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NewN-alkylaminocyclitols bearing a 1,2,3-triazole system at different positions of the alkyl chain have been
prepared as potential GCase pharmacological chaperones using click chemistry approaches. Among them,
compounds 1d and 1e, with the shorter spacer (n = 1) between the alkyltriazolyl system and the amino-
cyclitol core, were themost active ones asGCase inhibitors, revealing a determinant effect of the location of
the triazole ring on the activity. Furthermore, SAR data and computational docking models indicate a
correlation between lipophilicity and enzyme inhibition and suggest “extended” and “bent” potential
binding modes for the compounds. In the “bent” mode, the most active compounds could establish a
hydrogen-bond interaction between the triazole moiety and enzyme residue Q284. Such an interaction
would be precluded in compounds with a longer spacer between the triazole and the aminocyclitol core.

Introduction

Gaucher disease is one of the most prevalent lysosomal
storage disorders characterized by the accumulation of the
sphingolipid glucosylceramide in the lysosomes. The disease
is caused by the deficient activity elicited by several mutated
forms of the enzyme glucocerebrosidase (GCasea), the
β-glucosidase that hydrolyzes glucosylceramide into glucose
and ceramide.1 Cellular levels of the mutated, misfolded
enzyme are abnormally low because of its premature degrada-
tion by specific cytosolic endoproteases in the endoplasmic
reticulum. Several therapeutic strategies for Gaucher disease
have been developed over the past years.2 Among them, the
use of pharmacological chaperones, competitive inhibitors of
the target enzyme that assist the proper foldingof the defective
protein at subinhibitory concentrations,3-5 is an active field of
research.6 In this context, several iminosugars and amino-
cyclitols have been reported in the literature (Figure 1).

To date, a number of GCase structures in its native state7

withdifferent degrees of glycosylation,8-10 under different pH
conditions,11,12 or as a complex with different inhibitors13-16

have been reported. All these structures show a very similar
3D-arrangement for the protein with four loops (L1-L4)
located at the entrance to the catalytic site that control open

and closed conformations (see below). Differences on the sur-
face topology of GCase close to the entrance to the active site
have been observed in structures of the enzyme complexedwith
different inhibitors. Thus, while in N-nonyldeoxynojirimycin
(NNDNJ) and N-butyldeoxynojirimycin (NBDNJ)-GCase
complexes theN-alkyl chains are stabilized by accommodation
into the hydrophobic valley between L3 and L4, an additional
hydrophobic groove between L1 and L3 is observed in the iso-
fagomine (IFG)-GCase complex structure.14,15 Interestingly,
these two valleys between L3 and L4 and between L1 and L3
have been modeled as possible binding locations for the two
alkyl chains of the ceramide moiety in the natural substrate.15

Over the past years, we have been working actively on the
development of newaminocyclitolswith potential applicability

Figure 1. Aminocyclitols reported in this study (1-3), together
with representative iminosugars and aminocyclitols reported as
GCase inhibitors.
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as chemical chaperones of the enzyme GCase.17,18 In our
previouswork, we found that aminocyclitolA-C10 (Figure 1),
which stabilized GCase under thermal denaturation condi-
tions19 and inhibited GCase in wild type fibroblasts, behaved
as a pharmacological chaperone in Gaucher disease patient
fibroblasts bearing the L444P/G202R and L444P;E326K/
G202R genotypes.20 However, exploration of the chemical
diversity around the amino group hasmetwith limited success
so far.21 Thus, the most promising results arose from the
regio- and stereoselective opening22,23 of conduritol B epoxide
with a series of aliphatic amines of different chain lengths.19 In
order to explore the role of the aminoalkyl side chain on the
enzyme stabilization under thermal denaturation conditions,24

a fast and convenient methodology aimed at the parallel
synthesis of small to medium sized libraries of N-substituted
aminocyclitol derivatives would be desirable. In this context,
click-chemistry approaches based on the Cu-catalyzed 1,3-
dipolar Huisgen cycloaddition of alkynes and azides are being
widely used in drug design.25,26 However, the electronic pro-
perties of the resulting 1,2,3-triazole system make possible the
operation of additional interactions of uncertain effects at the
active site level. In order to unravel such effects, we have
synthesized and tested a small collection of N-alkylamino-
cyclitols arising from the formal placement of the triazole ring
along theN-alkyl side chain. From a structural standpoint, the
aminocyclitols presented in this study can be grouped into
three different subsets (1-3) as a function of the spacer length
(n=1-3) between the aminocyclitol core and the triazole
system (Figure 1).

Synthesis

Aminocyclitols 1-3were obtained by theCu-catalyzed 1,3-
dipolar cycloaddition (Huisgen reation) of ω-alkynylamino-
cyclitols 5 (n=1), 7 (n=2), and 9 (n=3) with a set of azides
23-32, followedbymassive benzyl removal (see Scheme3and
Table 1).

Aminocyclitols 5, 7, and 9 were obtained, in turn, by the
regio- and diastereoselective opening22 of epoxide 4 with the
commercially available propargylamine or amines 20 and 22,
followed by TMS removal (Schemes 1 and 2). The use of the
TMS protecting group in amines 20 and 22 increased their
boiling point, thus favoring their isolation, purification, and
subsequent manipulation.

Copper-catalyzed Huisgen cycloaddition reaction of scaf-
folds 5, 7, and 9 with the aliphatic azides shown in Table 1

afforded the expected fully benzylated triazolylalkylamino-
cyclitols 10-12 (Scheme 3). Massive O-benzyl deprotection
was carried out either by hydrogenolysis or by reaction with
BCl3, following reported protocols.17,27

Results and Discussion

A pharmacological chaperone binds to the active site of the
target enzyme at the neutral pH of the endoplasmic reticulum
(ER) to assist in protein folding andalso to enhance the enzyme
transport to lysosomes.However, it partly dissociates at the low
pH of the lysosomal environment while still stabilizing the
enzyme at that acidic pH. Consequently, compounds were
evaluated as inhibitors of recombinant GCase (imiglucerase
(Cerezyme)) at both neutral and acidic pH. Compounds 1,
bearing the shorter spacer (n=1) (seeTables 1 and2) gave IC50

values lower than those of compounds 2 and 3, with a longer
spacer (n = 2 and 3, respectively), resulting from the formal
placement of the triazole ring along the aliphatic chain
(compare the couples 1b/3a and 1c/2a and the triplets 1d/2b/
3b and 1e/2c/3c). Inhibition constants (Ki) for the most active
compounds in each series showed, in all cases, a competitive
inhibition pattern, as illustrated in Figure 2 for 1d (Table 2).28

It is worth mentioning that the low Ki values found for
compounds 1d-1fwere in the 60-90 nMrange. Interestingly,
none of the above aminocyclitols showed significant activity
on glucosyl ceramide synthase (GCS) from cell homogenates
at 250 μM, thus indicating a selectivity toward the hydrolytic
enzyme.29 Moreover, the above aminocyclitols were inactive
at 0.1 mM against a panel of commercially available R- and
β-glycosidases,30 reinforcing the selectivity against GCase.

Regarding neutral pH, IC50 values for compounds 1 were
similar to or slightly lower than those at acidic pH, with the
exception of 1e and 1h (Table 2). Interestingly, compounds 2
and 3 showed lower IC50 values at neutral pH, an indication of
the ability of the inhibitors to interact with the enzyme at the
cellular pH of both ER and lysosomes.

Enzyme stabilization under thermal denaturation con-
ditions, expressed as the stabilization ratio (see Table 2),
was used as an indication of the potential of the target
compounds to behave as pharmacological chaperones.24

An IC50 threshold of 15 μM at pH 7.4 was set as selection
criteria for the thermal stabilization assay. Recovery of
GCase activity was measured at 48 �C in the presence and
in the absence of increasing concentrations (from 0.50 to
150 μM or from 50 to 150 μM, as appropriate) of selected
aminocyclitols at different incubation times (Figure 3).
For comparative purposes, NNDNJ and our previously
reported aminocyclitol A-C1019 (Figure 1) were also as-
sayed under the same experimental conditions.

Table 1. Aminocyclitols Arising from Click Chemistry Reaction
between ω-Alkynyl Alkylaminocyclitols and Azidesa

alkyne azide (RN3) R (in RN3) click adduct aminocyclitol

5 23 n-butyl 10a 1a

5 25 n-octyl 10b 1b

5 26 n-nonyl 10c 1c

5 27 n-decyl 10d 1d

5 29 n-dodecyl 10e 1e

5 30 n-tetradecyl 10f 1f

5 31 6-(propoxy)hexyl 10g 1g

5 32 2-phenylethyl 10h 1h

7 25 n-octyl 11a 2a

7 26 n-nonyl 11b 2b

7 28 n-undecyl 11c 2c

9 24 n-hexyl 12a 3a

9 25 n-octyl 12b 3b

9 27 n-decyl 12c 3c

a See Scheme 3.

Scheme 1
a

aReagents and conditions: (a) amine (propargylamine, 20, or 22),

LiClO4, CH3CN; (b) KF, DMSO.
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Among the compounds tested as GCase stabilizers, com-
pounds 1b, 1g, and 3c exhibited a similar, albeit almost
negligible, activity pattern at the different times and concen-
trations tested. On the other hand, compounds 1c, 1f, 2b, and
2c showed an enzyme stabilization profile comparable to or
even superior to that of NNDNJ, with stabilization ratios
between 7.6 and 13.2 at 100 μMafter 1 h of incubation time at
48 �C(Table 2 andFigure 3A).This parameterwas evenhigher
for aminocyclitols 1d and 1e, with values ranging from 20 to
30 at the above concentrations and incubation times. Com-
pounds 1d and 1e were also assayed at lower concentrations
(0.5-25 μM), showing a good correlation between the stabi-

lization ratio and the concentration used in the experiment
(Figure 3B and Supporting Information). Interestingly, en-
zyme thermal stabilization correlates well with Ki values in
compounds 1a-h, while most of the aminocyclitols tested in
this study were not cytotoxic in wild type human fibroblasts at
concentrations up to 300 μM.31

Finally, some of the aminocyclitols also behaved as GCase
inhibitors in wild type human fibroblasts after 24 h of
incubation at 50 μM (Table 2). A good correlation between
Ki and GCase inhibition was observed for compounds 1b-d

in this assay. Since compounds 1e and 1f could not be tested
at the above concentration because of their toxicity,31 they
were tested at 20 and 10 μM, together with 1d for the sake of
comparison (Table 2). Interestingly, compound 1e was an
even better inhibitor than 1d at 20 μMand almost equipotent
to 1f at 10 μM. However, the high efficacy of 1d,31 together
with its acceptable biological profile, low toxicity, and high
enzyme affinity and enzyme thermal stabilization properties,
makes this compound a promising candidate for further
studies.

Activity data for the compounds described in this work
reflect a clear dependence between GCase inhibition and
clogP (see Supporting Information). Thus, in each series,
activity increases with hydrophobicity, as shown in Figure 4.
An exception to this trend is found for compound 1f, with the
longest N-triazolylalkyl chain (C14) and the highest clogP
value, which shows the same or lower activity than its less
hydrophobic and shorter homologues 1d (C10) and 1e (C12). It
is noteworthy that compounds 1e and 1f are toxic at high
concentrations (>50 μM) and that this has also been observed
for other analogues containinghighly hydrophobicmoieties,19

which suggests a lipophilicity-related toxic effect. Further-
more, since the activity of aminocyclitols withN-alkyltriazol-
ylalkyl chains of identical combined length is higher for
compoundswith the shortest spacer (n=1,Figure 1) between
the aminocyclitol and the triazole moieties (see above), a
restriction to the length of the N-triazolylalkyl chain R and
to the position of the triazole ring for optimum binding to the
enzyme can be envisaged. Therefore, docking studies were

Scheme 2. Synthesis of Aminesa

aReagents and conditions: (a) TMSCl, BuLi, THF, -78 �C; (b) MsCl, Et3N, THF, 0 �C; (c) NaN3, DMF; (d) LiAlH4, THF.

Scheme 3a

aReagents and conditions: (a) R-N3 (23-32; see Table 1), Cu2SO4, sodium ascorbate, H2O/THF (1:1); (b) BCl3, CH2Cl2 (-78 �C); (c) H2, Pd/C.

Table 2. Inhibitory Activity of Aminocyclitols 1a-h, 2a-c, and 3a-c

against Imiglucerasea

IC50 (μM)

compd pH 7.4 pH 5.2 Ki (μM)b
stabilization

ratioc,d
% inhibition GCase

in human wt fibroblastse

1a nd 178 nd nd <5

1b 1.1 1.0 1.8 1.0 20

1c 0.20 0.20 0.33 13.0 50

1d 0.09 0.10 0.09 21.0 90/71f/58g

1e 0.06 0.03 0.06 28.7 h/90 f /87g

1f 0.10 0.09 0.08 13.2 h, i/93g

1g 6.2 7.4 2.4 1.1 <5

1h 25.0 10.8 19.1 nd <5

2a 55.9 167 nd nd <5

2b 11.0 44.7 nd 7.6 <5

2c 4.9 25.4 20.2 11.6 50

3a 44.6 257 nd nd <5

3b 18.2 35.4 19.9 nd 40

3c 1.2 3.5 7.6 1.4 20

NNDNJ 0.30 1.3, 0.66 j 0.30 j 9.2 nd

A-C10 1.8 0.30 4.9 nd

a See also Table 1 and Scheme 3 for structures). nd: not determined.
bCompetitive inhibitors (determined at pH 5.2). cDefined as the ratio of
relative enzymatic activities (inhibitor vs control) at a given inhibitor
concentration and incubation time. Tabulated values for 100 μM
inhibitor and 60 min of incubation time. d See also Supporting Informa-
tion. e Incubation for 24 h at 50 μM inhibitor and 5 mM substrate.
f Incubation for 24 h at 20 μM inhibitor and 5 mM substrate. g Incuba-
tion for 24 h at 10 μM inhibitor and 5 mM substrate. hToxic at 50 μM.
iToxic at 20 μM. jAccording to Compain et al. ChemBioChem 2006, 7,
1356-1359.
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conducted to shed light on the way of binding of the amino-
cyclitols described in this work to the active center of GCase.

In order to explore all the potential binding modes of
compounds 1-3, the structures of the GCase-inhibitor com-
plexeswithNNDNJ (PDBcode2V3E,Figure 5A), IFG(PDB
code 2NSX, Figure 5B), andNBDNJ (PDB code 2V3D, Sup-
porting Information) were chosen as target structures for
docking. Parts C and D of Figure 5 show the best docked
conformations obtainedusing the 2V3Eand2NSXstructures,
respectively, as targets. The results obtained with the 2V3D
structure were similar to those shown in Figure 5C (see Sup-
porting Information). In the docked poses obtained using the
NNDNJ-GCase complex (Figure 5C), the cyclitol moiety is

placed inside the GCase active site and the triazole and alkyl
chain moieties adopt an “extended” conformation on the
exposed surface of the enzyme between loops 3 and 4. The
results obtained using the IFG-GCase structure (Figure 5D),
however, showed an alternative binding mode for most of the
compounds in which the cyclitol moiety still occupies the
active site of the enzyme, but the triazole and the alkyl chain
adopt a “bent” conformation to reach the narrow groove
between loops 1 and 3. Parts E andFof Figure 5 show the best
poses obtained for compound 1d docked against 2V3E and
2NSX, respectively, and illustrates the main interactions
between this compound and the protein in each particular
conformation (corresponding interaction diagrams in Sup-
porting Information). Similar interactions were observed for
the analogue compounds 1e and 1f.

Hence, the best pose obtained for 1d docked against struc-
ture 2V3E (Figure 5E) shows the hydroxyl groups of the
cyclitol moiety establishing hydrogen bonds with residues
D127, W179, W381, and N396. An additional strong interac-
tion between the charged nitrogen atomof 1d and the carboxy-
late group of E235 is observed. The charge on this nitrogen is
also stabilized by a π-cation interaction with Y313. Finally,
the “extended” alkyl chain is stabilized by less specific hydro-
phobic contacts with residues L240, L241, L286, L287, and
L314. On the other hand, the best pose obtained for the same
compound docked against structure 2NSX (Figure 5F) shows
similar hydrogen bonding and polar interaction patterns, but
the “bent” conformation of the alkyl moiety is now stabilized
by hydrophobic interactions with residuesW312, Y313, L314,
andF316.Different poses obtained for compound 1d, and also
for the rest of the compounds studied, show slight variations in
their binding mode to the different structures of GCase
considered, which are most probably derived from the large
flexibility of the alkyl substituentsand from thehighnumberof
polar residues in the active site of GCase, which allows for
alternative hydrogen bonding patterns.

Although obtaining a good correlation between docking
scores and experimentally determined binding affinities is
frequently not possible because of, inter alia, the limitations
of scoring functions and sampling algorithms,32,33 a reason-
able correlation was obtained for the compounds in series 1
(n = 1) when the scores from docking to the structure of the
“bent” IFG-GCase complex were considered (Figure 6).
Since no such correlation was observed from the docking runs

Figure 2. Type of inhibition of glucocerebrosidase by 1d. Double
reciprocal plot of imiglucerase incubated at different concentrations
of substrate and compound 1d (square, 0 μM; circle, 0.1 μM;
triangle, 0.25 μM). Regression lines arise from data obtained in
two different experiments with triplicates.

Figure 3. (A) and (B) Relative enzymatic activity after thermal
denaturation (48 �C) for 20 min (white bar), 40 min (gray bar), and
60 (black bar) at the indicated inhibitor concentrations (μM)
compared to the corresponding assay at 37 �C. Data for control
(C) are obtained as above except that no inhibitor is present.

Figure 4. GCase inhibitory activity, expressed as-log(IC50), vs clogP
for compounds of series 1-3.
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with the “extended” NNDNJ-GCase complex (see dock-
ing scores in the Supporting Information), this suggests the
“bent” mode of binding as the preferred one for compounds 1.
Compounds of series 2 and 3 also followed an approximate
linear dependence between both calculated and experimental
parameters, similar to that observed when hydrophobicity was
considered (Figure 4). However, these docking results do not

clarify the role of the triazole moiety in the binding process,
since no clear difference in the binding mode among the three
series (spacer n = 1-3, Figure 1) was observed and no clear
interaction between the triazole ring and the receptor was
detected in any case. In this context, the triazole group has
been considered as a good amide bondmimic, being able to act
as a hydrogen bond acceptor.34-36

Figure 5. Crystal structures of (A) the NNDNJ-GCase complex (PDB 2V3E) and (B) the IFG-GCase complex (PDB 2NSX). Loops 1, 2, 3,
and 4 (loop numbering based on ref 14) are colored in yellow, light blue, red, and purple, respectively. Best docked poses obtained for
compounds 1-3 using structures 2V3E (C) and 2NSX (D) as targets. The orientation of the protein structures is similar to that shown in panels
A andB, respectively. L1, L2, L3, andL4 denote the position of loops 1-4. In panelD, a black arrow shows the accessible groove between loops
1 and 3. Best poses obtained for compound 1d docked against structures 2V3E (E) and 2NSX (F) as targets.
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Minimizationof someof the “bent” dockingposes obtained
for compound 1d, as well as those of other analogs from series
1, was carried out allowing for movement of the closest
residues of the protein. Interestingly, the results showed that
the Q284 side chain can rotate to form a new hydrogen bond
with the triazole N3 nitrogen atom (Figure 7). Compounds of
series 2 and 3, having a longer spacer between the triazole and
the cyclitol moieties, would require a larger movement of this
residue, and perhaps others, to establish such an interaction.
Thismight be energeticallymore expensive andwould explain
their lower affinity. Clearly, additional modeling studies are
needed to verify such hypotheses and to understand how the
triazole ring can influence the binding strength of these
compounds.

Conclusion

New N-alkylaminocyclitols bearing a 1,2,3-triazole system
at different positions of the alkyl chain have been prepared
using click chemistry protocols. The resulting compounds
have been tested as GCase inhibitors and also for their ability
to increase the enzyme stability against thermal denaturation,
as an in vitro assessment of their potential as pharmacological
chaperones.Among them, compounds 1d and 1ehave emerged
as promising candidates for further development, in light of the
comparative results with NNDNJ and our previously reported
aminocyclitol A-C10.

In spite of the good correlation between lipophilicity
and IC50 values, the position of the triazole system along the
N-alkyl chain is crucial for enzyme inhibition and thermal
stabilization, since members with the shorter spacer between
the aminocyclitol core and the alkyltriazolyl system exhibited
the maximum potency.Modeling studies using three different
reported GCase-inhibitor complexes (PDB codes 2V3D,
2V3E, and 2NSX) showed two alternative modes of binding
with an apparently preferred “bent” mode (based on docking
scores) for themost active compounds of this study.Although
the docking results donot clarify the role of the triazolemoiety
in this binding process, the accepted ability of triazole to act as
a hydrogen bond acceptorwould allow the operation of a new
hydrogenbondbetween triazoleN3 andamino acidQ284by a
slight rearrangement of the conformation of the side chain of
this residue found in the crystal structure. This additional
interaction would likely be precluded in compounds with a
longer spacer (series 2 and 3). Studies addressed at clarifying
the role of triazole in these systems are currently underway in
our group and will be published in due course.

Experimental Section

Chemistry: General Protocols. Solvents were distilled prior to
use and dried by standard methods. FT-IR spectra are reported
in cm-1. 1H and 13CNMR spectra were obtained in CDCl3 solu-
tions at 300 MHz (for 1H) and 75 MHz (for 13C), respectively,
unless otherwise indicated. Chemical shifts are reported in δ
units, parts per million (ppm) relative to the singlet at 7.24 ppm
of CDCl3 for

1H and in ppm relative to the center line of a triplet
at 77.0 ppm of CDCl3 for 13C. ESI/HRMS spectra were
recorded on a Waters LCT Premier mass spectrometer. Purity
of compounds used for enzyme assays was g95%, as judged by
HPLC analysis (Gemini C18 column, 4.6 mm� 250 mm, 5 μm)
under the following chromatographic conditions: mobile phase
A, water containing 0.1% v/v trifluoroacetic acid; mobile phase
B, ACN containing 0.1% v/v trifluoroacetic acid; flow rate of
1.0mL/min; detection, SATIN-ELS (evaporative light scattering)
(λ=254 nm); gradient elution, 0min, from80%A/20%B to 0%
A/100% B over next 20 min. Each run was followed by a 3 min
wash with 80% ACN, 20% water.

General Method for Click Reactions: Synthesis of 10e as
Representative Example.A solution of the azide 29 (0.25 mmol)
(see Table 1) in a mixture H2O/THF (1:1) (2 mL) was added
to aminocyclitol 5 (0.20 mmol) in a vial. Then CuSO4 3 5H2O
(5.2 mg, 0.020 mmol) and a catalytic amount of sodium ascor-
bate were added. The mixture was stirred at room temperature
for 2 min, quenched with water (3 mL), and extracted with
EtOAc (3� 5 mL). Usual workup afforded a green solid, which
was purified by flash chromatography on elution with ethyl
acetate. Compound 10e was obtained in 60% yield. 1H NMR
(500MHz, CDCl3): 7.44 (m, 20, 1H), 4.92 (m, 8H), 4.30 (s, 2H),
4.11 (m, 2H), 3.56 (m, 5H), 2.69 (t, 1H), 1.88 (d, 2H, J=1.2Hz),
1.32 (m, 18H), 0.92 (t, 3H, J = 6.9 Hz). 13C NMR (400 MHz,
CDCl3): 146.88, 138.72-138.37, 128.59-127.50, 121.21, 84.76,
84.10, 83.078, 81.85, 73.03, 61.54, 50.39, 43.12, 31.97- 29.11,

Figure 6. Correlation of docking scores vs experimentally deter-
mined -log(IC50) values for compounds 1-3 docked against
IFG-GCase complex (structure 2NSX).

Figure 7. Best pose obtained for compound 1d when docked
into the active site of structure 2NSX (green) and pose obtained
after minimization allowing receptor flexibility (cyan), which
shows movement of the side chain of residue Q284 (yellow) and
of the triazole ring, leading to the formation of a new hydrogen
bond.
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22.76, 14.22. HRMS calculated for C49H65N4O5 (M þ Hþ):
789.4955. Found: 789.4935.

Debenzylation with Boron Trichloride: Synthesis of 1e as

Representative Example. A solution of 10e (0.05 mmol) in
CH2Cl2 (2 mL) under nitrogen at -78 �C was treated with
1MBCl3 solution in heptane (0.4mL). After being stirred for 2 h
at -78 �C, the reaction mixture was allowed to warm to room
temperature and stirred for additional 12 h at room tempera-
ture. The mixture was next cooled to -78 �C, quenched with
methanol (1 mL), and evaporated under reduced pressure. The
resulting residue was taken up in a 1:1 MeOH/H2O mixture,
filtered through a small pad of charcoal, and evaporated to
afford 1e as the corresponding hydrochloride in 87% yield. 1H
NMR (500 MHz, CD3OD): 8.24 (s, 1H), 4.63 (s, 2H), 4.47 (t,
2H, J = 7.1 Hz), 3.64 (m, 2H), 3.30 (m, 3H), 3.13 (t, 1H, J =
10.7 Hz), 1.94 (dd, 2H, J=6.9Hz, J=13.8 Hz), 1.26 (m, 18H),
0.91 (t, 3H, J= 6.9 Hz). 13C NMR (400MHz, CD3OD): 77.46,
76.06, 71.72, 63.98, 59.18, 42.89, 33.79, 32.02, 31.46, 31.39,
31.29, 31.15, 30.87, 28.29, 24.43, 21.28, 19.17, 15.1. Triazole
13C signals were not observed in any of the click adducts because
of unsuitable relaxation times. However, their presence was
confirmed by a combination of gHSQC and gHMBC experi-
ments from a representative library member (see Supporting
Information for details). HRMS calculated for C21H41N4O5

(M þ Hþ): 429.3077. Found: 429.3014.
GCase Inhibition. In vitro activity was determined with 4mM

4-methylumbelliferyl-β-D-glucopyranoside in McIlvaine buffer
(pH 5.2 or 7.4). Enzyme solutions (25 μL from a stock solution
containing 0.1 mg of protein/mL) in the presence of 0.2% (w/v)
sodium taurocholate and 0.1% (v/v) Triton X-100 inMcIlvaine
buffer (pH 5.2 or 7.4) were incubated at 37 �C without (control)
or with inhibitor (1 mM) during 30 min, and after addition of
corresponding substrate solution (60 μL), incubations were
maintained at 37 �C for 10 min. Enzymatic reactions were stop-
ped by the addition of 150 μL of 100 mM glycine/NaOH buffer
(pH 10.6). The amount of 4-methylumbelliferone formed was
determined with a 1420 VICTOR2 multilabel counter (Wallac)
fluorometer at 355 nm (excitation) and 460 nm (emission).

IC50 values were determined by plotting percent activity versus
log [I], using at least five different inhibitor concentrations. Type
of inhibition and Ki values for more active inhibitors were deter-
mined by Lineweaver-Burk or Dixon plots of assays performed
with different concentrations of inhibitor and substrate.

Thermal Stabilization Assay. Following a modification of a
reported method,37 GlcCerase aliquots (48 μL, 2 mg/mL) were
incubated at pH 7.4 with 0 (control), 10, 25, 50, 100, or 150 μM
test compound at 48 �C. Subsequently, 150μLof 0.1Macetate-
phosphate buffer (pH 5.0) and 100 μL of substrate (4 mM
4-methyllumbelliferyl β-D-glucoside) in McIlvaine buffer (pH
5.2) were added at different times and incubated for 10 min at
37 �C in the presence of 0.l % Triton X-100 and 0.2% tauro-
deoxycholic acid. Then an amount of 300 μL of glycine buffer
(200 mM, pH 10.6) was added, and liberated 4-methylumbelli-
ferone was measured. Enzyme activity was reported relative to
that of the enzyme at 37 �C.

Computational Methods.All molecular simulations were con-
ducted with the package Schr€odinger Suite 2008 (Schr€odinger
LLC), through its graphical interphaseMaestro.38 The program
Macromodel39 with its default force field OPLS 2005, a modi-
fied version of the OPLS-AA force field,40 and GB/SA water
solvation conditions41 were used for all energetic calculations.
The program Glide42-44 was used for the docking calculations
using the default XP precision settings except for the following:
(i) given the high flexibility of most of the compounds, a setting
of 5 000 000 poses per ligand for the initial phase of docking and
a scoring window of 500 for keeping initial poses were chosen;
(ii) constraints were applied to maintain the cyclitol moiety of
the ligands inside the catalytic cavity of the CCase structures
(preliminary docking runs showed, as expected, that the best
scored poses for all compounds always had the cyclitol placed in

that location); (iii) up to 50 poses per ligand were kept for the
postdocking minimization. Glide XP scores45 were used to rank
the resulting docked poses. pKa calculations for compounds
1a-h, 2a-c, and 3a-c were performed with the pKa prediction
module46 included in Jaguar47with its default settings. The
coordinates of the complexes of human GCase with different
inhibitors bound in its active site, i.e., isofagomine (PDB
2NSX), NB-DNJ (PDB 2V3D), or NN-DNJ (PDB 2V3E), were
obtained from the ProteinDataBank48 at BrookhavenNational
Laboratory. The structures of the proteins were prepared using
the Protein Preparation Wizard included in Maestro to remove
the solvent molecules and ligands, adding hydrogens, setting
protonation states, and minimizing the energy using the OPLS
force field. Compounds 1a-h, 2a-c, and 3a-cwere built within
Maestro and preoptimized before docking using the LigPrep49

application included in the software. All ligands were docked
with the secondary amine group in the protonated state based on
the results from pKa calculations (see Supporting Information)
and the fact that preliminary docking runs always yielded poses
where this amino group was located in a highly polar environ-
ment, close to the carboxylate of D235 residue, which would
favor the protonated form of the amine. Interaction diagrams
were built with MOE50 for the best docked poses obtained for
some of the inhibitors.
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