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Orthoester functionalized N-guanidino derivatives
of 1,5-dideoxy-1,5-imino-D-xylitol as pH-
responsive inhibitors of β-glucocerebrosidase†
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Alkylated guanidino derivatives of 1,5-dideoxy-1,5-imino-D-xylitol bearing an orthoester moiety were pre-

pared using a concise synthetic protocol. Inhibition assays with a panel of glycosidases revealed that one

of the compounds prepared displays potent inhibition against human β-glucocerebrosidase (GBA) at pH

7.0 with IC50 values in the low nanomolar range. Notably, a significant drop in inhibitory activity is observed

when the same compound is tested at pH 5.2. This pH sensitive activity is due to degradation of the ortho-

ester functionality at lower pH accompanied by loss of the alkyl group. This approach provides a degree of

control in tuning enzyme inhibition based on the local pH. Compounds like those here described may

serve as tools for studying various lysosomal storage disorders such as Gaucher disease. In this regard, the

most active compound was also evaluated as a potential pharmacological chaperone by assessing its effect

on GBA activity in an assay employing fibroblasts from Gaucher patients.

In recent years, the iminosugars have emerged as a class of
promising compounds in medicinal chemistry due to their
therapeutic potential in the treatment of a variety of
carbohydrate-mediated diseases.1–5 Certain iminosugars are
highly potent and selective inhibitors of glycosidases and re-
versibly bind to their target enzyme through interactions in-
volving the catalytic site or allosteric regions of the enzyme.6,7

Of particular interest are glycomimetics that comprise an
endocyclic nitrogen, such as the naturally occurring
1-deoxynojirimycin (DNJ, 1, Fig. 1)8 as well as isofagomine
(IFG, 3), 1,5-dideoxy-1,5-imino-D-xylitol (DIX, 4)9 and sub-
stituted variants thereof which often possess improved speci-
ficities and potent inhibition towards glycosidases.10–21

Previous investigations in our group have evaluated imino-
sugar analogues with a partially sp2 hybridized endocyclic
nitrogen centre (compounds 6–8, Fig. 1).22,23 This structural
feature affects both the conformation and charge delocaliza-
tion of the endocyclic nitrogen and was found to result in
changes in the glycosidase inhibition profile relative to the
parent iminosugars. We recently reported the attempted syn-
thesis of a series of alkylated DNJ guanidine compounds 6
and found that they were prone to spontaneous cyclization to
generate the corresponding bicyclic isoureas 7.24 Gratifyingly,

these compounds proved to be very potent and specific inhib-
itors of β-glucocerebrosidase (GBA, GCase, β-glucosidase, EC
3.2.1.45)25 an enzyme responsible for the onset of Gaucher
disease.26–28 Gaucher disease is the most prevalent lysosomal
storage disease (LSD) with 10 000 individuals affected world-
wide and can result in the progressive accumulation of the
undegraded glucosylceramide substrate leading to a variety
of clinical symptoms.29–31
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Fig. 1 A) Chemical structures of selected iminosugar-based glycosi-
dase inhibitors. B) Structures of derivatives previously prepared in our
group. C) General structures of orthoester thiourea DNJ compounds
previously published (9) and orthoester rich guanidine DIX compounds
(10, 11) presented in this work.
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As a therapeutic strategy, iminosugars that bind a
misfolded enzyme at neutral pH (pH 7.0) can provide an im-
provement in its folding and promote proper trafficking from
the ER to the lysosome.32 Such inhibitors can be used as
pharmacological chaperones, which serve as one of the main
options in treating lysosomal storage disorders.33,34 Ideally,
an iminosugar-based pharmacological chaperone should
have a lower binding affinity for the target glycosidase in the
acidic environment of the lysosome (pH 5.2) allowing it to
dissociate from the complex after which the enzyme can go
on to degrade its substrate. Furthermore, the high initial sub-
strate concentration in the lysosome of a patient with an LSD
can further promote dissociation of the pharmacological
chaperone–enzyme complex. In this regard, pharmacological
chaperone approaches offers promising opportunities in the
treatment of a broad range of inherited LSDs.35 To this end,
the development of potent, pH-dependent, glycosidase inhibi-
tors presents an attractive target for the development of new
therapeutics.36

Recently we described the synthesis and evaluation of a
new class of stable, guanidine-modified, DIX analogues 8,
both as GBA inhibitors and potential pharmacological chap-
erones.37 We were able to show that incorporating an
N-alkylated guanidino moiety onto the DIX scaffold drasti-
cally improved inhibitor potency compared to N-alkylated
DIX analogue 5 which is only a moderate glycosidase inhibi-
tor.38 However, while DIX derived compounds such as 8 are
potent, selective, and stable inhibitors of GBA at pH 7.0, they
also maintain their inhibitory activity at pH 5.2. A similar
lack of pH selective inhibition has also been implicated in
the disappointing clinical trial failures of many other GBA in-
hibitors explored as pharmacological chaperones.39 In build-
ing upon the GBA inhibitors developed in our group we
therefore set out to develop analogues that maintain potent
activity at neutral pH but show a significant decrease in activ-
ity at acidic pH. In this regard we were drawn to the recent
report of Ortiz Mellet and co-workers who described the use
of an acid sensitive orthoester functionality, which allowed
for pH control in the design of other glycosidase inhibitors.40

Specifically, they prepared the alkylated DNJ thiourea species
9 in which the alkyl was connected to the thiourea unit via

the acid labile orthoester. This strategy led to GBA inhibitors
with potent activity at pH 7.0 that was virtually abolished at
pH 5.2 due to orthoester hydrolysis.40

We here apply a similar strategy in modifying the novel
class of N-alkylated guanidino DIX analogues recently devel-
oped by our group. In doing so we introduced an orthoester
moiety between the exocyclic guanidine group and the alkyl
to arrive at compounds such as a 10 and 11. The synthetic
approach used in preparing analogues 10 and 11 is outlined
in Scheme 1. The O-perbenzylated 1,5-dideoxy-1,5-imino-D-
xylitol 12 was prepared according to a literature protocol41

and transformed in high yield to the corresponding per-
acetylated species 16. Conversion of 12 to Boc-protected 13
was followed by removal of the benzyl groups via hydrogena-
tion under acidic conditions to yield triol 14. Acetylation of
14 with acetic anhydride in pyridine gave 15 followed by
treatment with trifluoroacetic acid to yield 16, which served
as a common precursor in the preparation of acid sensitive
GBA inhibitors 10 and 11. Two orthoester amines 18 and 19,
bearing simple linear alkyl chains containing four and eight
carbon atoms respectively, were synthesized according to a
literature procedure.40,42 Treatment of 18 and 19 with
CbzNCS43,44 gave thioureas 20 and 21, which provided a con-
venient means for incorporation of the DIX moiety. Activation
of Cbz-protected thioureas 20 and 21 with EDCI followed by
addition of 16 led to clean formation of protected guanidines
22 and 23. Interestingly, in the final deprotection step we ob-
served simultaneous removal of both the Cbz and acetyl
groups when performing the hydrogenation under basic con-
ditions. In doing so fully deprotected orthoester-armed guani-
dine products 10 and 11 were obtained in high yields.45

The inhibitory potencies of DIX derived guanidine–
orthoesters 10 and 11 were determined against a panel of
readily available glycosidase enzymes as well as the human
recombinant enzymes, β-glucocerebrosidase (GBA) and
β-galactocerebrosidase (GALC). Against the plant β-glucosidases
screened, IC50 values in the low micromolar range were ob-
served for both compounds 10 and 11. Conversely, no inhibi-
tion was seen with the other plant enzymes tested (Table 1).
However, when evaluated against human recombinant glyco-
sidase enzymes, both 10 and 11 showed inhibition of GBA

Scheme 1 A) Synthetic route towards acetylated 1,5-dideoxy-1,5-imino-D-xylitol (16). B) Synthetic route for orthoester enriched guanidine
compounds 10 and 11.
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and with no inhibition against GALC, indicating a high de-
gree of selectivity among the human enzymes. Strikingly, very
potent inhibition was observed against the human recombi-
nant GBA for octyl analogue 11 with an inhibition constant
that measured in the low nanomolar range (IC50

(pH 7.0): 25
nM). In stark contrast, butyl analogue 10 resulted in a 100-
fold weaker inhibitor of GBA (IC50

(pH 7.0): 2561 nM) showing
that the length of the alkyl appended to the orthoester moiety
has a large effect on GBA inhibition as previously found for
this enzyme46 and for the DIX series of compounds.37 Com-
pounds 10 and 11 were both found to be very stable in neu-
tral aqueous solution at room temperature with less than 3%
degradation after 6 days. Next, we tested the compounds at
an acidic pH so as to mimic the environment of the lyso-
some. Compounds 10 and 11 were preincubated at pH 5.2 for
24 hours and tested under general assay conditions. Gratify-
ingly, after treatment at acidic pH, both 10 and 11 readily
underwent hydrolysis leading to complete loss of inhibitory
activity (for detailed time-dependent inhibition studies and
structures of the hydrolysis products see supplemental infor-
mation). As a reference we also assessed the effect of pH on

the activity of the commonly used GBA inhibitor NN-DNJ (2).
This revealed that at pH 7.0, NN-DNJ has an IC50 against GBA
of 532 nM, while at pH 5.2 the IC50 value increases approxi-
mately 10-fold. Not only is compound 11 a more potent in-
hibitor of GBA, it also displays a much more significant pH
dependence, a key consideration in the development of phar-
macological chaperones.

The ability of compounds 10 and 11 to act as a pharmaco-
logical chaperone was next investigated. Since permeability is
an important property of a successful chaperone, intact cells
were used in the assay without lysing the cells. Previous find-
ings suggest that minor increases in mutant GBA activity,
caused by chemical chaperoning, may be clinically useful.47,48

Recent findings indicate that even doubling N370S activity
may be sufficient to raise activity levels above the critical
threshold for the development of disease.49 Assays using
Gaucher patient-derived fibroblasts (homozygous for the
most prevalent N370S mutation) indicate that 11 possesses a
chaperone activity at least on par with that of NN-DNJ (Fig. 2).50

Furthermore, we observed a superior enhancement effect
for 11 compared to that exhibited by the known pharmaco-
logical chaperone isofagomine (IFG, 3), although the low ac-
tivity of IFG could be attributable to its poorer permeabil-
ity.51,52 We also note that the more potent GBA binder 11 is
indeed the better chaperone in comparison to 10. This
chaperone effect of 11 is in contrast to our previous DIX de-
rivatives, that were good GBA binders, but lacked the cleav-
able orthoester.37 When assays were performed with patient-
derived fibroblasts homozygous for the L444P mutation, a
mutation that is harder to rescue, compound 11 showed no
significantly enhanced enzyme activity (see ESI,† Fig. S9).50

Table 1 Glycosidase inhibition values obtained for orthoester armed

guanidines 10 and 11a

Enzyme Compound 10 Compound 11 NN-DNJ

α-glub >30 >30 >30
α-galc >30 >30 >30
β-glud 19.150 ± 0.536 14.570 ± 0.573 >30
β-gale >30 >30 >30
Nar f >30 >30 0.085 ± 0.004
GBAg (pH 7.0) 2.561 ± 0.233 0.025 ± 0.003 0.532 ± 0.059
GBAg (pH 5.2) >30 >30 5.584 ± 0.731
GALCh >30 >30 >30

a IC50 values are reported in μM and are averages obtained from
triple independent duplicate analysis of each compound. For ease of
comparison, the IC50 values obtained for all compounds shown in
Table 1 are compared to a reference compound NNDNJ. b α-
Glucosidase (from baker's yeast, Sigma G5003): 0.05 U mL−1, the
activity was determined with p-nitrophenyl-α-D-glucopyranoside (0.7
mM final conc. in well) in sodium phosphate buffer (100 mM, pH
7.2). c α-Galactosidase (from green coffee beans, Sigma G8507): 0.05 U
mL−1; α-galactosidase activity was determined with p-nitrophenyl-α-D-
galactopyranoside (0.7 mM final conc. in well) in sodium phosphate
buffer (100 mM, pH 6.8). d β-Glucosidase (from almond, Sigma
G4511): 0.05 U mL−1; the activity was determined with p-nitrophenyl-
β-D-glucopyranoside (0.7 mM final conc. in well) in sodium acetate
buffer (100 mM, pH 5.0). e β-Galactosidase (from bovine liver, Sigma
G1875): 0.05 U mL−1; activity was determined with p-nitrophenyl-β-D-
galactopyranoside (0.7 mM final conc. in well) in sodium phosphate
buffer (100 mM, pH 7.2). f Naringinase (from penicillium decumbens,
Sigma N1385): 0.06 U mL−1. The activity was determined with
p-nitrophenyl-β-D-glucopyranoside (0.7 mM final conc. in well) in so-
dium acetate buffer (100 mM, pH 5.0). g β-Glucocerebrosidase (GBA)
activities were determined using 4-methylumbelliferyl-β-D-
glucopyranoside respectively using assay conditions based on those
previously reported.53 Samples were preincubated in corresponding
buffer for 24 hours before assay was performed. h β-Galactocerebrosidase
(GALC) activities were determined using 4-methylumbelliferyl-β-D-
galactopyranoside respectively using assay conditions based on those
previously reported.53

Fig. 2 The effect of compounds 10, 11, NNDNJ and IFG on GBA
activity in N370S fibroblasts (GM00372) from Gaucher patients. Cells
were cultured for 4 days in the absence or presence of increasing
concentrations (nM) of the compounds before GBA activity was
measured. Experiments were performed in two independent triplicate
experiments, and each bar represents the mean ± SD. Enzyme activity
is normalized to untreated cells, assigned a relative activity of 1.
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Taken together, our preliminary findings with Gaucher
patient fibroblast are especially encouraging given that the
two GBA mutations studied here have generally proven to be
among the least responsive to chaperoning approaches.40

In summary, we here report new iminosugar based glyco-
sidase inhibitors bearing an exocyclic guanidinium moiety
that is alkylated via an acid labile orthoester. Our investiga-
tions revealed that DIX-derived analogue 11 is a particularly
potent and selective inhibitor of the human β-glycosidase
GBA. Our findings indicate that the addition of the
guanidinium moiety leads to more potent GBA inhibition
compared to NN-DNJ or the orthoester-linked alkylated DNJ
thioureas reported by the group of Ortiz Mellet.40 The inhibi-
tory potency of the DIX analogues explored in our study are
very dependent on the length of the alkyl substituent
connected to the orthoester with compound 11 among the
most potent GBA inhibitors reported to date. Importantly,
while 11 was very active at neutral pH (IC50 25.2 ± 2.6 nM),
complete inactivation was observed at pH 5.2. These findings
suggest that such compounds may have potential for applica-
tion as pharmacological chaperones in LSDs such as Gaucher
disease. More comprehensive studies examining the pharma-
cological chaperone activities of compound 11 and other
guanidino iminosugars bearing an orthoester-linked alkyl will
be reported in due course.
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