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The human Golgi a-mannosidase, hGMII, removes two mannose resi-
dues from GlcNAc-MansGlcNAc; to produce GlcNAcMansGlcNAc,, the
precursor of all complex N-glycans including tumour-associated ones.
The natural product GMII inhibitor, swainsonine, blocks processing of
cancer-associated N-glycans, but also inhibits the four other human -
mannosidases, rendering it unsuitable for clinical use. Our previous
structure-guided screening of iminosugar pyrrolidine and piperidine
fragments identified two micromolar hGMII inhibitors occupying the
enzyme active pockets in adjacent, partially overlapping sites. Here we
demonstrate that fusing these fragments yields swainsonine-
configured indolizidines featuring a C3-substituent that act as selective
hGMII inhibitors. Our structure-guided GMIl-selective inhibitor design
complements a recent combinatorial approach that yielded similarly
configured and substituted indolizidine GMII inhibitors, and holds
promise for the potential future development of anti-cancer agents
targeting Golgi N-glycan processing.

Swainsonine (1, Fig. 1) is a natural product indolizidine alka-
loid and an inhibitor of the human Golgi a-mannosidase,
hGMII (MAN2A1)."?> hGMII, a retaining glycoside hydrolase
from the CAZyme family GH38, catalyzes the hydrolysis of both
the terminal o-1,3-linked and «-1,6-linked mannoses from
GlcNAcMansGleNAc, N-glycans, which is essential for further
processing towards complex N-glycoproteins. Alteration of
N-glycan branching through GMII modulation impacts the
metastatic potential of cancer cells, and for this reason swain-
sonine is an interesting starting point for the development of
antitumor agents. Swainsonine has been subject to phase I and
phase II clinical trials, but its nonselective inhibition of other

“ Leiden Institute of Chemistry, Leiden University, Einsteinweg 55, 2333 CC Leiden,
The Netherlands. E-mail: h.s.overkleeft@lic.leidenuniv.nl
b Department of Chemistry, York Structural Biology Laboratory,
The University of York, Heslington, York, YO10 5DD, UK.
E-mail: gideon.davies@york.ac.uk
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4cc04514a
i T. K. and M. B. contrinuted equally to this work.

1734 | Chem. Commun., 2024, 60, 11734-11737

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Structure-guided design of C3-branched
swainsonine as potent and selective human Golgi
a-mannosidase (GMII) inhibitort

Tony Koemans,* Megan Bennett,£° Maria J. Ferraz,® Zachary Armstrong,®

@ Johannes M. F. G. Aerts,® Jeroen D. C. Codée, (2 °
*3 and Gideon J. Davies

*b

human GH38 o-mannosidases (MAN2A2, MAN2B1, MAN2B2,
MAN2C1) hampers its further development.® Specifically, inhibi-
tion of lysosomal o-mannosidase (MAN2B1) causes side-effects
similar to the lysosomal storage disease, o-mannosidosis. Thus,
swainsonine derivatives that selectively inhibit GMII without block-
ing the action of the other human mannosidases, and particularly
that of the lysosomal mannosidase, MAN2B1, may succeed where
swainsonine has failed in becoming effective, clinical anticancer
agents.

hGMII, like the other human a-mannosidases, is a retaining
exoglycosidase that cleaves substrate a-mannosides in a two-
step, double displacement mechanism during which a transi-
ently covalent enzyme-substrate adduct is formed. We recently
developed a fluorescence polarization activity-based pro-
tein profiling (FP-ABPP) assay in which 358 glycomimetics were
screened on their Drosophila GMII (dGMII) inhibitory potency.*
This resulted in the discovery of several hits, including the
micromolar inhibitors 2 and 3 (Fig. 1). These compounds capture
different parts of swainsonine (1) with the swainsonine-configured
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Fig. 1 Iminosugars subject to the here-presented studies: swainsonine
(1), the piperidine (2) and pyrrolidine (3) fragments identified from our
previous studies (K; values for hGMII taken from the literature?) based on
which we designed C3-branched, swainsonine-configured title com-
pounds 4 and 5. Similarly configured indolizidine 6 was recently® reported
as a potent and selective competitive hGMII inhibitor in a natural product-
driven combinatorial chemistry approach.

This journal is © The Royal Society of Chemistry 2024
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2-amino-1,3-diol moiety (shown in red - the 1-8a-8 stretch)
represented in both pyrrolidine and piperidine fragments. The
remaining three carbons in piperidine 2 feature as C5-C6-C7 in
swainsonine, and the remaining two pyrrolidine carbons in 3 as
C2 (as secondary alcohol, with the same stereochemistry) and
C3. In contrast to swainsonine, however, pyrrolidine 3 carries
an exocyclic substituent at this C3 carbon. X-ray studies on
dGMII (a close homologue of hGMII) complexed to either
piperidine 2 or pyrrolidine 3 showed these fragments to occupy
adjacent, partially overlapping positions within the enzyme
active site. Moreover, the structure of dGMII complexed to 3
revealed the amide group of the appendage hydrogen bonded
to the catalytic acid base residue. These data suggested that
fusing the piperidine and pyrrolidine structural elements, while
keeping the trans-configured (with respect to the 1,2-diol) C3
side chain functionality as in 3, may lead to swainsonine
analogues that inhibit GMII with improved selectivity. This
idea was enforced by several studies®’ on C3-substituted
swainsonine analogues, the most compelling of which is the
recent report by Chen et al® They identified in a natural
product-inspired, computational chemistry guided combinator-
ial chemistry approach, a series of (3R)-substituted swainso-
nine derivatives including indolizidine 6 as a low nanomolar
(K; 0.043 uM) hGMII inhibitor with 106-fold selectivity over the
other human a-mannosidases. With this reasoning in mind, we
decided to ‘grow’ our pyrrolidine (2) and piperidine (3) frag-
ments into full-fledged, C3-substituted swainsonines. This
required an efficient route of synthesis, which we established
for the preparation of compound 4 as depicted in Scheme 1.
The route of synthesis starts with a Ferrier rearrangement
and subsequent protective- and functional group manipula-
tions to transform tri-O-acetyl-n-galactal 7 into orthogonally
protected 1,5-diol 8. Bismesylation then gives intermediate 9,
which is susbsequently transformed, with inversion of stereo-
chemistry at the secondary alcohol carbon, into piperidine 12
by double Sy2 displacement with secondary amine 11 (itself
prepared in three steps from partially protected p-serine 10).
Removal of both silyl protective groups was followed by Swern
oxidation of both primary alcohols, and then a double Wittig
event to give diene 13. At this stage and in the optimal route we
swapped the tert-butyl ether for a TBDMS ether (13 to 14), for
reasons explained further down. The subsequent ring-closing
metathesis (RCM, 14 to 15) proved far from trivial, and all
Grubbs-type ruthenium catalysts we tried, also under condi-
tions (addition of acid) that protects the catalyst from the free
tertiary amine, proved abortive. Usage of Schrock’s molybde-
num catalyst fortunately proved productive, yielding indolizine
intermediate 15 in decent (50%) and reproducible yield along
with recovery of reusable starting material. The next key step -
dihydroxylation - as well proved more eventful than antici-
pated. Here we found that the tert-butyl analogue of 15
(thus the RCM product of 13, which can be obtained with equal
efficiently), upon treatment with OsO, predominantly returns
the epimeric (with respect to swainsonine) cis-diol. Treatment
of 15 with OsO, and TMEDA followed by benzylation gave the
desired protected cis-diol 16 as the major product, together

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Reagents and conditions: (i) 1. SnCly, iPrOH, DCM, r.t, 16 h,
62%; 2. Hp, Pd/C, EtOH, r.t, 3 h, 90%; 3. NaOMe, MeOH, r.t, 2 h, 99%; 4
NapBr, Taylor's catalyst, KI, K,COsz, MeCN, 65 °C, 3 h, 89%; 4. BnBr, NaH,
TBAI, DMF, rt., 16 h, 94%; 5. 4:1 AcOH/1 M HC|, 60 °C, 16 h, quant.; 6.
NaBH,, EtOH, r.t., 3 h, 98%; (ii) 1. MsCl, pyr, 0 °C, 2 h, quant.; 2. DDQ, 3:1
DCM/H,0, r. t.,, 3 h, quant; 3. TBSCL, imidazole, DCM, 0 °C, 2 h, 96%; (iii) 1.
Isobutyl chloroformate, N-methylmorpholine, NaBH,4, DCM, —15 °C, 2 h,
quant; 2. TBSC|, imidazole, DCM, 0 °C to r.t,, 2 h, 89%; 3. Pd/C, H,, EtOH,
rt., 16 h, 98%; (iv) DIPEA, MeCN, 50 °C to 70 °C, 4 days, 77%; (v) 1. TBAF,
THF, r.t., 16 h, 94%; 2. Oxalyl chloride, DMSO, EtzN, DCM, =78 °Cto 0 °C, 5
h; 3. MeP(Ph)sBr, NaHMDS, THF, —78 °C to 0 °C, 16 h, 36% (over 2 steps);
(vi) 1. TFA, H,O, 0 °C to r.t., 2 h, 77%; 2. TBSCI, imidazole, DCM, 0 °C, 2 h,
94%,; (vii) Schrock—Hoveyda catalyst, benzene, r.t., 16 h, 50%; (viii) 1. OsO4,
TMEDA, DCM, —78 °C, then ethylenediamine, r.t., 16 h, 48% (together with
16% stereoisomeric cis-diol); 2. BnBr, NaH, DMF, r.t., 4 h, 70%; (ix) TBAF,
THF, r.t., 2 h, 82%; (x) 1. CrO3, H,SO4, H,O, acetone, 60 °C, 30 min, 42%; 2.

Heptylamine, HATU, DIPEA, r.t, 16 h, 92%; 3. Pd/C, H,, HCl, dioxane, r.t.,
16 h, 89%.

TBDMSO

with a significant portion of the epimeric one (3:1, 64% overall
yield in this key step). Addition of ethylene diamine following
the dihydroxylation step was required to break up the inter-
mediate osmate ester, and for this reason stoichiometric OsO,
was needed to achieve an effective dihydroxylation. Removal of
the silyl protective group followed by Jones oxidation of the
resultant primary alcohol 17, condensation of the carboxylic
acid with heptylamine and final global hydrogenolytic depro-
tection yielded target indolizidine 4.

With the aim to demonstrate the generality of the route of
synthesis, we prepared similarly configured indolizidine 5, now
by reacting bismesylate 9 with allylamine 18 with the alkyl side-
chain already installed. The ensuing route of the thus obtained
piperidine (see the ESIt for details) towards indolizidine 5
proceeded through the same general sequence of events
(liberation of the diol, double Swern oxidation followed by
double Wittig olefination, then RCM and then dihydroxylation)
with comparable efficiency as described for 12.

With branched swainsonines 4 and 5 in hand, we then deter-
mined their inhibition constants, together with that of swainsonine
1 as inhibitors of both hGMII and dGMII in a fluorogenic subs-
trate assay with concentration-dependent inhibition of enzymatic
4-methylumbelliferyl-o-p-mannoside (4-MU-o-p-man) hydrolysis as
the readout. Both enzymes are potently inhibited by swainsonine
(Ki hGMII 40 nM, K; dGMII 20 nM). As we reported previously,
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piperidine 2 (K; hGMII 100 pM, K; dGMII 58 pM) and pyrroli-
dine 3 (K; hGMII 41 puM, K; dGMII 11 uM) are about three-fold
weaker inhibitors for both enzymes. 3(R)-heptyl-swainsonine 5
(K; hGMII 308 uM, K; dGMII 167 uM) actually turns out to be a
weaker inhibitor compared to the two fragments. Amide-
modified swainsonine 4 in contrast (K; hGMII 15 pM, K; dGMII
6 pM) is somewhat (relative to pyrrolidine 3) to considerably
(relative to piperidine 2) more potent as inhibitor of both
dGMII and hGMII. Besides the presence of a C3 sidechain, also
the nature of this pharmacophore is therefore of influence on
inhibition potency. This is supported by the work of Chen et al.®
who performed extensive optimization studies on this part of
the scaffold, arriving at the nanomolar hGMII inhibitor 6
(Fig. 1).

The selectivity of compound 4, being the most potent of the
two branched swainsonine derivatives, was determined next in
a fluorogenic substrate assay side by side with swainsonine 1,
piperidine 2 and pyrrolidine 3. For this, extracts of cells in
which either of the five human o-mannosidases (MAN2A1/
hGMII, MAN2A2, MAN2B1, MAN2B2, MAN2C1) were brought
to overexpression are first treated with these competitive
inhibitors at varying concentrations, and subsequently with
4-methylumbelliferyl o-p-mannoside. Swainsonine 1 was
revealed to be the most potent hGMII inhibitor also in these
assays (Table 1B, values for MAN2A1), with the inhibitory
potency of compounds 2-5 towards overexpressed hGMII more
or less following the trent observed for recombinant dGMII. We
note that comparing trents and absolute values observed from
the two assays should be done with caution: the origin (species)
of the enzymes is different. As well, the second assay makes use
of samples in which one mannosidase is brought to over-
expression but in which the other four are also present at
endogenous expression levels. Yet these assays do allow inter-
pretation of some trents to evaluate whether our branched
swainsonine derivatives hold merit as GMII-selective inhibitors.
Which we believe is the case, to some extent. Swainsonine 1 is,
besides MAN2A1 (hGMII), also the most potent inhibitor of
MAN2A2 and MAN2B1 of the series, and together with pyrroli-
dine 3, also the most potent MAN2B2 inhibitor. Rather strik-
ingly, compound 3 proved to be the most potent MAN2C1
inhibitor, outperforming swainsonine 1 in this regard, with
the other compounds inactive up until 100 micromolar. The
reported broad spectrum activity of swainsonine 1 is therefore
also apparent from these studies. Piperidine 2 proved inactive
for all five enzymes and this holds true as well for
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alkylindolizidine 5. Pyrrolidine 3 gives a mixed picture, and is
besides being a remarkable MAN2C1 inhibitor also as noted on
par with swainsonine for MAN2B2. It is 10-fold less active for
hGMII (MAN2A1) in this assay compared to indolizidine 4. This
latter compound turns out to be the second-most active hGMII
inhibitor after swainsonine in this assay, which matches the
result from the kinetics assay on dGMII. It is also rather
selective, although MAN2B2 and especially MAN2B1 are inhib-
ited rather potently as well.

Aiming to further investigate the mode of action of these
inhibitors we soaked dGMII with 4 and 5 to produce three
complexed crystal structures resolved to 2.14 A and 2.47 A
resolution respectively. Both 4 and 5 were only partially mod-
elled with electron density missing for part of, or all of (in the
case of 5) the alkyl chain (see also the ESIt). As dictated by the
stereochemistry at C3 it is likely that these alkyl chains point
towards the “+1” sugar binding pocket but due to the likely
flexibility of these chains, and their inability to be resolved in
the electron density, we cannot be completely certain. Unsur-
prisingly, the structure of these complexes resembled typical
GH38 family type folds, with DALI servers® identifying high
structural similarity to other GH38 enzymes such as bovine
lysosomal o-mannosidase (PDB: 107D, 27% sequence identity,
rmsd of 2.0 A across 250 Ca residues®) and Streptococcus
pyogenes a-mannosidase (PDB: 2WYH, 14% sequence identity,
rmsd of 3.3 A across 905 Ca residues).'® Both dGMIT and ligand
contribute in coordinating the active site zinc,* and the octahe-
dral zinc complex is formed by the 1- and 2-hydroxyls of the
pyrrolidine ring together with His90, Asp92, Asp204 and His471
(Fig. S5, ESIT). The overall binding motif of 4 and 5 emulates
that of swainsonine; coordinated by a series of hydrogen bonds
in the active site (Fig. S6 (ESIt) and Fig. 2A). These hydroxyls on
the pyrrolidine ring are also within hydrogen bonding distance
of Asp92, Asp204 and Asp472. The hydroxyl attached to C1 of
the piperidine fragment is hydrogen bonded to Asp472 and
Tyr727. This hydrogen bonding network is also seen separately
for each of the piperidine and pyrrolidine iminosugar frag-
ments 2 and 3 (Fig. 2B and C).* The nitrogen of the ring in both
4 and 5 is coordinated by hydrogen bonds of approximately
2.7 A and 3.2 A respectively, from Asp204 (Fig. S6, ESIt).
Compound 4 displays a K;, towards both dGMII and hGMII
>20-fold higher than that of compound 5. The additional
hydrogen bond between the amide of 4 and acid/base residue
Asp341, which is absent for compound 5 (Fig. S6 (ESIf) and
Fig. 2), may explain this difference in inhibitory potency. This

Table 1 (A) Inhibition constants (K; values in uM) of swainsonine 1, piperidine 2, pyrrolidine 3 and branched indolizidines 4 and 5 as dGMII and hGMI|
inhibitors. (B) ICsq values for compounds 1-5 in lysates of human epithelial cells overexpressing MAN2A1/hGMII, MAN2A2, MAN2B1, MAN2B2 or MAN2C1

A B
dGMII hGMII MAN2A1 MAN2A2 MAN2B1 MAN2B2 MAN2C1
1 0.08 £ 0.008 0.04 £ 0.009 2.4+ 0.2 30 £+ 3.0 1.6 &= 0.06 15 £ 0.6 24 £ 0.5
2 58 £ 3 100 £ 7 >100 >100 >100 >100 >100
3 10.8 £ 0.8 41+ 3 98 + 16 >100 58 + 2.6 13 £ 0.25 0.12 £ 0.007
4 5.6 = 0.6 15+ 5 9.1 £ 2.0 66 + 11 24+ 1.3 1.5 £ 0.05 >100
5 167 £ 13 308 £ 7 102 £ 12 >100 >100 >100 >100
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Fig. 2 Comparison of the binding pockets of dGMIl in complex
with inhibitors 1-4. Images were created and visualised in CCP4mg
(v. 2.10.11). The structure of 4 is displayed in blue cylinder form throughout.
(A) Binding pocket of dGMIl:4 with active site residues (yellow) SSM
superimposed with the binding pocket of dGMII (lilac residues) in complex
with 1 (green) (PDB: 3BLB). (B) Binding pocket of dGMII:4 with active site
residues (yellow) SSM superimposed with the binding pocket of dGMI! (lilac
residues) in complex with inhibitor 2 (orange) (PDB: 6RRX). (C) Binding
pocket of dGMII:4 with active site residues (yellow) SSM superimposed
with the binding pocket of dGMI! (lilac residues) in complex with inhibitor 3
(red) (PDB: 6RRN).

interaction also appears in other lyxo-configured pyrrolidine
inhibitors such as 3 and other previously reported low puM
inhibitors (Fig. 2).* By molecular docking, Chen and coworkers
uncovered a hydrogen bonding network to exist between Tyr354
and a thiourea substituent in one of their inhibitors.” We do
not observe this hydrogen bonding in our inhibitors with the
corresponding residue (Tyr269 from dGMII) being positioned
>4 A away from any possible coordinating partner such as the
amide nitrogen in 4 or nitrogen in the bicyclic ring of both 4
and 5. Additionally, Chen and colleagues noticed the occur-
rence of Sigma-rn interactions and hydrophobic interactions
between the 4-alkylcyclohexyl substituent in 6 with Tyr352/
His358 and GIn150/Tyr316 in hGMIIL. They did not observe
these interactions with hLM (MAN2B1), which may explain
improved selectivity of this inhibitor for hGMII.

In conclusion, we here report a flexible and convergent strategy
for the synthesis of C3-substituted swainsonines, which we demon-
strate here in the synthesis of indolizidines 4 and 5. Underscoring
the literature report on the more elaborate indolizidine 6, com-
pound 4 proves both more potent and more selective than the
piperidine (2) and pyrrolidine (3) fragments as hGMII inhibitor.
Structural studies corroborate the hypothesis behind our studies
and indolizidine 4 occupies the partially overlapping sites where we
previously* found compounds 2 and 3 to reside. The structural
overlap with the swainsonine 1 bound structure is remarkable and
additional interactions with the indolizidine 4 exocyclic amide
bond with the enzyme active site likely contribute to the enhanced
inhibitor potency (note that indolizidine 5 with a simple alkyl chain
branch is less active). Chen and co-workers recently demonstrated
that elaboration at this position yields nanomolar, selective hGMII
inhibitors.” They arrived at the same 3(R)-substituted swainsonine

This journal is © The Royal Society of Chemistry 2024
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scaffold following a strategy totally different from ours: combina-
torial and natural product-inspired versus fragment based and
structure-guided. Our approach supports the notion that hGMII,
which has for several decades been regarded as a potential drug
target, is druggable: compounds may be discovered that are selective
for GMII over the four other human o-mannosidases.” ™" Besides
this, we feel our approach, selecting hits from our pyrrolidine/
piperidine iminosugar library in an FP-ABPP assay, and then in a
structure-guided fashion elaborate these hits to arrive at more potent
and more selective inhibitors, should translate well to other disease-
related glycosidases.
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