
Chemical
Science

PERSPECTIVE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 0

1/
11

/2
5 

04
:5

0:
20

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tuning protein fo
D
P
a
w
P
a
t
s
i
u
a
I
s

endoplasmic reticulum stress and
connections to cancer and inamm

REQUIMTE/LAQV, Laboratório de Farma
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lding in lysosomal storage
diseases: the chemistry behind pharmacological
chaperones

David M. Pereira, * Patŕıcia Valentão and Paula B. Andrade

Misfolding of proteins is the basis of several proteinopathies. Chemical and pharmacological chaperones

are small molecules capable of inducing the correct conformation of proteins, thus being of interest for

human therapeutics. The most recent developments in medicinal chemistry and in the drug

development of pharmacological chaperones are discussed, with focus on lysosomal storage diseases.
1 Introduction

Proteins are essential for life, with protein function being
largely affected by their tridimensional structure. Folding of
proteins may take place in several cellular locations, including
the cytoplasm mitochondria, nucleus and also the endo-
plasmic reticulum (ER), the latter retaining polypeptides in the
event that they are unable to correctly fold and being unable to
be further trafficked to the Golgi apparatus and other
organelles.

When a misfolding event takes place, which may be
a consequence of either environmental factors or mutations
that impact protein conformation, proteins may expose hydro-
phobic segments that would not normally be available, which
may result in intermolecular binding with other proteins and
subsequent aggregation (Fig. 1, le). This aggregation has
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a wide range of deleterious effects and has been associated with
the pathophysiology of several diseases, notably Alzheimer's
disease (AD), Parkinson's disease (PD) and Huntington's.1,2 In
other cases, the misfolding of proteins results in a lack of
catalytic activity towards their corresponding substrates. To
cope with these misfolding events, cells have developed
a protein quality control (PQC) system that oversees protein
folding and is ultimately aimed to induce or restore proper
protein folding.3 This complex system relies on the unfolded
protein response (UPR) in the ER, which attenuates protein
synthesis and, in advanced stages, the proteolytic activity of the
26S proteasome via endoplasmic reticulum-associated protein
degradation (ERAD, Fig. 2).4

Chaperones are molecules capable of assisting proteins into
their correct conformation. Considering that in several protei-
nopathies, the restoration of just 10–20% of protein activity is
enough to prevent clinical manifestations of the disease,5–7

chaperone-based therapy emerges as promising targets for
countering diseases that result from protein misfolding.
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Fig. 1 Impact of protein misfolding on protein aggregation (left) and rescue by hydrophobic chaperones (right).
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Chaperones can be sorted in three groups according to their
chemical structure and mechanism of action: molecular,
chemical and pharmacological. Molecular chaperones that are
themselves proteins will not be discussed here.
2 The chemistry of chaperones
2.1 Chemical chaperones

Chemical chaperones are low molecular weight molecules that
display a nonspecic mode of action and are frequently unable
to bind directly to proteins. From a functional point of view,
these molecules can be sorted either as osmolytes or hydro-
phobic compounds.3

2.1.1 Osmolytes. Cellular osmolytes are evolutionary-
selected uncharged or zwitter molecules that contribute to
cellular coping under a myriad of stress conditions including
salinity changes, desiccation or extreme temperatures.8,9

Osmolytes can alter solvent properties, thus forcing ther-
modynamically unstable proteins to fold and stabilize.10 The
physical chemistry behind the ability of osmolytes to affect
protein stability is elegantly simple: due to their ability to
sequester water molecules, osmolytes create a hydrophobic
environment around proteins, hence increasing the free energy
of the unfolded state and favoring the folded state because the
Paula B. Andrade is an Associate
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hydrophilic protein backbone minimizes its exposure to the
hydrophobic surroundings.10 In this light, the osmolyte mech-
anism of action is generally universal, being mostly indepen-
dent of the primary sequence and affecting all proteins. From
a chemical point of view, several classes of compounds may act
as osmolytes, including free amino acids and their derivatives
(taurine, b-alanin, glycine, etc.), polyols (glycerol, trehalose,
sucrose, etc.) or methylamines (trimethylamine N-oxide
[TMAO]).

Physiologically, the contribution of each osmolyte to the
overall stability of proteins seems to be dependent on the
specic stress environment. For instance, polyols protect cells
against dehydration and extreme temperatures, amino acids
are useful in situations involving high salinity and methyl-
amines are found predominantly in urea-rich cells because of
urea's deleterious effects on protein structure.9

2.1.2 Hydrophobic chaperones. Unfolded proteins usually
display hydrophobic regions, which renders them prone to
establish intermolecular bonds with other unfolded proteins,
thus resulting in aggregation (Fig. 1, le). By interacting with
the exposed hydrophobic segments of unfolded proteins,
hydrophobic chaperones act as protectors, ultimately prevent-
ing protein aggregation (Fig. 1, right).

4-Phenylbutyrate (4-PBA, 1) is one of the most well-known
chemical chaperones. This short-chain fatty acid is
orally bioavailable and blood–brain barrier (BBB)
permeable, the latter property being particularly interesting
in light of its signicant neuroprotective effect in animal
models of neurodegenerative diseases, such as AD11,12

and PD.13,14 Several derivatives have already been obtained
(2–4), and their structure–activity relationship (SAR)
investigated.4
Chem. Sci., 2018, 9, 1740–1752 | 1741
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Fig. 2 Overall view of the folding and quality control check of proteins in the ER, followed by subsequent trafficking to the Golgi apparatus. In the
case of lysosomal storage diseases, pharmacological chaperones (PC) promote the correct folding of proteins in the ER, allowing the protein to
reach the lysosome where, because of acidic pH and high substrate concentration, PC dissociates from the enzyme, thus delivering a functional
protein. ERAD – endoplasmic reticulum-associated protein degradation.
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4-PBA was approved by the Food and Drug Administration as
an ammonium scavenger for the treatment of urea cycle disor-
ders in children.5 Clinical trials have also shown its potential in
the treatment of sickle cell disease and thalassemia, which is
associated to its ability to activate b-globin transcription.6

Bile acids (BAs) are (acidic) steroids biosynthesized from
cholesterol in the liver. Upon secretion in the intestine, they can
be metabolized by bacteria that perform dehydroxylation reac-
tions, thus forming secondary BAs, of which deoxycholic acid
and ursodeoxycholic acid (UDCA, 5) are examples. Upon their
return to the liver, secondary BAs are conjugated with amino
acids, the most relevant resulting molecule being taur-
oursodeoxycholic acid (TUDCA, 6).7 TUDCA and UDCA have
been extensively investigated for their potential use in
aggregation-associated events.
1742 | Chem. Sci., 2018, 9, 1740–1752
2.2 Pharmacological chaperones

Pharmacological chaperones (PCs) are molecules of low
molecular weight that bind to proteins and can induce ther-
modynamic stabilization, template-based induction of correct
folding or changes in the folding/unfolding kinetics,8 thus
contributing to correct protein function.9

In a rather contra-intuitive discovery in 1990, it was found
that the residual activity of galactosidase A (a-Gal) could be
markedly enhanced by using sub-inhibitory concentrations of
iminosugar-based inhibitors of this enzyme. This mechanism
of action relies on the fact that reversible competitive inhibitors
promote the folding state of the enzyme (which is still catalyt-
ically active despite its misfolded conformation) by lowering the
free energy of the protein–PC complex (Fig. 3).10 In addition to
inhibitors, protein ligands are also capable of acting as PCs.11

By inducing or stabilizing the correct conformation of mis-
folded proteins, PCs prevent retention and/or degradation by
the ER quality-control system and facilitate protein trafficking
into other organelles, thereby frequently restoring protein
activity.

Although conceptually similar to chemical chaperoning in
the way they promote protein folding, PCs have the advantage of
introducing selectivity in the form of a small molecule binding
specically to a given target.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc04712f


Fig. 3 Free energy (DG) diagram of unfolded/folded proteins, as well
as complexes of folded proteins with PC.

Fig. 4 Schematic representation of hydrogen bond interactions (red
dashed lines) between GCase and isofagomine (7). Data from Protein
Data bank (https://www.rcsb.org/pdb) and ref. 2.
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3 Chaperones as a clinical strategy for
LSDs: contributions from medicinal
chemistry

Lysosomes are organelles involved in the degradation of several
cellular molecules, for which they have developed a number of
glycosidic and proteolytic enzymes that function in the acidic
environment of these cellular compartments.12 These enzymes
are synthesized in the neutral pH of the ER and subsequently
translocated to the lysosome. Disruption of these enzymes
results in the accumulation of substrates or metabolic inter-
mediates in lysosomes and, frequently, in pathology. The group
of resulting diseases, comprising over y conditions, are
generically known as lysosome storage diseases (LSDs), which
have been thoroughly reviewed before.13,14

Current therapeutic options for LSDs include enzyme
replacement therapy (ERT), which involves the infusion of
a recombinant enzyme on a weekly or biweekly basis to catalyse
the reactions that the residual activity of the patients' misfolded
enzymes are unable to mediate. This approach suffers from the
generation of anti-protein antibodies that can result in hyper-
sensitivity reactions, as well as in the inactivation/clearance of
the infused enzyme.15 Furthermore, the exogenous enzyme is
unable to cross the BBB, thus being unsuitable to counter the
neurological symptoms of the disease. In a distinct approach,
substrate reduction therapy (SRT) is based on the inhibition of
the enzymes required for the production of the corresponding
storage product.15

Differently from ERT and SRT, the use of chaperones in
LSDs, notably PCs, allows mutant enzymes to be correctly fol-
ded, thus avoiding ER retention and paving the way to trans-
portation to the Golgi apparatus for maturation and
subsequently to the lysosomes (Fig. 2), where, because of low
pH and high substrate concentrations, the enzyme–chaperone
complex dissociates, and the mutant enzyme hydrolyses its
natural substrate according to its residual activity. It should be
highlighted that most drugs target defective enzymes in the ER
given the pivotal play of this organelle in the folding and traf-
cking of lysosome-bound glycosidases.
This journal is © The Royal Society of Chemistry 2018
A major strategy for the development of PCs for the treat-
ment of LSDs relies on PC glycomimetics, in which small
molecules emulate the structure of the monosaccharide moiety
that is cleaved by the target lysosomal glycosidase.16 When
surveying the bibliography for PC chaperones for LSDs, it
becomes apparent that it is dominated by three different pyra-
nose sugar mimics, which can be sorted as follows: (a) 1-
deoxynojirimycin-based, (b) isofagomine-based and (c) 1,5-
dideoxy-1,5-imino-D-xylitol (DIX)-based. Selectivity is a crucial
factor for the PCs used in LSDs, as a given molecule should be
able to interfere with a particular glycosidase without affecting
others. For this reason, PCs must be able to exert conforma-
tional (gluco vs. galacto substrates) and anomeric (a- or b-gal-
actopyranosil substrates) selectivity.16

3.1 Gaucher disease

Gaucher disease is the most common autosomal recessive LSD,
being caused by mutations in gene coding lysosomal b-gluco-
cerebrosidase (GCase) and ultimately resulting in the accumu-
lation of glucosylceramide in macrophages and the
development of hepatosplenomegaly, anemia, skeletal lesions
and central nervous system dysfunctions.17,18

GCase is synthesized in ER-bound polyribosomes and, aer
being subjected to ER quality control, is trafficked to lysosomes.
Mutant GCase, by failing this quality control check, is retained
in the ER lumen for refolding attempts that, if failed, will result
in retrotranslocation to the cytoplasm for subsequent degra-
dation by the ubiquitin-proteasome system.19 N370S and L444P
are the most important mutant forms of the enzyme (prevalence
of 53% and 18%, respectively)20 and are the reason for which
most research is conducted using cells from patients bearing
these mutations.
Chem. Sci., 2018, 9, 1740–1752 | 1743
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3.1.1 Unmodied iminosugars. From an historic point of
view, iminosugars (monosaccharide analogues in which amine
nitrogen replaces the endocyclic oxygen) have been the most
prolic source of molecules that bind to GCase. The seminal
example is isofagomine (7), a 1-azasugar analogue of the natu-
rally occurring iminosugar fagomine (8, found in buckwheat,
Fagopyrum esculentum) that inhibits GCase in in vitro systems in
the nM range. This class of molecules binds to GCase with the
nitrogen atom occupying a region equivalent to the anomeric
carbon of glucose in GCase-bound glucosylceramide (C-1,
Fig. 4). Other examples of unmodied iminosugar are 4-epi-
isofagomine (9), which will be discussed in Section 3.2, and the
natural product 1-deoxynojirimycin (10), a molecule found in
mulberry (Morus sp.) leaves that has been a pivotal lead for the
development of new PCs.

3.1.2 N- and C-alkylated iminosugars. The N-alkylation of
iminosugars has been one of the most widely explored struc-
tural changes of this class of molecules that results in increased
activity as PC. In fact, one of the clinically available molecules
for Gaucher disease is N-butyl-1-deoxynojirimycin (11,
miglustat).21–25

Taking 1-deoxynojirimycin (10) as lead molecule, several N-
alkyl derivatives have been synthesized, and their impact
upon human GCase activity assessed.26 In a seminal work,
Complain and colleagues compared several iminosugars
resulting from different substitution strategies. The IC50

found for the parent molecule, 1-deoxynojirimycin, was
240 mM and was markedly reduced to 0.66 mM in the case of
the N-nonyl derivative (12).26 Building on previous results
suggesting that a simple 1,2-shi of the alkyl chain from the
endocyclic nitrogen to the “anomeric” carbon in an
a-conguration could lead to increased potency towards
glucosidase inhibition,27 they evaluated several a-1-C-alkyl-1-
deoxynojirimycin derivatives that exhibit these molecular
traits.26 The results showed that the inhibitory potency of the
a-1-C-alkyl-1-deoxynojirimycin derivatives increased with the
length of the alkyl chain, reaching an IC50 of 0.27 mM for a-1-
C-nonyl-1-deoxynojirimycin (13),26 thus being more potent
than the corresponding N-nonyl analogue. In a parallel
strategy, the same group also evaluated the inhibitory activity
of DIX (14), which was more than 100 times more potent than
1-deoxynojirimycin (2.3 vs. 240 mM). When assessing the effect
of N- and C-alkylation on the inhibitory activity, a similar
trend was found, with N-nonyl-DIX (15) exhibiting an IC50 of
1.5 and a-1-C-nonyl-DIX (16) a remarkable IC50 of 6.8 nM, thus
being over 35 000 times more potent than the reference
molecule 1-deoxynojirimycin.26 In addition to this remarkable
potency, these molecules also present selectivity towards
1744 | Chem. Sci., 2018, 9, 1740–1752
GCase, as shown by the lack of inhibitory activity towards
other glucosidases, such as maltase, sucrose and
isomaltase.26

Other groups have continued the investigation of the
inhibitory properties of these molecules. Brumshtein and
collaborators have studied the crystal structures of complexes of
N-butyl- and N-nonyl-deoxynojirimycin bound to acid GCase as
a strategy to understand the chemical basis of the inhibitory
activity of these iminosugars.28 The results showed that both
inhibitors bind at the active site of GCase, the iminosugar
moiety establishing hydrogen bonds with the side chains of the
active site residues, while the alkyl chains are oriented towards
the entrance of the active site where they undergo hydrophobic
interactions, ultimately stabilizing the complex and promoting
the correct folding and transport of mutant GCase to
lysosomes.28

The interest in a-1-C-nonyl-DIX analogues has driven several
groups to develop a plethora of synthetic strategies. For
example, Goodard-Borger and co-workers described a highly
divergent route to generate a collection of 16 analogues by using
the thiol–ene reaction.29

As easily depicted by the molecules discussed above, phar-
macological chaperones currently investigated for GCase are
largely dominated by piperidine structures as pyranose
analogues. In a rather innovative approach, Kato and colleagues
shied the attention towards pyrrolidine-based PCs, which
allowed the selection of 1,4-dideoxy-1,4-imino-D-arabinitol
(DAB) with different alkyl chain lengths.2 The impact of the
conguration of the hydroxyl groups on the pyrrolidine ring and
of the alkyl chain length on the stabilization of GCase under
heat-shock conditions and their effects as pharmacological
chaperone in N370S Gaucher broblasts was investigated.
Moderate inhibitory activity was found up to the – heptyl
derivative (IC50 higher than 30 mM); however, an extension of
This journal is © The Royal Society of Chemistry 2018
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the a-1-C-alkyl chain length gave a series of highly potent and
selective inhibitors, with a-1-C-tridecyl-DAB displaying sub-
micromolar IC50 (0.77 mM). This same molecule was also
shown to be the most effective in stabilizing GCase in a heat-
shock in vitro assay.2 Subsequent molecular docking studies
showed that the a-1-C-tridecyl group has a favourable interac-
tion with the hydrophobic pocket, while the sugar analogue
interacts via hydrogen bonds with Asp127, Glu235 and Glu340
(Fig. 5).2 This pyrrolidine-type amphiphilic iminosugar can
probably accommodate either one of two orientations, namely
the nitrogen atom aligned with C-1 (lipophilic substituent
attached to the nitrogen atom) or O-5 (lipophilic substituent
attached to an adjacent carbon atom) in glucopyranosides.

A series of N-substituted d-lactams was designed with
a carbonyl group instead of a hydroxyl methyl group in the 1-
deoxynojirimycin scaffold. The molecules were synthesized via
a concise route with a one-pot tandem reaction comprising
amination, cyclization and introduction of N-substituents as
key step, as described by Wang and colleagues.30 Interestingly,
these non-toxic molecules displayed weak inhibition against
human native GCase. However, one third of the molecules was
capable of activating the mutant N370S GCase, one of the
molecules eliciting more than 6-fold increase in activity, a trait
that was lost upon reduction of the carbonyl group, hence
showing the importance of this function.30

Other N-substitutions have been tried by other groups. For
example, Diot et al. have employed click strategies to obtain
amphiphilic 1-deoxynojirimycin derivatives, specically tri-
azoles. Among the numerous molecules tested, compound 17
exhibited the highest capacity to chaperone GCase, reaching
almost a 2-fold increase in activity in Gaucher lymphoblasts
with the most common N370S mutation.31
Fig. 5 Schematic representation of hydrogen bond interactions (red
dashed lines) between GCase and a-1-C-tridecyl-DAB. Data from
Protein Data bank (https://www.rcsb.org/pdb) and ref. 2.

This journal is © The Royal Society of Chemistry 2018
Multivalence has also been a valid strategy to obtain new
iminosugars that have applications as PC. Joosten and
colleagues described a systematic investigation of structure–
activity relationships by synthesizing a panel of tri- to 14-valent
systems with different alkyl spacer lengths and evaluating the
effects of size, valence, ligand topology, and scaffold structure
on the GCase binding affinity and chaperoning activity.32

Among the eighteen molecules tested, the heptavalent imino-
sugar 18 increased the activity of recombinant GCase by one
order of magnitude when compared with the corresponding
monovalent analogue, causing a change in potency from mM
to nM.

3.1.3 sp2-Iminosugars. The natural alkaloid kifunensine
(19), rst isolated from the actinobacterium Kitasatosporia
kifunense, has provided the structural inspiration for the
development of a new class of bicyclic iminosugar inhibitors,
frequently named sp2-iminosugars. In these molecules, the
replacement of the amine group by a trigonal planar
pseudoamide-type nitrogen (N-imino group, N-carbonyl) results
in signicant sp2-hybridation, which markedly affects the ster-
eoelectronic properties of the iminosugar.

sp2-Iminosugar analogues of nojirimycin that bear lipophilic
substituents, such as 5-N,6-O-(N0-octyliminomethylidene)nojir-
imycin (20) or its 6-thio derivative (21), are anomeric-specic
inhibitors of b-glucosidases33—including GCAse. X-ray struc-
tural studies suggest that the rigid bicyclic framework imposes
a restricted orientation of the hydrophobic substituent, which
could be responsible for the anomeric selectivity. For the
synthesis of these iminosugars, the authors exploited the
capacity of nitrogen atoms in pseudoamide functionalities,
such as cyclic isourea, isothiourea and guanidine, to be involved
in intramolecular nucleophilic addition reactions to the
masked aldehyde group of monosaccharides through the open-
chain form.33 Another interesting trait of these molecules is that
they are stronger inhibitors of GCase at pH 7.0 than at pH 5.2 by
about one order of magnitude, which is a desirable character-
istic for chaperones, as they should bind GCase in the ER (pH 7)
to promote folding and trafficking and dissociate upon arrival
to the lysosome (pH 5). A rather important information
Chem. Sci., 2018, 9, 1740–1752 | 1745
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provided by this study is that the in vitro inhibition of GCase
measured for the set of molecules synthesized did not correlate
with the cellular chaperone activity.

Calystegines (example: 22) are polyhydroxy nortropane
alkaloids rst isolated from the extracts of Calystegia sepium;
they had already been identied in several species of the
Convolvulaceae, Solanaceae, and Moraceae families, notably
in species relevant for human nutrition, such as potatoes
(Solanum tuberosum) and eggplant (Solanum melongena).34

These alkaloids were new additions to the azosugar and imi-
nosugar families of glycomimetis owing to their ability to
inhibit glycosidases.35

The synthesis and assessment of new bicyclic L-idonojir-
imycin derivatives related to calystegine yielded the identi-
cation of some chemical entities with potential to be used
in Gaucher disease. The sp2 sugar glycomimetic, N-[N0-(4-
adamantan-1-ylcarboxamidobutyl)thiocarbamoyl]-1,6-anhy-
dro-L-idonojirimycin (23), was shown to be a promising PC,
with 25 mM eliciting a 2.4-fold increase in GCase activity in
broblasts from patients harboring the L444P/L444P
genotype.36

3.1.4 Aminocyclitols. In a rather interesting and refreshing
study, Trapero synthesized a series of aminocyclitols, in
particular amino-myo-inositol derivatives.37 By considering
1746 | Chem. Sci., 2018, 9, 1740–1752
previous X-ray crystal structure results on GCase that indicated
the presence of two hydrophobic pockets in the active
center,38,39 they added two alkyl groups to mimic the two lipo-
philic chains present in the natural substrate of the enzyme
glucosylceramide.

In a remarkable result, the N,N-dinonyl substituted amino-
myo-inositol (24) displayed a Ki of 1 nM with the isolated
enzyme and an IC50 of 4.3 nM when assayed in human bro-
blasts. Assessment of GCase activity in N370S (1 nM) and L444P
(0.01 nM) lymphoblasts resulted in an increase of 90% and
40%, respectively. These picomolar-range PCs are certainly
among the most potent molecules described so far in literature
and, in light of their adequate permeability, subcellular distri-
bution, and cell metabolism characteristics, they are likely to be
further developed in the near future.

3.1.5 Non-iminosugars. The majority of molecules
described in literature as PCs for LSDs are iminosugars and
their derivatives, however some exceptions can be found.

Marugan and collaborators synthesized a series of over
twenty molecules and evaluated their inhibitory potential
towards GCase. Among them, compound 25 was the most
potent, displaying an IC50 of 0.6 mM.40 The chaperone capacity
of the molecule was tested and demonstrated in a thermo-
stabilization assay, where the molecule displayed higher
potency than isofagomine.

Zheng and colleagues have screened a library of several
non-iminosugar inhibitors of GCase.41 Molecules belonging
to the class of aminoquinolines, sulfonamides and triazines
were selected for further studies owing to their potency
and efficacy and, importantly, high selectivity against
closely-related hydrolases. Among these molecules, two
were selected, namely compounds 26 and 27, which pre-
sented a Ki of 0.021 mM and 0.052 mM, respectively, in
an assay using the pure enzyme. Also important, the incu-
bation of Gaucher broblasts with the molecules (40 mM)
resulted in a 40–90% increase in GCase activity in N370S
mutant cells.41
This journal is © The Royal Society of Chemistry 2018
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3.2 Krabbe disease

Krabbe disease is an inherited disorder that destroys the myelin
of nerve cells in the brain and throughout the nervous system. It
is caused by mutations in the GALC gene (14q31), ultimately
causing a deciency in galactosylceramidase (GALC). Over one
hundred mutations that affect GALC mRNA processing have
been identied, involving deletions, frameshis and missense
mutations.42–44

The absence of a GALC function results in the accumulation
of the cytotoxic metabolite psychosine, which triggers cell death
and overall demyelination throughout the central and periph-
eral nervous systems. Currently, there is no cure, leukoence-
phalopathy taking place early in life and infants dying before
the age of two. As in the case of the Gaucher and Fabry diseases,
ERT can relieve the peripheral symptoms of this LSD; however,
the inability of this therapy to cross the BBB means that it is
unsuitable for treating the pathological events in the central
nervous system. Hematopoietic stem-cell transplantation is
currently the best treatment in pre-symptomatic individuals,
although it carries a signicant mortality risk.45

1-N-Iminosugars were proved good GALC inhibitors, in
particular 4-epi-isofagomine (9, Fig. 6), which was able to attain
98% inhibition and displayed an IC50 of 1 mM. A pressing
problem with this molecule is the lack of selectivity, as it was
also able to inhibit lysosomal b-Gal; however, the available
knowledge of the X-ray structures of the two enzymes46,47 should
Fig. 6 Schematic representation of hydrogen bond interactions (red
dashed lines) between GALC and isofagomine (7). Data from Protein
Data bank (https://www.rcsb.org/pdb) and ref. 1.

This journal is © The Royal Society of Chemistry 2018
be able to guide the further design of molecules with enhanced
selectivity.

Hill and co-workers have synthesized a number of galacto-
congured azosugars, whose interaction with GALC was
studied, thus paving the way to understand the impact of the
chemical structure and physical properties of azosugars as
pharmacological chaperones for Krabbe disease.1 In addition to
their inhibitory activity towards GALC, the molecules synthe-
sized were also capable of increasing the stability of the enzyme,
as assessed in a thermal denaturation assay by differential
scanning uorimetry, the most promising molecules being aza-
galacto-fagomine (28) and iso-galacto-fagomine (also known as
4-epi-isofagomine, 9). In the near future, it would be interesting
to know if these same molecules are also capable of increasing
GALC activity in cells or animal models of the disease.

As in the case of Gaucher disease, glycomimetics is the most
predominant strategy for obtaining newmolecules to be used as
PCs, which are in this case competitive inhibitors of their target
enzyme.

Allosteric chaperones have been explored as an alternative
chaperone strategy. By binding to an allosteric site, the func-
tional state of the enzyme may be rescued without competitive
inhibition. Only a few cases of this mechanism of action can be
found in literature, including the piperidine alkaloid a-lobeline
(29) found in several plants of the genus Lobelia. This molecule
has been described as a putative PC towards the hyper-
glycosylation mutant D528N, as it signicantly increased GALC
activity (over 60% at 240 mM) but is ineffective with other tested
Krabbe disease mutations.48

Another study also reported the PC activity of a-lobeline in
broblasts from a Krabbe patient bearing the missense muta-
tions E130K + N295T, which resulted in a 3-fold increase in
activity at 50 mM, an effect also found for 30,40,7-trihydroxyiso-
avone (30).49 The two molecules were shown to bind to
multiple sites, which, in tandem with the high concentrations
required, could hinder their subsequent clinical development.

3.3 Fabry disease

Fabry disease is a lysosomal storage disorder linked to the X
chromosome that results in a-Gal deciency, which, in turn
leads to the accumulation of globotriaosylceramide (GL-3) and,
Chem. Sci., 2018, 9, 1740–1752 | 1747
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eventually, to renal failure, myocardial infarction and stroke.50,51

Contrarily to Gaucher and Krabbe disease, very few examples of
PCs for Fabry disease can be found in literature.

The roots of Adenophora triphylla have been the origin of
a series of iminosugars whose activity was assessed against
several glycosidases, such as 2,5-dideoxy-2,5-imino-D-altritol
bonded to a-Gal with an Ki of 0.5 mM.52 In addition to improving
the in vitro thermostability of a-Gal, the molecule was able to
increase the a-Gal A activity by 9.6-fold in Fabry R301Q
lymphoblasts aer incubation for three days.52

The iminosugar 1-deoxygalactonojirimycin (DGJ, migalastat,
31), initially isolated from Streptomyces lydicus (strain PA-5726)
in 1988, is a reversible, competitive inhibitor of a-Gal A that has
been shown to bind to the active site of the enzyme and improve
folding, stability, and lysosomal trafficking in cultured cells
frommales with Fabry disease.10,53 This PC has also been shown
to be effective in vivo, with oral administration of DGJ for 7 days
in transgenic mice expressing a mutated human a-Gal A leading
to increased a-Gal A levels and total enzymatic activity in
tissues, such as heart, kidney, spleen, and liver.54 Even more
important for the clinical outcome, a 4-week treatment resulted
in reduced levels of GL-3 in the kidneys of the animals.55 As it
will be further discussed in Section 4, this molecule is currently
being marketed for treating Fabry disease.

3.4 Other LSDs

b-Gal is an enzyme that hydrolyzes terminal galactose residues
from cell constituents, including GM1-gangliosides, glycopro-
teins, oligosaccharides, and the glycosaminoglycan keratan
sulfate. Deciency in this enzyme activity is the basis of two
clinically distinct LSDs, namely GM1-gangliosidosis and Mor-
quio disease type B. Depending on the mutation, distinct
substrates accumulate in lysosomes, cells, organs and body
uids. When degradation of GM1-gangliosides is compromised,
patients develop GM1-gangliosidosis, while in the case of
Morquio disease type B accumulation of keratin sulfate takes
place.

Although the biochemical basis of both diseases is similar,
their clinical manifestations are markedly different. While
GM1-gangliosidosis is a neurodegenerative disease with several
clinical manifestations that depend on the time of onset of the
symptoms and residual b-Gal activity,56,57 Morquio disease type
B is a mucopolysaccharidose that manifests itself as skeletal
dysplasia, resulting in skeletal abnormalities and short
stature.58,59 Unfortunately, there is no cure for either disease,
with few therapeutic options being available besides palliative
treatments.
1748 | Chem. Sci., 2018, 9, 1740–1752
Several molecules have been studied for their potential use
as PC for this disease, notably sugar-based compounds. DGJ
(31) has been shown to increase the activity of b-Gal up to 6-fold
in broblasts from patients expressing several distinct muta-
tions, being particularly effective against the R201C and R457Q
mutations. The DGJ analog N-butyl-deoxy-galactonojirimycin
(NB-DGJ) was equally potent, however it was also effective
against the I51T mutation.60

A N-alkylated derivative of 1-deoxygalactonojirimycin,
DLHex-DGJ (methyl 6-{[N2-(dansyl)-N6-(1,5-dideoxy-D-galactitol-
1,5-diyl)-L-lysyl]amino} hexanoate, 32), has also been
described. The presence of 20 mM DLHex-DGJ was capable of
yielding a 10% increase in enzyme activity in patient cells
harboring the R201C mutation. Up to an 18-fold increase in b-
Gal activity was achieved at the concentration previously
described for DGJ (500 mM).61

N-Octyl-4-epi-beta-valienamine (NOEV) has been shown to
effectively increase the activity of b-gal in the 0.2–2 mM range
aer an incubation period of 4 days. Interestingly, the molecule
exhibited mutation-dependent potency, being more effective
towards R201C and R201H than R457Q, W273L, and Y83H
mutations.62

A series of 1,5-dideoxy-1,5-imino-(L)-ribitol (DIR) derivatives
carrying alkyl or functionalized alkyl groups were synthesized
and evaluated for their glycosidase inhibitory capacity.63 These
molecules, which were designed as 4-epi-isofagomine (9)
mimics, were found to be highly selective b-Gal inhibitors when
compared to a-glycosidases; however, when considering the
origin of the enzyme, the activity diminished in the coffee >
almond > bovine > human series. The activity was markedly
increased upon alkylation of the C5, with data suggesting that
the “pseudo-anomeric” conguration of the series does not play
a signicant role. The molecules were evaluated for their PC
activity in broblasts bearing the R201C mutation and,
surprisingly, one of the molecules (33) was capable of enhancing
human b-Gal activity despite not being a good inhibitor, with 10
mM eliciting an increase in enzymatic activity by over 2-fold.
This journal is © The Royal Society of Chemistry 2018
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Novel medicinal chemistry strategies have been tested, such
as iminoalditol-type molecules featuring N-substituents con-
taining peruorinated regions.64 In particular, the D-galacto
series were shown to be pharmacological chaperones towards
the lysosomal b-Gal mutants associated with GM1 gangliosi-
dosis and Morquio B disease, with 34 causing an increase in
enzyme activity up to 5-fold in concentrations in the 5–20 mM
range.64

4 Current chaperone therapeutic
arsenal & ongoing clinical trials

ERT and SRT remain in most cases the only therapeutic options
for LSDs, particularly in the case of Gaucher and Fabry diseases.

DGJ (31) was designated an orphan drug for Fabry disease in
2004 in the US and in 2006 in the European Union. Two phase
III clinical trials with a total of about 110 patients were con-
ducted between 2009 and 2015, with DGJ showing efficacy in
stabilizing kidney and heart function over the 30-month
period.65,66 The drug was approved in the European Union in
May 2016 as an increasing number of clinical trials was
concluded.67,68 The company responsible for the drug has pub-
lished a list of over 265 amenable mutations that can be treated
with the drug,69 a very promising information considering that
35 to 50% of Fabry patients have an amenable mutation.

In the case of Gaucher disease, the small molecules N-butyl-
1-deoxynojirimycin (miglustat)21–25 and eliglustat70–72 (35) are
being marketed and well received owing to their high efficacy
and lower side-effects. Interestingly, there have been recent
reports (2017) that miglustat may reverse disease progression in
juvenile/adult GM1-gangliosidosis, with juvenile patients
regaining the ability to walk without assistance for few meters.73

Although isofagomine generated great interest in clinical trials,
it unfortunately did not advance from phase II in 2009, owing to
its low in vivo efficacy, which can arise from its high hydro-
philicity that compromises pharmacokinetics, namely
membrane crossing. The rst patents on this molecule expired
in 2015.
This journal is © The Royal Society of Chemistry 2018
Ambroxol (36) is a secretolytic agent used in the treatment of
respiratory diseases associated with viscid or excessive mucus.16

In a screening involving over a thousand FDA-approved drugs,
ambroxol was reported to be an excellent chaperone candidate
for Gaucher disease.74 Pilot studies have been conducted in
2013 (ref. 75) and 2016 (ref. 76) to assess the tolerability and
efficacy of ambroxol in patients with type 1 Gaucher disease;
some studies with non-human primates are also available.77 All
results point to the efficacy of ambroxol in increasing GCase
activity while displaying a safe toxicological prole. A rather
interesting property of this molecule is that its activity is pH
dependent, being maximum at the neutral pH of the ER and
negligible in the acidic pH of the lysosome.74

5 Future perspectives and novel
strategies

The use of small molecules to treat pathologies that are caused
by misfolded proteins is a game changer for several diseases for
which no cure is yet available. The process of discovering such
chemical entities has been largely driven by screening large
libraries of compounds or, alternatively, through the rational
design of molecules based on the structure and thermody-
namics of the target proteins.1,78,79

When anticipating future directions for the eld, drug
repurposing is likely to be an effective strategy, as seen in the
case of ambroxol. Drugs that are already on the market have
generated enough safety information to fast-forward their
future application in other diseases.

Decient pharmacokinetics is another problem that must
be properly addressed to position pharmacological chaper-
oning as an ever-efficient clinical strategy. In addition to the
issues of absorption, distribution, metabolism and excretion
that affect most drugs, PCs for treating LSDs have to face yet
another challenge, namely the markedly distinct pH of their
target sites at the cellular level: neutral in the ER and acidic in
lysosomes. In this way, novel delivery strategies will also play
a major role in tuning the selectivity of new drug candidates.
For example, in a rather elegant work, Mena-Barragán reports
the use of pH-responsive molecules capable of targeting
human GCase or a-Gal, hence showing potential as phar-
macological chaperones for Gaucher or Fabry diseases.80 By
incorporating an orthoester segment into the iminosugar
conjugates, the nature of the aglycone moiety is modulated
from hydrophobic to hydrophilic in the pH range 5–7, thus
being adequate for lysosome uptake. Once in the organelle,
the ester is hydrolysed, and the free inhibitor is delivered.
Chem. Sci., 2018, 9, 1740–1752 | 1749
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The concept of chaperone prodrug has also been increasingly
present in the literature.79

The selectivity of the molecules towards different glycosi-
dases is another aspect of pivotal importance for new PCs, as
novel molecules must be able to target a group of enzymes that
sometimes overlap in their substrates. This is however a two-
edged sword. For one, lack of selectivity can result in unde-
sired side-effects that arise from the inhibition of closely-
related, unaffected enzymes. However, in some situations, this
lack of selectivity has been shown to exhibit clinical advantages.
For example, the above-mentioned molecule miglustat, mar-
keted for the treatment of Gaucher disease, has been described
as effective against other LSDs, such as GM1 gangliosidosis and
Morquio B disease. For this reason, in the near future, we may
witness the repurposing of drugs marketed for LSDs into other
diseases of the same group on the grounds of the pan-inhibitory
spectrum that some of these molecules exhibit.

In addition to their increasing use in LSDs, PCs are likely to
continue to be used in a myriad of other diseases, with a survey
in literature showing their efficacy in in vitromodels of diseases
such as homocystinuria,81 colitis,82 asthma83 and type 2 dia-
betes,84 to name a few.

Regardless of the target, we can expect that, in the next few
years, the exciting advances in organic and medicinal chemistry
we are experiencing today, together with the growing body of X-
ray crystal structure information of target proteins, will likely
result in the advent of new chemical entities capable of treating
several still-incurable diseases.
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