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Human FBP21 (formin-binding protein 21) contains a
matrin-type zinc finger and two tandem WW domains. It is a
component of the spliceosomes and interacts with several estab-
lished splicing factors. Here we demonstrate for the first time
that FBP21 is an activator of pre-mRNA splicing iz vivo and that
its splicing activation function and interaction with the splicing
factor SIPP1 (splicing factor that interacts with PQBP1 and
PP1) are both mediated by the two tandem WW domains of
group III. We determined the solution structure of the tandem
WW domains of FBP21 and found that the WW domains rec-
ognize peptide ligands containing either group II (PPLP) or
group III (PPR) motifs. The binding interfaces involve both the
XP and XP2 grooves of the two WW domains. Significantly, the
tandem WW domains of FBP21 are connected by a highly flex-
ible region, enabling their simultaneous interaction with two
proline-rich motifs of SIPP1. The strong interaction between
SIPP1 and FBP21 can be explained by the conjugation of two low
affinity interactions with the tandem WW domains. Our study
provides a structural basis for understanding the molecular
mechanism underlying the functional implication of FBP21 and
the biological specificity of tandem WW domains.

Gene expression in eukaryotic cells involves several steps,
including transcription, mRNA processing, and export.
Pre-mRNA splicing takes place in the spliceosome, a highly
dynamic ribonucleoprotein particle that consists of five small
nuclear RNAs and at least 150 proteins. Small nuclear ribo-
nucleoproteins (snRNPs)® and numerous protein factors are
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essential for the formation of the active spliceosome (1, 2). In
budding yeast, the splicing factor Prp40 participates in cross-
intron bridging by interacting with the branch point-binding
protein (BBP) and the U5 snRNP component Prp8. Prp40 con-
tacts the 5’ splice site and interacts with BBP, bringing the 5’
splice site and the branch point in spatial proximity. These
interactions are believed to be conserved in mammals (3-5).
FBP21 (formin-binding protein 21), the mammalian Prp40-like
protein, colocalizes with splicing factors in nuclear storage sites
for pre-mRNA splicing factors. In addition, FBP21 is a compo-
nent of the mammalian spliceosomal A/B complex and is asso-
ciated with U2 snRNPs (6). FBP21 interacts directly with the
splicing factors Ul snRNP protein U1C, the core snRNP pro-
teins SmB and SmB’, and the branch point-binding protein
SF1/mBBP, suggesting that it may also play a role in cross-
intron bridging of Ul and U2 snRNPs in the spliceosomes.
FBP21 contains a matrin-type zinc finger and two group III
WW domains (Fig. 1) that are structurally related to those of
the established splicing factors U1C and Prp40, respectively (6,
7). The binding of FBP21 to splicing factors is mediated by its
tandem WW domains, which represent interaction modules
for proline-rich ligands (4, 8, 9). Although the above data
strongly suggest that FBP21 has a role in pre-mRNA splicing,
there are no in vivo data to support this contention.

The splicing factor SIPP1 (splicing factor that interacts with
PQBP-1 and PP1) contains two proline-rich regions (Fig. 1) that
are capable of binding to the WW domain of PQBP1 (polyglu-
tamine tract-binding protein 1) and functions as a pre-mRNA
splicing activator in intact cells (10). SIPP1 is also present in the
sub-spliceosomal complex containing FBP21, suggesting that it
is also a candidate interactor of FBP21. A yeast two-hybrid
screening suggested that FBP21 and SIPP1 interact with each
other (6). However, the interaction still needs to be confirmed
by independent approaches, and the involved interaction sites
and its functional relevance remain to be examined.

Many proteins contain multiple arrays of WW domains (11),
which may increase the specificity and affinity for ligands (12,
13) or enhance their functional diversity by their ability to bind
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root mean square deviation.
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Expression, Purification, and Iso-
tope Labeling of Tandem WW
Domains of FBP21—The recombi-
nant plasmid encoding the tandem
WW domains of FBP21 was trans-
formed into the bacterial BL21
(DE3) strain. Bacteria were grown at
37 °C in minimal medium (M9), and
the target protein expression was

FIGURE 1. Domain structure of human FBP21 and SIPP1, as predicted by PROSITE.

more than one ligand (14, 15). As the number and spatial
arrangement of WW domains can be variable (14, 16), it is likely
that the length and structure of the interdomain linkers are of
crucial significance. Little is currently known about the func-
tional importance of the interdomain linker in proteins with
multiple WW domains. Although a number of structures of
individual WW domains have been solved (17-22), only two
structures of tandem WW domains, namely those of yeast
Prp40 and Drosophila Su(dx), have been determined, and their
structures are markedly different (7, 14). So far, the relationship
between the functional diversity and the structural organiza-
tion of multiple WW domains remains poorly characterized.

In this study, we provide the first data showing that human
spliceosomal protein FBP21 stimulates pre-mRNA splicing in
vivo. We also show that FBP21 interacts directly with SIPP1 in
vitro as well as in vivo. Both the splicing function and the asso-
ciation with splicing factors, including SIPP1, are mediated by
its tandem WW domains. Furthermore, we have solved the
solution structure of the two tandem WW domains of FBP21
using NMR spectroscopy, which represents the first available
structure of WW domains of group III. The ligand specificity
and binding interface of the tandem WW domains, as well as
the importance of having two WW domains, have been
explored by NMR chemical shift perturbation, isothermal titra-
tion calorimetry (ITC), and site-directed mutagenesis. Our data
reveal a cooperation between the two tandem WW domains in
ligand binding, which results from the conjugation of two low
affinity binding sites and the presence of a highly flexible linker
region between them.

MATERIALS AND METHODS

Preparation of Recombinant Proteins—The nucleotide
sequence encoding the tandem WW domains (amino acids
122-196) of human FBP21 was amplified by PCR from a human
brain ¢cDNA library (BD Biosciences) using specific primers
(Takara) that generate flanking Ndel and Xhol sites for inser-
tion into pET-22b (+) (Novagen) as a fusion with a C-terminal
His tag (LEH6). Full-length FBP21 was cloned in the pET-28a
(+) vector between the Ncol and Xhol sites. Wild type FBP21
and the indicated FBP21 mutants and fragments were cloned in
the pEGFP-C1 vector, in-frame with the EGFP tag. Point muta-
tions were made according to the QuikChange™ site-directed
mutagenesis protocol of Stratagene, using the appropriate
primers and templates. The sequences of the DNA constructs
were verified by DNA sequencing. The constructs GST-SIPP1-
(1-372), GST-SIPP1-(180-372), GST-SIPP1-(253-641), and
GST-SIPP1-(358 —641) were obtained as described (10).
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induced at the mid-log phase (4440,
0.6-0.8) by the addition of 0.1 mm
isopropyl  1-thio-B-p-galactopyranoside. Uniformly *>C-
and/or '°N-labeled recombinant protein was produced by the
same way in M9 with p-[**C]glucose and/or "*’NH,Cl as the sole
sources of carbon and nitrogen, respectively. The protein was
purified by HiTrap chelating column chromatography (GE
Healthcare) and size-exclusion chromatography on Superdex
16/60 column (GE Healthcare). The NMR samples had a pro-
tein concentration of 1.0-1.2 mm, estimated by BCA Kkits
(Pierce), and dissolved in 20 mwm Tris buffer, 50 mm NaCl, 1 mm
EDTA in 90% H,O, 10% 2H,O or 100% 2H,O, pH 6.5. Uni-
formly *N-labeled mutant proteins were produced in the same
way. The integrity of FBP21 tandem WW domains mutants was
assessed by their *>’N-HSQC spectra, which were all similar to
that of the wild type protein and could be reassigned.

Peptide Synthesis and Purification—The proline-rich pep-
tides from FBP21 ligands (Table 2) were chemically synthesized
using a standard Fmoc (N-9-fluorenyl methoxycarbonyl) strat-
egy at Shanghai Sangon Ltd. The synthetic peptides were puri-
fied by reverse-phase high pressure liquid chromatography
using a C18 column and eluted with a linear gradient, 15-30%,
of acetonitrile. Pooled fractions of the pure peptides were
lyophilized and verified by matrix-assisted laser desorption ion-
ization time of-flight mass spectrometry.

Antibodies—Polyclonal antibodies against SIPP1 were raised
in rabbits, as described previously (10). Anti-EGFP and anti-
rabbit secondary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and Dako (Denmark), respec-
tively. Anti-SC35 was ordered from BD Biosciences, and goat
anti-mouse red secondary antibodies (goat anti-mouse IgG
(H + L), DyLight 549-conjugated) were from Thermo Scientific-
Pierce. Anti-His (H3), anti-GST antibodies, and IRDye 680 sec-
ondary antibodies were purchased from Santa Cruz Biotech-
nology and Odyssey. Polyclonal antibodies against FBP21 were
a kind gift from Dr. Mark Bedford (Department of Cell Biology,
Harvard Medical School, Boston) (6).

Cell Cultures and Immunoprecipitation—HEK293T cells
were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) fetal calf serum. 48 h after transfection,
the cells were washed twice with ice-cold phosphate-buffered
saline and lysed in 50 mm Tris at pH 7.5, 0.3 M NaCl, 0.5% (v/v)
Triton X-100, 0.5 mMm phenylmethanesulfonyl fluoride, 0.5 mm
benzamidine, and 5 uM leupeptin. After sonication, the cell
lysates were cleared by centrifugation (10 min at 10,000 X g),
and the supernatants were used for immunoprecipitations. The
cleared cell lysates were incubated with anti-EGFP antibodies
coupled to protein A-TSK-Sepharose for 3 hat 10 °C. After one
wash with Tris-buffered saline supplemented with 0.1 m LiCl
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and three washes with Tris-buffered saline plus 0.1% (v/v) Non-
idet P-40, the beads were resuspended in 25 mm Tris, pH 7.5,
and used for immunoblotting with anti-FBP21 and anti-SIPP1
antibodies.

GST Pulldown Assays—For the in vitro interaction of His-
tagged FBP21 with GST-SIPP1-(1-372), GST-SIPP1-(180-
372), GST-SIPP1-(253-641), and GST-SIPP1-(358-641),
recombinant GST and GST fusion proteins were immobilized
on 100 ul of glutathione-agarose beads in GST binding buffer
(50 mm Tris/HCIL, pH 7.5, 50 mMm NaCl, and 1 mm EDTA). After
washing with 3 ml of GST binding buffer, the beads were incu-
bated with an equivalent amount of His-tagged FBP21. After
incubation for 1 h at 4 °C, the beads were washed five times (1
ml each time) with GST binding buffer and then the same buffer
supplemented with different concentrations of NaCl (2 ml of
each buffer). Finally, the beads were eluted by GST binding
buffer, supplemented with 15 mm glutathione. The bound pro-
teins were separated by SDS-PAGE and stained with Coomas-
sie Brilliant Blue. The bound FBP21 was further detected by
Western blot with anti-His antibodies and visualized by Odys-
sey Infrared Imaging System.

Immunofluorescence and Confocal Microscopy—24 h after
transfection the cells were washed twice with PBS and fixed for
10 min with formaldehyde (2—5% (v/v) of the 30% stock solu-
tion in PBS containing 2% sucrose). Cell permeabilization was
performed by a 10-min incubation in PBS solution containing
0.5% Nonidet P-40 and 10% sucrose. Primary antibodies were
diluted in PBS containing 2% fetal calf serum. After incubation
at room temperature for 1 h, cells were washed at least three
times with PBS plus 2% fetal calf serum and then incubated for
1 h with secondary antibodies. Finally, the cells were washed
three times for 10 min in PBS. Confocal images were obtained
with a Zeiss LSM-510 laser-scanning confocal microscope
(Jena, Germany), equipped with the Zeiss Axiovert 100 M.

In Vivo Splicing Assay—This was performed essentially as
described by Nasim et al. (23). Briefly, HEK293 cells were trans-
fected with the reporter gene TN24 and the indicated plasmids.
48 h after transfection the cells were lysed using the passive lysis
buffer (Promega Corp., Madison, WI). An aliquot of the lysate
was used to measure luciferase activity using the assay system
from Promega. The 3-galactosidase activity was measured with
o-nitrophenyl-B-p-galactopyranoside as a substrate. The
expression of the constructs in the lysates was verified by West-
ern blot analysis with anti-FBP21 antibodies.

Reverse Transcription (RT)-PCR—RNA isolated from
HEK293 cells using the mammalian total RNA miniprep kit
(Sigma) was reverse-transcribed with oligo(dT) primer (Sigma)
and the Moloney murine leukemia virus reverse transcriptase
(Fermentas). 1.5% of this cDNA was analyzed in duplicate by
real time PCR, using the Platinum® SYBR® Green qPCR
SuperMix-UDG (Invitrogen) in a Rotorgene detection sys-
tem (Corbett Research). Primers used were forward primer
5'-AACATCAGCCGCTACAGTCAA-3' and reverse primer
5'-ACGTGATGTTCTCCTCGATAT-3’ (57). The PCR prod-
ucts were separated by 2.5% agarose gel electrophoresis.

NMR Spectroscopy—NMR experiments for the structure
determination of the FBP21 tandem WW domains were carried
out at 293 K on Bruker DMX-500 and DMX-600 NMR spec-
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trometers equipped with cryoprobes. For the backbone and ali-
phatic side chain resonance assignments, two-dimensional
'H,"*N-HSQC, three-dimensional CBCANH, CBCA(CO)NH,
HNCO, HN(CA)CO, (H)C(CO)NH-TOCSY, HBHA(CBCA-
CO)NH, H(C)(CO)NH-TOCSY, HCCH-TOCSY, HCCH-
COSY, "N- and '*C-edited NOESY-HSQC spectra were used.
Aromatic side-chain assignments were obtained from two-di-
mensional homonuclear TOCSY and NOESY and three-di-
mensional '*C-edited NOESY-HSQC spectra. Inter-proton
distance restraints were obtained from three-dimensional *N-
and '*C-edited NOESY-HSQC experiments using mixing
times of 110 ms. The chemical shift index (24) and TALOS
programs (25) were used together to obtain the backbone dihe-
dral angles (® and V) in secondary structures on the basis of
chemical shift information. There was no hydrogen bond
obtained from slow exchanging amide protons identified after
exchanging the H,O buffer for D,O. NMR data were processed
by NMRPipe and NMRDraw (26) and assigned with Sparky.
Structure Calculations—Structure calculation for FBP21
tandem WW domains was performed on the basis of proton-
proton NOE restraints and dihedral angle restraints ($ and W)
with a torsion angle dynamics simulated annealing protocol
using the CNS version 1.1 program (27). The NOE-derived dis-
tance restraints were classified into four groups with the upper
boundaries of 3.0, 4.0, 5.0, and 6.0 A and lower boundary of 1.80
A on the basis of NOE intensity measurements. TALOS predic-
tions, only “good” with 9 or 10 matches in agreement, were used
and converted into restraints on ® and V¥ angles. 20 models
were selected on the basis of energetic criteria (low total energy,
using the accept.inp routine) to form a representative ensemble
of the 200 calculated structures. The quality of the final struc-
tures was assessed using the program PROCHECK-NMR (28).
NMR Backbone Relaxation Experiments—'°N relaxation
experiments were carried out at 293 K on Bruker DMX500
NMR spectrometer. Heteronuclear 'H-'">N NOEs as well as
longitudinal (R,) and transverse (R,) '°N relaxation rates were
measured using standard two-dimensional methods (29, 30).
The relaxation delays were set to 11, 61, 142, and 242 (run
twice), 362, 523, and 753 ms, and 1.144 s for 7, measurements,
and 17.6, 35.2, and 52.8 (run twice) and 70.4, 105.6, and 140.8
ms for T, measurements. A recycle delay of 1 s was used for
measurement of R, and R, relaxation rates. The heteronuclear
NOE experiments were run twice in an interleaved mode with
and without (reference experiment) proton saturation during
the recovery delay. The exponential curve fitting and extract of
T, and T, were processed by Sparky. The steady-state "H-'°N
NOE enhancements were calculated as the ratio of peak inten-
sity in spectra recorded with and without proton saturation.
Dy RDCs—'Dyy;; RDCs were measured on a 0.5 mm *°N-
labeled protein sample in the NMR buffer containing 25 mg/ml
Pfl phage (Pfl magnetic resonance cosolvent) (31) at 293 K
using the in-phase/anti-phase method of spectra recording
(32). The RDC values were obtained by subtracting the refer-
ence value in isotropic solution.
Chemical Shift Perturbation—Chemical shift perturbation
experiments were performed on Bruker DMX500 at 298 K
using two-dimensional 'H-'>N-HSQC experiments (33). Sam-
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FIGURE 2. FBP21 is an activator of pre-mRNA splicing in vivo. A, structure of the reporter construct. The
B-galactosidase and luciferase genes are fused in-frame but separated by an intronic sequence derived from
the adenovirus (Ad) and the skeletal muscle isoform of human tropomyosin (SK). The intron contains three
translation stop signals. In the absence of splicing only B-galactosidase is generated, whereas an active fusion
of B-galactosidase and luciferase is generated after splicing of the primary transcript. B, HEK293T cells were
transiently transfected with the reporter plasmid (pTN24) and the indicated expression plasmids. The graph
shows the % stimulation of splicing, based on the luciferase/B-galactosidase ratio, as compared with the ratio
obtained with EGFP. The data represent the means * S.E. (n = 3) and are representative for five different
experiments. The standard deviations of the normalized ratios are indicated by error bars. C, total RNA from B
was isolated and analyzed by RT-PCR. The two DNA bands were derived from spliced and unspliced RNA as
indicated.

ples for NMR titrations contained 0.5 mm **N-labeled protein
in the same NMR buffer as described above. The unlabeled
peptide stock solutions were added stepwise to give the pep-
tide/protein molar ratios ranging from 0:1 to 4:1 or 6:1; each
step was monitored by two-dimensional 'H-"*N HSQC spec-
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trum. The combined chemical shift
changes were calculated using
Equation 1.

—_—

6‘H 415N — Vfale + (01 76‘5N)2

(Eq.1)

ITC—Calorimetry experiments
were performed with a VP-ITC
microcalorimeter (MicroCal, Inc.)
at 298 K. The protein and peptide
samples were dissolved in 20 mm
Tris buffer, 50 mm NaCl, pH 7.4.
The 2.0-3.0 mm peptide solution
was titrated into the sample cell
containing the FBP21 tandem WW
domains or its mutants (80-100
uM). Control experiments were per-
formed by making identical injec-
tion of peptide into the sample cell
containing only buffer to correct the
heat effects not directly related to
the binding reaction. Data analysis
was performed using the Microcal
Origin software supplied with the
instruments. The stoichiometry
(N), association constant (K), stand-
ard enthalpy change (AH), and
standard entropy change (AS) for
the interactions were obtained from
fitting of the experimental titration
curve.

RESULTS

WW  Domains of FBP2I Are
Essential for Its Pre-mRNA Splicing
Activation Function—FBP21 is a
component of the U2 snRNP com-
plex of the spliceosomes (6). To
examine whether FBP21 is essential
for pre-mRNA splicing, we per-
formed in vivo splicing assays fol-
lowing the transient expression of
EGFP-tagged variants of FBP21 in
HEK293T cells. The splicing effi-
ciency was quantified using the
pTN24 reporter (23). Unspliced
transcripts from this reporter gene
yield only B-galactosidase, whereas
spliced transcripts yield a fusion
protein with both B-galactosidase
and luciferase activities (Fig. 24).
Thus, the luciferase/B-galactosid-

ase ratio provides a measure of splicing efficiency. The ratio
after the expression of EGFP was used as a negative control and
set at 100% (Fig. 2B). Tra2-1, an established splicing factor
(34), was used as a positive control. The expression of Tra2-81
increased the luciferase/f-galactosidase ratio by some 180%,
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whereas wild type EGFP-FBP21 increased the splicing effi-
ciency by 150%. Interestingly, the fragments FBP21-(1-200)
and FBP21-(121-200), which both contain the tandem WW
domains, stimulated the splicing efficiency by about 200%, but
mutation of either of the two WW domains, as in FBP21-
W150A or FBP21-W195A, nearly abolished the stimulatory
effect on splicing. EGFP-FBP21-(AL160-K166), which lacked 7
of the 12 residues of the interdomain linker, stimulated the
splicing efficiency by about 90%, much less than that of full-
length EGFP-FBP21. It was verified that all EGFP-FBP21
constructs were expressed to a similar extent (supplemental
Fig. S1).

To confirm that the luciferase/3-galactosidase ratio was cor-
related with the proportion of spliced mRNA, the experiments
were repeated, and the RNA was analyzed by RT-PCR. The
DNA bands corresponding to spliced and unspliced RNA are
shown in Fig. 2C. The results from RT-PCR analysis agreed well
with the results obtained using the double reporter activities.
Wild type EGFP-FBP21, EGFP-FBP21-(1-200), and EGFP-
FBP21-(121-200) promoted splicing to a similar extent as did
the positive control Tra2-B1, whereas there were almost no
stimulation with mutants of the WW domain. Similarly, EGFP-
FBP21-(AL160-K166) was a less efficient splicing stimulator
than was full-length EGFP-FBP21. Obviously, there were par-
allel changes in the apparent level of splicing by both assays.
Thus, our data indicate that FBP21 is a stimulator of pre-mRNA
splicing by a mechanism that requires both WW domains and
the interdomain linker.

WW Domains Mediate the Interaction of FBP21 with
Pre-mRNA Splicing Factors—Because WW domains are pro-
tein interaction domains, we have subsequently examined
whether they mediate the targeting of FBP21 to splicing factors.
Endogenous FBP21 colocalizes with the essential splicing factor
SC35 in the nuclear speckles (6), which contain numerous
pre-mRNA splicing factors (10, 35, 36). EGFP-tagged FBP21
also partially colocalized with SC35 in the nuclear speckles in
both HEK293T cells (Fig. 3) and HeLa cells (supplemental Fig.
S2). However, mutation of the WW domains, as in FBP21-
W150A, FBP21-W195A, and FBP21-W150A/W195A, abol-
ished the speckled distribution and colocalization with SC35
(Fig. 3and supplemental Fig. S2). These data are consistent with
the notion that the WW domains target FBP21 to splicing
factors.

WW domains represent docking sites for proline-rich
sequences (4, 9). Because FBP21 is present in a spliceosomal
subcomplex together with the protein SIPP1 (6), which con-
tains two proline-rich regions, we have examined whether
FBB21 and SIPP1 interact with each other. First, we performed
coimmunoprecipitation experiments following the transient
expression of EGFP fusions of FBP21 variants in HEK293T
cells. EGFP-FBP21, EGFP-FBP2-(1-200), and EGFP-FBP21-
(121-200), as well as EGFP-FBP21-(AL160-K166), all inter-
acted with endogenous SIPP1 (Fig. 44). However, EGFP as well
as EGFP-tagged fusions of FBP21-W150A, FBP21-W195A, and
FBP21-W150A/W195A did not coimmunoprecipitate with
SIPP1. The immunoprecipitated EGFP-FBP21 fusions were
verified by Western blotting with anti-FBP21 antibodies (sup-
plemental Fig. S3A). To distinguish between direct and indirect
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FIGURE 3. Subcellular localization of EGFP-FBP21. EGFP-FBP21 (upper
panel) or EGFP-FBP21m (EGFP-FBP21-W150A/W191A, lower panel) was tran-
siently expressed in HEK293T cells. After 24 h the cells were fixed and ana-
lyzed for the presence of the EGFP fusions by fluorescence microscopy (left
column) and endogenous SC35 by immunocytochemistry with anti-SC35
antibodies and DyLight 549-conjugated goat anti-mouse secondary antibod-
ies (middle column). The right column shows the overlay pictures. Bars, 10 um.
Similar results were obtained in Hela cells (supplemental Fig. S2).
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FIGURE 4. Interaction of FBP21 and SIPP1. A, endogenous SIPP1 coimmu-
noprecipitates with EGFP-FBP21. EGFP and EGFP-FBP21 fusions were trans-
fected into HEK293T cells. After lysis of the cells, FBP21 was immunoprecipi-
tated from the lysates with anti-EGFP antibodies. The coimmunoprecipitated
SIPP1s were detected by Western blot analysis with anti-SIPP1 antibodies.
The immunoprecipitates were obtained with (+) and without (—) primary
anti-EGFP antibodies. The immunoprecipitation of EGFP-FBP21 (variants) is
shown in supplemental Fig. S3A. B, interaction of purified, recombinant
FBP21 and GST-SIPP1. The interactions in vitro were examined by GST pull-
down assay and further detected by Western blot analysis with anti-His (H-3)
antibodies, as visualized by the Odyssey Infrared Imaging System. Four GST
fusion SIPP1 fragments (1-372, 180-372, 253-641, and 358-641) were
examined, the former two fragments contain the first proline-rich region and
the latter two contain the second proline-rich region of SIPP1.GST alone was
used as a negative control. The expression of GST-SIPP1 fusions is shown in
supplemental Fig. S3B8 and further verified by Western blotting with anti-GST
antibodies (supplemental Fig. S3C).

interactions, we subsequently performed pulldown experi-
ments with bacterially expressed GST-tagged SIPP1 fragments
and His-tagged FBP21 (Fig. 4B). GST-SIPP1-(1-372) and GST-
SIPP1-(180-372), which contain the N-terminal proline-rich
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region, as well as GST-SIPP1-(253-641) and GST-SIPP1-
(358 —641), which harbor the C-terminal proline-rich region,
all interacted with His-FBP21. The expression of GST-SIPP1
fusions is shown in supplemental Fig. S3B and is further verified
by Western blotting with anti-GST antibodies (supplemental
Fig. S3C). The SIPP1 fragments were readily degraded, which is
often seen for PP1-interacting proteins/domains, and can be
explained by their disordered structure, making them accessi-
ble to proteases (37). Collectively, our data strongly indicate
that SIPP1 is a direct interactor of the WW domains of FBP21.

Structure of the Tandem WW Domains of FBP21—Because
the WW domains of FBP21 are crucial for its splicing function,
probably because they mediate the interaction with the proline-
rich regions of the splicing factor SIPP1, we have determined
the solution structure of the tandem WW domains of FBP21.
The recombinant fragment used for these structural studies, i.e.
human FBP21-(122-196), includes two group III WW domains
and a 12-residue linker (Fig. 54). The tandem WW domains
share a 53% sequence identity, and they both contain a con-
served “YYY” motif, which is found in nearly all group II/III
WW domains. The solution structure of the FBP21 tandem
WW domains was determined by multidimensional hetero-
nuclear and homonuclear NMR spectroscopy.

Table 1 lists the structural statistics for the 20 deposited
NMR structures. A total of 200 conformers was calculated, and
the 20 conformers with the lowest energy were selected for
analysis and presentation. Fig. 5, B and C, shows the ribbon
representation of the energy-minimized average structure and
superposition of 20 NMR structures of human FBP21 tandem
WW domains by MOLMOL (38). The coordinates of these 20
NMR structures have been deposited into the Protein Data
Bank (code 2JXW). Because of the linker flexibility and inter-
domain dynamics, the overall structure of the FBP21 tandem
WW domains does not converge to one conformation. The
calculation of an overall r.m.s.d. is meaningless for structures
that cannot be superimposed over the entire molecule. In con-
trast to the whole tandem WW domains of FBP21, the structure
for the individual WW domains converged well, which is
reflected in the average r.m.s.d. values of 0.78 A (all heavy
atoms) and 0.29 A (backbone atoms) at WW1, and 0.86 A (all
heavy atoms) and 0.35 A (backbone atoms) at WW2. A PRO-
CHECK analysis of the 20 NMR structures indicated that >95%
of the residues lie in the most favored region and the addition-
ally allowed region of the Ramachandran plot. The residues in
the disallowed regions were those located in the N- and C-ter-
minal parts and the flexible linker because of the paucity of
inter-residual NOEs.

TABLE 1
Summary of structure statistics

Structural statistics for the 20 NMR structures of FBP21 tandem WW domains.
None of the structure exhibits distance violations >0.5 A or dihedral angle viola-
tions >5°.

NMR restraints in the structure calculation

Distance restraints 1404
Intra-residue 392
Sequential (|i — j| = 1) 404
Medium range (|i — j| < 5) 172
Long range (i — j| = 5) 436
Dihedral angle restraints 56
Total 1460

Statistics for the 20 lowest energy structures

Lennard-Jones potential energy (kcal mol™*) —239.15 + 11.07

Mean r.m.s.d. from idealized covalent geometry

Bonds 0.0008 *+ 0.00003 A
Angles 0.2780 =+ 0.0020°
Impropers 0.1004 = 0.0080°

Mean r.m.s.d. from experimental restraints )
Distance 0.0018 * 0.0005 A
cdih 0.2980 = 0.0590°

Coordinate r.m.s.d. of N, C%, C'/all heavy atoms (A)~

Residues 6-32 (WW1) 0.29/0.78

Residues 47-73 (WW2) 0.35/0.86
Ramachandran plot (% residues)”

Residues in most favored regions 89.9

Residues in additional allowed regions 10

Residues in generously allowed regions 0

Residues in disallowed regions 0.1

“The calculation of an overall r.m.s.d. is meaningless because the flexible linker
caused interdomain motion.

» Data exclude glycine, proline, and flexible residues 1-5, 13—14, 33— 46, 54 —55, and
74-75.

The two WW domains of FBP21 share 30-60% sequence
identity with its homologues (Fig. 5A4). The structures of the
individual FBP21 WW domains are very similar to those of
previously solved WW domain structures, and the pairwise
r.m.s.d. of the B-sheet backbone atoms to the solution struc-
tures of WW domains from scPrp40 (7), hsFBP11 (22),
mmFBP28 (39) are between 1.0 and 1.6 A.

The FBP21 tandem WW domains each show the typical WW
domain fold, consisting of a triple-stranded antiparallel B-sheet
(Fig. 5B). The triple-stranded B-sheet structure of WW1 and
WW2 domains has two sides (Fig. 5D). On one side, the highly
conserved residues Trp-7/48, Tyr-19/60, and Pro-32/73 form a
hydrophobic core that brings together the N and C termini and
maintains the structure of WW domain. On the other side the
conserved XP groove, formed by Trp-29/70, Tyr-18/59, and
Ser-27/68, together with the XP2 groove, formed by Val-8/49,
Glu-9/50, Gly-10/51, Tyr-18/59, and Tyr-20/61, make the
binding surface for the proline-rich ligand. The two XP grooves
transverse the low ridge between Tyr-18/59 and Tyr-20/61
nearly merge to a larger continuous groove (Fig. 5, D-E).

FIGURE 5. Solution structure of the tandem WW domains of FBP21. A, sequence alignment of FBP21 tandem WW domains with its orthologues as follows:
Hs.FBP21 and Hs.FBP11 from Homo sapiens; Mm.FBP21 and Mm.HYPC from Mus musculus; and Sc.PRP40 from Saccharomyces cerevisiae. The WW domain
boundaries are indicated by boxes at the top, and the secondary structure elements are boxed and indicated above the alignment. Residues identical in all five
sequences are shown in red columns, and conserved residues are shown in red letters. Stars indicate residues forming binding interface. The sequence
alignment was made using ClustalW, and the panel was generated by ESPript 2.2. B, ribbon representation of two structures in different interdomain orienta-
tions with secondary elements of WW domains shown as turquoise arrows. C, stereoview of the 20 lowest energy NMR structures of FBP21 tandem WW domains,
superimposed on backbone atoms of WW1 (blue) and WW?2 (green), respectively, and the flexible linker is shown in magenta. The structures cannot be
superimposed over the entire molecule due to the flexible interdomain motion. D, view of the binding surface on the tandem WW domains of FBP21. Residues
that form the XP and XP2 grooves are shown as green and purple sticks, respectively. The side chains of residues forming a hydrophobic core that stabilizes the
fold are shown in yellow. The figures were made using MOLMOL and PyMol. E, space-filling structure of the WW domains of FBP21. The molecular surface is
colored according to electric and hydrophobic potential. Blue colors represent positive charges; red colors are negative charges; neutral areas are gray, and
yellow represents hydrophobic residues. The green and purple circles represent the XP and XP2 grooves, respectively.
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Dynamic Properties of the Tandem WW Domains of FBP21—
The structure of the tandem WW domains of FBP21 suggests a
considerable flexibility in the relative orientations of WW1 and
WW2 toward each other. To determine whether this reflects a
true conformational flexibility or is rather because of the lack of
observed NOEs, we further investigated the dynamic properties
of FBP21 tandem WW domains using '*N relaxation measure-
ments. For this purpose, we recorded the longitudinal relax-
ation times T, the transverse relaxation times 7,, as well as the
heteronuclear {'H}-'>N NOE values. Fig. 6 presents the '°N
relaxation data of the tandem WW domain backbone amide
nitrogens, including heteronuclear {"H}-'°N NOEs, '°N R, and
R,, which were obtained for 90% of the residues. The steady-
state heteronuclear {*H}-'>N NOE, a sensitive indicator of
internal motions on a sub-nanosecond timescale, revealed that
the WW1 and WW?2 domains of FBP21 have "H-'°N NOE val-
ues of 0.65 and 0.61, respectively, consistent with a relatively
rigid domain structure. In contrast, the interdomain linker dis-
played a 'H-">N NOE value of only 0.27, indicating that this
region is highly flexible and lacks a well ordered structure. The
R, plot also shows relatively uniform values of the two WW
domains, whereas residues in the interdomain linker display
somewhat smaller R, values. Small R, values are likely to arise
from fast mobility (40, 41), in agreement with the small NOEs in
the same region. Neither the NOEs nor the R, values show
significant systematic differences between the two domains,
despite the apparent high mobility of interdomain linker. How-
ever, the R, values turned out to be different between the two
WW domains. The WW1 domain has an average R, of 11.62 +
0.22s~ ', whereas the WW2 domain has an average R, of 9.86 *
0.16 s~ . The similar R, and the larger R, values of the WW1
domain compared with those of the WW2 domain imply that
the former domain being affected by extended millisecond-mi-
crosecond mobility (41).

Additional information on the interdomain orientation and
motion of FBP21 tandem WW domains was obtained by the
measurement of RDCs. As shown in supplemental Fig. S44, the
measured 'H-""N RDCs were markedly different for WW1 and
WW2. The RDCs in the B-strands of WW 1 are mostly negative,
whereas they are positive for the corresponding residues in
WW2. The opposite sign of RDCs suggests that there is no
colinearity between the tandem WW domains, and the inter-
domain orientation between the two WW domains is not fixed
(14, 42). However, the similar R,/R; ratio of the two WW
domains obtained from '°N relaxation experiments indicates
that the two domains, on average, tumble together in solution.
Thus, we conclude that although the linker flexibility leads to
some orientation independence between the tandem WW
domains, there remains limitations to this flexibility.

Ligand Specificity Analyses by Chemical Shift Perturbation—
NMR is an extraordinarily powerful method to analyze the
binding properties of individual domains in a multidomain pro-
tein, because of its unique ability to identify residues that par-
ticipate in the binding in a direct manner.

To delineate whether these WW domains recognize proline-
rich motifs of both group II and group III, and to map the bind-
ing interface of a proline-rich ligand on the two WW domains
of FBP21, 'H and "N chemical shift changes were measured
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FIGURE 6. Backbone dynamics of the tandem WW domains of FBP21.

Plots of "HN-">N NOE (A), "°N R, (B), and R, (C) versus residue number of

WW1-2 are shown. Secondary structure elements and linker region are

boxed in gray. Similar data were recorded in ligand-bound state (supple-
mental Fig. S7).
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TABLE 2
Interactions between FBP21 tandem WW domains and proline-rich peptides
Binding”
Motif Peptide Protein Sequence
WW1 WwWw2
Group III P1 (13AA) SmB’-(221-233) RGPPPPGMRPPRP +b +
PPR/PGM* P2 (10AA) SIPP1-(481-490) GPPPRGPPPR + +
P3 (10AA) SIPP1-(501-510) PPRPGMMRPP + +
Group II P4 (9AA) Leukocyte formin-(541-549) APPPPPPLP + +
PPLP/PPPP* P5 (10AA) DIAPH3-(589-598) PPPPPPPPPP + +
P6 (10AA) SIPP1-(491-500) LPPPAPPGIP + +
P7 (20AA) SIPP1-(481-500)(p2+p6) GPPPRGPPPRLPPPAPPGIP + +

“ The interactions between FBP21 tandem WW domains and proline-rich peptides were studied using NMR chemical shift perturbation experiments.

® The proline-rich peptides bind to the WW domains.
¢ The proline-rich motifs in peptides are shown in boldface.

TABLE 3
Dissociation constants and binding stoichiometry for FBP21 tandem WW domains-peptide interactions
P7
1o P2 (GPPPRGPPPR) P6 (LPPPAPPGIP) (GPPPRGPPPRLPPPAPPGIP)
N K} N K, N K,
mm mm mm
Wild type 2 1.15 (+0.03) 2 2.42 (*0.40) 1 0.039 (+0.001)
W29A 1 3.50 (+=0.33) /¢ / 1 0.122 (+0.005)
W70A 1 2.07 (*0.09) / / 1 0.187 (£0.012)

“ N indicates stoichiometry of the FBP21 tandem WW domains (mutant)-ligand interaction.

b Equilibrium dissociation constant was determined by ITC at 25 °C.
¢/ indicates no data acquired.

upon ligand binding to FBP21-(122-196) (Table 2). Among the
ligands, three peptides of different length were derived from
SIPP1, namely P2 (residues 481—-490), P6 (residues 491-500),
and P7 (residues 481-500). Two additional ligand peptides,
namely P1 and P3, were chosen from the splicing factors SmB’
(residues 221-233) and SIPP1 (residues 501-510), respectively
(6,9). P1, P2, and P3 contain PGM/PPR motifs that were pos-
tulated to bind to the WW domain of group III. Other peptides,
derived from leukocyte formin (P4, residues 541-549) (43),
DIAPH3 (P5, residues 589 -598) (44), and the SIPP1-derived
peptide P6 (see above) contain PPLP or PPP motifs that were
previously reported to interact with WW domains of group II
(21, 22). The data presented in Table 2 and Table 3 indicates
that both WW domains of FBP21 recognize the group III PPR/
PGM-binding motif. The tandem WW domains of FBP21 also
interact with the group II PPLP and PPPP motifs. WW1 and
WW2 of FBP21 behave similarly in terms of ligand selectivity.

Ligand Binding Interfaces on the Two WW Domains of
FBP2]—Representative chemical shift changes upon titration
of proline-rich peptides are shown in Fig. 7 and supplemental
Fig. S5. Most of the residues that experienced significant chem-
ical shift changes were located in the three B-strands of each
WW domain, namely residues 8 —10 in 81, 18-20 in 2, and
27-30in B3 of WW 1. The corresponding residues of WW?2 are
49-51, 59-60, and 6871, respectively. Therefore, the NMR
titration results can be used to map the ligand binding interface
on the tandem WW domains of FBP21 (Fig. 5, D and E). The
canonical XP groove formed by residues Trp-29/70, Ser-27/68,
and Tyr-18/59 is highly conserved in most WW domains (22).
The second groove, the XP2 groove, is formed by residues Val-
8/49, Glu-9/50, Gly-10/51, Tyr-18/59, and Tyr-20/61. The XP
and XP2 grooves, Fig. 5E, highlighted with green and purple
circles, respectively, constitute the binding surface of both WW
domains of FBP21.
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70

FIGURE 7. Chemical shift changes upon ligand binding versus residue
number of FBP21 tandem WW domains. The combined chemical shift
changes in parts/million are calculated using Equation 1. FBP21 tandem WW
domains are titrated by peptides of different length as follows: P2 (10 amino
acids, residues 481-490 in blue), P6 (10 amino acids, residues 491-500 in red),
and P7 (20 amino acids, residues 481-500 in green) from the same protein
SIPP1 to the same peptide/protein molar ratio 6:1. Secondary structure ele-
ments and linker region are represented by gray boxes.

Residue Number

The XP groove residues of the two WW domains of FBP21
are highly conserved in almost all WW domains, whereas the
residues forming the XP2 groove are more variable, particularly
in residues Val-8/49, Glu-9/50, and Gly-10/51 in the 31-strand.
The contribution of the latter residues to ligand binding of WW
domains of groups II and III and their role in the conjugation of
tandem WW domains on ligand binding are still unknown. We
have used site-directed mutagenesis (V8A, E9A, W29A, and
W70A) to explore these issues in more detail (Fig. 8). The V8A
mutation did not significantly affect the ligand affinity, whereas
the E9A mutation abolished the binding of WW1 to ligand,
indicating that Glu-9 is essential for ligand binding of the XP2
groove, whereas Val-8 does not contribute directly to ligand
binding (Fig. 84). The W29A and W70A mutations in the XP
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shown in Table 3, and representa-
tive integrated heat data are shown

in Fig. 9. The two single motif
ligands P2 and P6 both interacted

Residual Number

with wild type tandem WW
domains with a binding stoichiome-
try of 2. This is consistent with the
result from NMR chemical shift
perturbation, which shows that the
single motif ligands bind to both
WW domains of FBP21. Titrating
the W29A or W70A mutants of
FBP21 tandem WW domains with
single motif peptides P2 also yielded
consistent results with NMR chem-
ical shift perturbation experiments
(Fig. 8B). The binding stoichiome-
try for the W29A or W70A
mutants and single motif ligands
are 1, corroborating that the
mutation abolished the binding of
the corresponding WW domain to
ligand. The binding stoichiometry
between the tandem WW domains
and the tandem motifs ligand P7 is

WWA1

-

VWAA2

— 1, and the NMR chemical shift per-

0.05

Residue Number

FIGURE 8. Mutational analysis of the FBP21 tandem WW domains. Combined chemical shift changes upon
ligand binding are calculated as in Equation 1; the mutants V8A, E9A, W29A, and W70A are colored as shown,
secondary structure elements are represented by gray boxes. A, peptide P1 (RGPPPPGMRPPRP) added to the
FBP21 tandem WW domains and indicated mutants. B, peptide P2 (GPPPRGPPPR) added to the FBP21 tandem

WW domains and indicated mutants. WT, wild type.

groove abolished the ability of WW1 and WW2, respectively, to
bind ligands (Fig. 8B), confirming the importance of these res-
idues for ligand binding.

Tandem WW Domains Confer Higher Ligand Affinity—As
direct interactions between FBP21 tandem WW domains and
ligand motifs of groups II and III have been identified by NMR
chemical shift perturbation, ITC was used to quantitate binding
affinity and stoichiometry between the WW domains and pep-
tides. The peptide sequences tested in ITC experiments are
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turbation experiments showed that
the two WW domains had equiva-
lent chemical shift changes upon
ligand binding (Fig. 7). Further-
more, the W29A or W70A mutants
bind to P7 with the same stoichiom-
etry as the wild type FBP21 tandem
WW domains. Because the result of
NMR chemical shift perturbation
(Fig. 8B) and ITC (Table 3) both
showed that the tryptophan to ala-
nine mutation abolished the bind-
ing of the corresponding WW
domain to ligand, steric hindrance
probably impedes the binding of
another wild type WW domain to
the other available motif in P7. So
the W29A or W70A mutants and
tandem motif peptide P7 remained
in 1:1 interaction. Thus, results from
ITC and NMR together indicated
that the FBP21 tandem WW
domains interact with the two
motifs in P7 simultaneously. A schematic figure of the interac-
tions between FBP21 tandem WW domains and single/tandem
motif peptides is shown in supplemental Fig. S6.

Remarkably, compared with individual P2 or P6, the tan-
dem motif peptide P7, which actually represents a combina-
tion of the peptides P2 and P6, shows much stronger associ-
ation with FBP21 tandem WW domains. As shown in Table
3, peptide P7 (K, ~ 10~ ° M) has 30— 60-fold higher affinity
than P2 (K, ~ 102 m) or P6 (K, ~ 10~ > m). This implies that
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FIGURE 9. Representative ITC profile of FBP21 tandem WW domains and
peptide interactions. The upper panel represents raw data obtained after
injections of peptide P7 (GPPPRGPPPRLPPPAPPGIP) into FBP21 tandem WW
domains solution. The bottom panel showing the fit of the data with a one set
of sites model. The Stoichiometry (N) and K, values are given with the binding
curve for the interaction.

the tandem WW domains bind to two consecutive proline-
rich motif ligands with 30-60-fold higher affinity than to
peptide containing only one motif. Moreover, because both
the W29A and W70A mutants bind to P7 with lower affinity
than the wild type further confirmed that the high affinity
between the tandem WW domains and ligand P7 need the
two WW domains to work together. The pairs of equivalent
residues in the two WW domains of FBP21, i.e. Trp-29 and
Trp-70, Ser-27 and Ser-68, Tyr-18 and Tyr-59, Tyr-20 and
Tyr-61, Val-8 and Val-49, Glu-9 and Glu-50, Gly-10 and Gly-
51, all behaved in a similar manner concerning chemical shift
changes upon the three ligands binding (Fig. 7). However, no
obvious chemical shift changes in the linker region were
observed upon binding of the peptides P2 and P6, whereas
several residues in this region, including Phe-35, Gln-36,
Gly-37, Asp-38, Lys-41, Thr-42, Val-44, and Thr-46, were
obviously affected by P7 binding (Fig. 7). Taken together, our
data suggest that the linker region is sufficiently flexible to
enable simultaneous binding of the two WW domains to two
distinct proline-rich motifs in a single ligand, conferring

SEPTEMBER 11, 2009+VOLUME 284 NUMBER 37

increased affinity of FBP21 to ligands with multiple docking
motifs.

DISCUSSION

Structure of the Tandem WW Domains of FBP21—Based on
their ligand specificity, WW domains have been classified into
four groups (45—47). Group I recognizes PPXY motifs, where X
can be any residue; group II recognizes PPLP motifs; group III
binds so-called PPR motifs, which represent stretches of pro-
lines C-terminally flanked by an arginine; and group IV recog-
nizes phospho-Ser or phospho-Thr followed by a proline. Of
these four groups, WW domains of group III are the least char-
acterized, and their differentiation from group II domains
remains ambiguous (45, 48). We report here for the first time
the solution structure of WW domains of group III and studied
their ligand specificity using synthetic peptides (Table 2). Our
results show that the two WW domains of FBP21 both recog-
nize peptides containing PPR, PPLP, as well as PPPP motifs. We
also found that the binding interfaces on both WW domains
involve both the XP and XP2 grooves, similar to what has been
reported for group II domains (49, 50). In conclusion, WW
domains of group II and group III cannot be clearly differenti-
ated based on their three-dimensional structure, binding inter-
face, and ligand specificity and should be viewed as a single
group.

We have provided unequivocal evidence that the 12-residue
linker between the WW domains of FBP21 is highly flexible.
This linker flexibility leads to some interdomain motion
between the two WW domains. A comparison of dynamics data
between the free and bound states of FBP21 tandem WW
domains is shown in supplemental Fig. S4 and supplemental
Fig. S7. Comparing the dynamics data in free and bound states,
we found that R, values of the two WW domains are much
larger, and there are no systematic differences anymore
between them in the bound state (supplemental Fig. S7). These
results indicated that the tandem WW domains do possess
some interdomain motion, and this interdomain mobility is
much restricted when the two WW domains simultaneously
interact with the two motifs in peptide P7.

High sequence similarity of the two WW domains, broader
resonance lines caused by intense interdomain motion, and
extensive spectral overlap together make resolving the struc-
ture of tandem WW domains a big challenge. Only two tandem
WW structures have been reported (7, 14), one of which repre-
sents the two tandem WW domains of yeast splicing factor
Prp40 (7). The WW domains of the Prp40 have a defined inter-
domain orientation, whereas the tandem WW domains of the
mammalian FBP21 are connected by a much more flexible
linker. The second previously determined tandem WW
domains structure is represented by WW domains 3 and 4 of
Su(dx) (14). WW4 of Su(dx) contains a tryptophan to pheny-
lalanine substitution and only folds well upon ligand binding.
When WW4 is paired with WW3, interdomain association
impedes proper folding of WW4. This mode of autoinhibition
is relieved by binding of a ligand to WW 3, enabling ligand bind-
ing to WW4. This cooperativity was proposed to facilitate the
transient regulatory interactions between Su(dx) and Notch in
the endocytic pathway (51). In contrast, the WW domains of
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FBP21 are already well folded in their free state and the two
WW domains behave equivalently in ligand binding. Moreover,
the two WW domains of FBP21 together confer higher binding
affinity. As for the third solved tandem WW domains structure,
our study reveals that even with high sequence identity and
similar domain array, the mechanism of tandem WW domains
binding to ligand, the relative domain orientation, and dynam-
ics can be very different and context-dependent.

FBP21 as a Pre-mRNA Splicing Activator—We have shown
here for the first time that FBP21 functions as a splicing activa-
tor in vivo (Fig. 2). FBP21 enhanced the splicing efficiency of a
reporter gene up to 2.5-fold, and a similar effect was obtained
with FBP21-(121-200) and FBP21-(1-200), both of which con-
tain the two tandem WW domains. However, this splicing acti-
vation effect was lost by mutation of the WW domains, attest-
ing to the key role of these protein interaction domains. This
conclusion is in accordance with our observation that the WW
domains of FBP21 mediate its interaction with the splicing fac-
tor in nuclear speckles (Fig. 3) and with its ligand SIPP1 (Fig. 4).
Importantly, the splicing activation effect of FBP21 was nearly
completely abolished by mutation of only one of its two WW
domains (Fig. 2, B and C). This can be explained by our obser-
vation that each of the WW domains of FBP21 represents a
relatively weak binding site and that the high affinity binding of
SIPP1 requires its simultaneous interaction with both WW
domains (Table 3 and Fig. 44). In this respect it is worth recall-
ing that so many proteins contain tandem, multiple arrays of
WW domains (11). It has been reported that the mere conjuga-
tion of two low affinity docking sites can create a high affinity
interaction (12, 13, 15). However, it is not well established how
these tandem domains function together. We obtained evi-
dence for the cooperation between the two WW domains of
FBP21 and illustrated the importance of the flexible interdo-
main linker for the first time. As shown in Fig. 7, the simulta-
neous interaction of the two WW domains of FBP21 with the
two binding motifs in ligand is probably helped by the flexibility
of the intervening linker region, which enables the tandem WW
domains to adopt a variable spatial orientation toward each
other. Fig. 2, B and C, also shows the significance of the inter-
domain linker. Shortening the linker between the two WW
domains substantially decreased the splicing efficiency of
FBP21. Unexpectedly, EGFP-FBP21-(AL160-K166), which has
a shortened linker between the two WW domains, was still
targeted to the nuclear speckles (supplemental Fig. S2) and
maintained the interaction with SIPP1, although the interac-
tion is much weaker (Fig. 44). One interpretation is that the
interaction between FBP21 and a certain splicing factor only
requires the two WW domains and some limited interdomain
motion, whereas more complicated processes such as
pre-mRNA splicing need a higher conformational flexibility.
Furthermore, as shown in Fig. 54, from human to yeast, the
linker between two WW domains are not as conserved as the
key residues within the WW domains. However, no insertion or
deletion occurred in the linker region. Indeed, the length of the
linker is fixed, implying that the space separation between the
two WW domains is important. Because little is known about
the functional importance of the linker region in proteins with
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multiple WW domains until now, it will be very interesting to
explore this in further detail.

Increasing evidence supports the notion that pre-mRNA
synthesis and its subsequent processing is coordinated (52—55).
WW domains were suggested to act as a platform that links
transcription and pre-mRNA splicing (11, 56). Indeed, WW
domain-containing proteins not only bind to the phosphoryla-
ted C-terminal domain of the largest subunit of RNA polymer-
ase II but also recruit splicing factors such as 17 S U2 snRNP,
SF1, and U2AF to facilitate 3’ splice site recognition of emerg-
ing mRNA precursors and/or to dictate splice site selection
during alternative splicing (53, 56). In the dynamic spliceoso-
mal complex, the WW domains of FBP21 associate with U2
snRNPs and interact directly with the U1 snRNP protein U1C,
the core snRNP proteins SmB and SmB’, and the branch point-
binding protein SF1/mBBP (6). We have shown here that the
tandem WW domains of FBP21 also interact directly with
splicing factor SIPP1. Intriguingly, the PQBP1 (polyglutamine
tract-binding protein 1), which can bind to the C-terminal
domain of the largest subunit of RNA polymerase II, also inter-
acts with SIPP1 via its WW domain. This suggests that FBP21
may also be implicated in the coordination of transcription and
pre-mRNA splicing via its tandem WW domains. The variable
spatial relationships between the two WW domains of FBP21
may facilitate its function in this dynamic cotranscriptional
pre-mRNA splicing process.
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