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was read after 20 min and compared with the standard.
The GAG/creatinine ratio (milligrams of GAG per gram of
urinary creatinine) was used as a measure of urinary
excretion of GAG.

Data analysis

Student’s ¢ test or Welch’s ¢ test was used to compare DS and
HS levels betweem patient and control samples. The mean
value for DS and HS levels in MPS I patients was compared
with that of controls by one-way analysis of variance
(ANOVA). All data analyses were performed with Statview
statistical software (StatView-J 4.5; Abacus Concepts, Inc).

Results
Monitoring treatment of MPS I patients

To determine whether serum and urine DS and HS could be
used to monitor treatment of MPS I patients, DS and HS
were measured by LC/MS/MS at pretreatment, week 26,
and week 72 in serum and urine of 14 MPS I patients
undergoing ERT. We also assayed serum and urine HS and
KS by sandwich ELISA and urinary GAGs in comparison
(DS assay by ELISA is not available; Figs. 1 and 2;
Tables 1, 2 and 3).

Serum DS and HS level All patients had elevation of serum
DS and HS levels at the baseline (ADi-4S/6S, ADiHS-0S,
and ADiHS-NS; 605+288 ng/ml, 776+226 ng/ml, and 141+
46 ng/ml, respectively) compared to those in normal controls
(ADi-4S/6S, ADiHS-0S, and ADiHS-NS;139+134 ng/ml,
170£77 ng/ml, and 39+34 ng/ml, respectively, baseline vs.
normal control, p<0.0001) (Fig. 1, Table 1). Serum DS and
HS levels determined by LC/MS/MS markedly decreased in
all the patients during the ERT period (Fig. 1, Tables 1 and
2) although the rate of decrease was greater at week 72 in
some patients compared to others. Seven patients who started
ERT from week 1 showed almost no difference in reduction
between week 26 and week 72. There were some clinical
improvements in the patients on ERT, which included
improvements in airway symptoms and general activity. Skin
and hair texture also improved. The average decrease of serum
ADi-4S/6S (mainly DS), ADiHS-0S, and ADiHS-NS at week
72 was 69.4%, 54.7%, and 55%, respectively (Tables 1 and 2:
baseline vs. week 72, p<0.0001; ADi-4S/6S vs. ADiHS-0S,
p=0.0087; ADi-45/6S vs. ADiHS-NS, p=0.023; ADiHS-0S
vs. ADiHS-NS, p=0.97). ADi-4S/6S was reduced greater
than ADiHS-0S and ADiHS-NS. Serum ADi-4S/6S level at
week 72 in all patients (154+93 ng/ml) decreased to normal
or subnormal level (139+135 ng/ml; p=0.71) while serum
ADiHS-0S and ADiHS-NS levels at week 72 in some
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patients (311+114 ng/ml and 59+25 ng/ml) remained higher
than the normal range (170+77 ng/ml and 39+34 ng/ml;
p<0.0001 and p=0.046).

Serum HS level was also analyzed by ELISA method in
all patients showing that the average reduction at week 72
is 46.4% (8.6+£2.9 ug/ml) from baseline level (15.8+
4.0 pg/ml, p<0.0001), indicating less reduction than ADi-
4S/6S, ADiHS-0S, and ADiHS-NS levels (ADi-4S/6S vs.
HS, p=0.0012; ADi-0S vs. HS, p=0.085;, ADiHS-NS vs.
HS, p=0.11) (Fig. 1, Table 1) and remained higher than
normal controls (Table 1) (3.4+2.2 pg/ml). Serum KS
measured by both LC/MS/MS and ELISA methods was
reduced by around 25% compared to the baseline level.
Thus, average reduction percentage among biomarkers
measured was greater in the following order: ADi-4S/
6S>ADiHS-0S=ADiHS-NS>HS (ELISA) > KS (LC/
MSMS) > KS (ELISA).

Urine DS and HS level All patients had elevation of urine
DS and HS levels at the baseline (ADi-4S/6S, ADiHS-0S,
and ADiHS-NS; 302+273 ug/mgCre, 31+19pug/mgCre,
and 12+5.8pg/mgCre, respectively) compared to those in
normal controls (ADi-4S/6S, ADiHS-0S, and ADiHS-NS;
9.6+8.9ug/mgCre, 2.4+1.9pg/mgCre, and 1.0+0.9pg/
mgCre, respectively; baseline vs. normal control, p<
0.0001) (Fig. 2. Table 2). At week 72, all patients had a
reduction of DS and HS levels measured by LC/MS/
MS although urine ADi-4S/6S, ADiHS-0S and ADiHS-
NS levels remained higher than the normal range (65+
44 pg/mgCre, 6.5+3.5pg/mgCre and 2.9+2.1 pg/mgCre;
p<0.0001, p=0.0002, and p=0.0016, respectively). ADi-
45/6S, ADiHS-0S, and ADiHS-NS levels decreased by
66.6%, 71.7%, and 70.9% on average, respectively
(Table 2; baseline vs. 72 weeks, p<0.0001; ADi-4S/
6S vs. ADiHS-0S, p=0.54; ADi-4S/6S vs. ADiHS-NS,
p=0.62; ADiHS-0S vs. ADiHS-NS, p=0.92). Urine HS
levels in patients measured by ELISA method were not
largely reduced (mean, 37.3%: ADi-4S/6S vs. HS, p=0.0066;
ADi-0S vs. HS, p=0.0013; ADiHS-NS vs. HS, p=0.002).
Urinary GAGs were also measured during the treatment
period and levels decreased by 61.2%, resulting in no
statistical difference with any ADi-4S/6S, ADiHS-0S, and
ADIiHS-NS levels. In all patients except one, urinary GAGs
were decreased. Urine KS levels measured by LC/MS/MS
and ELISA at week 72 revealed 19.1% and 8.5% reduction,
respectively from the baseline level (Table 2). Overall, we
observed the greater reduction in the following order:
ADiHS-0S>ADiHS-NS > ADi-4S/6S > urinary GAGs >
urine HS (ELISA) > urine KS (LC/MS/MS) > urine KS
(ELISA). These findings support the advantage of urine DS
and HS measured by LC/MS/MS as a biomarker for MPS 1
patients.
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Fig. 1 Biochemical profiles in serum of 14 mucopolysaccharidosis I
(MPS ) patients who underwent enzyme replacement therapy (ERT)
(baseline, week 26, week 72). Broken line: patients (cases 1-7) who
underwent ERT from week 1. Solid line: patients who underwent ERT
from week 26 (cases 8-14). a ADi-4S/6S level [liquid chromatogra-

DS and HS levels from DBS To assess whether the LC/MS/
MS method can distinguish MPS-affected newboms from
normal control newbormns, we compared DS and HS levels
in DBS samples from three MPS I and control newborns in
a double-blind manner. All three cases with Hurler

baseline week 26 week 72

phy tandem mass spectrometry (LC/MS/MS). b ADiHS-0S level (LC/
MS/MS). ¢ ADiHS-NS level (LC/MS/MS). d Heparan sulfate (HS)
level [enzyme-linked immunosorbent assay (ELISA)]. Thick broken
line shows the mean value from normal controls

syndrome (cases 1-3 in Table 3) had marked elevation of
DS and HS values (>15 ng/spot) compared with values of
normal control newborns (5.53+1.46 ng/spot; »<0.0001)
(Table 3). This patient was bomn as a fraternal twin, and DS
and HS levels were clearly distinguishable between
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Fig. 2 Biochemical profiles in urine of 14 mucopolysaccharidosis I
(MPS I) patients who underwent enzyme replacement therapy ( ERT)
(baseline, week 26, week 72). Broken line: patients (cases 1-7) who
underwent ERT from week 1. Solid line: patients who underwent ERT
from week 26 (cases 8-14). a ADi-4S/68S level [liquid chromatogra-

newborns from other fraternal twins (unaffected vs.
affected; 8 ng/spot vs. 26.6 ng/spot). DS and HS levels in
another DBS sample at the age of 1 year (case 3) remained
higher, although composition of ADiHS-NS value was lower
than controls. More samples need to be analyzed longitudi-
nally. We also analyzed KS levels on these DBS samples
simultaneously, showing no difference between normal
control newborns and MPS I patients (4.46+0.62 ng/spot
vs. 3.9+0.67 ng/spot).
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phy tandem mass spectronometry (LC/MS/MS)]. b ADiHS-0S level
(LC/MS/MS). ¢ ADiHS-NS level (LC/MS/MS). d Heparan sulfate
(HS) level [enzyme-linked immunosorbent assay (ELISA)). Thick
broken line shows mean value from normal controls

Consequently, these results support the LC/MS/MS
method could be applied to NBS for MPS.

Discussion
In this study, we measured disaccharide compositions of

blood and urine DS and HS simultaneously on the basis of
a primary storage in human MPS I patients and show the
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Table 1 Blood dermatan sulfate (DS) and heparan suifate (HS) levels in mucopolysaccharidosis I (MPS I) patients (baseline and week 72)
Data Age ADi-4S/6S ng/ml  ADiHS-0S ng/ml  ADiHS-NS ng/ml  KS pg/mL HS pg/ml  KS ng/ml
(years)  (LC/MS/MS) (LC/MS/MS) (LC/MS/MS) (LCMS/MS)  (ELISA)  (ELISA)
Baseline Mean 15.7 605 726 141 2.6 15.8 707
n=14 SD 8.4 288 226 46 0.9 4.0 248
Range 5.8-393  230-1100 430-1100 79-220 1.1-4.2 9.0-20.3 261-1166
Week 72 Mean 17.0 154 311 59 2.0 8.6 603
n=14 SD 8.4 93 114 25 0.8 29 235
Range 7.1-40.6  81-380 210-650 28-110 0.8-3.8 4.5-14.1 278-991
Reduction  Mean 69.4 54.7 55.0 26.6 46.4 25.6
o) SD 15.9 11.0 157 13.9 13.3 20.5
Range 33.0-86.9 37.0-70.0 15.4-74.2 4.8-48.6 23.0-67.8 -11.5-67.1
Control Ave 11.5 139 170 39 1.8 5.8 152
n=50 SD 16.7 134 77 34 0.7 7.1 114
Range 0-51 0410 77-360 7-150 0.67-3.9 0.4-34.7 33-502

KS keratan sulfate, LC/MS/MS liquid chromatography tandem mass spectrometry, SD standard deviation, Ave average

#Reduction (%): (baseline value-week72 value)/baseline value x 100

feasibility of monitoring patients during ERT procedures
and possibility of NBS for MPS I. The potential use of this
LC/MS/MS technology is to monitor the effectiveness of
therapies. Recent studies of therapy monitoring by various
biomarkers in liposomal storage disease (LSD) provided the
evaluation of patients with Fabry disease (Roddy et al.
2004) and Pompe disease (An et al. 2005) following ERT
and MPS [, II, and VI patients following ERT and bone
marrow transplantation by using urinary GAGs, enzyme
assay, MS, ELISA, and quantitative polymerase chain
reaction (PCR) (Fuller et al. 2004; Randall et al. 2006,
2008; Beesley et al. 2009; Di Natale et al. 2008). Among

secondary elevated products in MPS, recent studies show
that HCII-T will prove effective as a biomarker for MPS I,
II, VI, and VII diseases storing DS. HCII-T formation in
vivo is dependent on the presence of excessive DS, whereas
HS does not promote complex formation effectively.
Therefore, HCII-T may not be as appropriate for MPS III
storing HS (Langford-Smith et al. 2009). These methods
were also used to evaluate the effectiveness of ERT in
animal models of MPS VI and MPS IIIA (Crawley et al.
2004; King et al. 2006). Oligosaccharides analysis of HS in
urine and amniotic fluids assayed by MS was proposed to
be a useful marker of the disease in MPS 1 patients

Table 2 Urine-dermatan sulfate (DS) and heparan sulfate (HS) levels in mucopolysaccharidosis I (MPS I) patients (baseline and week 72)

Data  Age ADi-4S/68 ADiHS-08 ADiHS-NS  KS HS KS GAG
(years) ng/mgCre ug/mgCre ng/mgCre pg/mgCre ug/mgCre ng/mgCre ug/mgCre
(LC/MS/MS)  (LC/MS/MS)  (LC/MSMS)  (LC/MS/MS)  (ELISA) (ELISA)
Baseline ~ Mean  15.7 302 31 12 42 17.3 0.31 145
n=14 SD 8.4 273 19 58 2.8 9.8 0.16 78.2
Range 5.8-39.3  28.5-994 6.7-67.2 3.1-20.7 0.7-10.7 9.7-40.4 0.09-0.59 9.0-297
Week 72 Mean  17.0 65 6.5 2.9 2.7 9.4 0.26 37.1
n=l4  gp 8.4 44 3.5 2.1 1.8 3.9 0.19 38.9
Range  7.1-40.6  13.6-153 2.1-14.4 0.8-8.1 0.6-6.7 2.1--164 0.06-0.71 24-119
Reduction  Mean 66.6 71.7 70.9 19.1 373 8.5 61.2
(%) SD 22,0 19.5 208 60.5 30.1 61.8 64.2
Range 30.7-97.8 38.9-95.4 313-939 ~1473-83.4 -100t0854 —1040t089.2 ~—148to 98
Control Ave 115 9.6 2.4 1.0 36 82 0.16 41
n=50  gp 16.7 8.9 1.9 09 29 44 0.13 35
Range  0-51 0.8-36 0.3-6.6 0.1-3.3 0.3-9.6 0.66-20 0.03-0.62 0.25-132

Cre creatinine, LC/MS/MS liquid chromatography tandem mass spectrometry, KS keratan sulphate, GAG glycosaminoglycan, ELISA enzyme-

linked immunosorbent assay, SD standard deviation
* Reduction (%): (baseline value -week72 value)/baseline value x 100
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Table 3 Dermatan sulfate (DS)

and heparan sulfate (HS) levels ADi-45/6S ADiHS-0S ADiHS-NS Total HS/DS

from dried blood spot in three

mucopolysaccharidosis I (MPS Case 1 (newborn) 10.90 2.77 1.58 15.25

I) newborns (ng/spot) Case 2 (newborn) 12.00 2.85 1.80 16.65
Case 3 (newborn) 22.66 2.80 ; 1.10 26.56
Case 3 (1 year) 11.19 2.00 0.57 13.76
Control newborns (n=>50) mean 3.70 1.17 0.67 5.53
+Standard deviation 1.09 0.23 0.28 1.46
Maximum 6.69 1.67 1.56 9.31
Minimum 2.5 0.87 0.44 3.89

(Ramsay et al. 2003, 2004; Fuller et al. 2004; King et al.
2006), although there has been no data available in blood
circulation. ELISA has been thought to be another potential
approach. However, in this study, HS level by ELISA
method did not decrease as much as that by LC/MS/MS
during ERT course. This could be reflected by the fact that
LC/MS/MS recognizes more HS compositions, whereas the
antibody-based ELISA only recognizes sulfated HS at a
specific site. In addition, there has been no development to
assay DS level quantitatively by ELISA. In previous
studies, we indicated the feasibility of LC/MS/MS to
monitor ERT effectiveness in MPS IVA and VII murine
models (Tomatsu et al. 2008; Montafio et al. 2008). These
facts indicated that LC/MS/MS to measure DS and HS
simultaneously has several potential advantages over other
methods: (1) DS and HS are primary storage substrates of
the disease due to deficiency of the enzyme and therefore
could be directly reflective of improvement of specific signs
and symptoms to assay these biomarkers; (2) some methods
are only applicable to urine sample, but DS and HS levels in
urine and blood are measurable by LC/MS/MS; (3)
compositional analyses of DS and HS by LC/MS/MS will
be applicable to screening purposes as described below.

Our limited study of treated patients undergoing ERT
show that the rate of blood DS decrease is more rapid and
could be normalized, whereas blood HS level could be
reduced but may not reach the normal value completely,
despite long-term treatment. DS is accumulated in visceral
organs such as liver and spleen, bone and skin; however,
no CNS involvement is observed by DS storage, whereas
HS is accumulated mainly in the CNS. This finding would
suggest markedly reduced storage in visceral organs
related to DS, but HS storage reduction remains low in
CNS. Studies with a larger sample of treated patients from
a broad spectrum of phenotypes are required to correlate
HS level with CNS involvement. Interestingly, the
secondary elevated KS level was also decreased around
25% from baseline. The mechanism for KS elevation in
other types of MPS remains unclear, as the current theory
on the pathway of KS metabolism cannot account for this
phenomenon.
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Another potential use of the proposed technology is to
apply it to NBS. Therapies for MPS have been developed
experimentally and clinically. These include bone marrow
transplantation (BMT), ERT, and gene therapy. ERT was
approved by the US Federal Drug Administration (FDA)
for use in patients with MPS I (Kakkis et al. 1994), MPS II
(Muenzer et al. 2002; Muenzer et al. 2006), and MPS VI
(Harmatz et al. 2004; Harmatz et al. 2005; Harmatz et al.
2006). NBS is recognized internationally as an essential,
preventive public health program for early identification of
disorders in newborns that can affect their long-term health.
Despite recent studies reporting early MPS detection, NBS
for MPS has not been thoroughly established, and therefore,
a presumptive diagnosis of MPS is made much later than
the newborn period after presentation of clinical signs and
symptoms. Establishing standard methodologies to screen
MPS at an early clinical stage will improve the clinical
course significantly. The most commonly used methods for
MPS diagnosis are dye-spectrometric methods such as
DMB (Farndale et al. 1986; Whitley et al. 1989, 2002)
and alcian blue (Gold 1981; Bjornsson 1993; Karlsson et al.
2000) on urine samples. Automation of the direct DMB
method was devised for NBS for MPS diseases (Whitley et
al. 2002). However, these methods are not applicable to
blood specimen without prior protease, nuclease, or
hyaluronidase digestion and are impractical to screen
newborn urine, as collection of urine samples is difficult.
High-performance liquid chromatography (HPLC) is a
sensitive and specific method but is not appropriate for
mass screening, as it is time consuming and expensive
compared with other methods.

Methods for screening of MPS in newboms using the DBS
have been in development for a number of years. There are
two potential methods proposed. One is the immune-capture
method for detecting each deficient lysosomal protein of
patients with MPS T, I, IIA, and VI (Hein et al. 2005; Meikle
et al 2006), and the other is the direct method assaying an
individual enzyme activity of MPS [, II, IIIB, VI, and VII
patients (Wang et al. 2005; Gelb et al. 2006; Civallero et al.
2006; Wang et al. 2007; Blanchard et al. 2008). These
approaches, which rely on individual antibodies or enzyme
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activities for first-tier screening, could be too expensive to
use on a large scale. As cost-performance is an important key
to accessibility, it is recognized that highly efficient and
inexpensive screening methodologies should be formulated
and developed. Little is known about increases in levels of
specific GAGs, such as HS and/or DS, in MPS patients. In
this study, we carried out a blinded analysis of DBS samples
from MPS I (Hurler syndrome) newbomns and successfully
showed marked elevation of DS and HS levels, indicating
the LC/MS/MS method has a potential to be applied for
NBS. The advantage of the method in combination with KS
assay (Oguma et al. 2007a) is that we can cover all types of
MPS I-VII for the first-tier screening and predict MPS type
with elevation of the specific GAG, such as DS, HS, KS, or
in combination. After the high-risk population is identified at
the first-tier screening, we will measure the specific enzyme
suspected. To confirm whether this method has high-
throughput potential and whether it is cost-effective to NBS
or not requires further investigations on the following issues:
(1) test larger number of DBS samples from normal
newborns, including a variety of birth weights and gesta-
tional ages through the pilot study; (2) evaluate other types
of MPS in newborns, especially MPS IVA, by KS
measurement; (3) observe differences of specific GAG level
by clinical severity.

In conclusion, we characterized levels of DS and HS
disaccharides during the time course of ERT in MPS I
patients and DBS samples in MPS I newborns and shown
that DS and HS in MPS I are appropriate biomarkers as
primary storage substrates. The relative quantification and
qualification of DS and HS should prove to be a useful
indicator of ERT efficacy for MPS I and could be applicable
to other types of MPS.
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Gaucher disease (GD) is the most prevalent lysosomal-storage
disorder, it is caused by mutations of acid -glucosidase {§-glu-
cocerebrosidase; 3-Glu). Recently, we found that bicyclic nojiri-
mycin (NJ) derivatives of the sp’iminosugar type, including
the &-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-
fogue 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
B-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 [3-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 [3-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 [3-
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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denelnojirimycin (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 6S-
NDI-NJ in the lysosome is related to the $-Glu concentration
level. 65-NDI-NJ also can enter cultured neuronal cells and act
as a chaperone. Competitive inhibition studies of 6S-NDI-NJ
uptake in fibroblasts showed that high concentrations of p-
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 §-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-[}-valienamine (NOV), a potent inhibitor of
B-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-
nonyhnojirimycin  (NN-DNJ) or isofagomine, respectively
(Scheme 1), have also shown great promise as chemical chap-
erones aithough they have been proposed in general for non-
neuronopathic forms of GD (type1 GD)."™®** Compounds
having chemical structures that are unrelated to carbohydrates
have been additionally added to the list of potential chemical
chaperones. %

OH OH
- N /WW
ﬁ MO\,
Isofagomine
NN-DNJ
HO H
HO NS
OH  Nov
N “~
X\r, SN TN
HO N
Ho X =0, NOI-NJ
HO X =S, 6S-NOI-NJ
OH X =NH, 6N-NOI-NJ

Scheme 1. Chemical structures of chaperones for |)-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 SN,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 3-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 considerabiy
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
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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 (65-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 o-glucofuranose pre-
cursor following the general method disclosed for bicyclic
sp’-iminosugars

The coupling reaction of 5-amino-5-deoxy-u-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 0-6.
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-butoxycarbonyl 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 6S5-NDI-NJ in 98% yield
{Scheme 2).

6S-NDI-NJ shows a lysosomal glycosidase inhibition profile
similar to that of 65-NOI-NJ

The inhibitory activity of 65-NDI-NJ was first checked on lyso-
somal glycosidases by using lysates from normal human fibro-
blasts, Strong inhibition of -Glu and no or weak inhibition of
other lysosomal enzymes, such as «a-glucosidase, u-galactosi-
dase, [3-galactosidase, and f-hexosaminidase, was observed
(Figure 1), We next analyzed the inhibitory potencies on F213I/
F2131, N3705/N370S, and L444P/L444P mutant [-Glu. The ICs,
values of 65-NDI-NJ on F2131/F213I, L444P/L444P and normal
[-Glu were very similar, whereas the corresponding IC,, value
on N370S/N370S mutant 3-Glu turned out to be significantly
higher. A comparison of }-Glu inhibition at pH 7.0 and 5.2 indi-
cated that, although 6S-NDI-NJ strongly inhibits F2131, N370S,
£444P, and normal acid 3-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-

ChemBioChem 2010, 11, 2453 - 2464
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Figure 1. Effects of 6S-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 6S-NDI-NJ at neutral
and acidic pH.

Cell lysates ICs (pH 5.2) [um] IC. {pH 7) [um]
H37 1.287 0.37
F2131/F2131 221 093
N370S/N370S 29.38 115
L444P/L444P 2318 21
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ior of 65-NDi-NJ towards lysosomal glycosidases and
mutant (-Glu is very similar to that previously ob-
served for 6S-NOI-NJ.

65-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 pm concentrations for four days, and
then the cell viabilities were assayed. The resuits indi-
cated the absence of cytotoxicity in all cases, even at
the maximum concentration of 30 um.

6S-NDI-NJ enhances B-Glu activity in human GD fi-
broblasts

To evaluate the enzyme activity enhancement of 65-
NDI-NJ, normal as well as F2131/F213i, N370S/N370S,
and L444P/L444P mutant human fibroblasts were cul-
tured in the absence and presence of 6S-NDI-NJ at
0.3, 1.0, 3.0, 10, and 30 um for four days before per-
forming the intact cell lysosomal B-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 6S-NDI-NJ at each
concentration. in F2131/F213] mutant cells, treatment with 10
and 30 pm MTD111 resulted in 100-200% increase of -Glu ac-
tivity. In N370S/N370S mutant fibroblasts, treatment with
30 um 6S-NDI-NJ resuited in about 70% increase of $-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 65-NDI-NJ from the above re-
suits (30 pum) was selected to carry out a ten-day time-course
analysis of chaperone activities by using H37 (normal) and
F2131/F2131, N370S/N370S and L444P/1444P (mutant GD)
human fibroblasts. For F2131/F2131 and N370S/N370S cells, f3-
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 65-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 6S-
NDI-NJ among lysosomal glycosidases, mutant Gaucher and
normal fibroblasts were treated with 30 um 6S-NDI-NJ for four
days, and then the cell lysates were screened for «-glucosi-
dase, fi-glucosidase, ua-galactosidase, (-galactosidase, and -
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Figure 2. Chaperone activities of 65-NDI-NJ on mutant [5-Glu in fibroblasts.
A) Intact cell enzyme assay. Cells were cultured for 4 d in the absence or
presence of increasing concentrations of 65-NDI-NJ, Lysosomal {>-Glu activity
was estimated in intact cells as described in Experimental Section. Each bar
represents the mean+ S.EM. of 3 determinations each done in triplicate.
*p< 0.01 highly significantly statistically different from the values in the ab-
sence of the compound (t test). B) Time course. Cells were cultured in the
presence of 30 yim 65-NDI-NJ up to 10d respectively (@). A subset of cells
was cultured with chaperones for 4 d, washed and further cultured without
the drug for 6d {- ). i-Glu activity in cells was determined at the indicated
time in triplicate. C} The influence of chemical chaperones on activity of ly-
sosomal enzymes. Mutant Gaucher and normal fibroblasts were treated with

30 pv 65-NDI-NJ for 4 d, and cell lysates were screened for w-glucosidase, -

glucosidase, a-galactosidase. f-galactosidase, and |i-hexosaminidase in ttip-
licate. The activity of treated cells was normalized against the activity of un-
treated cells. Data shown are the average of triplicate wells for a representa-
tive experiment, and the etror bars correspond to the standard deviation.
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hexosaminidase activities. For F2131/F2131 and N370S/N370S
GD cells, an increase in the activity of B-Glu was observed,
whereas the activities of the other lysosomal enzymes re-
mained essentially unaffected. 65-NDI-NJ did not influence the
activity of either of the lysosomal enzymes in L444P/L444P
mutant and normal cell lines (Figure 2C). Western blot experi-
ments further supported that treatment of F213i/F213l and
N3705/N370S GD cells with 30 um 65-NDI-NJ for four days
caused a significant increase in the protein level of mutant fi-
Glu (data not shown).

6S-NDI-NJ attenuated pH and heat-dependent loss of
mutant B-Glu activity in vitro

Sawkar et al. reported that efficient chemical chaperones are
capable of preventing pH-dependent in vitro degradation of
several mutant [-Glu.“ We also observed a similar effect for
NOV on F213! mutant (-Glu!'" Here, we compared stability
at pH7 and 37 C and heat-dependent stability at 48 C of
F2131/F2131, N370S/N370S, L444P/L444P and normal B-Glu in
the absence and in the presence of 65-NDI-NJ (Figure 3). When
F2131/F2131 cell lysates were incubated at 37 C at pH7,
mutant 3-Glu activity rapidly diminished to less than 60% of
the initial level after 1 h. In stark contrast, only marginal de-
creases of mutant [3-Glu activity occurred in N370S/N370S cell
lysates, with more than 90% activity retained after 1 h incuba-
tion at pH 7, whereas the (}-Glu activity in normal and L444P/
L444P mutant cell lysates remained unaltered under identical
conditions. The decreases of F213I/F2131 and N370S/N3705
mutant B-Glu activities at neutral pH were attenuated by 65-
NDI-NJ in a dose-dependent manner.

In separate experiments, the lysates were heat-denatured
(48 C) at neutral pH and assayed for residual enzyme activity.
All B-Glu variants lost activity to some extent under thermal
denaturation, with only 20-30% of the initial activity remaining
for F2131/F2131 and N370S/N3705 mutants and 40-50% for
L444P/L444P and H37 B-Glu after 1 h. At 10 um concentration
65-NDI-NJ fully prevented the heat-induced loss of 3-Glu activi-
ty in the lysates of L444P/L444P and H37 cells, whereas 30 um
65-NDI-NJ was needed in the case of N3705/N370S mutant f3-
Glu and just 70% activity was retained for F2131/F213l after 1 h
heating at 48 C under the same conditions (Figure 3).

6S-NDI-NJ can be internalized in and released from living
fibroblasts

The rate of internalization and release from the cells is expect-
ed to be an important parameter for the identification of good
chemical chaperones for pharmacological applications. After
four days incubation with 30 um 65-NDI-NJ, the concentration
of the fluorescent sp’-iminosugar in the cells increased gradu-
ally for all F2131/F213I, N370S/N370S, L444P/L444P (mutant),
and H37 (normal) fibroblasts. We found that after replacing the
culture medium, the intensity of fluorescence in the living cells
rapidly decreased with time. Most of the fluorescent chaper-
one was already released into the external medium after one
day (Figure 4), and fluorescence was almost undetectable in
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Figure 3. Effects of 65-NDI-NJ on time-dependent loss of mutant [3-Glu activity in vitro

at pH 7 at 37 and 48 C. Cell lysates were incubated in 0.1 m citrate-phosphate buffer at
pH 7 and at 37 and 48 C for the indicated time. Each point represents mean values of
triplicate determinations obtained in a single experiment. Values are expressed as relative
to the activity before the incubation (100%).

65-NDI-NJ.

the cells after six days. These data suggest that 65-NDI-NJ can
enter and be released from living GD and normal fibroblasts
depending on its concentration in the external medium.
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6S-NDI-NJ co-localizes in lysosomes in human GD
fibroblasts

To explore the intracellular distribution of the chaper-
one, we have used organelle markers for the endo-
plasmic reticulum (ER) and the lysosome in combina-
tion with confocal microscopy. We found that B-Glu
immunoreactivity in F2131/F213], N370S/N370S, and
L444P/L444P mutant fibroblasts are significantly
lower than in normal cells. Normal §-Glu co-localized
with the lysosomal-related organelle marker LAMP2,
which is consistent with its expected localization
mainly in the lysosomes. A similar analysis suggested
that very few mutant -Glu localized in the lyso-
somes of F2131/F213l, N3705/N370S, and L444P/
L444P fibroblasts (Figure 5A).

We further examined the intracellular localization
of 65-NDI-NJ in GD and normal fibroblasts after incu-
bation for four days by using a 30 pum concentration.
in all cases it was found that the fluorescent sp*-imi-
nosugar co-localized with B-Glu (Figure 5A) and
LAMP2 (Figure 5B). In contrast, no co-localization was
observed with calnexin, a protein marker for the ER
{Figure 5B), This suggests that the internalized fluo-
rescent chaperone is essentially bound to the en-
zyme and that the 65-NDI-NJ:B-Glu complex is mainly
distributed in lysosome-related organelles. The high
affinity of 65-NDI-NJ towards f8-Glu probably triggers
internalization of the chemical chaperone, which is
probably the reason for the much lower concentra-
tion of 6S-NDI-NJ detected in the chaperone-insensi-
tive L444P/L444P mutant fibroblasts. Thus, 6S-NDI-NJ
could increase the fluorescent intensity of 3-Glu in
F2131/F2131 and N370S/N370S fibroblasts, but did not
affect L444P/L444P mutant fibroblasts (Figure 5A),
which is consistent with the results from the (-Glu
activity assay and the Western blot. High 6S-NDI-NJ-
specific fluorescent intensities were observed in
F2131/F2131, N370S/N370S, and normal fibroblasts
but not in L444P/L444P fibroblasts after the four-day
treatment (Figure 5B). Most probably, the intensity of
the 6S-NDI-NJ specific fluorescence in the lysosome
is related to the -Glu protein level in this organelle.

6S5-NDI-NJ exhibits chaperone activity on neuronal
cells

Chaperone therapy with sp’-iminosugars was mainly
proposed for neuronopathic GD. Thus, previous re-
sults with the parent compound NOI-NJ evidenced
good properties regarding oral availability and ability
to enhance the (-Glu activity in tissues, including

brain, as well as the lack of acute toxicity at high doses in
normal mice.”” We have now examined the effects of 65-NDI-
NJ on normal neuronal cells, which were differentiated from

P19 mouse embryonic carcinoma cells by retinoic acid. Blll-Tu-
bulin and MAP2 antibodies were used to identify immature

« 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Expulsion of 65-NDI-NJ from living fibroblasts. Living GD fibroblasts
were incubated with 30 um 65-NDI-NJ for four days, then washout. The celis
were further cultured for 1-6 d. The medium was aspirated for measurement
of 65-NDI-NJ concentration at indicated time. 65-NDi-NJ medium was mea-
sured as described in experimental section.

and mature neurons respectively. We found that 65-NDI-NJ can
enter both immature and mature neurons after four days’ incu-
bation (Figure 6B). Additionally, 65-NDI-NJ showed no toxicity
on neuronal cells at a maximum concentration of 10 um,
whereas both intact and lysate assays showed that 65-NDI-NJ
enhanced $-Glu activities of neuronal cells, the maximum
chaperone activity being reached at 1 um concentration (Fig-
ure 6 A). At higher concentrations the chaperone effect is coun-
terbalance by the inhibitory effect, which becomes predomi-
nant at 10 um.

High concentrations of glucose do not competitively inhibit
cellular uptake of 6S-NDI-NJ

At present, there is no information about the cellular uptake
pathways of chemical chaperones. Considering the structural
similarity of the polyhydroxylated cyclic nojirimycin framework
and o-glucose, it seemed reasonable that this family of com-
pounds might share the cell-uptake mechanisms through glu-
cose-specific transporters. Notwithstanding, we found that the
presence of o-glucose at 25, 50, and 100 mm in the incubation
medium had no influence on the intracellular fluorescent in-
tensities of 65-NDI-NJ in the human normal fibroblasts {data
not shown). The absence of competitive inhibition by p-glu-
cose in the internalization of 6S-NDI-NJ suggests that the
chemical chaperone enters the cells through glucose-transport-
er-independent mechanisms.

Discussion

To circumvent the limitations of ERT and SRT to neurological
manifestations, new therapeutic avenues for GD have been
explored in recent years.™* Chemical chaperone therapy is a
promising approach because of its potential for simple oral ad-
ministration, penetration of the blood-brain barrier, and low
cost. Chaperones are small molecules that can specifically bind
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to a misfolded protein and help it fold into the correct three-
dimensional shape. This allows the protein to be properly traf-
ficked from the ER and distributed to the lysosome in the cell,
thereby increasing enzyme activity and cellular function and
reducing substrate and stress on cells.*** Up to now, a broad
battery of chemical chaperones has been developed for GD,
including both sugar-like and non-sugar-related molecules. Re-
cently, we found that bicyclic derivatives featuring a 2-imino-
oxazolidine, -thiazolidine, or imidazolidine five-membered ring
fused to a polyhydroxylated pyperidine cycle, termed sp’-imi-
nosugars, behaved as selective competitive inhibitors of the
lysosomal 3-Glu and exhibited significant chaperone activity
for several neuronopathic GD mutations.””

Although the concentration of mutant GD proteins in the
lysosome has been shown to be enhanced by the presence of
chemical chaperones, thereby supporting the proposed rescu-
ing mechanism, to the best of our knowledge there is no
direct information available about the intracellular distribution
and cellular uptake pathways of such compounds. To clarify
these questions, we have synthesized a fluorescently tagged
version of the previously reported bicyclic nojirimycin sp’-imi-
nosugars NOI-NJ, 65-NOI-NJ, and 6N-NOI-NJ, namely 6-thio-
(5N,65)-[4-(N'-dansylamino)butyliminomethylidene]nojirimycin
(6S-NDI-NJ). Actually, the general approach previously devel-
oped for the synthesis of bicyclic nojirimycin derivatives of the
sp’-iminosugar type was purposely conceived to allow intro-
duction of molecular diversity in the structure at a relatively
low synthetic cost.

in the molecular design of 65-NDI-NJ, we took advantage of
the information previously obtained from X-ray crystallography
and thermodynamic studies on bicylic sp*iminosugars in com-
plex with recombinant human B-glucocerebrosidase®” or with
the B-glucosidase from the extremophile microorganism Ther-
motoga maritima,”® an enzyme that belongs to the same clan
GHA as B-Glu in the CaZy classification."® The octyl chain at
the exocyclic nitrogen of NOI-NJ, 6S-NOI-NJ, or 6N-NOI-NJ
(Scheme 1) in the enzyme-inhibitor complexes was found to
occupy a hydrophobic pocket at the entrance of the active site
in all cases, while maintaining substantial flexibility. It was then
inferred that structural modifications at this portion of the mol-
ecule would not affect the extensive hydrogen-bond network
involving the hydroxyl groups and would be well tolerated as
far as its hydrophobic nature is preserved. The 6-thio-5N,65-(al-
kyliminomethylidene)nojirimycin bicyclic core was chosen in
view of the good chaperone activities previously obtained
with 65-NOI-NJ for several mutant (-Glu. Moreover, the iso-
thiourea segment can be generated with high efficiency from
a vic-hydroxythiourea intermediate 2, which is readily accessi-
ble from the known 5-amino-5-deoxy-p-glucofuranose deriva-
tive 1 by activation of the OH function as a sulfonate ester fol-
lowed by nucleophilic displacement by the thiocarbonyl sulfur
atom (—-3). The subsequent furanose —pyranose rearrange-
ment is a very efficient process that affords the desired bicyclic
sp*-iminosugar core 4. The terminal amino group in the N-alkyl
substituent in 4 was then exploited for the incorporation of
the fluorescent probe in the structure by coupling reaction
with dansyl chioride (Scheme 2).

ChemBioChem 2010, 11, 2453 ~ 2464
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Figure 5. Intracellular distribution of 65-NDI-NJ in GD fibroblasts. A) Cells in the absence or the presence of 6S-NDI-NJ (30 um) were double stained with anti
[3-Glu and LAMP2 antibody or anti 3-Glu antibody. B) The cells were cultured for 4 d in the presence of 6S-NDI-NJ (30 pm) and stained with anti-calnexin anti-
body or anti-LAMP2 antibody. Bound antibodies were visualized with different secondary antibody. The images obtained with a confocal microscope are

shown.

First, we confirmed that the insertion of the dansyl group
was not detrimental for the biological activity. According to
the collected data, 65-NDI-NJ is a specific inhibitor of -Glu
(Figure 1), exhibits no cytotoxicity at the maximum assayed

concentration of 30 um in human fibroblasts, and can enhance
B-Glu activities in human F213I/F213I and N3705/N370S GD
fibroblasts (Figure 2). All these characteristics are similar to
those previously reported for 6S-NOI-NJ."® Moreover, fluores-
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Figure 6. The effect of 65-NDI-NJ on neuronal cells differentiated from P19 EC cells.

A) Enzyme assay. Neuronal cells were cultured for 4 d in the absence or presence of in-
creasing concentrations of 65-NDI-NJ. -Glu activity was estimated in intact cells and
lysate as described in the Experimental Section. °p < 0.01 highly significant, statistically
different from the values in the absence of the compound (t-test). B) The immature and
mature neuronal cells were cultured for 4 d in the presence of 65-NDI-NJ (30 pm) and
stained with anti-Blll-tubulin antibody and anti-MAP2 antibody. Bound antibodies were
visualized with a different secondary antibody. Shown are the images obtained with a

confocal microscope.

cence spectroscopy measurements showed that the spectral
properties of 65-NDI-NJ in aqueous and organic media were
well suited for studies of the interactions of this molecule with
cultured cells.

Prior to examining the ability of 65-NDI-NJ to increase the
concentration of mutant B-Glu in the lysosome, we examined
its capacity to attenuate time-dependent loss of mutant -Glu
activity in vitro at pH 7 at 37 and 48 'C. This protecting effect
has been shown to be an indication of good chaperone capa-
bilities, and was ascribed to its efficiency in forcing a correct
folding.*** The GD mutants F213I/F2131 and N370S/N370S
are not stable in the neutral pH environment of the ER and un-
dergo endoplasmic-reticulum-associated degradation (ERAD)
to a great extent. In vitro experiments showed that the degra-
dation rate at pH 7.0 at either 37 C or 48 C in vitro dramatical-
ly decreased in the presence of the dansyl derivative 65-NDI-
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NJ. On the contrary, the L444P/L444P mutant protein
was found to be as stable as the wild-type (WT) f3-
Glu at pH 7.0 at 37 C and also showed similar activi-
ty, in agreement with previous results by Sawkar
et al.*® Heat denaturation at 48 C was also efficiently
attenuated by 65-NDI-NJ in the WT and the L444P/
L444P mutant. Nevertheless, the lg-like domain in
which the L444P mutation is located is not tolerated,
and, although it does not cause instability associated
with the neutral pH, the mutant -Glu is still subject-
ed to ERAD leading to degradation of the entire
enzyme. Actually, the results in Figure 2 further sup-
ports that location of the mutation responsible for
GD in the catalytic domain of B-Glu (domain lil),
which is the case of the F213I/F213l and N370S/
N370S but not of the L444P/L444P mutant, is a pre-
requisite for the pharmacological rescue of the pro-
tein by an active-site-directed chemical chaperone.

Fluorescence microscopy evidenced that the
dansyl-tagged chaperone 65-NDI-NJ enters the cells
upon incubation. Conversely, washout of the culture
medium resulted in a gradual decrease of fluores-
cence intensity in the living cells (data not shown)
and a concomitant increase in the concentration of
6S-NDI-NJ in the fresh culture medium (Figure 4). The
sp’-iminosugar can therefore be internalized and fur-
ther released from fibroblasts into the surrounding
medium.

Intracellular distribution studies of 6S-NDI-NJ
showed that in GD and normal fibroblasts the chap-
erone co-localized with B-Glu and was mainly distrib-
uted in lysosome-associated organelles, the dansyl-
associated fluorescent intensity correlating with the
B-Glu protein level. These data are in agreement with
the observed binding selectivity of 6S-NDI-NJ to-
wards B-Glu. It should be noted that once in the lyso-
some the chaperone might attenuate f3-Glu activity
by their enzyme-inhibitory activity. Although iminosu-
gar and sp’-iminosugar-type chemical chaperones
both exhibit <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>