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Gaucher disease (GD), themost common lysosomal storage disorder
ofhumans, is causedbymutations in thegene coding for theenzyme
glucocerebrosidase (GCase). Clinical manifestations vary among
patients with the three types of GD, and phenotypic heterogeneity
occurs evenamongpatientswith identicalmutations. Togain insight
into why phenotypic heterogeneity occurs in GD, we investigated
mechanisms underlying the net loss of GCase catalytic activity in
cultured skin fibroblasts derived from patients with the three types
ofGD. Thefindings indicate that the lossof catalytic activityofGCase
correlates with its quantitative reduction, rather than a decrease
in functional capacity of mutant enzyme. Use of a proteasome
inhibitor, lactacystin, resulted in increased expression of GCase,
suggesting amechanismof protein degradation inGD. Furthermore,
reduced binding of GCase to TCP1 ring complex (TRiC), a regulator of
correctprotein folding,may result indefectivematurationofnascent
GCase inGDcells. Additionally, increased interactionbetweenGCase
and c-Cbl, an E3 ubiquitin ligase,may be involved in the degradation
and loss of GCase in GD. Thefindings suggest that specificmolecular
mediators involved in GCase maturation and degradation could
be responsible for phenotypic variation among patients with the
same genotypes and that these mediators could be therapeutically
targeted to increase GCase activity in patients with GD.

Gaucher disease (GD), the most prevalent hereditary meta-
bolic storage disorder of humans, is caused by a deficiency of

the enzyme glucocerebrosidase (GCase) (1, 2). Typical manifes-
tations of GD include hepatosplenomegaly, cytopenias, bone dis-
ease, and, in some patients, CNS involvement (3). Patients without
CNS signs are classified as type 1 GD [Online Mendelian In-
heritance inMan (OMIM) 230800], whereas those with CNS signs
are categorized as either type 2 acute infantile GD (OMIM
230900) or type 3 GD with juvenile or adult onset of neurological
involvement (OMIM 231000). A confounding issue is the pheno-
typic heterogeneity associated with identical GD genotypes. The
phenotype of GD patients with identical genotypes varies signifi-
cantly, sometimes spanning all three phenotypes (4). Sidransky
et al. reported that the five most common GCase mutations oc-
curred in both type 1 and type 3 patients with GD (5). Similarly, in
an analysis of more than 300 mutant alleles associated with either
type 1 or type 3 GD, Koprivica et al. found an inconsistent geno-
type–phenotype correlation with multiple alleles traditionally as-
sociated with distinct clinical presentations (6). In a systematic
evaluation of the in vitro kinetics of 52 GCase mutants responsible
for different subtypes of GD, Liou et al. discovered that several
GCase mutants found in type 2 GD had increased enzymatic ac-
tivity compared with those of type 3 GD (7). Further evidence
indicating inconsistent correlation between phenotype and geno-
type in GD is apparent from studies demonstrating variability in
the clinical manifestations between siblings (8–12).
To understand genotype–phenotype variability in GD, mecha-

nisms potentially involved in the reduction of GCase activity were
investigated in cultured skin fibroblasts derived from patients with

GD. Specifically, we investigated whether variable reduction of
GCase catalytic activity is caused by alterations of the amino acid
sequence of the enzyme or whether GCase activity was variably
reduced because of alterations in the quantity of the enzyme
within cells. To resolve this uncertainty, both enzymatic activity
and expression of GCase protein were evaluated in fibroblasts
derived from patients with types 1, 2, and 3 GD. Based on the
results from these studies, diminished cellular GCase activity was
found to correlate closely with decreases in the quantity of GCase
protein and GD phenotype.
Based on these findings, the effect of inhibiting protein degra-

dation with the proteasome inhibitor lactacystin was investigated.
Inclusion of this agent in the incubation medium caused an in-
crease in the quantity of GCase protein in cells derived from
patients with GD along with increased enzymatic activity. To
determine whether proteomic differences occurred in GD, 2D-
PAGE analysis of proteins was carried out after immunoprecipi-
tation of GCase. This survey provided a number of candidate
molecules that might be involved in cellular processing of mutant
GCase, among which were TCP1, a subunit of the TCP1 ring
complex (TRiC) chaperonin complex, and c-Cbl, an E3 ubiquitin
ligase. The relationship of these mediators of intracellular pro-
teasome quality control to the quantity of cellular GCase was then
explored. These studies revealed that the intracellular protea-
some quality-control system is a key process by which GCase
degradation occurs and indicated that it is involved in the path-
ogenesis of GD. Manipulation of this pathway led to increased
expression of mutated, yet catalytically competent, GCase.

Results
Cellular Levels of GCase Vary in GD Subtypes and Correlate with the
Deficit of Enzymatic Activity. We sought to determine whether the
clinical manifestations in GD were associated with reduced levels
of GCase protein compared with the amount in normal individ-
uals. Fibroblast cell lines were obtained from four type 1, three
type 2, four type 3 GD patients, and four normal individuals
(Table 1). Semiquantitative analysis of intracellular GCase levels
by SDS/PAGE revealed marked heterogeneity of GCase levels
between GD phenotypes and within genotypes (Fig. 1A). The
level of GCase protein in fibroblasts derived from patients with
type 1 GD was 40.5 ± 5.8% (SD) of that in normal individuals,
11.3 ± 6.9% in type 2 GD, and 21.5 ± 10.2% in type 3 GD. GCase
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catalytic activity correlated with decreased protein expression.
Type 1 GD cells had 41.8 ± 5.5% of GCase activity of normal
cells, type 2 GD cells had 9.9 ± 2.4%, and type 3 GD cells had
24.7 ± 5.8% (Fig. 1B). Immunofluorescent staining revealed de-
creased GCase in GD patient fibroblasts as well as reduced lo-
calization of the enzyme within lysosomes in these cells (Fig. 1C),
in concordance with results from previous studies (13, 14).

N370S and L444P Mutations Have Minimal Impact on the Catalytic
Activity of GCase. To ascertain the effects of N370S and L444P
mutations on the catalytic activity of GCase without the con-

founding effect of the quantity of enzyme, GCase was immuno-
precipitated from each cell line. GCase activity wasmeasured after
normalization to the amount of immunoprecipitated GCase pro-
tein. These experiments revealed that there was no significant
difference in the catalytic activity of GCase isolated from cells
derived from patients with the most prevalent mutations of GD,
N370S/N370S and L444P/L444P, compared with the normal en-
zyme (Fig. 2).

Reduction of Proteasome Activity with Lactacystin Increases Cellular
Levels of GCase Activity. Previous studies have shown that many
GD mutations lead to a delay in the exit of nascent GCase pep-
tides from the endoplasmic reticulum (ER), subsequently in-
ducing their degradation by the ER-associated proteasome system
(15, 16). To assess whether increased proteasomal degradation
occurs in GD, types 1 and 3 GD cells and normal cells were grown
in the presence of 5 μM of the proteasomal inhibitor lactacystin
(17) for 24 h, and the resultant GCase protein level was compared
with that of untreated cells by using Western blotting. Treatment
with lactacystin was associated with an increase in GCase levels in
both types 1 and 3GD cells and a small increase of GCase levels in
control cells (Fig. 3 A and B). Increases in GCase catalytic activity
correlated with increases in the quantity of GCase protein. GCase
activity in type 1 GD increased from 39.5% to 52.6% of that in
normal cells and in type 3 GD cells from 17.5% to 34.8% normal
cells (Fig. 3C).

Loss of Association of Subunit TCP1 of the Molecular Chaperonin TRiC
with GCase in GD. 2D-PAGE was used to identify binding partners
of immunoprecipitated GCase from GD and normal cell lines.
TCP1, the α-subunit of the TRiC chaperonin, was found to have
altered binding withGCase inGD fibroblasts (Fig. 4A). Analysis of
immunoprecipitated GCase from GD cells demonstrated minimal

Table 1. GD cell lines

Name Type Genotype Obtained From

NML Normal WT DMNB, NINDS, NIH
NML Normal WT DMNB, NINDS, NIH
NML Normal WT DMNB, NINDS, NIH
NML Normal WT DMNB, NINDS, NIH
DMN 00.41 Type 1 N370S/N370S DMNB, NINDS, NIH
DMN 87.30 Type 1 N370S/N370S DMNB, NINDS, NIH
DMN 88.17 Type 1 N370S/N370S DMNB, NINDS, NIH
DMN 95.46 Type 1 N370S/N370S DMNB, NINDS, NIH
GM 00877 Type 2 L444P/L444P Coriell Institute
GM 08760 Type 2 L444P/L444P Coriell Institute
GM012860A Type 2 L444P/L444P Coriell Institute
DMN 84.58 Type 3 L444P/L444P DMNB, NINDS, NIH
DMN 86.2 Type 3 L444P/L444P DMNB, NINDS, NIH
DMN 87.33 Type 3 L444P/L444P DMNB, NINDS, NIH
DMN 89.62 Type 3 L444P/L444P DMNB, NINDS, NIH

DMNB, Developmental andMetabolic Neurology Branch; NIH, National Insti-
tutes of Health; NINDS, National Institute of Neurological Disorders and Stroke.

Fig. 1. Quantification of GCase expression levels and measurement of enzyme activity in GD phenotypes. (A) Western blot of expression of GCase protein in
cultured fibroblast cell lines derived from normal individuals and patients with GD. (B) Enzyme activity assay for GCase using equivalent amount of total
protein from normal fibroblasts and GD phenotypes with results plotted as a ratio to the average enzymatic activity of normal fibroblasts. (C) Immuno-
fluorescence staining for lysosomes (red) and GCase (green) in cultured fibroblasts derived from patients with GD and normal individuals. Decreased intensity
of staining of GCase as well as reduced localization of GCase in lysosomes is apparent in types 2 and 3 GD fibroblasts compared with that in normal cells. The
nuclei of cells are counterstained with DAPI (blue).
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to no binding with TCP1 in all GD phenotypes using equivalent
amounts of immunoprecipitated GCase (Fig. 4B). Similarly, when
GCase was analyzed by TCP1 immunoprecipitation from GD cell
lysates, binding affinity between the two proteins was reduced in
GD cells compared with that of normal fibroblasts (Fig. 4C).

Interaction of c-Cbl with Mutant GCase. c-Cbl is a member of the
highly diverse class of E3 ubiquitin ligases. Immunoprecipitation
analysis revealed increased binding of c-Cbl to GCase in all GD
phenotypes compared with that in normal fibroblasts (Fig. 5A).

Effect of siRNA Knockdown of c-Cbl. To investigate the specificity of
c-Cbl as a principal mediator of the biodegradation of GCase in
GD cells, the expression of c-Cbl was suppressed with c-Cbl
siRNA in normal fibroblasts and GD cells. After reduction of
c-Cbl expression, GCase expression was determined by Western
blot analysis. Reduction of c-Cbl caused an increase in the ex-
pression of GCase in GD cells (Fig. 5 B and C). GCase activity in
GD cells was increased significantly in cells grown in the presence
of c-Cbl siRNA (Fig. 5D). Treatment with negative control siRNA
caused no change in GCase expression in normal and GD cells.

Discussion
The reduction of GCase activity that occurs in patients with GD
could potentially be caused by a decrease in the functional ca-
pacity of GCase, or a decrease in expression of the enzyme. To
assess the contribution of each of these mechanisms, the quantity
of GCase protein and GCase catalytic activity were determined in
extracts of cultured skin fibroblasts derived from normal controls
and from patients with the three clinical phenotypes of GD. Type
1GDpatients had theN370S/N370S genotype; patients with types
2 and 3 had the L444P/L444P genotype. The investigation
revealed that the decrease in catalytic activity of GCase in cul-
tured skin fibroblasts derived from patients with the above geno-
types closely paralleled reductions in the quantity of GCase
protein. Thesemutations had little impact on catalytic activity but,
rather, triggered a pathway by which the expression of GCase is
reduced. Previous reports have suggested that type 1 GD patients
express mutant GCase with reduced specific activity, whereas
GCase isolated from type 2 and 3GD patients correlates well with
enzyme quantity (18). This discrepancy with our findings in type 1

GDpatients may be the result of differing conditions used to assay
GCase enzyme activity. For example, a study examining intrinsic
enzyme function inGD suggests that the functional capacity of the
N370S variant of GCase may be affected by variation of experi-
mental conditions within the assay and, under certain conditions,
maintains catalytic competence (14). Moreover, a study examin-
ing the x-ray crystallographic structure of GCase variants provides
evidence that the N370S mutation in GCase is located in the
seventh membrane helix, distant from the catalytic active site of
the enzyme (19). These observations are consistent with the idea
that theN370Smutation, common to type 1GD,minimally affects
the intrinsic functional capacity of GCase.
The finding that reduction of enzymatic activity in patients with

GD that have the most prevalent genetic mutations is caused by
a decrease of GCase expression implicates a specific pathway
through which inappropriately folded polypeptides are detected
and targeted for proteasomal degradation. To explore the concept
that increased protein degradation is the mechanism by which net
enzymatic activity is decreased in GD, type 1 and type 3 GD
fibroblasts were treated with lactacystin that resulted in an ele-
vation of cellular GCase. The increase in the quantity of enzyme
was associated with a parallel increase of GCase catalytic activity.
This finding suggests that proteasomal degradation of GCase may
contribute significantly to GD phenotypes and progression of
disease. There is a strong correlation between GCase expression
levels and net enzymatic activity. Immunoprecipitation of GCase
revealed that intrinsic enzyme activity was not significantly affected
across the GD subtypes investigated, and the addition of a pro-
teasome inhibitor increased GCase activity in GD fibroblasts. The
results indicate that net decreases in enzyme activity in patients

Fig. 2. Measurement of catalytic activity of immunoprecipitated GCase
from normal and GD fibroblasts. (A) Western blot of immunoprecipitated
GCase demonstrating similar quantities of GCase in normal and GD and cell
lines. (B) Catalytic activity of immunoprecipitated GCase from normal and
GD fibroblasts measured at concentrations of 50 ng (solid bars) and 100 ng
(open bars) per assay. GCase activity from each GD phenotype is plotted as
a percentage of the average normal value.

Fig. 3. Effect of lactacystin on the expression of GCase and net enzymatic
activity in control and types 1 and 3GDfibroblasts. (A)Western blot analysis of
GCase in normal and GD fibroblasts. Lac, lactacystin-treated samples; UT,
untreated samples. (B) Quantification of GCase protein by densitometric
analysis of Western blots. (C) GCase catalytic in normal and types 1 and 3 GD
fibroblasts with (Lac) andwithout (UT) lactacystin (Lac) in the culturemedium.
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with these genotypes of GD can be attributed to a decrease in
enzyme expression rather than to a loss of catalytic function.
To identify mediators involved in proteasomal degradation of

GCase, the immunoprecipitated proteins from GD and normal
cells were subjected to 2D-PAGE and Western blot analyses.
Potential regulators of this process included TCP1 and c-Cbl,
which are thought to play important roles in protein folding and
maturation (20, 21). TCP1, a subunit of the TRiC chaperonin, is

known to function in protein folding and quality control (22). The
observation that there is a reduction of the interaction of the TRiC
chaperonin with mutated GCase provides a potential mechanism
underlying the reduction of these proteins. The TRiC chaperonin
is distinguished by its ring-shaped architecture, which includes
a central cavity thought to serve as a “folding chamber” for na-
scent polypeptides. The structure is similar to that of the GroES
and GroEL chaperonins in prokaryotes (20, 23–25). c-Cbl,

Fig. 5. siRNA knockdown of c-Cbl and quantification of GCase expression levels. (A) Western blot from GCase-immunoprecipitated (IP) proteins. (Upper)
Western blot using c-Cbl antibody on GCase-immunoprecipitated proteins from normal and GD fibroblasts. (Lower) Western blot using GCase antibody on the
sameproteins. (B Top)Western blot usingGCase antibody on normalfibroblasts (control) and frompatientswithGDbefore and after siRNA knockdownof c-Cbl.
(Middle) Western blot using c-Cbl antibody on control and GD fibroblasts before and after siRNA knockdown of c-Cbl. (Bottom) Western blot using actin an-
tibody on GD and normal fibroblasts. (C) Densitometric measurement of GCase expression levels before (gray bars) and after (black bars) siRNA knockdown of
c-Cbl. (D) GCase activity in normal and GD fibroblasts before and after siRNA knockdown of c-Cbl shown as a percentage of GCase activity in normal fibroblasts.

Fig. 4. 2D-PAGE proteomic analysis of immunoprecipitated (IP) GCase and Western blot analysis of GCase and immunoprecipitated TCP1 from normal and
GD fibroblasts. (A) Analysis of binding partners from immunoprecipitated GCase in normal and types 1, 2, and 3 GD cells (Upper, left to right). Arrows indicate
TCP1. (Lower) Western blot using GCase antibody on normal and types 1, 2, and 3 GD cells with GCase-immunoprecipitated proteins. (B Upper) Western blot
using TCP1 antibody on GCase- immunoprecipitated proteins from GD and normal fibroblasts. (Lower) Western blot using GCase antibody on the same
proteins. (C) Western blot from TCP1-immunoprecipitated proteins. (Upper) Western blot using GCase antibody on TCP1-immunoprecipitated proteins from
GD and normal fibroblasts. (Lower) Western blot using TCP1 antibody on same proteins.
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a member of the highly diverse family of E3 ubiquitin ligases, has
been shown to play an important role in protein degradation in
cells (21, 26). However, little is known about the role of TCP1 and
c-Cbl in the pathogenesis of GD. Therefore, potential roles of
TCP1 and c-Cbl in nascent protein folding, maturation, and
quality control in GD were investigated. Decreased interaction
between GCase and TCP1 is consistent with a model in which
inappropriately folded GCase is the result of reduced interaction
between GCase protein and a specific chaperonin. Expression of
TCP1 was found to be normal in the phenotypes of GD we ex-
amined. This finding is consistent with the deduction that reduced
interaction between GCase and TCP1 is caused by decreased
binding, rather than decreased expression, of TCP1 (Fig. 4C).
The findings indicate that proper enzyme maturation is im-

paired when there is a loss of interaction between GCase and its
specific chaperonin. This deduction supports the concept that
TCP1/TRiC-mediated folding of proteins may represent a late
stage in quality-control pathways governing the maturation of
nascent polypeptides, including GCase. Before a nascent protein
can enter the ER for modification, it likely interacts with folding
mediators to maintain a single-length polypeptide conformation
(27). Evidence is presented that interaction with the chaperonin
mediator is reduced, which may represent a quality-control
checkpoint at which misfolded proteins cannot enter the ER and
are instead shuttled to the proteasome degradation pathway.
To analyze the mechanism of degradation of GCase in GD cells

caused by decreased interaction with TCP1, a potential role of c-
Cbl, a member of the family of E3 ubiquitin ligases, was examined.
Increased binding of c-Cbl to mutated GCase was observed while
total expression levels of GCase remained at a normal level. These
results support a model in which mutated GCase is selectively
targeted for the proteasomal degradation pathway and implicates
c-Cbl as a mediator of this process. To substantiate the hypothesis
that increased c-Cbl binding to GCase in GD cells leads to GCase
degradation, siRNA knockdown of c-Cbl was performed. The
results showed that GCase activity was significantly increased in
GD and normal fibroblasts after siRNA knockdown of c-Cbl. The
findings strongly suggest that c-Cbl is one of the mediators of
the proteasomal degradative fate of GCase in GD cells and
demonstrate an increase in GCase levels with its inhibition. Such
enzyme–E3 ligase interaction may be restricted to specific muta-
tions in GD as a similar up-regulation of mutated α-galactosidase
A (GLA) was not observed with siRNA knockdown of c-Cbl in
fibroblasts derived from patients with Fabry disease (Fig. S1). It
has also been suggested that another E3 ligase, parkin, may play
a role in the degradation of mutant GCase and thus may explain
the uniquely high concurrence of GD and Parkinson disease (28).
Although c-Cbl appears to play an important role in the degra-
dation of variant GCase, evidence suggests that there is more than
one such mediator of protein quality control (29).
The therapeutic implications of these findings are significant.

For example, the use of a small-molecule inhibitor of c-Cbl could
increase enzyme function in GD analogous to our knockdown
model. Further experiments are needed to address the implica-
tions of these findings in an in vivo model. Nevertheless, the
observations suggest an important mechanism of enzyme regula-
tion that might be manipulated to treat patients with certain in-
born errors of metabolism.
In summary, cellular levels of GCase vary significantly between

phenotypes of GD and within the sameGD genotype, attributable
in part to the sensitivity of mutant GCase to protein quality con-
trol and ER-associated proteasome systems. The differences in
quantitative levels of GCase appear to underlie decreases in en-
zymatic activity, whereas intrinsic enzyme function is not signifi-
cantly affected in the two most prevalent genotypes of patients
with GD.

Materials and Methods
Cell Culture and Treatment. Cell lines were obtained from the Developmental
and Metabolic Neurology Branch of the National Institute of Neurological
Disorders and Stroke (NINDS) and the Coriell Institute (Table 1). All Type 1 GD
cell lines were homozygous for the N370S/N370S mutation. Type 2 and type
3 GD cell lines were homozygous for the L444P/L444p mutation. Two cell
lines derived from patients with Fabry disease were obtained from the De-
velopmental and Metabolic Neurology Branch with genotypes A143P and
N215S. Cells were cultured in Eagle’s minimum essential medium (Invi-
trogen) supplemented with 10% FBS, penicillin, and streptomycin.

Treatment with Proteasome Inhibitor. A total of 2.5 × 104 cells were seeded in
24-well plates, allowed to attach for at least 24 h, and then treated with
lactacystin (L6785; Sigma-Aldrich) at a concentration of 5 μM for 24 h (17).

Immunofluorescence Analysis. Cultured cells were plated onto four-well
chamber slides and allowed to attach overnight. After attachment, cells were
incubated with primary antibodies in a solution of PBSwith 1%BSA and 0.1%
Triton X-100 at 4 °C overnight. Anti-GCase antibody ab55080 was obtained
from Abcam. To stain lysosomes, cells were grown in the presence of 50 nM
LysoTracker DND-99 (L-7528; Invitrogen). Immunoreactive GCase was detec-
ted with Alexa Fluor 488–tagged secondary antibody (A-11001; Invitrogen).
Nuclei of cells were counterstained with DAPI (Sigma-Aldrich). Staining was
viewed with a Zeiss LSM 510 confocal microscope.

Western Blotting and Quantification of GCase. Cell pellets were lysed in T-PER
Tissue Protein Extraction Reagent solution (Thermo Fischer Scientific), soni-
cated, and centrifuged. Protein was determined in the supernatant solution
by using the Bio-Rad Protein Assay Kit. Proteins were separated by SDS/PAGE
on 4–15% acrylamide gels (Invitrogen) and transferred to nitrocellulose
membranes (Invitrogen). Blocking buffer solution (Thermo Fischer Scientific)
was used before immunoblotting with primary antibody. Expression of
GCase was determined by Western blotting using monoclonal antibody at
a dilution of 1:1,000. c-Cbl rabbit antibody, TCP1 rabbit antibody, and GLA
rabbit antibody (Cell Signaling) were used at dilutions of 1:1,000. As
a loading control, blots were probed with a goat antibody directed against
actin (sc-1616; Santa Cruz Biotechnology) at a dilution of 1:5,000. Detection
of antibodies was performed with a horseradish peroxidase–conjugated
species-specific secondary antibody and an enhanced chemiluminescence
system. Densitometric analysis using image software (NIH ImageJ software)
was used to quantify the expression of GCase and GLA.

GCase Enzyme Activity Assay. Fluorometric enzymatic activity assays were
performed as described (30). Samples were loaded into a 96-well microtiter
plate, andfluorescence wasmeasuredwith a Victor 3multilabel counter at an
excitation/emission setting of 355 nm/460 nm. One unit of GCase activity was
designated as 1 nmol of 4-methylumbelliferone released per hour.

siRNA Knockdown of c-Cbl Expression. GD and Fabry disease cell lines and
normal human fibroblast cell lines were plated in six-well plates (50–60%
confluency) with Opti-MEM medium (Invitrogen). siRNA transfection was
performed as described (31). The target sequence specific for c-Cbl was (RNA)
AGA GCU CAA AUG UGG AGU CCA UGG C (Invitrogen). siRNA for negative
control was also used (Invitrogen). The cells were collected 48 h after trans-
fection and used for Western blotting and analysis of GCase activity.

Immunoprecipitation. Whole-cell lysates were prepared from GD cell lines.
Supernatant solutions (300 μg of protein) were incubated with monoclonal
antibodies against GCase, TCP1, and c-Cbl according to an indirect immu-
noprecipitation kit protocol (Millipore). The preimmune complex was in-
cubated and shaken at room temperature for 2 h. Immunoprecipitation
products were used for Western blotting and 2D-gel analysis.

2D-PAGE. Total protein extracts and immunoprecipitated proteins from
normal and types 1, 2, and 3 GD fibroblast lysates were analyzed. Isometric
focusing for the 1D electrophoresis was done with a Multiphore II Electro-
phoresis System (GE Healthcare). The strips were subjected to voltages
ranging from 300 to 3,500 V. Immobilized pH gradient (IPG) strips were
equilibrated with buffer solution 1 containing 6 mol/L urea, 2% SDS, 375
mmol/L Tris·HCl (pH 8.8), 20% glycerol, and 2% (wt/vol) DTT followed by
buffer solution 2 containing 6 mol/L urea, 2% SDS, 375 mmol/L Tris·HCl (pH
8.8), 20% glycerol, and 2.5% (wt/vol) iodoacetamide (Bio-Rad). Precast
ExcelGel SDS gels (12–14% gradient gel, pH 4–7, 245 × 180 × 0.5 mm (GE
Healthcare) were used for the 2D protein separation by Multiphor II Flated
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System at 700 V (32). Silver staining was used to detect proteins according to
the manufacturer’s instructions (GE Healthcare).

Mass Spectrometry. Uniquely expressed proteins from 2D-PAGEwere used for
in-gel digestion and were analyzed by liquid chromatography/tandem mass
spectrometry (LC-MS/MS) using a ProteomeX LC/MS system (ThermoElectron)
operatedinthehigh-throughputmode.Reverse-phaseHPLCywascarriedoutby
usingaBioBasic-18column(0.18150mm;ThermoElectron)elutedat1–2L/minof
solutionA.MobilephaseAwasH2O (0.1%formic acid), andmobilephaseBwas
CH3CN (0.1% formic acid). The effluent from the column was analyzed on the
LCQ Deca XP Plus (ThermoElectron) operating in the “Top Five”mode.

Protein Identification. UninterpretedMS/MS spectra were searched against a hu-
man database by using the BioWorks and SEQUEST programs (ThermoElectron).
ProteinidentificationwasacceptedwhentheMS/MSspectraofatleasttwopeptides
from the same protein exhibited the default Xcorr versus charge values set by the
program (for Z = 1, 1.50; for Z = 2, 2.00; for Z = 3, 2.50) at a minimum.
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