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Generation and characterization of recombinant feline
β-galactosidase for preclinical enzyme replacement
therapy studies in GM1 gangliosidosis
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Abstract Lysosomal β-galactosidase is required for the degradation of GM1
ganglioside and other glycolipids and glycoproteins with a terminal galactose
moiety. Deficiency of this enzyme leads to the lysosomal storage disorder, GM1
gangliosidosis, marked by severe neurodegeneration resulting in premature death. As
a step towards preclinical studies for enzyme replacement therapy in an animal
model of GM1 gangliosidosis, a feline β-galactosidase cDNA was cloned into a
mammalian expression vector and subsequently expressed in Chinese hamster ovary
(CHO-K1) cells. The enzyme secreted into culture medium exhibited specific
activity on two synthetic substrates as well as on the native β-galactosidase
substrate, GM1 ganglioside. The enzyme was purified from transfected CHO-K1 cell
culture medium by chromatography on PATG-agarose. The affinity-purified enzyme
preparation consisted mainly of the protein with approximate molecular weight of
94 kDa and displayed immunoreactivity with antibodies raised against a 16-mer
synthetic peptide corresponding to C-terminal amino acid sequence deduced from
the feline β-galactosidase cDNA.
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Introduction

Lysosomal storage disorders (LSDs) comprise a family of more than 40 distinct
inherited human and animal diseases, each caused by deficient activity of a specific
acid hydrolase which normally catabolizes macromolecules such as sphingolipids,
glycosaminoglycans, glycogen, or glycoproteins (Platt and Walkley 2004). Even
though individually rare, LSDs as a group have a prevalence of one per
approximately 7,700 live births (Meikle et al. 1999) and together constitute a
significant health risk and burden on society. The gangliosidoses are LSDs affecting
ganglioside/glycolipid/glycoprotein catabolism, resulting in severe, progressive
neurological degeneration and premature death. GM1 gangliosidosis is caused by a
mutation of the GLB1 gene which results in deficient activity of the lysosomal
enzyme β-galactosidase required to catabolize GM1 ganglioside and other
glycolipids and glycoproteins with a terminal galactose moiety.

Feline GM1 gangliosidosis is nearly an identical replica of the human disease and
provides an ideal model to develop methods and test hypothesized benefits of
enzyme replacement therapy, identify limitations of this therapy, and define
mechanisms of therapeutic benefit (Baker et al. 1971). The cat disease is a naturally
occurring inherited disease which is exceptionally well characterized with respect to
clinical presentation, genetics, morphology, biochemistry, pathogenesis of brain,
hepatic and thymic diseases, molecular characterization of the mutations and
responses to therapy (Baker et al. 1979; Baker et al. 1982; Cox et al. 1998; Cox et al.
1999; Martin et al. 2002). Domestic cats are a favored species for experimental
neurology and provide several important advantages for preclinical therapeutic
studies. Unlike rodents, cats can be evaluated readily by routine clinical procedures
and are large enough to permit frequent sampling of tissues and body fluids. Also,
the cat brain is 100 times larger than the mouse brain and only 10–20 times smaller
than the brain of a child (Vite et al. 2003), thereby providing a closer approximation
of the therapeutic challenges of treating children affected with lysosomal diseases.

Enzyme replacement therapy (ERT) is a strategy for correction of LSDs by
systemic administration of the active enzyme to replace the defective hydrolase.
From the circulation, enzymes are taken up by cells via receptor-mediated
endocytosis and transported to the lysosome, where they hydrolyze the accumulated
undegraded substrate, as reviewed by Grabowski and Hopkin (2003). It is the most
successful therapeutic approach for many non-neuronopathic LSDs. This approach is
especially attractive because the pathogenesis of these disorders, including GM1
gangliosidosis, can be effectively prevented with only a small increase in enzymatic
levels above the deficient state. Since Food and Drug Administration (FDA)
approval of the first ERT for Gaucher type I disease in 1991, enzyme replacement-
based therapies have been developed for several other LSDs (Neufeld 2004). ERT
therapeutics manufactured by Genzyme for Fabry disease and for MPS I (by
Genzyme/BioMarin Pharmaceutical) were approved by the FDA in 2003. In 2005,
an enzyme preparation for MPS VI (marketed by BioMarin Pharmaceutical) also
was approved. Clinical trials are underway for several other non-neuronopathic
LSDs.

Although non-central nervous system (CNS) organs can be treated effectively by
a variety of methods that provide functional enzymes to diseased cells, the blood-
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brain barrier (BBB) severely limits the entry of enzyme molecules into the CNS
from systemic circulation, preventing therapeutic benefit. Currently, there is no
effective therapeutic option for neuronopathic lysosomal diseases, including the
gangliosidoses. However, high doses of enzymes injected intravenously or
intrathecally have been shown to reverse nervous system pathology and improve
function in several lysosomal diseases that affect brain (Dickson et al. 2007; Dunder
et al. 2000; Matzner et al. 2005; Roces et al. 2004; Vogler et al. 2005). While derived
from different LSDs, these reports have important features in common: optimized
regimes of infusion of a missing functional enzyme that involve high enzyme dose/
long-duration combinations leading to positive changes in brain pathology. Taken
together, these reports encourage the use of such an approach for the treatment of
other lysosomal diseases affecting brain.

This study includes generation and characterization of feline β-galactosidase, thus
providing a basis for preclinical therapeutic trials in cats with GM1 gangliosidosis.
The outcomes of such trials are expected to present valuable information for the
application of ERT to children.

Materials and methods

Cloning of feline ß-galactosidase cDNA and transfection of CHO-K1 cells

A feline β-galactosidase clone was amplified from normal feline brain cDNA with
Pfu Turbo DNA polymerase (Stratagene, Cedar Creek, TX, USA) and primers fβ-
gal 5′utr (5′-AGAGGCTGGAGGATGGACTT-3′) and fβ-gal stop (5′-CCATCAGA-
CACGGTCCCATC-3′). The 2,025 base pair amplicon (100 ng) was polished for
30 min with 0.125 units Taq DNA polymerase to add the A overhang required for
cloning into expression vector pCR3.1 (Invitrogen, Carlsbad, CA, USA). Cloning
proceeded at 15°C overnight according to the manufacturer’s instructions, and
DH5α competent bacteria (Invitrogen) were transformed by heat shock. Integrity of
the fβ-galactosidase clone was verified by automated fluorescent DNA sequencing.

The CHO-K1 cell line derived as a subclone from the parental Chinese hamster
ovary (CHO) cell line was purchased from American Type Culture Collection
(ATCC CRL-9618) (Manassas, VA, USA). Cells were cultured in Ham’s F12K
medium (Fisher Scientific, Pittsburgh, PA, USA) with 2 mM L-glutamine adjusted to
contain 1.5 g/l sodium bicarbonate, and 10% fetal calf serum (FCS) (HyClone,
Logan, UT, USA). Cells were calcium phosphate-transfected according to standard
procedures with the plasmid containing the full-length feline β-galactosidase cDNA,
using 20 μg plasmid per 5×105 cells. Transfected cells (designated fCHO-K1) were
selected with 600 μg/ml active G418 (Invitrogen). The mixed population of
transfected cells possessed high enzyme specific activity and, therefore, was used for
enzyme production without further subcloning.

Production of feline ß-galactosidase in fCHO-K1 cells

To maximize production of the enzyme, fCHO-K1 cells were cultured at 37°C in
Ham’s F12K medium with 2 mM L-glutamine, 1.5 g/l sodium bicarbonate and 10%
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FCS until cells were ∼80–90% confluent. Medium was then changed to a serum-free
medium (CHO-S-SFM II, Invitrogen) specifically designed for CHO cells, and
flasks were incubated at 30°C in 5% CO2 for 6 days. The conditioned medium
containing β-galactosidase was then collected, filtered with a 0.45 μm filter and
frozen at −20°C.

Detection of ß-galactosidase in fibroblast cell cultures

Two cell types developed previously in our laboratory were used for these studies:
primary fibroblasts isolated from a normal cat and primary fibroblasts isolated from
a cat affected with GM1 gangliosidosis. Immortalization of primary fibroblasts was
achieved by calcium-phosphate transfection with plasmid pSV3-DHFR (ATCC),
which contains the large T antigen of Simian virus 40 (Martin et al. 2004). Fibroblast
cell cultures were grown in Dulbecco’s Modified Eagle’s Medium (Gibco,
Invitrogen) with sodium bicarbonate adjusted to 1.5 g/l and 10% FCS for 48 h
and reached ∼70% confluency. The medium was replaced with the appropriate
medium or treatment (see legend to Fig. 1) for an additional 48 h. Cells were rinsed
with PBS and fixed in 1% paraformaldehyde at 4°C for 10 min and then rinsed four
times with PBS. To localize β-galactosidase, cells were incubated in 5-bromo-4-
chloro-3-indolyl-β-D-galactopyranoside (X-Gal) staining solution (500 μg/ml X-Gal,
1 mM MgCl2, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide) in
0.05 M citrate-phosphate buffer (0.05 M citric acid monohydrate, 0.05 M disodium
phosphate heptahydrate, 0.1 M sodium chloride, pH 3.8) for approximately 5 h at
37°C.

Fig. 1 Internalization of fß-galactosidase into GM1 fibroblasts. A GM1 fibroblasts cultured in fresh growth
medium. B GM1 fibroblasts cultured in conditioned medium from transfected fCHO-K1 cells. After treat-
ment, cells were in culture for 48 h prior to reacting with X-Gal staining solution. Blue staining inside GM1
fibroblasts (B) indicates that ß-galactosidase from conditioned medium was internalized by the cells and was
enzymatically active on X-Gal substrate. Note: color figures are available on the publication website
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Fluorogenic assays of ß-galactosidase activity

Synthetic substrate 4-methylumbelliferyl-β-D-galactopyranoside (4-MU-Gal) was
used to determine the amount of ß-galactosidase enzymatic activity in any given
sample. In conditioned medium. Prior to analysis, samples of conditioned medium
were thawed at 4°C and centrifuged at 16,000×g for 10 min. 4-MU-Gal was heated
at 37°C for 30 min and centrifuged at 16,000×g, for 5 min at room temperature. To
assay ß-galactosidase activity, 20 μl sample aliquots were incubated with 100 μl of
4-MU-Gal substrate at 37°C in citrate-phosphate buffer (0.05 M citric acid
monohydrate, 0.05 M Na2HPO4·7H2O, 0.1 M NaCl, pH 3.8) for 1 h. The enzymatic
reaction which liberates 4-MU from its synthetic substrate was terminated by the
addition of 3 ml cold glycine carbonate buffer (0.17 M glycine, 0.17 M sodium
carbonate, pH 10.0) and fluorescence was read on a Synergy HT plate reader (Bio-
Tek, Winooski, VT, USA). The ß-galactosidase specific activity was calculated in
nmol 4 MU/h/mg protein. In cell lysates. Cells were grown to 80–90% confluence,
rinsed with PBS and collected by trypsinization followed by centrifugation. To lyse
cells, 0.1% Triton X-100 in water was added to the pellets and cells were disrupted
by aspiration with 22 G needle. The samples were spun for 5 min at 16,000×g at
4°C. The supernatants were used for determination of ß-galactosidase activity as
above for conditioned medium.

Purification of ß-galactosidase from fCHO-K1 conditioned medium

Feline β-galactosidase was purified from the conditioned medium of fCHO-K1 cells
by affinity chromatography on a p-aminophenylthio-β-D-galactopyranoside (PATG)
agarose (Sigma-Aldrich, St. Louis, MO, USA) column as described by Zhang et al.
(1994). Briefly, a 3 ml substrate-affinity column of PATG-agarose was prepared
using a 5 ml syringe. First, the column was washed with 10 bed volumes of binding
buffer (20 mM sodium acetate buffer, pH 4.3, 0.1 mM DTT, 300 mM NaCl). After
that, 130 ml of the conditioned medium was allowed to percolate freely though the
column at a flow rate of 0.3 ml/min. Then, the column was washed with 200 ml of
binding buffer and β-galactosidase was eluted from the column with 10 ml of
elution buffer (10 mM phosphate, pH 7.0, 0.1 mM DTT, 1 M NaCl, 0.1 M γ-D-
galactonolactone (Sigma)). To remove γ-D-galactonolactone, the eluate was
immediately subjected to dialysis against phosphate buffer, pH 7.0. All procedures
were performed at 4°C. After the dialysis, the eluate was concentrated with 30 kDa
Centricon devices (Millipore), evaluated for β-galactosidase activity and protein
content, and stored at −80°C until further use.

Ganglioside analysis by thin layer chromatography

These experiments were performed to test hydrolytic activity of feline β-
galactosidase on its native substrate, GM1 ganglioside. A modified version of an
assay from Callahan and Gerrie (Callahan and Gerrie 1975) was used. Conditioned
medium from fCHO-K1 cells was concentrated 10-fold with Centricon Ultracel YM-
50 (Millipore). The conditioned medium or purified feline β-galactosidase at
amounts shown in Fig. 5 were mixed with the reaction buffer (12.5 μM sodium
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acetate pH 5.0, 4.65 mM sodium taurocholate, 0.1% Triton X-100, 1 μM sodium
chloride) containing 40 μg GM1 ganglioside (Matreya, Pleasant Gap, PA, USA) and
final assay volume adjusted to 100 μl with water. All samples were incubated for 2 h
at 37°C. Assay reactions were stopped with the addition of 1 ml chloroform/
methanol (2:1, v:v). The reaction mixtures were shaken and then centrifuged for
10 min at 4°C. In each sample, the aqueous layer was discarded and the organic
fraction dried under air. Dried samples were resolubilized in 50 μl chloroform/
methanol (2:1, v:v) and stored at −20°C.

Extracted samples were applied to pre-coated silica gel 60 high-performance thin
layer chromatography (TLC) plates (10×10 cm; Whatman), which were heat-
activated for 30 min at 110°C. Ganglioside standards (2.5 μg each) (Matreya) and
the samples were loaded onto the plate and developed with a chloroform-methanol-
0.4% calcium chloride in water solution of 11:9:2 (v/v/v). Plates were dried and
sprayed with fresh resorcinol reagent, covered with a clean glass plate and heated for
20 to 30 min at 100°C for color development.

Generation and purification of feline anti-β-galactosidase monoclonal antibody
(fβgal 654)

An immunogenic peptide for creation of a monoclonal antibody to feline lysosomal
β-galactosidase was designed based on the published feline cDNA sequence
(AF006749, GenBank). Peptide fβgal 654 (CGH PLP DLS DRD SGW DRV)
corresponds to feline β-galactosidase residues 654–669 with CG added to the amino
terminus for conjugation of adjuvant. Although the peptide location (the extreme
carboxyl terminus) is similar to a previously published anti-human β-galactosidase
antibody (Okamura-Oho et al. 1996; Zhang et al. 1994), little amino acid homology
exists at the carboxyl termini of feline and human β-galactosidase. The peptide was
synthesized at >95% purity, analyzed for net peptide content, and conjugated to
keyhole limpet hemocyanin (KLH) by Global Peptide Services LLC (Fort Collins,
CO, USA). Female Balb/c mice were immunized intramuscularly with the following
emulsification: 100 μl KLH-peptide at the concentration of 1 mg/ml, 100 μl
aluminum hydroxide gel adjuvant (Alhydrogel 85, Accurate Chemicals/Superfos
Biosector, Denmark) at 0.4 mg/ml, and 10 μg CpG-1826 (McCluskie et al. 2002)
(5′- TCC ATG ACG TTC CTG ACG TT -3′, synthesized with a phosphorothioate
backbone) (Integrated DNA Technologies, Coralville, IA, USA). Two subsequent
immunizations were performed as above, but with 50 μg KLH-peptide. The final
immunization was performed with 25 μg unconjugated peptide alone.

Isolation of spleen cells from immunized mice, fusion with myeloma cells and
subsequent isolation of hybridoma clones were performed according to standard
procedures by the Auburn University Hybridoma Facility, Auburn, Alabama.
Hybridoma supernatants were screened by Western blotting for selection of the best
antibody clone (isotype IgG2b).

Protein gel electrophoreses and Western blot analysis

Two types of protein gel electrophoresis were performed. First, proteins were
separated in a denaturing gel to demonstrate sample purity and determine molecular
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weights of purified polypeptides. For denaturing electrophoresis, samples were
incubated with a loading buffer containing SDS and β-mercaptoethanol. Gels were
stained with Coomassie Blue R-250. Second, proteins were separated in a native gel
to preserve β-galactosidase activity for detection with 4-MU-Gal substrate. For
native electrophoresis, samples were mixed with native loading buffer and gels were
run in Tris-glycine running buffer without SDS. Gels were soaked in the citrate-
phosphate buffer (outlined above for β-galactosidase activity) for 30 min at RT and
reacted with 4-MU-Gal substrate for 1 h at 37°C. Broad and low range molecular
weight standards were used. Sample loading buffers and running buffers for both
types of electrophoresis as well as precast gels and molecular weight standards were
purchased from BioRad (Hercules, CA, USA).

For Western blots with monoclonal antibody fβgal 654, proteins from SDS-
polyacrylamide gels were transferred to nitrocellulose membranes and blocked in
7.5% nonfat dry milk in PBS with 0.05% Tween-20 for 2 h at room temperature. A
90-min incubation of hybridoma supernatant (1:5) was followed by incubation with
goat anti-mouse IgG/IgM secondary antibody conjugated to horseradish peroxidase
(1:120,000–1:150,000, Pierce). The Western blot was developed with SuperSignal
West Dura chemiluminescent substrate (Pierce, Rockford, IL, USA).

Results

For enzyme production, the feline β-galactosidase cDNA in mammalian expression
vector pCR3.1, was calcium phosphate transfected into CHO-K1 cells. Conditioned
medium obtained from a mixed population of transfected cells was harvested,
evaluated for specific β-galactosidase activity and used further for fβ-galactosidase
purification. In an assay with 4-methylumbelliferyl-β-D-galactopyranoside (4-MU-
Gal) as β-galactosidase substrate, the cells transfected with fβ-galactosidase (named
fCHO-K1) showed significantly elevated specific enzymatic activity in conditioned
medium compared to untransfected CHO-K1 cells (Table 1).

To demonstrate the ability of fβ-galactosidase to be internalized by GM1 cells
and to be enzymatically active within the cells, monolayer cultures of enzyme-
deficient GM1 fibroblasts were incubated with fβ-galactosidase-containing medium
from fCHO-K1 cells. GM1 fibroblasts treated with the conditioned medium showed
a strong β-galactosidase histochemical reaction with X-Gal as substrate while
untreated cells did not. Staining inside GM1 fibroblasts indicates that fß-
galactosidase from fCHO-K1 conditioned medium was internalized by the cells

Table 1 β-galactosidase specific activity in conditioned medium from two different types of CHO-K1
cells (untransfected and transfected with feline β-galactosidase cDNA)

Cells β-gal specific activity

CHO-K1 untransfected 13.1±0.3
fCHO-K1 transfected 2361.3±93.6

The enzyme specific activity was measured in triplicate in independent experiments using 4-MU-Gal as
β-galactosidase substrate. The mean specific activity±SD is shown in nmol 4 MU/h/mg protein (t-test,
P=<0.001).
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and reacted with the substrate producing a blue-colored product localized to the
lysosomal compartment (Fig. 1). Moreover, high β-galactosidase specific activity
was detected in fß-galactosidase-treated cells using another synthetic substrate, 4-
MU-Gal (Table 2). β-galactosidase specific activity in the treated GM1 cells
comprised 36% of normal cat fibroblast enzyme activity.

Subsequently, feline β-galactosidase was purified from the conditioned medium
of fCHO-K1 cells by affinity chromatography on a PATG agarose column. The
conditioned medium was allowed to percolate freely though the substrate-affinity
column of PATG-agarose and β-galactosidase was eluted from the column with a
buffer containing γ-D-galactonolactone. To remove γ-D-galactonolactone, the eluate
was immediately dialysed against pH 7.0 phosphate buffer. After the dialysis, the
eluate was concentrated and evaluated for β-galactosidase activity and protein
content. Specific β-galactosidase activity in the final preparation was approximately
240,000 nmol 4 MU/h/mg protein which is comparable to the activity of human β-
galactosidase purified from conditioned medium from CHO17 cells in the laboratory
of Dr. J. Callahan, whose protocol we used (Zhang et al. 1994).

Proteins in the final fβ-galactosidase preparation were characterized by SDS-
PAGE, native protein electrophoresis, and Western blot analysis. The most abundant
protein in the preparation had the molecular weight ∼94 kDa, as judged by
comparison with protein standards (Fig. 2, SDS-PAGE). This likely is the precursor
fβ-galactosidase secreted by transfected fCHO-K1 cells into culture medium.
Additionally, proteins were separated in a native gel to preserve β-galactosidase
activity for detection with 4-MU-Gal substrate. For native electrophoresis, samples
were mixed with native loading buffer and gels were run in Tris-glycine running
buffer, without SDS. Gels soaked in the citrate-phosphate buffer and reacted with 4-
MU-Gal substrate are shown in Fig. 3. The results demonstrated the presence of an
active enzyme of the same molecular weight in both, unpurified (fCHO-K1
conditioned medium, lane 3) and purified (lane 4) β-galactosidase, preparations.
Western blot analysis of CHO-K1 and fCHO-K1 proteins was performed using an
antibody raised against a synthetic peptide corresponding to a 16-residue C-terminal
amino acid sequence deduced from the feline β-galactosidase cDNA. The analysis
clearly showed the presence of the 94 kDa polypeptide in conditioned medium from
transfected CHO-K1 cells and in purified protein, while conditioned medium from
untransfected CHO-K1 cells did not demonstrate any reaction (Fig. 4). An
immunoreactive polypeptide of the same molecular weight was detected within the
transfected cell lysate as well.

Table 2 β-galactosidase specific activity in GM1 fibroblasts treated with conditioned medium from
transfected fCHO-K1 cells

Cells β-gal specific activity

GM1 fibroblasts treated 158.1±2.0
GM1 fibroblasts not treated 6.1±0.3
Normal fibroblasts 437.2±5.6

The enzyme specific activity was measured using 4-MU-Gal as β-galactosidase substrate. The mean
specific activity ± SD is shown in nmol 4 MU/h/mg protein (t-test, P=<0.001).
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For clinical applications, generated fβ-galactosidase must be functional on the
natural substrate, GM1 ganglioside. To test the ability of fβ-galactosidase to hydrolyse
the natural substrate, GM1 ganglioside was reacted with different doses of non-
purified (fCHO-K1 conditioned medium) or purified fβ-galactosidase. The resultant
mixtures were resolved using TLC. As seen in Fig. 5, the enzyme was able to cleave
GM1 ganglioside to produce the downstream reaction product, GM2 ganglioside. The
increasing doses of fCHO-K1 conditioned medium added to the substrate resulted in
increased GM2, showing dose dependency of the reaction. Addition of purified fβ-

Fig. 2 SDS-PAGE of proteins
from CHO-K1 cell conditioned
medium. Lane 1 low range mo-
lecular weight markers (Bio-
Rad), lane 2 total proteins
(10 μg) from untransfected
CHO-K1 cell medium, lane 3
total proteins (10 μg) from
fCHO-K1 cell medium (without
purification), lane 4 proteins
(1.5 μg) purified from fCHO-K1
cell medium by PATG affinity
chromatography

Fig. 3 Native electrophoresis
and enzymatic activity of pro-
teins from CHO-K1 cell
conditioned media. Lane 1 ß-
galactosidase from bovine liver
(positive control, Sigma), lane 2
total proteins (10 μg) without
purification from untransfected
CHO-K1 cell medium, lane 3
total proteins (10 μg) without
purification from fCHO-K1 cell
medium, lane 4 proteins (1.5 μg)
purified from fCHO-K1 cell
medium by affinity chromatog-
raphy. Samples were mixed with
native loading buffer and the gel
was run in Tris-glycine buffer,
without SDS. The gel was
soaked in the citrate-phosphate
buffer and reacted with 4-MU-
Gal substrate. The bands were
visualized using 312 nm Trans-
illuminator FBTI88 (Fisher)
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Fig. 4 Western blot analysis of CHO-K1 cell lysates and conditioned media. CHO-K1 cells were
transfected with a full-length feline β-galactosidase cDNA, and protein was subjected to SDS-PAGE in a
10% polyacrylamide gel. The blot was probed with a monoclonal antibody (fβgal 654) to the extreme
carboxyl terminus of fβ-galactosidase. Lane 1 total cell lysate from transfected CHO-K1 cells (10 μg).
Lane 2 conditioned medium from transfected CHO-K1 cells affinity-purified with p-aminophenylthio-β-D-
galactopyranoside agarose (33.5 ng). Lane 3 conditioned medium from transfected CHO-K1 cells
concentrated by centrifugal filtration (0.75 μg). Lane 4 lysate from feline GM1 gangliosidosis skin
fibroblasts after transfection by the same expression plasmid used for transfection of CHO-K1 cells
(positive control, 10 μg). Lane 5 untransfected CHO-K1 cell lysate (negative control, 20 μg). Molecular
size standards (in kDa) are shown on left side of blot, with precise molecular weights as follows: 116.3,
97.4, 66.2, 45.0

Fig. 5 Thin-layer chromatogram of GM1 ganglioside reacted with fß-galactosidase. GM1 ganglioside
was incubated in 100 μl assay mixture (see “Materials and methods”) containing different amounts of
concentrated fCHO-K1 conditioned medium or purified fß-galactosidase. Lane 1 GM1 treated with 5 μl
fCHO-K1 medium, lane 2 GM1 treated with 10 μl fCHO-K1 medium, lane 3 GM1 treated with 20 μl
fCHO-K1 medium, lane 4 GM1 treated with 10 μl of purified fß-galactosidase, lane 5 untreated GM1
control
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galactosidase to the reaction mixture led to a similar effect, indicating that the enzyme
is able to cleave the natural substrate. To examine this further, GM1 fibroblasts
(characterized by abnormal accumulation of externally loaded GM1) were treated with
fβ-galactosidase-containing conditioned medium and gangliosides were extracted and
separated by TLC. The treatment resulted in reduction of GM1 and increased amounts
of GM2 and GM3 gangliosides (not shown). Taken together, the enzyme was shown
to be fully functional on GM1 substrate.

Discussion

Each lysosomal storage disease is rare and requires a disease-specific enzyme
replacement treatment. This does not make the development of therapies for individual
diseases any less significant, since many of them (especially those with neurological
involvement) are lethal or result in drastically reduced quality of the patients’ lives,
requiring long-term, extensive care. Most of the enzyme preparations used for LSDs
are human recombinant proteins made in CHO cells. In this study, CHO-K1 cells were
designed to produce fβ-galactosidase for potential use in preclinical trials in a cat
model of GM1 gangliosidosis which closely resembles the human disease. The
enzyme was generated by affinity purification of conditioned medium from CHO-K1
cells transfected with feline β-galactosidase cDNA. Subsequent characterization
demonstrated the purified enzyme’s specific activity on various substrates and
immunoreactivity with a monoclonal antibody to feline β-galactosidase.

Specific activity of the enzyme in conditioned medium when measured with 4-
MU-Gal as β-galactosidase substrate was on average 2,361 nmol/h/mg protein
which is similar to that for CHO cells transfected with human β-galactosidase cDNA
reported by Zhang et al. (1994). The produced enzyme was effectively internalized
by GM1 feline fibroblasts, as shown with X-Gal staining and thin layer
chromatography of the fβ-galactosidase-treated cells. Specific enzymatic activity
inside GM1 fibroblasts treated with fβ-galactosidase was determined with 4-MU-
Gal substrate to comprise 36% of normal fibroblast activity. As for most lysosomal
storage diseases, the amount of enzyme needed to correct the storage in GM1
gangliosidosis is theorized to be low (<10% of the normal level).

Feline β-galactosidase expressed by transfected CHO-K1 cells was purified in a
one-step procedure and characterized as to molecular weight and specific activity.
The molecular weight of the major polypeptide in the affinity-purified protein
preparation was shown to be approximately 94 kDa by SDS-PAGE. This band is
thought to represent the feline precursor β-galactosidase secreted by transfected
fCHO-K1 cells into culture medium. The human precursor β-galactosidase
(88 kDa), secreted by permanently transfected CHO cells, was described previously
(Zhang et al. 1994). The difference in molecular weights between human and feline
precursors might be explained by differences in glycosylation/post-translational
processing or by the approach taken for molecular weight determination. The diffuse
appearance of the band might indicate the presence of fβ-galactosidase polypeptides
of diverse glycosylation levels. A faint band corresponding to one of the proteins in
CHO-K1 cell conditioned medium was also detected by SDS-PAGE. This minor
band appeared in at least three fβ-galactosidase preparations obtained independently
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(not shown) and could represent a polypeptide that is associated with β-
galactosidase that cannot be removed with the affinity purification method used.
Further purification might be considered; however, it should be carefully balanced
with the loss of specific enzyme activity which decreases with each additional
purification step. The native electrophoresis that uses 4-MU-Gal as the β-
galactosidase substrate demonstrated the presence of a single diffuse band in the
purified preparation as well as in fCHO-K1 conditioned medium.

Several approaches have potential for delivery of the missing enzyme across the
BBB into GM1-affected brain to reduce storage material and improve brain function.
The BBB can be breached with high-dose enzyme replacement therapy (Dunder et
al. 2000; Roces et al. 2004). The most promising results following high dose ERT in
neuronopathic lysosomal diseases were obtained in the Sly laboratory (Vogler et al.
2005). The researchers studied the distribution of recombinant human β-glucuron-
idase and reduction in storage by weekly doses of up to 40 mg/kg administered
intravenously to mucopolysaccharidosis type VII mice over 1–13 week periods. It
was shown that, if given in high doses over a sufficient duration of treatment (4 mg/
kg/week for 13 weeks or 20 mg/kg/week for 4 weeks), enzyme reached the brain
parenchyma and produced clearance of CNS lysosomal storage. Mice receiving
20 mg/kg once weekly for four weeks had on average 2.5% of normal activity in
brain. The results indicate that functional β-glucuronidase can be delivered across
the BBB of mature mice by using high doses of enzyme. As a whole, the studies
substantiate the applications of the high enzyme dose/long duration approaches for
treatment of other lysosomal diseases that involve the CNS.

Mechanisms by which lysosomal enzymes cross BBB and reduce storage in the
CNS remain to be determined. Two most frequently discussed options for enzyme
delivery across BBB are M6P/IGF2R-mediated transport (Urayama et al. 2004;
Vogler et al. 2005) and transport by phagocytic cells that take up a portion of
enzyme infused at high doses (Vogler et al. 2005). A third possibility is that enzyme
is taken up by a variety of mechanisms collectively termed the extracellular
pathways that allow small amounts of large molecules to enter the CNS. The
examples of therapeutics which are likely to enter CNS by such mechanisms are
antibodies directed against amyloid beta protein and erythropoietin used in the
treatment of stroke (Banks 2004).

In summary, the current study reports successful generation and purification of
feline β-galactosidase for pre-clinical experiments in the well-characterized cat
model of GM1 gangliosidosis. High-dose ERT in the feline GM1 model will provide
valuable insight into the utility of this strategy for human patients.
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