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A Fluorescent sp*-Iminosugar With Pharmacological
Chaperone Activity for Gaucher Disease: Synthesis and
Intracellular Distribution Studies

Zhuo Luan,®? Katsumi Higaki,*® Matilde Aguilar-Moncayo,"? Linjing Li,
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Carmen Ortiz Mellet,*? José M. Garcia Fernandez*® and Yoshiyuki Suzuki*™

Gaucher disease (GD) is the most prevalent lysosomal-storage
disorder, it is caused by mutations of acid f-glucosidase (3-glu-
cocerebrosidase; $-Glu). Recently, we found that bicyclic nojiri-
mycin (NJ) derivatives of the sp’-iminosugar type, including
the 6-thio-N'-octyl-(5N,65)-octyliminomethylidene  derivative
(6S-NOI-NJ), behaved as very selective competitive inhibitors of
the lysosomal B-Glu and exhibited remarkable chaperone activ-
ities for several GD mutations. To obtain information about the
cellular uptake pathway and intracellular distribution of this
family of chaperones, we have synthesized a fluorescent ana-
logue that maintains the fused piperidine-thiazolidine bicyclic
skeleton and incorporates a dansyl group in the N'-substituent,
namely  6-thio-(5N,65)-[4-(N'-dansylamino)butyliminomethyli-

Introduction

Gaucher disease (GD), the most prevalent lysosomal storage
disorder, is caused by mutations in the gene encoding for acid
p-glucosidase (B-Glu; glucocerebrosidase, EC 3.2.1.45)." These
mutations lead to significant protein misfolding during transla-
tion in the endoplasmic reticulum and then to a reduction in
enzyme trafficking to the lysosome.” The deficiency of lysoso-
mal B-Glu results in progressive accumulation of glucosylcera-
mide in macrophages, which often leads to hepatosplenome-
galy, anemia, bone lesions, respiratory failure, and, in the most
severe manifestations of the disease, central nervous system
(CNS) involvement.

At present there are two therapeutic strategies for GD
namely, enzyme replacement therapy (ERT) and substrate re-
duction therapy (SRT). ERT has been achieved by intravenous
administration of macrophage-targeted recombinant p-Glu.”!
SRT however, can be realized by oral administration of N-(n-
butyl)-1-deoxynojirimycin (NB-DNJ, miglustat, Zavesca®), which
inhibits glucosylceramide synthase and thereby decreases the
biosynthesis of glucosylceramide, the natural substrate of fi-
Glu. Both therapies have been proven to be effective for vis-
ceral, hematologic, and skeletal abnormalities.*”” However, the
efficacy of these therapies for neurological manifestations is
limited.®"" Bone marrow transplantation can also reverse the
disease, but thus far gene therapy strategies have been unsuc-
cessful.
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dene]nojirimycin (65-NDI-NJ). This structural modification does
not significantly modify the biological activity of the glycomi-
metic as a chemical chaperone. Our study showed that 65-NDI-
NJ is mainly located in lysosome-related organelles in both
normal and GD fibroblasts, and the fluorescent intensity of 65-
NDI-NJ in the lysosome is related to the -Glu concentration
level. 6S-NDI-NJ also can enter cultured neuronal cells and act
as a chaperone. Competitive inhibition studies of 65-NDI-NJ
uptake in fibroblasts showed that high concentrations of o-
glucose have no effect on chaperone internalization, suggest-
ing that it enters the cells through glucose-transporter-inde-
pendent mechanisms.
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It has been recently found that compounds that act as in-
hibitors of a lysosomal glycosidase can also stabilize the prop-
erly folded structure of the enzyme, thus rendering them suita-
ble for an alternative therapeutic concept, namely chemical
chaperone therapy. Active-site-directed chemical chaperones
stabilize mutant forms of lysosomal enzymes, such as B-Glu, as
they pass through the secretory pathway, evading endoplas-
mic-reticulum-associated degradation (ERAD). Once at the lyso-
some, the excess of substrate displaces the chaperone from
the active site and the enzyme recovers its hydrolytic activi-
ty'? Several years ago we proposed the carbasugar-type glu-
comimetic N-octyl-B-valienamine (NOV), a potent inhibitor of
[-Glu, as a potential chemical chaperone for the treatment of
neuronopathic GD."*"'”" NOV could increase the protein level
and enzyme activity of mutant [-Glu in cultured cells with
several mutation profiles, including homozygotic F2311, N188S,
N370S, and G202R mutants. Nitrogen-in-the-ring glucomi-
metics of the iminosugar or 1-azasugar families, such as N-(n-
nonyl)nojirimycin - (NN-DNJ) or isofagomine, respectively
(Scheme 1), have also shown great promise as chemical chap-
erones although they have been proposed in general for non-
neuronopathic forms of GD (type 1 GD)."™** Compounds
having chemical structures that are unrelated to carbohydrates
have been additionally added to the list of potential chemical
chaperones |2

OH __OH
N/\/\/\\/\/
HO OH HO NH

HO \/ Isofagomine

NN-DNJ

HO H

HO N
OH  nov
"x\\(/N N N N
|
HO %
Ho X =0, NOI-NJ
HO X =S, 6S-NOI-NJ
OH X = NH, 6N-NOI-NJ

Scheme 1. Chemical structures of chaperones for p-Glu.

Recently, we found that bicyclic sugar-shaped compounds
that incorporate a pseudoamide-type (isourea, isothiourea, or
guanidine) endocyclic nitrogen atom with substantial sp? char-
acter (sp’-iminosugars), such as 5N,60-[N'-(n-octyl)iminomethy-
lydene]nojirimycin (NOI-NJ) or its 6-thio or 6-amino-6-deoxy
analogues (65-NOI-NJ and 6N-NOI-NJ),*** behaved as very
selective competitive inhibitors of human lysosomal -Glu and
exhibited remarkable chaperone activities for several Gaucher
mutations.”” Interestingly, a comparative study with the classi-
cal iminosugar NN-DNJ indicated that sp’-iminosugars are sig-
nificantly more efficient for mutations associated with neuro-
nopathic forms of GD (types 2 and 3 GD), which was ascribed
to their ability to bind to the mutant -Glu with a considerably
higher affinity at neutral rather than at acidic pH.*” It was as-
sumed that these compounds would act by rescuing the
mutant enzyme at the endoplasmic reticulum thus facilitating

2454
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trafficking and finally dissociating at the lysosome. To substan-
tiate this hypothesis we have now synthesized a fluorescent
sp’-iminosugar analogue bearing a dansyl group namely, 6-
thio-(5N,65)-[4-(N'-dansylamino)butyliminomethylidene]nojiri-
mycin (6S-NDI-NJ; see Scheme 2), as a probe to unravel the
cellular uptake mechanisms and intracellular distribution of
this type of glycomimetic. it has been previously shown that
the introduction of fluorescent probes such as dansyl residues
onto lateral chains in classical iminosugars results in com-
pounds that might exhibit similar or even enhanced glycosi-
dase-inhibitory activity.*'** The utility of the fluorescently la-
beled iminosugar inhibitors for the construction of sensors to
detect glycosidase binding® and as chemical chaperones®*
has been demonstrated, illustrating the potential of the ap-
proach in glycobiology.

Results

65-NDI-NJ can be synthesized from a p-glucofuranose pre-
cursor following the general method disclosed for bicyclic
sp’-iminosugars

The coupling reaction of 5-amino-5-deoxy-a-p-glucocofura-
nose derivative 1" with 4-(tert-butyloxycarbonylamino)butyl
isothiocyanate afforded the corresponding thiourea adduct,
which was transformed into the desired vic-thioureidoalcohol
2 by removing the tetrahydropyranyl protecting group at O-6.
Activation of the primary hydroxyl in 2 by formation of the
corresponding methanesulfonate ester resulted in spontane-
ous cyclization to the key aminothiazoline pseudo-C-nucleo-
side precursor 3. Simultaneous acid-catalyzed removal of the
tert-butoxycarbony! and isopropylidene groups and final neu-
tralization afforded the bicyclic NJ derivative 4, which bears a
terminal free amino group at the exocyclic substituent and
was characterized as the corresponding hydrochloride salt.
Finally a sulfonamide-forming reaction with dansyl chloride
afforded the target compound 6S-NDI-NJ in 98% yield
(Scheme 2).

65-NDI-NJ shows a lysosomal glycosidase inhibition profile
similar to that of 65-NOI-NJ

The inhibitory activity of 6S-NDI-NJ was first checked on lyso-
somal glycosidases by using lysates from normal human fibro-
blasts. Strong inhibition of 3-Glu and no or weak inhibition of
other lysosomal enzymes, such as a-glucosidase, a-galactosi-
dase, P-galactosidase, and f-hexosaminidase, was observed
(Figure 1). We next analyzed the inhibitory potencies on F213I/
F2131, N370S/N370S, and L444P/L444P mutant B-Glu. The IC,,
values of 65-NDI-NJ on F2131/F213I, L444P/L444P and normal
B-Glu were very similar, whereas the corresponding ICs, value
on N3705/N370S mutant -Glu turned out to be significantly
higher. A comparison of $-Glu inhibition at pH 7.0 and 5.2 indi-
cated that, although 65-NDI-NJ strongly inhibits F2131, N3705,
L444P, and normal acid B-Glu at both neutral and acidic pH, all
of the 3-Glu were more sensitive to inhibition at pH 7.0 than at
pH 5.2 (Table 1). Overall, these results indicate that the behav-
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Scheme 2. Synthesis of 6-thio-(5N,65)-[4-(N'-dansylamino)butylliminonojirimycin (6S-NDI-
NJ). a) Et,N, py; b) TsOH, 70%; ¢) MsCl, py, 78%; d) TFA/H,0 (9:1); e) OH™ resin, 82%;
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Figure 1. Effects of 65-NDI-NJ on lysosomal enzyme activities in lysate from
human normal fibroblasts. Enzyme activity in normal cell lysates was deter-
mined in the absence or presence of increasing concentrations of chaper-
ones. Each point represents means of triplicate determinations obtained in
a single experiment. Values were expressed relative to the activity in the
absence of compounds (100 %).

Table 1. Inhibition of normal and mutant B-Glu by 65-NDI-NJ at neutral
and acidic pH.

Cell lysates 1C, (pH 5.2) [um] 1Csp (pH 7) [um]
H37 1.287 037
F2131/F2131 2221 093
N3705/N370S 2938 115

2318 21

La44P/L444P
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jor of 65-NDI-NJ towards lysosomal glycosidases and
mutant B-Glu is very similar to that previously ob-
served for 6S-NOI-NJ.

6S-NDI-NJ showed no cytotoxicity on GD cells

To evaluate the cytotoxicity of 65-NDI-NJ, we cultured
normal and GD human fibroblasts and neuronal cells
in the absence and presence of 65-NDI-NJ at 0.3, 1.0,
3.0, 10, and 30 um concentrations for four days, and
then the cell viabilities were assayed. The results indi-
cated the absence of cytotoxicity in all cases, even at
the maximum concentration of 30 pum.

65-NDI-NJ enhances -Glu activity in human GD fi-
broblasts

To evaluate the enzyme activity enhancement of 65-
~ NDI-NJ, normal as well as F2131/F213l, N3705/N3705,
and L444P/L444P mutant human fibroblasts were cul-
tured in the absence and presence of 65-NDI-NJ at
0.3, 1.0, 3.0, 10, and 30 um for four days before per-
forming the intact cell lysosomal (-Glu assay (Fig-
ure 2a). Contrary to the B-Glu inhibition assay, which
is carried out in cell lysates, in intact cells, the chemi-
cal-chaperone-promoted ERAD-evading mechanism
might operate. The measured enzyme activities then
represent the balance between the chemical chaper-
one and the enzyme inhibition activities of 65-NDI-NJ at each
concentration. In F2131/F2131 mutant cells, treatment with 10
and 30 pm MTD111 resulted in 100-200% increase of 3-Glu ac-
tivity. In N370S/N370S mutant fibroblasts, treatment with
30 pum 65-NDI-NJ resulted in about 70% increase of [3-Glu activ-
ity. Lower concentrations of the fluorescent sp’-iminosugar
failed to improve enzyme activity in both mutant cells. No
effect was observed either in the L444P/L444P mutant or the
normal cell line H37.

The optimal concentration of 6S-NDI-NJ from the above re-
sults (30 um) was selected to carry out a ten-day time-course
analysis of chaperone activities by using H37 (normal) and
F2131/F2131, N3705/N370S and L444P/L444P (mutant GD)
human fibroblasts. For F2131/F2131 and N3705/N370S cells, B-
Glu activity increased in a time-dependent manner in the pres-
ence of the fluorescent chaperone; it reached a peak on
days 3-5, then decreased slightly and came to a plateau at
about 50-100% increase in the last few days. When cells were
deprived of 6S-NDI-NJ on day 4, the activity gradually de-
creased to the basal level within 1-4 days. No effects were ob-
served in the L444P/L444P cell line. In normal H37 cells, the -
Glu activity slightly increased in the first few days in the pres-
ence of 30 um 65-NDI-NJ, then dropped back to the basal level
(Figure 2B).

To investigate the specificity of the chaperone activity of 65-
NDI-NJ among lysosomal glycosidases, mutant Gaucher and
normal fibroblasts were treated with 30 pm 65-NDI-NJ for four
days, and then the cell lysates were screened for a-glucosi-
dase, p-glucosidase, a-galactosidase, f-galactosidase, and -
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