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A B S T R A C T

The synthesis of a library of pyrrolidine-aryltriazole hybrids through CuAAC between two epimeric dihy-
droxylated azidomethylpyrrolidines and differently substituted phenylacetylenes is reported. The evaluation of
the new compounds as inhibitors of lysosomal β-glucocerebrosidase showed the importance of the substitution
pattern of the phenyl moiety in the inhibition. Crystallization and docking studies revealed key interactions of
the pyrrolidine motif with aminoacid residues of the catalytic site while the aryltriazole moiety extended along a
hydrophobic surface groove. Some of these compounds were able to increase the enzyme activity in Gaucher
patient fibroblasts, acting as a new type of chemical chaperone for Gaucher disease.

1. Introduction

Lysosomal storage disorders (LSDs) [1] are inherited metabolic
diseases that are characterized by an abnormal accumulation of gly-
cosphingolipids, glycoproteins or mucopolysaccharides in the lyso-
somes of various cell types resulting from decreased activity of the
enzymes responsible for their degradation. Gaucher disease (GD) [2] is
the most common LSD and is caused by mutations in the gene encoding
lysosomal acid-β-glucosidase (GCase or GBA1). Although more than
200 different mutations have been identified for GBA1 gene, the two
most common are N370S and L444P, associated with non-neurono-
pathic and neuronopathic Gaucher disease, respectively. Additional
evidence suggests a relationship between Parkinson disease suscept-
ibility and GBA mutations [3]. The decreased activity of GCase leads to
accumulation of glucosylceramide (GlcCer) in several organs including
the liver, spleen and brain.

The two main approaches for the treatment of GD are enzyme re-
placement therapy (ERT), which involves intravenous administration of
recombinant GCase, and substrate reduction therapy (SRT), based on
inhibiting the biosynthesis of GlcCer, thus limiting its accumulation in
the lysosome. However, several limitations related to low blood–brain
barrier permeability of the recombinant enzyme and side effects due to
inhibiting the synthesis of important gangliosides and cerebrosides in

the SRT, require the development of other therapeutic treatments for
GD. Pharmacological chaperone therapy (PCT) [4–6] is an emerging
strategy based on the use of low molecular weight molecules that bind
the misfolded protein and assist proper folding, thus enhancing the
activity of the deficient enzyme and controlling substrate accumulation
in the lysosome. Some reversible competitive GCase inhibitors at sub-
inhibitory concentrations can act as pharmacological chaperones and
stabilize mutant GCase, activating the enzyme and avoiding its de-
gradation by endoplasmic reticulum quality control system [7,8]. This
approach has been successfully used in the case of Fabry disease, other
LSD related with the misfolded α-galactosidase A, with the develop-
ment of the drug Galafold® (1-deoxygalactonojirimycin, DGJ), recently
approved by the European Commission [9]. However, PCT has not yet
been successful for the treatment of GD, despite the enormous efforts
recently made towards the development of GCase pharmacological
chaperones [10–17]. The failure of PCT for GD may be due to low af-
finity for the enzyme, poor selectivity and limited membrane perme-
ability of inhibitors used [18]. A strategy to circumvent the perme-
ability problem is to design less polar iminosugar inhibitors.
Isofagomine (IFG, Fig. 1), a trihydroxylated piperidine with less hy-
droxylation than other traditional inhibitors such as nojirimycins, in-
creased cellular GCase levels in Gaucher patient tissues, including the
brain [19]. However, IFG has exhibited low activity when tested in
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clinical trials, perhaps because it remains too hydrophilic for facile
transport. An alternative to increase the permeability is the in-
corporation of alkyl substituents on the inhibitors. This strategy was
followed in the design of N-butyl-deoxynojirimycin (NB-DNJ, Fig. 1)
and N-nonyl-deoxynojirimycin (NN-DNJ, Fig. 1), making NN-DNJ the
first molecule to successfully act as a chemical chaperone in vivo for GD
[20,21]. Recently, the non-iminosugar drug Ambroxol (Fig. 1) has been
reported to act as a chemical chaperone and has shown efficacy in
patients with type 1 GD, and is currently under study for the treatment
of type 3 GD [22,23]. Although a new family of chaperones that are
allosteric binders has been developed [24], most of the chemical cha-
perones described for GD are iminosugar competitive inhibitors, mainly
of the piperidine family [25]. Recently, the first examples of pyrroli-
dine-based pharmacological chaperones have been reported, all of them
bearing a trihydroxylated-iminosugar core [26,27].

We have recently reported the discovery of pyrrolidine-triazole
hybrid molecules as selective inhibitors of β-glucosidase (almond) and
α-galactosidase (coffee bean) [28]. The most potent inhibitors pre-
sented an aryltriazole moiety, with compounds 1–3 proving most active
(Fig. 2). Interestingly, these compounds also showed moderate-to-good
inhibition towards human lysosomal GCase, making them the first ex-
amples of this type of inhibitors with a dihydroxylated-pyrrolidine core.
These results, together with previous examples from our research group
[29–31] and from others [32–34], support the idea that the in-
corporation of (hetero)aromatic residues into the iminosugar core
augments the potency and selectivity of the inhibitor, probably re-
sulting from additional non-glycone interactions with the enzyme. This
approach circumvents the lack of selectivity of most pyrrolidine imi-
nosugars while simultaneously improves their lipophilic character (and
thus cellular and ER permeability) crucial for a useful drug.

As an extension of our previous work, we have prepared a small
library of new aromatic pyrrolidine-triazole derivatives and here report
their glycosidase inhibition properties. We have evaluated the influence
in GCase inhibition of modifications at the aryl residue, which we found
crucial for inhibitory activity. The influence of structural modifications
of the pyrrolidine core, such as the incorporation of a hydroxymethyl
substituent and oxidation at C-5, were also analysed (Fig. 3). Besides,
we report the co-crystal structure of GCase in complex with one of the
new inhibitors, the (2R)-3,5-dichlorophenyltriazole (derivative 18).
Finally, the chaperone activity for several of the inhibitors was mea-
sured in cells derived from Gaucher patients harbouring the N370S
mutant GCase. In sum, our study demonstrates that dihydrox-
ypyrrolidine iminosugars can be considered a new type of pharmaco-
logical chaperones for the PCT for Gaucher disease.

2. Results and discussion

2.1. Synthesis of pyrrolidine/pyrrolidinone triazoles

Pyrrolidine triazoles 4–12 were obtained in good to excellent yields
through CuAAC reaction between pyrrolidine azides 25 or 26, recently
described by ourselves [28], and alternatively-substituted phenylace-
tylenes (Scheme 1). Epimeric (2R,3S,4R) pyrrolidine-triazoles 13–21
were prepared from pyrrolidine azide 29, the synthesis of which was
improved compared to one we recently reported [28] (See Supporting
Information). Subsequent CuAAC reaction between protected azido
pyrrolidine 29 and 4-fluoro(or 4-hydroxy)phenylacetylene and depro-
tection afforded derivatives 13 and 16. On the other hand, pyrrolidine-
triazoles 17–21 were obtained after CuAAC reaction of unprotected
pyrrolidine azide 30 with the corresponding alkynes (Scheme 2).
Structures of all new compounds were confirmed by 1H and 13C NMR
and mass spectrometry.

To determine whether the introduction of a carbonyl substituent at
C-5 of the pyrrolidine ring impacts GCase inhibition, we decided to
prepare some pyrrolidinone derivatives. The oxidation of the C-5 po-
sition was performed at the azido pyrrolidine stage. Thus, oxidation of
azide 25 with NaIO4/RuO2 in a biphasic system EtOAc/H2O [35] af-
forded the corresponding azido pyrrolidinone 31 in 81% yield (Scheme
3). CuAAC reaction with phenylacetylene and 3,5-di-
fluorophenylacetylene followed by acidic deprotection gave triazole
derivatives 22 and 23.

It has been reported that the presence of a terminal CH2OH group in
the iminosugar skeleton has an important role in the inhibition of some
glycosidases [36]. Thus, we carried out the synthesis of compound 24
starting from pyrrolidine 32 (Scheme 4). The synthesis of aminomethyl
pyrrolidine 32 was accomplished from D-ribose as previously described
[37]. Subsequent azido transfer reaction and CuAAC with phenylace-
tylene yielded pyrrolidine triazole 24 (Scheme 4).

2.2. Glycosidase inhibition studies

The analysis of the inhibition properties of each triazole derivative
was carried out against a panel of nine commercial [38]
(Supplementary Table S1) and two human glycosidases (GCase and α-
galactosidase A). Derivatives 1, 4–12 were moderate-to-good inhibitors
of β-glucosidase from almonds (IC50 = 261–8.0 μM, Supplementary
Table S1) and of GCase (Table 1) and some interesting correlations
between the substitution pattern of the aromatic group and the in-
hibition potency can be deduced. We observed that p-substitution at the
phenyl group decreased the inhibitory potency of the derivatives to-
wards GCase relative to the parent non-substituted compound 1,
especially when a CH2OH is the substituent (compound 5). The higher
inhibitory potency was observed with 3,5-disubstituted derivatives as
compared with the p-substituted and non-substituted compounds (see
inhibitory properties of 12 vs 6, 8 vs 7, 10 vs 1) with derivatives 9–11
the most bioactive compounds (IC50 = 1.5–0.83 μM). In general, the
presence of halogens in the 3,5-disubstitution pattern of the aromatic
core clearly benefits the inhibition (diCl-, diBr-, diCF3- vs diOMe-), in-
creasing the inhibition potency up to 10-fold in the most relevant

Fig. 1. Structures of representative GCase chaperones.

Fig. 2. Pyrrolidine triazoles previously described by Martínez-Bailén et al. [28]
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example (10 vs 12, diBr- vs diOMe-).
The corresponding C-2 epimers 2, 13–21 were good inhibitors of

coffee bean α-galactosidase (IC50 = 6.1–37 μM, Supplementary Table
S1), but were weak inhibitors of the human α-galactosidase A, although
both enzymes belong to the same CAZy (http://www.cazy.org/) [39]
family (GH27). Notably, GCase is not able to discriminate between
pyrrolidine epimers, as expected based on our observations for parent
epimers 1 and 2 [28]. There is high similarity between the activities of
each C-2 epimeric pyrrolidine pairs towards this enzyme, whose ac-
tivity seems to be governed by the aromatic moiety. To illustrate this
correlation, a graphic representation of the pIC50 (-log IC50) for each
pair of epimeric inhibitors has been included (Fig. 4).

On the other hand, structural modifications at C-5 of the pyrrolidine
core were detrimental for the inhibition of GCase. Oxidation at C-5 of
the pyrrolidine core improved the potency as inhibitor of β-glucosidase
from almonds of the resulting lactams 22 and 23 (IC50 = 1.8–2.0 μM,
see Table S1), but this modification abolished the inhibition of the
human β-glucosidase. The introduction of a hydroxymethyl substituent
at C-5 (compound 24) elicited a similar effect upon the inhibition of the
human enzyme; moreover, in this case, the inhibition of the plant

enzyme was not improved (IC50 = 163 μM for 24 vs IC50 = 8.0 μM
for 1, Table S1).

2.3. Crystal structure of pyrrolidine-triazole 18:GCase

The overall structure of GCase in complex with pyrrolidine-triazole
18, which was solved to 2.1 Å resolution (Table S2, Supporting
Information, PDB code 6MOZ), closely resembles previously published
structures of GCase [40]. In this structure, which contains two mono-
mers in the asymmetric unit, one monomer has glycerol bound in the
active site, and the other has 18 bound (Fig. 5a). The catalytic site is
nested within the triosephosphate isomerase (TIM) barrel domain. The
glycerol-bound monomer is nearly identical to previously-published
structures of apo (2NT1) and glycerol-bound (2NSX) with root mean
squared deviations (r.m.s.d) less than 0.55 Å. Loop 1 (residues 311 to
319) and 2 (residues 342 to 354) are folded over the catalytic site, in
the previously-described “closed lid” conformation (Fig. 5b). The 18-
bound monomer is similar (r.m.s.d. 0.55 Å) to GCase bound to iso-
fagomine (IFG, 2NSX) or covalently linked to a larger inhibitor com-
pound (JZ-5029, 5LVX) [41], with the anticipated conformational

Fig. 3. Pyrrolidine/pyrrolidinone-triazole hybrid molecules.

Scheme 1. Synthesis of (2S,3S,4R)-pyrrolidine derivatives 5–12.
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changes of loops 1 and 2 observed upon inhibitor binding (Fig. 5c). The
α-helical arrangement of loop 1 pulls it away from the catalytic site,
exposing hydrophobic residues and allowing Tyr 313 to swivel towards
the catalytic site, whereas loop 2 shifts to thrust Ser 345 towards the
binding pocket (Fig. 6).

GCase binds 18 with the catalytic glutamates 235 and 340 an-
choring the nitrogen of the pyrrolidine with hydrogen-bonding inter-
actions. The 4′-hydroxyl is oriented towards a hydrophilic pocket, and
3′-hydroxyl forms H-bonds with Asp 127 and Asn 396 (Fig. 6a). The
remainder of the inhibitor extends along a hydrophobic surface groove.
The triazole moiety participates in a water-mediated interaction with
Ser 345, and the side chain of Tyr 313 appears to participate in a π-π
stacking interaction (4.4 Å). Thus, the triazole moiety contributes en-
ergetically to inhibitor binding. The phenyl moiety is observed only
weakly in the structure, as measured by elevated thermal (B-) factors
(Fig. 5a) and weaker electron density (Fig. 6a), suggesting this portion
of the molecule is either sampling numerous conformations or is only
weakly interacting with GCase. Since our SAR study suggests that
substitutions to the phenyl group, and indeed the presence of the
phenyl group, affect binding, this portion is likely contributing binding
energy despite being weakly resolved in the structure. This portion of
the molecule is also likely playing a role in facilitating transport into the
cell and the endoplasmic reticulum. Binding of glycerol to GCase in-
volves similar hydrogen-bonding patterns with catalytic glutamates 235
and 340, Asp 127, and tryptophans 179 and 381. The interaction with
Asn 396 is exchanged for Asn 234. As compared to the inhibitor-bound
conformation, Tyr 313 is flipped away from the catalytic site. While the
specific orientation of the glycerol varies slightly from those found in
2NSX, the interacting residues are largely identical.

To assess the binding mode of 10 and 11, which have different
stereochemistry than 18 and for which determination of cocrystal
structures was unsuccessful, 11 was docked into the inhibitor-binding
monomer of our crystal structure using an AutoDock-based online

server [42]. The in silico pyrrolidine pose closely resembles that of 18,
but the interaction between the 3′-hydroxyl and Asp 127 is exchanged
for an interaction between the 4′-hydroxyl and Trp 179. The triazole
and phenyl moieties are directed along the hydrophobic pocket at a
slightly different angle relative to 18. Small changes in loop con-
formation may accommodate specific interactions with the triazole and
phenyl groups across the inhibitor family. Overall, the ability of the
hydrophobic pocket of GCase to bind either epimer of the inhibitor
supports conformational plasticity of the active site to accommodate a
variety of different molecules using weak interactions.

2.4. Chaperone studies

The chaperone activity for the three most potent inhibitors (10, 11
and 18) was evaluated in vitro in fibroblasts from Gaucher patients with
the N370S mutation. Cells were cultured in the presence of the in-
hibitors (10–100 μM) for 6 days, and the intracellular enzyme activities
were determined with 4-methylumbelliferyl β-glucopyranoside as sub-
strate (Fig. 7). Isofagomine (10–100 μM), a well-studied pharmacolo-
gical chaperone able to increase the activity of N370S mutant acid β-
glucosidase in Gaucher fibroblasts [43] was used as a positive control.

Relative to the non-treated control, compound 11 displayed 1.9 to
2.1-fold enhancement of intracellular β-glucocerebrosidase activity in
N370S fibroblasts, comparable to that obtained with isofagomine at the
same concentration (10 μM), Increasing the dose up to 100 μM, the
result is also comparable between both compounds. This result could be
attributed to increased permeability of 11 over isofagomine, which
allows the former to more efficiently penetrate the cells, reaching the
mutant enzyme more efficiently than isofagomine. Nevertheless, an-
other hypothesis could not be discarded. A stronger binder, as iso-
fagomine, may stabilize the protein to a greater extent, but at the same
time it might also inhibit the enzyme more strongly. For a weaker
binder (weaker inhibitor), as compound 11, the inhibition of the

Scheme 2. Synthesis of (2R,3S,4R)-pyrrolidine derivatives 13, 16–21.

Scheme 3. Synthesis of (3S,4S,5S)-pyrrolidinone
derivatives 22–23.
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enzyme is less pronounced and, therefore, the balance chaperone/in-
hibition of both compounds would be similar. The behavior of di-
brominated and dichlorinated derivatives 10 and 18 was very similar to
that of 11 and isofagomine, but elicited a slightly smaller enhancement
of the enzyme activity at 10 μM. However, in the case of 10, the en-
hancement did not increase with the dose. No chaperone effect was
detected at lower concentrations (1 and 5 µM) of compounds 10, 11 and
18.

In order to confirm that the complex of our compounds with the
mutant GCase enhances GCase trafficking from the ER to the lysosome,
immunolabeling experiments were performed using N370S Gaucher
fibroblasts. Wild type fibroblasts were used as reference. In these as-
says, if the compound improves GCase trafficking, the amount of the
enzyme in the lysosome increases and an enhanced colocalization be-
tween GCase and the lysosomal marker (LAMP-1) is observed.
Compound 18, which showed a chaperone activity close to 11 and was
crystallized in complex with GCase, was selected for this experiment.

Gaucher patient fibroblasts were incubated in the presence of 100 μM
18 for 5 days. The subcellular location of GCase was then determined by
double immunofluorescence analysis (Fig. 8). Compared with non-
treated cells, the GCase staining pattern of 18-treated cells showed
some overlap with that for lysosomal marker LAMP-1, indicating the
presence of GCase in the lysosome what could be due to a slight im-
provement of the subcellular trafficking and distribution of the mutant
enzyme.

3. Conclusions

The inhibition of GCase by epimeric dihydroxypyrrolidine-aryl-
triazole hybrids was significantly influenced by the substitution pattern
of the aromatic moiety, with the 3,5-disubstitution the most effective.
Although GCase did not discriminate between C-2 pyrrolidine epimers,
the enzyme was highly sensitive to structural modifications at C-5
(oxidation and insertion of CH2OH), which were detrimental for

Scheme 4. Synthesis of (2S,3S,4R,5R) pyrrolidine derivative 24.

Table 1
IC50 values (in μM) for the inhibition of β-glucocerebrosidase (GCase, human lysosome) and α-galactosidase A (α-Gal A, human lysosome) by aromatic pyrrolidine-
triazole hybrids (1, 4–12 and 2, 13–21).

GCase (human lysosome) α-Gal A (human lysosome) GCase (human lysosome) α-Gal A (human lysosome)

1, R1 = R2 = H 11a NIa 2, R1 = R2 = H 28a 171a

4, R1 = H
R2 = OH

27 NI 13, R1 = H
R2 = OH

34 251

5, R1 = H
R2 = CH2OH

102 NI 14, R1 = H
R2 = CH2OH

187a 159a

6, R1 = H
R2 = OMe

39 NI 15, R1 = H
R2 = OMe

31a 185a

7, R1 = H
R2 = F

23 NI 16, R1 = H
R2 = F

24 388

8, R1 = F
R2 = H

3.8 NI 17, R1 = F
R2 = H

5.7 618

9, R1 = Cl
R2 = H

1.5 NI 18, R1 = Cl
R2 = H

1.3 360

10, R1 = Br
R2 = H

0.83 NI 19, R1 = Br
R2 = H

1.4 387

11, R1 = CF3

R2 = H
0.95 NI 20, R1 = CF3

R2 = H
1.6 NI

12, R1 = OMe
R2 = H

8.3 NI 21, R1 = OMe
R2 = H

7.3 352

NI: no inhibition detected (or less than 50%) at 1 mM of inhibitor.
a Data from Ref. [28].
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enzyme inhibition. Selected inhibitors were capable of increasing the in
vitro activity of GCase in Gaucher patient fibroblasts. The co-crystal
structure of 18 and GCase showed key binding interactions between the
pyrrolidine core and the catalytic site residues. Besides, docking ex-
periments suggested the accommodation of the aryltriazole moiety in
the hydrophobic pocket of the enzyme. The low degree of hydroxyla-
tion of the new compounds and the presence of a lipophilic aromatic
residue is remarkable and could improve the drug-like properties of
these compounds, including cell-membrane penetration.
Dihydroxypyrrolidine-aryltriazoles therefore represent a new family of
chemical chaperones of interest for the search of efficient PCTs for
Gaucher disease.

4. Methods

4.1. Chemistry

4.1.1. General methods
Optical rotations were measured in a 1.0 cm or 1.0 dm tube with a

Jasco P-2000 spectropolarimeter. Infrared spectra were recorded with a
Jasco FTIR-410 spectrophotometer. 1H and 13C NMR spectra were re-
corded with a Bruker AMX300, AV300 for solutions in CDCl3, DMSO-d6
and CD3OD. δ are given in ppm and J in Hz. J are assigned and not
repeated. All the assignments were confirmed by COSY and HSQC ex-
periments. High resolution mass spectra were recorded on a Q-Exactive
spectrometer. NMR and mass spectra were registered in CITIUS
(University of Seville). TLC was performed on silica gel 60 F254 (Merck),
with detection by UV light charring with p-anisaldehyde, KMnO4, nin-
hydrin or with Pancaldi reagent [(NH4)6MoO4, Ce(SO4)2, H2SO4, H2O].
Silica gel 60 (Merck, 40–60 and 63–200 μm) was used for preparative
chromatography.

CuAAC-Procedure 1: To a solution of the unprotected pyrrolidine-
azide in tBuOH:H2O 2:1 (25–30 mM), the corresponding alkyne
(1.2 eq), sodium ascorbate (0.11–0.22 eq) and CuSO4 (0.034–0.068 eq)

were added and the solution was stirred at r.t. for 15–24 h. The solvent
was evaporated, and the resulting residue was purified by chromato-
graphy column on silica gel.

CuAAC-Procedure 2: To a solution of the protected pyrrolidine-azide
in toluene:DMF (3:1) or toluene, the corresponding alkyne (3.0–7.0 eq),
DIPEA (3.8 eq) and CuI (0.3–0.6 eq) were added and the solution was
stirred at 50 °C for 24–60 h. The solvent was evaporated, and the re-
sulting residue was dissolved in EtOAc and aq. sat. soln. of NaHCO3 was
added. The aqueous phase was extracted with EtOAc (x2) and the or-
ganic layers were dried over Na2SO4, filtered and evaporated. The re-
sulting residue was purified by chromatography column on silica gel.

General procedure for acidic deprotection: A solution of the protected
(pyrrolidin-2-yl)triazole derivative in HCl (4 M):THF 1:1 was stirred at
r.t. for 3 h and evaporated.

(2S,3S,4R)-2-[(4-(4-Hydroxyphenyl)-1H-1,2,3-triazol-1-yl)me-
thyl]-pyrrolidine-3,4-diol hydrochloride (4): CuAAC (Procedure 2)
using 25 [28] (91 mg, 0.31 mmol) and 4-ethynylphenol [44] followed
by chromatography purification (EtOAc:cyclohexane 1:1) yielded
(2S,3S,4R)-N-tert-butoxycarbonyl-2-[(4-(4-hydroxyphenyl)-1H-1,2,3-
triazol-1-yl)methyl]-3,4-O-isopropylidene-pyrrolidine-3,4-diol
(104 mg, 0.250 mmol, 81%) as a pale yellow solid. Subsequent acidic
deprotection (87 mg, 0.21 mmol), yielded 4 (74 mg, 0.21 mmol, quant.)
as a purple solid. [ ]D

25 – 45.3 (c 0.69, MeOH). IR (ν cm−1) 3129 (OH,
NH), 2901, 1616, 1515, 1229, 833, 676. 1H NMR (300 MHz, CD3OD, δ
ppm, J Hz) δ 8.53 (s, 1H, H-5′′), 7.70–7.65 (m, 2H, H-aromat.),
6.92–6.87 (m, 2H, H-aromat.), 5.01–4.99 (m, 2H, H-1′), 4.30 (ap. t, 1H,
H-4), 4.20 (dd, 1H, J3,2 = 9.6, J3,4 = 3.8, H-3), 4.11–4.03 (m, 1H, H-2),
3.59 (dd, 1H, 2J5a,5b = 12.7, J5a,4 = 3.7, H-5a), 3.35–3.32 (m, 1H, H-
5b). 13C NMR (75.4 MHz, CD3OD, δ ppm, J Hz) δ 160.0 (Cq aromat.),
148.4 (C-4′′), 128.7 (C aromat.), 123.4 (C-5′′), 120.6 (Cq aromat.),
117.0 (C aromat.), 74.8 (C-3), 70.3 (C-4), 60.8 (C-2), 51.7 (C-5), 51.1
(C-1′). HRESIMS m/z found 277.1297, calc. for C13H17N4O3 [M]+:
277.1295.

(2S,3S,4R)-2-[(4-(4-Hydroxymethylphenyl)-1H-1,2,3-triazol-1-

Fig. 4. Representation of pIC50 (−log IC50)
values for the inhibition of β-glucocer-
ebrosidase (human lysosome) by each pair of
epimeric inhibitors (2S-pyrrolidine-triazoles in
blue, 2R-pyrrolidine-triazoles in red). (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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yl)methyl]-pyrrolidine-3,4-diol (5): CuAAC (Procedure 1) using 26
[28] (26 mg, 0.16 mmol) and (4-ethynylphenyl)methanol [45] followed
by chromatography purification (CH2Cl2:MeOH 5:1:0.1 3:1.3:0.5)
yielded 5 (42 mg, 0.15 mmol, 94%) as a white solid. [ ]D

26 – 26.9 (c 0.62,
DMSO). IR (ν cm−1) 3277, 3172 (OH, NH), 2895, 1498, 1342, 1226,
1052, 815. 1H NMR (300 MHz, DMSO-d6, δ ppm, J Hz) δ 8.48 (s, 1H, H-
5′′), 7.80 (d, 2H, JH,H = 8.2, H-aromat.), 7.38 (d, 2H, H-aromat.), 5.20
(br. s, 1H, –CH2OH), 4.76 (br. s, 1H, OH-3), 4.56–4.47 (m, 4H, OH-4,
–CH2OH, H-1′a), 4.28 (dd, 1H, 2J1′b,1′a = 13.7, J1′b,2 = 7.9, H-1′b),
3.86–3.81 (m, 1H, H-4), 3.59 (ap. t, 1H, H-3), 3.43–3.17 (m, 2H, NH, H-

2), 2.94 (dd, 1H, 2J5a,5b = 11.2, J5a,4 = 5.0, H-5a), 2.68 (dd, 1H,
J5b,4 = 3.5, H-5b). 13C NMR (75.4 MHz, DMSO‑d6, δ ppm) δ 146.0 (C-
4′′), 142.1 (Cq aromat.), 129.4 (Cq aromat.), 126.9 (C aromat.), 124.9
(C aromat.), 121.7 (C-5′′), 74.6 (C-3), 70.8 (C-4), 62.7 (–CH2OH), 61.8
(C-2), 53.3 (C-1′), 51.4 (C-5). HRESIMS m/z found 291.1454, calc. for
C14H19N4O3 [M + H]+: 291.1452.

(2S,3S,4R)-2-[(4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)me-
thyl]-pyrrolidine-3,4-diol (6): CuAAC (Procedure 1) using 26 [28]
(25 mg, 0.16 mmol) and 1-ethynyl-4-methoxybenzene, followed by
chromatography purification (CH2Cl2:MeOH:NH4OH 6:1:0.1) yielded 6
(39 mg, 0.13 mmol, 81%) as a white solid. [ ]D

25 – 27.7 (c 0.60, MeOH).
IR (ν cm−1) 3245, 3048 (OH, NH), 2912, 1616, 1560, 1251, 1031, 833,
637. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.24 (s, 1H, H-5′′),
7.76–7.71 (m, 2H, H-aromat.), 7.02–6.97 (m, 2H, H-aromat.), 4.67 (dd,
1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.1, H-1′a), 4.45 (dd, 1H, J1′b,2 = 8.1, H-
1′b), 4.04 (td, 1H, J4,3 = J4,5a = 4.9, J4,5b = 2.9, H-4), 3.83 (s, 3H,
–OCH3), 3.77 (dd, 1H, J3,2 = 7.7, H-3), 3.51 (td, 1H, H-2), 3.15 (dd, 1H,
2J5a,5b = 12.1, H-5a), 2.87 (dd, 1H, H-5b). 13C NMR (75.4 MHz,
CD3OD, δ ppm) δ 161.3 (Cq aromat.), 148.8 (C-4′′), 128.0 (C aromat.),
124.3 (Cq aromat.), 122.1 (C-5′′), 115.4 (C aromat.), 76.2 (C-3), 72.3
(C-4), 62.7 (C-2), 55.8 (–OCH3), 54.1 (C-1′), 52.3 (C-5). HRESIMS m/z
found 291.1453, calc. for C14H19N4O3 [M + H]+: 291.1452.

(2S,3S,4R)-2-[(4-(4-Fluorophenyl)-1H-1,2,3-triazol-1-yl)me-
thyl]-pyrrolidine-3,4-diol (7): CuAAC (Procedure 1) using 26 [28]
(22 mg, 0.14 mmol) and 1-ethynyl-4-fluorobenzene, followed by chro-
matography purification (CH2Cl2:MeOH:NH4OH 6:1:0.1 5:1:0.1)
yielded 7 (34 mg, 0.12 mmol, 86%) as a white solid. [ ]D

28 – 36.1 (c 0.52,
MeOH). IR (ν cm−1) 3258, 3098 (OH, NH), 2926, 1611, 1560, 1497,
1232, 1110, 834, 669. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.33
(s, 1H, H-5′′), 7.86–7.80 (m, 2H, H-aromat.), 7.20–7.13 (m, 2H, H-ar-
omat.), 4.68 (dd, 1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.1, H-1′a), 4.46 (dd, 1H,
J1′b,2 = 8.1, H-1′b), 4.05 (td, 1H, J4,3 = J4,5a = 4.8, J4,5b = 2.9, H-4),
3.78 (dd, 1H, J3,2 = 7.8, H-3), 3.51 (td, 1H, H-2), 3.15 (dd, 1H,
2J5a,5b = 12.1, H-5a), 2.87 (dd, 1H, H-5b). 13C NMR (75.4 MHz,
CD3OD, δ ppm, J Hz) δ 164.1 (d, 1JC,F = 245.7, C-4′′′), 147.9 (C-4′′),
128.6 (d,3JC,F = 8.2, C-2′′′, C-6′′′), 128.2 (d, 4JC,F = 3.3, C-1′′′), 122.9
(C-5′′), 116.8 (d, 2JC,F = 22.0, C-3′′′, C-5′′′), 76.2 (C-3), 72.3 (C-4), 62.7
(C-2), 54.1 (C-1′), 52.3 (C-5). HRESIMS m/z found 279.1253, calc. for
C13H16FN4O2 [M + H]+: 279.1252.

(2S,3S,4R)-2-[(4-(3,5-Difluorophenyl)-1H-1,2,3-triazol-1-yl)
methyl]-pyrrolidine-3,4-diol (8): CuAAC (Procedure 1) using 26 [28]
(26 mg, 0.16 mmol) and 1-ethynyl-3,5-difluorobenzene, followed by
chromatography purification (CH2Cl2:MeOH:NH4OH 6:1:0.1 5:1:0.1)
yielded 8 (41 mg, 0.14 mmol, 88%) as a white solid. [ ]D

23 – 34.1 (c 0.63,
MeOH). IR (ν cm−1) 3450, 3288 (OH, NH), 2917, 1629, 1592, 1431,
1226, 1119, 847, 675. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.44
(s, 1H, H-5′′), 7.48–7.40 (m, 2H, H-2′′′, H-6′′′), 6.92 (tt, 1H, JH,F = 9.1,
4JH,H = 2.4, H-4′′′), 4.68 (dd, 1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.2, H-1′a),
4.47 (dd, 1H, J1′b,2 = 8.1, H-1′b), 4.05 (td, 1H, J4,3 = J4,5a = 4.9,
J4,5b = 2.9, H-4), 3.78 (dd, 1H, J3,2 = 7.8, H-3), 3.51 (td, 1H, H-2), 3.14
(dd, 1H, 2J5a,5b = 12.1, H-5a), 2.87 (dd, 1H, H-5b). 13C NMR
(75.4 MHz, CD3OD, δ ppm, J Hz) δ 165.0 (dd, 1JC,F = 246.6,
3JC,F = 13.2, C-3′′′, C-5′′′), 146.7 (t, 4JC,F = 3.2, C-4′′), 135.4 (t,
3JC,F = 10.5, C-1′′′), 124.1 (C-5′′), 109.6–109.2 (m, C-2′′′, C-6′′′), 104.0
(t, 2JC,F = 26.0, C-4′′′), 76.3 (C-3), 72.3 (C-4), 62.7 (C-2), 54.2 (C-1′),
52.4 (C-5). HRESIMS m/z found 297.1156, calc. for C13H15F2N4O2

[M + H]+: 297.1158.
(2S,3S,4R)-2-[(4-(3,5-Dichlorophenyl)-1H-1,2,3-triazol-1-yl)

methyl]-pyrrolidine-3,4-diol (9): CuAAC (Procedure 1) using 26 [28]
(25 mg, 0.16 mmol) and 1,3-dichloro-5-ethynylbenzene [46] followed
by chromatography purification (CH2Cl2:MeOH:NH4OH 6:1:0.1)
yielded 9 (46 mg, 0.14 mmol, 88%) as a white solid. [ ]D

25 – 26.2 (c 0.57,
MeOH). IR (ν cm−1) 3267, 3121 (OH, NH), 2923, 1602, 1567, 1409,
1116, 798, 675. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.45 (s, 1H,
H-5′′), 7.79 (d, 2H, 4JH,H = 1.9, H-2′′′, H-6′′′), 7.39 (t, 1H, H-4′′′), 4.68
(dd, 1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.2, H-1′a), 4.46 (dd, 1H, J1′b,2 = 8.1,

Fig. 5. Overall structure of GCase in complex with 18. (a) Overview of
asymmetric unit demonstrating interface between glycerol- and 18- bound
GCase, colored by B-factor (blue, low, to red, high). (b) Structure of glycerol-
bound monomer (blue, 6MOZ) superimposed with previously published apo
(grey, 2NT1) and glycerol-bound (yellow, 2NSX) structures. (c) Structure of 18-
bound GCase monomer (blue, 6MOZ) aligned with previously published iso-
fagomine-bound (yellow, 2NSX) and JZ-5029-bound (magenta, 5LVX) struc-
tures. Inserts are enlarged to clarify characteristic shifts in loops 1 and 2. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Binding interactions of (a) pyrrolidine-triazole 18, (b) glycerol and (c) 11 in GCase active site. Binding pose for 11 was computationally docked. Above:
green mesh represents Fourier difference maps Fo-Fc, calculated from the refined protein model prior to addition of ligands and contoured at 3σ. The active sites are
oriented relative to Tyr 313 and Trp 179. Below: individual interacting residues are labeled including hydrogen bond interactions (dashed lines, Å). The key chiral
carbon center which distinguishes 11 (2S) and 18 (2R) is marked with an asterisk. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Effect of pyrrolidine-triazole hybrids (10, 11, 18 and isofagomine) on N370S GCase in Gaucher cells treated with increasing concentrations of 10, 11, 18 or
isofagomine. Each value represents the mean ± SEM (n = 3).
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H-1′b), 4.05 (td, 1H, J4,3 = J4,5a = 4.9, J4,5b = 2.9, H-4), 3.78 (dd, 1H,
J3,2 = 7.8, H-3), 3.50 (td, 1H, H-2), 3.14 (dd, 1H, 2J5a,5b = 12.1, H-5a),
2.87 (dd, 1H, H-5b). 13C NMR (75.4 MHz, CD3OD, δ ppm) δ 146.1 (C-
4′′), 136.7, 135.2 (C-1′′′, C-3′′′, C-5′′′), 128.7 (C-4′′′), 125.0 (C-2′′′, C-
6′′′), 124.1 (C-5′′), 76.3 (C-3), 72.3 (C-4), 62.7 (C-2), 54.3 (C-1′), 52.4
(C-5). HRESIMS m/z found 329.0566, calc. for C13H15Cl2N4O2

[M + H]+: 329.0567.
(2S,3S,4R)-2-[(4-(3,5-Dibromophenyl)-1H-1,2,3-triazol-1-yl)

methyl]-pyrrolidine-3,4-diol (10): CuAAC (Procedure 1) using 26
[28] (25 mg, 0.16 mmol) and 1,3-dibromo-5-ethynylbenzene [47] fol-
lowed by chromatography purification (CH2Cl2:MeOH:NH4OH 6:1:0.1)
yielded 10 (59 mg, 0.14 mmol, 88%) as a white solid. [ ]D

25 – 18.0 (c
0.60, MeOH). IR (ν cm−1) 3276, 3126 (OH, NH), 2923, 1599, 1557,
1405, 1095, 852, 742, 673. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ
8.45 (s, 1H, H-5′′), 7.99 (d, 2H, 4JH,H = 1.7, H-2′′′, H-6′′′), 7.68 (t, 1H,
H-4′′′), 4.67 (dd, 1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.2, H-1′a), 4.46 (dd, 1H,
J1′b,2 = 8.1, H-1′b), 4.04 (td, 1H, J4,3 = J4,5a = 4.9, J4,5b = 2.9, H-4),
3.77 (dd, 1H, J3,2 = 7.8, H-3), 3.50 (td, 1H, H-2), 3.14 (dd, 1H,
2J5a,5b = 12.1, H-5a), 2.86 (dd, 1H, H-5b). 13C NMR (75.4 MHz,
CD3OD, δ ppm) δ 145.8 (C-4′′), 135.7, 124.5 (C-1′′′, C-3′′′, C-5′′′), 134.3
(C-4′′′), 128.3 (C-2′′′, C-6′′′), 124.1 (C-5′′), 76.3 (C-3), 72.3 (C-4), 62.7
(C-2), 54.3 (C-1′), 52.4 (C-5). HRESIMS m/z found 416.9554, calc. for
C13H15Br2N4O2 [M + H]+: 416.9556.

(2S,3S,4R)-2-[(4-(3,5-Bis(trifluoromethyl)phenyl)-1H-1,2,3-
triazol-1-yl)methyl]-pyrrolidine-3,4-diol (11): CuAAC (Procedure 1)
using 26 [28] (25 mg, 0.16 mmol) and 1-ethynyl-3,5-bis(tri-
fluoromethyl)benzene, followed by chromatography purification
(CH2Cl2:MeOH:NH4OH 6:1:0.1) yielded 11 (56 mg, 0.14 mmol, 88%) as
a white solid. [ ]D

24 – 24.2 (c 0.61, MeOH). IR (ν cm−1) 3405, 3128 (OH,
NH), 2954, 1427, 1277, 1134, 899, 702, 681. 1H NMR (300 MHz,
CD3OD, δ ppm, J Hz) δ 8.63 (s, 1H, H-5′′), 8.43 (br. s, 2H, H-2′′′, H-6′′′),
7.92 (br. s, 1H, H-4′′′), 4.71 (dd, 1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.3, H-
1′a), 4.49 (dd, 1H, J1′b,2 = 8.1, H-1′b), 4.05 (td, 1H, J4,3 = J4,5a = 4.9,
J4,5b = 2.9, H-4), 3.79 (dd, 1H, J3,2 = 7.8, H-3), 3.52 (td, 1H, H-2), 3.15
(dd, 1H, 2J5a,5b = 12.1, H-5a), 2.87 (dd, 1H, H-5b). 13C NMR
(75.4 MHz, CD3OD, δ ppm, J Hz) δ 145.8 (C-4′′), 134.7 (C-1′′′), 133.5
(q, 2JC,F = 33.4, C-3′′′, C-5′′′), 126.7–126.7 (m, C-2′′′, C-6′′′), 124.8 (q,
1JC,F = 271.5, CF3), 124.6 (C-5′′), 122.4–122.1 (m, C-4′′′), 76.3 (C-3),
72.4 (C-4), 62.7 (C-2), 54.4 (C-1′), 52.4 (C-5). HRESIMS m/z found
397.1086, calc. for C15H15F6N4O2 [M + H]+: 397.1094.

(2S,3S,4R)-2-[(4-(3,5-Dimethoxyphenyl)-1H-1,2,3-triazol-1-yl)
methyl]-pyrrolidine-3,4-diol (12): CuAAC (Procedure 1) using 26
[28] (26 mg, 0.16 mmol) and 1-ethynyl-3,5-dimethoxybenzene, fol-
lowed by chromatography purification (CH2Cl2:MeOH:NH4OH
7:1:0.1 6:1:0.1) yielded 12 (45 mg, 0.14 mmol, 88%) as a white solid.
[ ]D

29 – 31.0 (c 0.57, MeOH). IR (ν cm−1) 3434, 3262, (OH, NH), 2922,
1604, 1452, 1208, 1151, 1038, 834. 1H NMR (300 MHz, CD3OD, δ ppm,
J Hz) δ 8.33 (s, 1H, H-5′′), 6.99 (d, 2H, 4JH,H = 2.3, H-2′′′, H-6′′′), 6.46
(t, 1H, H-4′′′), 4.66 (dd, 1H, 2J1′a,1′b = 14.0, J1′a,2 = 4.2, H-1′a), 4.44
(dd, 1H, J1′b,2 = 8.1, H-1′b), 4.04 (td, 1H, J4,3 = J4,5a = 4.9,
J4,5b = 2.9, H-4), 3.82 (s, 6H, –OCH3), 3.77 (dd, 1H, J3,2 = 7.8, H-3),
3.50 (td, 1H, H-2), 3.14 (dd, 1H, 2J5a,5b = 12.1, H-5a), 2.86 (dd, 1H, H-
5b). 13C NMR (75.4 MHz, CD3OD, δ ppm) δ 162.8 (C-3′′′, C-5′′′), 148.7
(C-4′′), 133.4 (C-1′′′), 123.3 (C-5′′), 104.7 (C-2′′′, C-6′′′), 101.4 (C-4′′′),
76.2 (C-3), 72.3 (C-4), 62.7 (C-2), 55.9 (–OCH3), 54.2 (C-1′), 52.4 (C-5).
HRESIMS m/z found 321.1555, calc. for C15H21N4O4 [M + H]+:
321.1557.

(2R,3S,4R)-2-[(4-(4-Hydroxyphenyl)-1H-1,2,3-triazol-1-yl)me-
thyl]-pyrrolidine-3,4-diol hydrochloride (13): CuAAC (Procedure 2)
using 29 (81 mg, 0.27 mmol) and 4-ethynylphenol [44] followed by
chromatography purification (EtOAc:cyclohexane 1:2 2:1) yielded
(2R,3S,4R)-N-tert-butoxycarbonyl-2-[(4-(4-hydroxyphenyl)-1H-1,2,3-
triazol-1-yl)methyl]-3,4-O-isopropylidene-pyrrolidine-3,4-diol (81 mg,
0.20 mmol, 74%) as a pale yellow solid. Subsequent acidic deprotection
(44 mg, 0.11 mmol), yielded 13 (39 mg, 0.11 mmol, quant.) as a purple
solid. [ ]D

25 + 27.9 (c 0.69, MeOH). IR (ν cm−1) 3132 (OH, NH), 2926,
1614, 1513, 1426, 1276, 1123, 834, 608. 1H NMR (300 MHz, CD3OD, δ
ppm, J Hz) δ 8.68 (s, 1H, H-5′′), 7.69 (d, 2H, JH,H = 8.6, H-aromat.),
6.93 (d, 2H, H-aromat.), 5.17 (dd, 1H, 2J1′a,1′b = 15.0, J1′a,2 = 3.8, H-
1′a), 5.05–4.98 (m, 1H, H-1′b), 4.47 (td, 1H, J4,5a = J4,5b = 7.0,
J4,3 = 3.7, H-4), 4.39 (t, 1H, J3,2 = 3.8, H-3), 4.34–4.29 (m, 1H, H-2),
3.50 (dd, 1H, 2J5a,5b = 11.6, H-5a), 3.31–3.25 (m, 1H, H-5b). 13C NMR
(75.4 MHz, CD3OD, δ ppm, J Hz) δ 160.7 (Cq aromat.), 147.3 (C-4′′),
129.1 (C aromat.), 124.6 (C-5′′), 118.7 (Cq aromat.), 117.2 (C aromat.),
72.1 (C-3), 71.6 (C-4), 61.6 (C-2), 50.6 (C-1′), 49.4 (C-5). HRESIMS m/z
found 277.1296, calc. for C13H17N4O3 [M]+: 277.1295.

(2R,3S,4R)-2-[(4-(4-Fluorophenyl)-1H-1,2,3-triazol-1-yl)me-
thyl]-pyrrolidine-3,4-diol (16): CuAAC (Procedure 2) using 29
(74 mg, 0.25 mmol) and 1-ethynyl-4-fluorobenzene, followed by chro-
matography purification (EtOAc:cyclohexane 1:2) yielded (2R,3S,4R)-

Fig. 8. Immunocytochemistry of GCase in wild type
and N370S Gaucher fibroblasts double labeled with
GCase antibody (green) and a lysosome marker
(LAMP-1, red). Bright yellow (overlap of red and
green) indicates increased levels of GCase in the
lysosome. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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N-tert-butoxycarbonyl-2-[(4-(4-fluorophenyl)-1H-1,2,3-triazol-1-yl)me-
thyl]-3,4-O-isopropylidene-pyrrolidine-3,4-diol (86 mg, 0.21 mmol,
84%) as a white solid. Subsequent acidic deprotection (59 mg,
0.14 mmol) and purification on Dowex 50WX8 eluting with MeOH, H2O
and NH4OH 25%, yielded 16 (20 mg, 0.072 mmol, 51%) as a white
solid. [ ]D

24 + 15.1 (c 0.60, MeOH). IR (ν cm−1) 3398, 3253 (OH, NH),
2937, 1609, 1557, 1496, 1228, 1092, 841, 698. 1H NMR (300 MHz,
CD3OD, δ ppm, J Hz) δ 8.31 (s, 1H, H-5′′), 7.85–7.81 (m, 2H, H-ar-
omat.), 7.20–7.14 (m, 2H, H-aromat.), 4.74 (dd, 1H, 2J1′a,1′b = 13.9,
J1′a,2 = 5.6, H-1′a), 4.50 (dd, 1H, J1′b,2 = 8.3, H-1′b), 4.21 (td, 1H,
J4,5a = J4,5b = 6.5, J4,3 = 4.7, H-4), 4.07 (t, 1H, J3,2 = 4.7, H-3),
3.68–3.61 (m, 1H, H-2), 3.07 (dd, 1H, 2J5a,5b = 11.1, H-5a), 2.89 (dd,
1H, H-5b). 13C NMR (75.4 MHz, CD3OD, δ ppm, J Hz) δ 164.1 (d,
1JC,F = 245.7, C-4′′′), 147.7 (C-4′′), 128.6 (d,3JC,F = 8.2, C-2′′′, C-6′′′),
128.3 (d, 4JC,F = 3.3, C-1′′′), 123.0 (C-5′′), 116.8 (d, 2JC,F = 22.0, C-3′′′,
C-5′′′), 73.7 (C-4), 73.1 (C-3), 61.6 (C-2), 52.2 (C-1′), 51.3 (C-5).
HRESIMS m/z found 279.1253, calc. for C13H16FN4O2 [M + H]+:
279.1252.

(2R,3S,4R)-2-[(4-(3,5-Difluorophenyl)-1H-1,2,3-triazol-1-yl)
methyl]-pyrrolidine-3,4-diol (17): CuAAC (Procedure 1) using 30
[28] (32 mg, 0.20 mmol) and 1-ethynyl-3,5-difluorobenzene, followed
by chromatography purification (CH2Cl2:MeOH:NH4OH
6:1:0.1 5:1:0.1) yielded 17 (50 mg, 0.17 mmol, 85%) as a white solid.
[ ]D

25 + 25.2 (c 0.61, MeOH). IR (ν cm−1) 3423, 3141 (OH, NH), 2926,
1627, 1595, 1435, 1223, 1123, 984, 838, 664. 1H NMR (300 MHz,
CD3OD, δ ppm, J Hz) δ 8.42 (s, 1H, H-5′′), 7.48–7.39 (m, 2H, H-2′′′, H-
6′′′), 6.91 (tt, 1H, JH,F = 9.1, 1JH,H = 2.3, H-4′′′), 4.75 (dd, 1H,
2J1′a,1′b = 13.9, J1′a,2 = 5.5, H-1′a), 4.51 (dd, 1H, J1′b,2 = 8.4, H-1′b),
4.21 (td, 1H, J4,5a = J4,5b = 6.6, J4,3 = 4.6, H-4), 4.09 (t, 1H,
J3,2 = 4.7, H-3), 3.70–3.63 (m, 1H, H-2), 3.09 (dd, 1H, 2J5a,5b = 11.3,
H-5a), 2.90 (dd, 1H, H-5b). 13C NMR (75.4 MHz,CD3OD, δ ppm, J Hz) δ
165.0 (dd, 1JC,F = 246.4, 3JC,F = 13.2, C-3′′′, C-5′′′), 146.5 (t,
4JC,F = 3.3, C-4′′), 135.5 (t, 3JC,F = 10.6, C-1′′′), 124.2 (C-5′′),
109.5–109.2 (m, C-2′′′, C-6′′′), 104.0 (t, 2JC,F = 25.9, C-4′′′), 73.6 (C-4),
73.0 (C-3), 61.5 (C-2), 52.1 (C-1′), 51.3 (C-5). HRESIMS m/z found
297.1157, calc. for C13H15F2N4O2 [M + H]+: 297.1158.

(2R,3S,4R)-2-[(4-(3,5-Dichlorophenyl)-1H-1,2,3-triazol-1-yl)
methyl]-pyrrolidine-3,4-diol (18): CuAAC (Procedure 1) using 30
[28] (26 mg, 0.16 mmol) and 1,3-dichloro-5-ethynylbenzene [46] fol-
lowed by chromatography purification (CH2Cl2:MeOH:NH4OH
6:1:0.1 5:1:0.1) yielded 18 (47 mg, 0.14 mmol, 88%) as a white solid.
[ ]D

25 + 25.9 (c 0.55, MeOH). IR (ν cm−1) 3272, 3127 (OH, NH), 2923,
1603, 1567, 1409, 1120, 852, 798, 673. 1H NMR (300 MHz, CD3OD, δ
ppm, J Hz) δ 8.43 (s, 1H, H-5′′), 7.80–7.79 (m, H-2′′′, H-6′′′), 7.40–7.38
(m, 1H, H-4′′′), 4.75 (dd, 1H, 2J1′a,1′b = 13.9, J1′a,2 = 5.5, H-1′a), 4.51
(dd, 1H, J1′b,2 = 8.3, H-1′b), 4.21 (td, 1H, J4,5a = J4,5b = 6.6,
J4,3 = 4.6, H-4), 4.08 (t, 1H, J3,2 = 4.7, H-3), 3.69–3.63 (m, 1H, H-2),
3.09 (dd, 1H, 2J5a,5b = 11.3, H-5a), 2.90 (dd, 1H, H-5b). 13C NMR
(75.4 MHz, CD3OD, δ ppm) δ 146.0 (C-4′′), 136.8, 135.2 (C-1′′′, C-3′′′,
C-5′′′), 128.7 (C-4′′′), 125.0 (C-2′′′, C-6′′′), 124.3 (C-5′′), 73.6 (C-4),
73.1 (C-3), 61.5 (C-2), 52.2 (C-1′), 51.3 (C-5). HRESIMS m/z found
329.0566, calc. for C13H15Cl2N4O2 [M + H]+: 329.0567.

(2R,3S,4R)-2-[(4-(3,5-Dibromophenyl)-1H-1,2,3-triazol-1-yl)
methyl]-pyrrolidine-3,4-diol (19): CuAAC (Procedure 1) using 30
[28] (25 mg, 0.16 mmol) and 1,3-dibromo-5-ethynylbenzene [47] fol-
lowed by chromatography purification (CH2Cl2:MeOH:NH4OH 6:1:0.1)
yielded 19 (52 mg, 0.12 mmol, 75%) [ ]D

25 + 14.7 (c 0.62, MeOH). IR (ν
cm−1) 3277 (OH, NH), 2927, 1602, 1557, 1409, 1229, 1103, 852, 742,
621. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.42 (s, 1H, H-5′′), 7.98
(d, 2H, 4JH,H = 1.7, H-2′′′, H-6′′′), 7.67 (t, 1H, H-4′′′), 4.74 (dd, 1H,
2J1′a,1′b = 13.9, J1′a,2 = 5.6, H-1′a), 4.51 (dd, 1H, J1′b,2 = 8.3, H-1′b),
4.21 (td, 1H, J4,5a = J4,5b = 6.6, J4,3 = 4.6, H-4), 4.08 (t, 1H,
J3,2 = 4.7, H-3), 3.68–3.62 (m, 1H, H-2), 3.08 (dd, 1H, 2J5a,5b = 11.2,
H-5a), 2.90 (dd, 1H, H-5b). 13C NMR (75.4 MHz, CD3OD, δ ppm) δ
145.7 (C-4′′), 135.7, 124.5 (C-1′′′, C-3′′′, C-5′′′), 134.3 (C-4′′′), 128.3 (C-
2′′′, C-6′′′), 124.2 (C-5′′), 73.5 (C-4), 73.1 (C-3), 61.5 (C-2), 52.2 (C-1′),

51.3 (C-5). HRESIMS m/z found 416.9554, calc. for C13H15Br2N4O2

[M + H]+: 416.9556.
(2R,3S,4R)-2-[(4-(3,5-Bis(trifluoromethyl)phenyl)-1H-1,2,3-

triazol-1-yl)methyl]-pyrrolidine-3,4-diol (20): CuAAC (Procedure 1)
using 30 [28] (26 mg, 0.16 mmol) and 1-ethynyl-3,5-bis(tri-
fluoromethyl)benzene, followed by chromatography purification
(CH2Cl2:MeOH:NH4OH 7:1:0.1 6:1:0.1) yielded 20 (54 mg,
0.14 mmol, 88%) as a white solid. [ ]D

24 + 19.3 (c 0.55, MeOH). IR (ν
cm−1) 3287, 3144 (OH, NH), 2935, 1657, 1465, 1277, 1127, 896, 700,
681. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.61 (s, 1H, H-5′′), 8.42
(br. s, 2H, H-2′′′, H-6′′′), 7.91 (br. s, 1H, H-4′′′), 4.78 (dd, 1H,
2J1′a,1′b = 13.9, J1′a,2 = 5.6, H-1′a), 4.54 (dd, 1H, J1′b,2 = 8.4, H-1′b),
4.22 (td, 1H, J4,5a = J4,5b = 6.5, J4,3 = 4.6, H-4), 4.10 (t, 1H,
J3,2 = 4.7, H-3), 3.71–3.63 (m, 1H, H-2), 3.09 (dd, 1H, 2J5a,5b = 11.3,
H-5a), 2.91 (dd, 1H, H-5b). 13C NMR (75.4 MHz, CD3OD, δ ppm, J Hz) δ
145.7 (C-4′′), 134.7 (C-1′′′), 133.5 (q, 2JC,F = 33.4, C-3′′′, C-5′′′),
126.7–126.7 (m, C-2′′′, C-6′′′), 124.8 (q, 1JC,F = 271.6, CF3), 124.7 (C-
5′′), 122.4–122.2 (m, C-4′′′), 73.7 (C-4), 73.1 (C-3), 61.5 (C-2), 52.3 (C-
1′), 51.4 (C-5). HRESIMS m/z found 397.1087, calc. for C15H15F6N4O2

[M + H]+: 397.1094.
(2R,3S,4R)-2-[(4-(3,5-Dimethoxyphenyl)-1H-1,2,3-triazol-1-yl)

methyl]-pyrrolidine-3,4-diol (21): CuAAC (Procedure 1) using 30
[28] (26 mg, 0.16 mmol) and 1-ethynyl-3,5-dimethoxybenzene, fol-
lowed by chromatography purification (CH2Cl2:MeOH:NH4OH
7:1:0.1 6:1:0.1) yielded 21 (41 mg, 0.13 mmol, 81%) as a pale yellow
solid. [ ]D

29 + 26.3 (c 0.58, DMSO). IR (ν cm−1) 3269, 3125, (OH, NH),
2916, 1595, 1474, 1203, 1154, 1065, 826, 684. 1H NMR (300 MHz,
DMSO‑d6, δ ppm, J Hz) δ 8.53 (s, 1H, H-5′′), 7.02 (d, 2H, 4JH,H = 2.3, H-
2′′′, H-6′′′), 6.45 (t, 1H, H-4′′′), 4.81–4.75 (m, 2H, OH-3, OH-4), 4.52
(dd, 1H, 2J1′a,1′b = 13.6, J1′a,2 = 4.8, H-1′a), 4.28 (dd, 1H, J1′b,2 = 8.9,
H-1′b), 4.03–3.91 (m, 2H, H-3, H-4), 3.79 (s, 6H, –OCH3), 3.52–3.45
(m, 1H, H-2), 3.28 (br. s, 1H, NH), 2.95 (dd, 1H, 2J5a,5b = 10.8,
J5a,4 = 6.6, H-5a), 2.68 (dd, 1H, J5b,4 = 6.4, H-5b). 13C NMR
(75.4 MHz, DMSO‑d6, δ ppm) δ 160.8 (C-3′′′, C-5′′′), 145.8 (C-4′′), 132.9
(C-1′′′), 122.4 (C-5′′), 103.0 (C-2′′′, C-6′′′), 99.7 (C-4′′′), 72.2 (C-4), 71.8
(C-3), 59.8 (C-2), 55.3 (–OCH3), 51.3 (C-1′), 50.4 (C-5). HRESIMS m/z
found 321.1554, calc. for C15H21N4O4 [M + H]+: 321.1557.

(3S,4S,5S)-N-tert-Butoxycarbonyl-5-azidomethyl-3,4-O-iso-
propylidene-pyrrolidine-2-one-3,4-diol (31): A solution of 25 [28]
(128 mg, 0.429 mmol) in EtOAc (3.5 mL) was added to a solution of
NaIO4 (277 mg, 1.28 mmol) and RuO2·xH2O (57 mg, 0.43 mmol) in
water (3.5 mL). The mixture was vigorously stirred for 48 h and then, it
was filtered through celite and evaporated. Chromatography purifica-
tion on silica gel (EtOAc:cyclohexane 1:4) yielded 31 (108 mg,
0.346 mmol, 81%) as a colourless oil. [ ]D

22 + 57.9 (c 0.52, CH2Cl2). IR
(ν cm−1) 2109 (N3), 1716 (C]O), 1148, 1095, 977, 844, 640, 604. 1H
NMR (300 MHz, CDCl3, δ ppm, J Hz) δ 4.74 (d, 1H J3,4 = 5.5, H-3 or H-
4), 4.43 (d, 1H, H-4 or H-3), 4.29–4.27 (m, 1H, H-5), 3.87 (dd, 1H,
2J1′a,1′b = 12.8, J1′a,5 = 3.7, H-1′a), 3.63 (dd, 1H, J1′b,5 = 2.2, H-1′b),
1.55 (s, 9H, -C(CH3)3), 1.44 (s, 3H, -C(CH3)2), 1.36 (s, 3H, -C(CH3)2).
13C NMR (75.4 MHz, CDCl3, δ ppm) δ 170.5 (C]O), 150.0 (C]O, Boc),
112.6 (-C(CH3)2), 84.5 (-C(CH3)3), 77.7, 75.4 (C-3, C-4), 59.6 (C-5),
51.9 (C-1′), 28.1 (-C(CH3)3), 27.2 (-C(CH3)2), 25.7 (-C(CH3)2). HRE-
SIMS m/z found 335.1323, calc. for C13H20O5N4 [M + H]+: 335.1326.

(3S,4S,5S)-5-[(4-Phenyl-1H-1,2,3-triazol-1-yl)methyl]-pyrroli-
dine-2-one-3,4-diol (22): CuAAC (Procedure 2) using 31 (53 mg,
0.17 mmol) and phenylacetylene, followed by chromatography pur-
ification (EtOAc:cyclohexane 1:2) yielded (3S,4S,5S)-N-tert-butox-
ycarbonyl-5-[(4-phenyl-1H-1,2,3-triazol-1-yl)methyl]-3,4-O-iso-
propylidene-pyrrolidine-2-one-3,4-diol (59 mg, 0.14 mmol, 82%) as a
white solid. Subsequent acidic deprotection (79 mg, 0.19 mmol) and
chromatographic purification on silica gel (CH2Cl2:MeOH 10:1 5:1),
yielded 22 (37 mg, 0.14 mmol, 74%) as a white solid. [ ]D

23 + 150.2 (c
0.66, MeOH). IR (ν cm−1) 3359 (OH, NH), 1706 (C]O), 1452, 1140,
1050, 992, 772, 626. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.32
(s, 1H, H-5′′), 7.84–7.80 (m, 2H, H-aromat.), 7.47–7.41 (m, 2H, H-
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aromat.), 7.38–7.32 (m, 1H, H-aromat.), 4.64 (d, 2H, J1′,5 = 5.6, H-1′),
4.28 (dd, 1H, J4,3 = 5.3, J4,5 = 1.1, H-4), 3.95 (td, 1H, H-5), 3.86 (d,
1H, H-3). 13C NMR (75.4 MHz, CD3OD, δ ppm) δ 178.0 (C]O), 149.1
(C-4′′), 131.5 (Cq aromat.), 130.0 (C aromat.), 129.5 (C aromat.), 126.7
(C aromat.), 123.3 (C-5′′), 71.5 (C-3), 70.6 (C-4), 61.0 (C-5), 52.9 (C-
1′). HRESIMS m/z found 275.1142, calc. for C13H15O3N4 [M + H]+:
275.1139.

(3S,4S,5S)-5-[(4-(3,5-Difluorophenyl)-1H-1,2,3-triazol-1-yl)
methyl]-pyrrolidine-2-one-3,4-diol (23): CuAAC (Procedure 2) using
31 (61 mg, 0.20 mmol) and 1-ethynyl-3,5-difluorobenzene, followed by
chromatography purification (EtOAc:cyclohexane 1:2) yielded
(3S,4S,5S)-N-tert-butoxycarbonyl-5-[(4-(3,5-difluorophenyl)-1H-1,2,3-
triazol-1-yl)methyl]-3,4-O-isopropylidene-pyrrolidine-2-one-3,4-diol
(77 mg, 0.17 mmol, 85%) as a white solid. Subsequent acidic depro-
tection (66 mg, 0.15 mmol) and chromatographic purification on silica
gel (CH2Cl2:MeOH 7:1 5:1), yielded 23 (34 mg, 0.11 mmol, 73%) as a
white solid. [ ]D

23 – 34.3 (c 0.56, MeOH). IR (ν cm−1) 3249 (OH, NH),
1696 (C]O), 1595, 1120, 986, 848. 1H NMR (300 MHz, CD3OD, δ ppm,
J Hz) δ 8.44 (s, 1H, H-5′′), 7.49–7.40 (m, 2H, H-2′′′, H-6′′′), 6.93 (tt, 1H,
JH,F = 9.1, 4JH,H = 2.3, H-4′′′), 4.65 (d, 2H, J1′,5 = 5.8, H-1′), 4.28 (dd,
1H, J4,3 = 5.3, J4,5 = 1.0, H-4), 3.96 (td, 1H, H-5), 3.91 (d, 1H, H-3).
13C NMR (75.4 MHz, CD3OD, δ ppm) δ 178.0 (C]O), 165.0 (dd,
1JC,F = 246.6, 3JC,F = 13.2, C-3′′′, C-5′′′), 147.0 (t, 4JC,F = 3.2, C-4′′),
135.2 (t, 3JC,F = 10.6, C-1′′′), 124.3 (C-5′′), 109.6–109.3 (m, C-2′′′, C-
6′′′), 104.2 (t, 2JC,F = 25.9, C-4′′′), 71.5 (C-3), 70.7 (C-4), 61.0 (C-5),
53.0 (C-1′). HRESIMS m/z found 333.0768, calc. for C13H12O3N4F2

[M + H]+: 333.0770.
(2S,3S,4R,5R)-2-Azidomethyl-5-hydroxymethyl-pyrrolidine-

3,4-diol (33): To a solution of 32 [37] (62 mg, 0.38 mmol) in H2O
(1 mL), MeOH (1 mL), NaHCO3 (128 mg, 1.52 mmol), CF3(CF2)3SO2N3

[48] (185 mg, 0.569 mmol) in Et2O (1 mL) and CuSO4·5H2O (10 mg,
0.040 mmol) were added. After stirring at r.t. for 3.5 h, the solvent was
removed in vacuo and the resulting residue was dissolved in MeOH and
stirred with Quadrasil® MP for 1.5 h. Then, the solids were filtered
through celite and the solvent was evaporated. Treatment with HCl
(1 M) and purification on Dowex 50WX8 eluting with MeOH, H2O and
NH4OH 33%, yielded 33 (45 mg, 0.24 mmol, 63%) as a pale yellow oil.
[ ]D

29 – 12.0 (c 0.84, MeOH). IR (ν cm−1) 3299 (OH, NH), 2924, 2098
(N3), 1440, 1270, 1102, 944, 733. 1H NMR (300 MHz, CD3OD, δ ppm, J
Hz) δ 3.82 (ap. t, 1H, H-4), 3.72–3.54 (m, 4H, H-3, –CH2OH, H-1′a),
3.41 (dd, 1H, 2J1′b,1′a = 12.5, J1′b,2 = 6.2, H-1′b), 3.14 (td, 1H,
J2,3 = 6.2, J2,1′a = 4.3, H-2), 3.07 (ap. q, 1H, H-5). 13C NMR (75.4 MHz,
CD3OD, δ ppm) δ 74.5 (C-3), 73.5 (C-4), 66.2 (C-5), 63.5 (–CH2OH),
63.4 (C-2), 54.5 (C-1′). HRESIMS m/z found 189.0979, calc. for
C6H13N4O3 [M + H]+: 189.0982.

(2S,3S,4R,5R)-2-[(4-Phenyl-1H-1,2,3,-triazol-1-yl)methyl]-5-
hydroxymethyl-pyrrolidine-3,4-diol (24): CuAAC (Procedure 1) using
33 (30 mg, 0.16 mmol) and phenylacetylene, followed by chromato-
graphy purification (CH2Cl2:MeOH:NH4OH 5:1:0.1 4:1:0.1) yielded
24 (30 mg, 0.10 mmol, 63%) as a white solid. [ ]D

29 – 24.1 (c 0.67,
MeOH). IR (ν cm−1) 3249, 3122, (OH, NH), 2918, 1653, 1426, 1225,
1107, 1051, 909, 765. 1H NMR (300 MHz, CD3OD, δ ppm, J Hz) δ 8.38
(s, 1H, H-5′′), 7.83–7.79 (m, 2H, H-aromat.), 7.46–7.38 (m, 2H, H-ar-
omat.), 7.34 (ap. tt, 1H, H-aromat.), 4.64 (dd, 1H, 2J1′a,1′b = 13.9,
J1′a,2 = 4.2, H-1′a), 4.49 (dd, 1H, J1′b,2 = 7.3, H-1′b), 3.78–3.72 (m, 2H,
H-4, H-3), 3.58–3.46 (m, 3H, H-2, –CH2OH), 3.15–3.11 (m, 1H, H-5).
13C NMR (75.4 MHz, CD3OD, δ ppm) δ 148.7 (C-4′′), 131.8 (Cq ar-
omat.), 130.0 (C aromat.), 129.3 (C aromat.), 126.7 (C aromat.), 123.3
(C-5′′), 74.8, 73.5 (C-3, C-4), 66.0 (C-5), 64.1 (–CH2OH), 63.4 (C-2),
54.3 (C-1′). HRESIMS m/z found 291.1454, calc. for C14H19N4O3

[M + H]+: 291.1452.

4.2. Inhibition studies with commercial enzymes

The % of inhibition towards the corresponding glycosidase was
determined in the presence of 1.0 mM of the inhibitor on the well. Each

enzymatic assay (final volume 0.12 mL) contains 0.01–0.5 units/mL of
the enzyme and 4.2 mM aqueous solution of the appropriate p-ni-
trophenyl glycopyranoside (substrate) buffered to the optimal pH of the
enzyme. Enzyme and inhibitor were pre-incubated for 5 min at r.t., and
the reaction started by addition of the substrate. After 20 min of in-
cubation at 37 °C, the reaction was stopped by addition of 0.1 mL of
sodium borate solution (pH 9.8). The p-nitrophenolate formed was
measured by visible absorption spectroscopy at 405 nm. Under these
conditions, the p-nitrophenolate released led to optical densities linear
with both reaction time and concentration of the enzyme. The IC50

value (concentration of inhibitor required for 50% inhibition of enzyme
activity) was determined from plots of % inhibition versus different
inhibitor concentrations. The IC50 is determined by duplicate (< 10%
of difference) and the average value is given.

4.3. Inhibition studies with lysosomal enzymes

The inhibitory activity toward human lysosomal β-glucocer-
ebrosidase and α-galactosidase A was measured with 4-methy-
lumbelliferyl-β-D-glucopyranoside and 4-methylumbelliferyl-α-D-ga-
lactopyranoside as substrate. The reaction mixture consisted on
100 mM McIlvaine buffer (pH 5.2), 0.25% sodium taurocholate and
0.1% Triton X-100, and the appropriate amount of enzyme. The reac-
tion mixture was pre-incubated at 0 °C for 45 min, and the reaction was
started by adding 3 mM substrate solution, followed by incubation at
37 °C for 30 min. The reaction was stopped by the addition of 1.6 mL of
the solution of 400 mM glycine-NaOH solution (pH 10.6). The released
4-methylumbelliferone was measured (excitation 362 nm, emission
450 nm) with a F-4500 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan). The IC50 is determined by duplicate (less than 10% of
difference) and the average value is given.

4.4. X-ray crystallography and docking studies

Lyophilized GCase (Cerezyme ®, Genzyme Corporation) was par-
tially deglycosylated with PNGase F (Promega) as previously described
[49]. Crystals were grown at room temperature in hanging drop format
from 6 mg/mL GCase in phosphate-buffered saline in a 1:1 ratio with
mother liquor (0.1 M HEPES pH 7.5, 0.8 M NaH2PO4 and 0.8 M
KH2PO4) [49]. Prior to data collection, crystal drops were incubated for
1 h with 1.25 mM compound 18 at room temperature, cryo-protected
by transfer into mother liquor including 20% glycerol, then cooled in
liquid nitrogen.

Crystallographic data were collected at SER-CAT ID-22 beamline at
the Advanced Photon Source using an EIGER 16 M detector, then pro-
cessed using XDS [50]. Molecular replacement was conducted in Phenix
using a monomeric search model derived from the amino acid chain of
PDB 2NSX bound to IFG. Models were iteratively built and refined using
Phenix and Coot [51].

Docking calculations were carried out using DockingServer [41].
The MMFF94 force field [52] was used for energy minimization of
pyrrolidine-triazole 11 using DockingServer. Gasteiger partial charges
were added to the ligand atoms. Non-polar hydrogen atoms were
merged, and rotatable bonds were defined. Docking calculations were
carried out upon a protein model derived from PDB 6MOZ Chain A.
Essential hydrogen atoms, Kollman united atom type charges, and
solvation parameters were added with the aid of AutoDock tools [53].
Affinity (grid) maps of 40 × 40 × 40 Å grid points and 0.375 Å spacing
were generated using the Autogrid program [52]. AutoDock parameter
set- and distance-dependent dielectric functions were used to calculate
van der Waals and the electrostatic terms, respectively. All electro-
statics were calculated at pH 7.

Docking simulations were performed using the Lamarckian genetic
algorithm (LGA) and the Solis & Wets local search method [54]. Initial
position, orientation, and torsions of the ligand molecules were set at
random. Each docking experiment was derived from 100 different runs
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set to terminate after a maximum of 2.5 million energy evaluations. The
population size was set to 150. During the search, a translational step of
0.2 Å, and quaternion and torsion steps of 5 were applied.

Figures were generated using PyMol (Schrodinger). Ligand inter-
actions were further investigated using LigPlot + v. 1.4 [55]. Core
alignments of previous structures were conducted using the SSM su-
perimpose function in Coot. The structure has been deposited in the
PDB under accession code 6MOZ.

4.5. Pharmacological chaperone activity

The Gaucher’s cell line with β-glucocerebrosidase mutation of
N370S was obtained from the Coriell Cell Repositories (Camden, NJ).
The Gaucher N370S fibroblasts were cultured in EMEM (Eagle’s
Minimum Essential Medium; Sigma-Aldrich Co) supplemented with
15% FCS. Cells were cultured in a water-jacket incubator at 37˚C under
5% CO2 in the presence or absence of samples for 6 days. After washing
twice with a medium, the cell pellet were homogenized in a citrate
buffer (pH 5.2) containing 0.25% sodium taurochole and 0.1% Triton
X-100. The supernatant obtained from the homogenate after cen-
trifugation at 1000 g for 5 min was subject to enzyme assays and pro-
tein determination. Intercellular β-glucocerebrosidase activities were
determined with 4-methylumbelliferyl-β-D-glucoside as substrate at pH
5.2.

4.6. Immunocytochemistry

The Gaucher’s cell line with GCase mutation of N370S was treated
with rabbit polyclonal anti-GCase serum as a primary antibody for the
detection of GCase, and monoclonal anti-LAMP-1 serum for the detec-
tion of lysosomes. Hilyte Fluor™ 488-conjugated goat anti-rabbit IgG
serum and Alexa Fluor™ 594-conjugated goat anti-rat IgG serum were
used as secondary antibodies. Gaucher fibroblasts were grown on sterile
coverslips with presence or absence of the iminosugar and cultured
with 5 days in EMEM. All immunocytochemistry procedures were per-
formed at room temperature. After cells had been washed three times
with PBS, they were fixed with 1 mL of 4% paraformaldehyde in PBS for
20 min, and then washed three times with PBS. The cells were per-
meated with 1 mL of 0.01% Triton X-100 in PBS for 20 min, and then
washed three times with PBS. After a 20 min treatment with 1 mL of
blocking solution (5% skim milk in PBS), the cells were incubated with
the primary antibody diluted in 1% skim milk in PBS for 30 min, and
this was followed by three washes with 1 mL of PBS. Coverslips were
then incubated in the dark with the secondary antibody diluted in 1%
skim milk in PBS for 30 min, and this was followed by three washes
with 1 mL of PBS. The coverslips were mounted with a drop of
SlowFade™ Diamond, and fluorescence was visualized using an
Olympus fluorescence microscope.
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