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Abstract: Piperidine-based photoswitchable derivatives have
been developed as putative pharmacological chaperones for
glucocerebrosidase (GCase), the defective enzyme in Gaucher
disease (GD). The structure-activity study revealed that both
the iminosugar and the light-sensitive azobenzene are
essential features to exert inhibitory activity towards human
GCase and a system with the correct inhibition trend (IC50 of
the light-activated form lower than IC50 of the dark form) was
identified. Kinetic analyses showed that all compounds are

non-competitive inhibitors (mixed or pure) of GCase and the
enzyme allosteric site involved in the interaction was
identified by means of MD simulations. A moderate activity
enhancement of mutant GCase assessed in GD patients'
fibroblasts (ex vivo experiments) carrying the most common
mutation was recorded. This promising observation paves the
way for further studies to improve the benefit of the light-to-
dark thermal conversion for chaperoning activity.

Introduction

Gaucher disease (GD), one of the most common lysosomal
storage disorders,[1] is characterized by missense mutations in
the GBA gene, which lead to a total or partial deficiency in the
activity of the lysosomal enzyme glucocerebrosidase (GCase).[2]

This malfunction causes a harmful accumulation of undegraded
glucosylceramide in the lysosome and the onset of several
severe symptoms which often involve the central nervous
system. One therapeutical strategy for lysosomal storage
disorders involves the use of pharmacological chaperones
(PC),[3,4] small molecules that can bind to the misfolded protein
in the endoplasmic reticulum (ER) promoting its correct folding,

which in turn induces its trafficking into the lysosomes. Once in
the lysosomes, a rescue of the enzymatic activity occurs. The
great majority of PCs identified to date for GCase are
competitive inhibitors that bind the active site of the enzyme.

Once the PC-enzyme complex reaches the lysosome, the
large amount of stored substrate is supposed to displace the PC
allowing the recovery of the enzyme activity.[4d,5] Only few
examples of non-competitive inhibitors, that interact with
allosteric sites, have been reported as good PCs.[6] In addition,
second-generation PCs, known also as allosteric enhancers,
have emerged to overcome the drawback of the inhibitory
effect. However, their identification has proven to be extremely

[a] Dr. F. Clemente,+ M. G. Davighi,+ Dr. C. Matassini, Prof. Dr. F. Cardona,
Prof. A. Goti, Prof. Dr. M. Cacciarini
Department of Chemistry “U. Schiff”
University of Florence
Via della Lastruccia 3–13, 50019 Sesto F.no (FI) (Italy)
E-mail: camilla.matassini@unifi.it

martina.cacciarini@unifi.it

[b] Prof. Dr. F. Cardona, Prof. A. Goti
Associated with LENS
Via N. Carrara 1, 50019 Sesto F.no (FI) (Italy)

[c] Prof. Dr. A. Morrone
Laboratory of Molecular Biology of Neurometabolic Diseases
Neuroscience Department, Meyer Children’s Hospital
Viale Pieraccini 24, 50139 Firenze (Italy)

[d] Prof. Dr. A. Morrone
Department of Neurosciences
Psychology, Drug Research and Child Health
University of Florence
Viale Pieraccini 24, 50139 Firenze (Italy)

[e] Prof. Dr. P. Paoli
Department of Experimental and Clinical Biomedical Sciences
University of Florence
Viale Morgagni 50, 50134 Firenze (Italy)

[f] Prof. Dr. T. Tejero
Institute of Chemical Synthesis and Homogeneous Catalysis. (ISQCH)
University of Zaragoza
Campus San Francisco, Zaragoza, 50009 (Spain)

[g] Prof. Dr. P. Merino
Institute of Biocomputation and Physics of Complex Systems (BIFI)
University of Zaragoza
Campus San Francisco
Zaragoza, 50009 (Spain)

[h] Prof. Dr. M. Cacciarini
Department of Chemistry
University of Copenhagen
Universitetsparken 5, DK-2100 Copenhagen Ø (Denmark)

[+] These Authors contributed equally to this work

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202203841

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202203841

Chem. Eur. J. 2023, 29, e202203841 (1 of 12) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 17.03.2023

2319 / 290228 [S. 260/271] 1

http://orcid.org/0000-0002-9899-0836
http://orcid.org/0000-0003-1788-567X
http://orcid.org/0000-0002-8336-383X
http://orcid.org/0000-0002-6766-4624
http://orcid.org/0000-0002-1081-533X
http://orcid.org/0000-0001-6448-7266
http://orcid.org/0000-0002-2202-3460
http://orcid.org/0000-0002-1759-9414
https://doi.org/10.1002/chem.202203841
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202203841&domain=pdf&date_stamp=2023-03-01


hard because it requires a massive screening-based
approach.[7,4d]

So far, our efforts have been devoted towards inhibitory-PC
candidates, which ideally should have a strong affinity to the
target enzyme in the endoplasmic reticulum and a lower
binding in the lysosome, favouring the PC-enzyme complex
dissociation. A challenging and still under-explored approach
that might contribute to this dissociation is the design of stimuli
responsive inhibitors. With this aim, PCs engineered with a pH-
labile unit have been investigated, taking into account the
difference in environmental pH of ER and lysosomes.[8] Once the
PC-enzyme complex is transferred inside the lysosome, the
more acidic environment induces a structural modification/
decomposition of the PC to a low-affinity ligand, therefore
leading to the complex dissociation and release of the free
enzyme.

An alternative strategy that we have recently proposed[9]

consists of tethering thermally reversible photoswitchable
moieties to the biologically active unit (Figure 1a), thereby
changing the structure and potentially the recognition proper-
ties of the system by light irradiation, obtaining two com-
pounds in one (dark isomer and irradiated isomer). A significant

difference in inhibitory activity between the two isomers is a
first important goal. In this context, maximum benefit is
expected when the irradiated isomer (“light-activated”) has a
stronger binding to the misfolded protein than the thermally
relaxed isomer (“time-deactivated” form). Hence, after the
recovered protein is transferred from the ER to the lysosome,
the inhibitory activity of the PC is suppressed and the enzyme
activity can be more efficiently recovered. Thus, an optimized
photo-temporal control of the photoswitchable unit is critical,
together with a difference in inhibitory activity of the light-
activated vs. time-deactivated forms.

We have recently explored photoswitchable inhibitors of
GCase,[9] constituted by a dihydroazulene[10] or an azobenzene
(AZB)[11] moiety as photoswitchable units and a trihydroxypiper-
idine as biologically active unit. AZB is a photoswitch that upon
light irradiation isomerizes between the trans and the cis form,
with appreciable changes in distance and orientation of the
two extremities, and can reversibly undergo thermal- or photo-
induced back isomerization at different wavelength (Figure 1c).
Based on the observation that the GCase enzyme is responsive
to multivalent inhibitors with low valencies,[5g,12] a divalent
compound of AZB was also investigated.

Herein, we report the results of further studies involving the
following structural modifications of the AZB-based GCase
inhibitor candidates: (i) removal of the photoswitchable AZB
portion; (ii) replacement of the iminosugar with a simple
piperidine; (iii) elongation of the linker between AZB and the
trihydroxypiperidine (Figure 1b). The structure-activity relation-
ship as GCase inhibitors, the type of inhibition and the activity
as PCs for GCase are presented, discussed and further
corroborated by molecular dynamics studies to gain insight
into the essential features favouring modulation of GCase
activity.

Results and Discussion

Synthesis

Compounds 3–8 reported in Figure 1b were selected as useful
synthetic targets. The mono- and divalent AZB derivatives 1
and 2 were synthesized according to our previous report.[9] The
replacement of the photoswitchable AZB unit on 1 with a
phenyl ring was accomplished by reacting the aminotrihydrox-
ypiperidine 9[13] with benzoyl chloride (10) in acetone/water in
the presence of K2CO3 to give the amide 3 in 72 % yield
(Scheme 1).

Figure 1. Compounds investigated as GCase inhibitors/PC in previous work
(a) and in this work (b). Azobenzene cis/trans isomerization (c). Scheme 1. Synthesis of compound 3.
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Under analogous conditions, 1-(3-aminopropyl)piperidine
(11)[14] was coupled with 4-phenylazobenzoylchloride (12)[15] to
yield compound 6 (56 %), bearing an unsubstituted piperidine
instead of an iminosugar (Scheme 2).

Next, the distance between the iminosugar and the AZB
unit was increased by introducing a nine-carbon atom chain
(Scheme 3). The amine 13 was prepared in quantitative yield by
Staudinger reduction of the azide 14[5g] and used as a building
block to obtain monovalent and divalent compounds. First, 13
was coupled with aroyl chloride 12 in acetone/water in the
presence of K2CO3 to furnish monovalent 15 (58 %), which was
deprotected with TFA in CH2Cl2 and treated with ammonia
affording 4 in 69% yield as exclusive trans isomer as attested by
1H NMR spectroscopy (400 MHz). Then, 13 was tethered to the
di-aroyl chloride 16[16] in CH2Cl2 in the presence of triethylamine
to obtain divalent 17 (66 %). Deprotection of 17 with TFA in
CH2Cl2 gave 5s (91 %, exclusive trans isomer by 1H NMR at
400 MHz), as bis-trifluoroacetate salt (Scheme 3), since standard
treatments with ammonia did not allow deprotonation.

The non-iminosugar analogues of 4 and 5, namely 7 and 8,
were also prepared, according to Scheme 4. Hence, amine 18[17]

was reacted in acetone/water in the presence of K2CO3 first with

12 to yield monovalent non-iminosugar 7 (59%) and then with
16 to afford divalent non-iminosugar 8 in 20 % yield.

The photochemical properties of the newly synthesized
iminosugar-photoactive compounds were studied by UV-Vis
and NMR spectroscopies. It's worth noting that both com-
pounds 4 and 5 were investigated as their corresponding
trifluoroacetate salts 4s and 5s (Scheme 3). Indeed 5 was
isolated from synthesis as bis trifluoroacetate salt 5s, and 4,
which was isolated as free amine, had to be transformed into
trifluoroacetate salt 4s due to limited solubility of the free
amine. UV-Vis absorption spectra were recorded in 0.2% DMSO
in water (i. e., the same medium used for the enzymatic assays),
both in the dark and after irradiation with a 340 nm LED lamp,
and the specific absorption maxima were found at 325 and
302 nm, respectively for trans-4s and trans-5s. The irradiation
time of each sample (conc. 10� 2 M) to reach the photostationary
state (PSS) was determined until no changes in the UV-Vis
spectrum were registered (2–5 h). Then the percentage ofScheme 2. Synthesis of compound 6.

Scheme 3. Synthesis of monovalent trans-4 and divalent trans-5 and corresponding salts. TFA= trifluoroacetic acid.

Scheme 4. Synthesis of monovalent compound 7 and divalent compound 8.
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conversion from trans to cis was quantified by 1H NMR at
400 MHz, showing that a high percentage of cis isomer could
be obtained (PSS340-4s: 89 % cis, PSS340-5s: 93 % cis). In both
cases we verified that the cis isomer has negligible thermal
back reaction to the trans isomer in the time-frame of the
enzymatic assay (1 h at 37 °C).

Biological studies

The mono- and divalent iminosugar-based photoswitchable
systems 4s and 5s were assayed, before and after irradiation, as
GCase inhibitors in human leukocytes from healthy donors at
1 mM. In order to gain insight into the role played by AZB
photoswitchable unit, iminosugar and linker, compounds 3, 6, 7

and 8 (not irradiated) were also evaluated. The results obtained
are compared with those reported for 1–2 (Figure 1a) and for
control compounds 19–22 (Figure 2) in our preliminary
communication.[9] For systems with poor to negligible inhibitory
activity, only the GCase inhibition percentage at 1 mM is
reported (Table 1). Conversely, IC50 was calculated and reported
in Table 2 (see below) for the best GCase inhibitors (i. e., GCase
inhibition at 1 mM� than 95 %).

The biological data of control compounds 3 and 6–8
(Figure 1b) and 19–22 (Figure 2) suggest that the simultaneous
presence of iminosugar and AZB moieties is essential for an
effective interaction with GCase (Table 1).

The substitution of the trihydroxypiperidine with an unsub-
stituted piperidine (compounds 6–8) or with a propyl residue
(in 19) resulted in a substantial reduction of GCase inhibition.
Likewise, the negligible inhibitory activity towards GCase
observed for iminosugar compounds without the AZB moiety
(20, 21 % and 21, 12 %) demonstrates the key role played by
this group in the interaction with the target enzyme. A modest
62 % inhibitory activity, possibly favoured by hydrophobic or
aromatic secondary interactions, was observed in amide 3,
which displays a benzene ring located five atoms away from
the iminosugar endocyclic nitrogen. The presence of an
aromatic moiety in the inhibitors was previously demonstrated
to be beneficial for GCase affinity by some of the authors.[18]

Lastly, the absence of the iminosugar in N-propyl benza-
mide 22 results in lack of inhibition.

We were delighted to observe that all the iminosugar-based
photoswitchable systems (light-activated and dark forms)
inhibited GCase with percentages�95% (Table 1) and with IC50

values in the micromolar range (3.0 � 70.0 μM, Table 2),
confirming that the introduction of the photoswitchable moiety
does not hamper the inhibition of the GCase enzyme with
respect to simply alkylated trihydroxypiperidines.[4a,5e–f,19] Mono-
valent photoswitchable compound 1, characterized by a 3-
carbon atoms linker between AZB and iminosugar, is a slightly
stronger inhibitor than its corresponding 9-carbon atoms
analogue 4s (IC50-dark: 15 vs. 24 μM, Table 2). Conversely, when
testing the corresponding PSS mixtures, obtained by light
irradiation at 340 nm before incubation, we observed for 1 a
drop in the inhibitory potency (IC50-light=70 μM vs. IC50-dark=

15 μM, Table 2), while in the case of 4s a satisfyingly stronger
inhibition was measured on the light irradiated sample (IC50-
light=14 μM vs. IC50-dark=24 μM, Table 2). These last results
are particularly interesting for the purpose of this study, since
4s exhibited the desired trend with IC50-dark higher than IC50-
light. As depicted in Table 2, the IC50-dark/IC50-light ratio=1.7
makes 4s a photoswitchable PC candidate.

Among the divalent compounds, elongation of the chain
from three to nine carbon atoms between the iminosugar and
the AZB moiety produces a remarkable effect on the IC50 values.
Hence, 5s is a 5-fold more potent inhibitor than its shorter
analogue 2 (IC50-dark: 7.0 vs. 35 μM). Similarly, for the
corresponding light irradiated forms PSS-5s is 10-fold more
potent than PSS-2 (IC50-light: 3.0 vs. 30 μM). In this case, the
higher percentage of cis isomer (93 % vs. 68 %) established at
the PSS may play a role on the biological activity. A longer alkyl

Figure 2. Reference compounds from previous work.[9]

Table 1. GCase inhibition at 1 mM of investigated compounds.

Compound GCase inhibition at 1 mM [%][a]

Iminosugar-Photoactive
1 100[b]

2 95[b]

4s 97
5s 100
Non-Iminosugar-Photoactive
6 58
7 57
8 74[c]

19 18[b]

Iminosugar-Non-Photoactive
3 62
20 21[b]

21 12[b]

Linker
22 6[b]

[a] Percentage inhibition of GCase in human leukocyte homogenates from
healthy donors; data are mean�S.D. (n= 3) (see Experimental Section). [b]
Ref. [9]. [c] Tested as TFA salt.

Table 2. IC50 [μM][a] of dark form (only trans isomer) and light-activated
(PSS340nm)[b] form of Iminosugar-Photoactive systems 1, 2, 4s and 5s.

Compound PSS340nm IC50-dark IC50-light IC50-dark/IC50-light

19 88 % cis 15�1 70�3 0.21
29 68 % cis 35�4 30�2 1.17
4s 89 % cis 24�3 14�2 1.7
5s 93 % cis 7.0�0.1 3.0�0.9 2.3

[a] IC50 values were determined by measuring GCase activity at different
concentrations of each inhibitor in human leukocyte homogenates from
healthy donors; data are mean�S.D. (n = 3). [b] Irradiated at 340 nm for
2–5 h before incubation.
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chain has previously proven to be beneficial for the enzyme
activity according to the trend C12>C11>C9>C8;[19b] here the
stronger inhibition might be connected also to the possibility of
the divalent inhibitor to interact simultaneously with two GCase
enzymes.

The latter feature might be also responsible for the
observed positive multivalent effect[20] for trans-5s with respect
to its monovalent counterpart trans-4s. A positive multivalent
effect occurs when the ratio between the relative potency (rp)
and the valency (n) is higher than one (rp/n >1). Thus, in the
dark an rp/n=1.7 is obtained for trans-5s (7.0 μM) vs. trans-4s
(24 μM). This effect had not been observed previously for trans-
2 with respect to trans-1. Comparing the IC50 of light-irradiated
forms of mono- and divalent systems with the 9-carbon atom
spacer 4s and 5s (14 vs. 3.0 μM), an even higher positive
multivalent effect is revealed (rp/n=2.3). Compound 5s, in its
irradiated form (93 % cis) represents the most potent inhibitor
of the whole series of compounds shown in Table 2, with a
remarkable IC50 =3.0 μM.

To our delight, the photoactive compounds 4s and 5s
synthesized in this work showed a reverse and “correct”
inhibition trend, with the irradiated forms being better
inhibitors than the corresponding dark forms (IC50-dark/IC50-
light >1). Considering that a crucial feature of a PC is to exert a
higher binding affinity in the ER than in the lysosome,
administering the “light-activated” form (PSS) could favour its
behaviour as a PC, provided that its reconversion into the
“time-deactivated” form (trans) occurs in the appropriate time-
frame. This would prompt the release of the inhibitor inside the
lysosome, leaving the catalytic site available to the natural
substrate (see below).

Kinetic analyses

Kinetic analyses were performed with compounds 1, 2, 4s and
5s. In the case of the more promising compounds 4s and 5s,
the light irradiated forms were also investigated. In particular,
the dependence of the main Michaelis-Menten kinetic parame-
ters (Km and Vmax) vs. the inhibitor concentration was analysed
and the results are reported in Table 3.

None of the compounds showed a pure competitive
inhibition mode, which was the type of mechanism previously
encountered in analogous iminosugar derivatives.[5e–g] However,
this behaviour is not unprecedented. Indeed, Compain and co-

workers have recently reported that some piperidine iminosu-
gars bearing aromatic moieties such as a triazole-ring behave as
non-competitive inhibitors of GCase.[6c]

Compound 1, bearing the shorter linker between AZB and
iminosugar, acts as a pure non-competitive inhibitor (i. e.,
interacting both with free enzyme and with enzyme-substrate
complex), with a Ki value of 14.6 μM. Thus, the presence of the
AZB group forces the trihydroxypiperidine out of the active
site,[5e–g] suggesting that both trihydroxypiperidine and AZB find
an optimal stabilization through hydrogen bonds and hydro-
phobic interactions in an allosteric site. The conversion from the
trans to cis configuration of the AZB group compels compound
1 to change its interaction mode with the enzyme, resulting in
a destabilization of the GCase-inhibitor complex (70 μM vs.
15 μM, Table 2). Unfortunately, it was impossible to determine
the Ki value and establish the inhibition type for compound 2
since incoherent results in Km and Vmax variation were found
upon increasing its concentration. Conversely, kinetic investiga-
tion of compounds 4s and 5s and the corresponding light-
irradiated forms always revealed a mixed-type inhibition
mechanism. The data indicate that the light irradiated and the
dark forms show a comparable affinity for the free enzyme (Ki-
light and Ki-dark ranging from 4.1 μM to 5.6 μM), while the
affinity towards the enzyme-substrate complex is higher for the
light-irradiated than for the corresponding dark forms (4s: Ki’-
light=10.6 μM vs. Ki’-dark=71.6 μM; 5s: Ki’-light=8.5 μM vs.
Ki’-dark=21.2 μM). In addition, it is worth noting that in the
case of Ki’-dark compound 5s showed a three-fold stronger
affinity than 4s, suggesting a possible role played by the
presence of two trihydroxypiperidine units in stabilizing the
GCase-inhibitor complex. These results suggest that the pres-
ence of substrate bound to the active site of GCase hinders the
interaction of the inhibitors with the enzyme (Ki'>Ki).

Pharmacological Chaperones Activity

The behaviour of the iminosugar-based photoswitchable com-
pounds 1, 2, 4s and 5s as PCs was assessed by determining the
mutant GCase activity enhancement after 4 days co-incubation
in fibroblasts from GD patients (ex vivo experiments). The
N370S/RecNcil mutation was initially selected as it is one of the
most common GCase mutation and known to be responsive to
PCs. We previously reported that 1 is able to increase the
activity of wild-type GCase by 60% at 50 μM under thermal
denaturation conditions, which furnished a preliminary indica-
tion of its potential behaviour as a PC.[9] However, once tested
in N370S/RecNcil fibroblasts, 1 provided only a negligible
enhancement of GCase activity, although at very low concen-
tration (13 % at 10 nM, Entry 1, Table 4). We hypothesize that
the scarce rescue observed in the ex vivo assay might be
ascribed to the conformational change induced by the N370S
mutation on the allosteric site (Figure 7, see below), thus
reducing the PC effect of 1.

Compound 2, despite being a weaker GCase inhibitor than
1, was the best GCase enhancer of the series increasing the
activity of the enzyme up to 50 % at 50 μM (Entry 2, Table 4 and

Table 3. Ki [μM][a] and Ki' [μM][a] of dark forms (only trans isomer) and
light-activated (PSS340nm)[b] forms of Iminosugar-Photoactive systems.

System Ki-dark Ki'-dark Ki-light Ki'-light

1[c] 14.6�0.3 14.6�0.3 n.d. n.d.
4s[d] 4.4�0.1 71.6�1.6 5.6�1.1 10.6�1.5
5s[d] 4.1�0.4 21.2�4.9 4.3�1.6 8.5�1.3

[a] Determined studying the dependence of the main kinetic parameters
(Km and Vmax) from the inhibitor concentration; data are mean�S.D.
(n= 3). [b] Irradiated at 340 nm for 2–5 h before incubation. [c] Non-
competitive inhibition. [d] Mixed-type inhibition. n.d. not determined.
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Figure 3). This result is not surprising as it is well known[5e–g] that
a strong GCase inhibition does not necessarily reflect an
effective chaperoning activity, due to other involved factors
such as dissociation from the target enzyme and the bioavail-
ability of the compound. Besides, it should be noticed that 2 is
a better PC than the simple N-octyl trihydroxypiperidine, which
showed a 25% GCase rescue at 100 μM.[21] Encouraged by this
result, 2 was also tested on GD patient fibroblasts hosting, at
homozygous level, the L444P mutation that is responsible for
neuropathic form of GD. A valuable 37 % GCase activity
enhancement was recorded at 10 μM (Figure 3).

Since their affinity towards GCase showed the correct trend
(IC50-dark/IC50-light >1, Table 2), the chaperone activity of
systems 4s and 5s was investigated also on light-irradiated
samples. Solutions of 4s and 5s in water/DMSO were irradiated
at 340 nm (2 h and 5 h, respectively) and immediately diluted in
the cell culture medium to obtain the proper final concen-
trations (10 nM - 100 μM) supplied to the cells. Compound 5s
did not increase GCase activity when only the trans isomer was
supplied (“dark”), while a 11 % GCase rescue at 1 μM was
measured on the irradiated sample. In case of compound 4s the
same GCase activity enhancement was recorded on dark and
light irradiated samples (11–12 %), although displayed at very
different concentration (10 μM vs. 50 nM, Table 3).

In summary, compound 2, which contains a shorter spacer
between trihydroxypiperidine and AZB group, was the most
effective chaperone among the inhibitors investigated here.
Direct comparison with 5s reveals that the distance between
trihydroxypiperidine units is relevant to ensure interaction and
stabilization of mutant form of GCase.

Molecular Dynamic Studies

The detection of allosteric sites is challenging and their role on
the folding, stability and biological properties warrants
investigation.[22] GCase activators inducing dimerization have
been reported,[23] which in some cases directly increase GCase
abundance in patient-derived fibroblast cells.[24] Lieberman et al.
discussed the different features of the active site and catalytic
mechanism of GCase on the basis of crystallographic studies.[25]

Two key features seem to be of crucial importance: (i) the
formation of a H-bond between Y313 and E340 which acts as a
trigger, activating the enzyme, and (ii) the formation of a helical
turn by residues 311–319. Indeed, the Y313–E340 H-bond is not
formed in the inactive apo-GCase at neutral pH, whereas upon
binding with isofagomine (IFG) in the active site, the H-bond is
present, triggering the active form of the protein. Conversely,
the inactive mutant N370S displays no H-bond between Y313
and E340 with a notable separation of the residues and the
apo-form shows a different H-bond of Y313 with E235 at low
pH (Figure 4). Inactive forms do not present the helical turn at
loop 311–319 except for the apo-form at neutral pH.[25]

In order to shed light on the possible allosteric control of
GCase activity, compounds 1, 4 and 5 were selected for a
computational study. Only trans-AZB isomers were considered,
due to the in silico instability of cis-AZB derivatives. Protonated
forms at the piperidine nitrogen atom in both configurations at
N were also investigated. Descriptors cis-4OH and trans-4OH
before the compound number designate the configuration at
N, where cis and trans refer to the position of the residue on
the N with respect to the hydroxy group at C4 (see Figure MD-
S1).[19b]

For the location of binding sites, we used the SiteMap
software as implemented in Schrödinger package.[26] The study
was carried out with the apo form at neutral pH (PDB ID: 2NT1)

Table 4. GCase activity percentage enhancement on GD fibroblast bearing
N370S/RecNcil mutation of Iminosugar-Photoactive systems.

System Dark-Fold increase % [μM] Light-Fold increase % [μM]

1 13 % (0.01) n.d.
2 46% (50) n.d.
4s 11 % (10) 12 % (0.05)
5s No increase 11 % (1)

Figure 3. GCase activity in human fibroblasts derived from GD patients
bearing N370S/RecNcil (left) and L444P/L444P (right) mutations, measured
after 4 days of incubation without (Ctrl) or with compound 2.

Figure 4. Detail of the trigger involving Y313 in the different forms of GCase.
Activation of the enzyme is indicated by the formation of a H-bond between
Y313 and E340. apo-GCase at low pH is coloured in grey; apo-GCase at
neutral pH is coloured in cyan; mutant N370S is coloured in magenta and
complex GCase-IFG is coloured in green. Square: detail of loop 311–319.
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and the complex GCase-IFG (PDB ID: 2NSX), which represents
the enzyme bound to a substrate with affinity for the active
site. Five binding sites (named as AS1–AS5) were identified,
either in the apo form and in the complex with IFG. Compounds
1, 4 and 5 were docked in the binding sites using software
Glide as implemented in Schrödinger package (see results in
Table S1 and S2).[27] Structures having a Glide score higher than
5 were submitted to MD simulations of at least 500 ns. MD
simulations corresponding to complexes with apo-GCase
showed a low stability and, in most cases, compounds migrate
to the active site. Although some stability could be appreciated
for compound 1, no effect on the structure of the protein was
observed even after complexing with IFG. Subsequent MD
simulations also showed a limited stability of the allosteric
ligands. Hence, the approach involving initial binding of
allosteric ligand and then complexing with IFG did not provide
convincing results. On the other hand, when we carried out MD
simulations on ternary complexes of GCase with IFG and
allosteric ligands a significant stability for compounds trans-
4OH-1H+ and trans-4OH-4H+ was observed. In fact, it seems

that binding of trans-4OH-1H+ promotes the opening of the
active site pocket even in the presence of IFG (Figure 5). After
just 10 ns, the H-bond still survives but the region 311–319 has
lost its secondary structure. At 100 ns the loop becomes,
temporarily, helical and the enzyme activity is turned off by the
displacement of Y313. E340 gives an H-bond with IFG, which
remains in its binding site. Finally, after 400 ns also the loop has
definitely lost the secondary structure and the enzyme its
activity.

Compound trans-4OH-4H+ bound in the same allosteric site
found for trans-4OH-1H+ close to loop 311–319 and not far
from the active site, albeit interacting with different portions of
the inhibitor. Essentially, the same effects were observed
(Figure 6). Initially, the H-bond is formed between Y313 and
E340 and the loop 311–319 has a helical structure. After 300 ns,
the H-bond is lost and the loop has lost the secondary structure.
As for trans-4OH-1H+ , a H-bond between E340 and IFG is
formed inducing a change of position for IFG. At 500 ns, the
allosteric ligand trans-4OH-4H+ leaves the site and the loop
recovers the secondary structure. When the allosteric site is free
at 1 microsecond, the H-bond between Y313 and E340 is
recovered, even though that between E340 and IFG is
conserved.

It can be concluded that for both compounds 1 and 4 the
allosteric binding is reversible and has a temporary effect, as
inferred from MD simulations. The weak bonding of this ligand
may be consistent with the observed variation of inhibitory
activity on a subtle structural change such as the trans/cis
conversion.

In summary, computational studies based on MD simula-
tions located an allosteric area close to the active site, where
compounds 1 and 4 can bind upon protonation, causing effects
which affect the activation of the enzyme GCase (Figure 7).

Figure 5. Snapshots corresponding to MD simulations of allosteric binding
of trans-4OH-1H+ to GCase-IFG complex. Compound trans-4OH-1H+ is given
in magenta; IFG in cyan; loop 311–319 and residues belonging to it in
marine blue; proteins are shown in green.

Figure 6. Snapshots corresponding to MD simulations of allosteric binding
of trans-4OH-4H+ to GCase-IFG complex. Compound trans-4OH-4H+ is given
in magenta; IFG in cyan; loop 311–319 and residues belonging to it in
marine blue; proteins are shown in green.

Figure 7. Allosteric site found for GCase. Ligands trans-4OH-1H+ (orange)
and trans-4OH-4H+ (grey) are shown in the positions able to trigger
structural variations. IFG is shown in cyan, GCase residues showing
interactions with both ligands are shown in magenta.
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Aminoacids Q362 and H365, next to the N370S mutation
investigated in ex vivo tests, are common residues to the two
sites in which trans-4OH-1H+ and trans-4OH-4H+ bind, having
interactions with the ligands (Figure 7).

Conclusion

We performed a structure-activity study of light responsive
iminosugar-azobenzene derivatives that act as GCase inhibitors
in the micromolar range. Both trihydroxypiperidine and AZB
units have been recognized as key components for optimization
of enzyme inhibition. Determining the inhibition mechanism
revealed that none of the compounds showed a pure
competitive inhibition mode, previously established in analo-
gous iminosugar derivatives. Conversely, either a non-compet-
itive or a mixed inhibition were found, indicating that these
inhibitors bind to allosteric rather than to the active site.
Preliminary docking studies, together with MD simulations on
ternary complexes of GCase with IFG and allosteric ligands,
allowed us to identify the allosteric site involved in the
interaction.

Progress in the development of photoswitchable inhibitor
systems has been made given our success in identifying
photoactive pairs, which show stronger affinity towards GCase
in the light irradiated form than in the dark form. The structural
change of the molecule induced by light should maximize the
pharmacological chaperoning activity with respect to the
inhibitory behaviour when these molecules reach the lyso-
somes. However, when we tested the irradiated forms of
compounds 4s and 5s in fibroblasts derived from Gaucher
patients bearing the N370S/RecNcil mutations, only a slight
increase (around 10%) in mutated GCase activity was observed.
Analogously, for the dark-form of 1, 4s and 5s, the GCase
enhancement was limited or absent. The highest enhancement
of enzyme activity was found for compound 2 (46%) in
fibroblasts derived from Gaucher patients bearing the N370S/
RecNcil mutations. In addition, compound 2 was also able to
enhance mutated GCase activity in fibroblasts bearing the
homozygous L444P mutation, a cell line resistant to most PCs,
by 37%. Notably, compound 2 is a less potent GCase inhibitor
than 1, 4s and 5s, but it corresponds to the best chaperone on
cell lines. These data suggest that the mutated GCase refolding
induced by the interaction with the inhibitor does not stabilize
the enzyme sufficiently to produce a significant PC effect, as it
can be for non-competitive inhibitors, and that the biological
response to light-to-dark conversion is not yet effective. Further
improvements for PC candidates for Gaucher disease shall rely
on structural modification of the photoswitchable units to
optimize the back conversion time frame and amplify the
difference in affinity of the two species (light vs. dark).

Experimental Section
General Procedures: Commercial reagents were used as received.
All reactions were carried out under magnetic stirring and

monitored by TLC on 0.25 mm silica gel plates (Merck F254).
Column chromatographies were carried out on Silica Gel 60 (32–
63 μm) or on silica gel (230–400 mesh, Merck). Yields refer to
spectroscopically and analytically pure compounds unless other-
wise stated. Melting points were obtained with a Stuart Scientific
melting point apparatus and are uncorrected. Elemental analyses
were performed with a Thermoscientific FlashSmart Elemental
Analyzer CHNS/O. 1H NMR and 13C NMR spectra were recorded on a
Varian Gemini 200 MHz, a Varian Mercury 400 MHz or on a Varian
INOVA 400 MHz instrument at 25 °C. Chemical shifts are reported
relative to CDCl3 (13C: δ= 77.0 ppm, 1H: 7.26 ppm), or to CD3OD (13C:
δ=49.0 ppm, 1H: 3.31 ppm). Integrals are in accordance with
assignments, coupling constants are given in Hz. For detailed peak
assignments 2D spectra were measured (COSY, HSQC). IR spectra
were recorded with a IRAffinity-1S SHIMADZU or IRAffinity-1
SHIMADZU system spectrophotometers. Optical rotation measure-
ments were performed on a JASCO DIP-370 polarimeter. High
Resolution Mass spectrometry (HRMS) were recorded with an ESP-
MALDI-FT-ICR spectrometer equipped with a 7 T magnet (calibra-
tion of the instrument was done with NaTFA cluster ions) using
Electrospray Ionization (ESI). UV-Vis absorption spectra were
recorded on a Varian Cary50 Bio UV-Vis spectrometer at 25 °C and
quartz cuvettes with 1-cm light path were used. Irradiation experi-
ments were performed using ThorLabs M340 L4 LED lamp for
wavelength of 340 nm. Reaction and purification of light sensitive
materials were performed shading the flask or the column with
aluminium foil. Compounds 9, 12, 14, and 16 were synthesized
following previously reported procedures. Amine 11 and 18,
already described in literature as ammonium salts, were prepared
via slightly modified procedures (see Supporting Information). For
practical reasons the assignment of H and C atoms in NMR
characterizations reflects the numbering of chemical structures in
the Supporting Information.

Synthetic procedures

3: A solution of benzoyl chloride 10 (85 mg, 0.60 mmol) in
acetone (4 mL) was added to a solution of amine 9[13] (110 mg,
0.58 mmol) and K2CO3 (35 mg, 0.25 mmol) in H2O (1 mL). The
reaction mixture was stirred at room temperature for 18 h until
the disappearance of 9 was assessed by a TLC control (DCM/
MeOH/NH4OH (6 %) 5 :1 :0.1). The mixture was concentrated
under vacuum and then the crude was purified by FCC in the
dark (SiO2, DCM/MeOH/NH4OH (6 %) 4 : 1 : 0.1) to give 3 (123 mg,
0.42 mmol, 72%) as a colourless oil. Rf=0.18 (DCM/MeOH/
NH4OH (6 %) 5 :1 :0.1); ½a�23

D = � 22.6 (c=1 in MeOH); 1H NMR
(400 MHz, CD3OD): δ=7.86–7.81 (m, 2H; Ar� H), 7.55–7.43 (m,
3H; Ar� H), 3.91 (dt, J=3.0, 5.5 Hz, 1H; H-3), 3.80 (td, J=4.0,
7.8 Hz, 1H; H-5), 3.50–3.38 (m, 3H, H-4; CH2-9), 2.91–2.70 (m, 2H;
Ha-2, Ha-6), 2.48 (t, J=7.1 Hz, 2H; CH2-7), 2.36–2.25 (m, 1H; Hb-
2), 2.18–2.02 (m, 1H; Hb-6), 1.87–1.77 (m, 2H; CH2-8); 13C NMR
(100 MHz, CD3OD): δ=170.1, 135.6, 132.6, 129.5 (2 C), 128.3
(2 C), 75.3, 69.6, 69.2, 58.2, 57.7, 56.6, 39.4, 27.1. IR (neat): ~v=

3300 (br), 2928 (w), 2816 (w), 1634 (vs), 1576 (m), 1539 (vs),
1489 (m), 1310 (s), 1066 (vs), 837 (s) cm� 1. HRMS (ESP+): m/z
calcd for C15H22N2O4: 295.16523 [M+H]+; found: 295.16525.

6: A solution of diazo acyl chloride 12[15] (47 mg, 0.19 mmol)
in acetone (1.4 mL) was added to a solution of amine 11[14]

(26 mg, 0.18 mmol) and K2CO3 (11 mg, 0.08 mmol) in H2O
(0.4 mL). The reaction mixture was stirred at room temperature
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for 18 h until the disappearance of 11 was assessed by a TLC
control (DCM/MeOH/NH4OH (6 %) 5 : 1 : 0.1). The mixture was
concentrated under vacuum and then the crude was purified
by FCC in the dark (SiO2, DCM/MeOH/NH4OH (6 %) 10 :1 :0.2) to
give 6 (36 mg, 0.10 mmol, 56%) as an orange solid. Rf=0.32
(DCM/MeOH/NH4OH (6 %) 10 : 1 :0.1); m.p.=108-110 °C; 1H NMR
(400 MHz, CDCl3): δ=8.90 (br s, 1H; NH), 8.02–7.89 (m, 6H;
Ar� H), 7.56–7.45 (m, 3H; Ar� H), 3.64–3.54 (m, 2H; CH2-9), 2.57–
2.51 (m, 2H; CH2-7), 2.50–2.26 (m, 4H; CH2-2, CH2-6), 1.83–1.73
(m, 2H; CH2-8), 1.63-1.54 (m, 4H; CH2-3, CH2-5), 1.53–1.39 (m, 2H;
CH2-4); 13C NMR (100 MHz, CDCl3): δ=166.6, 154.1, 152.6, 136.9,
131.6, 129.2 (2 C), 128.2 (2 C), 123.1 (2 C), 122.8 (2 C), 59.6, 54.9
(2 C), 41.6, 26.1 (2 C), 24.3, 23.9; IR (neat): ~v=3314 (m), 2932 (s),
2853 (w), 2770 (m), 1626 (vs), 1533 (vs), 1495 (m), 1141 (m),
1310 (m), 1294 (s), 1267 (m), 1153 (m), 1099 (m), 918 (w) 858
(vs) cm� 1; UV-Vis (CHCl3): λmax (ɛ)=327 (3.45 × 104), 443 nm
(shoulder,1.52 × 103 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd for
C21H26N4O: 351.21794 [M+H]+; found: 351.21828.

13: PPh3 (65 mg, 0.25 mmol) was added to a solution of 14[6]

(70 mg, 0.21 mmol) in dry THF (3.4 mL), and the mixture was
stirred at reflux for 50 minutes until water (7 μL) was added and
the reaction was left at 50 °C for 18 h. The disappearance of the
starting material 14 was assessed via TLC (CH2Cl2/MeOH/NH4OH
(6 %) 5 : 1 : 0.1) and the reaction was concentrated under
vacuum. The crude residue was purified by flash column
chromatography on silica gel (gradient eluent CH2Cl2/MeOH/
NH4OH (6 %) from 10 : 1 : 0.1 to 2 :1 :0.1) to give 13 (64 mg,
0.20 mol, 98 %) as a colourless oil. Rf=0.08 (CH2Cl2/MeOH/
NH4OH (6 %) 5 : 1 : 0.1); a½ �22

D = +9.7 (c=1 in CHCl3);
1H NMR

(400 MHz, CDCl3): δ=4.25 (q, J=6.0 Hz, 1H; H-3), 4.02–3.96 (m,
1H; H-4), 3.92–3.86 (m, 1H; H-5), 2.71–2.61 (m, 3H; Ha-2, CH2-15),
2.56 (dd, J=2.6, 11.6 Hz, 1H; Ha-6), 2.47–2.28 (m, 4H; Hb-2, Hb-
6, CH2-7), 2.10 (br s, 2H; NH2), 1.48 (s, 3H; Me), 1.46–1.36 (m, 4H;
CH2-8, CH2-14), 1.33 (s, 3H; Me), 1.30–1.20 (m, 10H; CH2-9, CH2-
10, CH2-11, CH2-12, CH2-13); 13C NMR (100 MHz, CDCl3): δ=

109.3, 77.4, 72.4, 67.7, 57.9, 55.9, 55.8, 42.2, 33.7 (2 C), 29.6, 29.5,
29.5, 28.4, 27.4, 26.9, 26.5; IR (CHCl3): ~v=3851 (w), 3741 (w),
3579 (w), 2932 (vs), 2850 (s), 1666 (br), 1509 (w), 1457 (w), 1380
(m), 1254 (m), 1067 (s) cm� 1; HRMS (ESP+): m/z calcd for
C17H34N2O3: 315.26422 [M+ H]+; found: 315.26450.

15: A solution of diazo acyl chloride 12[15] (49 mg,
0.20 mmol) in acetone (2 mL) was added to a solution of amine
13 (60 mg, 0.19 mmol) and K2CO3 (11 mg, 0.08 mmol) in H2O
(0.5 mL). The reaction mixture was stirred at room temperature
for 18 h until the disappearance of 13 was assessed by a TLC
control (DCM/MeOH/NH4OH (6 %) 10 : 1 : 0.1). The mixture was
concentrated under vacuum and then the crude was purified
by FCC in the dark (SiO2, DCM/MeOH/NH4OH (6 %) 25 :1 :0.1) to
give 15 (58 mg, 0.11 mmol, 58 %) as an orange solid. Rf=0.34
(DCM/MeOH/NH4OH (6 %) 10 : 1 : 0.1); m.p.= 91–93 °C; a½ �24

D = +

13.4 (c=0.65 in CHCl3);
1H NMR (400 MHz, CDCl3): δ=7.98-7.86

(m, 6H; Ar� H), 7.57–7.44 (m, 3H; Ar� H), 6.36 (t, J=5.4 Hz, 1H;
NH), 4.28 (q, J= 6.0 Hz, 1H; H-3), 4.05 (t, J=4.3 Hz, 1H; H-4),
3.96-3.91 (m, 1H; H-5), 3.46 (q, J=6.8 Hz, 2H; CH2-15), 3.03–2.84
(m, 1H; OH), 2.75 (dd, J= 6.0, 11.8 Hz, 1H; Ha-2), 2.59–2.53 (m,
1H; Ha-6), 2.53–2.47 (m, 1H; Hb-6), 2.42–2.30 (m, 3H; Hb-2, CH2-
7), 1.62 (quint, J=7.0 Hz, 2H; CH2-14), 1.49 (s, 3H; Me), 1.47–1.41

(m, 2H; CH2-8), 1.40–1.22 (m, 13H; Me, CH2-9, CH2-10, CH2-11,
CH2-12, CH2-13); 13C NMR (100 MHz, CDCl3): δ=166.9, 154.2,
152.6, 136.7, 131.7, 129.3 (2 C), 128.0 (2 C), 123.1 (2 C), 123.0
(2 C), 109.4, 76.8, 72.1, 67.6, 57.9, 55.9, 55.5, 40.4, 29.8, 29.5, 29.5,
29.3, 28.4, 27.4, 27.1, 26.9, 26.5; IR (neat): ~v= 3333 (br), 2928 (s),
2851 (s), 1634 (vs), 1539 (s), 1470 (m), 1379 (m), 1296 (m), 1242
(m), 1219 (s), 1148 (m), 1057 (vs), 928 (m), 858 (vs) cm� 1; UV-Vis
(CHCl3): λmax (ɛ)=326 (3.63 × 104), 448 nm (shoulder, 8.58 ×
102 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd for C30H42N4O4:
523.32788 [M+H]+; found: 523.32763.

trans-4: A solution of 15 (39 mg, 0.08 mmol) in dry DCM
(1.2 mL) was left stirring with TFA (127 μL, 1.65 mmol) at room
temperature for 3 h until the disappearance of starting material
was assessed by a TLC control (DCM/MeOH/NH4OH (6 %)
20 :1 :0.1). Then, the crude mixture was concentrated and the
crude residue was purified by FCC in the dark (SiO2, DCM/
MeOH/NH4OH (6 %) 10 :1 : 0.1) to give the trans isomer 4 (25 mg,
0.05 mmol, 69 %) as established from 1H NMR at 400 MHz, as an
orange solid. Rf=0.16 (DCM/MeOH/NH4OH (6 %) 10 :1 :0.1);
m.p.=145–147 °C; ½a�26

D = � 3.2 (c= 0.5 in MeOH); 1H NMR
(400 MHz, CD3OD/CDCl3 4/1): δ=8.01–7.89 (m, 6H; Ar� H), 7.58–
7.48 (m, 3H; Ar� H), 3.91–3.87 (m, 1H; H-3), 3.79 (td, J=4.0 Hz,
1H; H-5), 3.43–3.35 (m, 3H; H-4, CH2-15), 2.89–2.73 (m, 2H; Ha-2,
Ha-6), 2.43–2.33 (m, 2H; CH2-7), 2.28 (br d, J=11.2 Hz, 1H; Hb-2),
2.15–2.01 (m, 1H; Hb-6), 1.64 (quint, J=7.3 Hz, 2H; CH2-14), 1.48
(quint, J=7.4 Hz, 2H; CH2-8), 1.42–1.24 (m, 10H; CH2-9, CH2-10,
CH2-11, CH2-12, CH2-13); 13C NMR (50 MHz, CDCl3): δ=169.0,
155.2, 153.6, 137.6, 132.5, 130.1, 129.1, 123.8, 123.5, 75.0, 69.2,
68.8, 59.0, 57.9, 57.3, 41.0, 30.4, 30.2, 28.4, 27.9, 27.2 Some
carbons are missing due to overlap; IR (neat): ~v=3316 (br), 2926
(s), 2851 (s), 1632 (vs), 1533 (vs), 1470 (w), 1296 (s), 1221 (m),
1055 (vs), 856 (s) cm� 1; UV-Vis (0.1 % DMSO in water): λmax (ɛ)=

325 nm (1.21 × 104 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd for
C27H38N4O4: 483.29658 [M+H]+; found: 483.29645. trans-4
showed extremely low solubility into the assay medium and
therefore was transformed into its trifluoromethanesulfonate
salt trans-4s. Thus PSS-4s was obtained after irradiation of a
10� 2 M solution of trans-4s in 50 % DMSO in water with 340 nm
LED lamp for 2 h. A cis/trans ratio of 7.7/1 (89 % cis) was
determined for PSS-4s from 1H NMR in D2O with 5 % DMSO at
400 MHz. PSS-4s: UV-Vis (0.1% DMSO in water): λmax (ɛ)=323
(1.03 × 104), 428 nm (shoulder, 1.21 × 103 mol� 1dm3cm� 1); se-
lected signals of the AZB moiety for determination of PSS: 1H
NMR (400 MHz, D2O with 5 % DMSO): δ=7.52–7.46 (m, 2H;
Ar� H), 7.19–7.06 (m, 3H; Ar� H), 6.88–6.82 (m, 2H; Ar� H), 6.81–
6.75 (m, 2H; Ar� H).

17: To a solution of amine 13 (58 mg, 0.18 mmol) in dry
DCM (2 mL), dry NEt3 (39 μL, 0.28 mmol) and 16[15] (28 mg,
0.09 mmol) were added. The reaction mixture was stirred at
room temperature for 18 h until the disappearance of 13 was
assessed by a TLC control (DCM/MeOH/NH4OH (6 %) 8 :1 :0.1).
The mixture was concentrated under vacuum and then the
crude was purified by FCC in the dark (SiO2, AcOEt/MeOH/
NH4OH (6 %) 10 :1 :0.1) to give 17 (52 mg, 0.06 mmol, 66 %) as
an orange oil. Rf= 0.24 (AcOEt/MeOH/NH4OH (6 %) 10 :1 :0.1);
a½ �24

D = + 9.8 (c=0.5 in CHCl3);
1H NMR (400 MHz, CDCl3): δ=

7.99–7.88 (m, 8H; Ar� H), 6.31 (t, 2H; NH), 4.30 (q, J=6.1 Hz, 2H;
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H-3, H-3’), 4.06 (t, J=4.4 Hz, 2H; H-4, H-4’), 3.97–3.92 (m, 2H; H-
5, H-5’), 3.48 (q, J=6.7 Hz, 4H; CH2-15, CH2-15’), 2.78 (dd, J=6.0,
11.7 Hz, 2H; Ha-2, Ha-2’), 2.60–2.49 (m, 4H; CH2-6, CH2-6’), 2.44–
2.31 (m, 6H; Hb-2, Hb-2’, CH2-7, CH2-7’), 1.69–1.60 (m, 4H; CH2-
14, CH2-14’), 1.50 (s, 6H; 2xMe), 1.49–1.43 (m, 4H; CH2-8, CH2-8’),
1.38–1.24 (m, 26H; CH2-9, CH2-10, CH2-11, CH2-12, CH2-13, CH2-9’,
CH2-10’, CH2-11’, CH2-12’, CH2-13’, 2xMe); 13C NMR (100 MHz,
CDCl3): δ=166.8, 154.1, 137.2, 128.0, 123.3, 109.5, 76.7, 72.1,
67.5, 57.9, 55.9, 55.4, 40.4, 29.8, 29.5, 29.5, 29.3, 28.4, 27.4, 27.1,
26.9, 26.5 Some carbons are missing due to overlap; IR (neat):
~v=3308 (br), 2926 (s), 2853 (m), 1632 (vs), 1537 (vs), 1456 (w),
1379 (m), 1296 (m), 1242 (m), 1217 (s), 1144 (m), 1057 (vs), 860
(vs) cm� 1; UV-Vis (CHCl3): λmax (ɛ)=322 (3.43 × 104), 455 nm
(shoulder, 2.82 × 102 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd
for C48H74N6O8: 863.56409 [M+H]+; found: 863.56442.

trans-5s: A solution of 17 (40 mg, 0.05 mmol) in dry DCM
(1 mL) was left stirring with TFA (78 μL, 1.01 mmol) at room
temperature for 3 h until the disappearance of starting material
was assessed by a TLC control (DCM/MeOH/NH4OH (6 %)
10 :1 :0.1). Then, the crude mixture was concentrated, and the
crude residue was purified by FCC in the dark (SiO2, DCM/
MeOH/NH4OH (6 %) 4 :1 :0.1) to give the fully trans isomer salt
5s (43 mg, 0.04 mmol, 91 %) as established from 1H NMR at
400 MHz as an orange oil. Rf=0.09 (DCM/MeOH/NH4OH (6 %)
4 : 1 : 0.1); 1H NMR (400 MHz, CD3OD): δ=8.04–7.97 (m, 8H;
Ar� H), 4.20–4.11 (m, 2H; H-3, H-3’), 4.05–4.00 (m, 2H; H-5, H-5’),
3.89 (br s, 2H; H-4, H-4’), 3.41 (t, J=7.1 Hz, 4H; CH2-15, CH2-15’),
3.29–2.93 (m, 12H; CH2-2, CH2-6, CH2-7, CH2-2’, CH2-6’, CH2- 7’),
1.81–1.61 (m, 8H; CH2-8, CH2-14, CH2-8’, CH2-14’), 1.44-1.35 (m,
20H; CH2-9, CH2-10, CH2-11, CH2-12, CH2-13, CH2-9’, CH2-10’, CH2-
11’, CH2-12’, CH2-13’); 13C NMR (13C 100 MHz and gHSQC 1H/13C
100/400 MHz, CD3OD): δ=169.1, 163.0 (2JC-F =34.3 Hz; CF3COO),
155.4, 138.4, 129.4, 124.0, 118.3 (1JC-F = 291.3 Hz; CF3), 67.7, 63.8,
58.2, 52.8, 52.3, 41.1, 30.4, 30.3, 30.2, 30.1, 28.0, 27.5, 25.0; 19F
NMR (376 MHz, CD3OD): δ=76.9; IR (neat): ~v= 3300 (br), 2926
(m), 2854 (m), 1668 (vs), 1632 (vs), 1539 (s), 1435 (m), 1317 (w),
1298 (w), 1200 (vs), 1180 (vs), 1128 (vs), 1013 (m) cm� 1; UV-Vis
(0.2 % DMSO in water): λmax (ɛ)= 302 nm (1.21 ×
104 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd for C42H66N6O8:
783.50149 [M+H]+; found: 783.50084; elemental analysis calcd
(%) for C42H66N6O8 · 2(CF3COOH): C 54.65, H 6.78, N 8.31; found: C
54.96, H 7.16, N 8.44. PSS-5s was obtained after irradiation of a
10� 2 M solution of trans-5s in 50 % DMSO in water with 340 nm
LED lamp for 5 h. A cis/trans ratio of 13.2/1 (93 % cis) was
determined for PSS-5s from 1H NMR in D2O with 5 % DMSO at
400 MHz. PSS-5: UV-Vis (0.2 % DMSO in water): λmax (ɛ)=296
(1.32 × 104), 423 nm (shoulder, 2.54 × 103 mol� 1dm3cm� 1); se-
lected signals of the AZB moiety for determination of PSS: 1H
NMR (400 MHz, D2O with 5 % DMSO): δ=7.48 (d, 4H, J=8.4 Hz;
Ar� H), 6.86 (d, 4H, J=8.4 Hz; Ar� H). It's worth noting that H-2,
H-2’, H-4, H-4’, H-6, H-6’, H-7 and H-7’ displayed significant lower
integral values than the other protons and C-3, C-4 and C-5
were not visible from the standard 13C spectrum, but were
identified in the gHSQC. Therefore, to unequivocally determine
the structure of 5s, the compound was peracetylated and fully
characterized (See Supporting Information).

7: A solution of diazo acyl chloride 12 (60 mg, 0.25 mmol) in
acetone (2 mL) was added to a solution of amine 18 (53 mg,
0.24 mmol) and K2CO3 (14 mg, 0.10 mmol) in H2O (0.5 mL). The
reaction mixture was stirred at room temperature for 18 h until
the disappearance of 18 was assessed by a TLC control (DCM/
MeOH/NH4OH (6 %) 10 : 1 : 0.1). The mixture was concentrated
under vacuum and then the crude was purified by FCC in the
dark (SiO2, DCM/MeOH/NH4OH (6 %) 10 :1 : 0.2) to give 7 (60 mg,
0.14 mmol, 59 %) as an orange solid. Rf=0.34 (DCM/MeOH/
NH4OH (6 %) 10 : 1 : 0.2); m.p. =103–105 °C; 1H NMR (400 MHz,
CDCl3): δ=7.97–7.85 (m, 6H; Ar� H), 7.55–7.44 (m, 3H; Ar� H),
6.41 (br s, 1H; NH), 3.45 (q, J=6.3 Hz, 2H; CH2-15), 2.46–2.32 (m,
4H; CH2-2, CH2-6), 2.28 (t, J= 7.7 Hz, 2H; CH2-7), 1.66–1.55 (m,
6H; CH2-3, CH2-5, CH2-14), 1.52-1.22 (m, 14H; CH2-4, CH2-8, CH2-9,
CH2-10, CH2-11, CH2-12, CH2-13); 13C NMR (100 MHz, CDCl3): δ=

166.9, 154.2, 152.6, 136.7, 131.6, 129.2, 128.0, 123.2, 123.0, 59.6,
54.7, 40.4, 29.7, 29.6, 29.5, 29.3, 27.8, 27.1, 26.8, 25.9, 24.5; IR
(neat): ~v=3358 (w), 2928 (s), 2851 (m), 2756 (w), 1639 (vs), 1537
(s), 1470 (m), 1296 (w), 1283 (w), 1275 (w), 1103 (m), 856 (s)
cm� 1; UV-Vis (CHCl3): λmax (ɛ)=326 (3.36 × 104), 447 nm (should-
er, 1.03 × 103 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd for
C27H38N4O: 435.31184 [M+H]+; found: 435.31176.

8: A solution of diazo acyl chloride 16 (29 mg, 0.09 mmol) in
acetone (1.4 mL) was added to a solution of amine 18 (41 mg,
0.18 mmol) and K2CO3 (11 mg, 0.08 mmol) in H2O (0.3 mL). The
reaction mixture was stirred at room temperature for 19 h until
the disappearance of 18 was assessed by a TLC control (DCM/
MeOH/NH4OH (6 %) 10 : 1 : 0.1). The mixture was concentrated
under vacuum and then the crude was purified by FCC in the
dark (SiO2, DCM/MeOH/NH4OH (6 %) 8 :1 :0.2) to give 8 (13 mg,
0.02 mmol, 20%) as an orange solid. Rf=0.31 (CH2Cl2:MeOH:
NH4OH (6 %) 5 : 1 : 0.1); m.p.=173–175 °C; 1H NMR (400 MHz,
CDCl3): δ=8.01–7.87 (m, 8H; Ar� H), 6.20 (t, J= 5.6 Hz, 2H; NH),
3.48 (q, J=6.8 Hz, 4H; CH2-15, CH2-15’), 2.43-2.31 (m, 8H; CH2-2,
CH2-2’, CH2-6, CH2-6’), 2.30–2.24 (m, 4H; CH2-7, CH2-7’), 1.69–1.55
(m, 12H; CH2-3, CH2-3’, CH2-5, CH2-5’, CH2-14, CH2-14’), 1.53–1.23
(m, 28H; CH2-4, CH2-4’, CH2-8, CH2-8’, CH2-9, CH2-9’, CH2-10, CH2-
10’, CH2-11, CH2-11’, CH2-12, CH2-12’, CH2-13, CH2-13’); 13C NMR
(50 MHz, CDCl3): δ=166.8, 154.1, 137.3, 128.0, 123.3, 59.8, 54.8,
40.4, 29.8, 29.7, 29.6, 29.4, 27.9, 27.1, 27.1, 26.1, 24.6 Some
carbons are missing due to overlap; IR (neat): ~v=3312 (m), 2922
(vs), 2851 (s), 2801 (w), 2764 (w), 1632 (vs), 1533 (vs), 1470 (m),
1290 (m) 1269 (m), 1155 (m), 1101 (m), 1011 (w), 860 (vs) cm� 1;
UV-Vis (CHCl3): λmax (ɛ)=332 (6.10 × 104), 443 nm (shoulder,
5.44 × 103 mol� 1dm3cm� 1); HRMS (ESP+): m/z calcd for
C42H66N6O2: 687.53200 [M+ H]+; found: 687.53250.

Biochemical characterization

Inhibitory activity towards human GCase from leukocyte
homogenates. All experiments on biological materials were
performed in accordance with the ethical standards of the
institutional research committee and with the 1964 Helsinki
Declaration and its later amendments. In keeping with ethical
guidelines, all blood and cell samples were obtained for storage
and analysed only after written informed consent of the
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patients (and/or their family members) was obtained, using a
form approved by the local Ethics Committee (Assigned code:
Lysolate “Late -onset Lysosomal Storage Disorders (LSDs) in the
differential diagnosis of neurodegenerative diseases: develop-
ment of new diagnostic procedures and focus on potential
pharmacological chaperones (PCs).” Project ID code: 16774_bio,
5 May 2020, Comitato Etico Regionale per la Sperimentazione
Clinica della Regione Toscana, Area Vasta Centro, Florence,
Italy). Control and patient samples were anonymized and used
only for research purposes. Compounds were screened towards
GCase at 1 mM in leukocytes isolated from healthy donors
(controls). Isolated leukocytes were disrupted by sonication,
and a micro-BCA protein assay kit (Sigma-Aldrich) was used to
determine the total protein amount for the enzymatic assay,
according to the manufacturer instructions. Enzyme activity was
measured in a flat-bottomed 96-well plate. Compound solution
(3 μL), 4.29 μg/μL leukocytes homogenate (7 μL), and substrate
4-methylumbelliferyl-β-d-glucopyranoside (3.33 mM, 20 μL, Sig-
ma-Aldrich) in citrate/phosphate buffer (0.1 :0.2, M/M, pH 5.8)
containing sodium taurocholate (0.3 %) and Triton X-100
(0.15 %) were incubated for 1 h at 37 °C. The reaction was
stopped by addition of sodium carbonate (200 μL; 0.5 M,
pH 10.7) containing Triton X-100 (0.0025 %), and the
fluorescence of 4-methylumbelliferone released by GCase
activity was measured in SpectraMax M2 microplate reader
(λex=365 nm, λem=435 nm; Molecular Devices). For each
compound a blank composed by a water solution containing
0.2 % of bovine serum albumin (BSA), inhibitor and substrate
(called “inhibitor blank”) was tested and compared with the
experiment blank, composed by BSA and substrate. No
“inhibitor blank” differs from the experiment blank, demonstrat-
ing that the inhibitors do not interfere with the fluorescence of
the hydrolyzed substrate. Percentage of GCase inhibition is
given with respect to the control (without compound). Data are
mean�S.D. (n=3). IC50 determination: The IC50 values of
compounds 4s (and PSS) and 5s (and PSS) against GCase were
determined by measuring the initial hydrolysis rate with 4-
methylumbelliferyl-β-d-glucopyranoside (3.33 mM). Data ob-
tained were fitted by using the appropriate Equation (for more
details, see Supporting Information). Kinetic Analysis: The
action mechanism of both compounds 4s (and PSS) and 5s (and
PSS) was determined studying the dependence of the main
kinetic parameters (Km and Vmax) from the inhibitor concen-
tration. Kinetic data were analyzed using the Lineweaver-Burk
plot (for more details, see Supporting Information).

Chaperoning activity assays. The effect of compounds 1, 2,
4s (and PSS) and 5s (and PSS)[17] on mutated GCase activity was
evaluated in Gaucher patients’ cells fibroblasts with the N370S/
RecNcil or L444P/L444P mutations. Gaucher disease patients’
cells were obtained from the “Cell line and DNA Biobank from
patients affected by Genetic Diseases” (Gaslini Hospital, Genova,
Italy). Fibroblasts cells (25 × 104) were seeded in T25 flasks with
DMEM supplemented with fetal bovine serum (10%), penicillin/
streptomycin (1 %), and glutamine (1 %) and incubated at 37 °C
with 5 % CO2 for 24 h. The medium was removed, and fresh
medium containing the iminosugar-based photoswitchable
compounds was added to the cells and left for 4 days. The

medium was removed, and the cells were washed with PBS and
detached with trypsin to obtain cell pellets, which were washed
four times with PBS, frozen and lysed by sonication in water.
Enzyme activity was measured as reported above. Reported
data are mean�S.D. (n=2).
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