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ABSTRACT

The spliceosomal protein p14, a component of the SF3b com-

plex in the U2 small nuclear ribonucleoprotein (snRNP), is

essential for the U2 snRNP to recognize the branch site adeno-

sine. The elucidation of the dynamic process of the splicing

machinery rearrangement awaited the solution structural in-

formation. We identified a suitable complex of human p14

and the SF3b155 fragment for the determination of its solu-

tion structure by NMR. In addition to the overall structure of

the complex, which was recently reported in a crystallographic

study (typical RNA recognition motif fold b1-a1-b2-b3-a2-b4

of p14, and aA-bA fold of the SF3b155 fragment), we identi-

fied three important features revealed by the NMR solution

structure. First, the C-terminal extension and the nuclear

localization signal of p14 (a3 and a4 in the crystal structure,

respectively) were dispensable for the complex formation. Sec-

ond, the proline-rich segment of SF3b155, following bA,

closely approaches p14. Third, interestingly, the b1-a1 loop

and the a2-b4 b-hairpin form a positively charged groove.

Extensive mutagenesis analyses revealed the functional rele-

vance of the residues involved in the protein–protein interac-

tions: two aromatic residues of SF3b155 (Phe408 and Tyr412)

play crucial roles in the complex formation, and two hydro-

phobic residues (Val414 and Leu415) in SF3b 155 serve as an

anchor for the complex formation, by cooperating with the ar-

omatic residues. These findings clearly led to the conclusion

that SFb155 binds to p14 with three contact points, involving

Phe408, Tyr412, and Val414/Leu415. Furthermore, to dissect

the interactions between p14 and the branch site RNA, we per-

formed chemical-shift-perturbation experiments, not only for

the main-chain but also for the side-chain resonances, for sev-

eral p14-SF3b155 complex constructs upon binding to RNA.

These analyses identified a positively charged groove and the

C-terminal extension of p14 as RNA-binding sites. Strikingly,

an aromatic residue in the b1-a1 loop, Tyr28, and a positively

charged residue in the a2-b4 b-hairpin, Agr85, are critical for

the RNA-binding activity of the positively charged groove. The

Tyr28Ala and Arg85Ala point mutants and a deletion mutant

of the C-terminal extension clearly revealed that their RNA

binding activities were independent of each other. Collectively,

this study provides details for the protein-recognition mode of

p14 and insight into the branch site recognition.
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INTRODUCTION

Pre-mRNA splicing occurs in the nucleus through two

successive trans-esterification reactions, which are carried

out by the spliceosome,1,2 a set of large and highly

dynamic macromolecular complexes containing the small

nuclear ribonucleoproteins (snRNPs) U1, U2, U4, U5,

and U6.3–5 The U2 snRNP is a large protein-RNA com-

plex containing the U2 snRNA, which plays an important

role in branch site recognition via base-pairing with a

complementary RNA sequence.6–9

The SF3b protein complex, a component of the U2

snRNP,10–12 plays a key role in the recruitment and sta-

ble binding to the branch site.10,13–15 SF3b is composed

of seven proteins, SF3b155, SF3b145, SF3b130, SF3b49,

SF3b14b, SF3b10, and p14.10–12 The p14 protein, which

is highly conserved in a wide variety of organisms (see

Fig. 1),17 has been shown to form a stable complex with

SF3b155.14 This protein complex forms the core respon-

sible for branch site recognition; p14 and SF3b155 inter-

act directly with the branch site adenosine and the flank-

ing regions, respectively.17,18

The architectures of isolated SF3b and of SF3b in the

U11/U12 di-snRNP, which is a member of the minor

spliceosome,19 have been investigated by cryo-EM

experiments.20,21 SF3b can reportedly adopt two confor-

mations. In the isolated SF3b complex, the p14 protein is

located in the central cavity of the complex, where it is

hidden from the solvent. In contrast, upon integration

into the U11/U12 di-snRNP, the structure of SF3b adopts

a more open conformation, and p14 is exposed to the

solvent for the recognition of pre-mRNA, suggesting that

a conformational change of SF3b155 should be necessary

for branch site adenosine recognition by p14.20,21

Furthermore, a recent crystallographic study reported

the structure of the complex composed of the p14 pro-

tein and a peptide corresponding to SF3b155 (373–

415).22 In this structure, the p14 protein adopts a ca-

nonical RNA recognition motif (RRM) fold (b1-a1-b2-
b3-a2-b4), but possesses a peptide-recognition mode

that differs from those of other known peptide-binding

RRMs.23–29 In addition, the N-terminal part of the

SF3b155 fragment and the C-terminally extended helix of

p14 (a3) covered the entire b-sheet surface of the RRM

fold, and formed an extensive network of hydrophobic

and hydrophilic interactions that rigidly hold the C-ter-

minal helices.22 However, no functional involvement of

the components in this interaction network has been

specified, although such information is essential for pre-

cisely understanding the assembly manner of this spliceo-

somal protein complex.

Consistent with the general knowledge that the two

conserved RNP motifs (RNP1 and RNP2) located on b3
and b1 are often necessary for RNA recognition by

RRMs,30 it was also argued that Tyr22, on the first b-
strand (i.e., RNP2 motif), could be involved in the RNA

recognition by p14; when the Tyr22 residue was replaced

with methionine, the ectopic Met residue (Tyr22Met)

Figure 1
Multiple sequence alignment of p14 proteins. The p14 sequences from Homo sapiens (Hs, accession No. AF401310), Mus musculus (Mm, #P59708), Xenopus laevis (Xl,

#AAH57709), Drosophila melanogaster (Dm, #Q9VRV7), Caenorhabditis elegans (Ce, #AAN73870), Arabidopsis thaliana (At, #AAM67034), and Schizosaccharomyces

pombe (Sp, #CAA18384) were aligned with ClustalX.16 Secondary structure elements are depicted with green (b-sheet) and yellow (a-helix) boxes. The signature
sequences of RNP1 and RNP2 are indicated by the blue lines. The nuclear localization signal sequence is indicated by the green line. The red line indicates the region

utilized for structure determination. The red broken line indicates semiconserved residues among species. The arrowheads indicate hydrophobic residues on the b-sheet
surface that are buried in the protein fold and conserved in the RRMs.

K. Kuwasako et al.

1618 PROTEINS



was crosslinked with the target RNA by UV irradiation.22

On the other hand, another group reported a main-chain

chemical shift perturbation analysis by NMR, but did not

solve the solution structure.31 They argued that the resi-

dues responsible for RNA binding are located mainly in

the b0-b00 hairpin formed by the a2-b4 loop and the C-

terminal extension a3, rather than in the RNP motifs.31

Thus, the observations for the RNA-binding activity by

p14 still remain controversial.

A detailed solution structure of the p14-SF3b155 com-

plex should provide information complementary to that

obtained from the crystal structures for the elucidation

of the precise interactions between p14 and SF3b155 in

solution, as well as the branch site recognition by the

complex. Here, we produced a p14-SF3b155 complex

suitable for NMR structural determination. Our detailed

examination of the solution structure detected a deep,

positively charged groove formed by the b1-a1 loop and

the b0-b00 hairpin. Extensive mutational analyses revealed

that the SF3b155 peptide binds to the p14 RRM through

three contact points. Furthermore, we investigated the

chemical shift perturbations, not only for the main-chain

but also for the side-chain resonances, for several p14-

SF3b155 complex constructs upon binding to RNA, and

identified the C-terminal extension a3 and the positively

charged groove of p14 RRM as the RNA-binding sites.

Interestingly, our study clearly shows the independent

RNA-binding activities of the positively charged groove

and the C-terminal extension. This study provides an im-

portant basis for understanding both the protein binding

mode of p14 and the branch point recognition mode of

the U2 snRNP.

MATERIALS AND METHODS

Preparation of the p14-SF3b 155 complex
by reconstitution

The cDNAs encoding full length p14 (NIH accession

number AF401310) and the SF3b155 fragments (199–

437, 379–423, 391–423, and 391–437) (NIH accession

number NM_012433) were cloned into the Eco RI/Sal I

sites of pGEX6P-1 (Amersham Biosciences) and the Nde

I/Xho I sites of pET-15b (Novagen), respectively. In both

constructs, a TEV protease cleavage site (cDNA sequence

gaaaacctgtatttccagggc, corresponding to Glu-Asn-Leu-Tyr-

Phe-Gln-Gly) was placed between the tag and protein

sequences.

E. coli strain BL21 (DE3) cells were transformed with

the recombinant plasmids and grown at 378C, in 23 YT

medium supplemented with 50 mg/L ampicillin for the

nonlabeled sample, and in modified minimal medium32

supplemented with 25% 15N, 13C labeled E. coli-OD2

(Silantes) and 50 mg/L ampicillin, for the 15N, 13C-la-

beled samples, respectively. IPTG was added to the cul-

ture to a final concentration of 1 mM to induce protein

expression. After 5–6 h of cultivation, the cells were har-

vested and lysed by sonication in phosphate buffer con-

taining 1 mM DTT, 1 mM PMSF, and a protease inhibi-

tor cocktail for general use (Nacalai Tesque).

To prepare the complex by reconstitution, the solubi-

lized GST-tagged p14 and His-tagged SF3b155 fragments

were both applied to a Glutathione Sepharose 4 Fast Flow

(Amersham Biosciences) column, in which the complexes

were reconstituted. The complex was eluted by the addi-

tion of glutathione. The eluted sample was further puri-

fied by chromatography on a Ni-NTA SuperFlow (Qiagen)

column with an imidazole gradient from 20 to 250 mM,

and the tags were removed by overnight TEV protease

treatment at room temperature. The tag-free complexes

were further purified by gel filtration on a Hi Load 16/60

Superdex 75 column (Amersham Biosciences).

Preparation of the p14-SF3a155 complex
by coexpression

The 15N/13C-labeled and unlabeled p14 complex for

the structure determination and the mutant protein for

the GST pull-down assays were prepared by a coexpres-

sion system, using the expression vector pGEX6p-1. In

contrast to the system described earlier, a cDNA encod-

ing the SF3b155 fragment (379–424) was cloned into the

Eco RI/Sal I sites with a TEV cleavage site between GST

and SF3b155. The cDNA encoding the His-tagged p14

protein, with the TEV cleavage site between the His-tag

and p14, was cloned into the downstream site (Sal I/Not

I site) of the pGEX6p-1-SF3b155 plasmid, so that the ri-

bosomal binding site (RBS: gaaggag) was placed between

the stop codon of SF3b155 and the start codon of the

subsequent p14 cDNA. The complex was coexpressed in

E. coli strain BL21 (DE3), using pGEX-SF3b155 (379–

424)-(RBS)-p14 (8–93). Cells were grown at 378C in 23
YT media for the nonlabeled complex and in modified

minimal medium for the 15N, 13C-labeled complex. IPTG

was added to the culture to a final concentration of 1

mM to induce expression of the proteins. After 5–6 h of

cultivation at 258C, the cells were harvested, and the

complex was purified as described earlier. In the same

way, the coexpression systems for the wild-type and

mutant p14 (8–102)-SF3b155 (379–424) complexes and

the p14 (8–120)-SF3b155 (379–424) complex were con-

structed.

Limited proteolysis

The reconstituted p14 (full length)–SF3a155 (199–437)

complex (5 mg/mL) was incubated with increasing con-

centrations of trypsin in 10 mM Tris-HCl (pH 7.0), con-

taining 1 mM TCEP (Tris(2-chloroethyl)phosphate), at

378C for 40 min. The digested samples were analyzed by

MALDI-TOF mass spectrometry (Voyager DE-STR, Per-

Septive Biosystems) after calibration of the instrument

Solution Structure of the p14-SF3b155 Complex
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with trypsin standards. Assignments of the sequences

from MALDI-TOF data were confirmed by amino acid

sequencing.

GST pull-down assay

Aliquots of purified 0.25 nmol GST or GST-p14 (full

length) were incubated with 25 lL of Glutathione

Sepharose and equimolar amounts of each of the

SF3b155 fragments, which were identified by limited pro-

teolysis, for 30 min at 48C. The resin was washed five

times with 500 lL of phosphate buffer containing 0.05%

NP-40. The bound proteins were eluted by the addition

of 50 lL of SDS gel loading buffer and were analyzed by

SDS-PAGE. Proteins were visualized by Coomassie Bril-

liant Blue staining.

Mutational analysis

Point mutations and multiple substitutions were

introduced into the GST-SF3b155 fragment (379–424),

using previously reported examples.33 Primers (24–

27mer) spanning the site of the desired mutation on

both DNA strands were used. Mutations were confirmed

by sequencing.

For the detection of complex formation, His-tagged

p14 (8–93) and several mutants of GST-SF3b155 (379–

424) were coexpressed in 23 YT medium, as described

earlier. The cells from a 10 mL culture were harvested

and lysed by sonication in 1 mL of phosphate buffer,

containing 1 mM PMSF, 1 mM DTT, and a protease in-

hibitor cocktail (Nacalai Tesque). Aliquots (2.5-lL) vol-

ume of the cell lysates were analyzed by SDS-PAGE and

stained with Coomassie Brilliant Blue dye, in order to

examine the amount of protein produced in the culture.

The solubilized samples were bound to 25 lL of Gluta-

thione Sepharose for 30 min, at 48C. The proteins bound

to the resin were analyzed by SDS-PAGE, as described

earlier.

NMR spectroscopy

The NMR samples were concentrated to �150–300

lM in 20 mM sodium phosphate buffer (pH 6.5), con-

taining 100 mM NaCl and 1 mM d-DTT (in 90% H2O/

10% D2O), using a Vivaspin 20 mL concentrator (mem-

brane: 3000 MWCO PES, VIVASCIENCE).

NMR experiments were performed at 25 and 358C on

a Bruker 700 MHz spectrometer with a cryo-probe and a

Bruker 800 MHz spectrometer (Bruker AV700 and

Bruker AV 800). The 1H, 15N, and 13C chemical shifts

were referenced relative to the frequency of the 2H lock

resonance of water. Backbone and side-chain assignments

were obtained by using a combination of standard triple

resonance experiments.34,35 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. Side-chain
1H and 13C assignments of the nonaromatic side-chains,

including all prolines, were obtained using 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 aromatic rings of Phe, Trp, His, and

Tyr were identified using 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 80–150 ms. The 2D and

3D spectra were processed using NMRPipe.36 Analyses

of the processed data were performed with the programs

NMRView37 and KUJIRA.38

For the amide-chemical shift titration experiments, the

AdML BPS RNA oligonucleotide (50-GUGCUGACC
CUG-30) (Dharmacon) was dissolved in 20 mM sodium

phosphate buffer (pH 6.5) to make a 30 mM solution.

2D [1H, 15N] and [1H, 13C]-HSQC spectra were recorded

while increasing the concentration of the RNA relative to

three different p14-SF3b155 complex solutions (200 lM),

to a final 1:3 ratio of complex/RNA.

The measurements of the nitrogen relaxation times T1

and T2, and the proton-nitrogen heteronuclear NOEs

were performed on a Bruker 600 MHz spectrometer with

a cryo-probe (Bruker AV 600) at 358C, using the 15N,
13C-labeled wild-type and mutant p14 RRM-a3 com-

plexes at a concentration of 200 lM.39 Eight different

values for the relaxation time were recorded for the 15N

T1 (T1 delays 5 5, 65, 145, 246, 366, 527, 757, and 1148

ms) and 15N T2 (T2 delays 5 32, 48, 64, 80, 96, 112,

128, and 144 ms) relaxation experiments. 15N T1 and
15N

T2 values were extracted using a curve-fitting subroutine

included in the Sparky program (Goddard TD, and Knel-

ler DG, SPARKY 3, University of California, San Fran-

cisco). The proton-nitrogen heteronuclear NOEs values

were calculated as the ratio between the cross-peak inten-

sities 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.39

Structure calculations

The 3D structures of the complex were determined by

combined automated NOESY cross peak assignment40

and structure calculations with torsion angle dynamics41

implemented in the program CYANA 2.1.42 Dihedral

angle constraints for / and w were obtained from the

main-chain and 13Cb chemical shift values, using the

program TALOS,43 and by analyzing the NOESY spectra.

Structure calculations started from 100 randomized con-

formers and used the standard CYANA simulated anneal-

ing schedule41 with 20,000 torsion angle dynamics steps

K. Kuwasako et al.
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per conformer. The 20 conformers with the lowest final

CYANA target function values were subjected to

restrained energy minimization in a water shell with the

program OPALp,44 using the AMBER force field.45

PROCHECK-NMR46 and MOLMOL44 were used to val-

idate and to visualize the final structures, respectively.

RESULTS

Identification of the regions of p14 and
SF3b155 necessary for stable
complex formation

At first, we prepared the recombinant full-length p14

protein using an over-expression system in E. coli, and

found that although the GST-tagged p14 could be solubi-

lized, the p14 precipitated rapidly upon release from

GST, at a concentration of 2.5 mg/mL (data not shown).

Therefore, we concluded that free p14 is unstable and

has low solubility. On the other hand, when the GST-

tagged p14 was mixed with SF3b155 (199–437), the p14

was stable after the release from the GST tag. The NMR

spectra suggested that the vast majority of the residues in

SF3b155 were flexible and disordered in this complex

(data not shown).

Next, we subjected the complex to limited tryptic

digestion, and identified R390 of SF3b155 as the main

cleavage site by MALDI TOF mass spectrometry and N-

terminal amino acid sequencing, leading us to speculate

that SF3b155 (199–437) was digested with trypsin into

two SF3b155 fragments, 199–390 and 391–437. Using a

pull-down assay with GST-tagged p14, we found that

SF3b155 (391–437) contained the binding site for p14

[Fig. 2(a,b)]. Furthermore, as it had been reported that

SF3b155 (255–424) binds to p14,18 we investigated the

shorter fragment (391–424), and found that it was suffi-

cient for the binding [Fig. 2(b)]. These observations are

consistent with other recent analyses.22,31,47

Although we tried to prepare the p14-SF3b155 (391–

424) complex by reconstitution, we found that the His-

tag of the SF3b155 (391–424) fragment could not be

removed efficiently in the sample preparation procedure

(see Materials and Methods) (data not shown). There-

fore, we decided to extend the N-terminus of the

SF3b155 (391–424) fragment. This SF3b155 fragment

(391–424) contained no Trp residues, although it has

been reported that Trp residues are involved in protein–

protein interactions with the RRMs belonging to the

U2AF-homology-motif (UHM) family.23–25 Considering

the possibility that the Trp residues on the N-terminus of

this fragment might be involved in the interaction with

p14, we constructed SF3b155 (379–424) containing two

Trp residues (Trp386 and Trp388) for the structural study

[Fig. 2(c)], and found that the His-tag of the SF3b155

(379–424) fragment could be removed efficiently in the

sample preparation procedure.

The 15N- and 13C-labeled fragment SF3b155 (379–

424) alone exhibited sharp [1H,15N]-HSQC spectra [Fig.

3(a)]. The 1H chemical shifts of these resonances were

observed within a narrow range (7.5–8.5 ppm), indicat-

ing that this SF3b155 fragment predominantly adopted a

random coil structure. On the other hand, the SF3b155

(379–424) fragment in complex with the nonlabeled p14

protein yielded broad [1H,15N]-HSQC spectra [Fig.

3(b)]. At the same time, the 1H chemical shifts of these

resonances were observed within a wide range (7.0–9.5

ppm), indicating that this SF3b155 fragment formed a

stable structure only when complexed with p14. Further-

more, the complex of 15N/13C-labeled p14 and unlabeled

SF3b155 (379–424) yielded well-dispersed [1H,15N]-

HSQC spectra [Fig. 3(c)], which indicated that the

SF3b155 fragment was required for the stability of the

p14 protein. A preliminary main-chain resonance assign-

ment for these complexes suggested that the N- and C-

terminal regions (1–15 and 94–125, respectively) of p14

might be flexible and disordered in solution. In contrast,

residues 16–93 of p14, the RRM domain (see Fig. 1),

exhibited chemical shifts indicative of a rigid conforma-

tion (Fig. S1).

Based on these results, we deleted the N- and C-termi-

nal extensions of the p14 RRM to obtain the optimal

p14-SF3b155 complex for structure determination. As

residues 8–15 of the N-terminal extension of the p14

RRM were found to be necessary to remove the GST tag

efficiently in the sample preparation procedure (see

Materials and Methods), we deleted only the seven N-ter-

minal residues (1–7) from p14. The amino acid residues

in the C-terminal extension (94–102, corresponding to

a3 in the crystal structure) are semiconserved, but those

in the nuclear localization signal (103–120, corresponding

to a4 in the crystal structure) are not conserved among

species (see Fig. 1).22 Taking into consideration the pos-

sibility that the C-terminal extension (94–102) could

function in spite of its disordered conformation in solu-

tion, we prepared complexes with different lengths of the

C-terminal extension of the p14 RRM: p14 (8–93)-

SF3b155 (379–424) (‘‘p14 RRM complex’’ hereafter) and

p14 (8–102)-SF3b155 (379–424) (‘‘p14 RRM-a3 com-

plex’’ hereafter).

Dynamic properties of the complexes

Since it was difficult to assign the backbone amide res-

onances using the spectra obtained from the 15N/13C-la-

beled p14 RRM complex at 258C, we examined the opti-

mum temperature, and found that the spectra obtained

at 358C were suitable (Fig. S2).

Using the 15N,13C labeling technique, we fully assigned

the backbone amide resonance signals of the residues

397–423 of the SF3b155 fragment, except for the pro-

lines, in the p14 RRM complex and the p14 RRM-a3
complex. We also assigned the backbone amide resonance

Solution Structure of the p14-SF3b155 Complex
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Figure 2
The p14 protein interacts with the SF3b155 fragment (391–424). (a) Schematic diagrams of the SF3b155 domain structure and the domain constructs used in (b). The

TPGH repeats (TPGH) and the 22 tandem protein phosphatase 2A-like HEAT repeats (HEAT) are indicated with cyan and pink boxes, respectively. The red arrow

indicates the trypsin cleavage site. (b) GST pull-down assays of p14 and the SF3b155 fragments. GST and GST-p14 were each incubated with the SF3b fragments,

composed of residues 199–437, 199–390, 391–437, and 391–424 (Input samples, left). After the addition of Glutathione Sepharose, the proteins bound to the resin were

analyzed by SDS-PAGE (Pulled-down samples, right). The red arrows indicate the SF3b155 fragments that bound to GST-p14. (c) Sequence alignment of the p14- and

U2AF65-binding regions in SF3b155. The sequences of the SF3b155 fragments from Homo sapiens (Hs, accession No. NM_012433), Mus musculus (Mm, #NP112456),

Xenopus laevis (Xl, #CAA70201), Drosophila melanogaster (Dm, #NP608534), Arabidopsis thaliana (At, #BAB09858), Caenorhabditis elegans (Ce, #CAA90775),

Schizosaccharomyces pombe (Sp, #Q10178), and Saccharomyces cerevisiae (Sc, #NP014015) were aligned using ClustalX.16 It was reported that the region composed of

residues 267–369 of SF3b155 binds to U2AF65 RRM3,14 and part of this region is indicated with a blue dashed line. The bold blue line indicates the amino acid

sequence that is similar to that of the U2AF65 RRM3 binding site in BBP/SF1. The p14 binding region is indicated with a red dashed line, and the bold red line

indicates the region essential for the complex formation. The arrowheads indicate Trp386 and Trp388.
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signals of residues 16–93 of p14 in the p14 RRM com-

plex and residues 16–102 of p14 in the p14 RRM-a3
complex, except for the prolines.

We then analyzed the dynamics of the p14 RRM-a3
complex, by measuring the backbone nitrogen relaxation

times T1 and T2, and the proton-nitrogen heteronuclear

NOEs [Fig. 4(a)]. The T1 values for the majority of the

C-terminal extension a3 of p14 (average of 358 ms for

residues 94–101, except for residue 102) were signifi-

cantly (P value of t-test < 0.01) smaller than those for

the rest of the p14 protein (average of 628 ms for resi-

dues 16–93). The T2 values were also distinct between

the regions of residues 16–93 and 94–102 of p14 (70 and

121 ms on average, respectively) (P value of t-test <
0.01). Furthermore, the heteronuclear NOE values of res-

idues 94–102 (average 0.17) were also significantly (P

value of t-test < 0.01) smaller than those of the rest (av-

erage 0.79 for residues 16–93). These data were consistent

with the above-mentioned preliminary resonance assign-

ment analysis. The C-terminal extension of p14 RRM

(94–102) is more flexible than the rest of the complex in

solution. Perhaps as a reflection of the disordered nature

of the C-terminal extension, the p14 RRM-a3 complex

showed broader and fewer peaks than those of the p14

RRM complex in 15N and 13C-edited NOESY spectra

(data not shown), and did not provide sufficient distance

restraint information to calculate the 3D structure of the

complex (data not shown). In contrast, as shown in Fig-

ure 3(d), the p14 RRM complex produced nicely dis-

persed, sharp peaks with few overlaps (see also Fig. S2).

Therefore, we proceeded with the structure determination

for the 15N/13C-labeled complex of p14 (8–93)–SF3b155

(379–424).

Intriguingly, the T1, T2, and NOE values of the resi-

dues in the b1-a1 loop (Lys29 and Ile30) and the residue

close to the a1-b2 loop (Ala32) were distinct from those

of the p14 RRM body, indicating that these regions were

flexible in solution. In addition, the T1 values of the resi-

Figure 3
[1H,15N]-HSQC spectra of p14 and SF3b155. (a) 15N/13C-labeled SF3b155 fragment (379–424) alone. (b) 15N/13C-labeled SF3b155 fragment (379–424) complexed with

the unlabeled p14 protein. (c) 15N/13C-labeled p14 protein complexed with the unlabeled SF3b155 fragment (379–424). (d) 15N/13C-labeled p14 (8–93)–SF3b155 (379–

424) complex. All data were collected at pH 6.5 and at temperatures of 258C (a, b, and c) and 358C (d).
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Figure 4
Backbone 15N relaxation parameters for individual residues of the p14-SF3b155 complex at 600 MHz 1H frequency. T1 (s), T2 (s), and

1H-15N NOEs of the p14 RRM-a3
complex (a), the p14 RRM-a3 (Tyr28Ala) complex (b), and the p14 RRM-a3 (Arg85Ala) complex (c). Secondary structure elements are depicted with green (b-sheet),
and yellow and red (a-helix) boxes. Residues that exhibited overlapped resonance peaks and slightly insufficient resonance qualities for the magnetic decay analyses are

not shown (The p14 RRM-a3 complex; T1:Tyr28, Arg57, Ile67, and Ala94 of p14. T2:Leu404 of SF3b155, and Tyr28, Lys29, and Arg57 of p14. The proton-nitrogen

heteronuclear NOEs:Ser400 and Glu403 of SF3b155, and Leu21, Asn25, Tyr28, Lys29, Tyr36, Arg46, Glu47, Arg49, Gly58, Tyr61, Tyr64, Ile67, cys74, Leu77, Val82,

Leu87, Val88, Leu90, and Tyr92 of p14. The p14 RRM-a3 (Tyr28Ala) complex; T1:Asp401 of SF3b155, and Ala28 (mutation point), Asp37, Arg57, Gly58, Tyr61, Asn72,

and Leu87 of p14. T2: Ala28 (mutation point), Arg58, and Gly58 of p14. The proton-nitrogen heteronuclear NOEs:Glu410 of SF3b155, and Arg19, Tyr22, Asn25, Ala28

(mutation point), Asp37, Arg57, Gly58, Val63, Phe68, Asn72, His76, and Leu87 of p14. The p14 RRM-a3 (Arg85Ala) complex; T1:Leu404 of SF3b155, and Leu26, Tyr36,

Ile67 of p14. T2: Leu404 of SF3b155, and Glu16 and Tyr36 of p14. The proton-nitrogen heteronuclear NOEs: Leu404 and Lys413 of SF3b155, and Arg24, Tyr36, Asp37,

Arg46, Gly58, Ile67, Leu87, and Tyr92 of p14).
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dues in the a2-b4 loop (Cys83 and Asn84) were distinct

from those of the p14 RRM body, although the T2 and

NOE values of these residues were close to those of the

p14 RRM body.

Structure determination

Chemical shift assignments for the p14 RRM complex

were performed with standard methods, using a combi-

nation of triple resonance NMR experiments (see Materi-

als and Methods). In total, 96% of the main-chain and

93% of the side-chain chemical shifts were assigned in

residues 397–423 of the SF3b155 fragment and in resi-

dues 16–93 of p14. We solved the structure using NOE

distance restraints obtained from 15N- and 13C-edited

NOESY spectra.

The structure calculations were performed by CYANA

2.1.42 An average of 13 restraints per residue, including

122 intermolecular distance restraints, was utilized for

the structure calculation (Table I). An ensemble of 20

NMR conformers and a ribbon representation of the

lowest energy structure are shown in Figure 5(a,b),

respectively. The complex structure is well defined by the

NMR data for p14 (19–93) and SF3b155 (400–419).

However, the N-terminal (379–399) and C-terminal

(420–424) regions of the SF3b155 fragment did not show

any intermolecular NOEs to p14, and their structures are

disordered in solution. Thus, we concluded that SF3b155

(400–419) is more precisely responsible for the complex

formation with p14, and that the Trp386 and Trp388

residues do not contribute to the protein–protein inter-

action between p14 and SF3b155. The intermolecular

NOEs between p14 and SF3b155 are summarized in

Figure 5(c) and Table I.

Solution structure of
the p14-SF3b155 complex

The p14 protein adopts a canonical RRM fold

(babbab) [Fig. 5(b)],48,49 consistent with the previous

crystallographic study.22 Residues 20–24 (b1), 45–51

(b2), 59–64 (b3), and 88–91 (b4) constitute a four-

stranded antiparallel b-sheet [Fig. 5(b,c)]. Helix 1 (a1,
32–39) and helix 2 (a2, 68–76) connect b1-b2 and b3-
b4, respectively [Fig. 5(b,c)]. As predicted by a homol-

ogy-modeling study combined with NMR spectra,31 we

observed a b-hairpin structure in the loop region

between a2 and b4 (b0 and b00: 81–86, ‘‘b0-b00 hairpin’’
hereafter) [Fig. 5(b,c)], which had not been mentioned

in the crystallographic study.22 Furthermore, this b-hair-

Table I
Summary of Conformational Restraints and Structural Statistics for the 20 Energy-Refined Conformers of the p14-SF3b155

Complex Structure

p14 SF3b155 (400–419) Complex

NOE upper distance restraints:
Intraresidual (|i 2 j | 5 0) 311 102 413
Sequential (|i 2 j | 5 1) 262 98 360
Medium-range (1 < |i 2 j | < 5) 150 62 212
Long-range (|i 2 j | � 5) 378 1 379
Intermolecular 122
Total NOE 1486

Dihedral angle restraints 185
(//w dihedral angle restraints from TALOS42 139)
Distance restraint violations > 0.2 � 0
Dihedral angle restraint violations > 58 0
CYANA target function value (�2) 0.06 � 0.03
AMBER energies44 (kcal/mol):
Total 25190 � 124
van der Waals 2351 � 19
Electrostatic 25759 � 125

p14 Complex
(20–92) SF3b155 (400–419) (20–92; 400–419)

Ramachandran plot statistics45 (%):
Residues in most favored regions 91.2 87.7
Residues in additionally allowed regions 8.7 12.3
Residues in generously allowed regions 0.2 0.0
Residues in disallowed regions 0.0 0.0

Average r.m.s.d. from mean coordinates (�):
Backbone 0.47 0.72 0.61
Heavy atoms 0.96 1.14 1.05
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pin forms a groove together with the b1-a1 loop, which

is more pronounced in solution than in the crystal struc-

tures in two different space groups (PDB IDs 2F9D,

2F9J),22 because the groove in the crystal structures is

occupied by the side chain of the positively charged

Arg85 residue [Fig. 5(e)].

Figure 5
Structure of the p14-SF3b155 complex. (a) Backbone traces of the 20 lowest energy conformers of the p14-SF3b155 complex. The p14 protein (residues 16–93) and the

SF3b155 fragment (400–419) are colored cyan and magenta, respectively. (b) Ribbon diagram of the lowest energy structure of the p14-SF3b155 complex. The p14 protein

(16–93) is colored cyan and blue, and the SF3b155 fragment (400–419) is magenta and red. The secondary structure elements and the chain termini are labeled. (c)

Summary of the secondary structure and the intermolecular NOEs of the p14-SF3b155 complex. The secondary structure elements and the sequence numbering are

indicated. (d) Stereo view of a ribbon diagram of the p14 (19–93)–SF3b155 (400–419) complex. The p14 protein is shown in gray, and the SF3b155 fragment is shown in

yellow and orange. Residues involved in the complex formation are shown in green (Leu404, Met407, Phe408, Pro409, Tyr412, Lys413, Val414, Leu415, Pro416, Pro417,

and Pro418 of SF3b155) and in ball-and-stick models (dark gray, carbon; red, oxygen; blue, nitrogen; yellow, sulfur) (Ile20, Ala32, Glu33, Met35, Tyr36, Arg46, Gln47,

Ile48, Arg49, Val50, Gly51, Asn52, Thr53, Thr56, Ala60, Tyr61, Val63, and Tyr92 of p14). (e) Comparison between the solution and crystal (PDB ID 2F9D) structures of

the p14 protein. The solution and crystal structures are superimposed on the b1-a1 loop, and are represented in green ribbon and electrostatic potential surface models,

respectively. The side chain of the residue Arg85 is shown in green.
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In the complex, the SF3b155 residues 402–407 adopt

an a-helical structure (aA), which is located on b2 and

b3 of p14 [Fig. 5(b,c)]. The SF3b155 residues 412–413

form a b-strand (bA), which pairs with b2 of p14 to

form an intermolecular b-sheet [Fig. 5(b,c)]. To the best

of our knowledge, this protein-protein interaction mode

has not been observed in other RRMs complexed with

proteins.23,26–29

In total, 122 intermolecular NOE signals were observed

between p14 and SF3b155 [Fig. 5(c), Table I]. Hydropho-

bic interactions were found between L404, M407, F408,

and Y412 of SF3b155 and the b-sheet surface of p14

[Fig. 5(d)]. V414 and L415 of SF3b155 are well accom-

modated in the hydrophobic pocket formed by the resi-

dues in a1 and b2 of p14 [Fig. 5(d)]. Moreover, the C-

terminal portion of the SF3b155 fragment contains a

stretch of three proline residues (P416, P417, and P418),

which were truncated in the previous crystallographic

study,22 and one of them (P417) is in the proximity of

Tyr36 of p14 [Fig. 5(d)]. Collectively, F408, Y412, V414,

and L415 of SF3b 155 were found to play important roles

in the hydrophobic interaction with p14 [Fig. 5(d)], as

indicated by their numerous intermolecular NOEs

[Fig. 5(c)]. In addition, electrostatic interactions were

observed between p14 and SF3b155. The negatively

charged amino acids (E402, E403, and D405) on aA of

the SF3b155 fragment were properly located to interact

with the positive charges on b2 of p14 [Fig. 5(c)].

Crucial residues of SF3b155
for complex formation, as revealed by
mutational analyses

To clarify the protein-binding mode of the p14 RRM,

we performed mutational experiments to identify the res-

idues that are involved in the interactions. We con-

structed 10 single and 18 combinatorial alanine mutants

of SF3b155 to assess the contributions of specific residues

to complex formation [Fig. 6(a,b)].

At first, we made a series of single amino acid substi-

tution mutants in the SF3b155 fragment [Fig. 6(a[panel

I],b)]. However, none of these point mutations had an

obvious effect on the interaction between p14 and

SF3b155 [Fig. 6(a[panel I],b)]. Next, we classified the

interactions between the SF3b155 fragment and p14 into

four categories: electrostatic interactions (D401, E402,

E403, and D405), hydrophobic interactions by aA (L404,

M407, and F408), the C-terminal proline-rich region

(P416, P417, and P418), and the loop and bA (F408,

F412, V414, and L415) [Fig. 6(a[panels II–V],b)]. To

examine the role of each interaction category, we

replaced multiple residues with alanine, and performed

GST pull-down assays [Fig. 6(a[panels II–V],b)]. These

analyses revealed that the electrostatic interactions [Fig.

6(a) panel II, lanes 1 and 2] and the hydrophobic inter-

actions by the N-terminal a-helix [Fig. 6(a) panel III,

lanes 1 and 2] and the C-terminal proline-rich region

[Fig. 6(a) panel III, lanes 3 and 4] had no explicit impor-

tance in complex formation [Fig. 6(a[panels II and

III],b)]. Furthermore, the combinatorial mutations of the

residues involved in the hydrophobic interactions by the

aA-bA loop, bA, and the region downstream of bA
showed that the complex formation activity disappeared if

and only if F408 and Y412 and one or both of the residues

V414 and L415 were replaced with alanine [Fig. 6(a[panel

IV, lanes 7, 8, and 11],b)]. The simultaneous substitution

of the two aromatic residues [Fig. 6(a[panels IV and

V],b)] and the substitution of V414 and L415 combined

with one of the aromatic residues [Fig. 6(a[panel IV],b)]

decreased the complex formation ability. Furthermore, the

replacement of Y412 with phenylalanine had no effect

on the interaction between p14 and SF3b155 [Fig. 6(a

[panel V, lane 2],b)], revealing that the tyrosine OH

group does not contribute to the protein–protein inter-

action. As shown in the upper part of Figure 6(a), the

mutations did not affect the amount of protein expres-

sion. Collectively, we conclude that SF3b155 binds to

p14 through a three-point mounting formed by hydro-

phobic interactions with two aromatic residues (F408

and Y412) and the hydrophobic residues backing the

intermolecular b-sheet (V414 and L415) [see Fig. 5(d)].

Interaction between p14-SF3b155 and
single-stranded branch site RNA

A recent extensive UV crosslinking study showed that

p14 efficiently binds to the single-stranded branch site

RNA, rather than to the heteroduplex of U2 snRNA and

the branch site RNA, when it is included both in the

SF3b particle and in the recombinant complex with

SF3b155.31 Therefore, we examined the effect of the

presence of the single stranded branch site RNA (AdML

branch site sequence: 50-GUGCUGACCCUG-3015,17,18)
on the chemical shifts of the main-chain amide protons

in the p14-SF3b155 complex.

First, we investigated the effect of the presence of RNA

on the p14 RRM-a3 complex, which includes RRM and

the semiconserved C-terminal extension a3 (94–102) of

p14 [Fig. 7(b)]. The crosspeaks of the residues located in

the b1-a1 loop (Asn25, Leu26, and Tyr28) and in the b0-
b00 hairpin (Gly79, Asn84, and Leu87) that form the pos-

itively charged groove were significantly affected [Fig.

7(b)]. The crosspeak of His76 in the a2 helix, which is

located near the b0-b00 hairpin, was also significantly

affected [Fig. 7(b)]. In addition to the crosspeaks of the

groove residues, most of the crosspeaks corresponding to

the C-terminal extension (Ala94, Asn95, Arg96, Phe98,

and Lys100 in p14), as well as those derived from the res-

idues located close to the C-terminal extension (Ile20,

Leu90, and Tyr91 in p14 and Phe408 in SF3b155), were

significantly affected. On the other hand, the crosspeaks

of the RNP aromatic residues (Tyr22 and Tyr61) and the
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Figure 6
GST pull-down assays to test for complex formation between p14 and SF3b155 mutants. Bound fractions were analyzed by SDS-PAGE, as indicated in I–V of (a). The

mutations and the complex formation efficiencies are summarized in (b). 11, 1, �, and 2 indicate the efficiencies of the complex formation.
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residues in SF3b155, except for Phe408, were only slightly

affected at the baseline level [Figs. 7(b) and 8 (a,b)]. Ca-

nonical RRM motifs recognize RNA molecules on the b-
sheet with the RNP aromatic residues stacking onto the

RNA bases, and significant chemical shift perturbations

of main-chain 1H-15N have been observed for the resi-

dues in the b-sheet, especially for the RNP aromatic resi-

dues.50–52 In contrast, our data strongly suggest that in

the case of the p14-SF3b155 complex, the aromatic resi-

dues on RNP1 and RNP2 are less likely to form stacking

interactions with the RNA bases, and that the positively

charged groove and the C-terminal extension play more

important roles for the RNA recognition.

Second, in order to evaluate the contribution of the C-

terminal extension to RNA binding, we investigated how

RNA binding affects the p14 RRM complex lacking the

C-terminal extension. As shown in Figure 7(a), while the

crosspeaks of the RNP aromatic residues (Tyr22 and

Tyr61) and the SF3b155 residues were only negligibly

affected [Figs. 7(a) and 8(a,b)], those of the residues in

the b1-a1 loop (Asn25, Leu26, Tyr28, and Lys29) and in

the b0-b00 hairpin (Gly79 and Asn84), which together

form the positively charged groove, were affected signifi-

cantly by RNA binding [Figs. 7(a) and 9(a)]. Note that,

all of the crosspeaks, which were affected in the p14

RRM complex, also exhibited chemical shift change in

the p14 RRM-a3 complex, except for that of Lys 29 [Fig.

7(a,b)]. These observations strongly suggest that the

RNA-binding activity of the groove is independent of the

C-terminal extension.

Furthermore, we performed site-directed mutagenesis

to examine whether the RNA-binding activity of the C-

terminal extension depends on the positively charged

groove. It is well known that aromatic amino acids are

often necessary for RNA recognition (e.g., the RNP aro-

matic residues in canonical RRMs).30 Thus, we specu-

lated that an aromatic amino acid residue in the posi-

tively charged groove of the p14 RRM complex could

play a critical role in the RNA binding. Accordingly, we

focused on the only aromatic residue located inside the

groove, Tyr28, which showed a significant chemical shift

perturbation [Figs. 7(a,b) and 8(c)]. We substituted

Tyr28 with Ala (p14 RRM-a3 Tyr28Ala complex). The

chemical shift values in the mutant protein were not

affected by the mutation, except for those of Lys29 and

Arg57, which are in the proximity of Tyr28 [Fig. 9(a,d)].

We also analyzed the dynamics of the p14 RRM-a3

Figure 7
NMR chemical shift perturbation of p14-SF3b155 complexes upon RNA binding.

(a) The p14 RRM complex. (b) The wild-type p14 RRM-a3 complex. (c) The

p14 RRM-a3 Tyr28Ala complex. (d) The sum of the perturbation values in (a)

and (c). (e) The p14 RRM-a3 Arg85Ala complex. The RNA was added to the

protein solutions at a 1:3 ratio of complex/RNA. The absolute value of the

chemical shift change Dd (15N 1 1HN), which combines the backbone amide

proton and nitrogen chemical shift perturbation values, is shown for each residue.

Dd (15N 1 1HN) was calculated as follows: Dd (15N 1 1HN) 5 H(d15N
2 1

d1H
2). The baseline of the amide perturbation was defined as follows: the

perturbation values from the three constructs (a–c) were merged, and the average

of the smallest 95% was defined as the baseline (i.e., 0.088 ppm). The

perturbation values greater than the baseline plus three times the standard

deviation of the baseline (3 3 0.097 ppm) were defined as significant

perturbations (i.e., the significant level is 0.38 ppm). As the p14 RRM-a3
Arg85Ala complex (e) showed small chemical shift changes, in contrast to the

results for the other three complexes (a–c), the significant levels of this complex

were independently calculated, as described above (i.e., 0.26 ppm). Blue letters

indicate the two conserved aromatic amino acids, Tyr22 and Tyr61, on b1 and

b3. Red letters indicate amino acid residues that showed significant chemical

shift changes. In (b) and (e), because the chemical shift resonances of Tyr28 at

the 1:2 and 1:3 ratios of the complex/RNA disappeared, the absolute values of

the chemical shift change Dd of Tyr28 were calculated from the data at the 1:1

ratio of the complex/RNA. The boxes under the histogram represent side-chain

chemical shift assignments in the [1H,13C]-HSQC spectrum, and the clear boxes

represent residues with no assigned side-chain atoms. Light-colored boxes

represent residues with at least one assigned side-chain atom and no side-chain

atom showing a significant perturbation. Strong-colored boxes represent residues

for which at least one side-chain atom showed a significant perturbation. The

threshold level of 0.075 ppm for significant side-chain perturbations was defined

in the same way as that for the main chain perturbations. We could assign 59,

40, and 59% of the side-chain atoms in the p14 RRM complex, the p14 RRM-a3
complex, and the p14-RRM-a3 Tyr28Ala complex, respectively.
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Tyr28Ala complex by measuring the nitrogen relaxation

times T1 and T2, and the proton-nitrogen heteronuclear

NOEs, and confirmed that these values were consistent

with those of the p14 RRM-a3 complex [Fig. 4(b)].

These results indicated that the Tyr28Ala mutation

caused no significant change in the p14-SF3b155 struc-

ture. Strikingly, when the Tyr28Ala mutant complex was

titrated with the RNA, no residues in the groove showed

chemical shift changes, in sharp contrast to the result for

the p14 RRM-a3 complex [Fig. 7(b,c)]. On the other

hand, the chemical shift perturbations of the residues in

the C-terminal extension were essentially conserved

(Ala94, Arg96, and Phe98) [Figs. 7(c) and 8(d)].

In addition, to examine whether the b0-b00 hairpin,

which forms the positively charged groove with the b1-
a1 loop, contributes to the interaction with RNA, we

focused on the positively charged residue located inside

the groove, Arg85 [Fig. 9(c)]. We substituted Arg85 with

Figure 8
(a–d) Close-up views of the 1H-15N HSQC spectrum of the p14 RRM complex, the p14 RRM-a3 complex, the p14 RRM-a3 Tyr28Ala complex, and the p14 RRM-a3
Arg85Ala complex, showing selected amide shift changes in the absence (red) and presence (orange, green, cyan; ratio complex:RNA 5 1:1, 1:2, 1:3) of the AdML branch

site RNA (sequence 50-GUGCUGACCCUG-30). In (c), middle and right panels, the chemical shift resonances of Tyr28 at the 1:2 and 1:3 ratios of complex/RNA

disappeared.
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Ala (p14 RRM-a3 Arg85Ala complex). The chemical shift

values in the mutant protein were not affected by the

mutation, except for those of Asn25, Tyr28, and Val82-

Leu87, which are in the proximity of Arg85 [Fig. 5(c)

and 9(d)]. We also analyzed the dynamics of the p14

RRM-a3 Arg85Ala complex by measuring the nitrogen

relaxation times T1 and T2, and the proton-nitrogen het-

eronuclear NOEs, and confirmed that these values were

consistent with those of the p14 RRM-a3 complex [Fig.

4(c)]. These results indicated that the Arg85Ala mutation

caused no significant change in the p14-SF3b155 struc-

ture. After binding to RNA, the crosspeaks of the resi-

dues in the positively charged groove and the RNP aro-

matic residues (Tyr22 and Tyr61) were only slightly

affected at the baseline level [Figs. 7(e) and 8(a–c)]. On

the other hand, the crosspeaks of the residues in the C-

terminal extension were affected by RNA (Arg96, Phe98,

and Gln99) [Figs. 7(e) and 8(d)], although this mutant

complex displayed small chemical shift changes, in

contrast to the results for the other three complexes (see

Fig. 7).

Consequently, these results clearly show that the RNA-

binding activity of the positively charged groove requires

the aromatic residue Tyr28 and the positively charged

residue Arg85, and is not based solely on electrostatic

interactions. Taken together, these data suggest that the

RNA-binding activities of the groove and the C-terminal

extension are essentially independent of each other. As

shown in Figure 7(d), the perturbation profile from the

wild-type p14 RRM-a3 complex can almost be recon-

structed by the sum of those from the p14-RRM complex

and the p14 RRM-a3 Tyr28Ala mutant [Fig. 7(a,c)].

Finally, we assessed the effect of the RNA on the main-

and side-chain 1H-13C group chemical shifts of the p14-

SF3b155 complex, using [1H,13C]-HSQC spectra. As the

p14 RRM-a3 Arg85Ala complex showed small chemical

shift changes [Fig. 7(e)], in contrast to the results for the

other three complexes [Fig. 7(a–c)], we compared the

Figure 9
The positively charged groove and the C-terminal extension of the p14-SF3b155 complex interact with RNA. (a) Ribbon representation of the p14 RRM complex. The p14

protein is shown in gray, and the SF3b155 fragment is shown in yellow. Amino acid residues with significant (see Fig. 7) 15N and 1HN chemical shift changes upon RNA

binding are represented in green and labeled. (b) Surface representation of the p14 RRM complex. Distinct 15N and 1HN chemical shift changes are mapped onto the

surface representation. Residues are colored based on the magnitude of the chemical shift changes upon RNA binding, ranging from white (change insignificant or not

measured) to green (largest chemical shift change). (c) Electrostatic potential surface of the p14 RRM complex. Regions of negative and positive potential are colored red

and blue, respectively. The positively charged residues in the groove are labeled. (d) Ribbon representation of the p14 RRM-a3 complex. The C-terminal extension was

imported to the solution structure from the crystal structure.22 Backbone 15N and 1HN chemical shift changes are mapped onto the ribbon representation, as described in

(b). Significant chemical shift changes of 1H-13C groups upon RNA binding are represented in blue for residues of the positively charged groove and in red for residues of

the C-terminal extension. (e) Surface representation of the p14 RRM-a3 complex. Distinct 15N and 1HN chemical shift changes are mapped onto the surface

representation, as described in (b). (f) Electrostatic potential surface of the p14 RRM-a3 complex, as described in (c).
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three complexes. Although the quality of the NMR spec-

trum was severely impaired upon RNA addition, we could

assign the resonances originating from the side-chain

atoms of almost all of the residues (see the legend of Fig.

7) in the three constructs, as shown in Figures 7(a–c).

In agreement with the data from the main-chain
1H-15N chemical shift perturbation experiments, the resi-

dues whose crosspeaks were affected in the p14 RRM

complex upon RNA binding were located mainly in the

groove [Asn25, Leu26, Tyr28, Ile30, Asn81, Asn84, Arg85,

and Tyr86; Fig. 7(a)]. In addition, the crosspeaks of

Asn52 and Arg57 in the b2-b3 loop, Ile38 and Phe39 in

the a1-helix, and His76 in the a2-helix were affected. In

the p14 RRM-a3 complex, on the other hand, the cross-

peaks of the side-chains of the residues located in or

proximal to the C-terminal extension (Phe408 in

SF3b155; Tyr22, Tyr61, Asn93, Ala97, Phe98, and Lys100

in p14) were affected in addition to those in or near the

positively charged groove (Asn25, Leu26, Tyr28, Ile30,

His76, and Asn81) [Fig. 7(b)], consistent with the main

chain data. For five residues in p14 (Asn52, Thr56, and

Arg57 in the b2-b3 loop, Arg49 adjacent to Phe408 of

SF3b155, and Tyr61), RNA binding caused the chemical

shift change for side-chain resonances, but not for main-

chain resonances. In the Tyr28Ala mutant, the crosspeaks

for the side-chains of the residues in the groove were

hardly affected by RNA binding, in contrast to those in

or proximal to the C-terminal extension (Phe408 in

SF3b155; Ile20, Tyr22, Ile23, Ala94, Ala97, and Phe98 in

p14) [Fig. 7(c)], including the RNP aromatic residue

(Tyr22) [Fig. 7(c)].

These results are summarized on the model structure

of the p14 RRM-a3 complex in Figure 9(d,e). The C-ter-

minal extension was imported to the solution structure

from the crystal structure,22 and was predicted to be

located on the b-sheet. A large, positively charged patch

was predicted to exist between the groove and the C-ter-

minal extension [Fig. 9(f)]. The residues with main-

chains and side-chains whose crosspeaks were affected by

RNA titration are located within this patch. Moreover,

the RNP aromatic residues (Tyr22 and Tyr61) are pre-

dicted to be located between the groove and the C-termi-

nal extension. Additionally, the chemical shift perturba-

tion of His76 in the a2 helix, which is located opposite

to the b-sheet, suggested that the RNA could pass

through the groove. These findings suggest that the p14

RRM-a3 complex provides a continuous RNA-binding

surface in a positively charged patch.

DISCUSSION

Protein–protein interactions on
the p14 RRM

Our mutational analyses revealed that the SF3b155

fragment (400–419) contacts three points on the b-sheet

surface of p14 RRM (20–92), using Phe408, Tyr412,

Val414, and Leu415 [Fig. 6]. As shown in Figure 5(c),

the hydrophobic residues on one of the edges of the b-
sheet (Ile20 and Val63) of p14 make direct contacts with

Phe408 of SF3b155. On the other hand, the small residues

on the other edge (Gly51 and Thr59) form a pocket to

accommodate the aromatic ring of Tyr412 [Fig. 5(c,d)].

To determine whether these residues are conserved

among RRMs, we performed a multiple sequence align-

ment of 109 RRMs from the Pfam database (see Materi-

als and Methods)53 and calculated the frequency of

appearance of amino acids at each position in the RRM

[Fig. 10(a)]. As shown in Figure 10(a), the buried hydro-

phobic residues (Leu21, Ile23, Ile48, Val50, Val62, and

Val89 in human p14) are highly conserved. The aromatic

residues in the RNP motifs (Tyr22 and Tyr61 in p14) are

also conserved among the RRMs, and among the p14

proteins from different species (see Fig. 1). On the other

hand, the positions corresponding to Ile20 and Val63 in

p14 were predominantly occupied by neutral or charged

amino acids [Fig. 10(a)]. Moreover, the positions of

Gly51 and Thr59 are generally occupied by aliphatic and

aromatic residues, respectively [Fig. 10(a)]. These results

indicate that the residues of p14 involved in the critical

interactions with SF3b155 are the exceptions among the

RRMs. The noncanonical composition of amino acids on

the surface of the b-sheet is consistent with the peculiar

features of the p14 RRMs that bind protein, rather than

RNA.

RNA recognition by the p14 protein
and by other RRMs

There have been two controversial arguments about

the amino acid residues in the p14-SF3b155 complex

that are responsible for the RNA-binding activity. One

described the importance of the RNP aromatic residue,

Tyr22, on the basis of the UV crosslinking assay for the

Tyr22Met mutant.22 However, a mutant with Tyr22

replaced with methionine could bind to RNA, indicating

that the stacking interaction mediated by the aromatic

moiety of Tyr22 is dispensable, although the aromatic

residue can contact the RNA.22 On the other hand, a

previous NMR perturbation experiment indicated that

the b0-b00 hairpin and the C-terminal extension a3 are

more important than the aromatic resides on RNP motifs

(Tyr22),31 although the previous NMR study did not

describe the solution structure of the p14-SF3b155

complex.

In the present study, we solved the solution structure

of the p14-SF3b155 complex with high quality NMR

spectra obtained at a functional temperature for human

proteins (358C). This allowed us to assess the contribu-

tions of the relevant amino acid residues in RNA binding

by NMR perturbation in combination with mutational

analyses. As shown in Figure 7, our results revealed that
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the positively charged groove and the C-terminal exten-

sion independently serve as RNA-binding sites of p14.

Instead of the amino acids on the RNP motifs, Tyr28

and Arg85, located on the b1-a1 loop and the b0-b00

hairpin, respectively, were suggested to constitute the

positively charged groove and to play an important role

in the RNA recognition by p14. As the Tyr28Ala and the

Arg85Ala point mutations abolished the RNA-binding ac-

tivity of both the b0-b00 hairpin and the b1-a1 loop,

these two regions bind to RNA in a cooperative manner

by forming a positively charged groove. Thus, we

compared the structure of p14 with those of the RRMs

that bind to RNA through the b1-a1 loop and/or

b0-b00 hairpin (Fox-1, TcUBP, and hnRNP F qRRM2)

Figure 10
Comparison between the p14-SF3b155 complex and other RRMs. (a) Comparison of the amino acid compositions between the p14 RRM and other RRMs. The column on

the left shows the amino acid types on the b-sheet of p14. The frequency of the amino acid type at each position, using the canonical RRMs in the Pfam database (seed

RRMs),53 is shown in the right column. Ile20 on b1, Gly51 on b2, Thr59 and Val63 on b3, and Val88, Leu90, and Tyr92 on b4 are quite different from the typical

composition of the b-sheet surface. (b) Comparison of the loop structures of p14 with those of Fox-1 (PDB ID 2ERR51), TcUBP (PDB ID 1U6F54), and hnRNP F

qRRM2 (PDB ID 2HGM55), after superposition on the b1 and b3 strands. The b1-a1 loop, the b2-b3 loop, and the a2-b4 loop (the b0-b@ hairpin) are represented in

red, blue, and yellow, respectively. (c) Close-up views of Fox-1 and p14. The RNA bases are represented by ball-and-stick models (gray, carbon; red, oxygen; blue,

nitrogen). The side-chains of the base-sandwiching residues in the loop regions of Fox-1 (Phe126, R127, Arg153, and Arg184), as well as the corresponding residues Tyr28,

K29, Arg57, and Arg85 of p14, are shown and labeled. Distances between the aromatic residues in the b1-a1 loop (Phe126 in Fox-1 and Tyr28 in p14) and the positively

charged residues in the b2-b3 loop and the b0-b@ hairpin are indicated in red.

Solution Structure of the p14-SF3b155 Complex
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[Fig. 10(b)].51,54,55 In contrast to the b2-b3 loop,

which is not involved in the groove of p14, the b1-a1
loop and the b0-b00 hairpin adopted similar conforma-

tions to those from the other noncanonical RRMs; the

conformation of the b1-a1 loop is quite similar to that

from Fox-1, and the conformation of the b0-b00 hairpin
resembles those from Fox-1 and hnRNP F qRRM2 [Fig.

10(b)]. Figure 10(c) shows the considerable similarity of

the detailed structures of the p14 and Fox-1 RRMs. In

Fox-1, two RNA bases stack on each side of Phe126,

which corresponds to Tyr28 in p14, and are surrounded

by Arg127, Arg153, and Arg184 [Fig. 10(c)].51 The dis-

tances between the aromatic ring of Phe126 (Cd and/or

Ce) and the positively charged Ne atoms of Arg127,

Arg153, and Arg184 are 6–11 Å. It should be noted that

the counterparts of Fox-1 Phe126 and Arg184 in p14,

Tyr28 and Arg85, respectively, were also shown to be

essential for the RNA-binding activity of the groove.

Moreover, the corresponding residues in p14, Tyr28,

Lys29, Arg57, and Arg85, have a similar spatial arrange-

ment [Fig. 10(c)]. The b2-b3 loop structure of p14 is

different from that of Fox-1 [Fig. 10(c)], presumably

because the b2-b3 loop of p14 is involved in the p14-

SF3b155 complex formation. However, the distances

between the aromatic ring of Tyr28 (Cd and/or Ce) and

the positively charged Nf/Ne atoms of Lys29, Arg57, and

Arg85 vary between 4 and 13 Å. Accordingly, these resi-

dues are flexible, suggesting that they could accommo-

date two RNA bases. Therefore, one may speculate that

the RNA recognition mode of the groove of p14 is simi-

lar to that of Fox-1. On the other hand, Fox-1 also rec-

ognizes RNA bases through the canonical RNP aromatic

residues,51 which is not the case for p14. These compari-

sons suggest that the RNA recognition mode of p14 is

novel among the RRMs with no structural homology.

Furthermore, the positively charged groove and the C-

terminal extension of the p14 protein interact with RNA

in an independent manner, which may contribute to the

dynamic spliceosome assembly of the U2 snRNP.

A more complete understanding of the RNA recogni-

tion mode of p14-SF3b155 would be obtained from the

structure of the p14-SF3b155 complex bound to the

target RNA. The present study provides fundamental

information toward further structural studies of the

spliceosome.

CONCLUSION

The p14 protein is a key component of the U2 snRNP,

which plays an important role in mRNA splicing by rec-

ognizing the branch site adenosine.17 Although the crys-

tal structure of p14-SF3b155 is available,22 precise under-

standing of the complex formation and the RNA-binding

mode by p14 and SF3b155 required detailed functional

analyses of the residues involved in the interaction. Here

we identified the fragments of p14 and SF3b155 that are

essential for their stable interaction, and solved the terti-

ary structure of this minimal complex in solution. In

combination with extensive mutational analyses, we then

identified three contact points for the peptide binding.

Furthermore, we investigated the chemical shift perturba-

tions, not only for the main-chain but also for the side-

chain resonances, for several p14-SF3b155 complex

constructs upon RNA binding. Our results revealed the

noncanonical RNA recognition mode of p14 RRM and

strongly suggested that the positively charged groove and

the C-terminal extension of the p14 RRM (a3) inde-

pendently contribute to RNA binding. Collectively, these

findings clearly revealed the functionally validated roles

of the residues of p14 and SF3b155 in the complex for-

mation and the RNA-binding manner.

Accession codes

The atomic coordinates for the ensemble of 20 energy-

refined NMR conformers that represent the solution

structure of the p14-SF3b155 complex have been depos-

ited in the Protein Data Bank, with the accession code

2FHO.
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41. Güntert P, Mumenthaler C, Wüthrich K. Torsion angle dynamics

for NMR structure calculation with the new program DYANA.

J Mol Biol 1997;273:283–298.

42. Güntert P. Automated NMR structure calculation with CYANA.

Methods Mol Biol 2004;278:353–378.

43. Cornilescu G, Delaglio F, Bax A. Protein backbone angle restraints

from searching a database for chemical shift and sequence homol-

ogy. J Biomol NMR 1999;13:289–302.
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