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The R201C mice, expressing the human R201C-mutant 3-galactosidase but lacking
the endogenous mouse P-galactosidase (Matsuda et al, 1997, 2003), had very low
B-galactosidase activity in the brain (about 4 % of the wild type activity). They exhibited an
apparently normal clinical course for the first 6 months after birth, followed by slowly
progressive neurological deterioration, such as tremor and gait disturbance during the next 9
months. Death occurred around 15 months of age due to malnutrition and emaciation.

Neuropathology revealed vacuolated or ballooned neurons, less abundant than in the
knockout mouse brain described in our previous reports (Matsuda et al, 1997; Itoh et al, 2001).
Cytoplasmic storage materials were present in pyramidal neurons and brainstem motor
neurons, but not in neurons in the other areas of the brain.

Short-term oral administration of NOEV to the R201C model mouse (Matsuda et al,
2003) resulted in significant enhancement of the enzyme activity in all the tissues examined,
including the brain. Immunohistochemical stain revealed an increase in p-galactosidase
activity and decrease in Gy and G storage. However, mass biochemical analysis did not
show the substrate reduction observed histochemically in these limited areas in the brain
probably because of the brief duration of treatment and only localized substrate accumulation
at the early stage of the disease in this experiment. The NOEV compound was found in
significant amount in the central nervous system by mass spectrometric analysis, at the 30%
level of the liver tissue in the mouse treated with oral administration of the NOEV solution for
8 weeks (Kubo et al, unpublished data).

The experimental data till present are summarized in Table 1.

Neurological examination of genetically engineered Gy;-gangliosidosis model mice
We are currently trying to establish a system of neurological examination in the
Gmi-gangliosidosis model mice we prepared for the chaperone therapy experiments. This is

essentially an application of the of child neurology technique to mouse species, using clinical
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observation, video monitoring, manual manipulation, and apparatus-assisted examination
developed for neurological evaluation of mice and rats. We evaluate spontaneous movements,
body and limb postures, behavioral patterns in an open field, primitive reflexes, postural
reflexes, and equilibrium reactions. Some data are being collected for normal (wild-type),
transgenic and knockout mice, with or without NOEV administration. I hope that this
systematic approach will be useful for monitoring the clinical course of a large number of
genetically engineered model mouse strains for evaluating physiological roles of individual
genes. Improvements of the posture and movements have been observed in some mice after
NOEV administration for a few weeks in a preliminary experiment (Ichinomiya et al, in

preparation).

Future prospects

Chaperone therapy has two major advantages over enzyme replacement therapy; oral
administration and accessibility to the brain. The compound NOEV is a good candidate for
this new therapeutic approach, particularly for the central nervous system pathology, as itis a
small molecule passing through the blood-brain barrier from the bloodstream, stabilizes
mutant protein in neurons, and induces expression of the enzyme activity. Clinical evaluation
has not been completed as yet, but we have some evidence that this compound could even
partially improve the disease progress in some mice after a few months of low dose
administration at the early stage of the disease (Suzuki et al, unpublished data). We need
long-term experiments to establish an optimal dose for prevention of clinical manifestations,
accompanied by reduction of substrate storage, in these model mice. Possible adverse or toxic
effects should be carefully evaluated before starting human clinical experiments.

We are aware that this new molecular approach is not justified for all patients with a
single lysosomal enzyme deficiency disorder. Biosynthesis of a catalytically active enzyme is

prerequisite in chemical chaperone therapy. Our initial survey indicates that 20-40% of
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B-galactosidosis (mainly Gmi-gangliosidosis) patients express unstable but catalytically active
protein and respond to NOEV treatment in cultured fibroblasts. Patients of this type will be
reasonable candidates for chemical chaperone therapy.

This strategy is in principle applicable to all lysosomal storage diseases if a specific
compound is available for each enzyme in question. Special drug design technology may be
needed to screen appropriate inhibitors. Bioinformatics analysis will develop a new aspect of
molecular pathology in lysosomal storage diseases (Durand et al, 2000; Fabrega et al 2000).

This study started with a lysosomal disease, and a few related diseases became the
target of this approach. Theoretically this principle can be applied to all other lysosomal
diseases. At present our study is focused on diseases with storage of compounds with o~ or
B-linked glucose or galactose residue at the terminal end of the carbohydrate chain in the
substrate molecule: a-glucosidase deficiency (glycogenosis IT), B-glucosidase deficiency
(Gaucher disease), a-galactosidase deficiency (Fabry disease), and B-galactosidase deficiency
(B-galactosidosis; Gwi-gangliosidosis and Morquio B disease). We hope to extend this
approach to the other lysosomal diseases in future if a specific chaperone compound is found
for each disease.

Further, there may be diseases of other category as a good target of this approach, if
molecular pathology in somatic cells has been studied and well understood in detail about
mutant gene expression, mutant protein structure, intracellular transport of the protein,
mechanism of functional expression, etc. I hope studies in this direction will disclose a new
aspect of molecular therapy for inherited metabolic diseases with central nervous system

involvement in future.
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Table 1 Experimental data on biological activity of NOEV

NOEYV inhibits B-galactosidase activity in vitro at high concentrations.

NOEYV induces expression of mutant B-galactosidase activity in situ at low concentrations
The biological activity of NOEV is mutation-specific

NOEYV is delivered through the blood-brain barrier by oral administration to disease
model mice.

Oral administration of NOEV induces expression of mutant B-galactosidase activity in
the mouse brain.

Oral administration of NOEV results in degradation of storage substrates.

Oral administration of NOEV improves or prevents the central nervous system
manifestations (preliminary data).

Short-term oral administration of NOEV does not cause significant adverse effects to

disease model mice.
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Figure Legends

Figure 1
Structure of NOEV and NOV. They are analog compounds of galactose and glucose,

respectively.

Figure 2

Intracellular events induced by exogenous chemical chaperone supplied to the cell.

Figure 3

Effect of NOEV on B-Galactosidase activity in mouse tissues. Oral administration (ad
Jibitum) of 1 mM NOEV to 5-week old R201C mice for 5 weeks; each value is the mean of
two experiments.. The enzyme activity increased remarkably in all tissues examined,
including cerebrum and cerebellum. Courtesy of Dr. Junichiro Matsuda (National Institute of

Infectious Diseases, Tokyo; currently National Institute of Biomedical Innovation, Osaka)
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Abstract

We performed screening of B-galactosidase-deficient fibroblasts for possible chemical
chaperone therapy using N-octyl-4-epi-B-valienamine (NOEV) in patients with
Gwmi-gangliosidosis and Morquio B disease (B-galactosidosis). Fibroblasts were cultured with
NOEY for 4 days and B-galactosidase activity was measured. Mutation analysis was
performed simultaneously. Two separate criteria were set for evaluation of the chaperone
effect: a relative increase of enzyme activity (more than 3-fold), and an increase up to more
than 10% normal enzyme activity. Among the 50 fibroblast strains tested, more than 3-fold
increase was achieved in 17 cell strains (34%), and more than 10% normal activity in 10
(20%). Both criteria were satisfied in 6 (12%), and either of them in 21 (42%). Juvenile
Gwmi-gangliosidosis was most responsive, and then infantile Gy;-gangliosidosis. This
enhancement was mutation-specific. We estimate that the NOEV chaperone therapy will be
effective in 20-40% of the patients, mainly in juvenile and infantile Gy;-gangliosidosis
patients. A molecular design may produce mutation-specific chaperone compounds for the
other disease phenotypes. This cellular screening will be useful for identification of human

patients with B-galactosidase deficiency for chaperone therapy to be started in the near future.

Keywords: Gy-gangliosidosis; B-Galactosidase; Gene mutation;

N-Octyl-4-epi-B-valienamine; Chaperone therapy, Fibroblast
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1. Introduction

Hereditary deficiency of lysosomal acid B-galactosidase (B-galactosidosis) causes two
clinically distinct diseases in humans, Gwi-gangliosidosis and Morquio B disease [1]. The
mode of inheritance is autosomal recessive. Gwi-gangliosidosis is a generalized neurosomatic
disease occurring mainly in early infancy, and rarely in childhood or young adults. Morquio B
disease is a rare bone disease without central nervous system involvement. Glycoconjugates
with terminal B-galactose residues accumulate in tissues and urine from patients with these
clinical phenotypes. Ganglioside Gu; and its asialo derivative G41 accumulate in the
Gwi-gangliosidosis brain. High amounts of oligosaccharides derived from keratan sulfate or
glycoproteins are detected in visceral organs and urine from Gui-gangliosidosis and Morquio
B disease patients.

At present only symptomatic therapy is available for human B-galactosidosis patients.
Allogeneic bone marrow transplantation did not modify the subsequent clinical course or
cerebral enzyme activity in a Portuguese water dog affected with Gw-gangliosidosis [2].
Amniotic tissue transplantation was not effective in a patient with Morquio B disease [3].
Enzyme replacement therapy conducted for Gaucher disease and other lysosomal storage
diseases is not available at present for B-galactosidosis.

Recently we reported results of a molecular approach (chemical chaperone therapy) for
restoration of mutant o-galactosidase in Fabry disease. Galactose and its structural analog,
1-deoxygalactonojirimycin, enhanced residual enzyme activity in cultured human
lymphoblasts from patients with a-galactosidase deficiency [4,5], and transgenic mouse
tissues expressing a mutant enzyme causing Fabry disease [5,6]. Some mutant proteins are
unstable at neutral pH in the endoplasmic reticulum/Golgi apparatus and are rapidly degraded
without appropriate molecular folding [7,8]. Exogenously supplied chemical compounds that
inhibit enzyme activity in vitro bind to the enzyme intracellularly to form a complex,

stabilizing and transporting the catalytically active enzyme to lysosomes. The complex
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dissociates under the acidic condition in lysosomes, and the mutant enzyme remains stabilized
and functional.

In a previous report we confirmed the effect of a new chemical compound
N-octyl-4-epi-f-valienamine (NOEV) on cultured fibroblasts and model mice expressing a
mutant B-galactosidase protein R201C [9]. In this study we conducted screening of the

patients with B-galactosidase deficiency for possible chaperone therapy in the near future.

2. Materials and methods
2.1 Chaperone compound NOEV

NOEYV was synthesized by modification of a glucocerebrosidase inhibitor [9,10]. It is
stable at room temperature and strongly inhibits human B-galactosidase in vitro. It is freely
soluble in methanol or dimethylsulfoxide, and soluble in water up to 3-5 mM at room
temperature. The molecular weight is 287.40.
2.2 Fibroblast culture

Fibroblasts from patients with -galactosidase deficiency (G -gangliosidosis or Morquio
B disease) were stored in our laboratories, purchased from Coriell Cell Repositories (Camden,
NJ, USA), or provided by the following colleagues at medical and scientific institutions:
Mark Abramowicz and Patrick Van Bogaert (Brussels), Nils U. Bosshard (Zurich), Ernst
Christensen (Copenhagen), Fatih Sitheyl Ezgii (Ankara), Mirella Filocamo (Genova), Agata
Fiumara (Catania), Erentraud Irnberger (Salzburg), Koji Inui (Osaka), Wim J.Kleijer
(Rotterdam), Jana Ledvinova (Prague), Gert Matthijs (Leuven), Toshihiro Oura (Sendai), Alan
Percy (Birmingham, AL), Konrad Sandhoff and Gerhild van Echten-Deckert (Bonn), George
H. Thomas (Baltimore, MD), David A. Wenger (Philadelphia, PA), and Marie-Therese Zabot
(Lyon). The fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum and antibiotics, and harvested by scraping. They
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were collected by centrifugation, washed once with phosphate-buffered saline, and suspended
in water. The cell suspension was sonicated, and used for enzyme assay (enzyme solution).
2.3 Enzyme assay

B-Galactosidase assay was performed on 96-well plates. The enzyme assay mixture
consisted of 10 pl enzyme solution, with or without NOEYV at the final concentration up to 5
1M, and 10 pl substrate solution containing 1 mM 4-methylumbelliferyl-B-galactoside
(Sigma, St Louis, MO, USA) in 0.1 M citrate buffer (pH 4.5) and 0.1 M NaCl. After
incubation for 1 h at 37°C, the enzyme reaction was terminated by adding 0.2 M
glycine-NaOH buffer (pH 10.7), and the liberated 4-methylumbelliferone was measured by
fluorometry (excitation 355 nm; emission 460 nm) as described previously [11]. Protein was
determined with the BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
2.4 In vitro NOEYV experiment

In this experiment human fibroblasts expressing normal (wild-type) p-galactosidase
activity were used as an enzyme source, and NOEYV was added to the enzyme assay mixture at
final concentrations of 0-5uM.
2.5 In situ NOEV experiments

Confluent fibroblasts (wild-type or mutant) were cultured in DMEM with or without
NOEV (0, 0.2, 2, or 6 pM) on a 3.5-cm culture dish for a short-term experiment (4 days), or
on a 10-cm culture dish for a long-term experiment up to 8 weeks. During the long-term
culture the culture medium was changed regularly twice a week. Every 7-8 days, the cells
were trypsinized, one half was stored for enzyme assay and the other half was kept on culture.

For final harvesting and enzyme assay, the cells were scraped, collected by centrifugation,
washed once with phosphate-buffered saline, suspended in water, and homogenized by
sonication. The cell pellets were kept frozen at -80°C until enzyme assay.
2.6 Gene mutation analysis

We tried to collect information about clinical and genetic data for each of the patients.
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However, information about phenotype and genotype was not always satisfactory. Enzyme
deficiency was confirmed in our laboratory for all fibroblast strains in this study. Some cell
strains without known genotype were subjected to gene mutation analysis [12]. After
extraction of genomic DNA from human fibroblasts, each of the 16 exons with flanking
sequence was amplified by polymerase chain reaction under the standard conditions. All
exons except 1, 4, 7 and 9 were sequenced directly using ABI Prism 3100 Genetic Analyzer
(Applied Biosystems Japan, Tokyo, Japan). The amplified exons 1, 4, 7 and 9 were subjected
to single strand conformation polymorphism [13]. Exons with aberrant bands were subcloned

into pGEM-T vector (Promega, Madison, WI, USA) and sequenced.

3. Results
3.1 In vitro NOEV experiment

Addition of NOEV resulted in a dose-dependent inhibition of the normal human
B-galactosidase activity in vitro (Fig 1). It was reduced to 20% of the background activity at
the concentration of 0.5 uM in the assay mixture. The 1C50 was calculated as 0.125 pM.
3.2 Time course of enzyme activity in cultured fibroblasts in response to NOEV

The background enzyme activity was variable in patients with various clinical phenotypes.
In general, the cells from late-onset patients showed higher residual enzyme activities. In
some cell strains, the enzyme activity was significantly enhanced after incubation for 2-4 days
with 0.2-2 uM NOEYV in the culture medium (Fig 2). The increase continued up to 7 days and
then remained at the same level for 8 weeks (data not shown). The rate of cell proliferation
remained the same as that for the cells without NOEV treatment.
3.3 NOEV effect and phenotype

Table 1 shows the cumulative summary of the cell study. The positive response was
defined either as more than 3-fold increase, or as an increase up to 10% or more of the control

mean (54 nmol/h/mg protein). The first condition was satisfied in 17 cell strains (34%), and
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the second condition in 10 (20%); both conditions were satisfied in 6 (12%), and either of
them in 21 (42%). The maximal enzyme activity was observed in two peaks either at 0.2 or 2
uM in most cell strains with positive response.

Juvenile Gy -gangliosidosis was most responsive among the four clinical phenotypes
tested in this study; relative increase in 7 of 8, and higher than normal 10% activity in 4 of 8.
There was a relative increase of enzyme activity in 10 of 31 infantile Gmi-gangliosidosis cells
in response to NOEV, but the enzyme activity reached more than the 10 percent normal level
in only 2 cell strains. Adult Gyi-gangliosidosis and Morquio B disease apparently did not
respond well to NOEV under the experimental conditions in this study. In general they
showed relatively high residual enzyme activity, and the enzyme activity after NOEV
treatment did not reach the 3-fold increase level, although an increase up to 10% of the
normal control mean activity was achieved in 4 of 7 cell strains.

3.4 NOEYV effect and genotype

We collected more than 50 different f-galactosidase gene mutations [1]. In this study
gene mutation analysis revealed several new or known mutations (data not shown). The effect
of NOEV was genotype-specific (Table 2). Among the mutations examined, the amino acid
substitution at 201 (R201C, R201H) causing juvenile Gmi-gangliosidosis responded
maximally to NOEV at 2 uM, and the amino acid substitution at 457 (R457Q) causing
infantile Gy -gangliosidosis at 0.2 uM. The effect for these amino acid 457 or 201 mutations
was confirmed in homozygous mutants. The response was less remarkable in compound
heterozygotes with Q255H, V439G, Y57X, Y324C, of other mutations in human fibroblasts

with B-galactosidase deficiency disorders (Table 2).

4. Discussion
Low molecular weight compounds for chemical chaperone therapy act as in vitro

inhibitors at high concentrations and as in situ activators at low concentrations. We first



