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ABSTRACT 
We developed new iminosugar-based glycosidase inhibitors against SARS-CoV-2. Known drugs (miglustat, 
migalastat, miglitol, and swainsonine) were chosen as lead compounds to develop three classes of glycosi-
dase inhibitors (a-glucosidase, a-galactosidase, and mannosidase). Molecular modelling of the lead com-
pounds, synthesis of the compounds with the highest docking scores, enzyme inhibition tests, and in vitro 
antiviral assays afforded rationally designed inhibitors. Two highly active a-glucosidase inhibitors were dis-
covered, where one of them is the most potent iminosugar-based anti-SARS-CoV-2 agent to date (EC90 ¼
1.94 mM in A549-ACE2 cells against Omicron BA.1 strain). However, galactosidase inhibitors did not exhibit 
antiviral activity, whereas mannosidase inhibitors were both active and cytotoxic. As our iminosugar-based 
drug candidates act by a host-directed mechanism, they should be more resilient to drug resistance. 
Moreover, this strategy could be extended to identify potential drug candidates for other viral infections.
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Introduction

Efficient protection of public health from infectious diseases 
involves the simultaneous application of non-pharmaceutical inter-
ventions, vaccination, and drugs. Even though the first two meas-
ures have been widely applied within the last 2 years, the COVID- 
19 pandemic and other viral diseases, such as Zika, dengue, Ebola, 
Rift Valley fever, yellow fever, measles, and West Nile, revealed the 
lack of suitable pharmacological responses except for HIV, HCV, 
and HBV1. Of the 80 antiviral drugs approved between 1987 and 
2017, 68 were approved for the three aforementioned infections, 
whereas only 5 were approved for respiratory infections: 4 for 
influenza and 1 for RSV2. Moreover, drug repurposing3 against 

COVID-19 showed modest results4,5. The repurposed drugs remde-
sivir6 and favipiravir (if administered in the early stage of the dis-
ease) shorten the recovery time and mitigate symptoms but do 
not affect the mortality rate7. The best clinically proven effect of a 
repurposed drug was for dexamethasone, which reduced mortality 
from severe COVID-19 by 30% (notably, dexamethasone is not an 
antiviral, but an anti-inflammatory drug)8. Most efforts to develop 
new drugs have focused on two therapeutic targets: viral pro-
teases and polymerases. Two recently approved drugs against 
COVID-19, paxlovid9 and molnupiravir10, inhibit Mpro and RdRp, 
respectively. However, the virus developed resistance to both 
drugs in a span of 2 months from the beginning of their distribu-
tion. In addition, the virus developed cross-resistance to the 
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simultaneous action of both drugs, which is concerning because 
the simultaneous action of two drugs is commonly used to pre-
vent cross-resistance11. Hence, new therapeutic agents with novel 
mechanisms of action are required for the efficient treatment of 
viral infections and protection of public health. Moreover, the 
therapeutic potential of these drugs should be preserved against 
mutated strains for a reasonable period.

The new series of drug candidates against COVID-19 should be 
efficient, available within a reasonable time, exhibit a general 
mechanism of action with a diverse antiviral activity, and prevent 
the onset of drug resistance. Hence, we selected the underex-
plored iminosugars, a class of potential host-directed antiviral 
agents12,13. Although iminosugars exhibited in vitro and/or in vivo 
activity against Ebola, Marburg14, dengue15, and SARS16, they 
have not been tested against COVID-19 to the best of our 
knowledge17,18.

Viral replication encompasses several phases, including the pro-
duction of viral proteins in host cells. SARS-CoV-2 requires the 
host endoplasmic reticulum (ER) protein folding machinery for 
proper folding. Thus, selective inhibition of ER a-glucosidases I 
and II, the key enzymes in glycoprotein processing, could be a 
promising mechanism of action for a COVID-19 drug19. Therefore, 
we selected known glucosidase I and II inhibitors as our first cat-
egory of potential drug candidates. Miglustat (1, also known as N- 
butyldeoxynojirimycin, brand name Zavesca; Figure 1) is a clinic-
ally approved drug for the treatment of Niemann–Pick disease 
type C20 and Gaucher disease type I21. Although its reported 
mechanism of action involves the inhibition of glucosylceramide 
synthase22, we presumed that miglustat may also act as an a-glu-
cosidase inhibitor owing to its structural similarity with glucose23. 
Moreover, deoxynojirimycin (2, DNJ, duvoglustat; Figure 1) is an 
EC 3.2.1.20 (a-glucosidase) inhibitor as well as a pharmacological 
chaperone of acid a-glucosidase24 and has been tested against 
HIV, diabetes, and Pompe disease (a lysosomal storage disorder).

Moreover, mannosidases such as endo-a-1,2-mannosidase 
(MANEA) and Golgi a-mannosidases I and II (MAN1A1 and GMII, 
respectively) can trim glycoproteins in the maturation phase. 
Therefore, we selected mannosidase inhibitors as our second cat-
egory of potential drug candidates. As COVID-19 is primarily a 
respiratory disease and MANEA is not expressed or poorly 
expressed in the lung tissue, we focused our attention on Golgi 
mannosidases as potential therapeutic targets, with swainsonine 
(3, SWA; Figure 1), a known inhibitor of a-mannosidase and man-
nosidase II, as a possible drug candidate25. Although swainsonine 
is not a clinically approved drug, its phase I and II clinical trials 
have been conducted and its toxicity data is available26.

Furthermore, a-galactosidase A (GAL) has been identified as 
one of 66 potential drug targets from a SARS-CoV-2 protein inter-
action map27. Another study reported that galactosidase inhibitors 
are not active against dengue and Japanese encephalitis but 
show moderate activity against pestiviruses28. However, we 
believe that the strong interactions between the viral protein and 

human GAL should be explored further. Deoxygalactonojirimycin 
(4, migalastat, DGJ, brand name Galafold; Figure 1), a clinically 
approved drug against Fabry disease (a rare metabolic disorder 
belonging to the group of lysosomal storage diseases), is a 
pharmacological chaperone for mutated GAL29 but acts as GAL 
inhibitor at higher concentrations. Therefore, its activity against 
SARS-CoV-2 is worth exploring30 and could be repurposed31. 
Hence, we selected GAL inhibitors as our third category of poten-
tial drug candidates for SARS-CoV-2.

Although drug repurposing accelerates drug development, 
repurposed drugs are rarely highly efficient for novel indications. 
Therefore, in this study, we developed an interactive and iterative 
process involving pharmacological analysis, molecular modelling, 
organic synthesis, and biological testing, where the candidates 
with repurposing potential were considered as lead compounds, 
whose antiviral activity and drug properties were optimised. First, 
we studied the known drugs miglustat, migalastat, and miglitol 
via interactive molecular modelling to discover new analogues. 
Then, we synthesised and tested some of these rationally 
designed a-glucosidase, galactosidase, and mannosidase inhibitors 
for enzyme inhibition and anti-SARS-CoV-2 activites. Analysing 
enzyme inhibition activities is easier than that of anti-SARS-CoV-2 
activity, and the correlation of both activities would aid in eluci-
dating the mechanism of antiviral action and enhancing the anti-
viral activity.

Results and discussion

Modelling and designing the drug candidates

Our in silico study comprised four steps: 1) The crystal structure of 
the relevant glycosidase with a ligand was selected from the lit-
erature for docking studies; 2) The docking scores of several glyco-
sidase inhibitor candidates were obtained and compared with 
experimentally observed inhibitory activity to check the feasibility 
of our model; 3) We chose an enzyme inhibitor clinically approved 
for another medical indication (e.g., miglustat, approved for the 
treatment of the Gaucher disease type I) and evaluated the dock-
ing of our glycosidase inhibitor candidates to the corresponding 
enzyme (a-glucosidase II in this particular case); 4) Based on these 
results, we designed structural analogues with enhanced inhibi-
tory activity.

a-glucosidase inhibitors
A crystal structure of human ER glucosidase II bound to an inhibi-
tor is not available in data banks, and the expression of this heter-
odimer has not been reported in the literature. However, the 
crystal structure of murine ER glucosidase II is available in the lit-
erature and would be suitable for our study32. Nevertheless, the 
glucosidase from Chaetomium thermophilum has been chosen for 
this study because: 1) it is a eukaryotic enzyme that has a similar 
active centre to that of the mammalian ones33; 2) its gene 

Figure 1. Selected glycosidase inhibitors that underwent clinical trials for various medical indications.
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expression could be realised in E. coli;33b and 3) a good-quality 
crystal structure of this enzyme bound to a ligand, a-D-glucopyra-
nose-(1–3)-a-D-mannopyranose, is available. Because of our dock-
ing protocol, larger bioisosteric ligands were preferred as they 
would provide binding sites that can accommodate a variety of 
ligand structures.

The simulations were performed using the 5DL034 model as 
the target (selected from the RCSB protein database)35. The bind-
ing site was determined using a strong ER a-glucosidase II inhibi-
tor IHVR1902936. Then, a set of molecules (Scheme 1) were 
docked in their predicted protonation states at pH 7.00 ± 2.00 in 
water. All ligands were protonated at the given pH. We performed 
these experiments to 1) check the reliability of our docking pro-
cedure by comparing the calculated inhibitory activities with the 
experimental data from the literature and 2) identify the binding 
interactions that enhance and reduce inhibitory activity. Using this 
data, we designed ligands with superior binding properties.

Docking was performed on a small set of iminosugars (1, 2, 5– 
13) containing both polar and non-polar substituents at the N 
atom and isosterically replaced F atoms in the place of OH groups 
(Figure 2). The initial docking results indicated that the binding 
interactions of the piperidinium moiety were similar to that of 
IHVR-19029 (12) (Figure 3). The main interaction is the salt bridge 
between Asp633 and the protonated N atom of the iminosugar. 
Asp633 also acted as a H-acceptor in the H-bond with 3-OH, while 
Arg617 acted as a H-donor for the same OH group. Similarly, 
Asp443 formed two H-bonds as a H-acceptor with 4-OH and 2- 
hydroxymethyl group. The same hydroxymethyl group also 
formed H-bonds as a H-acceptor with water molecules at the 
binding site, thus engaging in indirect H-bonding with Trp517. 
Simulations showed that an N-substituent could increase the bind-
ing affinity depending on the length and nature of the substitu-
ent. The binding site is open towards the protein surface, where a 
non-polar “channel” was formed by Phe305, Phe563, Phe666, and 

Scheme 1. Synthesis of deoxynojirimycin (DNJ)-derived a-glucosidase inhibitors. Reagents and conditions: a) R1CHO, H2 (1–4.2 atm), 10% Pd/C, 70–91%; b) H2 (1– 
4.2 atm), 10% Pd/C, 70–100%; c) n-BuBr, K2CO3, DMF, 80 �C, 69%; d) MeLi, –40 �C, Et2O, 100%; e) TBTH, AIBN, PhH, 80 �C, 88%; f) p-TsOH, MeOH, 95%; g) PPh3, I2, imid-
azole, THF, 88%; h) 74, K2CO3, DMF, 80 �C, 86%; i) H2 (4 atm), Pd(OH)2/C, HCl, MeOH, 98%. Ad¼ adamantane-1-yl.

Figure 2. Structures and protonation states of the initial set of molecules at pH 7.00 ± 2.00, as predicted by the Epik module.
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Phe667 (non-polar aromatic) as well as Trp415 and Trp517 (aro-
matic with H-bonding ability), all of which have the potential for 
aromatic interactions. This structure accommodates the aliphatic 
chain of IHVR19209 (12), which can participate in H-bonding with 
His-34 or His693 owing to its flexibility. Docking simulations were 
repeated for molecules 1 (miglustat) and 13. The results and dock-
ing scores confirmed the influence of the non-polar substituents.

These initial results were refined by redocking, which changed 
the ranking order, likely because of the minor steric clashes that 
were considered in this round. The inconsistencies between the 
relative positions of 8 and 11 in docking and refining could be a 
consequence of the energetically favourable intramolecular H- 
bond between the 2-hydoxyethyl and 4-OH groups. In this con-
formation, all the OH groups of 8 participated in ligand–protein or 

Figure 3. Binding interactions of small molecules with the binding site of endoplasmic reticulum (ER) a-glucosidase II (5DL0).

Table 1. Docking scores of the investigated compounds after docking (left) and refining (right) as well as the previously reported data on 
a-glucosidase inhibitors.

Docking Refined scores

Compound
Docking 

score
XP 

GScore Compound Docking score
XP 

GScore Inhibitory activity

IHVR-19029 
12

−10.379 −10.382 IHVR-19029 
12

−11.154 −11.158 IC50 ¼ 27.8 lM (pig liver)43

1 −10.281 −10.285 8 −10.811 −10.855 IC50 ¼ 41.3 lM (yeast)46

IC50 ¼ 9.88 mM (yeast)37

13 −10.263 −10.267 13 −10.617 −10.621 43.0 % at 1 mM (yeast)45

11 −10.042 −10.086 1 −10.468 −10.472 IC50 ¼ 13 lM (rat liver)44

12.7 % at 1 mM (yeast)45

10 −9.713 −9.895 10 −10.091 −10.273 IC50 ¼ 16.73 mM (yeast)37

8 −9.637 −9.681 11 −10.042 −10.086 No literature data
2 −9.570 −9.582 2 −9.570 −9.582 Ki ¼ 25 lM (yeast)40

Ki ¼ 21 lM (yeast)41

Ki ¼ 7.0 lM (pig liver)39

IC50 ¼ 16 lM (rat liver)44

6 −9.073 −9.076 9 −9.542 −9.722 No activity (yeast)37

5 −8.760 −8.773 6 −9.073 −9.076 18 % at 5 mM (yeast)38

9 −8.652 −8.832 5 −8.760 −8.773 Ki ¼ 2000 lM (yeast)40

7 −8.610 −8.663 7 −8.610 −8.664 Ki ¼ 19 lM (yeast)40

Ki ¼ 47 lM (yeast)41

Ki > 5 mM (pig liver)39
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intramolecular H-bonding, which lowers the total free energy of 
the protein–ligand complex. Molecules 13 and 1 also showed 
good docking results because of the additional hydrophobic inter-
actions of the alkyl chain.

The comparison of the order of calculated binding affinities 
(according to our docking model) and the experimentally 
observed37–46 order of inhibitory potencies (from the literature, 
Table 1) could not afford quantitative correlation between the 
docking scores and the inhibitory activities because the activity 
results were obtained in different studies, in which enzymes from 
various sources were used, as well as different substrates and 
reaction conditions, such as pH values. Besides that, the activities 
were expressed in various ways (Ki, IC50 or percent of inhibition). 
This implies that only results from the same publication can be 
directly compared. We analysed the results in six publications37,39– 

41,44,45, but only qualitatively, since the maximum number of com-
pounds studied in a particular publication was three. In five out of 
six above mentioned papers37,39,41,44,45 higher docking scores cor-
responded to higher inhibitory activities. There was only one 
exception40, where compound 7 with the lowest docking score, 
showed higher activity than compounds 2 and 5 (relative activities 
of 2 and 5 are in accordance with their docking scores). It should 
be mentioned that the activities of 2 and 7 were determined in 
two other studies39,41, where they were in accordance with the 
order of our docking scores. Since, in most cases, a higher docking 
score corresponded to a higher inhibitory activity, we proceeded 
to use our model for guidance in designing human ER a-glucosi-
dase II inhibitors.

Subsequently, the hydrophobicity, potential aromatic and H- 
bonding interactions, and solvent-accessible surfaces (SASs) were 
examined. These visualisations (Figures are given in 
Supplementary Information) showed that in addition to the stand-
ard binding site at the piperidinium group, the entry channel is 
mainly hydrophobic and could participate in potential edge-to- 
face interactions. However, the exit of the binding site did not 
have any H-bond donors, and the SASs were large. Thus, a 
strongly binding ligand would have an aliphatic hydrophobic moi-
ety in this region. This chain could also participate in aromatic 
interactions (C-H���p) and even displace some water molecules 
from SAS if it is sufficiently long, increasing DS and lowering the 
total energy of protein–ligand complex.

A bicyclopentyl (BCP) moiety at the end of an oligomethylene 
side chain would be suitable for such an interaction. The BCP 
group is metabolically stable and non-polar and can establish 
omnidirectional interactions similar to aromatic groups, as it is 

bioisosteric to phenyl rings. Therefore, it has been used in lead 
compounds by some pharmaceutical companies47. Hence, we con-
ducted docking simulations with three series of molecules con-
taining the BCP moiety (Figure 4), where a H-acceptor O atom 
was introduced near the BCP moiety in two series.

Molecules with n¼ 4, 5, and 6 showed the highest docking 
scores, comparable to that of the highest-ranked molecule 
tested, IHVR-19029 (12). The binding schemes and poses were 
similar to those of the previously tested molecules, with bicyclic 
moieties placed in a hydrophobic pocket consisting of Phe305, 
Trp517, Phe563, and Val568. The nature of the R substituent had 
no significant influence on the scores. The BCP participated in 
multiple p–alkyl interactions, justifying our selection (Figure 5; 
See Supplementary material for details). Based on these struc-
tures and their binding schemes, we presumed that molecules 
structurally similar to the adamantyl moiety could strongly bind 
to the target protein structure, and one such compound was 
selected for synthesis. In contrast, fluoro derivatives exhibited 
the lowest docking scores and hence were not considered for 
synthesis.

GAL inhibitors
The modelling for a-galactosidase A (GAL, EC 3.2.1.22) was per-
formed using the human enzyme whose crystal structure has 
been previously reported (PDB ID: 6IBK)48. A set of compounds 
with known or presumed inhibitory activity were docked at the 
binding site of human GAL. This set of compounds included DGJ 
(4)29; azagalactofagomine (40, AGF; a strong a-galactosidase 
inhibitor and potential drug candidate against Krabbe disease)49; 
meso-2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine (41)50; 2,5- 
dideoxy-2,5-imino-D-altritol (42, DIA)50,51; and a series of BCP 
derivatives (43–70) with different side-chain lengths, heteroatom 
content, and substituents (Figure 6).

All simulations showed the same pattern. DGJ (4) exhibited the 
strongest binding, and its binding pose is characterised by strong 
salt bridges between the Nþ and COO– groups (Asp93, Asp170, 
Glu203, and Asp231), with additional p–cation interactions and H- 
bonds. The tested molecules with large substituents exhibited 
similar binding but lower binding scores. Even though 41 exhib-
ited the key binding interactions, its binding score (–8.428) was 
lower than that of DGJ 4 (–9.312). Furthermore, DIA (42) showed 
weaker binding and lower binding score (–6.156) than that of 41. 
Moreover, the pKa prediction for AGF (40) showed that it is a neu-
tral molecule (pKa values of N atoms are 4.98 ± 0.98 and 
4.41 ± 0.98 at physiological pH) with few interactions. Even though 

Figure 4. Structures and protonation states of the set of bicyclopentyl (BCP)-containing molecules at pH 7.00 ± 2.00, as predicted by the Epik module.
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we changed its protonation state by introducing alkyl substituents 
on the neighbouring N atom, its pKa did not change signifi-
cantly (�0.2).

In contrast, the general binding pattern was maintained for 
ligands with larger substituents (43–70), but the binding site in 
a-galactosidase is shallow and lacks non-polar and/or aromatic 

Figure 5. Interactions of ligands 26 (A) and 38 (B) at the binding site.

Figure 6. Presumed a-galactosidase A (GAL) inhibitors.
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amino acids to stabilise alkyl-BCP substructure. Moreover, the 
disulphide bridge Cys142–Cys172 located opposite to the main 
binding site pushes out the longer N-substituents, disrupting the 
binding interactions at the main binding site. Molecules with lon-
ger chains showed lower binding scores (highest ¼ −8.401) than 
that of DGJ (4; −9.312). Next, we experimentally evaluated these 
models using commercially available human a-galactosidase, 
which is an advantage of our strategy.

Mannosidase inhibitors
Human mannosidases relevant to SARS-CoV-2 replication, MAN1A1 
and GMII, have not been characterised by X-ray crystallography 
thus far. Only the crystal structure of MANEA is available52; how-
ever, this enzyme is not expressed53 or poorly expressed in the 
lung tissue54. Hence, we did not consider it for modelling. Instead, 
we chose swainsonine (3), a known inhibitor of GMII. Furthermore, 
a literature search identified a new class of compounds with anti-
cancer properties (notably AR524; 71, Figure 7) that act by inhibit-
ing spheroid formation and interfering with glycoprotein 
processing via mannosidase inhibition55. As SARS-CoV-2 enters a 
cell by binding the RBD to the ACE2 receptor (both heavily glyco-
sylated), AR524 might interfere with the replication cycle and 
exhibit antiviral activity. Moreover, tamoxifen (72; brand name: 
Nolvadex; Figure 7)56, an adjuvant therapeutic agent for hormone- 
dependent tumours, may also act via a mannosidase-inhibiting 
mechanism (although this is unlikely to be the main mechanism 
of action)57. Therefore, we included tamoxifen (72) and AR524 
(71) in this category even though they are structurally unrelated 
to iminosugars.

Synthesis of the drug candidates

a-Glucosidase inhibitors
DNJ was used as the heterocyclic core in the analogues with 
modified side chains. A protected DNJ derivative 74 (the key inter-
mediate) was prepared from glucose 73 using the chiron 
approach and a modified previously reported method58. Next, 
various N-substituted analogues (1, 2, 75, 76, 77, 22) were pre-
pared by alkylation or reductive amination (Scheme 1). The BCP 
analogue 22 comprises a linker of the appropriate length (five 
methylene units, as suggested by calculations) between the BCP 
fragment and the heterocyclic core. Notably, its synthesis method 
involving the positioning of BCP fragment suitably could be 
extended to synthesise other compounds containing BCP frag-
ment, which is a significant bioisostere in medicinal chemistry47

a-galactosidase a inhibitors
DGJ (4), the most potent among the known a-galactosidase inhibi-
tors, was synthesised via a tandem organocatalyzed aldol add-
ition/reductive amination (Scheme 2, Equation 1)59. The reduced 

analogue 93 (4-epi-fagomine) was prepared in a similar manner 
(Scheme 2, Equation 2)60. These compounds were then converted 
into a series of N-alkylated analogues via reductive amination, as 
described in the previous section for the DNJ analogues. The alkyl-
ation of 85 with iodide 80 afforded a mixture of 95 and 96 owing 
to the migration of the TBS group (Scheme 2, Equation 3). 
However, this result was inconsequential as only a single product 
53 was formed after deprotection.

The tandem organocatalyzed aldolisation/reductive amination 
afforded efficient access to the pyrrolidine derivatives 41 and 42 
(DIA)59. The aldolisation step proceeds under reagent control, 
which allows the production of both compounds from the squale-
mic starting aldehyde 97 (Scheme 3).

Azagalactofagomine (AGF; 40) was obtained by a similar pro-
cedure, except for the substitution of reductive hydrazination in 
place of reductive amination61; to the best of our knowledge, this 
is only the second example of such an intramolecular reaction in 
the literature (Scheme 4)62. Moreover, the reductive hydrazination 
of derivative 102 with formaldehyde followed by deprotection 
afforded the methylated analogue 104.

Mannosidase inhibitors
(–)-Swainsonine (3) was obtained via a previously developed 
method for the synthesis of the (þ)-enantiomer (Scheme 5)63. 
Compound AR 524 (71) was prepared using a previously reported 
method55, whereas tamoxifen (72) was obtained from commercial 
sources.

Enzyme assays

Assuming that the inhibition of glycoprotein is the principal mode 
of the antiviral activity of iminosugar64, we conducted enzyme 
assays as a proxy to anti-SARS-CoV-2 activity.

In the case of the a-glucosidase inhibitors, we initially 
attempted to express the gene for Chaetomium thermophilum ER 
glucosidase II in E. coli65 and evaluate the inhibitory potency of 
DNJ and its derivatives, which have a similar structure to that of 
glucose66. However, the purified cloned protein did not exhibit 
enzymatic activity,33b whereas the cell lysate had insufficient 
enzymatic activity to obtain reliable results. To overcome this 
issue, we expressed recombinant Saccharomyces cerevisiae (S. cere-
visiae) a-glucosidase in E. coli65. Although a mammalian enzyme 
would be the best option, other eukaryotic enzymes can be con-
sidered as appropriate targets, as the sequences of both the a- 
and b-subunits of ER a-glucosidase II are highly conserved in 
eukaryotes32. In addition, the a-subunit of yeast glucosidase II is 
similar to the human one, and the only role of the b-subunit 
(which does not exist in yeast) is to position the enzyme within 
the ER, which is unnecessary for the enzyme inhibition test and 
justifies its use as a proxy for human a-glucosidase II66. A synthetic 
gene encoding a-glucosidase from S. cerevisiae was inserted into a 

Figure 7. Non-iminosugar-type mannosidase inhibitors AR524 (71) and tamoxifen (72).
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pET-22b(þ) vector to produce recombinant protein in the cytosol 
of E. coli65. The inhibition of yeast a-glucosidase by the iminosugar 
library compounds (0–500 lM) was determined using p-nitro-
phenyl a-D-glucopyranoside as the substrate67. A linear depend-
ence was observed between log c and the percentage of 
inhibition; a representative example is shown in Figure 8, and the 
IC50 values of the tested compounds are shown in Table 2.

All tested compounds showed inhibitory activity against the 
enzyme. The highest activity was exhibited by DNJ, but the deriv-
atives with longer N chains had similar IC50 values. Notably, com-
pounds with short alkyl chains with or without polar substituents 
exhibited lower activity. These results can be rationalised by 

considering the mechanism of action of a-glucosidases68. 
Iminosugars can be regarded as analogues of oxonium ion-like 
transition states, with protonated N instead of positive O. Hence, 
a short alkyl chain, with or without a hydroxyl group, may not be 
able to provide an additional binding interaction while simultan-
eously shielding the positive centre, which lowers the degree of 
inhibition. In contrast, longer hydrophobic chains, while still 
shielding the protonated nitrogen, bind to an auxiliary binding 
site (the hydrophobic channel) by interacting with non-polar and 
aromatic amino acid side chains, thereby increasing the binding 
constant and, consequently, the inhibition potency. Moreover, 
these results are confirmed by our computational modelling 

Scheme 2. Synthesis of deoxygalactonojirimycin (DGJ) and its analogues. Reagents and conditions: a) (R)-Pro (cat.), DMF, rt, 61%; b) H2 (4.5 atm), 10% Pd/C, EtOH, 
75%; c) HCl, MeOH, 70–90%; d) RCHO, H2 (1–4 atm), 10% Pd/C, EtOH, 54–94%; e) (R)-Pro (cat.), DMF, 4 �C, 24 h, 60%; f) K2CO3, DMF, 80 �C, 95 : 96¼ 2 : 1, 94% total 
yield; g) HCl, MeOH, 50%.

Scheme 3. Synthesis of pyrrolidine derivatives 41 and 42. Reagents and conditions: a) (R)-Pro (cat.), DMF, 4 �C, 48h, 98: 37%, 99: 33%; b) H2 (4.5 atm), 10% Pd/C, 
EtOH; c) 3 M HCl, MeOH, 42: 43% over 2 steps, 41: 55% over 2 steps.
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results, where longer hydrophobic chains led to higher docking 
scores than those of shorter chains. Notably, the adamantyl 
derivative 77 that exhibited the highest inhibitory potency among 
the N-substituted derivatives also had the highest docking score. 
However, the experimental and computational data exhibited 
some differences, which could be attributed to the use of different 
enzymes for docking and the inhibition assay. Although eukaryotic 
a-glucosidase sequences are highly conserved, previous studies 
have shown relatively large discrepancies between the iminosugar 
inhibition data. For example, miglitol, which showed low activity 
in this study, strongly inhibited a-glucosidase activity in rice (IC50 

¼ 0.05 lM) and weakly inhibited a-glucosidase in yeast (IC50 >

1000 lM)69. Moreover, miglustat (1), which showed weak activity 
against the yeast enzyme in this study, showed strong activity 
against ER glucosidase II (IC50 ¼ 13 lM), intestinal and lysosomal 
a-glucosidases, and an intestinal b-glucosidase44. This lack of 
selectivity is not desirable owing to potential side effects. 
Furthermore, DNJ previously showed strong activity against ER 
glucosidase II (IC50 ¼ 16 lM) without selectivity, which is compar-
able to the activity observed in this study. Compound 76 previ-
ously exhibited higher activity than miglustat (1) or DNJ (2) 

against mouse ER a-glucosidase II without selectivity23. Thus far, 
only a tocopherol-DNJ conjugate selectively inhibited ER a-glucosi-
dase II44; however, it accumulates in the liver due to extreme lipo-
philicity and thus is unsuitable for the treatment of respiratory 
diseases despite its potential as an anti-flaviviral agent. Hence, all 
the synthesised DNJ analogues emerged as promising antiviral 
drug candidates.

Next, the inhibitory activity of the potential GAL inhibitors was 
measured using a commercial recombinant human enzyme with 
p-nitrophenyl a-D-galactopyranoside as the substrate via a previ-
ously reported method67. The results are presented in Table 3, 
and concentration-dependent inhibition is shown in Figure 9 (Full 
data for other inhibitors are provided in the Supplementary 
material).

All the compounds showed some level of activity at the high-
est concentration (100 lM). Some compounds were highly active 
and exhibited structure-activity relationships. DGJ (4), the parent 
compound of the piperidine series, exhibited the highest activity 
against GAL. Moreover, as expected, the GAL inhibitors with short 
alkyl chains (methyl and butyl) exhibited higher activity than 
those with long alkyl chains owing to the shallow binding site. 

Scheme 4. Synthesis of azagalactofagomine (AGF) and its methylated derivative. Reagents and conditions: a) (S)-Pro, DMSO, H2O, 53%; b) H2 (1 atm), 10% Pd/C, 
MeOH, rt, 1 h; c) NaBH3CN, AcOH, MeOH, rt, 30 min, 65% over 2 steps; d) 3 M HCl(aq), MeOH, rt, 24 h, 40: 96%; 104: 100%; e) HCHO(aq), H2 (1 atm), Pd(OH)2/C, EtOAc, 
AcOH, rt, 6 h, 84%.

Scheme 5. Synthesis of (–)-swainsonine (3). Reagents and conditions: a) (R)-Pro (cat.), DMF, 66%; b) H2, Pd/C (10%), MeOH; c) CbzCl, Et3N, THF (71% over 2 steps).

Figure 8. Dependence of the percentage of inhibition on concentration (A) and log c (B) of 76.
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However, the BCP analogues showed some auxiliary binding with 
aromatic residues as BCP is bioisosteric to phenyl group. 2-Deoxy- 
DGJ (93) and its nonyl derivative 94 as well as AGF (40) and its 
methyl derivative 104 showed low activity, irrespective of the 
presence of an N-substituent. The latter result was consistent with 
the computational results, which predicted a low fraction of proto-
nated molecules. Furthermore, both pyrrolidine stereoisomers 
were highly active, where the meso-galacto derivative showed a 
slightly higher activity (41; IC50 ¼ 1.0 lM) than the D-altro deriva-
tive (42, DIA; IC50 ¼ 5.0 lM). A similar trend was observed for 41 

and 42 (IC50 ¼ 0.19 and 5.2 lM, respectively) in a previous study 
on the inhibition of a-galactosidase in coffee beans50.

Finally, four compounds, the pyrrolidine derivatives 41 and 42 
(DIA), the most active piperidine derivative 4 (miglustat, DGJ), and the 
parent 1,2-diazinane 40 (AGF) were chosen for in vitro antiviral assays.

In vitro assays

In vitro assays were performed using standardised protocols estab-
lished at the Institut Pasteur to evaluate antiviral compounds in 

Table 2. IC50 values of the yeast a-glucosidase inhibitors.

Compound IC50/mM

1 �500
2 54
8 �500
22 218
75 572
76 70
77 67

Table 3. IC50 values of the human a-galactosidase inhibitors.

Compound IC50/mM

4 0.17
40 �100
41 1.0
42 5.0
53 59.3
87 5.1
88 24.4
89 �100
93 �100
94 �100
104 �100
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cell cultures during the pandemic, which involved the use of a 
robust and reproducible low-to-medium throughput method.

Even though glucosidase inhibitors are regarded as potential 
anti-SARS-CoV-2 agents17,70, their anti-SARS-CoV-2 activities had 
not been reported before beginning this study. However, since 
then, six studies have reported the anti-SARS-CoV-2 activities of 
glucosidase inhibitors. Rosenzweig et al. observed that miglustat 
induces structural changes in SARS-CoV-2 and the host proteins 
but does not exhibit a significant therapeutic effect71. However, 
they focused on the early stages of the viral infection (fusion) but 
not on replication. Hence, their report could be considered insuffi-
cient evidence72. Marcello et al. reported that miglustat has mod-
erate anti-SARS-CoV-2 activity (EC50 ¼ 41 ± 22 mM) and celgosivir 

(a prodrug of castanospermine) showed high activity (EC50 ¼

1 ± 0.2 mM) in Vero E6 cells73. However, a later study reported that 
chloroquine protected only Vero E6 cells from SARS-CoV-2 infec-
tion but not Calu3 or model cells for respiratory infections74. 
Hence, the VeroE6 cell line may not be suitable to analyse in vitro 
anti-SARS-CoV-2 activity. Bradfute et al. reported that celgosivir, 
castanospermine, and UV-4 (10–100 mM) helped SARS-CoV-2- 
infected Vero E6 cells; however, the antiviral effect was lost after 
48 h75. Recently, Brown et al. showed that UV-4 demonstrated 
strong anti-SARS-CoV-2 activity in A549-ACE2 cells (EC50 ¼

4 mM)76. Block et al. reported that IHVR 19029 (12) exhibited high 
activity against SARS-CoV-2 in A549-ACE2 cells (EC90 ¼ 4 mM)77, 
whereas Mariuzza et al. reported several ER a-glucosidase I 

Figure 9. Dependence of the percentage of inhibition on concentration (A) and log c (B) of 41.

Figure 10. Anti-SARS-CoV-2 activities and cytotoxicities for a-glucosidase II inhibitors: 77 (A), 22 (B), 76 (C) and 1 (D).
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inhibitors for SARS-CoV-2 with EC50 values at the submicromolar 
level, where the most potent compound EB-0128 has an EC50 of 
0.42 mM78.

In this study, we tested seven DNJ analogues for SARS-CoV-2 
activity, and the results of the four highest antiviral activities are 
shown in Figure 10. The other results are shown in Figure S42. 
The activity of miglustat (EC90 ¼ 100 mM) was consistent with pre-
vious reports. Notably, 77 exhibited the highest anti-SARS-CoV-2 
activity (EC90 ¼ 1.94 mM; EC50 ¼ 0.23 mM), which is consistent with 
its high docking score (−11.471), and thus is the most potent 
anti-SARS-CoV-2 agent from the iminosugar family (Figure 10A). 
Moreover, 77 was previously reported as a selective inhibitor of 
non-lysosomal glucosylceramidases (including b-glucosidase 2) 
and was regarded as inactive towards ER glucosidases involved in 
N-glycan trimming79. This assumption was based on its lack of 
activity against the influenza haemagglutinin folding process in 
ER, where inhibition occurred only at a 200 mM concentration of 
77. We believe that this does not reflect a lack of activity but 
rather virus-specific sensitivity towards the inhibition of the glyco-
protein maturation step, as influenza is apparently more resilient 
than SARS-CoV-2.

In addition, BCP derivative 22 exhibited strong antiviral activity 
(EC90 ¼ 3.83 mM), although weaker than that of 77 (Figure 10B). 
Its activity could be further improved. Compound 76 also exhib-
ited moderate activity (EC90 ¼ 45 mM). Notably, no cytotoxicity 
was observed towards the used cells for any of the tested agents 
at EC90 concentrations. These results were obtained with A549- 
ACE2 lung carcinoma epithelial cells that express the ACE2 virus 
receptor, relevant for the COVID infection, and with the Omicron 
BA.1 viral strain. As Omicron is currently the dominant form of 
SARS-CoV-2, both the cell type and the viral strain are pertinent 
for the evaluation of therapeutic potential.

Researchers have attempted to develop selective inhibitors of 
ER a-glucosidase I or II to avoid side effects15,44,78. In particular, 
although we believe that inhibition of lysosomal and/or gastro-
intestinal glucosidases should be avoided, selectivity between ER 
a-glucosidase I and II is not required because both enzymes par-
ticipate in glycoprotein maturation and a bi-pronged inhibition 
would increase the antiviral potency of the drug. Moreover, even 
though Mariuzza et al. developed selective inhibitors of ER a-glu-
cosidase I, they observed that the strongest antivirals exhibit 
cross-inhibition of both a-glucosidase I and II78.

These results confirm our previous structure-activity relation-
ships (SAR) analysis, which revealed that an active inhibitor should 
possess a DNJ head and a flexible aliphatic side chain with large 
substituents capable for aromatic/non-polar interactions at the 
chain-terminal. The decreasing potency in the order of 
77> 22> 76>1 affirms the importance of their non-polar/aro-
matic interactions with the aromatic amino acids in the hydropho-
bic pocket of a-glucosidase II containing Phe305, Phe563, His34, 
and Val568. The positions of the ligands 1, 76, 22, and 77 and 
their interactions with the aforementioned amino acids in the 
binding pocket are shown in Figure 11. Compound 76 was more 
active than miglustat 1 because of its longer alkyl chain and 
hence exhibits six hydrophobic interactions in contrast to the two 
hydrophobic interactions observed for 1 (Table S1). The BCP frag-
ment in 22 acts as an isotropic phenyl ring isostere, whose H 
atoms engage in CH–p H-bonding with the aforementioned amino 
acids more efficiently than ordinary sp3 H atoms from a straight 
alkyl chain (butyl chain in 1 or the nonyl chain in 76) owing to 
the strain-induced hybridisation change. The adamantyl subunit in 
the most active compound 77 with its octupole and high dipole 
polarizability is an even better H-donor in the CH–p bonds with 
Phe305, Phe563, and His34. In addition, owing to its spherical 
symmetry, the adamantyl moiety of 77 participates in more hydro-
phobic interactions than the aliphatic chains. Furthermore, 77 
exhibits intramolecular hydrophobic interactions, which makes the 
side-chain conformation more rigid than those in 1, 22, and 76. 
Due to this side chain shortening, the adamantyl subunit does not 
interact with Val568 like 22 and 76 do; however, this lack of inter-
action is compensated by stronger interactions with Phe305, 
Phe563 and His34, as explained previously. Additionally, the role 
of His34 depends on the ligand structure, where 22, 76, and 77 
participate in hydrophobic interactions and 12 (IHVR 19029) acts 
as a H-bond acceptor (Figure 3).

In the case of the GAL inhibitors, none of the four tested sam-
ples were active against SARS-CoV-2, which is contrary to previous 
reports on their potential for viral protein–host protein 
interactions27,31.

In the case of the mannosidase inhibitors, (−)-swainsonine 3 
and 71 showed significant antiviral activities (EC90 ¼ 50 and 
20 mM, respectively; Figure 12 A and B). However, they also 
showed cytotoxicity at EC90 concentrations, which precludes their 
therapeutic use. Moreover, tamoxifen 72 showed high antiviral 

Figure 11. Interactions of ligands 1, 76, 22, and 77 in the binding site of a-glucosidase II.
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activity (EC90 < 1 mM) and cytotoxicity only at 100-fold higher con-
centrations (Figure 12C). Hence, it is an excellent candidate to be 
repurposed for SARS-CoV-2. Our results are supported by a report 
by Yang et al., where they confirmed the anti-SARS-CoV-2 activity 
of tamoxifen and its structurally related clomiphene80. However, 
the mechanism of action of tamoxifen should be elucidated in a 
future study, as it is only assumed that it affects glycoprotein 
processing.

Conclusion

In this study, we designed, synthesised, and conducted in vitro 
studies of three classes of iminosugar-based glycosidase inhibitors 
as potential anti-SARS-CoV-2 agents. Two a-glucosidase inhibitors 
inhibited the replication of SARS-CoV-2 in vitro, where one of 
them (77) is the most potent iminosugar-based anti-SARS-CoV-2 
agents reported thus far (EC90 ¼ 1.94 mM in A549-ACE2 cells 
against Omicron BA.1 strain). The presence of a BCP fragment in 
the side chain (22) increased the potency of the drug (EC90 ¼

3.83 mM). SAR studies showed that the hydrophobic interactions of 
the antiviral agents with the amino acids Phe305, Phe563, His34, 
and Val568 should be maximised to enhance the inhibitor activity 
and to develop a 2nd generation of analogues81. However, GAL 
inhibitors showed no antiviral effects, whereas mannosidase inhib-
itors were both antiviral and cytotoxic. Notably, tamoxifen 
emerged as a strong candidate for repurposing, but further eluci-
dation of its mechanism of action is required. The principle of 
host-directed action that we applied to identify potential anti- 
SARS-CoV-2 agents could be applied to other viruses. Research in 
this direction is currently ongoing in our laboratory.

Experimental

Molecular docking simulations

All protein structures (a-glucosidase II, PDB ID: 5DL034; a-galactosi-
dase A, PDB ID: 6IBK)48 were prepared using the Protein Preparation 
Wizard from the Schr€odinger Suite 2021–182. All small molecules 
were designed in Maestro module from Schr€odinger83. To determine 
their correct protonation states at given pH, all molecules were sub-
mitted to Epik module from Schr€odinger Suite84. In this case, pH 
was set to 7.00 ± 2.00 in water. All molecules were docked in state 
predicted by Epik. Molecular docking simulations on protein models 
were performed in Glide module from Schr€odinger Suite85, first 
using Standard Precision (SP), to check quality of the model and the 
binding site, and then with Extra precision (XP) settings in Glide. 
After the first analysis of the results, docking structures were refined 
and structures produced in this manner were used for consideration. 

The choice of protein model was governed by the following condi-
tions: the X-ray structure has to represent an eukaryotic enzyme, 
taken with good resolution, with ligand bound into binding site. 
Also, due to our docking protocol, larger bioisosteric ligands were 
preferred, as that would give us binding site that can accommodate 
variety of ligand structures. Binding sites were prepared using previ-
ously bounded ligand. Pictures were produced using Maestro from 
Schr€odinger Suite, or BOVIA Discovery Studio 2021 and Ligand inter-
action modules therein86. Data and graphical representations for 
representative compounds are provided in the Supplementary 
material. Complete data and graphical representations for all com-
pounds are available on request.

Synthesis of the drug candidates

All chromatographic separations87 were performed with silica gel, 
10–18, 60 Å (dry-flash), 60 (0.063–0.200 mm; column chromatog-
raphy) and ion exchange column chromatography (acidic resin 
DOWEX 50WX8–100). Standard techniques were used for the puri-
fication of reagents and solvents88. NMR spectra were recorded on 
Varian/Agilent 400 (1H NMR at 400 MHz,13C NMR at 100 MHz) and 
Bruker Avance III 500 (1H NMR at 500 MHz,13C NMR at 125 MHz). 
Chemical shifts are expressed in ppm (d) using tetramethylsilane 
as internal standard, coupling constants (J) are in Hz. IR spectra 
were recorded on Thermo Scientific Nicolet Summit FT-IR instru-
ment, and are expressed in cm−1. Mass spectra were obtained on 
Orbitrap Exploris 240 spectrometer. Melting point was determined 
on LLG-uniMELT 2 melting point apparatus and is uncorrected. 
Optical rotation was measured on Rudolph Research Analytical 
AUTOPOL IV Automatic Polarimeter.

Synthesis of a-glucosidase inhibitors

DNJ analogues 1, 2, 22, 75, 76, and 77 were obtained from the 
key intermediate 74. This compound is obtained according to the 
modified literature procedure58, as described in the Supplementary 
material. Compounds 1, 2, 22, 75, 76, and 77 were obtained by 
alkylation (or reductive amination) of 74, followed by deprotection. 
Synthesis of compounds 22 (by alkylation) and 77 (by reductive 
amination), as well as of compound 80 is described below; for syn-
theses of other DNJ analogues, i.e., compounds 1, 2, 75, and 76 
please, see the Supplementary material.

Synthesis of the BCP fragment (80)

A) 2-((5-(bicyclo[1.1.1]pentan-1-yl)pentyl)oxy)tetrahydro-2H-pyran 
(114)89. To a solution of iodoalkane 78 (1.87 g; 6.29 mmol) and bicy-
clo[1.1.1]pentane 7990 (0.9 M in diethyl ether; 7.50 ml; 6.75 mmol) in 

Figure 12. Antiviral activities and cell viabilities of mannosidase inhibitors: (−)-swainsonine (3, A), 71 (B), and tamoxifen (72, C).
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anhydrous Et2O (10 ml), a solution of MeLi in diethoxymethane 
(3.1 M, 1.98 ml, 6.04 mmol) was added dropwise at −40 �C, under an 
argon atmosphere. The reaction mixture was allowed to warm to 
room temperature, stirred for 24 h, and then cooled again to −40 �C, 
when MeOH (0.1 ml) was added. The resulting solution was poured 
into an ice-cold mixture of H2O and pentane. After separation of the 
layers, the organic phase was washed with water, dried, and concen-
trated under reduced pressure. The crude 2-((5–(3-iodobicyclo[1.1.1]-
pentan-1-yl)pentyl)oxy)tetrahydro-2H-pyran (113, 2.29 g) was used in 
the next step without purification.

A deaerated solution of the iodide 113 from the previous step 
(2.29 g, 6.29 mmol), tributyltin hydride (2.56 g, 8.80 mmol) and 
AIBN (50.0 mg, 0.31 mmol) in benzene (20 ml) was stirred at 80 �C 
under an argon atmosphere. After 1 h, a second batch of AIBN 
(50 mg, 0.31 mmol) was added and the reaction mixture was 
stirred for 1 h. After removal of the solvent under reduced pres-
sure, the residue was purified by dry-flash chromatography (elu-
ent: petroleum ether/ethyl acetate ¼ 95:5) to give 2-((5- 
(bicyclo[1.1.1]pentan-1-yl)pentyl)oxy)tetrahydro-2H-pyran (114; 
1.32 g, 88%) as a colourless oil. 1H NMR (400 MHz, CDCl3) d 4.59– 
4.55 (m, 1H), 3.90–3.84 (m, 1H), 3.76–3.69 (m, 1H), 3.53–3.47 (m, 
1H), 3.40–3.35 (m, 1H), 2.43 (s, 1H), 1.88–1.78 (m, 1H), 1.74–1.68 
(m, 1H), 1.67–1.47 (m, 12H), 1.40–1.24 (m, 6H). 13C NMR (100 MHz, 
CDCl3) d 98.9, 67.7, 62.2, 50.4, 45.9, 32.6, 30.9, 29.9, 27.4, 26.5 (2 C), 
25.6, 19.8. IR (ATR): ��¼ 2961, 2927, 1460, 1281, 1194, 1048 cm−1.

B) 5-(bicyclo[1.1.1]pentan-1-yl)pentan-1-ol (115). To a solution of 
2-((5-(bicyclo[1.1.1]pentan-1-yl)pentyl)oxy)tetrahydro-2H-pyran, 114 
(1.32 g; 5.53 mmol) in methanol (20 ml) was added p-TSOH (47.0 mg; 
0.276 mmol) and the reaction mixture was stirred at rt. After 45 min 
triethyl amine (3 drops) was added, the mixture was concentrated 
under reduced pressure and the residue was purified by dry-flash 
chromatography (eluent: hexane/ethyl acetate ¼ 8:2) to give 5- 
(bicyclo[1.1.1]pentan-1-yl)pentan-1-ol, 115 (809 mg, 95%) as a col-
ourless oil. 1H NMR (400 MHz, CDCl3) d 3.62 (t, J¼ 6.6 Hz, 2H), 2.44 
(s, 1H), 1.63 (s, 6H), 1.57–1.52 (m, 2H), 1.40–1.24 (m, 6H). 13C NMR 
(100 MHz, CDCl3) d 63.0, 50.4, 45.8, 32.9, 32.7, 27.5, 26.5, 26.0. IR 
(ATR): ��¼ 3331, 2960, 2929, 2867, 1461, 1280, 1194, 1054 cm−1.

C) 1–(5-Iodopentyl)bicyclo[1.1.1]pentane (80). To a solution of 
alcohol 115 (50.0 mg; 0.324 mmol), PPh3 (127.5 mg; 0.486 mmol) 
and imidazole (66.1 mg; 0.972 mmol) in anhydrous THF (1.0 ml), 
iodine (123.8 mg; 0.486 mmol) was added portionwise at −10 �C, 
under an argon atmosphere. The cooling bath was removed and 
the reaction mixture was stirred for 15 min. The reaction mixture 
was diluted with diethyl ether, washed with saturated Na2S2O3 (aq) 

and brine, dried over anhydrous MgSO4 and concentrated under 
reduced pressure. The residue was dissolved in pentane, filtered 
through a short pad of celite and evaporated under reduced pres-
sure to yield 75 mg (88%) of the volatile, unstable iodide 80, 
which was used in the next step without further purification.

Compound 22

A) Synthesis of perbenzylated intermediate by alkylation: (2 R,3R,4R,5S)- 
3,4,5-tris(Benzyloxy)-2-((benzyloxy)methyl)-1–(5-(bicyclo[1.1.1]pentan-1- 
yl)pentyl)piperidine (22A). A solution of amine 7458 (46.2 mg; 
0.088 mmol), iodide 80 (35.0 mg; 0.13 mmol) and K2CO3 (42.6 mg; 
0.308 mmol) in DMF (0.25 ml) was stirred at 80 �C under an argon 
atmosphere. After 6 h, the mixture was diluted with diethyl ether, 
washed with H2O and saturated NaHCO3(aq), dried over anhydrous 
MgSO4, filtered and concentrated under reduced pressure. The 
crude residue was purified by column chromatography (petroleum 

ether/ethyl acetate ¼ 8:2), to afford 50.0 mg (86%) of the subtitle 
compound 22A as a viscous oil. ½a�20

D −2.41 (c 1.32 in CHCl3). 1H 
NMR (500 MHz, CDCl3) d 7.35–7.24 (m, 18H), 7.13–7.11 (m, 2H), 
4.96 (d, J¼ 11.1, 1H), 4.87 (d, J¼ 10.8, 1H), 4.81 (d, J¼ 11.2, 1H), 
4.69 (d, J¼ 11.9, 1H), 4.65 (d, J¼ 11.9, 1H), 4.48 (s, 1H), 4.39 (d, 
J¼ 10.8, 1H), 3.68–3.63 (m, 2H), 3.60 (t, J¼ 9.3, 1H), 3.52 (dd, 
J1¼10.3, J2¼2.0, 1H), 3.45 (t, J¼ 9.1, 1H), 3.09 (dd, J1¼11.1, J2¼4.8, 
1H), 2.68–2.62 (m, 1H), 2.59–2.53 (m, 1H), 2.45 (s, 1H), 2.29 (d, 
J¼ 9.5, 1H), 2.23 (t, J¼ 10.8, 1H), 1.63 (s, 6H), 1.40–1.28 (m, 4H), 
1.23–1.09 (m, 4H). 13C NMR (125 MHz, CDCl3) d 139.2, 138.7, 138.0, 
128.6, 128.5, 128.5, 128.4, 128.0, 127.9, 127.7, 127.6, 127.5, 87.6, 
78.7, 75.4, 75.3, 73.6, 72.9, 65.5 (2 C), 63.9, 54.6, 52.5, 50.5, 45.9, 
32.6, 27.8, 27.5, 26.6, 23.8. Under recording conditions 4 signals 
from Bn groups are superimposed. IR (ATR): ��¼ 3030, 2059, 
2866, 1496, 1454, 1361, 1194, 1173, 1097, 1028. cm−1. HRMS (m/z) 
[M-H]þ calcd. for C44H54NO4: 660.4047, found: 660.4071.

B) Deprotection into (2 R,3R,4R,5S)-1–(5-(Bicyclo[1.1.1]pentan-1- 
yl)pentyl)-3,4,5-trihydroxy-2-(hydroxymethyl)piperidin-1-ium chlor-
ide (22). A mixture of the compound from the previous step 
(50.0 mg; 0.076 mmol) and Pd(OH)2 (48.0 mg) in a mixture of 
methanol/1 M HCl(aq) (4.0 ml, v/v¼ 2/1) was stirred overnight 
under a hydrogen atmosphere (4 atm). The mixture was filtered 
and concentrated under reduced pressure to afford the hydro-
chloride salt of 22 (25.0 mg, 98%) as colourless film. ½a�20

D −3.80 (c 
1.0 in H2O). 1H NMR (400 MHz, D2O) d 4.12 (d, J¼ 13.4, 1H), 3.99 
(d, J¼ 13.2, 1H), 3.86–3.78 (m, 1H), 3.68 (t, J¼ 10.0, 1H), 3.62–3.52 
(m, 2H), 3.43–3.37 (m, 1H), 3.27–3.18 (m, 2H), 3.11 (t, J¼ 11.8, 1H), 
2.45 (s, 1H), 1.80–1.69 (m, 2H), 1.66 (s, 6H), 1.44–1.31 (m, 6H). 13C 
NMR (100 MHz, D2O) d 75.7, 67.0, 66.0, 65.1, 53.5, 53.1, 52.9, 49.8, 
44.9, 31.4, 26.8, 25.8, 25.2, 22.1. IR (ATR): ��¼ 3332, 2960, 2905, 
2667, 1641, 1458, 1277, 1194, 1088, 1029 cm−1. HRMS (m/z) 
[MþH]þ calcd. for C16H30NO4: 300.2169, found: 300.2178.

Compound 77

A) Synthesis of perbenzylated intermediate by reductive amination: 
(2 R,3R,4R,5S)-1–(5-(adamantan-1-ylmethoxy)pentyl)-3,4,5-tris(benzy-
loxy)-2-((benzyloxy)methyl)piperidine (77 A). A solution of amine 
7458 (45.0 mg; 0.086 mmol), 5-(adamantan-1-ylmethoxy)pentanal 
(32.0 mg; 0.128 mmol), 10% Pd/C (16 mg; 0.015 mmol) and acetic 
acid (0.05 ml) in ethanol (2.6 ml) was stirred overnight under a 
hydrogen atmosphere (4 atm). The mixture was filtered, concen-
trated under reduced pressure and purified by column chroma-
tography (eluent: petroleum ether/ethyl acetate ¼ 8:2), to afford 
51.9 mg (80%) of the subtitle compound 77 A, as a colourless oil. 
1H NMR (400 MHz, CDCl3) d 7.38–7.22 (m, 18H), 7.17–7.11 (m, 2H), 
4.96 (d, J¼ 11.1 Hz, 1H), 4.88 (d, J¼ 10.9 Hz, 1H), 4.82 (d, 
J¼ 11.1 Hz, 1H), 4.73–4.62 (m, 2H), 4.53–4.44 (m, 2H), 4.43 (d, 
J¼ 11.0 Hz, 1H), 3.72–3.52 (m, 4H), 3.46 (t, J¼ 9.1 Hz, 1H), 3.34 (t, 
J¼ 6.4 Hz, 2H), 3.10 (dd, J¼ 11.1, 4.8 Hz, 1H), 2.10 (s, 1H), 2.75–2.64 
(m, 1H), 2.63–2.53 (m, 1H), 2.32 (d, J¼ 9.5 Hz, 1H), 2.24 (t, 
J¼ 10.8 Hz, 1H), 1.97 (s, 3H), 1.76–1.62 (m, 6H), 1.57–1.12 (m, 13H). 
13C NMR (126 MHz, CDCl3) d 139.0, 138.5 (2 C), 137.8, 128.3 (2 C), 
128.2 (2 C), 127.8, 127.7, 127.5, 127.4, 127.3, 87.3, 81.9, 78.5 (2 C), 
75.2, 75.1, 73.4, 72.7, 71.4, 65.4, 63.6, 54.4, 52.3, 39.7, 37.2, 34.1, 
29.4, 28.3, 24.1, 23.3.

B) Deprotection into (2 R,3R,4R,5S)-1–(5-(adamantan-1-ylmethoxy)-
pentyl)-2-(hydroxymethyl)piperidine-3,4,5-triol (77)91. A mixture of 
(2 R,3R,4R,5S)-1–(5-(adamantan-1-ylmethoxy)pentyl)-3,4,5-tris(benzy-
loxy)-2-((benzyloxy)methyl)piperidine from the previous step 
(42.4 mg; 0.056 mmol) and Pd(OH)2 (43.0 mg) in a mixture of 
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methanol/1 M HCl(aq) (4.8 ml, v/v¼ 2.7/1) was stirred overnight 
under a hydrogen atmosphere (4 atm). The mixture was filtered 
and concentrated under reduced pressure. The crude residue was 
purified by column chromatography (gradient ethyl acetate/ 
methanol/25% NH3 (aq)¼ 95:5:0.05 to 7:3:0.05) to afford 22.0 mg 
(100%) of the product 77 as a viscous oil. 1H NMR (400 MHz, 
CD3OD) d 3.96 (dd, J¼ 12.3, 1.8 Hz, 1H), 3.87 (dd, J¼ 12.3, 2.7 Hz, 
1H), 3.59 (td, J¼ 10.5, 4.8 Hz, 1H), 3.47 (t, J¼ 9.5 Hz, 1H), 3.38 (t, 
J¼ 6.2 Hz, 2H), 3.32 (s, 1H), 3.30–3.18 (m, 2H), 3.13–3.02 (m, 1H), 
2.98–2.85 (m, 3H), 2.66–2.55 (m, 2H), 1.95–1.89 (m, 3H), 1.77–1.52 
(m, 15H), 1.46–1.33 (m, 2H). 13C NMR (100 MHz, D2O) d 83.1, 79.2, 
72.3, 70.3, 69.1, 67.3, 57.2, 56.1, 53.9, 40.8, 38.3, 35.1, 30.3, 29.7, 
24.9, 24.5.

Synthesis of a-galactosidase inhibitors

DGJ analogues 53, 87, 88, and 89 were obtained from the key 
intermediate 85, by reductive amination (or alkylation), followed 
by deprotection. Syntheses of compounds 85, 4, and 88 are 
described below59. Syntheses of DGJ analogues, i.e., compounds 
53, 87 and 89 are described in the Supplementary material.

Compound 8559

A) Synthesis of aldol products benzyl ((2S,3S)-2-((tert-butyldime-
thylsilyl)oxy)-3-((R)-2,2-dimethyl-5-oxo-1,3-dioxan-4-yl)-3-hydroxy-
propyl)carbamate (83) and benzyl (4aS,7S,8S,8aR)-7-((tert- 
butyldimethylsilyl)oxy)-4a,8-dihydroxy-2,2-dimethylhexahydro-5H- 
[1,3]dioxino[5,4-b]pyridine-5-carboxylate (84). A catalytic amount 
of (R)-proline (385 mg; 3.34 mmol; 30 mol %) was added to a vial 
that contained benzyl (S)-(2-((tert-butyldimethylsilyl)oxy)-3-oxopro-
pyl)carbamate 81 (3.76 g; 11.15 mmol) and dioxanone 82 (2.9 g; 
22.30 mmol; 2 eq) in DMF (22.5 ml). The reaction mixture was vig-
orously stirred at 4 �C for 96 h (during this time 3� 1.0 g of dioxa-
none were added). The reaction mixture was diluted with Et2O 
and water. The aqueous phase was extracted twice with Et2O and 
the combined organic extract was washed with water, dried over 
anhydrous MgSO4, filtered, and concentrated under reduced pres-
sure. The crude residue was purified by dry-flash chromatography 
(eluent: petroleum ether/ethyl acetate ¼ 85:15) to furnished aldol 
products 83, 84 (3.15 g; 61%), as a white foam.

B) Deprotection into (4aR,7S,8S,8aS)-7-((tert-Butyldimethylsilyl)oxy)- 
2,2-dimethylhexahydro-4H-[1,3]dioxino[5,4-b]pyridin-8-ol (85). A mix-
ture of aldols 83, 84 (3.15 g, 6.79 mmol) and 10% Pd/C (1.14 g, 
1.07 mmol, 16 mol %) in ethanol (146 ml) was stirred for 3.5 h 
under a hydrogen atmosphere (4.5 atm). The mixture was filtered 
and concentrated under reduced pressure. Purification of the resi-
due by dry-flash chromatography (eluent: ethyl acetate/methanol 
¼ 9:1) afforded amine 85 (1.61 g, 75%) as white crystals. ½a�20

D 
þ69.4 (c 0.41 in CHCl3). 1H NMR (400 MHz, CHCl3) d 4.24 (d, 
J¼ 2.1 Hz, 1H), 4.10 (dd, J¼ 12.0, 2.3 Hz, 1H), 3.76 (dd, J¼ 12.2, 
1.3 Hz, 1H), 3.73–3.67 (m, 1H), 3.38 (dd, J¼ 9.0, 3.4 Hz, 1H), 3.09 
(dd, J¼ 13.7, 5.2 Hz, 1H), 2.49 (s, 1H), 2.44 (dd, J¼ 13.7, 10.5 Hz, 
1H), 2.27 (bs, 2H, OH, NH), 1.47 (s, 3H), 1.44 (s, 3H), 0.90 (s, 9H), 
0.12 (s, 3H), 0.10 (s, 3H). 13C NMR (100 MHz, CDCl3) d 98.7, 75.6, 
71.0, 70.4, 64.2, 51.7, 50.8, 29.8, 26.0, 18.4, 18.2, −4.3, −4.4.

(2R,3S,4R,5S)-2-(hydroxymethyl)piperidine-3,4,5-triol (DGJ, migala-
stat, 4)59. A solution of amine 85 (17.0 mg, 0.05 mmol) in solvent 
mixture methanol/HCl (3 M; 2.1 ml, v/v¼ 2:1) was stirred at room 
temperature for 6 h. After the volatiles were removed under 

reduced pressure, the residue was purified by ion exchange chro-
matography (acidic resin DOWEX 50WX8–100), to give compound 
4 (7.5 mg, 86%) as a colourless viscous oil. ½a�20

D þ41.4 (c 0.94 in 
H2O). 1H NMR (500 MHz, CD3OD) d 3.93–3.90 (m, 1H), 3.72 (td, 
J¼ 10.1, 5.3 Hz, 1H), 3.67–3.57 (m, 2H), 3.33–3.26 (m, 1H), 3.10 (dd, 
J¼ 12.5, 5.3 Hz, 1H), 2.63 (t, J¼ 6.5 Hz, 1H), 2.40–2.30 (m, 1H). 13C 
NMR (125 MHz, CD3OD) d 77.4, 70.8, 69.9, 63.2, 61.3, 51.5.

Compound 8822,92

A) Synthesis of intermediate (4aR,7S,8S,8aS)-5-butyl-7-((tert-butyl-
dimethylsilyl)oxy)-2,2-dimethylhexahydro-4H-[1,3]dioxino[5,4- 
b]pyridin-8-ol (117) by reductive amination. A mixture of amine 
8559 (33.5 mg; 0.105 mmol), butanal (38.0 mg; 0.528 mmol) and 
10% Pd/C (21.0 mg; 0.018 mmol) in ethanol (3.0 ml) was stirred 
overnight under a hydrogen atmosphere (4 atm). The mixture was 
filtered and concentrated under reduced pressure to afford crude 
117 which was used in the next step without further purification.

B) Deprotection into (2 R,3S,4R,5S)-1-butyl-2-(hydroxymethyl)piper-
idine-3,4,5-triol (88). A solution of (4aR,7S,8S,8aS)-5-butyl-7-((tert- 
butyldimethylsilyl)oxy)-2,2-dimethylhexahydro-4H-[1,3]dioxino[5,4- 
b]pyridin-8-ol, 117 (39.0 mg, 0.105 mmol) in methanol/3M HCl(aq) 

solvent mixture (1.6 ml, v/v¼ 3:1) was stirred at room temperature 
for 4 h. After the volatiles were removed under reduced pressure, the 
residue was purified by column chromatography (ethyl acetate/ 
methanol/25% NH3 (aq)¼ 3:2:0.05), to afford 11.4 mg (49%) of the 
product 88, as a viscous oil. ½a�20

D −21.6 (c 0.47 in MeOH). 1H NMR 
(500 MHz, CD3OD) d 4.01–3.99 (m, 1H), 3.85–3.81 (m, 3H), 3.25 (dd, 
J¼ 9.1, 3.2 Hz, 1H), 3.03 (dd, J¼ 11.4, 5.0 Hz, 1H), 2.81–2.75 (m, 1H), 
2.61–2.55 (m, 1H), 2.49 (bs, 1H), 2.21 (t, J¼ 10.8 Hz, 1H), 1.54–1.47 (m, 
2H) 1.35–1.27 (m, 2H), 0.95 (t, J¼ 7.3 Hz, 3H). 13C NMR (125 MHz, 
CD3OD) d 77.0, 72.0, 68.7, 65.3, 62.1, 57.7, 53.9, 27.1, 21.7, 14.3.

4-(−)-Epi-fagomine 93 was synthesised according to the previ-
ously published procedure60. The synthesis of the analogue 94 is 
described in the Supplementary material.

Synthesis of pyrrolidine analogues

Benzyl (4aS,6R,7R,7aR)-6-(((tert-butyldimethylsilyl)oxy)methyl)- 
4a,7-dihydroxy-2,2-dimethyltetrahydro-[1,3]dioxino[5,4-b]pyrrole- 
5(4H)-carboxylate (98) and benzyl ((1 R,2S)-3-((tert-butyldimethyl-
silyl)oxy)-1-((S)-2,2-dimethyl-5-oxo-1,3-dioxan-4-yl)-1-hydroxypro-
pan-2-yl)carbamate (99)59. A solution of squalemic aldehyde 97 
((R)-97: (S)-97¼ 2:1; 1.17 g, 3.38 mmol), dioxanone (3.22 g, 70% in 
DMF, 17 mmol) and (R)-Proline (117 mg, 1 mmol, 1) in DMF (9 ml) 
was stirred for 48 h at 4 �C. The reaction mixture was diluted with 
ethyl-acetate and water. The aqueous phase was extracted three 
times with ethyl-acetate and the combined organic extract was 
washed with water, dried over anhydrous MgSO4, filtered, and 
concentrated under reduced pressure. The crude residue was puri-
fied by dry-flash chromatography (eluent: toluene/ethyl acetate ¼
4:1) to afford 605 mg (37%) of compound 98 and 533 mg (33%) of 
compound aldol 99, both as viscouse oil.

Benzyl (4aS,6R,7R,7aR)-6-(((tert-butyldimethylsilyl)oxy)methyl)- 
4a,7-dihydroxy-2,2-dimethyltetrahydro-[1,3]dioxino[5,4-b]pyrrole- 
5(4H)-carboxylate (98):. 1H NMR (400 MHz, DMSO-d6, 338 K) d 

7.37–7.33 (m, 5H), 5.35 (br. s, 1H), 5.12–5.05 (m, 2H), 4.47 (d, 
J¼ 6.88, 1H), 4.34 (dd, J1¼6.9, J2¼5.7, 1H), 3.82 (d, J¼ 5.4, 1H), 
3.80 (d, J¼ 13.2, 1H), 3.72 (d, J¼ 10.5, 1H), 3.60–3.57 (m, 1H), 1.38 
(s, 3H), 1.28 (s, 3H), 0.85 (s, 9H), 0.00 (s, 3H), −0.02 (s, 3H). 13C 
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NMR (100 MHz, DMSO-d6, 338 K) d d 153.2, 136.4, 128.0, 127.5, 
127.3, 98.4, 86.7, 75.6, 68.0, 65.6, 65.5, 64.4, 25.5, 17.6, −5.8, −5.8.

Benzyl ((1 R,2S)-3-((tert-butyldimethylsilyl)oxy)-1-((S)-2,2-dimethyl-5- 
oxo-1,3-dioxan-4-yl)-1-hydroxypropan-2-yl)carbamate (99):. 1H NMR 
(400 MHz, CDCl3) d 7.40–7.29 (m, 5H), 5.18 (d, J¼ 9.3, 1H), 5.12 (d, 
J¼ 12.2, 1H), 5.04 (d, J¼ 12.5, 1H), 4.29 (m, 1H), 4.17 (d, J¼ 9.7, 
1H), 4.14 (d, J¼ 8.0, 1H), 4.06–3.99 (m, 2H), 3.73–3.66 (m, 2H), 3.50 
(s, 1H), 1.39 (s, 3H), 1.33 (s, 3H), 0.88 (s, 9H), 0.06 (s, 6H). 13C NMR 
(100 MHz, CDCl3) d 212.6, 156.1, 136.7, 128.6, 128.3, 128.3, 101.6, 
71.8, 68.6, 66.9, 66.7, 62.9, 51.4, 26.0, 23.5, 23.3, 18.4, −5.3, −5.3.

2,5-Dideoxy-2,5-imino-D-altritol (DIA) (42). A mixture of aminal 98 
(60 mg, 0.13 mmol) and 10% Pd/C (30 mg, 0.03 mmol) in ethanol 
(12 ml) was stirred under a hydrogen atmosphere (4.5 bar) for 2h. 
The mixture was filtered and concentrated under reduced pres-
sure to afford crude (4aR,6R,7R,7aS)-6-(((tert-butyldimethylsilyl)oxy)-
methyl)-2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]pyrrol-7-ol which 
was used in the next step without further purification.

A solution of crude (4aR,6R,7R,7aS)-6-(((tert-butyldimethylsily-
l)oxy)methyl)-2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]pyrrol-7-ol 
in solvent mixture methanol/HCl (3 M; 3.6 ml, v/v¼ 2:1) was stirred 
at room temperature for 2 h. After the volatiles were removed 
under reduced pressure, the residue was purified by column chro-
matography (1-propanol/25% NH4OH) and ion exchange chroma-
tography (acidic resin DOWEX 50WX8-100) to afford 9 mg (43%) of 
the compound 42, as a viscous oil. ½a�20

D ¼ þ21.9 (c 1.02 in H2O); 
1H NMR (400 MHz, D2O) d 4.19 (t, J¼ 4.1, 1H), 4.00 (dd, J¼ 8.5, 
4.3 Hz, 1H), 3.80 (dd, J¼ 11.1, 6.8 Hz, 1H), 3.75 (dd, J¼ 11.8, 3.9 Hz, 
1H), 3.68–3.62 (m, 2H), 3.35–3.30 (m, 1H), 3.17–3.11 (m, 1H). 13C 
NMR (100 MHz, D2O) d 73.5, 71.9, 61.8, 61.3, 60.4, 59.7.

Compound 41

A) Synthesis of intermediate (4aS,6R,7S,7aR)-6-(((tert-butyldime-
thylsilyl)oxy)methyl)-2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]pyr-
rol-7-ol (99 A) by reductive amination. A mixture of aldol 99 
(80 mg, 0.17 mmol) and 10% Pd/C (40 mg, 0.04 mmol) in ethanol 
(16 ml) was stirred under a hydrogen atmosphere (4.5 bar) for 2h. 
After the volatiles were removed under reduced pressure, the resi-
due was purified by column chromatography (dichloromethane/ 
methanol ¼ 95:5) to afford 40 mg (74%) of (4aS,6R,7S,7aR)-6-(((tert- 
butyldimethylsilyl)oxy)methyl)-2,2-dimethylhexahydro-[1,3]diox-
ino[5,4-b]pyrrol-7-ol, 99A as colourless oil. 1H NMR (400 MHz, 
CDCl3) d 4.37–4.34 (m, 1H), 4.22 (dd, J¼ 4.8, 3.3 Hz, 1H), 4.17 (dd, 
J¼ 12.6, 3.2 Hz, 1H), 3.99 (dd, J¼ 5.9, 4.3 Hz, 1H), 3.92 (dd, J¼ 10.2, 
3.8 Hz, 1H), 3.88–3.84 (m, 1H), 3.19 (dt, J¼ 7.9, 3.9 Hz, 1H), 2.75– 
2.71 (m, 1H), 1.49 (s, 3H), 1.42 (s, 3H), 0.92 (s, 9H), 0.11 (s, 3H), 0.10 
(s, 3H). 13C NMR (100 MHz, CDCl3) d 98.5, 76.3, 70.6, 62.0, 61.7, 
60.7, 53.7, 29.2, 26.1, 19.4, 18.5, −5.3, −5.3. IR (ATR) ��¼ 3555, 
3290, 2991, 2953, 2930, 2885, 2857, 1471, 1426, 1380, 1255, 1228, 
1198, 1171, 1125, 1081, 1023, 1006, 939, 838, 778, 713, 669. HRMS 
(m/z) [MþH]þ calcd. for C15H32NO4Si: 318.2095; found 318.2082.

B) Deprotection into 2,5-dideoxy-2,5-imino-D-galacticol (DMDP) 
(41). A solution of (4aS,6R,7S,7aR)-6-(((tert-butyldimethylsilyl)oxy)-
methyl)-2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]pyrrol-7-ol, 99A 
(40 mg, 0.13 mmol) in solvent mixture methanol/HCl (3 M; 5.4 ml, 
v/v¼ 2:1) was stirred at room temperature for 2 h. After the vola-
tiles were removed under reduced pressure, the residue was puri-
fied by ion exchange chromatography (acidic resin DOWEX 
50WX8-100) to afford 15.5 mg (75%) of the product 41. 1H NMR 
(400 MHz, D2O) d 4.32–4.28 (m, 2H), 3.79 (dd, J¼ 11.3, 5.6 Hz, 2H), 

3.67 (dd, J¼ 11.3, 5.6 Hz, 2H), 3.32–3.27 (m, 2H). 13C NMR 
(100 MHz, D2O) d 71.6, 60.3, 59.6.

Synthesis of AGF (40) and its methyl derivative (104)

(3 R,4S,5R)-3-(hydroxymethyl)hexahydropyridazine-4,5-diol hydro-
chloride (AGF, 40). A solution of amine 102 (20.0 mg, 0.069 mmol) 
in a solvent mixture methanol/HCl (6 M; 0.6 ml, v/v¼ 1:1) was 
stirred at room temperature overnight. Volatiles were removed 
under reduced pressure to give compound 40 (12.5 mg, 98%), as 
a colourless viscous oil. 1H NMR (500 MHz, D2O) d 4.07–4.04 (m, 
1H), 3.95 (ddd, J¼ 11.3, 5.2, 2.8 Hz, 1H), 3.75 (dd, J¼ 13.7, 6.6 Hz, 
1H), 3.35–2.30 (m, 1H), 3.25 (dd, J¼ 12.7, 5.1 Hz, 1H), 3.19–3.11 (m, 
1H). 13C NMR (125 MHz, D2O) d 65.0, 64.8, 60.4, 59.5, 44.0. IR (ATR) 
��¼ 3274, 2932, 1570, 1413, 1102, 1029, 817, 657 cm−1.

tert-Butyl (4 R,4aS,8aR)-4-hydroxy-6,6-dimethyltetrahydro-1H-[1,3]diox-
ino[5,4-c]pyridazine-2(3H)-carboxylate (102)61. A mixture of aldol 
10161 (500.0 mg; 1.140 mmol) and 10% Pd/C (100.0 mg; 
0.094 mmol) in methanol (30.0 ml) was stirred under a hydrogen 
atmosphere (1 atm) for 1 h. The mixture was filtered through a 
short pad of celite and evaporated under reduced pressure to 
afford the crude product, which was used in the next step without 
further purification.

The crude product from the previous step was dissolved in 
methanol (2.0 ml) and acetic acid (8.0 ml) was added to the solu-
tion. After 2 min, sodium cyanoborohydride (215.0 mg; 3.421 mmol) 
was added and the mixture was stirred for 30 min at room tem-
perature. After reaction completion, the mixture was diluted with 
dichloromethane and washed with H2O, saturated NaHCO3(aq) and 
brine. Organic layer was dried over anhydrous MgSO4 and volatiles 
were removed under reduced pressure. The residue was purified by 
dry-flash chromatography (ethyl acetate/petroleum ether/methanol 
¼ 76:20:4), to afford 212.7 mg (65%) of the product 102, as a white 
solid. mp 180–181 �C. ½a�20

D þ50.9 (c 1.20, MeOH). 1H NMR 
(500 MHz, DMSO-d6, 65 �C) d 4.59 (d, J¼ 5.7 Hz, 1H), 4.23 (d, 
J¼ 11.4 Hz, 1H), 4.07–4.00 (m, 2H), 3.81 (dd, J¼ 12.2, 5.2 Hz, 1H), 
3.60 (dd, J¼ 12.3, 1.6 Hz, 1H), 3.49–3.42 (m, 1H), 2.90 (t, J¼ 11.7 Hz, 
1H), 2.54–2.50 (m, 1H), 1.41 (s, 3H), 1.40 (s, 9H), 1.35 (s, 3H). 13C 
NMR (125 MHz, DMSO-d6, 65 �C) d 154.4, 97.9, 78.5, 66.5, 65.8, 61.3, 
51.3, 45.0, 28.9, 27.8, 18.5. IR (ATR) ��¼ 3417, 3250, 2983, 2973, 
1695, 1502, 1385, 1177, 1066, 993, 853 cm−1. HRMS (m/z) [MþNa]þ

calcd. for C13H24N2NaO5: 311.1577; found: 311.1584

tert-Butyl (4 R,4aS,8aR)-4-hydroxy-1,6,6-trimethyltetrahydro-1H- 
[1,3]dioxino[5,4-c]pyridazine-2(3H)-carboxylate (103). A mixture of 
10261 (10.0 mg; 0.035 mmol), 30% formaldehyde solution in water 
(19 mL; 0.208 mmol), 10% Pd(OH)2/C (10.0 mg; 0.009 mmol), ethyl 
acetate (300 mL) and catalytic amount of acetic acid was stirred 
under a hydrogen atmosphere (1 atm) for 6 h. The mixture was 
diluted with ethyl acetate and filtered through a short pad of cel-
ite, and volatiles were evaporated under reduced pressure. The 
residue was purified by column chromatography (petroleum 
ether/ethyl acetate ¼ 1:2), to afford 8.8 mg (84%) of the product 
103. 1H NMR (400 MHz, CDCl3) d 4.09 (m, 1H), 4.05 (d, J¼ 3.4 Hz, 
1H), 4.03–3.95 (m, 1H), 3.93–3.80 (m, 1H), 3.65 (m, 1H), 3.15 (bt, 
J¼ 11.8 Hz, 1H), 2.84 (bs, 4H), 2.51 (d, J¼ 10.6 Hz, OH), 1.48 (s, 3H), 
1.45 (s, 9H), 1.42 (s, 3H). 13C NMR (100 MHz, CDCl3) d 155.4, 99.4, 
80.4, 67.1, 66.4, 61.7, 53.9, 39.6, 29.5, 28.4, 18.9.

(4R,5S,6R)-6-(hydroxymethyl)-1-methylhexahydropyridazine-4,5- 
diol hydrochloride (104). To a solution of 103 (8.3 mg; 0.027 mmol) 
in methanol (300 mL) a 3 M HCl(aq) (300 mL) was added dropwise 
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and the resulting mixture was stirred for 24 h at room tempera-
ture. Volatiles were removed under reduced pressure resulting in 
5.4 mg (100%) of pure product 104. 1H NMR (400 MHz, D2O) d 

4.28 (m, 1H), 3.98 (d, J¼ 4.9 Hz, 2H), 3.98–3.93 (m, 1H), 3.39–3.28 
(m, 2H), 3.21 (dd, J¼ 13.2, 5.2 Hz, 1H), 3.04 (s, 3H). 13C NMR 
(100 MHz, CDCl3) d 68.1, 67.1, 65.0, 59.6, 44.5, 41.6. HRMS (m/z) 
[MþH]þ calcd. for C6H14N2O3: 163.1077; found: 163.1171.

Synthesis of mannosidase inhibitors

(−)-Swainsonine (3) was synthesised according to the recently 
published procedure63. Compound AR524 (71) was obtained 
according to the previously published procedure55.

Experimental procedures, spectral data and copies of 1H and 
13C NMR spectra are provided in the Supplementary material.

Enzyme assays

All chemicals were of analytical grade or higher and were pur-
chased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), 
Torlak (Belgrade, Serbia) and Centrohem (Stara Pazova, Serbia). 
The synthetic gene for a-glucosidase pET-22b(þ) was purchased 
from Integrated DNA Technologies (Iowa, USA). Empty pET-22b(þ) 
vector (Merck No: 69744–3) and Escherichia coli (E. coli) cells BL21 
(DE3) strain (Novagen 69450–3) were kindly provided by Professor 
Dr. Stefan Schillberg, Fraunhofer-Institute, Aachen, Germany. 
Recombinant human a-galactosidase (PDB ID: 1R46) was pur-
chased from R&D Systems (Minneapolis, USA).

Expression of recombinant a-glucosidase (Uniprot: P53341, 
MAL12_YEAST weblink: https://www.uniprot.org/uniprotkb/ 
P53341/entry#structure) in Escherichia coli and purification of the 
enzyme were performed according to modified literature proce-
dures65. A synthetic gene encoding a-glucosidase from 
Saccharomyces cerevisiae was inserted into pET-22b(þ) vector to 
produce recombinant protein in cytosol of Escherichia coli. 
Competent E. coli cells, BL21 (DE3) strain, were transformed with 
a-glucosidase-pET-22b(þ) construct and vector pET-22b(þ) with-
out insert using standard heat-shock protocol. The vector without 
insert was used as a control of protein expression. Competent 
cells of E.coli BL21 (DE3) strain stored at −80 �C were thawed on 
ice. pET-22b(þ) plasmid containing a gene and pET-22b(þ) vector 
were mixed with competent cells, incubated on ice for 30 min, 
and used for heat shock treatment at 42 �C for 45 s. After heat 
shock the cells were incubated on ice for 2 min followed by incu-
bation in SOC medium (0.5% yeast extract, 2% tryptone, 10 mM 
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose). 
The cells were finally incubated at 37 �C for 1 h in incubator with 
shaking. The cultures were centrifuged at 13000 rpm and 100 ml of 
cultures were plated on sterile Luria broth (LB) solid plates with 
ampicillin (final concentration 100 mg/L) and left overnight. The E. 
coli transformed cells were picked from LB plates and inoculated 
into sterile LB liquid medium with ampicillin (final 100 mg/L). Cells 
were incubated at 37 �C, 200 rpm overnight in the Biosan Orbital 
Shaker-Incubator ES-20. b-D-1-Thiogalactopyranoside (IPTG) in final 
concentration 0.4 mM was added when cell density expressed as 
A600 reached 0.6 and the culture was further incubated for 18 h 
at 27 �C.

Recombinant enzyme produced by E. coli was harvested 18 h 
after induction. The culture was centrifuged in Beckman 
Centrifuge J-6M (30 min, 3000 rpm, 4 �C) and the collected cells 
were resuspended in lysis buffer (50 mM sodium phosphate, pH 
7.0, 300 mM sodium chloride, 10 mM imidazole). Cells containing 
enzyme of interest were lysed by sonication (10 times for 10 s 

with 30 s breaks) on ice. The cell lysate was centrifuged for 30 min 
at 13400 rpm and the supernatant was filtered through 0.22 mm 
sterile filter. HisTrap fast flow Ni-NTA 5 ml column was equilibrated 
on a HPLC system with 25 ml of 50 mM sodium phosphate, pH 7.0 
buffer (supplemented with 300 mM sodium chloride and 10 mM 
imidazole). Afterwards, concentrated supernatant containing a-glu-
cosidase was loaded to the column. The column was washed with 
25 ml of the same buffer. Proteins were eluted using linear gradi-
ent 10–500 mM imidazole in the same buffer. Fractions with a-glu-
cosidase activity were analysed by SDS gel electrophoresis. Pooled 
fractions were dialysed against 20 mM sodium phosphate buffer, 
pH 7.0 with 10% glycerol and 1 mM DTT. The protein was of satis-
factory purity. Electrophoregram showed the presence of a band 
of the correct molecular mass, about 65 kDa (Figure S-25).

Inhibition of a-glucosidase by iminosugars was assayed by 
measuring hydrolysis rate of p-nitrophenyl glucoside, using modi-
fied literature procedure67a. The purified enzyme was used for 
inhibition assays. The enzyme assay was conducted in 96-well 
microtiter plate by measuring the quantity of p-nitrophenol 
released from the substrate p-nitrophenyl a-D-glucopyranoside 
(pNPG) spectrophotometerically on a LKB 5060–006 Microplate 
Reader. Purified a-glucosidase (2.5 lg/mL) was incubated with 
tested inhibitors at various concentrations (0–0.5 mM) in 100 mM 
sodium phosphate buffer pH 7.0 for 30 min at 37 �C (Biosan PST- 
60H, Plate Shaker-Thermostat), and then pNPG (1.2 mM) was 
added (ƐpNP ¼ 8.3 mM−1cm−1 at 405 nm) and the absorbance 
change was followed at 405 nm for 25 min. All measurements 
were done in triplicates. Percentage of inhibition was calculated 
from the residual activity in comparison to the the control sample. 
The linear regression analysis was performed using GraphPad lin-
ear regression calculator.67b The results are shown in Figure 8 and 
Figures S26–S31.

Inhibition of a-galactosidase A (PDB ID: 1R46) by iminosugars 
was assayed by measuring hydrolysis rate of p-nitrophenyl galac-
toside, using modified literature procedure.67c Recombinant 
human a-galactosidase A was purchased from R&D Systems 
(Minneapolis, USA). The enzyme assay was conducted in 96-well 
microtiter plate by measuring the quantity of p-nitrophenol 
released from the substrate p-nitrophenyl a-D-galactopyranoside 
by the commercial a-galactosidase A. Increase in the absorbance 
at 405 nm was monitored for 90 min spectrophotometrically on a 
LKB 5060–006 Microplate Reader. The enzyme (0.1 lg/lL) was 
incubated with tested inhibitors at different concentrations (0.1– 
100 lM) in 100 mM citrate-phosphate buffer pH 4.5 for 30 min at 
37 �C (Biosan PST-60H, Plate Shaker-Thermostat). Substrate p-nitro-
phenyl a-D-galactopyranoside (4 mM) was added at the end of 
enzyme–inhibitor incubation. Reaction aliquotes were taken dur-
ing 90 min, mixed with 0.4 M sodium carbonate solution and the 
absorbance was measured at 405 nm. All measurements were 
done in triplicates. Percentage of inhibition was calculated from 
the residual activity in comparison to the control sample. The lin-
ear regression analysis was performed using GraphPad linear 
regression calculator.67b The results are shown in Figure 9 and 
Figures S32–S41.

In vitro assays

Cells and viruses

African green monkey kidney epithelial cell line Vero C1008 
(RRID:CVCL_0574, ATCC CRL-1586) and Human lung epithelial cell 
line A549-ACE2 (RRID:CVCL_C0Q5, ATCC #CCL-185; these cells 
were transduced by a lentiviral construction in order to stably 
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express the ACE2 receptor, and were kindly provided by the lab 
of dr. Olivier Schwartz, Virus and Immunity Unit, Institut Pasteur, 
Universit�e Paris Cit�e, CNRS UMR3569, Paris, France; Vaccine 
Research Institute, Cr�eteil, France), were cultured in DMEM (Gibco 
#31966021) supplemented with 10% FBS (Gibco #A3160801) and 
penicillin/streptomycin (100 U/mL and 100 mg/mL, Gibco 
#15140122) at 37 �C in a 5% CO2 atmosphere. In order to maintain 
the selection of the ACE2 clones, Blasticidin (10 mg/mL – Sigma 
Aldrich #SBR00022-10ML) was added to the media.

SARS-CoV-2 BA.1 strain (GISAID ID: EPI_ISL_6794907) was kindly 
provided by the Virus and Immunity Unit (Institut Pasteur, PMID: 
35322239). Viral stocks were generated by infecting Vero C1008 
cells at a multiplicity of infection (MOI) of 0.01 in DMEM supple-
mented with 2% of FBS and 1 mg/mL of TPCK-Trypsin (Sigma- 
Aldrich #1426-100MG). Supernatant was harvested 3 days post- 
infection (p.i.) and stored at −80 �C.

All experiments involving live SARS-CoV-2 were performed at 
the Institut Pasteur Paris (IPP) in compliance with IPP’s guidelines 
following Biosafety Level 3 (BSL-3) containment procedures for air- 
borne viruses. All experiments were performed in at least three 
biologically independent samples.

Antiviral activity assays

A549-ACE2 cells were seeded in 96 well plates at a concentration 
of 1.5E4 cells per well in DMEM supplemented with 10% of FBS 
and incubated overnight at 37 �C, 5% CO2.

Two hours prior to infection, the supernatant was replaced 
with 100 lL of DMEM − 2% FBS containing the compound of 
interest at the indicated concentration (100 mM, 50 mM, 20 mM, 
10 mM, 1 mM or 0,1 mM); or an equivalent volume of DMSO (Sigma 
Aldrich - #D2650), vehicle used as a control. At the time of infec-
tion, the media was replaced with virus inoculum (MOI ¼ 0.1 PFU/ 
cell).

Following a one-hour adsorption at 37 �C, the virus inoculum 
was replaced by 200 mL of drug- (or vehicle-) containing media 
and cells were incubated for an additional 72 h at 37 �C, 5% CO2. 
The supernatants were then collected for RT-qPCR and cell viabil-
ity assay.

Virus quantification by RT-qPCR

72 hpi, supernatants were collected and inactivated 10 min at 
95 �C to further be used for RT-qPCR. SARS-CoV-2 specific primers 
targeting the N gene region: 5’TAATCAGACAAGGAACTGATTA-30

(Forward) and 5’CGAAGGTGTGACTTCCATG-30 (Reverse) were used 
with the Luna Universal One-Step RT-qPCR kit (New England 
Biolabs, #E3005) in an Applied Biosystems QuantStudio 6 thermo-
cycler with the following cycling conditions: 55 �C for 10 min, 
95 �C for 1 min, and 40 cycles of 95 �C for 10 s followed by 60 �C 
for 1 min. The number of viral genomes is expressed as PFU equiv-
alents/mL and calculated by performing a standard curve with 
RNA derived from a viral stock with a known viral titre. Data were 
fit using nonlinear regression, and IC50s for each experiment were 
determined using GraphPad Prism version 8.1.0 (San Diego, CA).

Cell toxicity assay

Cell viability was assessed in drug-treated cells by using Cell 
TiterGlo following the manufacturer’s instructions (Promega 
#G7570). Luminescence was measured in a Tecan Infinity 2000 
plate reader.

Percentage of viability was calculated relative to untreated cells 
and cells lysed with 20% of ethanol.

The numeric data for the antiviral assays and cytotoxicity 
assays, as well as the graphical presentation of the obtained 
results are provided in the Supplementary material.

Supplemental information is available at Supplementary material
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