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Polyglutamine tract binding protein-1 (PQBP-1) is a nuclear protein that interacts with disease proteins
containing expanded polyglutamine repeats. PQBP-1 also interacts with RNA polymerase II and a
spliceosomal protein U5-15kD. In the present study, we demonstrate that PQBP-1 is composed of a large
unstructured region and a small folded core. Intriguingly, the large unstructured region encompasses two
functional domains: a polar amino acid rich domain and a C-terminal domain. These findings suggest that
PQBP-1 belongs to the family of intrinsically unstructured/disordered proteins. Furthermore, the binding of
the target molecule U5-15kD induces only minor conformational changes into PQBP-1. Our results suggest
that PQBP-1 includes high content of unstructured regions in the C-terminal domain, in spite of the binding
of U5-15kD.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Polyglutamine diseases are autosomal dominant, typically late-
onset, fatal neurodegenerative disorders, in which the expansion of
coding CAG generates long stretches of polyglutamines. Polygluta-
mine tract expansion is non-pathogenic up to a threshold length, but
abnormal expansions cause diseases such as Huntington's disease [1],
Kennedy's disease [2], dentatorubro-pallidoluysian atrophy (DRPLA)
[3–6] and spinocerebellar ataxias [7–10]. In most cases, the mutant
proteins containing expanded polyglutamine tracts translocate into
the nucleus and form intra-nuclear aggregates or inclusion bodies,
which are believed to cause neuronal cell loss.

A growing body of evidence indicates that polyglutamine disease
proteins interact directly with nuclear proteins. These nuclear proteins
include the TATA-binding protein, the Drosophila eyes-absent protein,
the CREB-binding protein, p53, the nuclear receptor co-repressor,
mSin3A, and TAFII130 [11–16]. One hypothesis suggests that expanded
polyglutamines result in aberrant interactionswith nuclear proteins and
thereby lead to transcriptional dysregulation [12,17–23]. This hypothesis
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is supported by the following observations. The TATA-binding protein is
localized to nuclear inclusions in spinocerebellar ataxia (SCA) type-3
and TAFII130 is localized to inclusions in DRPLA [11,16]. The CREB-
binding protein coaggregates with androgen receptor and huntingtin
[13,15]. Mutant huntingtin interacts with p53 and the CREB-binding
protein, which results in transcriptional repression [14].

The polyglutamine tract binding protein-1 (PQBP-1) is one of the
molecules involved in the pathology of polyglutamine diseases [24].
PQBP-1 is a 265 amino acid protein, which contains a WW domain
(WWD), a polar amino acid richdomain (PRD) and a C-terminal domain
(CTD) (Fig. 1). The WWD interacts with the C-terminal domain of the
RNApolymerase II large subunit (Pol II) [25]. The PRD of PQBP-1 binds to
the polyglutamine tracts of various proteins, such as huntingtin and the
neuron-specific transcription factor Brn-2 [26]. The CTDof PQBP-1 binds
to U5-15kD [27], a component of the U5 small ribonucleoprotein
particle, which is one of the components of the spliceosome [28].

PQBP-1 is expressed predominantly in the brain regions suscep-
tible to SCA-1 [26]. The SCA-1 disease protein, ataxin-1, interacts with
PQBP-1 and the PQBP-1-ataxin-1 complex reduces the level of
phosphorylated Pol II, leading to transcriptional dysregulation. More-
over, PQBP-1 colocalizes with ataxin-1 in nuclear inclusion bodies
[25]. These observations are consistent with the above-mentioned
hypothesis that transcriptional perturbation underlies polyglutamine-
mediated pathology.

Very little is known about the structure of PQBP-1, although this
information would help to understand the detailed functions of this
protein. In this article, we report the results of biophysical and bio-
chemical studies aimed at understanding the structural characteristics
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Fig. 1. PQBP-1 domain structure (A) and PQBP-1 fragments (B). (A) TheWWD, PRD and CTD correspond to residues 48–81, residues 104–163 and residues 190–265, respectively. (B)
PQBP-1-WW, PQBP-1-PR and PQBP-1-CT consist of residues 36–94, 94–176 and 193–265 of PQBP-1, respectively.
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of PQBP-1. We demonstrate that PQBP-1 is composed of a large
unstructured region and a small folded core. The large unstructured
region encompasses two functional domains, the PRD and the CTD.

2. Materials and methods

2.1. Prediction of ordered and disordered regions in PQBP-1

We predicted ordered and disordered regions in PQBP-1 using
predictors of natural disordered regions (PONDR) (http://www.pondr.
com). The default predictor VL-XT was used [29,30]. The prediction of
disorder was also performed with another predictor named the pre-
diction of order and disorder by machine learning-L (POODLE-L)
(http://mbs.cbrc.jp/poodle/) [31].

2.2. Expression plasmids

PQBP-1 cDNA was subcloned between the EcoRI and XhoI sites of
pGEX-6P-1 (GE Healthcare Bio-Sciences, Buckinghamshire, UK).
PQBP-1(36–94) cDNA was subcloned into pGEX-2TK predigested
with BamHI and EcoRI (GE Healthcare Bio-Sciences) [25]. PQBP-1(94–
176) and PQBP-1(193–265) cDNAs were subcloned between the
BamHI and SalI sites of pGEX-6P-1. U5-15kD cDNA was subcloned
between the EcoRI and SalI sites of pGEX-6P-1. We checked the
sequence of the inserted DNA using an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA).

2.3. Protein expression and purification

All proteins were expressed in Escherichia coli strain BL21(DE3),
and were detected in a soluble fraction after cell lysis by sonication.
GST-fusion proteins were purified with glutathione Sepharose 4B (GE
Healthcare Bio-Sciences), and the proteins were separated from GST
by digestionwith protease. PreScission protease was used for cleavage
of GST-PQBP-1, GST-PQBP-1(94–176), GST-PQBP-1(193–265) and
GST-U5-15kD. Thrombin was used for cleavage of GST-PQBP-1(36–
94). After removing thrombin with benzamidine Sepharose 4 Fast
Flow (GE Healthcare Bio-Sciences), PQBP-1(36–94) was purified by
gel-filtration chromatography. Protein purity was checked by SDS-
PAGE with Coomassie brilliant blue staining. Protein concentration
was determined by UV absorption at 280 nm.

2.4. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a JASCO J-805
spectropolarimeter. An optical cuvette with a 1-mm path length was
used. The temperature of the measuring cell was maintained at 25 °C.
Spectrawere collected in a spectral range of 200–250 nm. The proteins
were dissolved in 50 mM sodium phosphate (pH 7.0), and the protein
concentrations were 21–25 μM. Spectra of PQBP-1 and PQBP-1(36–
94) were measured in the presence of 1 mM dithiothreitol (DTT).

2.5. NMR spectroscopy

M9 medium or C.H.L. medium (Chlorella Industry, Tokyo, Japan)
were used for uniformly 15N-labeled protein and 15N/2H-labeled
protein. The fragments of PQBP-1 were labeled with 15N. The full-
length PQBP-1 was labeled with 15N and 2H. The protein solutions
were concentrated to 0.3–0.5 mM with an Amicon Ultra device
(Millipore, Bedford, MA). The NMR samples contained 50 mM sodium
phosphate (pH 7.0), 1 mM DTT, 50 μM 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt and 5% D2O.

1H–15N heteronuclear single-quantum correlation (HSQC) spectra
were acquired at 15 °C on a Bruker DMX-500 spectrometer. The
obtained NMR data were processed with NMRPipe [32] and analyzed
with NMRView [33].

2.6. Limited proteolysis

Proteolysis of PQBP-1, PQBP-1(94–176) and PQBP-1(193–265) was
carried out by trypsin digestion (Sigma, St. Louis, MO) at 25 °C for
10 min. The buffer solution contained 20 mM sodium phosphate (pH
8.0) and 1mMDTT. The proteolysis was also performed in the absence
of DTT, and provided the same results. The enzyme/substrate weight
ratio was 1:500 or 1:10. The proteolysis reaction was stopped by
acidification with trifluoroacetic acid to pH 2.0. The reaction mixture
was analyzed by mass spectrometry. Mass spectra were recorded on
an autoflex-T1 mass spectrometer (Bruker Daltonics, Bremer, Ger-
many) with the matrix-assisted laser desorption ionization time-of-
flight technique. The proteolysis mixture was also analyzed by reverse
phase HPLC with a COSMOSIL 5C4-AR-300 column (Nacalai Tesque,
Kyoto, Japan). Several fragments were separated by HPLC, followed by
mass spectrometry and N-terminal sequencing. The N-terminal
sequencing by automated Edman degradation was performed with a
PPSQ-20 protein sequencer (Shimadzu, Kyoto, Japan).

2.7. Surface plasmon resonance

Surface plasmon resonancewas measuredwith a BIAcore J (BIAcore,
Uppsala, Sweden). Approximately 3000 resonance units of U5-15kD
were immobilized on a CM5 sensor chip (BIAcore) by the method of
amine coupling. The experiments were performed in 50 mM sodium
phosphate (pH 7.0) and 1 mM DTT at 25 °C. PQBP-1 solutions were
injected for 3 min at a flow rate of 60 μl/min, and PQBP-1 was
dissociated for 3 min. The concentration of PQBP-1 ranged from 0.6 to
4.1 μM. Surface regeneration was achieved by the injection of 10 mM
glycine buffer (pH 2.0) at a flow rate of 60 μl/min. Association and
dissociation rate constants were determined with BIAviewer software.

http://www.pondr.com
http://www.pondr.com
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Fig. 2. PONDR analysis of the PQBP-1 amino acid sequence. A PONDR score N0.5 predicts
the region to be disordered, while a score b0.5 predicts the region to be ordered. The
PQBP-1 domain structure is shown above the panel.

938 M. Takahashi et al. / Biochimica et Biophysica Acta 1794 (2009) 936–943
2.8. Tryptophan fluorescence

Fluorescence spectra were acquired on an F-4500 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) at 25 °C. The concentration
of PQBP-1 was 21–25 μM. Buffer solution contained 50 mM sodium
phosphate (pH 7.0) and 1 mM DTT. The excitation wavelength was
295 nm, and the emission spectra were recorded between 310 and
410 nm.
Fig. 3. Far-UV CD spectra of PQBP-1 (A), PQBP-1-WW (B), PQBP-1-
2.9. ANS binding

The hydrophobic fluorescent molecule, 1-anilino-8-naphtalene-
sulfonate (ANS), was used as a probe for solvent-exposed hydrophobic
clusters [34,35]. ANS fluorescence spectrawere recorded on an F-4500
fluorescence spectrophotometer (Hitachi) at 25 °C. Buffer solutions
contained 50mM sodium phosphate (pH 7.0) and 1mMDTT. ANSwas
excited at 380 nm, and the emission spectra were recorded between
410 and 650 nm.

2.10. GST pull-down assays

Purified GST-fusion proteins (1.8 nmol of GST-PQBP-1 or 31 nmol of
GST-PQBP-1-CT) were incubated with Glutathione Sepharose 4B beads
(GE Healthcare Bio-Sciences) for 1 h at 4 °C. To remove unbound GST-
fusion proteins, the beads were washed with 50 mM phosphate buffer
(pH 7.0) containing 1mMDTT. The beadswere incubatedwith 2.8 nmol
of U5-15kD for 1 h at 4 °C and washed with 50 mM phosphate buffer
(pH 7.0). After centrifugation, the supernatant was removed, and the
beads were mixed with 2× SDS-PAGE sample buffer. Proteins bound to
the beads were separated on an SDS-PAGE gel. The gels were stained
with Coomassie Brilliant Blue. GST protein expressed by empty pGEX-
6P-1 vector was used as a negative control.

2.11. Analytical gel-filtration

To probe the binding of U5-15kD to PQBP-1, we performed
analytical gel-filtration experiments. The sample contained 23 μM
U5-15kD and various concentrations of PQBP-1 (0–46 μM). Gel-
PR (C) and PQBP-1-CT (D). All spectra were recorded at 25 °C.
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filtration experiments were performed on a Superdex™ 200 column
(GE Healthcare) equilibrated with 50 mM phosphate (pH 7.0) and
1mMDTT. The experimentswere performed at 4 °C with a flow rate of
0.4 ml/min.

3. Results

3.1. Prediction of ordered and disordered regions in PQBP-1

We used PONDR to analyze the intrinsic disorder tendencies in
PQBP-1 [29,30]. Any region with a PONDR score greater than 0.5 was
considered disordered (Fig. 2). The PONDR score of residues 50–75
was almost zero, indicating the highly ordered structure of the WWD.
Intriguingly, PONDR predicted a long disordered region over residues
100–265, which includes the PRD and CTD. Another predictor,
POODLE-L, also predicted that the PRD and CTD are largely disordered
[31].

3.2. Spectroscopic analysis of full-length PQBP-1

We spectroscopically characterized PQBP-1 to gain insight into its
structural properties. The secondary and tertiary structure was
investigated by CD, NMR, and fluorescence spectroscopy.

To determine the secondary structure of the full-length PQBP-1, we
recorded the far-UV CD spectrum (Fig. 3A). The CD spectrum displays
a minimum at 204 nm with negative ellipticity of −4700 deg cm2

dmol−1, which is characteristic of a protein in largely unfolded
conformations, whereas the spectral features indicative of α-helices
or β-sheets are absent (Fig. 3A).
Fig. 4. The 1H–15N HSQC spectra of PQBP-1 (A), PQBP-1-WW (B), PQBP-1-PR (C) and PQBP-1-
chemical shifts are the same as those in the spectrum of PQBP-1-WW.
The 1H–15N HSQC spectrum also revealed the largely unfolded
conformation of full-length PQBP-1, as judged by the numerous sharp
resonances of backbone amides which overlap within a narrow 1H
chemical shift range from 7.8 to 8.8 ppm (Fig. 4A). In addition to the
sharp resonances, however, the HSQC spectrum for the full-length
PQBP-1 showed several well-dispersed peaks typical of a folded
conformation. The HSQC thus indicates that the full-length PQBP-1
contains a small structured region aswell as a large unstructured region.

The presence of the folded region in the full-length PQBP-1 was
supported by the tryptophan fluorescence and ANS-binding assay.

PQBP-1 has three tryptophan residues in the WWD and one in the
CTD. The fluorescence spectrum of PQBP-1 in the native state showed
a fluorescence maximum at 340 nm, whereas addition of 6 M
guanidine hydrochloride (GdnHCl) led to a shift to a longer
wavelength, 350 nm, and a reduction in the intensity (Fig. S1).
These results indicate the presence of tryptophan residues buried
inside of PQBP-1 in the native state.

We used the fluorescence probe ANS to detect the hydrophobic
clusters exposed to solvent. A slight but significant increase in ANS
fluorescence and a blue shift of the emission maximumwas observed
when PQBP-1 was added to ANS, indicating the presence of exposed
hydrophobic clusters in PQBP-1 (Fig. S1).

3.3. Spectroscopic analysis of PQBP-1 fragments

To analyze the contribution of each functional region to the
structural properties of full-length PQBP-1, we constructed several
truncated fragments on the basis of the domain structure (Fig. 1B).
The fragment PQBP-1-WW consists of residues 36–94, PQBP-1-PR
CT (D). All spectrawere recorded at 15 °C. (A) The arrows indicate the resonanceswhose
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consists of residues 94–176, and PQBP-1-CT consists of residues 193–
265, respectively. The 1H–15N HSQC spectra of these fragments were
recorded, and were compared with that of the full-length PQBP-1.

The 1H–15N HSQC spectra of PQBP-1-PR and PQBP-1-CT showed the
sharp resonances of backbone amides clustered within 7.8–8.8 ppm (1H
dimension), indicating highly flexible, unfolded conformations (Fig. 4C
and D). In contrast, the backbone amide resonances of PQBP-1-WWare
dispersed from 7.0 to 9.8 ppm, which is characteristic of folded proteins
(Fig. 4B). Furthermore, several resonances of PQBP-1-WW appeared at
the same chemical shifts as in the HSQC of full-length PQBP-1 (Fig. 4A
and B). Therefore, the comparison of the HSQC spectra of full-length
PQBP-1 and its fragments revealed that the PRD and CTD are largely
unstructured in PQBP-1, and the WWD is involved in the structured
region of PQBP-1.

The far-UV CD spectrum of PQBP-1-PR and -CT lacked the typical
signature of secondary structure, exhibiting instead only a negative
signal at 200 nm (Fig. 3C and D). In contrast, the far-UV spectrum of
PQBP-1-WW has a prominent positive maximum at 228 nm and a
negative one at 208 nm (Fig. 3B). Since these spectral features of
PQBP-1-WW are quite similar to those of other WW domains [36],
PQBP-1-WW probably adopts a small β-sheet structure as in the case
of other WW domains. These CD data support the conclusion derived
from NMR that PQBP-1 comprises the folded region in the WWD and
the large unstructured regions in the PRD and CTD.

3.4. Limited proteolysis

Although the NMR and CD data demonstrated that the PRD and
CTD of PQBP-1 are unstructured, it is unclear whether these domains
Fig. 5. Trypsin cleavage sites of PQBP-1 (A), PQBP-1-PR (B) and PQBP-1-CT (C). The vertical lin
performed with Peptide Cutter (http://br.expasy.org/tools/peptidecutter/). Boxes indicate the
proteolytic cleavage sites after the 10 min incubation at 25 °C. The proteolytic cleavage sites w
have no residual structure. Accordingly, in addition to the spectro-
scopic studies described above, we performed limited proteolysis to
examine whether the PRD and CTD include residual structure. In
general, limited proteolysis demonstrates the cleavage sites in
proteins by proteases, and thus reveals the regions protected from
proteolysis, namely the structured regions of proteins. The intrinsi-
cally unstructured proteins are extremely sensitive to proteolysis,
resulting in complete degradation by proteases under the usual
conditions of limited proteolysis [37]. We reasoned, nevertheless, that
protection from an early cleavage event in proteolysis indicates the
residual structure in the unstructured proteins [38].

We used trypsin as a proteolytic enzyme in this study, taking
advantage of the numerous cleavage sites within the PRD and CTD
sequences; there are 21 and 11 trypsin cleavage sites in the PRD and
CTD, respectively (Fig. 5). In addition, we performed proteolysis of
PQBP-1-PR and PQBP-1-CT as well as full-length PQBP-1. Detailed
analysis of trypsin cleavage products using mass spectrometry
showed that trypsin cleaved at the N-terminal region of PQBP-1, the
loop region between WWD and PRD, and the whole portion of CTD
(Fig. 5A and C). However, trypsin cleaved PQPB-1-PR only at residue
144, and thus PRD is resistant to proteolysis (Fig. 5A and B). Moreover,
a large amount of a fragment encompassing PRD (residues 94–176)
was detected by HPLC after the trypsin cleavage of PQBP-1 (Fig. S2A).
Assuming that the regions protected from proteolysis indicate the
presence of residual structure, the PRD retains a certain amount of
residual structure in PQBP-1.

In addition to the limited proteolysis under the mild proteolytic
conditions (the enzyme/substrate weight ratio is 1:500), we
performed the proteolysis experiments using a high concentration
es above the thick lines designate the predicted trypsin cleavage sites. The prediction was
positions of the WWD, PRD and CTD. The vertical lines below the thick lines indicate the
ere identified by mass spectrometry. The enzyme/substrate weight ratio is 1:500.

http://br.expasy.org/tools/peptidecutter/
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of trypsin. When the enzyme/substrate weight ratio was 1:10, trypsin
cleavages occurred in many sites of PQBP-1-PR (Fig. S2B). Therefore,
lack of detection of the predicted peptides under the mild proteolytic
conditions indicates the protection from proteolysis (Fig. 5B).

3.5. Binding of PQBP-1 to U5-15kD

Binding of U5-15kD is one of the functions of PQBP-1. To determine
the affinity of PQBP-1 to U5-15kD, we decided to analyze this
interaction by surface plasmon resonance (Fig. 6A). We determined
the apparent association rate constant and dissociation rate constant
Fig. 6. (A) BIAcore sensorgrams showing the interaction of PQBP-1 with U5-15kD.
Solutions containing various concentrations of PQBP-1 (0.6, 1.1, 2.0, 3.0 and 4.1 μM)
were injected over immobilized U5-15kD. (B) GST pull-down assays for analyzing the
interaction between PQBP-1 and U5-15kD. U5-15kD was mixed with GST (lane 1 as
negative control), GST-PQBP-1 (lane 2) and GST-PQBP-1-CT (lane 3), respectively.
Proteins bound to glutathione sepharose beads were analyzed by an SDS-PAGE stained
with Coomassie Brilliant Blue. MW indicates molecular weight markers. (C) Gel-
filtration chromatograms of U5-15kD in the absence or presence of PQBP-1. All samples
contained 23 μM U5-15kD. The chromatogram of free U5-15kD is indicated by dotted
line. Solid lines indicate the chromatograms of U5-15kD in the presence of PQBP-1. The
molar ratio (PQBP-1:U5-15kD) for each chromatogram is indicated in the figure.

Fig. 7. (A) Far-UV CD spectra of PQBP-1 in the free (solid line) and the bound (dotted
line) state with U5-15kD. (B) CD spectra of PQBP-1-CT in the free (solid line) and the
bound (dotted line) state with U5-15kD. (A, B) The contribution of U5-15kD was
subtracted from the CD spectrum in the bound state. (C) Superposition of the 1H–15N
HSQC spectra of PQBP-1-CT in the absence (black) and presence (red) of U5-15kD. The
molar ratio (PQBP-1:U5-15kD) is 1:1. The spectra were recorded at 15 °C.
for the complex between PQBP-1 and U5-15kD. PQBP-1 exhibited a
fast association rate with U5-15kD (ka=4.1×103 M−1 s−1) and a
slow dissociation rate (kd=2.5×10−3 s−1). Hence, the dissociation
constant (KD=kd/ka) was calculated to be 0.6 μM.

The binding was confirmed by GST pull-down assay and gel-
filtration chromatography. The GST pull-down assay shows that either
GST-PQBP-1 or GST-PQBP-1-CT binds to U5-15kD (Fig. 6B). We
performed a quantitative analysis of densitometry of band intensities
in a stained gel (Fig. 6B): 8 pmol of U5-15kD binds to 16 pmol of GST-
PQBP-1 (lane 2 in Fig. 6B), and 54 pmol of U5-15kD binds to 71 pmol of
GST-PQBP-1-CT (lane 3 in Fig. 6B). From this, we do not consider the
possibility that only a small portion of U5-15kD binds to PQBP-1. In the
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gel-filtration experiments, PQBP-1 and U5-15kD eluted at about 15 ml
and 19 ml, respectively (Fig. 6C). In the presence of PQBP-1, U5-15kD
eluted at slightly lower elution volume than in the free state.
Furthermore, as the molar ratio of PQBP-1 increased, peak broadening
of U5-15kD was observed. From these findings, we conclude that
PQBP-1 weakly binds to U5-15kD.

We examined the possibility that the binding of U5-15kD might
induce conformational change in PQBP-1. Fig. 7A shows the far-UV CD
spectra of PQBP-1 in the free and the bound state with U5-15kD.
PQBP-1 in the free and the bound form exhibited similar far-UV CD
spectra typical of an unfolded protein. In addition, the CD spectrum of
PQBP-1-CT in the free formwas comparedwith that in the bound state
(Fig. 7B), since PQBP-1 interacts with U5-15kD via the CTD. PQBP-1-CT
in the presence of U5-15kD exhibited the CD spectrum typical of a
largely unstructured conformation. Taken together, PQBP-1 includes
high content of unstructured regions in the CTD, in spite of the binding
of U5-15kD.

In addition to the CD studies, we used NMR to investigate the
conformation of PQBP-CT. Fig. 7C shows the HSQC of 15N-labeled
PQBP-1-CT in the absence or presence of U5-15kD. Comparison of the
two spectra shows that several resonances of PQBP-1-CT are strongly
attenuated in the presence of U5-15kD. However, the attenuation,
induced by the interaction, is limited to a low proportion of peaks.
Moreover, the observable resonances in the presence of U5-15kD
remain at the same chemical shifts as in the HSQC of the free PQBP-1-
CT. These findings suggest that the binding of U5-15kD induces only
minor conformational changes into PQBP-1-CT. Therefore, the binding
of U5-15kD does not induce extensive tight packing interactions in
PQBP-1.

4. Discussion

PQBP-1 is predominantly localized to the nucleus [26], and is
important for nuclear functions such as transcription and RNA
processing [24–26]. For example, PQBP-1 WWD plays an important
role in the regulation of transcription activity by interacting with the
carboxy-terminal domain of Pol II [25], and PQBP-1 CTD plays an
important role in the regulation of RNA processing by interacting with
the spliceosomal protein U5-15kD [27]. These functions of PQBP-1 are
perturbed by the binding of PRD with expanded polyglutamine tracts
of disease proteins [24].

Our view of proteins is dominated by the notion that a well-defined
three-dimensional structure is a prerequisite for their function. In the
last decade, however, this structure–function paradigm has been re-
evaluated based on the growing evidence that many proteins and
protein domains are unfolded under physiological conditions. These
proteins are referred to as “intrinsically unstructured” or “intrinsically
disordered” [39]. The intrinsically unstructured/disordered proteins
possess a non-rigid structure under physiological conditions; the
molecule is extended, highly flexible, and has little secondary and
tertiary structure. Indeed, it is now estimated that 35–51% of eukaryotic
proteins have at least one long (N50 residues) unstructured region in
their functional state [40]. Therefore, the group of intrinsically
unstructured proteins deserves to be recognized as a new structural
category within the protein kingdom [41].

In this work, we analyzed the structure of PQBP-1 and its
fragments, and identified regions that contribute to the conforma-
tional properties of full-length PQBP-1. The 1H–15N HSQC NMR as well
as far-UV CD spectroscopy demonstrate that the PRD and CTD of
PQBP-1 lack extensive contributions of ordered secondary and tertiary
structure. The PRD and CTD encompass 23% and 29% of the total amino
acid residues of PQBP-1, respectively, while the WWD with rigid
structure encompasses only 13% of the total sequence of PQBP-1.
Therefore, our results emphasize that PQBP-1 essentially contains
large unstructured regions. PQBP-1 can thus be classified as a member
of the emerging class of intrinsically unstructured proteins.
Numerous proteins lacking intrinsic globular structures have been
identified, and unstructured regions seem to confer functional
advantages in these proteins [39–41]. The functional advantage of
lacking intrinsic globular structure, as opposed to a rigid one, may
reside in the plasticity conferred by structural flexibility, which (1)
allows binding to multiple targets with high specificity and low
affinity and (2) allows the protein to overcome steric restrictions,
thereby enabling larger surface interactions [39–41]. For PQBP-1, the
flexibility may be the prerequisite to overcome steric restrictions
when PQBP-1 interacts with many different targets, such as Pol II via
WWD and U5-15kD via CTD.

The intrinsically unstructured proteins resemble the denatured
states of globular proteins. However, the denatured states are not true
random coils [42], and the random coil state is hardly compatible with
the highly effective functioning of the intrinsically unstructured
proteins [39–41]. In fact, the intrinsically unstructured proteins
often possess only limited and transient, but significantly populated,
secondary structure within an otherwise disordered polypeptide [37].
While the NMR and CD data demonstrate that the PRD and CTD have
highly flexible, unfolded conformations, the PRD is not fully unfolded
as indicated by the limited proteolysis experiments. Thus, the PRD
possesses the residual structure, whichmay be functionally significant
and may govern the preferential accessibility of the PRD destined for
the polyglutamine tracts. On the other hand, the trypsin proteolysis
does not indicate the residual structure in the CTD.

The present results demonstrated that the CTD of PQBP-1 lacks
stable secondary and tertiary structure in the free state. So far, there
have been numerous examples of proteins and protein domains that
are unstructured in the free state but which become folded into rigid
structures upon binding to the target molecules [39]. In contrast, the
binding of the target molecule is not accompanied by global folding of
the CTD of PQBP-1. Similar conclusions have been reported by Miron
et al. [43] and Liu et al. [44]: the binding of the target molecule induces
only minor conformational changes into the intrinsically unstructured
proteins, the carboxy-terminal domain of xeroderma pigmentosum
complementation group C protein [43] and a transcriptional activator
ApLLP [44]. The disordered polypeptide chain has a greater capture
radius than a rigid globular structure, and allows the protein to quickly
find its specific binding site [45].

Our data suggest that PQBP-1 includes high content of unstruc-
tured regions in the CTD, in spite of the binding of U5-15kD. But how
can U5-15kD recognize the specific binding site on PQBP-1? One
possibility is that the folding occurs in a limited portion of the CTD,
which includes key residues for the U5-15kD-binding. Another
possibility is that U5-15kD recognizes a short extended segment,
which includes the key residues arranged in a certain pattern.

Once PQBP-1 captures U5-15kD using the CTD, the spliceosome
may be located in close proximity to Pol II, because PQBP-1 binds to
Pol II via its WWD.When PQBP-1 connects the spliceosome and Pol II,
PQBP-1 may act as a spacer molecule between these large multi-
protein complexes. PQBP-1 may be important to regulate distance and
to avoid steric hindrance between the transcription machinery and
the splicing machinery.
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