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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 (Ile326Thr)
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 I326T protein compared with that of

wild-type protein. Analysis of the protein 3D-structure indicated
that the Ile326 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 unfolded
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
ZS, Zellweger syndrome

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

(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 motif 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 reported 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 PEX13 gene resulting in a missense mutation,
I326T (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 I326T 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 H02,
who showed Zellweger phenotype (W234ter in PEX13), and patient K01, who
showed Zellweger phenotype (Q189ter in PEX14), were used as negative
controls in immunofluorescent staining. Fibroblasts from patient H01 (I326T in
PEX13), patient H02 (W234ter in PEX13), patient K01 (Q189ter 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 Ltd., 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 �g/mL ampicillin. The culture was transferred into 2 L of the LB medium
with 100 �g/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

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-HCl, pH
8.0, 400 mM KCl, 10 mM 2-mercaptoethanol, and 1 mM EDTA) with 1 mM
PefaBloc (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 I326T) 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 1 h and analyzed by SDS-PAGE (15–25% gradient).

Conformational stability analyses of HsPex13-SH3. Conformational sta-
bility of HsPex13-SH3(wild-type or I326T) 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
I326T) was dissolved in sample buffer (62.5 mM Tris-HCl 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 I326T) 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 mMNa2SO4. Urea (1–8 M) was used as the denaturant and
the protein concentration in each experiment was 15 �M.

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 �M of HsPex13-SH3 in 50 mM phosphate buffer (pH 7.5) with 100 mM
Na2SO4 in a temperature range from 5 to 85°C with a heating rate of 1°C/min.

Sequence alignment and homology modeling 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 H01 (I326T), H02 (W234ter), and
K01 (Q189ter 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 H02 fibroblasts at either 37°C or 30°C (Fig. 1). In the
H01 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 1, A-d and B-d), indicating a TS
phenotype.
In a double immunofluorescence staining study using mouse

anti-Pex13p and rabbit anti-Pex14p antibodies, expression of
Pex13p on peroxisomes was also impaired at 37°C in H01 cells
(Fig. 2A-e); but it was restored at 30°C (Fig. 2B-e), indicating
the temperature-sensitive nature of the protein with the I326T
mutation. In addition, the Pex14p assembly on the peroxisomes
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was also impaired at 37°C in H01 cells (Fig. 2A-a), so that the
assembly of Pex14p on peroxisomes was dependent on Pex13p
expression, but not vice versa. Neither Pex13p nor Pex14p
expression was detected in the H02 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 H01 and H02 cell lysates
by immunoblot analysis (authors’ unpublished data). The find-
ings suggested that Pex14p incorporation into the peroxisome
in H01 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. Protease susceptibility of

Pex13p was examined with chymotrypsin. HsPex13p-
SH3(I326T) incubated with chymotrypsin showed marked sus-

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 HsPex13p-SH3 protein showed a significant
migration between HsPex13-SH3(wild-type) and HsPex13-
SH3(I326T), both showing a sigmoidal transition curve (Fig.
4A). Co-electrophoresis of mixed sample of HsPex13-
SH3(wild-type) and HsPex13-SH3(I326T) clearly showed the
difference of migration between them (Fig. 4B). HsPex13-

Figure 1. Protein import into peroxisomes depends on temperature in fibro-
blasts harboring the mutation I326T in PEX13. Fibroblasts from control,
patient H01 (I326T in PEX13), and patient H02 (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 H01 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, H02 cells show no restoration, even at 30°C.

Figure 2. Pex13p expression and Pex14p assembly depend on temperature in
fibroblasts harboring the mutation I326T in PEX13. Fibroblasts from control,
patient H01 (I326T in PEX13), patient H02 (W234ter in PEX13), and patient
K01 (Q189ter in PEX14) were cultured at (A) 37°C or (B) 30°C for 7 d. Cells
were stained with mouse anti-human Pex13 and rabbit anti-rat Pex14p anti-
bodies. Expression of Pex13p on peroxisomes is impaired at 37°C in H01 cells,
but it is restored at 30°C, indicating the temperature-sensitive nature of protein
with the I326T mutation. Pex14p assembly on the peroxisomes is also impaired
at 37°C in H01 cells, but is restored at 30°C, suggesting that the loss of
assembly of HsPex14p in H01 cells is due to the lack of the HsPex13p adaptor
function.
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SH3(I326T) 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

point of the conformational transition in HsPex13-SH3(I326T)
was observed at 2 M, whereas that in HsPex13-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

I326T) 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. 5A). HsPex13-SH3(wild-type or I326T) 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 PEX13-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(I326T)
have a minima around 218 nm, which corresponds to the

Figure 3. Protease susceptibility of Pex13p(I326T). HsPex13p-SH3(wild-type or
I326T) 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(I326T) incubated with chymotryp-
sin shows marked susceptibility against protease cleavage at all temperatures
compared with HsPex13p-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.

Figure 4. TUG gel analysis of HsPex13p-SH3 protein. (A) Electrophoresis of
(left) HsPex13-SH3(wild-type) or (right) HsPex13-SH3(I326T) 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 HsPex13-SH3(I326T). Co-electrophoresis clearly showed the difference of
migration between HsPex13-SH3(wild-type) and HsPex13-SH3(I326T).
HsPex13-SH3(I326T) 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 HsPex13-SH3(wild-
type) was observed at around 4 M. These results indicate that the conforma-
tional stability of HsPex13-SH3(I326T) is markedly lower than that of
HsPex13-SH3(wild-type).

Figure 5. Conformational changes in denaturation by urea. (A) Conforma-
tional changes of HsPex13-SH3(wild-type or I326T) 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 Na2SO4 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; I326T, 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). HsPex13-
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 HsPex13-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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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. 6A). 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. 6B. 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(I326T) 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. 7A). 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 Ile362 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

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, Ile28, Ala39, and Ile50, of HsFyn-SH3 deter-
mined by protein folding kinetic analyses (15,17) were also
conserved in HsPex13-SH3 (Fig. 8A). 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(I326T) 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

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 (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.

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. Ile362 of ScPex13p, corresponding to Ile326 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.
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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,
Ile28, 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; I50A: 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;
I50A, 4.2/s versus 13.8/s), indicating that slower folding and
faster unfolding resulted in an equilibrium with the larger

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).
Ile326 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 Leu301 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 I326T mutation, introducing a charged side
chain of threonine into the hydrophobic core of HsPex13p-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 I326T estimated by
CD was markedly lower than 37°C (Tm: wild-type, 58°C;
I326T, 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 I326T in HsPex13p 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 (I326T), 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).

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 Ile50, 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 I326T
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.
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