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Polyglutamine tract-binding protein-1 (PQBP-1) is a nuclear protein that interacts with various proteins,
including RNA polymerase II and the spliceosomal protein U5-15kD. PQBP-1 is known to be associated with
X-linked mental retardation in which a frameshift mutation in the PQBP-1 gene occurs. In the present study,
we demonstrate that PQBP-1 binds to U5-15kD via a continuous 23-residue segment within its C-terminal
domain. Intriguingly, this segment is lost in the frameshift mutants of PQBP-1 associated with X-linked
mental retardation. These findings suggest that the frameshift mutations in the PQBP-1 gene lead to
expression of mutants lacking the ability to interact with U5-15kD.
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1. Introduction

Mental retardation (also called intellectual disability) is a
developmental disability evident before age 18 years that is charac-
terized by limitations in both intelligence and adaptive skills [1,2]. It is
estimated that 1% to 3% of the world population is affected with
mental retardation. Mental retardation can be caused by genetic as
well as environmental factors that act on the development and
functioning of the central nervous system prenatally, perinatally or
postnatally [1,2]. Mental retardation is more frequent in males than in
females, and thus mutations in genes on the X chromosome have long
been considered to be important causes of mental retardation. The
mental retardation which is caused by X-linked gene defects is called
X-linked mental retardation (XLMR). According to the report by
Chiurazzi et al. [1], there are at least eighty-two genes on the X
chromosome that are associated with XLMR. Their gene products are
related to regulation of transcription (22%), signal transduction (19%),
regulation of the cell cycle and ubiquitin pathway (7%), DNA and RNA
processing (6%), and so on.
The polyglutamine tract-binding protein-1 (PQBP-1) is one of the
molecules involved in the pathology of XLMR [3,4]. PQBP-1 is a 265
amino acid protein that contains a WW domain, a polar amino acid-
rich domain and a C-terminal domain [5,6] (Fig. 1). The PQBP-1 gene is
located on the X chromosome, and several mutations of the PQBP-1
gene have been discovered in XLMR families [3,4]. For example,
Kalscheuer et al. [3] discoveredmutations in the PQBP-1 gene in XLMR
families referred to as N40 and N9/SHS. Lenski et al. [4] also reported
PQBP-1 mutations in other XLMR families referred to as K9008 and
K8110. Thesemutations cause frameshifts that lead to premature stop
codons, resulting in the expression of truncated PQBP-1 (Fig. 1).

In addition to XLMR, PQBP-1 is associated with polyglutamine
disease pathology due to its direct interaction with polyglutamine-
containing proteins such as huntingtin and ataxin-1 [5–7]. PQBP-1 is
present in neurons throughout the brain, with abundant levels in the
hippocampus, cerebellar cortex and olfactory bulb [5]. PQBP-1 is
predominantly expressed in embryos and in newborn mice, and the
expression level of PQBP-1 reaches a peak around birth and is down-
regulated in adulthood [8]. Interestingly, PQBP-1-knockdown mice
exhibit deficits in anxiety-related cognition and memory [9]. The
knockdown leads to abnormal expression of memory-related genes
that could be induced by dysfunction of PQBP-1 [9].

In the cell, PQBP-1 localizes to the nucleus and interacts with RNA
polymerase II and U5-15kD, a component of the U5 small nuclear
ribonucleoprotein particle (snRNP), which is one of the components
of the spliceosome [7,10,11]. PQBP-1 interacts with RNA polymerase II
via its WW domain [7] and with U5-15kD via its C-terminal domain
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Fig. 1. (A) Domain structure of PQBP-1. PQBP-1 is a 265 amino acid protein that contains a WW domain, a polar amino acid-rich domain and a C-terminal domain [5,6]. The WW
domain and the C-terminal domain interact with an RNA polymerase II and U5-15kD, respectively. The polar amino acid-rich domain interacts with polyglutamine-containing
proteins such huntingtin and ataxin-1 [5,6]. (B) Partial amino acid sequences of wild-type PQBP-1 and its deletion mutants. N40, N9/SHS, K9008 and K8110 are the deletion mutants
predicted by the open reading frame of PQBP-1-linked mental retardation patients. Amino acid changes due to frameshift mutations are underlined. The N-terminus-deletion
mutants PQBP-1(179–265), PQBP-1(193–265) and PQBP-1(223–265) are designated as 179–265, 193–265 and 223–265, respectively. The position of the C-terminal domain is
indicated above the sequences. The boxed amino acid sequence is the region required for the interaction with U5-15kD.
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[10]. The interaction between PQBP-1 and RNA polymerase II is
enhanced by phosphorylation of the second serine in a repeat
sequence of the C-terminal domain of RNA polymerase II [7]. From
these findings, PQBP-1 is considered a connector between transcrip-
tion and splicing. However, it remains to be elucidated how the C-
terminal domain of PQBP-1 interacts with the spliceosomal protein
U5-15kD.

We have recently reported that PQBP-1 is composed of a large
unstructured region and a small folded core [12]. The small folded
core contains the WW domain, while the large unstructured region
encompasses the polar amino acid-rich domain and the C-terminal
domain. PQBP-1 includes a high content of unstructured regions in the
C-terminal domain, even in the bound state with U5-15kD [12].

In this article, we focus on the interaction between the C-terminal
domain and U5-15kD.We demonstrate that PQBP-1 binds to U5-15kD
via a continuous 23-residue segment in its C-terminal domain, and
that this segment is lost in the frameshift mutants of PQBP-1
associated with XLMR.

2. Materials and methods

2.1. Expression plasmids

A pGEX-6P-1 plasmid (GE Healthcare Bio-Sciences, Buckingham-
shire, UK) for expression of full-length PQBP-1 (residues 1–265) was
described previously [12]. The cDNA of the truncated PQBP-1 was
subcloned into pGEX-6P-1 predigested with BamHI and SalI (GE
Healthcare Bio-Sciences). The cDNA of U5-15kD was inserted
between the NdeI and XhoI sites of pET22b(+) (Novagen, Madison,
WI). We performed site-directed mutagenesis using a QuikChange™
site-directed mutagenesis kit from Stratagene (La Jolla, CA). We
checked the sequence of the inserted DNA using an ABI PRISM 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA).

2.2. Expression and purification of recombinant proteins

PQPB-1 and its truncated mutants were expressed as a GST-
fusion protein. U5-15kD was expressed as a histidine-tagged
protein: U5-15kD has six consecutive histidines at the C-terminus.
All proteins were expressed in Escherichia coli strain BL21(DE3)
with LB medium or C.H.L. medium (Chlorella Industry, Tokyo,
Japan). Protein expression was induced by the addition of
isopropyl-β-D-thiogalactopyranoside at a final concentration of
1 mM. After a 4-hour incubation at 31 °C, the cells were harvested
by centrifugation. Cell pellets from 1-liter cultures were resus-
pended in 50 mL of 50 mM sodium phosphate and 2 mM dithio-
threitol (pH 7.6). The cells were disrupted by sonication on ice
with a probe-type sonicator (Branson sonifier 250; Branson
Ultrasonics, Danbury, CT). All proteins were detected in a soluble
fraction after centrifugation at 5000 rpm for 20 min at 4 °C.

GST-fusion proteins were purified with glutathione Sepharose 4B
(GE Healthcare Bio-Sciences). The purified fusion protein was then
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digested with PreScission protease (GE Healthcare Bio-Sciences) for
16 h at 5 °C to remove the GST region, and then the digested fusion
protein was loaded onto a PD-10 column. The elution from the PD-10
column was passed through DEAE Sepharose Fast Flow (GE
Healthcare Bio-Sciences), and the flow-through fractions were
collected. The purified samples of the truncated PQBP-1 have an N-
terminal (Gly-Pro-Leu-Gly-Ser) extension derived from the expres-
sion plasmid.

The cell lysate including U5-15kD was applied onto a Ni-NTA
agarose column equilibrated with 50 mM phosphate buffer contain-
ing 0.3 M NaCl and 2 mM dithiothreitol (pH 7.6). The proteins were
further purified by gel-filtration on a Superdex 75 column (GE
Healthcare Bio-Sciences) equilibrated with 50 mM phosphate, 0.3 M
NaCl and 10 mM 2-mercaptoethanol (pH 7.4). We used U5-15kD(1–
128), the U5-15kD protein lacking the C-terminal 14 amino acids,
because the full-length U5-15kD has autocleavage activity. Its
autocleavage results in U5-15kD(1–128) or (1–129) due to the
cleavage at positions 128 or 129 [11,13,14].
2.3. GST pull-down assay

The binding activity of PQBP-1 was analyzed by a GST pull-down
assay. Glutathione Sepharose beads were mixed and precipitated
with GST or GST-PQBP-1. The GST protein expressed by an empty
pGEX-6P-1 vector was used as a negative control. After incubation
for 60 min at 4 °C, the beads were washed three times with 50 mM
phosphate buffer containing 2 mM dithiothreitol (pH 7.6). The beads
were mixed with U5-15kD solutions and incubated for 60 min at
4 °C. The beads were then washed three times with the phosphate
buffer and mixed with SDS-PAGE sample buffer. The bound proteins
were analyzed by SDS-PAGE and stained with Coomassie Brilliant
Blue. The intensity of each band was quantified using ImageJ
software (available at http://rsbweb.nih.gov/ij/). The binding
activity of the GST-fusion protein was given by the intensity ratio
of U5-15kD to GST-fusion protein.
Fig. 2. Analysisof the interactionsbetweenPQBP-1mutants andU5-15kD. The interactions
are analyzed by a GST pull-down assay. U5-15kD was mixed with GST or GST-fusion
protein of the PQBP-1 mutants. Proteins bound to glutathione Sepharose beads were
analyzed by SDS-PAGE and stainedwith Coomassie Brilliant Blue. GST-179–265, GST-193–
265 and GST-223–265 are GST-fusion proteins of PQBP-1(179–265), PQBP-1(193–265)
and PQBP-1(223–265), respectively. GST-N40, GST-N9/SHS, GST-K9008 and GST-K8110
are GST-fusion proteins of the frameshift mutants of PQBP-1 associated with XLMR [3,4].
2.4. NMR spectroscopy

Isotopically labeled proteins were overexpressed in C.H.L. medium
(Chlorella Industry) or M9 medium supplemented with [15N]NH4Cl
and [13C]glucose as the sole nitrogen and carbon sources. NMR
samples were prepared in 10 mM sodium phosphate, 0.1 mM EDTA,
50 µM 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt and 5%
D2O (pH 7.5). The protein concentration was 0.3–0.4 mM. For
backbone assignments of PQBP-1(223–265) and U5-15kD, 15N/13C-
labeled samples were prepared for the CBCANH/CBCA(CO)NH andHN
(CA)CO/HNCO experiments. All NMR experiments were performed
on a Bruker DMX500 spectrometer (Bruker BioSpin, Rheinstetten,
Germany). NMR data were processed with NMRPipe [15] and
analyzed with NMRView [16].

For titration experiments, a series of samples were prepared in
which the U5-15kD:PQBP-1(223–265) molar ratios ranged from 1:0
to 1:3.9. A 1H–15N heteronuclear single-quantum correlation (HSQC)
spectrum of U5-15kD was recorded at each titration point. The
chemical shift perturbation (Δδ) was calculated by the equation,

Δδ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:17Δ15N
� �2 + Δ1H

� �2q
; ð1Þ

in which Δ15N represents the change in the chemical shift of the
amide nitrogen and Δ1H represents the change in the chemical shift of
the amide proton [17].
We obtained the dissociation constant, Kd, assuming a 1:1 binding
model. In this model, Δδ is represented by

Δδ =
Δδmax

2P1
P1 + P2 + Kdð Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1 + P2 + Kdð Þ2−4P1P2

q� �
: ð2Þ

In Eq. (2), Δδmax is the chemical shift change between the free and
bound forms, and P1 and P2 are the total concentrations of U5-15kD
and PQPB-1-CT43, respectively. We analyzed the titration curves on
the basis of Eq. (2) using the non-linear least-squares method. In the
analysis, we performed a global fitting, in which the titration curves
for different residues were fitted simultaneously, on the assumption
that the Kd is common for all residues.

3. Results

3.1. Binding activity of deletion mutants of PQBP-1 to U5-15kD

It has been reported that the frameshift mutations in the PQBP-1
gene are associated with XLMR [3,4]. However, little is known about
the effects of the frameshift mutations on the binding activities of
PQBP-1 to U5-15kD. We examined the binding activities of N40, N9/
SHS, K9008 and K8110, all of which are caused by a frameshift
mutation in the PQBP-1 gene (Fig. 1). These frameshift mutations
result in amino acid changes and premature stop codons, which lead
to the truncations of PQBP-1 (Fig. 1). The truncations caused by the
mutations act on the C-terminal domain, which is indispensable for
interaction with U5-15kD [10]. We examined the binding activities
using a GST pull-down assay, and the results appeared to show that
the binding activities of the frameshift mutants are strongly reduced
(Fig. 2).

We also examined which part of the C-terminal domain is
sufficient for the interaction with U5-15kD using a series of N-
terminal deletion mutants. The N-terminal deletion mutants used
were PQBP-1(179–265), PQBP-1(193–265) and PQBP-1(223–265).
Fig. 2 shows that all of the deletion mutants bound to U5-15kD, and
thus the residues 223 to 265 of PQBP-1 appear to be sufficient for the
interaction with U5-15kD. The fragment PQBP-1(223–265) is called
PQBP-1-CT43 in the following.

3.2. Titration of PQBP-1-CT43 to 15N-labeled U5-15kD

The full-length PQBP-1 and U5-15kD have molecular weights of
30 kDa and 17 kDa, respectively, and thus the complex of PQBP-1 and
U5-15kD is too large to be detected directly by NMR spectroscopy. We
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therefore used PQBP-1-CT43 to study the interaction between PQBP-1
and U5-15kD.

In order to study the interaction at the amino acid level, the
backbone resonances of U5-15kD were assigned sequence specifically
(Fig. S1). The 1H–15N HSQC spectrum of 15N-labeled U5-15kDwaswell-
resolved, consistentwith the rigid globular structureofU5-15kD [18]. To
probe the interaction between PQBP-1-CT43 andU5-15kD,we recorded
the 1H–15N HSQC spectra of 15N-labeled U5-15kD titrated with
unlabeled PQBP-1-CT43. Fig. 3A and B shows the 1H–15N HSQC spectra
of 15N-labeled U5-15kD in the presence of PQBP-1-CT43 at the molar
ratios of 0.4 and1.0 (PQBP-1-CT43/U5-15kD), respectively. The titration
experiments indicated that the binding of PQBP-1-CT43 causes signal
attenuation as well as chemical shift changes (Fig. 3A and B).

We examined two types of attenuation in the HSQC of 15N-labeled
U5-15kD titrated with PQBP-1-CT43 (Fig. 4).

Onewas the global attenuation. For example, the signal intensitywas
globally reduced to less than 80% of the free state over the whole
sequence at the molar ratio of 0.4 (PQBP-1-CT43/U5-15kD) (Fig. 4A).
The global attenuation was more prominent at the molar ratio of 1.0
Fig. 3. 1H–15N HSQC spectra of 15N-labeled U5-15kD titrated with PQBP-1-CT43 (red or
blue contour). The molar ratios (U5-15kD:PQBP-1-CT43) were 1:0.4 (A) and 1:1 (B).
The HSQC spectrum of the free U5-15kD is shown for comparison (black contour). The
spectra were recorded at 37 °C. (A) Residues with intensity ratios (Ibound/Ifree)b0.2 are
labeled. (B) Residues with intensity ratios (Ibound/Ifree)b0.1 are labeled.

Fig. 4. Peak intensity changes (A and B) and chemical shift perturbations (C) of U5-
15kD following the interaction with PQBP-1-CT43. The molar ratios (U5-15kD:PQBP-1-
CT43) were 1:0.4 (A) and 1:1 (B and C). Missing and overlapping residues (Met1, Ser2,
Tyr3, Met4, Leu5, Pro6, Pro36, Thr37, Pro67, Phe69, Lys71, Pro78, Asn99, Asn100,
Lys109, Lys125, Gly126, Arg127 and Gly128) were eliminated from the analysis. The
perturbation cut-off values are shown by dashed lines. (A and B) The intensity ratios
(Ibound/Ifree) for each residue were plotted against the residue number. (C) Chemical
shift deviations (Δδ) were calculated by [(ΔH)2+(0.17ΔN)2]1/2. Gln16, Ala17, Ile18,
Tyr73, Val81 and Phe84 are indicated by arrows.
(Fig. 4B); the signal intensity was globally reduced to less than 60% of
the free state over the whole sequence. The global attenuation results
froman increase in theoverall correlation time [19],which is sensitive to
the Stokes radius of the protein. The C-terminal domain is unstructured
[12], and thus the binding of the elongated PQBP-1-CT43 results in a
much larger Stokes radius [19,20].

The other type was the differential attenuation; that is, the
attenuation of the signal intensity was stronger than the global
attenuation [19,21]. The differential attenuation results from a dynamic
interaction between two proteins on an intermediate/slow time scale
(µs–ms) with respect to the NMR chemical exchange [19,22]. We
utilized the differential attenuation to investigate the interaction sites
between PQBP-1-CT43 and U5-15kD. When the molar ratio is 0.4
(PQBP-1-CT43/U5-15kD), several backbone resonances were reduced
to less than 20% of the free state (Fig. 4A). A differential attenuationwas
also identified at themolar ratio of 1.0: several resonanceswere reduced
to less than 10% of the free state (Fig. 4B). The attenuated resonances
upon binding of PQBP-1-CT43 originate from residues in the α1 helix,
the loop β2–β3, the strand β3, the loop β3–β4, and the strand β4
(Fig. 5A). These residues are located on one face of U5-15kD (Fig. 5B).



Fig. 5. Ribbon (A and D) and surface (B and C) representation of U5-15kD (PDB: 1QGV). U5-15kD has a thioredoxin-like fold, which is characterized by a four-stranded β-sheet
consisting of pairs of parallel and antiparallel strands flanked by three α-helices. (A and B) Residues with strong signal attenuation upon binding to PQBP-1-CT43 are colored blue:
the colored residues have an intensity ratio b0.2 at 1:0.4 (U5-15kD:PQBP-1-CT43) and/or a ratio b0.1 at 1:1. The α1 helix contains Gln13, Asp15, Gln16, Ala17, Ile18 and Leu19. The
loop β2–β3 contains Asn70, Met72, Tyr73, Glu74, Leu75, Tyr76 and Asp77. The strand β3 contains Val81 and Phe84. The loop β3–β4 contains Arg86. The strand β4 contains His89,
Ile90 andMet91. (C) The hydrophobic cleft and the hydrophobic groove are colored yellow and orange, respectively. (D) The Glu111–Ser132 are colored red. U5-15kD binds to a GYF
domain of U5-52K via the residues from Glu111–Ser132.
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In addition to signal attenuation, the addition of PQBP-1-CT43
caused chemical shift changes in the 1H–15N HSQC of U5-15kD
(Fig. 4C). The chemical shift changes were clearly observed when the
molar ratio was more than 1. The residues with large chemical shift
changes are Gln16, Ala17, Ile18, Tyr73, Val81, and Phe84 (Fig. 4C).
These residues are included in the PQBP-1-binding sites, which are
identified by the differential attenuation (Fig. 5). At the molar ratio of
0.4 (PQBP-1-CT43/U5-15kD), the chemical shift changes were small,
while several resonances were strongly attenuated (Fig. 3A).

For somewell-resolved peaks,Δδ values were plotted as a function
of the molar ratio of PQBP-1-CT43 and U5-15kD (Fig. S2). The plots
were fitted globally to a 1:1 bindingmodel using Eq. (2) (seeMaterials
and methods). This analysis shows that the binding of PQBP-1-CT43
and U5-15kD can be described by the 1:1 binding model and that the
dissociation constant (Kd) is 56±8 µM.

3.3. PQBP-1 binds to U5-15kD via its 23-residue C-terminal segment

In order to further study the interaction between PQBP-1 and U5-
15kD, we utilized the 1H–15N HSQC spectra of PQBP-1-CT43. Fig. 6A
and B shows the 1H–15N HSQC spectra of 15N-labeled PQBP-1-CT43 in
the absence and presence of U5-15kD. The HSQC spectrum of PQBP-1-
CT43 in the free form is typical of an unstructured protein (Fig. 6A),
since the backbone resonances are clustered together in a limited
frequency range, spanning less than 0.7 ppm in the 1H dimension [23].
Wemade backbone resonance assignments for all residues of PQBP-1-
CT43 except for Gly(-5) at the N-terminus (Fig. S3).

As in the HSQC spectrum of U5-15kD, there were also two types of
attenuation in the HSQC spectrum of PQBP-1-CT43 titrated with U5-
15kD (Fig. 6C). The signal intensity was globally reduced to less than
30% of the free state over the whole sequence. In addition to the global
attenuation, the resonances from the residues 241 to 263 were
strongly attenuated upon binding to U5-15kD (Fig. 6C). From this, we
conclude that PQBP-1 binds to U5-15kD via a single continuous
segment composed of 23 residues within the C-terminal domain. In
addition to signal attenuation, the HSQC of PQBP-1-CT43 showed two
new peaks separated from the majority of other peaks upon binding
to U5-15kD (Fig. 6B). These new peaks originate from the continuous
segment in the bound state with U5-15kD, and indicate a small
number of residues being fixed due to the interaction with U5-15kD.
Furthermore, these peaks were weaker than the other observable
peaks. This appears to be consistent with the fact that a small number
of residues become less mobile than the remainder of the protein
following the binding to U5-15kD.

3.4. Critical residues for the interaction with U5-15kD

To explore the contribution of individual side chains in the C-
terminal segment to the binding activity of PQBP-1-CT43, we applied
alanine scanning mutagenesis to the region comprising residues 241-
264 (Fig. 7). The binding activity was analyzed by a GST pull-down
assay (Fig. S4). We performed a quantitative densitometric analysis of
band intensities in the stained gels. The intensity ratio of U5-15kD to
GST-fusion protein was calculated as a measure of the activity of GST-
PQBP-1-CT43 and its mutants. This experiment was performed
independently three times, and the mean values and standard
deviations are shown in Fig. 7. We performed a t-test to assess
whether the binding activity of the mutant was significantly different
from wild-type. Differences at P-valuesb0.05 were considered
significant.

The alanine substitutions markedly reduced the binding activity in
the case of Y245A, V251A and L252A (Fig. 7). On the other hand, the
N255A and R260A mutations slightly reduced the binding activity,
although the effect of R260A was very small. We also generated a
double point mutant (Y245A/N255A), which showed a strongly
reduced binding activity of PQBP-1-CT43. The effect of the double
mutation was greater than the effects of the single point mutations
(Y245A or N255A).

In addition to the alanine mutagenesis, we examined Y245F and
N255D mutations (Fig. 7). The Y245F mutation reduced the binding



Fig. 6. (A, B) 1H–15N HSQC spectra of 15N-labeled PQBP-1-CT43 in the absence (A) and
presence (B) of U5-15kD. The positions of the new resonances which appear in the
bound state are indicated by boxes. The spectra were recorded at 15 °C. (B) The molar
ratio (PQBP-1-CT43:U5-15kD) was 1:1. (C) Peak intensity changes of PQBP-1-CT43
following the interaction with U5-15kD. The intensity ratios (Ibound/Ifree) for each
residue were plotted against the residue number. Overlapping residues (Arg224,
Ala227, Ala254 and Gln264) were eliminated from the analysis. The perturbation cut-
off value is indicated by a dashed line. The molar ratio (PQBP-1-CT43:U5-15kD) was
1:1.
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activity, and thus a hydroxyl group of Tyr245 contributes to the
interaction. The phenyl group of Tyr245 also contributes to the
binding activity, since the binding activity of Y245F was slightly
Fig. 7. Relative binding activity of PQBP-1-CT43 and its mutants with U5-15kD. The
binding activity was analyzed by a GST pull-down assay. PQBP-1-CT43 and its single or
double point mutants were examined. The GST pull-down assay was performed
independently three times. The binding activity was normalized to the wild-type. The
data represent mean values±standard deviation from three independent assays.
Asterisks indicate significant difference compared with wild-type (t-test, Pb0.05).
higher than that of Y245A. The N255D mutation gave rise to a similar
conclusion: the amino group of Asn255 contributes to the interaction,
since the N255D mutation reduced the binding activity.

4. Discussion

Many proteins or regions of proteins are unstructured in their
native, functional state. These proteins are referred to as “intrinsically
unstructured” or “intrinsically disordered” [24–26]. Intrinsically
unstructured proteins carry out important functions in key biological
processes, such as regulation of transcription and signal transduction
[24–27]. It is known that the prevalence of intrinsically unstructured
proteins increases as the complexity of the organism increases [25].
For example, 2.0% of archaean, 4.2% of eubacterial and 33.0% of
eukaryotic proteins are predicted to have long unstructured segments
(N30 consecutive residues) in their native, functional state [28]. The
high prevalence of intrinsically unstructured proteins in complex
organisms implies that the lack of an ordered structure confers
advantages in terms of protein function [29].

Many intrinsically unstructured proteins function by molecular
recognition via binding to the target molecule [24,25]. Upon binding
to the target, the unstructured regions often undergo coupled folding
and binding [24,30]. However, there are several studies that show that
unstructured proteins remain disordered even in the bound state
[27,29,31,32]. These persistently unstructured proteins would appear
to constitute a new category of intrinsically unstructured proteins.

The binding of U5-15kD results in strong attenuation of the
resonances originating from residues 241 to 263 of PQBP-1-CT43.
From this, we conclude that the binding site is a continuous segment of
residues 241–263 within the C-terminal domain, and that this segment
undergoes some conformational and dynamical changes upon binding
to U5-15kD. In addition, the binding to U5-15kD gave rise to a small
number of new peaks in the HSQC spectrum of PQBP-1-CT43. This
implies that the binding is driven by a small number of residues in the C-
terminal domain. The critical residues for the binding may become less
mobile than the remainder of the C-terminal domain following binding
to U5-15kD, because the new peakswere weaker than other observable
peaks [31]. On the other hand, there was no significant chemical shift
change in residues 193–240 of PQBP-1 following the binding to U5-
15kD [12]. Thismeans that the residues 193–240, that is, the C-terminal
domain except for the binding segment, remains unstructured even in
the bound state. This unstructured region may act as a spacer between
RNA polymerase II and a spliceosome, when PQBP-1 connects these
large multiprotein complexes [12].

Our present results demonstrate that the segment needed for the
U5-15kD-binding is lost in N40, N9/SHS, K9008, and K8110 [3,4].
These findings suggest that the frameshift mutations in the PQBP-1
gene lead to expression of mutants lacking the ability to interact with
U5-15kD. To test this hypothesis, we examined the binding activity of
themutants (N40, N9/SHS, K9008, and K8110) using a GST pull-down
assay. Our results appear to show that these frameshift mutations
cause the loss of binding to U5-15kD.

Reuter et al. [18] revealed that U5-15kD possesses two hydropho-
bic areas on one face of the molecule. One is called the hydrophobic
cleft, which is comprised of solvent-exposed hydrophobic residues
Met72, Met82, Met91, Ile92, Leu94, Ile102, and Trp104 (Fig. 5C). The
other one is the hydrophobic groove comprising residues Trp12,
Val14, Ile18, Leu19, Phe30, Phe69 and Phe84 (Fig. 5C). These
hydrophobic areas are surrounded by the positively and negatively
charged residues [18].

The hydrophobic areas discussed above partially overlap with the
PQBP-1-binding surface on U5-15kD (Fig. 5B and C). This is consistent
with the fact that the hydrophobic residues V251 and L252 of PQBP-1
are critical for the interaction with U5-15kD. However, it does not
mean that the polar interaction is not important for the interaction.
Mutational analysis indicates that the hydroxyl group of Tyr245 and
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the amino group of Asn255 in PQBP-1 are involved in the interaction
between PQBP-1 and U5-15kD. In support of this view, the binding of
PQBP-1 to U5-15kD was inhibited in the presence of high salt
concentrations (Fig. S5).

In general, protein–protein interactions are energetically driven by
only a small subset of residues, called “hot spots,” localized at the
contact interface [22,33], although protein–protein interactions are
believed to originate from large contact surfaces involving 10–30 side
chains from each protein component [22,34]. The residues Y245, V251
and L252 of PQBP-1 probably correspond to the hot spot for the
interaction with U5-15kD.

It is known that U5-15kD interacts with other spliceosomal
proteins, in addition to PQBP-1. One of the proteins is U5-52K,
which is one component of the U5 snRNP [35]. U5-52K is recruited to
the U5 snRNP, but dissociates from the U5 snRNP during the assembly
of U5 and U4/U6 snRNP [36].

U5-52K simultaneously binds to U5-15kD and U5-102K, both of
which are present in the U5 snRNP [36]. While U5-102K interacts
with the N-terminal two-thirds of U5-52K, the interaction between
U5-52K and U5-15kD is mediated by a C-terminal GYF domain of U5-
52K and the Glu111–Ser132 of U5-15kD [35,36]. The Glu111–Ser132
of U5-15kD contains the α3 helix, the loop α3–β5, and the strand β5
(Fig. 5D). Based on the chemical properties of the side chains at the
interaction surface, this interaction is dominated by polar interac-
tions [35]. Keeping this in mind, we next considered the interaction
between PQBP-1 and U5-15kD. The interaction surface of U5-15kD
for the PQBP-1-binding is different from that for the U5-52K-binding:
the PQBP-1-binding site resides within the α1 helix, the loop β2–β3,
the strand β3, the loop β3–β4, and the strand β4. Furthermore, the
binding is driven by both hydrophobic and polar interactions. Taken
together, these findings suggest that the two separated protein-
binding sites enable U5-15kD to play two distinct functions. U5-
15kD, U5-52K and U5-102K exist simultaneously in the U5-snRNP
[36]. On the other hand, U5-15kD, U5-102K and PQBP-1 are found in
the complex of U2, U4, U5 and U6 snRNP [37]. RNA processing
involving PQBP-1 and U5-15kD may be affected by polyglutamine-
containing proteins such as huntingtin and ataxin-1, since PQBP-1
binds to expanded polyglutamine tracts via its polar amino acid-rich
domain [5,6].

While U5-15kD interacts with PQBP-1, its homologous protein
Dim2 cannot interact with PQBP-1 [38]. U5-15kD shares 38% sequence
identity and 65% sequence similarity with human Dim2 (hDim2) [38].
U5-15kD is also called humanDim1, and is a human ortholog of fission
yeast Dim1, which was first reported as an essential protein for entry
into mitosis as well as for chromosome segregation during mitosis
[39].

Comparison of the structures of hDim2andU5-15kD reveals that the
structure of hDim2 contains an extra α-helix and a β-strand [40]. In
addition to the secondary structure difference, their quaternary
structures are quite different: U5-15kD is a monomer while hDim2 is
a dimer [40]. Although both U5-15kD and hDim2 are involved in pre-
mRNA splicing and the control of cell cycle progression, these proteins
seem tohave different biological functions. For example, U5-15kD binds
to PQBP-1while hDim2does not, as discussed above [38].Why do these
homologs carry out different functions, although U5-15kD and hDim2
share a common thioredoxin-like fold? The dimer structure of hDim2
revealed that themonomer–monomer interface is formedmainly by the
α1 and α3 helices, the loop β3–β4 and the loop α4–β6 [40]. This
monomer–monomer interface includes Tyr69 and Tyr72, which are
crucial residues for the dimer formation [40]. The Tyr69 and Tyr72 of
hDim2 correspond to Phe69 and Met72 of U5-15kD, which are located
on the interaction surface with PQBP-1. This means that the PQBP-1
binding surface on the hDim2 monomer is blocked by another
monomer. In light of these observations, we conclude that hDim2
cannot interact with PQBP-1 because the PQBP-1 binding surface is not
solvent-exposed in the dimeric hDim2.
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