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 RNA12. Then 
we added SUP-12 RRM to RNA12 in the presence of 25.6 µM ASD-1 
RRM (Fig. 1d). In this case, SUP-12 RRM supershifted a band cor-
responding to the ASD-1–RNA12 complex to form another clear band  
(Fig. 1d), indicating the formation of a ternary complex. The ternary  

Figure 1  The RBFOX family and SUP-12 cooperatively regulate alternative splicing of egl-15  
pre-mRNA. (a) Schematic representation of mutually exclusive alternative splicing of exon 5A and 
exon 5B of the egl-15 pre-mRNA (details in main text). (b–d) EMSA using a radiolabeled RNA12 
probe without (−) or with the indicated concentrations of ASD-1 RRM (b), SUP-12 RRM (c) and 
both (d) recombinant proteins. Representative images from two independent experiments are 
shown. (e,f) ITC measurements of SUP-12 RRM binding to RNA12 (e) and to ASD-1–RNA12 binary 
complexes (f). The results shown are one of two technical replicates. Raw data as functions of 
time are shown at top, and plots of the total heat released as functions of the molar ratio of the 
RNA are shown at bottom. The experimental data were fitted to a theoretical titration curve with 
software supplied by MicroCal. The continuous lines represent the nonlinear least-squares best fit 
to the experimental data, with a one-site model.

a r t i c l e s
np

g
©

 2
01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



780	 VOLUME 21  NUMBER 9  SEPTEMBER 2014  nature structural & molecular biology

a r t i c l e s

complex was formed at a lower concentration of SUP-12 RRM than 
was required for the formation of the SUP-12–RNA12 binary complex  
(Fig. 1c). 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–RNA12 binary complex (Fig. 1e,f). SUP-12 RRM 
exhibited an apparent Kd value of 565 nM for binding RNA12 (Fig. 1e). 
Consistently with the EMSA experiments, SUP-12 RRM bound more 
effectively to the preformed ASD-1–RNA12 binary complex, with a Kd 
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 RNA12 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–RNA12 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–
RNA6 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–RNA12 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–RNA6 
and the ASD-1–SUP-12–RNA12 complexes (Fig. 2a–c). The G9 base 
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Figure 2  Solution structures of SUP-12–RNA6 and ASD-1–SUP-12–RNA12 complexes. (a,b) Ribbon representations of the SUP-12–RNA6  
complex (a) and the ASD-1–SUP-12–RNA12 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 
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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 Hδ 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 Leu112 to Lys115 
(Fig. 3b). Its functional moieties, the O4 atom and the imino proton, 
were recognized by hydrogen-bonding with the Hδ amide proton of 
Asn108 and the main chain carbonyl oxygen atom of Ala110, respec-
tively (Fig. 3b). The G11 base was stacked with the side chain of Phe80 
on the RNP1 motif and that of Lys115 (Fig. 3c). 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 Hζ3 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).

ASD-1 RRM altered the mode of RNA recognition by SUP-12 RRM
In the ASD-1–SUP-12–RNA12 complex, the side chain of Arg177 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–RNA6 and 
the ASD-1–SUP-12–RNA12 complexes.

The G7 base was buried in a groove formed by the β1−α1 and 
the α2−β4 loops and was sandwiched between Tyr44 and Arg103 
in the SUP-12–RNA6 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–RNA6 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 RNA6 
(Supplementary Fig. 5c–f).

In the ASD-1–SUP-12–RNA12 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 χ2 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–RNA12 complex (Supplementary Fig. 5b).

The U8 base was barely recognized in the SUP-12–RNA6 complex 
(Fig. 3f). In the ASD-1–SUP-12–RNA12 complex, the alternation of 
the χ2 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 Arg177, and the O4 atom of U8 was recog-
nized by the Hε and Hη21 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–RNA12 complex, whereas only one NOE was 
present between the U8 base and SUP-12 RRM in the SUP-12–RNA6 
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 
Arg177 was a dominant interaction for U8 recognition in the ASD-
1–SUP-12–RNA12 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–RNA12 ternary com-
plex was distinct from that in the SUP-12–RNA6 binary complex, as 
described above. Analyses of the solution structures described above 
predicted that G7 was the key nucleotide for the cooperation between 
ASD-1 RRM 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′ (RNA12(G7A)). The spectrum 
indicated that both of the RRM domains bound to RNA12(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–RNA12 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),  

Table 1  Data collection and refinement statistics

SUP-12–RNA6

ASD-1–SUP-12– 
RNA12

NMR distance and dihedral constraints

Distance restraints

  Total NOE 1,640 1,839

  Intra-residue 428 602

  Inter-residue

    Sequential (|i – j  | = 1) 400 519

    Non-sequential (|i – j  | > 1) 812 718

  Hydrogen bondsa 40 112

  Protein–nucleic acid intermolecular 67 122

Total dihedral angle restraints

  Protein

    φ 2 5

    ψ 2 5

  Nucleic acid

    Base pair 0 4

    Sugar pucker 6 12

    Backbone 6 12

Total RDCs (HN-N)b – 69

Average correlation – 0.963 ± 0.007

Average Q – 0.272 ± 0.021

Structure statistics

Violations (mean and s.d.)

  Distance constraints (Å) > 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 (Å) 0.186 ± 0.024 0.188 ± 0.047

Deviations from idealized geometry

  Bond lengths (Å) 0.014 0.014

  Bond angles (°) 1.8 1.9

Average pairwise r.m.s. deviation (Å)

  Proteinc

    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

  Complexe

    Protein and nucleic acid heavy 1.24 ± 0.15 2.59 ± 1.00
aUsed only in CYANA calculation. bUsed only in AMBER calculation. cFor the calculated 
residues, the proteins were Ile37–Ala114 of SUP-12 RRM and Leu102–Ala174 of ASD-1 
RRM. dFor the calculated residues, the RNAs were G7–C12 in the SUP-12–RNA6 complex and 
U1–C12 in the ASD-1–SUP-12–RNA12. eFor the calculated residues, the proteins and RNAs 
were Ile37–Ala114 and G7–C12 in the SUP-12–RNA6 complex and Leu102–Ala174 and 
U1–C12 of ASD-1–SUP-12–RNA12.
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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 T1 and T2 and proton-nitrogen heteronuclear NOEs. 
The correlation time (τc = 10.2 ns) and relatively large deviations of 
the T1 and T1/T2 values for each of the RRM 
domains indicated that the ASD-1–SUP-12– 
RNA12 complex was shaped like a prolate 
spheroid and behaved in one united body 
(Supplementary Fig. 6b). In the G7A-mutant 
complex, in contrast, the deviations were in 
a small range, and the correlation time did 
not correspond to the appropriate mole
cular weight for the rigid ternary complex  

(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–
RNA12(G7A) binary complex and found that binding of SUP-12 
RRM to the ASD-1–RNA12(G7A) complex (Fig. 5a) was reduced as 
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SUP-12 RRM in the ASD-1–SUP-12–RNA12 complex. (f) Comparison of U8- and G9-recognition contacts between the SUP-12–RNA6 complex (top)  
and the ASD-1–SUP-12–RNA12 complex (bottom) in stereo views.
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Figure 4  Recognition of the U8 and G9 bases 
is weakened in the G7A-mutant complex. 
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assignment of the H6 atom of U8 and the H8 
atom of G9 for the mutant complex, indicating 
weakened recognition of the U8 and G9 bases 
by SUP-12 RRM.
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compared to binding to the wild-type ASD-1–RNA12 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 
Arg177 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 Glu130 of ASD-1 and Arg103 of 
SUP-12 in the ASD-1–SUP-12–RNA12 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 Glu130 and SUP-12 Arg103, 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 RNA12 (Fig. 5e) 
as wild-type ASD-1 RRM (Fig. 1b). However, the formation of the 
ASD-1(E130R)–SUP-12–RNA12 ternary complex was diminished 
(Fig. 5f) compared to formation of the wild-type ternary complex 
(Fig. 1d). The ITC experiment revealed that the Kd value of SUP-12  

RRM for binding to the preformed ASD-1–RNA12 complex was  
weakened from 42.4 nM for the wild-type complex (Fig. 1f) to 1.46 µM  
for the E130R-mutant complex (Fig. 5b). These results indicated 
that ASD-1 Glu130 was essential for the intermolecular interaction 
between the ASD-1–RNA12 complex and SUP-12 RRM and not for 
the RNA binding activity of ASD-1 RRM.

SUP-12 Arg103 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–RNA12 binary complex than to RNA6 
(Fig. 5c,d), confirming that SUP-12 Arg103 is one of the key residues for 
the cooperative formation of the ASD-1–SUP-12–RNA12 complex.

Conclusively, the present structural studies delineated three charac-
teristic cooperative effects that stabilize the ASD-1–SUP-12–RNA12 ter-
nary complex: the intrusion of Arg177 of ASD-1 RRM to interact with 
the G6–U8 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 muscles26,27, whereas GFP was  
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Figure 5  ASD-1 RRM guides SUP-12  
RRM to form the stable ASD-1–SUP-12– 
RNA12 ternary complex. (a,b) ITC  
measurements of SUP-12 RRM binding  
to two types of mutant binary complexes:  
ASD-1–RNA12(G7A) (a) and  
ASD-1(E130R)–RNA12 (b). (c,d) ITC  
measurements of the binding of SUP-12(R103E)  
RRM to the preformed ASD-1–RNA12 binary  
complex (c) and to RNA6 (d). The data are  
analyzed and represented as in Figure 1f,g.  
For each of the ITC experiments, data were  
obtained from single technical trial,  
owing to the difficulty of the preparation of the purified binary complex. (e,f) EMSA experiments using a radiolabeled RNA12 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 µM ASD-1(E130R) RRM (f). For each of the 
experiments, a representative image from two independent experiments is shown.
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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, C or 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–l), 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 

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 mammals19,20 and nematodes (H.K., 
unpublished data), we confirmed that the inclusion level of cle-1 exon 
16 was decreased in the asd-1; 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 Hrp1 and Rna15 on 
the scaffold protein Rna14 for tight RNA binding in yeast. In this 
case, the RRM domains of Hrp1 and Rna15 separately recognize 
their own target sequences without any cooperation29. Another is 
the intramolecular cooperation between two RRM domains in a single  
molecule, such as Drosophila Sxl30. 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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Figure 6  The sandwiched base G7 and not U8 is crucial for regulation  
of muscle-specific alternative splicing in vivo. (a–l) Microphotographs  
of egl-15 reporter worms carrying wild-type (a) and mutant (b–l)  
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–l) Insertion mutations with three extra bases between the 
elements: AAA (j), ACA (k) and ACC (l). The sequences of the cis elements 
are indicated with the altered residues underlined. Scale bar, 200 µm. 
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–l) and of one or two transgenic lines (b,e,h,i).
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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 tissues19. 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 mammals33 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 nucleotides34–36, 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–RNA6 complex and 
those of the ASD-1–SUP-12–RNA12 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–RNA6 and ASD-1–SUP-12–RNA12 
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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ONLINE METHODS
Preparation of the recombinant proteins for SUP-12 RRM and ASD-1 RRM. 
The cDNAs encoding the RRM domains of SUP-12 (SUP-12 RRM; Ser20–Gln121, 
NCBI accession number NP_508674.1) and ASD-1 (ASD-1 RRM; Asp97–Gly190, 
NCBI accession number NP_497841.1) were cloned into pET-15b (Novagen) and 
pGEX6P-1 (GE Healthcare), respectively. In both constructs, a TEV protease–
cleavage site was placed between the tag and the protein sequences. Point mutants 
were introduced into ASD-1 RRM and SUP-12 RRM by PrimeSTAR Mutagenesis 
Basal Kit (TaKaRa) according to the manufacturer’s instructions.

Escherichia coli strain BL21 (DE3) was transformed with the recombinant  
plasmids and grown at 37 °C, in LB medium supplemented with 50 mg/l  
ampicillin for the nonlabeled samples, and in modified minimal medium37  
supplemented with 50 mg/l ampicillin for the 15N-13C –labeled samples. IPTG 
was added to the culture to a final concentration of 1 mM, to induce protein 
expression. After 3–4 h of cultivation, the cells were harvested.

In order to prepare SUP-12 RRM, the harvested cells were lysed by sonication 
in 20 mM Tris-HCl buffer, pH 7.0, containing 300 mM NaCl, 20 mM imidazole, 
1 mM β-mercaptoethanol and protease-inhibitor cocktail (Nacalai Tesque). The 
lysate was applied to an Ni2+-NTA SuperFlow column (Qiagen) eluted with an 
imidazole gradient from 20 mM to 250 mM, and the tag was removed by incu-
bation with TEV protease overnight at room temperature. The tag-free SUP-12 
RRM was further purified by RESOURCE S column chromatography according 
to the manufacturer’s instructions (GE Healthcare).

In order to prepare ASD-1 RRM, the harvested cells were lysed by sonication in 
phosphate-buffered saline containing 1 mM DTT and protease-inhibitor cocktail 
(Nacalai Tesque). The lysate was applied to a glutathione Sepharose 4 Fast Flow 
column (GE Healthcare) eluted by the addition of glutathione, and the tag was 
removed by incubation with TEV protease overnight at room temperature. The 
tag-free ASD-1 RRM was further purified by RESOURCE S column chromato
graphy according to the manufacturer’s instructions (GE Healthcare).

NMR spectroscopy. For NMR measurements, the samples were concentrated  
to 0.1–1 mM in 20 mM d-Tris-HCl buffer, pH 7.0 or pH 5.0, containing 100 mM  
NaCl, 1 mM 1,4-dl-dithiothreitol-d10 (d-DTT), 1 µL of RNase inhibitor  
SIN-101 (TOYOBO) and 0.02% NaN3 (in 90% H2O/10% D2O and 99.99% D2O), 
with an Amicon Ultra-15 filter (3,000 MWCO, Millipore). NMR experiments 
were performed at 298 K for SUP-12 RRM and at 288 K, 298 K and 303 K for 
the SUP-12–RNA6 and ASD-1–SUP-12–RNA12 complexes on Bruker 600, 700, 
800 and 900 MHz spectrometers (Bruker AV600 and AV700 equipped with 
cryoprobes and Bruker AV800 and AV900 equipped with normal probes). The 
RNA oligomers were purchased from Dharmacon. The 1H, 15N, and 13C chemi-
cal shifts were referenced relative to the frequency of the 2H lock resonance of 
water. Backbone and side chain assignments of the proteins were obtained with 
a combination of standard triple-resonance experiments. 2D 1H-15N HSQC and 
3D HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH 
spectra were used for the 1H, 15N, and 13C assignments of the protein backbone. 
The 1H and 13C assignments of the nonaromatic side chains including all prolines 
were obtained with 2D 1H-13C HSQC, and 3D HBHA(CO)NH, H(CCCO)NH, 
(H)CC(CO)NH, HCCH-COSY, HCCH-TOCSY and (H)CCH-TOCSY spectra. 
Assignments were checked for consistency with 3D 15N-edited 1H-1H NOESY 
and 13C -edited 1H-1H NOESY spectra. The 1H and 13C spin systems of the aro-
matic rings of phenylalanine, tryptophan, histidine and tyrosine were identified 
with 3D HCCH-COSY and HCCH-TOCSY experiments, and 3D 13C-edited 
1H-1H NOESY was used for the sequence-specific resonance assignment of the 
aromatic side chains. NOESY spectra were recorded with mixing times of 80 ms  
and 150 ms. For the assignments of the RNA molecules, 2D filtered NOESY 
(mixing times of 150 and 400 ms) and 2D filtered TOCSY (mixing time of 45 ms) 
spectra were used. The sugar-ring conformation was identified by the intensity of 
the cross-peaks between H1′ and H2′ in the 2D TOCSY spectra. The NMR data 
were processed with NMRPipe38. Analyses of the processed data were performed 
with NMRView39 and KUJIRA40.

Structure calculations. The three-dimensional structures of the SUP-12–RNA6 
and the ASD-1–SUP-12–RNA12 complexes were determined by a combination 
of automated NOESY cross-peak assignment and structure calculations with 
torsion-angle dynamics, implemented in CYANA 2.1 (ref. 41). Dihedral-angle 
restraints for φ and ψ were obtained from the main chain and 13Cβ chemical-shift  

values with TALOS42, and by analysis of the NOESY and HNHA spectra. The 
χ1 angles of the protein side chains were estimated by inspection of the patterns  
of inter- and intra-NOE intensities in conjunction with the 3D HNHB and 
HN(CO)HB spectra. For the determination of the three-dimensional structures 
of the RNA molecules, the intermolecular protein-RNA NOEs were manually 
assigned with 2D NOESY spectra, with mixing times of 150 and 400 ms. The 
distance restraints for the protein-RNA NOEs were set as follows: the NOEs 
derived from the RNA molecule in the 2D NOESY spectra with a mixing time 
of 80 ms were divided into four groups with upper distance restraints of 3.5, 4.0, 
4.5 and 5.0 Å, according to their intensity. Upper distance restraints of 6.0 Å 
were applied for the intermolecular NOEs that could be identified from only 2D 
NOESY spectra with a mixing time of 400 ms. The information about the 2′- or 
3′-end configuration of RNA sugars and syn-anti configuration of bases included 
in the structural calculation, were derived from the 1′-2′ cross-peak intensities 
in TOCSY experiments and from the intra-residue NOE pattern between the 
bases and the sugars.

The structure calculations started from 200 randomized conformers, and the 
standard CYANA simulated annealing schedule was used, with 40,000 torsion-
angle dynamics steps per conformer. We select the calculated structure with the 
reasonable relative intensities of intra-residue NOEs for main chain resonances to 
reduce the number of amino acid residues appearing in the disallowed region in the 
final structures. The 40 conformers with the lowest final CYANA target-function  
values were further refined with AMBER9 (ref. 43), with a generalized Born 
solvation model and an AMBER 2003 force field, as described previously44,45. 
RDC information was incorporated into the Amber calculation as restraints. 
RDC restraints for the protein backbone were applied with the force constant of 
0.1 kcal/mol/Hz−2 for the calculation of the ASD-1–SUP-12–RNA12 complex. An 
error restraint of 1.0 Hz was used for all RDCs. From the 40 refined structures, 
the 20 conformers with the lowest AMBER energy and violation were selected, 
to form the final ensemble of structures. From the structures determined by 
the AMBER calculation, we calculated the 1H-15N RDC values for this ordered 
region with PALES46. Supplementary Figure 7 shows a comparison between 
the calculated and experimental RDC values. The 20 conformers that were most 
consistent with the experimental restraints were then used for further analyses. 
PROCHECK-NMR47 and MOLMOL48 were used to validate and to visualize the 
final structures, respectively.

NMR titration experiments. For the amide chemical-shift titration experiments, 
the RNA oligonucleotide 5′-GUGUGC-3′ (Dharmacon) was dissolved in 20 mM 
d-Tris-HCl buffer, pH 7.0, containing 100 mM NaCl and 1 mM d-DTT, to make a 
6 mM solution. 2D 1H-15N HSQC spectra were recorded while the concentration 
of the RNA was increased relative to that of the SUP-12 RRM solution (200 µM), 
to a final 1:2 ratio of SUP-12 RRM/RNA. The perturbation values were obtained 
from the 1H-15N HSQC spectrum. The absolute values of the chemical-shift 
change ∆δ(15N + 1HN) were calculated as follows: ∆δ(15N + 1HN) = ((δ15N × 
0.15)2 + (δ1H)2)1/2. The baseline of the amide perturbation was defined as the 
average of the smallest 75% (0.10 p.p.m.).

RDC measurements. The 15N-1H RDC measurement of the ASD-1–SUP-12– 
RNA12 complex was performed by comparison of coupled two-dimensional  
1H-15N IPAP HSQC spectra, obtained in the absence of orienting medium, 
against spectra obtained in the presence of acrylamide gel medium (9%), with 
a Bruker 700 MHz spectrometer equipped with cryoprobes. The RDC values 
were measured at the probe temperature of 298 K. All data were normalized to 
the 15N-1H data. On the basis of the final ASD-1–SUP-12–RNA12 structure, the 
RDC values were calculated with the PALES program46.

Measurements of dynamic parameters. Measurements of the nitrogen relaxation 
times T1 and T2 and the proton-nitrogen heteronuclear NOEs were performed 
on a Bruker 600 MHz spectrometer with cryoprobe (Bruker AV 600) at 25 °C, 
with the 15N, 13C -labeled ASD-1 RRM and SUP-12 RRM in a 1:1:1 complex of 
ASD-1–SUP-12–RNA12 at a 500 µM concentration. Eight different values for the 
relaxation time were recorded for the 15N T1 (T1 delays = 5, 65, 145, 246, 366, 
527, 757 and 1,148 ms) and 15N T2 (T2 delays = 32, 48, 64, 80, 96, 112, 128 and 
144 ms) relaxation experiments. The 15N T1 and 15N T2 values were extracted 
with a curve-fitting subroutine included in Sparky (SPARKY 3, http://www.cgl.
ucsf.edu/home/sparky/). The proton-nitrogen heteronuclear NOE values were 
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calculated as the ratio between the cross-peak intensities with (I) and without (I0) 
1H saturation (I/I0). The errors were estimated from the root mean square of the 
baseline noise in the two spectra. The overall correlation time (τc) was obtained by 
fitting the experimental data, with a model-free approach. Residues that exhibited 
overlapped resonance peaks and slightly insufficient resonance qualities for the 
magnetic decay analyses are not shown except for the following residues in ASD-1 
RRM (T1: Tyr111, Gly137, Gln147, Ala155, Glu158, Gly161, Thr163, Asn172, 
Thr175 and His179; T2: Ser105, Phe120, Val123, Glu130, Ile132, Asn134, Arg136, 
Ser138, Gly142, Val144, Gln147, Ala155, Glu158, Thr163, Asn172 and Thr175; 
NOEs: Asn106, Tyr111, Ala118, Glu121, Gly124, Val127, Arg136, Gly137, Ser138, 
Lys139, Phe143, Thr145, Gln147, Ala155, Glu158, Asn160, Gly161, Thr163 and 
Thr175), SUP-12 RRM (T1: Thr32, Ser47, Leu51, Glu53, Glu56, Val81 and Lys84; 
T2: Phe34, Ile37, Gly41, Leu42, Ser47, Glu53, Glu56, Thr68, Asp69, Gly77, Lys84, 
Ile99, Ala105, Asn106, Val107 and Leu112; NOEs: Thr32, Ser47, Lys49, Leu51, 
Glu53, Glu56, Phe58, Val81, Ile99, Val107 and Leu109), ASD-1 RRM (T1: Met119, 
Phe120, Asp128, Ile131, Glu135, Glu170 and Arg177; T2: Leu102, His103, Lys110, 
Val123, Asp128, Glu135, Arg136, Lys139, Asp151, Arg156, Glu158 and Thr175; 
NOEs: Arg101, His103, Lys110, Phe120, Val123, Val126, Asp128, Glu135, Arg136, 
Gln147, Asp151, Arg156 and Glu170), and SUP-12 RRM (T1: Va26, Ser29, Arg30, 
Lys36, Ile37 and His45; T2: Val26, Ser29, Arg30, Phe34, His45, His52, Arg91, 
Asn97, Ile99 and Leu112; NOEs: Val26, Ser29, Arg30, Met33, Phe34, Tyr44, 
His45, Glu56, Arg91, Leu109, Leu112 and Lys115).

ITC measurements. ITC measurements were performed at 25 °C, with a MicroCal 
VP-ITC and Auto-iTC200 calorimeter. Samples were buffered with 20 mM  
Tris, pH 7.0, containing 100 mM NaCl, and were thoroughly degassed before use. 
At first, 2.0-ml portions of the SUP-12 RRM solution (5 µM) and the ASD-1 RRM 
solution (20 or 25 µM) were prepared. Then 20-fold higher–concentrated RNA 
solutions (RNA6, 5′-CUUUGUUUCAG-3′, 5′-CUUUGUU-3′ and RNA12 for 
SUP-12 RRM, and RNA6 and 5′-CUUUGUUUCAG-3′ for ASD-1 RRM) were 
injected into the protein solutions. In the case of 5′-UGCAUGG-3′, 2 mL RNA 
solutions (0.5 µM for ASD-1 RRM and 40 µM for SUP-12 RRM) were prepared 
in the cell chamber. The 20-fold higher–concentrated ASD-1 RRM and SUP-12 
RRM solutions were then injected into the RNA solutions. For the ITC meas-
urements of the ASD-1–RNA12 binary complexes titrated with SUP-12 RRM or 
SUP-12(R103E) RRM, the ASD-1–RNA12 binary complexes were purified by 
gel filtration after mixing of ASD-1 RRM or ASD-1(E130R) RRM with the with 
RNA12 or RNA12(G7A). The data were analyzed with MicroCal ORIGIN, with a 
binding model assuming a single site of interaction.

Electrophoretic mobility shift assays. For the EMSA experiments, RNA12  
and RNA12(G7A) were subjected to the kinase reaction with [32P]ATP, and 
the 32P-labeled RNA oligonucleotides were purified with spin columns. The  
32P-labeled RNA oligonucleotides (10 nM) were mixed with proteins in 20 mM 
Tris-HCl buffer, pH 7.0, containing 60.7 mM NaCl, 1 mM DTT and 1 mg/mL 
yeast tRNA at 25 °C for 30 min and were applied to 8% PAGE gels under non
denaturing conditions with 0.5× Tris-borate-EDTA buffer (8.9 mM Tris base,  
8.9 mM boric acid, and 0.25 mM EDTA).

Reporter minigene construction. The mutant egl-15BGAR splicing-reporter 
minigenes were constructed as described previously49. The sequences of the 
primers used in plasmid construction are available from H.K. upon request.

Worm culture and microscopy. Worms were cultured with standard methods. 
The C. elegans strains used were N2 (wild type), KH1234: asd-1 (yb978) III; fox-1 
(e2643) X and KH1667: sup-12 (yb1253) X. Transgenic worms were generated as 
described previously27,49. Images of desynchronized fluorescence-reporter worms 
were captured with a fluorescence stereoscope (M205FA, Leica) equipped with 
a color, cooled CCD camera (DFC310FX, Leica). No randomization or blinding 
was used; images of many worms were captured instead. The color images are 
processed with Photoshop (Adobe).

RT-PCR. Total RNA was extracted from synchronized L1 larvae of N2, the asd-1; 
fox-1 double mutant and the sup-12 mutant, with an RNeasy Mini kit and DNase I  
(Qiagen). RT-PCR of the cle-1 and egl-15 mRNAs was performed essentially 
as described previously27,49. RT-PCR products were analyzed with BioAnalyzer 
(Agilent), and the sequences of the RT-PCR products were confirmed by direct 
sequencing. The primers used for cle-1 were 5′-GGTGCTGAAGGTTCGGG 
TAC-3′ and 5′-CATGAAGTCCTGGAGCACCA-3′.
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