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was then determined. Use of the aforementioned chaotrop-
ic agents, however, resulted in no improvement of immuno-
blot signals (Fig. 1B, lanes 5-7). In fact, the signal
intensities diminished somewhat, possibly due to the pres-
ence of phosphorylated tau bound to the walls of the tube
after removing the chaotropic agents prior to loading onto
the SDS-PAGE gels {14].

Although negative results were obtained following use
of the aforementioned chemical denaturants and detergent,
we demonstrated that oligomeric Aip2p/DIid2p could mod-
ify the conformation of pathogenic highly aggregated poly-
peptides such as rPrP in the beta form, alpha-synuclein,
and Abeta (1-42) in the presence of ATP [13]. Hence, the
pick bodies were pretreated with oligomeric Aip2p/Dld2p
prior to loading onto SDS-PAGE gels. Surprisingly,
immunoblot analyses of Y337F, Y332F, and Y332T dem-
onstrated discrete bands stained with anti-tau AT8 and
ATI100 antibodies following pretreatment with oligomeric
Aip2p/DId2p (Fig. 2). In a serial dilution assay, 1/500 of
500 pick bodies (equivalent to 1 pick body) was detected
(Fig. 2, upper panel, lanes 4-8; lower panel, lanes 2-10).

These immunoreactive bands migrated slightly faster
than those associated with the 500 pick bodies processed
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without oligomeric Aip2p/DId2p pretreatment (Fig. 2,
upper panel, lane 2). One possible explanation is that pre-
treatment with oligomeric Aip2p/DId2p might allow the
detection of the phosphorylated form of 60 kDa tau (tau
60) [4-6], whereas only the phosphorylated form of
69 kDa tau (tau 69) is negligibly detected following boiling
m Laemmli’s sample buffer according to classical immuno-
blotting procedures. Whether the different tau isoform
could account for the faster migration pattern observed re-
mains to be determined.

Oligomeric Aip2p/DId2p was also detected in the same
reaction mixtures using anti-Aip2p/DId2p antibody
(Fig. 2, upper panel, lanes 12-16) but did not cross-react
with anti-tau AT8 and ATI100 antibodies (Fig. 2, upper
panel, lane 10). It should be noted that a single pick body
directly pretreated with oligomeric Aip2p/DIld2p was suffi-
cient to yield an immunoblot signal (Fig. 2, lower panel,
lane 13), indicating that pretreatment with oligomeric
Aip2p/Dld2p enhanced the immunoblot signal by more
than 100-fold. Transmission electron microscopy with ura-
nyl acetate negative staining of laser-microdissected pick
bodies (Fig. 3) revealed that they were untangled following
treatment with oligomeric Aip2p/DId2p, whereas the
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Fig. 2. Immunoblot analyses of laser-microdissected pick bodies (PBs) from Y337F (frontal cortex), Y332F (frontal cortex), and Y332T (temporal cortex).
Upper panels: Molecular weight marker (Dr. Western, Oriental Yeast, lanes 1, 3, 9, and 11), 500 laser-microdissected PBs of Y337F (lane 2), and serial
dilutions equivalent to 50, 10, 5, and 3 PBs and | PB of Y337F (lanes 4-8 and 12-16). Lane 2 represents sample without oligomeric Aip2p/DId2p
pretreatment, whereas lanes 4 to 8 and lanes 12 to 16 represent samples with oligomeric Aip2p/DId2p pretreatment. Lane 10: 50 ng of Aip2p/DId2p alone.
Lanes 2, 4 to 8, and 10 were stained with anti-tau AT8 (1:1000) and AT100 (1:1000), whereas lanes 12 to 16 were stained with anti-Aip2p/DId2p polyclonal
antibody. The arrowhead indicates the position of Aip2p/DId2p (MW = 58 kDa). Lower panels: Molecular weight marker (Dr. Western, Oriental Yeast,
lanes 1 and 11), serial dilutions of 500 PBs of Y332F equivalent to 50, 10, 5, and 3 PBs (lanes 2-5), and those of Y332T equivalent to 50, 10, 5, and 3 PBs
and 1 PB (lanes 6-10). Lanes 12 and 13: 5 PBs and 1 PB of Y337F, respectively. Samples in lower panels were pretreated with oligomeric Aip2p/DId2p and

stained with anti-tau AT8 (1:1000) and AT100 (1:1000).
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Fig. 3. Transmission electron microscopy with uranyl acetate negative staining of laser-microdissected pick bodies (PBs) prior to (A and E) and following
oligomeric Aip2p/DId2p pretreatment for 20 min (B and F), 40 min (C and G), and 60 min (D and H). For the negative staining, 500 PBs of Y332F were

used as specimens. Scale bar is 4 pm.

average diameter of pick bodies decreased markedly, from
10 to 15 pum to less than 1 um, in a time-dependent manner.

Although protein quantification of highly aggregated
proteins such as pick bodies has been quite problematic
to date, pretreatment with oligomeric Aip2p/DId2p allows
the ready quantification of the protein content of pick
bodies (Table 1). The protein concentrations of sarkosyl-
insoluble fractions were 0.8 ng (Y332T), 1.1 ng (Y332F),
and 2.8 ng (Y337F) per 1 pick body. Because the average
diameters of the pick bodies were 10 pum (Y332) and
15 pm (Y337), the relative densities of the pick bodies were
1.6 to 2.2 (Y332) and 1.6 (Y337).

Discussion

Our novel combinatorial method targets proteins relat-
ing to specific regions of interest at the micrometer order
and exclusively allows the gathering of information per-
taining to the molecular profile, such as molecular weight,
of target proteins under the microscope in situ. During our
investigations, we noticed that laser-microdissected pick
bodies exhibited only faint and blurred immunoblot signals
with anti-tau AT8 and AT100 antibodies, even following
pretreatment with chemical denaturants or detergent, pre-
sumably resulting from the extensive aggregation property.
In fact, this is extremely crucial when only a minimal quan-
tity of target protein is available.

The protein conformation unfolding activity of oligo-
meric Aip2p/DId2p can modify the conformation of patho-
genic highly aggregated polypeptides [13]. Therefore, pick
bodies were pretreated with oligomeric Aip2p/DId2p to
overcome the extensive aggregation property. With the pre-
treatment, 500ng of oligomeric Aip2p/Did2p (MW
~700 kDa} was mixed with 500 pick bodies consisting of

abnormally phosphorylated tau (MW = 58 kDa), indicat-
ing that the stoichiometry of oligomeric Aip2p/DId2p:phos-
phorylated tau is approximately 1:10. As shown in Fig. 2,
oligomeric Aip2p/DId2p pretreatment enhanced the immu-
noblot signals by more than 100-fold.

The inclusion bodies, which might protect against toxic-
ity [15], have been associated with various protein confor-
mation disorders, including Alzheimer’s disease [16],
Parkinson’s disease [17], and prion disease (e.g., bovine
spongiform encephalopathy) [18]. Actually, the robust pro-
tein conformation unfolding activity of oligomeric Aip2p/
Dld2p modulated the conformation of Abeta (1-42) peptide
associated with Alzheimer’s disease, alpha-synuclein associ-
ated with Parkinson’s disease, and rPrP in the beta form
associated with prion disease in vitro [13]. Therefore, use
of oligomeric Aip2p/DId2p with our combinatorial method
provides significant improvement in the investigation of
normal or abnormal microstructures under various condi-
tions and of disorders with extremely enhanced sensitivity.

Making use of this unprecedented property of oligomer-
ic Aip2p/DId2p may yield further potential applications.
For example, a number of proteomic strategies rely on li-
quid chromatography-tandem mass spectrometry (LC-—
MS/MS), but sample preparation methods typically in-
volve the use of detergents and chaotropic agents that often
interfere with chromatographic separation and/or electro-
spray ionization [19]). Use of oligomeric Aip2p/DId2p,
however, would not interfere with the LC-MS/MS proce-
dures and might even prove to be ideal for sample pretreat-
ment. Overall, use of oligomeric Aip2p/DIld2p might
significantly facilitate nano-scale analysis, which is often
hindered by the aggregation property of target proteins
present under various analytical conditions, especially
when the sample protein is present in minor quantities.
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Abstract

Huntingtin is a ubiquitously expressed cytoplasmic protein encoded by the Huntington disease (HD) gene, in which a CAG expansion
induces an autosomal dominant progressive neurodegenerative disorder; however, its biological function has not been completely eluci-
dated. Here, we report for the first time that short interfering RNA (siRNA}-mediated inhibition of endogenous Hdh (a mouse homo-
logue of huntingtin) gene expression induced an aberrant configuration of the endoplasmic reticalum (ER) network in vitro. Studies
using immunofluorescence microscopy with several ER markers revealed that the ER network appeared to be congregated in various
types of cell lines transfected with siRNA directed against Hdh, but not with other siRNAs so far tested. Other subcellular organelles
and structures, including the nucleus, Golgi apparatus, mitochondria, lysosomes, microtubules, actin cytoskeletons, cytoplasm, lipid
rafts, and plasma membrane, exhibited normal configurations. Western blot analysis of cellular prion protein (PrP%) revealed normal
glycosylation, which is a simple marker of post-translational modification in the ER and Golgi compartments, and immunofluorescence
microscopy detected no altered subcellular distribution of PrP¢ in the post-ER compartments. Further investigation is required to deter-

mine whether the distorted ER network, i.e., loss of the huntingtin function, participates in the development of HD.

© 2005 Elsevier Inc. All rights reserved.
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Huntingtin [1]1s a ubiquitously expressed 348-kDa cyto-
plasmic protein encoded by the Huntington disease (HD)
gene. A CAG expansion in this gene induces an autosomal
dominant progressive neurodegenerative disorder charac-
terized by the appearance of progressive chorea and
dementia, usually in adult life [2]. Since the cloning of the
HD gene in 1993, most efforts directed toward understand-
ing the pathogenic mechanism of this disease have focused
on the analyses of the mutant huntingtin; the basis of these
analyses is the gain-of-function hypothesis. However, the
biological function of huntingtin has not been fully eluci-
dated [3].
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Recent studies have indicated that wild-type huntingtin
is essential for embryonic development and normal func-
tion in adulthood [4]. Several independent studies using
knockout mice that do not express a mouse homologue
of the HD (Hdh) gene demonstrated that wild-type hun-
tingtin plays a crucial role in embryogenesis because, in
all cases, nullizygous mouse embryos died at approximately
embryonic day E7.5[5-7]. Alternatively, conditional inacti-
vation of wild-type huntingtin resulted in neurological def-
icits and neurodegeneration, indicating the importance of
the wild-type huntingtin function in adulthood [8].

Although a number of techniques, including an anti-
sense method [9,10] and a catalytic DNA strategy [11], have
been used to inhibit huntingtin expression, their efficiency
is quite low. On the other hand, short mterfering RNA
(siRNA) has proven to be a much more powerful tool for
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suppressing the expression of genes of interest in various
mammalian cells {12,13]. Indeed, several groups have
reported the suppression of human HD transgene using
siRNA [14-16]; however, these studies did not examine loss
of endogenous Hdh function.

In order to collect information on its physiological
function, we inhibited endogenous Hdh expression using
siRNA and examined the morphology of subcellular
organelles including the nucleus, endoplasmic reticulum
(ER), Golgi apparatus, mitochondria, lysosomes, microtu-
bules, actin cytoskeletons, cytoplasm, lipid rafts, and plas-
ma membrane in various cultured cells. Consequently, the
siRNA-mediated inhibition of endogenous Hdh expression
imduced an aberrant configuration of the ER network with
no remarkable secretion deficit in vitro.

Materials and methods

Synthetic siRNA duplexes. siRNAs against the Hdh gene were designed
using the algorithm proposed by Naito et al. [17}. The sense strand sequences
of newly synthesized siRNA were as follows: siHdhl, 5-CCGUGUGAA
UCAUUGUCUAAC-3"; siHdh2, 5-GGAGCAUCGUGGAGCUUUU
AG-3'; and control (non-silencing) siRNA, 5'-UUCUCCGAACCUGUCA
CGUUU-3'. The Photinus luciferase (La2 [18]), green fluorescent protein
(GFP, Qiagen, Hilden, Germany), amyloid precursor protein (APP,
Ambion, Austin, TX, USA), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, Ambion, Austin, TX, USA) siRNAs were purchased and
used. For preparation of siRNA duplexes, sense- and antisense-stranded
oligonucleotides were mixed in an annealing buffer (30 uM Hepes, pH 7.4;
100 uM potassium acetate; and 2 uM magnesium acetate), heat denatured at
95 °C for 5 min, and annealed at 37 °C overnight.

Cell culture and transfection. Mouse neuroblastoma neuro2a (N2a) and
human glioblastoma T98G cells were obtained from the American Tissue
Culture Collection. N2a cells were grown and maintained at 37 °C in
minimum essential medium (MEM) supplemented with 10% fetal bovine
serum (FBS). T98G cells were grown and maintained at 37 °C in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS.
Synthetic siRNA duplexes (40 nM) were transfected into N2a cells by
using jetSI (Qbiogene, Irvine, CA, USA) and into T98G cells by using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) reagents.

Real-time PCR. After the transfection of siRNA duplexes, total RNA
was extracted with Trizol (Invitrogen, Carlsbad, CA, USA) and subjected
to cDNA synthesis by using oligo(dT) primers and a SuperScript I1 reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). The resultant cDNAs
were examined by real-time PCR using the ABI 7000 sequence detection
system (Applied Biosystems, Foster City, CA, USA) with a SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and a
TagMan Assay-on-Demand Gene Expression Product (Applied Biosys-
tems, Foster City, CA, USA) for the mouse GAPDH gene that functioned
as a control, according to the manufacturer’s instructions. The PCR
primers for detection of the Hdh transcript were as follows: Mm.Hdh-F,
5-TTCTGCTTGAATTGTACAGC-3' and Mm.Hdh-R, 5-AATGAGG
ATCTCATCTTCTG-3'. The expression level of the Hdh gene was nor-
malized to that of the GAPDH gene.

Antibodies and organelle markers. Anti-huntingtin antibody MAB2166
was purchased from Chemicon (Temecula, CA, USA). As ER markers,
anti-Calnexin (Stressgen, San Diego, CA, USA), anti-PDI antibody
(Stressgen, San Diego, California, USA), ER-Tracker Blue-White DPX
(Molecular Probes, Carlsbad, CA, USA), and pECFP-ER (Clontech,
Mountain View, CA, USA) were purchased and used. Other organelle
markers, including a nuclear marker, DAPI (Molecular Probes, Carlsbad,
CA, USA); a Golgi marker, anti-GM 130 antibody (BD Biosciences, San
Jose, CA, USA); a mitochondrial marker, MitoTracker Red CMXROS
(Molecular Probes, Carlsbad, CA, USA) and anti-porin antibody

(Calbiochem, San Jose, CA, USA); a lysosomal marker, LysoTracker Red
(Molecular Probes, Carlsbad, CA, USA); a marker for microtubules, anti-
tubulin antibody DM1A (Sigma, Tokyo, Japan); a marker for actin
cytoskeleton, rhodamine phalloidin (Molecular Probes, Carlsbad, CA,
USA); a cytoplasmic marker, anti-Hsp70 antibody (BD Biosciences, San
Jose, CA, USA); a marker for lipid rafts, anti-GM1 antibody (Chemicon,
Temecula, CA, USA); a plasma membrane marker, FM 1-43FX
(Molecular Probes, Carlsbad, CA, USA); and a microsome marker, anti-
Erp57 antibody (Stressgen, San Diego, CA, USA) were also used for the
experiments. Anti-prion protein (PrP) antibody SAF-32 was purchased
from Cayman Chemical (Michigan, USA). Western blot analyses were
performed as described [19].

Imnumofluorescence and fluorescence microscopy. For indirect immu-
nofluorescence analysis, cells with siRNAs were rinsed with phosphate-
buffered saline (PBS) Ca®* and Mg®* (PBS(+)) and then fixed with 10%
formalin in 70% PBS(-+). After four washes with PBS(-), the fixed cells
were incubated with 10 % FBS in PBS(-) at room temperature for 30 min.
They were then incubated at room temperature for 1 h with primary
antibodies at the desired concentration. After four washes with PBS(—),
the cells were incubated with Alexa 488 Fluor-conjugated anti-mouse or
anti-rabbit IgG (Molecular Probes, Carlsbad, CA, USA), diluted 1:100 in
PBS, at room temperature for 2.5 h. The stained cells were washed four
times with PBS(—) and mounted with SLOW FADE (Molecular Probes,
Carlsbad, CA, USA). Immunofluorescent or autofluorescent samples were
maged using a DeltaVision microscopy system (Applied Precision,
Washington, USA); out of focus light of the visualized images was elim-
inated by interactive deconvolution.

Preparation of mitochondrial, microsome, and cytosolic fractions [20]
Cells were homogenized with 4 volumes of homogenize buffer (10 mM
Hepes-KOH, pH 7.4, 250 mM sucrose, | mM EDTA, and 1 mM DTT)
and centrifuged at 800g for 5 min at 4 °C, and the supernatant was further
centrifuged at 8000g for 5 min at 4 °C. The supernatant was used as a
post-mitochondrial supernatant. The resulted pellet was washed three
times with homogenize buffer, resuspended in 4 volumes of the same
buffer, and then centrifuged at 5000g for 10 min at 4 °C. The pellet was
recovered and used as mitochondrial fraction. The post-mitochondrial
supernatant was further centrifuged at 100,000g for 1 h at 4 °C, and the
supernatant was used as cytosolic fraction, and the pellet was resuspended
in homogenize buffer (microsome fraction). Western blots were performed
at 3 pg of total protein/lane.

Results

siHdhl and siHdh?2 inhibit endogenous Hdh expression
in vitro

In vitro screening was used to identify an effective
siRNA directed against endogenous Hdh mRNA. Two
siRNAs (siHdhl and siHdh2) reduced endogenous
Hdh mRNA levels by 75% and 60%, respectively, in com-
parison with those in the control siRNA-treated mouse
N2a cells (Fig. 1A). After the transfection with siHdh1 or
siHdh2 in N2a cells, Western blot analysis with an anti-hun-
tingtin antibody (MAB2166) revealed a significant reduction
inendogenous Hdh expression (Fig. 1B), of which the subcel-
lular localization was predominantly in a microsome
fraction using a subcellular fractionation method (Fig. 1C).

siddhl-mediated inhibition of endogenous Hdh expression
induces an aberrant configuration of the ER network in vitro

AftersiHdh1 was introduced into mouse N2a cells, immu-
nofluorescence and fluorescence studies were performed.
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Fig. 1. Significant reduction of endogenous Hdh expression in siHdhi- or siHdh2-transfected mouse N2a cells. (A) Quantitative real-time PCR analyses of
endogenous Hdh mRNA levels relative to endogenous GAPDH mRNA in N2a cells transfected with siHdh1 or siHdh2. (B) Western blot analysis of
endogenous Hdh expression using an anti-huntingtin antibody (MAB2166, 1:2000) in N2a cells transfected with siHdh1 or siHdh2. Tubulin is used as an
internal control. (C) Subcellular distribution of endogenous Hdh by Western blot analysis with an anti-huntingtin antibody (MAB2166, 1:2000) in N2a
cells transfected with siHdhl. Anti-porin antibody as a mitochondrial (Mt) marker, anti-Erp57 antibody as a microsome (Ms) marker, and anti-Hsp70

antibody as a cytosolic (Cyt) marker were used at 1:1000.

Interestingly, immunofluorescence microscopy with an ER
marker (anti-calnexin) revealed that siHdh1-mediated inhi-
bition of endogenous Hdh expression induced an aberrant
configuration of the ER network that appeared to be congre-
gated (Fig. 2A). Immunofluorescence studies with other ER
markers including anti-PDI, ER tracker Blue-White DPX,
and pECFP-ER produced similar results (Fig. 2B). Howev-
er, other subcellular organelles including the nucleus, Golgi
apparatus, mitochondria, lysosomes, microtubules, actin
cytoskeletons, cytoplasm, lipid rafts, and plasma membrane
exhibited no comparable morphological alteration in these
cells (Fig. 2A). In addition, siHdh2 directed against a differ-
ent region of the Hdh gene sequence also induced a similar
distortion of the ER network, whereas no distortion was
induced by other siRNAs such as siGFP directed against
GFP, siGAPDH directed against GAPDH, silLa2 directed
against Photinus luciferase, or siAPP directed against APP
(Fig. 20).

siHdhl-mediated aberrant configuration of the ER network
in a different cell line

The potential to inhibit endogenous Hdh expression was
first analyzed by the transfection of siHdhl into different

cell lines. As evaluated by Western blot analyses, siHdhl
induced a significant reduction of Hdh expression level in
human glioblastoma T98G cells (Fig. 2D). The aberrant
configuration of the ER network was once again observed
in these cells (Fig. 2D).

Normal glycosylation and subcellular distribution of
endogenous cellular prion protein in siHdhl-transfected N2a
cells

Cellular prion protein (PrP®) is a glycosyl phosphatidyl-
inositol-anchored secretary glycoprotein that resides pre-
dominantly in the Golgi apparatus and to a lesser extent
on the plasma membrane [21,22]. In order to further exam-
ine whether siHdhl-mediated endogenous Hdh inhibition
induces any functional alteration associated with the aber-
rant configuration of the ER network, endogenous PrP¢
was chosen; its glycosylation pattern, which is a simple
marker of the post-translational modification in the ER
and Golgi compartments, as well as its subcellular distribu-
tion profile were further investigated for 72 h. Western blot
analysis using the anti-PrP antibody SAF-32 revealed nor-
mal glycosylation of endogenous PrP® in N2a cells trans-
fected with either siHdh1 or siHdh2 (Fig. 3A). Similarly,
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Fig. 2. Subcellular distribution profile of organelles in siHdhI-transfected N2a cells. (A) Immunofluorescence microscopy with an anti-ER antibody (anti-
calnexin, 1:200) detects an aberrant configuration of the ER network that appears to be congregated in the siHdh!-transfected N2a cells. Other organelles,
including the nucleus (DAPI, 0.5 pg/ml), Golgi (anti-GMI130 antibody, 1:100), mitochondria (MitoTracker Red CMXROS, 0.2 pg/ml), lysosomes
(LysoTracker Red, 0.5 pg/ml), microtubules (anti-tubulin antibody DM1A, 1:100), actin (rhodamine phalloidin, 1:100), cytoplasm (anti-Hsp70 antibody,
1:100), lipid rafts (anti-GM1 antibody, 1:100), and plasma membrane (FM [-43FX, 0.5 pg/ml), exhibit no comparable morphological alteration. Scale
bars are 3.5 um. (B) Immunofluorescence and fluorescence microscopy with other ER markers, including anti-PDI antibody (1:100), ER tracker Blue-
White DPX (ERTr, 0.4 pg/ml), and pECFP-ER (1 pg of plasmid DNA was transfected) in the same cells. Scale bars are 5 pm. (C) siHdh2 also induces a
similar distortion of the ER network in N2a cells, whereas no distortion is induced by other siRNAs, including siGFP directed against GFP, siGAPDH
directed against GAPDH, sil.a2 directed against La2, or siAPP directed against APP. Scale bars are 5 um. (D) siHdh1-mediated aberrant configuration of
the ER network in human glioblastoma T98G cells. Western blot analysis of endogenous Hdh expression levels in the T98G cells. The ER network is
distorted and appears to be congregated in the cells after transfection with siHdh1. Anti-calnexin antibody (1:200) is used as an ER marker. Scale bars are
5 pm.
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Fig. 3. Normal glycosylation and subcellular localization of endogenous PrP< in post-ER compartments. (A) Western blot analysis using the anti-PrP
antibody SAF-32 (1:5000). Transfection of siHdh1 or siHdh2 induces normal glycosylation pattern of endogenous PrPC in N2a cells. M,, molecular weight
marker. (B) Immunofluorescence microscopy with the anti-PrP antibody SAF-32 (1:100). Transfection of siHdh! induces no remarkable alteration of the
subcellular distribution profile of endogenous PrP¢ in N2a cells, where PrP¢ resides predominantly in the Golgi apparatus and to a lesser extent on the

plasma membrane. Scale bars are 15 um.

no alteration of its subcellular distribution was detected by
immunofluorescence microscopy in the post-ER compart-
ments of siHdhl-transfected N2a cells (Fig. 3B).

Discussion

Huntingtin is located in neurons throughout the brain
and the highest levels are observed in larger neurons [23].
The subcellular localization of huntingtin is consistent with
that of a cytoplasmic protein [24,25]. Previous in vitro stud-
ies indicated that in mammalian neurons, wild-type hun-
tingtin is involved in fast axonal trafficking [26,27],
transcription, and vesicular transport of brain-derived neu-
rotrophic factor along microtubules [28,29]. Huntingtin has
also been reported to be involved in protection from toxic
stresses, including those caused by a variety of apoptotic
stimuli and the mutant huntingtin fragment [30,31], and
in neuronal Ca®" signaling, where it is associated with
InsP;R, an intracellular calcium release channel in the
ER membrane [32]. However, no investigation has ever
indicated the morphological alteration of subcellular
organelles in the endogenous huntingtin-deleted condition;
thus, this is the first report suggesting that huntingtin might
be involved in maintaining the proper configuration of the
ER network.

The dynamics of the ER network depends on a cytoskel-
etal system of microtubules. Colocalization of ER net-
works with microtubules has been described in various
mammalian cell lines [33,34]. Prolonged depolymerization
of microtubules by nocodazole treatment leads to a slow
retraction of the ER network towards the cell center, indi-
cating that the extended state of the entire ER network
requires the microtubule system [33]. By using dynamic
imaging techniques on living cells treated with a fluorescent

ER marker, Lee et al. categorized and analyzed several dis-
tinct forms of highly localized ER movements, suggesting
that microtubules may play a role in generating ER motil-
ity and in constructing and maintaining the ER network
[33,34].

When considered together, huntingtin appears to modu-
late the configuration of the ER network via the cytoskel-
etal network, particularly through the microtubular
network [23]. The fact that most of the huntingtin in the
cytoplasm is associated with assembled microtubules sup-
ports this notion [35]. Considering the other fact that the
microtubular network was not affected by siRNA-mediated
inhibition of Hdh expression whereas the intracellular dis-
tribution of the ER network was severely altered, hunting-
tin appears to play a significant role in maintaining the ER
network but not the microtubular network, probably
because the maintenance of the latter is driven by other
microtubule-associated proteins (MAPs) [36,37]. Further,
the microtubular network is ubiquitous and also funda-
mental to various types of intraceflular trafficking events
[38,39]. Hence, further investigation is required to elucidate
the mechanism by which huntingtin interacts with the
microtubules that exclusively lead to the aberrant configu-
ration of the ER network.

Finally, it is of great interest to determine whether the
distorted ER network, i.e., loss of the huntingtin function
is involved in the development of HD in vivo; this is
because the the gain-of-function hypothesis has been pro-
posed for the development of this disease.
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Molecular Mechanism of a Temperature-Sensitive
Phenotype in Peroxisomal Biogenesis Disorder
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ABSTRACT

Peroxisomal biogenesis disorders include Zellweger syn-
drome and milder phenotypes, such as neonatal adrenoleukodys-
trophy (NALD). Our previous study of a NALD patient with a
marked deterioration by a fever revealed a mutation (11e326Thr)
within a SH3 domain of PEX13 protein (Pex13p), showing a
temperature-sensitive (TS) phenotype in peroxisomal biogenesis.
Clinical TS phenotypes also have been reported in several ge-
netic diseases, but the molecular mechanisms still remain to be
clarified. The immunofluorescent staining with anti-Pex13p an-
tibody also revealed TS phenotype of the I326T mutant protein
itself in the patient cells. Protease digestion of the recombinant
Pex13p-SH3 domain showed an increase of protease susceptibil-
ity, suggesting a problem of mutant protein fold. Conformational
analyses against urea denaturation using urea gradient gel elec-
trophoresis or fluorescence emission from tryptophan residue
revealed that the mutant protein should be easily unfolded.
Far-UV circular dichroism (CD) spectra demonstrated that both
wild-type and the mutant protein have antiparallel beta-sheets as
their secondary structure with slightly different extent. The ther-
mal unfolding profiles measured by CD showed a marked lower
melting temperature for [326T protein compared with that of

Peroxisomal disorders represent an expanding group of ge-
netic disorders in humans and comprise ~20 different disor-
ders (1,2). Generally, peroxisomal disorders are divided into
two groups; PBD (MIM#601539) and single peroxisomal en-
zyme deficiencies. PBD include ZS (MIM#214100), NALD
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wild-type protein. Analysis of the protein 3D-structure indicated
that the I1e326 should be a core residue for folding kinetics and
the substitution of Ile326 by threonine should directly alter the
kinetic equilibrium, suggesting a marked increase of the unfoided
molecules when the patient had a high fever. Structural analyses
of the protein in the other genetic diseases could provide an
avenue for better understanding of genotype-phenotype
correlations. (Pediatr Res 58: 263-269, 2005)

Abbreviations
AOX, peroxisomal acyl-CoA oxidase
CD, circular dichroism
DBP, D-bifunctional protein
GST, glutathione-S-transferase
NALD, neonatal adrenoleukodystrophy
PBD, peroxisomal biogenesis disorder
Pex, Peroxin
SH3, src-homology 3
TS, temperature-sensitive
TUG, transverse urea gradient
28, Zellweger syndrome

(MIM#202370), infantile Refsum disease (MIM#266510), and
rhizomelic chondrodysplasia punctata type 1 (MIM#215100).
Our recent studies have shown that there is genetic heteroge-
neity among these patients, as concluded from complementa-
tion studies that have so far shown 13 different groups (3). The
exact functional role of these different PEX gene products
(peroxins) is largely unknown, but recent studies have revealed
part of the importing mechanisms of peroxisomal proteins in
association with peroxisome targeting signal receptors 1 and 2
(4).

A central role in the peroxisomal assembly is played by the
PEX13 protein (Pex13p) together with Pex14p and Pex5p (5).
Pex13p is a peroxisomal membrane protein containing an SH3,
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which typically requires the PxxP motf for its binding part-
ners, as observed in Pex14p (6,7). Mutation analysis of PEX13
revealed that two patients belonging to complementation group
H with the ZS and NALD phenotypes carried a nonsense and
a missense mutation, respectively (8). The patient with the
milder form, NALD, had a missense mutation with substitution
of isoleucine (Ile) 326 by threonine (Thr), I326T, within a SH3
domain, and showed normal development just before a sudden
deterioration with a high fever due to a respiratory infection.
Additionally, the patient’s fibroblasts showed a TS phenotype
in peroxisome assembly and function (8).

TS phenotypes in human have been reporied in several
diseases, including anemia, thromboembolism, PBD, and tri-
chothiodystrophy (8—11). The genotypes of the patients have
been revealed, but the precise molecular mechanisms between
genotypes and clinical phenotypes are still to be clarified. We
report here a part of structural basis of the TS phenotype
caused by the PEX13 mutation.

PATIENTS AND METHODS

Patient. The index patient is a male of Caucasian parents with a noncon-
sanguineous marriage. Pregnancy, delivery, and developmental milestones
during the first postnatal year were normal. At age 16 mo he became ill with
a high fever due to an upper respiratory infection, followed by rapidly
progressive hypotonia and muscle weakness leading to severe generalized
paresis that made gavage feeding necessary. Loss of hearing and visual decline
followed within 6 mo of onset. No external dysmorphia or hepatosplenomegaly
was observed.

Skin fibroblasts of the patient showed no catalase-containing particle, and
the clinical features and the cytologic appearance of the fibroblasts were
compatible to the phenotypes of neonatal adrenoleukodystrophy. Biochemical
analyses including fatty acids indicated peroxisomal abnormalities (C24:0/
C16:0: 0.15; normal control: 0.58), but dihydroxyacetone phosphate acyltrans-
ferase activity was normal in the patient's fibroblasts (patient: 2.26; control:
1.55 nmol/mg/120 min) (8).

The patient was classified as new group H, with the genetic mutation being
the homozygote of T997C of the PEX 13 gene resulting in a missense mutation,
1326T (8). The cell lines obtained from the patient showed a TS phenotype in
the peroxisomal biogenesis detected by catalase import after incubation at
30°C instead of 37°C. It was demonstrated in a gene expression experiment
using the PEX13-defective CHO mutant that the 1326T was indeed the TS
mutation (8). This study was approved by the Institutional Review Board of
Gifu University. Informed consent was obtained from parents.

Cell lines and immunofluorescence study. Fibroblasts from patient HO2,
who showed Zellweger phenotype (W234ter in PEX13), and patient KOI, who
showed Zellweger phenotype (Q18%ter in PEX14), were used as negative
controls in immunofluorescent staining. Fibroblasts from patient HO1 (I1326T in
PEX13), patient H02 (W234ter in PEX13), patient KOl (Q18%er in PEX14),
and control were cultured at 37°C or 30°C for 7 d (3,8). The cells were fixed
with 4% paraformaldehyde/0.1 M potassium phosphate, pH 7.4, permeabilized
with 0.1% Triton X-100/PBS, and blocked with 4% FCS/0.1% Triton X-100/
PBS. In these fixed fibroblasts, peroxisomes were immunohistochemically
stained with rabbit anti-rat-peroxisomal AOX and rabbit anti-human DBP
antibodies. For double immunofluorescence staining, rabbit anti-rat Pex14p
and mouse anti-human Pex13p (Abcam Lid., Cambridge, UK) antibodies, and
FITC-conjugated goat anti-rabbit (Tago Biosource International, Camarillo,
CA) and Cy3-conjugated goat anti-mouse (Chemicon International, Temecula,
CA) secondary antibodies were used. For observation we used a confocal
laser-scanning microscope (LSMS PASCAL, Carl Zeiss GmbH, Jena, Ger-
many) (12).

Purification of recombinant proteins. Protein expression and purification
were performed as described previously with minor modification (13). Briefly,
Escherichia coli BL21 cells were transformed with the vector, pGEX6P-3
coding the GST-fused Homo sapiens (Hs) Pex13p-SH3 domain, which was
confirmed as a binding domain for Pex14p (14). The colony with the highest
expression level was cultivated overnight in 200 mL of the LB medium with
100 wg/mL ampicillin. The culture was transferred into 2 L of the LB medium
with 100 wg/mL ampicillin and incubated at 37°C until OD 600 = 0.45, and
then was cooled to 18°C. IPTG (final concentration 0.1 mM) was added to the
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medium when OD 600 = 0.5. The culture was further incubated at 18°C for
7 h.

The bacterial cell pellet was resuspended in buffer-A (50 mM Tris-HCI, pH
8.0, 400 mM KCl, 10 mM 2-mercaptoethanol, and 1 mM EDTA) with 1| mM
PetaBloc (Roche Molecular Biochemicals, Indianapolis, IN), lysed by sonica-
tion, and then centrifuged. The clear lysate was applied onto a GST affinity
column (Amersham Pharmacia Biotech, Piscataway, NJ) and the column
washed with buffer-A. The captured fusion protein was cleaved by PreScission
protease (Amersham Pharmacia Biotech) at a ratio of 1% (wt/wt) at 4°C and
HsPex13p-SH3(wild-type or 1326T) protein was eluted by buffer-A.

Protease susceptibility assay. Twenty microliters of GST-Pex13p(wild-
type) or (I326T) (1 mg/mL) was incubated with 0.1% wt/wt of chymotrypsin
at 20, 30, or 40°C for I h and analyzed by SDS-PAGE (15-25% gradient).

Conformational stability analyses of HsPex13-SH3. Conformational sta-
bility of HsPex13-SH3(wild-type or 1326T) was analyzed by TUG gel elec-
trophoresis and fluorometry (10,15). TUG polyacrylamide gels {linear gradient
0-8 M urea in 7.5% (wt/vol) acrylamide] were prepared as previously
described with minor modification using the DCode system (Bio-Rad, Her-
cules, CA) (10). Tris-glycine buffer (25 mM Tris, 192 mM glycine) was used
as a running buffer. One hundred micrograms of HsPex13-SH3(wild-type or
1326T) was dissolved in sample buffer (62.5 mM Tris-HC] pH6.8, 40%
glycerol, 0.01% BPB) and applied evenly across the top of the gel, and
electrophoresis was performed at 25 mA constant current for 3 h, keeping the
buffer and the gel at 20°C with the DCode temperature control system.

Conformational stability of HsPex13-SH3(wild-type or 1326T) was also
analyzed as previously described with minor modification using a F-2000
fluorimeter {Hitachi, Yokohama, Japan) (15). Tryptophan residues were selec-
tively excited at 295 nm and the emitted signal was recorded from 309 to 550
nm. Measurements were performed at 20°C in 50 mM phosphate buffer (pH
7.5) containing 100 mM Na,SO,. Urea (1-8 M) was used as the denaturant and
the protein concentration in each experiment was 15 uM.

Circular dichroism of HsPex13-SH3 at different temperatures. All the
circular dichroism (CD) measurements were acquired using an Aviv 202
stopped-flow circular dichroism spectrometer (Aviv Associated, Lakewood,
NJ) (16,17). Far-UV CD spectra were recorded between 200 and 250 nm, using
a 1-nm slit width and a 0.1-cm path length cell thermostated at 5°C. Typically,
CD signals were collected for 10 s at each wavelength. Thermal unfolding of
HsPex13-SH3 was monitored by measuring the CD signal at 218 nm contain-
ing 62 uM of HsPex13-SH3 in 50 mM phosphate buffer (pH 7.5) with 100 mM
Na,SO, in a temperature range from 3 to 85°C with a heating rate of 1°C/min.

Seq e alig t and I logy deling of the structures. The
sequence alignment of the Pex13p-SH3 domains of different species and the
HsFyn-SH3 domain were performed by ClustalW with a BLOSUM matrix
(18). Homology modeling of the HsPex13-SH3 domain was performed with a
Geno3D system using the crystal structure of the Saccharomyces cerevisiae
(Sc) Pex13-SH3 domain (PDB code: 1N5Z) as a template (19). Structural
verification of the calculated models was performed with PROCHECK (20).
Structural rendering was performed with RasMol software (21).

RESULTS

Immunofluorescence studies of patient fibroblasts. Fibro-
blasts of the control, patients HO1 (1326T), HO2 (W234ter), and
KO1 (Q189¢ter in PEX14) were incubated for 7 d at 37°C or
30°C and subjected to immunofluorescence staining. The punc-
tuate staining pattern for intact peroxisomes and the intact
import of AOX and DBP were observed in the control fibro-
blasts at 37°C and 30°C (Fig. 1), whereas no immunofluores-
cence stained particles with these antibodies could be observed
in the HO2 fibroblasts at either 37°C or 30°C (Fig. 1). In the
HO1 fibroblasts, only a few particles could be observed at 37°C
(Fig. 1, A-a and B-a), whereas numerous particles could be
observed at 30°C (Figure |, A-d and B-d), indicating a TS
phenotype.

In a double immunofluorescence staining study using mouse
anti-Pex13p and rabbit anti-Pex 14p antibodies, expression of
Pex13p on peroxisomes was also impaired at 37°C in HOI cells
(Fig. 2A-e); but it was restored at 30°C (Fig. 2B-¢), indicating
the temperature-sensitive nature of the protein with the 1326T
mutation. In addition, the Pex14p assembly on the peroxisomes
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Figure 1. Protein import into peroxisomes depends on temperature in fibro-
blasts harboring the mutation I326T in PEX13. Fibroblasts from control,
patient HO1 (I326T in PEX13), and patient HO2 (W234ter in PEX13) were
cultured at 37°C or 30°C. Cells were stained with (A) anti-human AOX and (B)
anti-human DBP rabbit antibodies, and anti-rabbit IgG antibody with FITC.
Import of peroxisomal enzymes is impaired at 37°C in HOI cells. but is
restored at 30°C, indicating the temperature-sensitive phenotype of peroxiso-
mal biogenesis with protein import via peroxisomal targeting signal receptors.
In contrast, HO2 cells show no restoration, even at 30°C.

was also impaired at 37°C in HO! cells (Fig. 2A-a), so that the
assembly of Pex I4p on peroxisomes was dependent on Pex13p
expression, but not vice versa. Neither Pex13p nor Pexl4p
expression was detected in the HO2 fibroblasts at 37°C or 30°C
(Fig. 2). However, an amount of Pex14p equivalent to that of
wild-type cells was confirmed in the HO1 and HO2 cell lysates
by immunoblot analysis (authors™ unpublished data). The find-
ings suggested that Pex 14p incorporation into the peroxisome
in HO1 cells was not due to its defect, but that the impairment
was due to the lack of the HsPex13p binding function (22).
Protease susceptibility assay. Proteasc susceptibility of
Pex13p was examined with chymotrypsin. HsPex13p-
SH3(I326T) incubated with chymotrypsin showed marked sus-
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Pex13
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Pexid

Pexi3

Meaige
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Figure 2. PexI3p expression and Pex14p assembly depend on temperature in
fibroblasts harboring the mutation I1326T in PEX13. Fibroblasts from control.
patient HO1 (I326T in PEX13), patient HO2 (W234ter in PEX13), and patient
KO1 (Q189ter in PEX14) were cultured at (A) 37°C or (B) 30°C for 7 d. Cells
were stained with mouse anti-human Pex 13 and rabbit anti-rat Pex14p anti-
bodies. Expression of Pex]3p on peroxisomes is impaired at 37°C in HOI cells,
but it is restored at 30°C, indicating the temperature-sensitive nature of protein
with the I326T mutation. Pex 14p assembly on the peroxisomes is also impaired
at 37°C in HO! cells, but is restored at 30°C, suggesting that the loss of
assembly of HsPex14p in HOI cells is due to the lack of the HsPex13p adaptor
function.

ceptibility to protease cleavage at all temperatures compared
with HsPex13p-SH3(wild-type) (Fig. 3). The finding suggested
that the problem of SH3 domain fold in I326T mutant, which
results in an increase of protease susceptibility.
Conformational stability analyses of HsPex13-SH3. TUG
gel analysis of HsPex[3p-SH3 protein showed a significant
migration between HsPex13-SH3(wild-1ype) and HsPex13-
SH3(I326T), both showing a sigmoidal transition curve (Fig.
4A). Co-electrophoresis of mixed sample of HsPex!3-
SH3(wild-type) and HsPex13-SH3(1326T) clearly showed the
difference of migration between them (Fig. 4B). HsPex13-
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Figure 3. Protease susceptibility of Pex13p(1326T). HsPex 13p-SH3(wild-type or
1326T) was incubated with 0.1% wt/wt of chymotrypsin at 20, 30, or 40°C for 1 h
and analyzed by SDS-PAGE. HsPex13p-SH3(1326T) incubated with chymotryp-
sin shows marked susceptibility against protease cleavage at all temperatures
compared with HsPex 13p-SH3(wild-type). These findings indicate that the protein
structure of HsPex13p-SH3(I326T) itself also has a temperature-sensitive charac-
ter. Large arrow, intact Pex13p-SH3; small arrows, cleaved fragments; pre,
preincubation; 20,30,40, incubation temperature.
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Figure 4. TUG gel analysis of HsPex 13p-SH3 protein. (A) Electrophoresis of
(left) HsPex 13-SH3(wild-type) or (right) HsPex13-SH3(1326T) was performed
on TUG polyacrylamide gels [linear gradient 0—8 M urea in 7.5% (wt/vol)
acrylamide] using the DCode system (Bio-Rad), keeping the temperature at
20°C. Migration of HsPex13-SH3(I326T) showed a significantly different
pattern compared with that of HsPex13-SH3(wild-type), having a sigmoidal
curve. (B) Co-electrophoresis of mixed sample of HsPex13-SH3(wild-type)
and HsPex 13-SH3(I1326T). Co-electrophoresis clearly showed the difference of
migration between HsPex13-SH3(wild-type) and HsPex13-SH3(I326T).
HsPex13-SH3(1326T) migrated similar to the HsPex13-SH3(wild-type) at 0 M
or 8 M urea region, suggesting similar native or denatured conformations of
them. However, the half point of the conformational transition in HsPex13-
SH3(I326T) was observed at around 2 M, whereas that in HsPex 13-SH3(wild-
type) was observed at around 4 M. These results indicate that the conforma-
tional stability of HsPex13-SH3(1326T) is markedly lower than that of
HsPex|3-SH3(wild-type).

SH3(1326T) migrated similarly to the HsPex13-SH3(wild-
type) at around the 0 M and 8 M urea region, suggesting
similar native and denatured conformations. However, the half
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point of the conformational transition in HsPex13-SH3(1326T)
was observed at 2 M, whereas that in HsPex 13-SH3(wild-type)
was observed at 4 M. These results indicate that the confor-
mational stability of HsPex13-SH3(I326T) is markedly lower
than that of HsPex13-SH3(wild-type).

Conformational changes of HsPex13-SH3(wild-type or
1326T) were examined using fluorescence from tryptophan
(excitation, 295; and emission, above 309 nm). Fluorescence
spectra were obtained in the same buffer with or without 8 M
urea at 20°C (Fig. 54). HsPex13-SH3(wild-type or 1326T) in
the absence of urea showed a different peak emission wave-
length (wild-type, 336 nm; I326T, 342 nm) and intensity,
whereas those in the presence of 8 M urea showed the same
peak emission wavelength with a significant red-shift at 350
nm and the same intensity, which were significantly higher
than those of protein without urea. These results indicate that
the peak wavelength and intensity increases with the degree of
exposure of the tryptophan residue in the SH3 domain (residue
number Trp313 of HsPex13) to the solvent.

Transitions of the peak wavelength were monitored with a
different urea concentration (0—8 M). HsPex13-SH3(wild-
type) showed a sigmoidal transition of the peak emission
wavelength changing from 336 to 350 nm, whereas HsPex13-
SH3(I326T) showed a lesser sigmoidal transition of the peak
changing from 342 to 350 nm (Fig. 5B). These findings indi-
cate that HsPex13-SH3(I326T) has a different population of
native conformation even in a native condition at 20°C.

Circular dichroism of PEXI13-SH3 at different tempera-
tures. Far-UV CD spectra at 5°C in Figure 6A demonstrates
that both HsPex13-SH3(wild-type) and HsPex13-SH3(1326T)
have a minima around 218 nm, which corresponds to the
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Figure 5. Conformational changes in denaturation by urea. (A) Conforma-
tional changes of HsPex13-SH3(wild-type or 1326T) was measured using
fluorescence from tryptophan (excitation, 295; and emission, above 309 nm).
Measurements were performed at 20°C in 50 mM phosphate buffer (pH 7.5)
containing 100 mM Na,SO, with or without 8 M urea. HsPex13-SH3(wild-
type or I326T) in the absence of urea showed a different emission peak and
intensity (wild-type, 336 nm; 1326T, 342 nm), whereas in the presence of 8 M
urea showed the same emission peak at 350 nm and the same intensity
significantly higher than those of protein in native state. These results indicate
that the peak wavelength and intensity will increase with the degree of
exposure of the tryptophan residue in the SH3 domain (residue number
Trp313) and the native state protein of HsPex13-SH3(I326T) should have a
different tertiary structure around Trp313. (B) Monitoring of the peak wave-
length in emissions with a different urea concentration (0-8 M). HsPex 13-
SH3(wild-type) showed a lesser sigmoidal transition of the peak changing
from 336 to 350 nm, whereas HsPex13-SH3(I326T) showed a nonsigmoidal
transition of the peak changing from 342 to 350 nm. These findings indicate
that HsPex 13-SH3(I326T) has a structure with more exposed Trp313 even at
native condition, and the population of the mutant protein would be skewed for
the unfolded state even at 20°C.
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Figure 6. CD spectra of Pex13p-SH3. (A) CD spectra of Pex13p-SH3 in
native and denatured states. The values of wild-type and I326T protein at 5°C
have a similar minima at around 218 nm, which corresponds to the typical
anti-parallel beta-sheets, but with different intensities. On the other hand,
thermally unfolded CD spectra at 85°C are almost the same for both proteins,
suggesting similar unfolded conformations. The measured temperatures are
indicated in parenthesis. (B) Transition of HsPex13p-SH3(I326T) at a lower
temperature. Melting temperature (Tm) of HsPex13-SH3 (wild-type) is
~58°C. However, Tm of HsPex13-SH3 (I326T) is significantly low, i.e.
around 30°C. The significantly low thermal stability of HsPex13-SH3 (1326T)
results in a low population of the native conformation even at 30°C. When the
temperature increases over 40°C, most of the population may lose their native
folds.

typical antiparallel beta-sheets, but with different intensities.
Antiparallel beta sheets are characteristic to the SH3 domain
structures (17). On the other hand, thermally unfolded CD
spectra at 85°C are almost the same for both proteins, suggest-
ing similar unfolded conformations (Fig. 64). A decrease of
intensities at 218 nm upon unfolding may be due to an increase
of the intermolecular interaction (intermolecular beta-sheet
formation) and/or the change of contribution from the aromatic
side-chain absorption. However, to address the differences in
thermal stability between the two proteins, we measured their
thermal denaturation profiles.

Thermal unfolding profiles for both proteins measured by
CD intensities at 218 nm is displayed in Fig. 6B8. Melting
temperature (Tm) of HsPex13-SH3(wild-type) is ~58°C.
However, melting temperature of HsPex13-SH3(I326T) is
significantly lower, i.e. around 30°C. The significantly
low thermal stability of HsPex13-SH3(I326T) results in a
low population of the native conformation even at 30°C.
When the temperature increases over 40°C, most of the
population may lose their native folds (Fig. 6B). Thermal
denaturation processes of HsPex13-SH3(wild-type) and
HsPex13-SH3(1326T) were fully reversible between 5 and
85°C (data not shown).

Sequence alignment and homology modeling of the struc-
tures. The sequence alignment of the Pex13p-SH3 domains of
different species showed striking similarities, especially in
mammalian species (>>95%) (Fig. 74). The amino acid iden-
tities among yeasts and mammalians were not so high (about
30%), but the substitutions of the amino acids were mostly
conservative. Ile at 326 of HsPex13p is well conserved, except
for Pichia pastoris Pex13p, but has a conservative amino acid,
valine (Fig. 7A). The crystal structure showed that the I11e362 of
ScPex13p, which corresponds to Ile326 of HsPex13, is one of
the hydrophobic core residues of the beta-barrel structure of the
SH3 domain, and that the residue also consists of a recognition

/

Hle362 of ScPex13

Figure 7. Structural analyses of Pex13p-SH3. (A) Sequence alignment of the
Pex13-SH3 domains among different species (Hs: Homo sapiens, Mm: Mus
musculus, Rn: Rattus norvegicus, Cg: Cricetulus griseus, Pp: Pichia pastoris,
Sc: Saccharomyces cerevisiae), showing striking similarities, especially in
mammalian species (>95%). Amino acid identities among yeasts and mam-
malians are relatively lower (about 30%), but the substitutions are mostly
conservative. Isoleucine at 326 of HsPex13p is well conserved, except for
PpPex13p but has a conservative amino acid, valine. (B) Crystal structure of
ScPex13p. 11e362 of ScPex13p, corresponding to 11326 of HsPex13, is one of
the hydrophobic core residues of the beta-barrel structure of the SH3 domain,
and the residue also consists of a recognition site for the PxxP motif of
ScPex14p, suggesting that the substitution of the residue affects the structure
and the binding activity. The overall structures are shown as a ribbon model
and the residues of Ile362 of ScPex13p and the peptide with the PxxP motif of
ScPex14p are indicated in spacefill representations—carbon in gray, nitrogen
in blue, and oxygen in red.

site for the PxxP motif of ScPex14p, suggesting that the
substitution of the residue affects structure and binding activity
(Fig. 7B).

Alignment of the HsPex13-SH3 and HsFyn-SH3 domains
showed high similarity, and that the core “nucleus” hydropho-
bic residues, [le28, Ala39, and Ile50, of HsFyn-SH3 deter-
mined by protein folding kinetic analyses (15,17) were also
conserved in HsPex13-SH3 (Fig. 84). Homology modeling of
the HsPex13-SH3 domain confirmed that these three core
nuclei residues were also structurally conserved (Fig. 8B, left
and center).

However, the mutant SH3 domain with I326T has a different
main chain topology, especially around the interface for pep-
tide binding. Moreover, the core nucleus residues could be only
loosely formed due to the negatively charged side chain of Thr
(Fig. 8B, right). These findings suggest that the overall struc-
ture of the SH3(I326T) mutant would be fragile and be sus-
ceptible to protease digestion, which results in loss of interac-
tion between SH3(1326T) and Pex14p.

DISCUSSION

Pex13p has a central role in the assembly of peroxisomal
proteins, and interaction with Pex14p is a critical step for
peroxisomal biogenesis (5,8). Pex13p has an SH3 domain in
the C-terminal region that is known as an adaptor domain for
the PxxP motif peptide, one that Pex14p also has (6,7). Our
observations of the patient’s fibroblasts revealed the tempera-
ture-sensitive nature of biogenesis of peroxisomes and import
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Figure 8. Conservation of hydrophobic core residues in Pex13p-SH3. (A)
Alignment of the HsPex13-SH3 and HsFyn-SH3 domains. The HsFyn-SH3
domain is numbered according to Northey et al. (15) The high similarity
indicates that conservation of the core “nucleus”™ hydrophobic residues, Ile28,
Ala39, and 11e50, of HsFyn-SH3 is important for protein folding. (B) Structural
comparison between HsFyn-SH3 and HsPex13-SH3s. Homology modeling of
the HsPex13-SH3 domain confirms the structural conservation of the core
“nucleus” hydrophobic residues. However, the mutant SH3 domain with 1326T
shows a different main chain topology especially around the interface for
peptide binding, and the core nucleus residues can be only loosely formed due
to the negatively charged side chain of Thr. The overall structures are shown as
the main chain backbone, and the critical nucleus residues are indicated as spacefill
representations, as in Figure 7.

of peroxisomal enzymes (Fig. 1) (8). In addition, assembly of
Pex14p also showed a temperature-sensitive character that
depended on Pex13p expression (Fig. 2). The temperature-
sensitive nature of the expression of HsPex13p(I326T) on
peroxisomes suggests that the produced protein, especially the
SH3 domain, is fragile and was degraded at 37°C, but that the
protein structure could be maintained preserving its binding
activity with Pex14p at 30°C (Fig. 2).

The principal stabilizing element in globular proteins such as
the SH3 domain is the hydrophobic core, a subset of hydro-
phobic residues that is shielded from solvents in the native state
structure. The role of hydrophobic core residues in maintaining
the thermodynamic stability of proteins has been demonstrated;
and protein folding kinetics studies have indicated a key role
for hydrophobic core residues not only in stabilizing the native
state but also in driving the folding reaction itself (15). Com-
paction of the hydrophobic core occurs in the early stages of
folding and resulted in significant reductions in the folding rate
caused by substitutions at a distinct region of the hydrophobic
core (23,24).

In the HsFyn-SH3 domain, the stability and folding kinetics
of protein have been characterized using >40 mutant proteins
(15). The results showed that three core nucleus residues,
1le28, Ala39, and Ile 50 (Fig. 8B, left), were tightly packed
even in the transition state of folding, and that substitutions at
these positions cause the largest changes in the stability in the
native state, and also in the folding rate; for example, the
alanine mutant of Ile50 showed significant reduction in Tm
(wild-type: 80.1°C; 150A: 44.2°C). Introducing the mutation
also altered the folding and the unfolding kinetics at 25°C
(folding versus unfolding: wild-type, 30.2/s versus 0.51/s;
150A, 4.2/s versus 13.8/s), indicating that slower folding and
faster unfolding resulted in an equilibrium with the larger
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unfolded population of the proteins even at a temperature lower
than its melting temperature (15). Similar characteristics of
core nucleus residues have been investigated in other SH3
domains showing similar results (17,23-25).

[1e326 of HsPex13p-SH3 is a hydrophobic core residue of
the barrel structure of the domain and also should act as a key
core nucleus residue for protein folding with Leu30l and
Ala316 (Fig. 8B, center). The substitution of Ile50 by serine of
HsFyn-SH3 showed a drastic reduction in peptide binding
activity with marked protein instability, suggesting similar
effects as by the 1326T mutation, introducing a charged side
chain of threonine into the hydrophobic core of HsPex 13p-SH3
(Fig. 8B, right). Protein stability assays performed here have
shown the fragility of the SH3 domain conformation (Figs.
3-5), and that the melting temperature of 1326T estimated by
CD was markedly lower than 37°C (Tm: wild-type, 58°C;
1326T, 30°C). These findings indicate that a large population of
the expressed protein is not correctly folded even at a normal
body temperature (Fig. 6B). The temperature-sensitive nature
of the mutation 1326T in HsPex 13p should be recognized, not
only as simple fragility, such as susceptibility to the proteases
of the native protein, but also as an imbalance of folding and
unfolding kinetics, which results in an increase of unfolded
proteins even at a lower temperature, something similarly
observed in other SH3 mutants (15,24,25).

From the findings above, it can be assumed that when a
patient with the I326T mutation in Pex13p has a high body
temperature, such as 40°C, correctly folded protein would be
almost lost, and the loss of Pex13p leads to the loss of
assembly of the peroxisomal targeting receptors including
Pex14p; then total peroxisomal biogenesis would be abolished,
with the dysfunction leading to the deterioration of the patient.
Moreover, a large proportion of Pex13p is unfolded even at a
normal body temperature, but the residual adaptor activity by
correctly folded proteins can somehow maintain peroxisomal
functions as shown in the residual activity of the fatty acid
metabolism (4,8). In PBD, TS phenotypes in Pex1, Pex2, and
Pex6 with milder forms have been reported (26,27) and ther-
apeutic effects have been reported in cells from patients with
milder phenotypes, but not those with the severe phenotype, ZS
(28). Treatment of PBD fibroblasts with 4-phenylbutyrate
showed an induction of peroxisomes having a 2-fold increase
in transcription of related genes. If the absolute amount of
correctly folded protein increases even with the same ratio of
the unfolded protein, it could provide a protective treatment for
TS phenotype patients.

Mutation effects of noncatalytic residues in genetic diseases
have been implicated simply as protein degradation by struc-
tural instability. However, as shown in this study, which has
directly revealed the folding state of protein in the TS pheno-
type mutation (1326T), more precise investigations utilizing
structural analyses could reveal the true nature of the muta-
tions; showing a part of pathogenesis of TS phenotype in
peroxisomal disease. The structural approaches in the other
genetic diseases also can contribute to better understanding of
genotype-phenotype correlation and assist the development of
new therapeutic approaches including the use of chemical
chaperones (29).
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Cognitive impairment after traumatic brain
injury: a functional magnetic resonance
imaging study using the Stroop task

Abstract The anterior cingulate
cortex (ACC) plays a key role in
cognition, motor function, and
emotion processing. However, little
is known about how traumatic brain
injury (TBI) affects the ACC system.
Our purpose was to compare, by
functional magnetic resonance
imaging (fMRI) studies, the patterns
of cortical activation in patients with
cognitive impairment after TBI and
those of normal subjects. Cortical
activation maps of 11 right-handed
healthy control subjects and five TBI
patients with cognitive impairment
were recorded in response to a
Stroop task during a block-designed
fMRI experiment. Statistical para-
metric mapping (SPM99) was used
for individual subjects and group
analysis. In TBI patients and con-
trols, cortical activation, found in
similar regions of the frontal, occip-

ital, and parietal lobes, resembled
patterns of activation documented in
previous neuroimaging studies of the
Stroop task in healthy controls.
However, the TBI patients showed a
relative decrease in ACC activity
compared with the controls. Cogni-
tive impairment in TBI patients
seems to be associated with altera-
tions in functional cerebral activity,
especially less activation of the ACC.
These changes are probably the
result of destruction of neural
networks after diffuse axonal injury
and may reflect cortical disinhibition
attributable to disconnection or
compensation for an inefficient
cognitive process.

Keywords Cognitive function -
Functional MRI - Brain injury -
Stroop task

Intreduction

Follow-up studies of patients with traumatic brain
injury (TBI) disclosed cognitive dysfunction even in
patients with good neurological recovery [1-5]. In spite
of advances in acute care and rehabilitation, these defi-
cits interfere with the rehabilitation process, social
re-integration, and the ability to function independently.

Several neuroimaging studies revealed structural,
cerebral blood flow, and metabolic abnormalities fol-
lowing TBI [2, 3], such as corpus callosal atrophy [4] and
anterior temporal dysfunction [5]. However, these
studies assessed the patient at resting condition, a status

in which neural activity is different from task-related
neural activity. Positron-emission tomography (PET) or
functional magnetic resonance imaging (fMRI) has been
applied to assess changes in neural circuitry in response
to specific tasks with well-described functional neuro-
anatomical characteristics [6]. For example, in an fMRI
study of working memory, TBI patients showed
increased activation of right frontal regions and gener-
ally increased dispersion of activation [7]. In a PET
study, they manifested reduced frontal activation during
free recall and increased frontal activation during
recognition [8]. However, in those studies, working
memory tasks that stress these networks were used, and
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other cognitive functions, such as attention and emo-
tional disorders, were not taken into consideration.

Psychological studies indicated that cognitive
impairment was related to frontal and anterior cingulate
cortex (ACC) abnormalities [9, 10], and fMRI studies
provided information regarding the role of the ACC
during the Stroop task {I1-15]. This task is a classical
experimental paradigm used in cognitive neuroscience to
probe attention phenomena [16]. These studies showed
that the ACC played a key role in selective attention,
motor function, and emotional processing. However,
little is currently known about how the ACC system is
disrupted by TBI. Statistical analysis showed that the
Stroop task was better at discriminating between TBI
and control groups than other neuropsychological tests
were [17]. To our knowledge, no neuroimaging studies
on TBI patients performing the Stroop task have been
published to date.

In this fMRI study, we tested our hypothesis that
ACC dysfunction contributes to cognitive impairment in
individuals with TBI. To this end, we compared the
patterns of cortical activation during the Stroop task in
TBI patients and healthy subjects.

Methods
Participants

The study population consisted of five patients, three
men and two women aged between 24 years and
38 years (mean 29.8+6.4 years), who were making a
good neurological recovery after sustaining a severe
closed head injury caused by motor vehicle accident.
Severe head injury was defined as an initial Glasgow
coma scale (GCS) score between 3 and 8 [18]. Initial
MRI revealed small focal and diffuse neuropathological
consequences, typical of moderate-to-severe TBI, in all
patients. There was no evidence of massive contusions,
including to the ACC, and none of the patients
underwent surgical procedures. All underwent neuro-
psychological testing by the 30-point mini-mental state
examination (MMSE) [19], the Wechsler adult intelli-
gence scale-revised (WAIS-R) [20], and the Wechsler
memory scale-revised (WMS-R) [21]; all tests were the
Japanese-language version. A trained neuropsycholog-
ical technician, blind to the MRI findings, administered
the neuropsychological tests. These tests and fMRI
were performed between 1 year and 7 years after the
injury. Clinical and neuropsychological data are sum-
marized in Table 1. Patients were compared with 11
age-matched and education-matched right-handed
healthy subjects, seven men and four women aged be-
tween 23 years and 35 years (mean 28.1+4.7 years).
All control subjects were screened to ensure that they

had no history of neurological damage or color-blind-
ness. Written prior informed consent, approved by
the Gifu University Medical Review Board, was ob-
tained from all study subjects before inception of this
investigation.

Task and design

We used a modified Japanese-language version of the
Stroop test. The following two variants of the Stroop
task were assigned [13]: (1) the color-naming Stroop
task, in which the displayed word named the ink color of
the word, and selected name color cards (e.g., the word
“vellow” printed in green selects the green card); (2) the
word-naming Stroop task, in which the displayed word
named a color that was different from that of its ink
color, and selected name color cards (e.g., the word
“blue” printed in red selects the blue card). The colors
used were red, blue, green, and yellow. The stimuli were
shown by fiber-optic glasses (Silent Vision 4000, Avotec,
USA). Each stimulated block consisted of 15 trials,
presented at a rate of one trial every 2 s. The subjects
responded by pressing right/left buttons in response to
color-congruent/word-congruent targets [12]. A scanner
was used to obtain accuracy data for all subjects. We
were not able to record reaction time data during
scanning.

Functional MRI procedure

We used a blocked fMRI design that involved presen-
tation of a 30-s rest condition followed by a 30-s
activation condition. This cycle was repeated three
times over the course of 3 min. The resting baseline
reference task was a standard condition during which
subjects were instructed to lie still and remain quiet
with their eyes open [22]. Functional and anatomical
imaging was performed on a 1.5 T clinical scanner
(Signa, GE Medical Systems, Milwaukee, Wis., USA)
with a standard head coil. Blood oxygenation level-
dependent (BOLD) functional images parallel to the
bicommissural plane were acquired with single-shot
echo planar sequences (repetition time 3,000 ms, echo
time 50 ms, flip angle 90°, acquisition matrix 64x64,
field of view 24 cm, 15 slices, slice thickness 7 mm, slice
gap 1.5 mm). In addition, high-resolution T1-weighted
three-dimensional spoiled gradient echo (SPGR) ana-
tomical images were obtained (repetition time 7.2 ms,
echo time 1.5 ms, flip angle 10°, acquisition matrix 256
x256, field of view 24 cm, 160 slices, slice thick-
ness 1 mm). During each cognitive task condition, 60
images per slice were acquired in 210 s (total = 960
images).
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Table 1 Subject characteristics (FSIQ full-scale intelligence quotient, ¥7Q verbal 1Q, PIQ performance 1Q, N4 not available)

Characteristic TBI patients Controls P
(n=11)
1 2 3 4 5 Mean SD Mean SD

Age/gender 28/F 24/M 38/F 35/M 24/M 29.8 6.4 28.1 4.7 0.78
Education (years) 14 12 12 16 14 13.6 1.7 14.6 1.3 0.73
Time to test (months) 54 12 24 84 48 45.6 28.7 NA NA
MMSE* 30 25 29 30 30 29.8 0.5 NA NA
WAIS-R

FSIQ 86 70 100 90 65 82.2 14.5 NA NA

VIQ 85 86 89 93 73 85.2 7.5 NA NA

PIQ 91 57 114 88 65 83.0 22.6 NA NA
WMS-R

Logical memory 84 54 93 65 62 71.6 16.3 NA NA

Attention 82 87 92 102 82 89.0 8.4 NA NA

Visual reproduction 69 69 88 65 69 72.0 9.1 NA NA

Stroop® 78 80 76 82 71 77.4 4.2 98.0 1.6 0.51

Data analysis

Post-processing was done on a Microsoft workstation
using SPM99 (The Welcome Department of Neurology,
University College London, UK) implemented in
Matlab (Mathworks, Sherborn, Mass., USA). Realign-
ment for motion correction, normalization, and
deformation was performed by using the standard brain
template from the Montreal Neurological Insti-
tute (MNI) and converting to the space of the stereo-
tactic atlas of Talairach and Tournoux [23]. Smoothing
was at 10-mm thickness; for data analysis we used
thresholds of P< 0.05 (corrected) for individual sub-
jects.

Using these data we calculated group activation maps
by pooling the data for each condition at thresholds of
P < 0.001 (uncorrected). The output from each statisti-
cal analysis is a statistical parametric map or a three-
dimensional image.

Results
Behavioral data

Control subjects and TBI patients did not differ signifi-
cantly with respect to gender, age, and years of educa-
tion. Although the TBI patients did generally as well as
the control subjects, they manifested a poor memory for
recent events and had trouble with their jobs. Although
the patients were able to perform the Stroop task, they
made more errors than the controls; however, there was
not a significant difference between the two groups
(P=0.51).

Imaging data

Follow-up MRI scans showed cerebral abnormalities in
two patients. Patient 4 in Table | had a small contusion
scar at the bilateral frontal cortices and patient 1 had a
slight subdural effusion in the right frontal region. There
was no evidence of abnormalities in the other three pa-
tients.

The location of significant increases in the BOLD
signal during the modified Stroop task is shown in
Table 2 and Fig. 1. In TBI patients and controls, corti-
cal activation was found in similar regions of the frontal
[Broadmann’s area (BA) 6, 44, 46], occipital (BA 19,
37), and parietal (BA 7, 40) lobes and resembled the
patterns of activation documented in previous neuroi-
maging studies of the Stroop task in healthy non-Japa-
nese controls [12, 13, 15], indicating that our modified
Japanese version of the computed Stroop task can be
used to evaluate cerebral recruitment in Japanese sub-
jects.

As shown in Fig. 2, compared to the control group,
the TBI group displayed more relatively decreased
cerebral activation in the ACC (BA 32).

Discussion

Using fMRI studies, we compared the pattern of cortical
activation in patients with TBI and healthy control
subjects. Although cognitive impairment may be sub-
clinical and discrete in TBI patients, it can pose con-
siderable challenges in their social re-integration [1]. Our
results provide results of our interrogation of cortical
physiology after head injury.



