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Structural essentials for B-N-
acetylhexosaminidase inhibition

A. F. G. Glawar,**" S. F. Jenkinson,? R. F. Martinez,? B. J. Ayers,® M. Hollas,? N.
Ngo .2 S. Nakagawa,® A. Kato,*® T. D. Butters® and G. W. J. Fleet®”

This paper explores the computer modelling aided design and synthesis of [-N-
acetylhexosaminidase inhibitors along with their applicability to human disease treatment
through biological evaluation in both an enzymatic and cellular setting. We investigated the
importance of individual stereocenters, variations in structure activity relationships along with
factors influencing cell penetration. To achieve these goals we modified nitrogen heterocycles
in terms of ring size, side chains presence and ring nitrogen derivatization. By reducing the
inhibitor interactions with the active site down to the essentials we were able to determine that
besides the established 2S, 3R trans-relationship, the presence and stereochemistry of the
CH20H side chain is of crucial importance for activity. In terms of cellular penetration, N-
butyl side chains favour cellar uptake, while hydroxy- and carboxy-group bearing sidechains
on the ring nitrogen retarded cellular penetration. Furthermore we show an early proof of
principle study that B-N-acetylhexosaminidase inhibitors can be applicable to use in a potential
anti-invasive anti-cancer strategy.

Sachs, Sandhoff and Schindler-Kanzaki disease.?2 There are few
therapeutic options for treating these disorders, but the design

Glycoproteins and glycosphingolipids (GSLs) are ubiquitous
components of eukaryotic cell membranes where they
contribute both to structural integrity and the recognition and
signalling between cells and binding partners in the
extracellular space.! The covalently bound oligosaccharide
linked to asparagine or serine and threonine residues in
glycoproteins contains N-acetylglucosamine (GIcNAc) and N-
acetylgalactosamine (GalNAc) as the terminal reducing sugar
in N-linked and O-linked glycoproteins, respectively, and as
part of the extended glycan chain. GSLs also contain these N-
acetylhexosamine (HexNAc) residues at non-reducing positions
in the glycan chain.

Lysosomal catabolism of glycoproteins and GSLs is an
essential part in the maintenance of cell surface membranes and
deficiencies in HexNAcase activity are responsible for
genetically inherited storage disorders in man, including Tay-
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of enzyme-targeted inhibitors, or carbohydrate mimics such as
iminosugars that act as chaperones, offers a potential route for
enhancing enzyme activity in the lysosome (Figure 1).3
HexNAcase is also one of the glycosidases secreted into extra
cellular space by cancer cells in the cocktail of enzymes to
remodel and degrade the extra cellular matrix (ECM), allowing
the cancer to spread to secondary locations in a process known
as metastasis formation.* Although the inhibition of proteases
to prevent metastasis formation is well established, the use of
iminosugars to inhibit glycosidases like HexNAcase has been
less commonly employed.> Many components of the ECM
however contain carbohydrate residues and hence inhibition of
HexNAcase is a viable anti-invasive strategy.
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Figure 1: Potent HexNAcase inhibitors containing acetamide or methyl amide
group. Highlighted in red 2S, 3R trans-relationship present in potent inhibitors.

Nanomolar iminosugar inhibitors of HexNAcases (Figure 1)
have been isolated from bacterial broths including: siastatin B
1,6 pochonicine 27 and nagstatin 3.2 HexNAcase inhibitors
containing an acetamide-group have been synthesised in
various ring sizes ranging from 6- to 4-ring (Figure 1).
Featuring a piperidine scaffold this has included DNJNAc 4°
and DGJNACc 5, the latter is also the most powerful inhibitor of
the glycosidase a-N-acetylgalactosaminidase known to date.'®
Equally several powerful HexNAc inhibitors with a 5-ring
scaffold and a NAc group are known. This group incorporates
the pyrrolidines devised by Wong et al. including ADMDP 6
(0.1 uM, Jack bean),!* and the 5-carbon scaffold based
LABNACc 7 (6.7 uM, human placenta),'? and XYLNAc 8 (4.5
uM, human placenta).'® The latter is a very recent addition to
the stock of known HexNAc inhibitors along with the 4-ring
inhibitor 9 (358 uM) based on the azetidine scaffold.'4

In previous studies the methyl amide group has been
recognized as a bioisostere of the NAc group and inhibitors
ranging in ring size from 6 to 4 have also been devised
featuring this functional group (Figure 1). This has included the
pipecolic amide 10'® containing a piperidine ring, which is a
powerful HexNAcase inhibitor (0.14 uM, human placenta) and
is the starting point for this study. The 5-ring pyrrolidine amide
11 is equally powerful (0.20 puM, human placenta) and
structurally highly related to ADMDP 6. In terms of the 4-ring
system the azetidine amide 12 (3.3 uM, human placenta) has
recently been synthesised.'6
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The overall aim of this study was to provide general guidelines
on the effective design and synthesis of HexNAcase inhibitors
and to show their applicability to human disease treatment.
Variations in ring size, stereochemistry, presence of
substituents along with cross-comparison relative to previously
synthesized inhibitors allowed us to identify the essential
interactions of the inhibitors with the HexNAcase active site. In
particular ring contraction allowed us to identify the key
functional groups essential for inhibitory activity. The reduction
in ring size also had the side effect of making the inhibitor more
atom- and synthetically step-efficient and reduced the
complexity of the inhibitors due to the lower number of
stereocenters involved. As a result of these efforts the following
structure activity relationships emerged for the core structure of
the inhibitors: The trans-motif down-C3-OH and up-C2-
NAc/methylamide (2S, 3R) needs to be preserved throughout.
Additionally the importance of the presence and stereochemical
orientation of the CH20H sidechain could be shown.

Molecular modelling was used to rationalize the observed
activity of the lower ring homologues. Furthermore predictions
for future inhibitors were made based on the established model.
Using these results in combination with further molecular
modelling we were able to predict that of pipecolic amide 10
the substituents of C2, C3 and C6 need to be preserved without
change, while C4 and C5 could be used for derivatization. Such
analogues could be used to tune further properties of the
inhibitors like biodistribution, oral availability and cellular
uptake.

In order to trial such a derivatization the ring nitrogen of
pyrrolidine 11 was modified with a variety of substituents, due
to the relative ease of synthetic access via reductive amination.
The degree of cellular and organelle penetration was measured
using a HPLC based free-oligosaccharide (FOS) assay,
indicating that polar side chains restricted access, while
hydrophobic side chains favour cellular uptake.

Finally with a supply of potent HexNAc inhibitors in hand, we
investigated their biological activity in a cellular Boyden
chamber experiment, to show their applicability to anti-cancer
treatment. This showed that HexNAc inhibitors lend themselves
to combinatorial treatment with protease inhibitors and are able
to reduce invasiveness of the highly aggressive breast cancer
cell line MDA-MB- 231.

Results and Discussion

The following iminosugars were synthesised in addition to
support our structure activity study of HexNAc inhibitors.

Synthesis of pipecolic amides 10 and 13

Two epimeric pipecolic amides 10 and 13, both derived from D-
mannose, were investigated. Azido lactone 15 (Scheme 1),
previously employed in the synthesis of diastereomers of
homonojirimycin,’” was the common key intermediate.
Isolation of the C6 hydroxyl group followed by oxidation and
reductive amination between C2 and C6 with retention of the
stereochemistry at both centres leads to the bicyclic

This journal is © The Royal Society of Chemistry 2016



intermediate 16. Lactone opening with methylamine followed
by global deprotection allowed access to pipecolic amide 10.
The lead compound, pipecolic amide 10, previously synthesised
by Shilvock et al.,!® has been shown to be a potent B-
hexosaminidase inhibitor [Ki 0.01 pM, human placenta].
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Scheme 1: General strategy towards pipecolic amides. i) Lit.'®* NaCN, H,O0,
NaHCO3, then H,S0y; ii) Tf,0 then NaN; introduced with retention.

The C6-epimer 13 of pipecolic amide 10 was synthesised in a
similar fashion from the related bicycle 17.1° In this case
inversion of configuration at C6 of the azidolactone 15 was
now required. Isolation of the C6-hydroxyl group of
azidolactone 15 and its activation as the
trifluoromethylsulfonate allowed inversion via an internal Sn2
displacement following reduction of the C2 azide functionality
to give bicycle 19 in 87% yield (Scheme 2). Lactone opening
with methylamine gave amide 20 (75%) and global
deprotection under acidic conditions afforded the desired
epimeric pipecolic amide 13 (60% yield).

Scheme 2: Conditions: i) Tf,0, Pyr, DCM, -30 to -20 °C; then H,, 10% Pd/C,
NaOAc, EtOAc, 87%; ii) MeNH,, THF, RT, 75%; iii) MeOH/HCI, RT, 60%.

Synthesis of pyrrolidine amide 21

The synthesis of all 16 pyrrolidine amides has previously been
reported.* The most active p-hexosaminidase inhibitor of these

This journal is © The Royal Society of Chemistry 2016

was shown to be mannonoamide 11 [Ki 0.027 uM HL60 cell
homogenate]. In order to probe the importance of the presence
of the CH20H side chain lyxonamide 21 (Scheme 3) was
synthesised.
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Scheme 3:i) TFA, 1,4-dioxane, H,0, RT, 88%; ii) Tf,0, Pyr, THF, -30 to -10 °C; iii)

H,, Pd (black), EtOAc; iv) NaBH,4, EtOH, 63% over 3 steps v) 2M HCl, 90% over 3
steps; vi) MeNH,, MeOH, 58% over 3 steps.

Lyxonamide 21 was accessed from the azido diol 22 which can
readily be synthesised in 3 steps from D-lyxonolactone 23.2°
Selective activation of the primary hydroxyl as the
trifluoromethanesulfonate followed by hydrogenolysis resulted
in formation of bicyclic intermediate 26, and subsequent ring
opening with methylamine in methanol gave the desired
lyxonamide derivative 21 (58% over 3 steps). The bicyclic
intermediate was additionally used to access the iminosugar
DAB 27, by reductive ring opening of the lactone (63% over 3
steps), and the corresponding amino acid 28, by acid catalysed
hydrolysis (90% over 3 steps).
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Scheme 4: Synthesis of the enantiomeric iminosugars.

In a similar manner L-lyxonolactone 29 was used as a starting
material to provide access to the enantiomeric iminosugars 30,
31 and 32 (Scheme 4). DMDP amino acid 33 and 7a-
epialexaflorine 34 ?? not sure what we were going to say about
these — same relative stereochem - 7aepialexaflorine naturally
occurring amino acid - is DMDP-AA? — comparison of enant.??

Derivatives of D-manno-amide pyrrolidine 11
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N-Alkylation has previously been seen to affect both the
inhibitory profile of iminosugars and their cell penetration
ability'® Based on the previous study the N-butyl and N-
hydroxyethyl derivatives were selected for investigation along
with the N-propionic acid derivative. N-Propionic and acetic
acid derivatives of iminosugars have recently been found to be
naturally occuring in species of XXXX PROBABLY MISS
THIS SENTENCE OUT unless have something from ROB .
The N-butyl and N-hydroxyethyl compounds were synthesised
via reductive aminations with butyraldehyde and glyclaldehyde
dimer respectively to give 35 (88%) and 36 (93%) (Scheme 5);
whereas the propionic acid derivative 37 was synthesised via a
Michael addition with t-butylacrylate followed by acidic
hydrolysis (99% over 2 steps).

HGC OH HC OH
R i R
HOH,C ™ N CONHMe HOH,C * N CONHMe
H
1 35
e
HOC OH HOC OH
HOH,C "™y~ CONHMe HOH,C "Z:LCONHMS
OH 36 COyH 37
Scheme 5: i) Butyraldehyde, 10% Pd/C, H,, 1,4-dioxane, H,0O, 88%; ii)

glycoaldehyde dimer, 10% Pd/C, H,, 1,4-dioxane, H,0, 93%; iii) t-Butylacrylate,
MeOH, 55 ©C; then TFA, H, 0, RT, 99%.

Enzymatic evaluation and cross comparison of NH iminosugars

With the epimeric pipecolic amides 10 and 13, the six
pyrrolidines 11, 21, 31, 38, 39 and 40 and the azetidines 12 and
41 in hand, we proceeded to perform a cross comparison of
their inhibition profiles against -N-acetylglucosaminidase, o-
N-acetylgalactosaminidase and B-N-acetylgalactosaminidase,
the results of which are listed in Table 1 and 2. Based on this
cross comparison the following conclusions can be drawn:

The methyl amide group is a bioisostere of the CH2NAc group
as can be seen when comparing the enzymatic inhibition of
pyrrolidine 11 and ADMDP 6 and similarly when comparing
azetidine amide 12 with azetidine NAc 9 (Figure 1). This has
been shown in general when comparing pyrrolidine amides
with their corresponding ADMDP-acetamide counterparts.'4 2

With this bioisostere comparison established, the structural
requirement for inhibition activity in form of the 2S,3R trans-
motif between the hydroxyl and nitrogen containing functional
group emerges. [This has been highlighted in red for known
potent HexNAc inhibitors in Figure 1 and similar for structures
contained in Table 1 and 2.] The 6-ring 10 and 5-ring 11 are
particularly active inhibitors displaying this 2S,3R trans-motif
with a Ki of 0.01 uM (human placenta)!® and 0.027 uM (HL60)
respectively.

4 | Chem. Sci., 2016, 00, 1-3

The completely inactive pipecolic amide 13 (Table 2) is exempt
from this generalisation, pointing to the importance of the
CH:20H for potent inhibition. This encouraged us to probe
deeper into the importance of the CH20OH side chain in the 5-
ring system. Epimerisation of CH20H at C5 in pyrrolidine 11
gave pyrrolidine 38 with a > 20-fold (human placenta, 5.3 uM)
reduction in inhibition. While complete removal of the CH2OH
group in pyrrolidine 21 was shown to be a 50-fold weaker
inhibitor than 11 with an 1Cso of 13 uM (human placenta).
Azetidine 12 containing a novel 4 membered ring scaffold,
which has been shown to be stable for more than 6 months in
aqueous solution, showed comparable inhibition to pyrrolidines
38 and 21.16
The enantiomeric iminosugars 31, 39, 40 and 41 shown in
Table 2 all displayed considerably weaker inhibition profiles,
consistent with the absence of the 2S,3R trans-motif.
Based on the enzymatic evaluation the following essential
SARs for HexNAc inhibitors emerge:
1. The methyl amide group is a powerful bioisostere of
CH2NHACc
2. A trans-relationship between
CONHMe in a 2S,3R motif
3. The presence of a terminal CH20OH group in a trans-
relationship relative to C2-CONHMe
The modelling section of this manuscript aims to further
rationalize these observations.
The iminosugars were found to have a high selectivity against
hexoaminidases, screening against the standard panel of
glycosidases showed no significant activity (for full tables of
data see Supporting Information).

C3-OH and C2-

This journal is © The Royal Society of Chemistry 2016
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Table 1: Concentration of iminosugars with 2S, 3R configuration giving 50% inhibition of various glycosidases.

|C50 in ]J,M [K. in },LM]

o HO  OH HO ~ OH Ho  oH OH
e it iyl " <
m HOHLC " ~CONHMe  HOH,E = 7™~ CONHMe N CONHMe  HOMZC = /—CONHMe
HOH,C H CONHMe H H H H
Enzyme 10 11 38 21 12
p-N-
Acetylglucosaminidase
Aspergillus
oryzae 49 0.30 6.6 47 64
Bovine kidney 0.27 0.22 48 9.7 2.7
HL60 0.36 0.20 [K; =0.027] 6.1 [Ki=14.9] 16 [K; = 42.5] 5.2 [Ki =0.89]
Human - c
placenta 0.14 [K; = 0.01] 0.20 5.3 13 43
Jack bean 0.29 0.033 1.2 9.1 4.2
a-N-
Acetylgalactosaminidase
Eﬁ;gg'a NIP (0%) NI® (1.0%) NI® (9.0%) NI® (5.4%) NI® (15.3%)
Chicken liver NI2 (0%) NI2 (0%) NI2 (0%) NP2 (5.1%) NI2 (0%)
p-N-
Acetylgalactosaminidase
Aspergillus
oryzae 26 0.35 7.3 57 36
HL60 1.8 1.0 26 21 20

NI2: No inhibition (less than 50% inhibition at 1000 pM); ( ): inhibition % at 1000 uM.
NIP: No inhibition (less than 50% inhibition at 500 uM); ( ): inhibition % at 500 pM.
[1% Data from Shilvock et al., 1998.1
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Table 2: Concentration of enantiomeric (31, 39, 40, 41) and epimeric (13) iminosugars giving 50% inhibition of various glycosidases.

ICso in },lM
O HO  OH HO  OH HG  OH OH
HO LOH j _f j
m HOH,C " "GONHMe  HOH,GC "™~ CONHMe N~ “CONHMe  HOMZC = (7w CGONHMe
HOH,C H CONHMe B H H H

Enzyme 13 39 40 31 41
p-N-
Acetylglucosaminidase

Aspergillus NI® (0.0%) 53 NI® (9.3%) NIE (0.4%) NI® (21.4%)

oryzae

Bovine kidney NI? (28.9%) 32 566 NI? (5.2%) NI? (46.8%)

HL60 NI? (14.5%) 50 [K; = 75.1] 849 N2 (8.4%) NI? (34.7%)

Human NI (24.7%) 41 584 NI® (3.3%) NI (42.8%)

placenta

Jack bean NI? (21.3%) 7.3 119 N2 (8.3%) 797
a-N-
Acetylgalactosaminidase

Charonia b b b b a

lampas NIb (14.4%) NI® (1.8%) NI® (4.7%) NI® (3.5%) NI? (13.9%)

Chicken liver NI2 (0%) N2 (9.6%) NI? (10.0%) NI? (3.1%) NI? (12.5%)
p-N-
Acetylgalactosaminidase

Aspergillus a(Q 70 a (9 RO a (0.49 a 0

oryzae NI? (8.7%) 84 N2 (9.6%) N2 (0.4%) NI? (26.0%)

HL60 NI? (10.6%) 206 NI? (30.2%) NI? (1.8%) NI? (11.3%)

NI%: No inhibition (less than 50% inhibition at 1000 uM); ( ): inhibition % at 1000 uM.
NIP: No inhibition (less than 50% inhibition at 500 uM); (): inhibition % at 500 uM.

Enzymatic evaluation of derivatives of pyrrolidine 11

The most potent 5-ring iminosugar 11 was modified via
alkylation on the ring nitrogen to give the butyl- 35,
hydroxyethyl- 36 and carboxyethyl- 37 derivatives and
subjected to the same enzyme panel (Table 3). N-Alkylation of
11 led to a decrease in inhibitory activity against p-N-
acetylglucosaminidase. All the derivatives 35, 36 and 37 gave
very comparable levels of inhibition with Kis of 1.31 uM, 0.72
1M and 1.08 uM respectively (HL60).

Free oligosaccharide analysis to establish cellular uptake

The derivatised 5-ring inhibitors 35, 36 and 37 along with it’s
parent compound 11 were subjected to free oligosaccharide
analysis to evaluate differences in cellular uptake. The general
concept for this assay is outlined in Figure 2. The side chain
derivatives of the 5-ring show the same general trends that we

6 | Chem. Sci., 2016, 00, 1-3

observed in the 6-ring system DGJNAc 5.1% The hydrophobic
N-butyl side chain promoted cellular uptake of the iminosugar,
whereas the hydrophilic hydroxyethyl or carboxylic acid
modifications restricted the inhibitors to extracellular space. In
Figure 3C it is shown at 50 uM the N-butyl derivative 35 is 5-
fold more efficient at inhibiting B-N-acetylglucosaminidase on
a cellular level than the propionic derivative 37 and 10-fold
more effective then the hydroxyethyl derivative 36 on a cellular
level, despite having very comparable levels of inhibition on a
enzymatic level. Even at 200 uM concentrations (Figure 3D)
this difference in cellular penetration can still be detected. This
establishes the influence of iminosugar ring nitrogen
derivatisation as a point of manipulating cell penetration as a
more universal concept.

This journal is © The Royal Society of Chemistry 2016
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Table 3: Concentration of pyrrolidine amide 11 and derivatives giving 50% inhibition of various glycosidases.

ICxo |nuM
HO, OH HO. OH HO CH

S & S = G &
\ HOM,C ™~ ~CONHMe  HOH,C " "~CONHMe  HOH,C "~ ~CONHMe

HOH,G ™y " CONHMe H
H
CCH OH
Enzyme 11 37 36 35
p-N-
Acetylglucosaminidase
Human 0.20 19 48 11
placenta
Bovine
kidney 0.22 2.7 6.3 15
Jack bean 0.033 0.41 1.8 0.35
HL 60 0.2 [K; =0.027] 1.6 [K; =1.08] 49 [K; = 0.72] 1.4 [K; =1.31]
Aspergillus
oryzae 0.30 3.4 17 0.83
a-N-
Acetylgalactosaminidase
Charonia a c a c a c a c
lampas NI2 (1.0%) NI? (15.9%) NI2 (1.6%) NI2 (0%)
Chicken liver NI? (0%)P NI (9.8%)° NI? (20.8%)° NI? (7.9%)°
p-N-
Acetylgalactosaminidase
HL60 1.0 7.9 15 3.9
Aspergillus
oryzae 0.35 37 16 0.79

NI%: No inhibition (less than 50% inhibition at 1000 pM).
® (): inhibition % at 1000 uM.
¢ (): inhibition % at 500 uM.
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Figure 2: 5 stages of Free Oligosaccharide (FOS) analysis: 1) Cells are grown in presence of iminosugar causing incomplete breakdown of oligosaccharides; 2) Cells are
homogenized to liberate oligosaccharides from cells and organelles; 3) Oligosaccharides are purified by removal of cellular debris; 4.) Using reductive amination the
reducing terminus of the oligosaccharide is fluorescently labelled with 2-AA; 5) HPLC anaylsis in comparison to reference to identify oligosaccharides present.
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Figure 3: HL60 cells were homogenized and the free oligosaccharides (FOS) extracted as described in the experimental section. After 2-AA labelling the FOS were
separated using HPLC. A) shows the profile of untreated cells while B) shows cells treated with 200 uM of DGJNAc 5. Peaks have been numbered and their structure
given in the supporting information. The ratio of the areas of peak 5 and peak 7 were used to gage fB-hexosamindase inhibition on a cellular level. A high ratio
indicates high levels of inhibition. C) Inhibitor concentrations at 50 uM. Positive control DGJNAc 5 at 200uM. D) Inhibitor concentrations at 200uM. Positive control
DGJNAc 5 at 200 uM. Decreases in inhibition relative to butyl derivative 35 indicated in % with S.D. E) Overlay of HPLC traces with all inhibitors at 200 pM in
comparison to untreated cells indicating the variation in peak 5 in comparison to control peak 7.
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A detailed table of results from the FOS analysis of the
individual labelled glycans in terms of glucose units can be
found in the supporting information.

Molecular modelling

With the enzymatic inhibition of HexNAcase established, it
was of interest to see if the observed activity of inhibitors 10,
11, 12 and 21 could be rationalized using molecular modelling
and if predictions for future inhibitors based on the model were
possible. Density functional theory (DFT) methods were used
to calculate the lowest energy conformations of the iminosugar
inhibitors. These structures were then overlayed to enable shape
based analogies to be drawn. Calculations in this study were
performed at the M06-2X?? level of theory, which has shown
impressive results for main group chemistry and is an
improvement on the popular B3LYP method.?

In a previous study on a highly strained azetidine system we
established that structures calculated with this method agreed
very well with the corresponding structure determined by X-ray
crystallography.?* To determine shape based similarities, the
structures to be compared were overlayed by their heteroatoms
(hydroxyl-, amide and ring nitrogen functionality), which are
presumed to be the important points of interaction with the
active site of the HexNAcase enzyme.

HC L£H HG, OH

. H C W
N N
H

11 DEUNM 21 13!,IM
0.033 M 2.1 uM
C4 removed Remoal of C4 through
through ring ring contraction and
contraction

de\ectlon of CHZOH

\_M

Hemoval of G4
and C6 through
fing contraction 12

N. e O
Epimer at C& H

.23 uM

43uM
10 614 uM

13 Na Inhibition 4.2 uM
‘, Remaoval of C4
rand €5 through
yring contraction

HexNAcase
inhibition 1Cgy: oH
Jack bean, HC A HN—
human placenta. N (H
N o

42

Figure 4: Variations in structure explored relative to pipecolic amide 10.

With the importance of the C2, C3 trans motif firmly
established, the hypothesis that the C6 hydroxymethyl group
was necessary for good inhibitory activity and the significance
of the C4 and C5 stereocentres was further investigated. Figure
4 shows how the structures contained in this study can be
related to the lead pipecolic amide 10.

Importance of stereocenters — eliminating C4

To establish the structural similarity between inhibitors with
high levels of activity (Table 1) we compared pipecolic amide
10 and pyrrolidine 11. Figure 5 shows that the two structures
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overlay favourably. The 5-ring system essentially represents a
cut down version of the 6-ring analogue by excision of the C4
carbon. We can therefore conclude that C4 is less crucial for
providing potent inhibition.
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Figure 5: Shape based comparison between highly active HEXNAc inhibitors —
overlay of 6-ring 10 with 5-ring 11. 6-ring shown in green, 5-ring in colour: grey -
C, red - O, blue - N and white - H. Amide functionality overlayed and overlapping
oxygens indicated with dashed red lines.

Importance of stereocenters — eliminating C4 and C6

Azetidine 12 is a further ring contraction of the highly active
pyrrolidine 11, but despite retaining a CH20H functionality, the
overlay in Figure 6 clearly shows that relative to pyrrolidine 11
the azetidine 12 preserves the interaction points of C4-OH, C3-
OH and amide functionality rather than the C6-OH from the
CH20H group. Relative to the 6-ring pipecolic amide 10, the
azetidine therefore eliminates C4 and C6 from the structure
preserving the interactions of C5-OH, C3-OH and C2-
CONHMe respectively.

HO, ©OH
H
HO ) N_
HO, ey OH
: H H o HO . HN—
HO, [f*\_ N e <
-~ Excision of C5 .
5 ﬂ 1 e s N b
o H
1 12
Overlay:
— NH1
—=01
— NH
- 03
—= 08§

Figure 6: Shape based comparison between manno 5-ring 11 (green) and cis-
azetidine 12 (colour)

Azetidine 12 can also be understood as a ring contraction
(Figure 7) of the pyrrolidines 21 or 38 with the hydroxymethyl
of 12 correlating to the C4-OH of the other two structures. This
would explain the comparable levels of enzymatic inhibition
displayed by 38, 21 and 12.

This journal is © The Royal Society of Chemistry 2016
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In conclusion the molecular modelling study and SAR data
rationalize the importance of the correct orientation and
presence of the terminal CH20H group, trans to the C2 amide;
as well as the trans-C2,C3 relationship, in both pipecolic and
pyrolidine amides. The C4, and to a reduced extent C5,
hydroxyl groups emerge as being less crucial for activity and
could potentially therefore tolerate modification.

Based on this model we predict trans-azetidine 42 to be a
potentially potent inhibitor as it would preserve both the trans-
2S,3R motif of C2 and C3 and maintain the presence of the
CH20H sidechain trans across the ring to the amide group,
both of which have been shown here to be key requirements for
potent HexNAc activity in this study. Although azetidines
where the two side chains are in a cis-relationship are readily
available,* 25 all attempts at the synthesis of azetidines with a
trans-relationship of those two groups have been
unsuccessful.?
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Figure 9: Stages of cancer invasion — Example of colorectal cancer metastasis to
the liver: 1) cancer cell shedding by primary tumour; 2) local invasion of the ECM
and breaking through the basal lamina; 3) intravasation, entering the blood
vessel assisted by leaky vessels due to stimulated angiogenesis; 4) cancer cells
travel through the blood stream, less than 1 in 1000 cells are successful; 5) blood
vessel adhesion and extravasation; 6) local invasion of secondary site; 7)
micrometastasis formation, which grows into secondary tumour.
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Figure 8: Activity prediction of trans-azetidine 42 due retention of both C2,C3
trans relationship and CH,OH sidechain. Overlay of manno 5-ring 11 (green) and
trans-azetidine 42 (colour)

The process of metastasis formation is a complex process of
sequential steps (Figure 9). As the overall process involves the
degredation of the ECM on two occasions protection of the
ECM could be a viable anti-cancer strategy halting the
progression of the disease. Cancer cells secret a cocktail of
enzymes to digest the ECM including B-N-acetyl-
hexosaminidases.?” Previous studies on HexNAc inhibitors
have shown that these inhibitors have the potential to protect
the ECM.* 28 Therefore the potential of the HexNAc inhibitor
D-manno-amide 11 to be a cytostatic anti-metastasis agent was
investigated.

The QCM™ 24-well cell invasion assay (Millipore) was used
as a Boyden chamber type assay (Figure 10) which employs a
fluorescence based detection method for quantifying the
number of invaded cells.?® The most invasive breast cancer cell
line previously found in a Boyden chamber set-up, MDA-MB-
231, was used.

HexNAc inhibitors and Cancer

With several potent HexNAc inhibitors in hand we wanted to
establish if their anti-invasive properties could be established in
an in vitro assay.

This journal is © The Royal Society of Chemistry 2016
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Figure 10: Boyden Chamber setup

As a mixture of enzymes is secreted an approach using the
combination of inhibitors for a range of biological targets might
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be the most useful. In this case the highly active pyrrolidine
HexNAc inhibitor 11 was studied along with the established
proteinase inhibitor Marimastat 433! - both independently and
in combination (Figure 11). A 3 uM concentration of
Marimastat 43 was required to obtain a 70% reduction of
invasion, with a 24 h incubation period, when used as a single
agent in this study. The iminosugar 11 at a 500 puM
concentration was seen to have only a minor contribution under
these conditions, however, on increasing the incubation time to
64 h, although reducing the overall anti-invasive effects of the
inhibitors, the contribution of the iminosugar appeared more
pronounced. The iminosugar and marimastat, as single agents,
decreased the invasiveness of the breast cancer cells by 16%
and 25% respectively, while in combination a far greater
reduction was shown, indicating that the effect of the inhibitors
is additive.

Interestingly the effect of the iminosugar was maintained at
concentrations down to 5 uM. At an incubation time of 48 h a5
uM dose of iminosugar 11, as a single agent, reduced the
invasiveness of MDA-MB-231 cells by 29%.
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Figure 11: Combination treatment of iminosugar 11 and MMP inhibitor 43 in cell
invasion assay using MDA-MB-231 cells show additive effects; 820,000 cells/well;
24 h starvation; iminosugar 11 used at concentration of 500 uM; MMP inhibitor
Mariamastat 43 at 3 uM; chemo-attractant is 10% FCS; negative control with no
FCS; 64 h invasion time.

It was established that the D-manno-amide 11 was non-toxic to
the cell line used (MTS assay data available in supporting
information) and control experiments ruled out any assay
interference of the fluorescent detection method by the
iminosugar.

Experimental Section

All commercial reagents were used as supplied. Thin layer
chromatography (TLC) was performed on aluminium sheets

12 | Chem. Sci., 2016, 00, 1-3

coated with 60 Fa2s4 silica. Plates were visualized using a spray
of 0.2% wi/v cerium (IV) sulfate and 5% ammonium molybdate
solution in 2 M aqueous sulfuric acid. Flash chromatography
was performed on Sorbsil C60 40/60 silica. Melting points were
recorded on a Kofler hot block and are uncorrected. Optical
rotation concentrations are quoted in g.100 mL™?. 'H and 13C
NMR spectra were assigned by utilizing 2D COSY and HSQC
spectra. All chemical shifts (8) are quoted in ppm and coupling
constants (J) in Hz. Residual signals from the solvents were
used as an internal reference.’?> For solutions in D20
acetonitrile was used as an internal reference. HRMS
measurements were made using a microTOF mass analyzer.

Chemical experimental section

C6 EPIMER OF SHILVOCK PIPECOLIC AMIDE 13
7-O-tert-Butyldimethylsilyl-2,6-dideoxy-2,6-imino-3,4-O-
isopropylidene-L-glycero-D-talo-heptono-1,5-lactone 19

To a stirred solution of alcohol 18 (321 mg, 0.83 mmol) in
dichloromethane (10 mL) at -30°C was added pyridine (0.18
mL, 1.08 mmol) and trifluoromethanesulfonic anhydride (0.2
mL, 2.48 mmol). The reaction mixture was allowed to warm to
-20°C; after 1.5 h t.l.c. analysis (4:1, cyclohexane/ethyl acetate)
indicated conversion of the starting material (Rf 0.14) to one
major product (Rf 0.46). The reaction mixture was diluted with
dichloromethane (13 mL) and washed with dilute agq.
hydrochloric acid (2 x 5 mL), brine (60 mL) and dried
(MgSO0a4). The organic layer was evaporated to dryness and the
crude reaction product was used without further purification in
the next reaction step. The crude triflate (0.43 g, 0.83 mmol) in
ethyl acetate (15 mL) was stirred vigorously at rt under
hydrogen in the presence of anhydrous sodium acetate (0.27 g,
3.31 mmol) and 10% palladium on charcoal (10% by weight,
45 mgqg). After 16 h the mixture was filtered through celite,
washed with ethyl acetate (15 mL) and evaporated to dryness.
The crude product 19 was purified via flash column
chromatography (1:1, cyclohexane/ethyl acetate) and the
product was isolated as a clear oil (246 mg, 0.72 mmol, 87%);
HRMS  (ESI +ve): found  366.1704  ([M+Na]");
C16H29NNaOsSi  requires 366.1707; [a]p?® -7.0 (¢ 1.30,
CHCI3); vmax (thin film): 3514 (br, O-H), 1770 (s, C=0); dn
(400 MHz, CDCIs): 0.05 (6H, s, Si(CHs)2), 0.88 (9H, s,
SiC(CHz3s)3s), 1.40 (3H, s, CH3), 1.60 (3H, s, CH3s), 3.53 — 3.45
(3H, m, H6, H7, H7"), 3.67 (1H, d, H2, J2;3 3.0), 4.38 (1H, dd,
H3, Js2 3.0, J34 8.0), 4.51 (1H, dd, H4, J45 4.3, J43 8.0), 4.83
(1 H, d, H5, Jas5 4.3); 8¢ (100.6 MHz, CDCls): -5.4 (SiCH3s), -
53 (SiCHs), 18.4 SiC(CHs)s, 24.6 (C(CHs)2), 26.0
(SiC(CHas)s3), 26.1 (C(CHs)2), 48.6 (C6), 54.3 (C2), 62.8 (C7),
71.5 (C4), 72.7 (C3), 74.9 (C5), 113.9 (C(CH3)2), 170.6 (C1);
m/z (ESI +ve): 709 ([2M+Na]*, 100%).

Methyl  7-O-tert-butyldimethylsilyl-2,6-dideoxy-2,6-imino-
3,4-0O-isopropylidene-L-glycero-D-talo-heptonamide 20

To a solution of bicycle 19 (111 mg, 0.32 mmol) in dry
tetrahydrofuran (2 mL) under nitrogen, methylamine (33% w/w
solution in industrial methylated spirit, 0.12 mL) was added.
After 18 h t.l.c. analysis (ethyl acetate, starting material R
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0.90, product Rt 0.32) indicated that the reaction had gone to
completion and the mixture was concentrated to dryness. The
residue was purified via flash column chromatography (5:1,
ethyl acetate/cyclohexane) and amide 20 was isolated as
colourless oil (91 mg, 0.242 mmol, 52%); HRMS (ESI +ve):
found 397.2115 ([M+Na]*); CirH3aN2NaOsSi requires:
397.2129; [a]p?® +48.5 (¢ 0.63, CHCI3); vmax (thin film): 3344
(br, OH, NH), 1657 (s, amide I), 1545 (m, amide II); dn (400
MHz, CDCIls): 0.08 (6H, d, Si(CHs)2, J 1.8), 0.90 (9H, s,
SiC(CHs)s), 1.39 (3H, s, C(CHs)2), 1.54 (3H, s, C(CHs)2),
2.84 (3H, d, NHMe, JmennH 4.8), 3.03 (1H, a-t, H6, J 5.1), 3.13
(1H, d, OH, Jons 6.2), 3.28 (1H, d, H2, J23 8.4), 3.79 (1H, dd,
H7, J76 6.6, J7,» 10.0), 3.83 (1H, dd, H7', J76 4.3, J7.7 10.0),
3.94 (1H, a-s, H5), 4.22 (1H, dd, H3, J34 5.1, J23 8.4), 4.25
(1H, dd, H4, Jas 2.4, Ja3 5.1), 6.50 (1H, br. a-d, NH, JInH.me
3.6); o6c (100.6 MHz, CDClIs): -5.3 (Si(CHs)2), 18.4
(SiC(CHs)s), 26.0 (SiC(CH3s)s), 26.2 (C(CHs)2, NHMe), 28.4
(C(CHs3s)2), 56.7 (C6), 61.0 (C2), 64.5 (C7), 67.3 (C5), 73.4
(C3), 77.3 (C4), 110.1 (C(CH3)2), 172.2 (C1); m/z (ESI +ve):
771 ([2M+Na]*, 100%).

Methyl 2,6-dideoxy-2,6-imino-L-glycero-D-talo-heptonamide
13

Amide 20 (53 mg, 0.14 mmol) was stirred in 3% methanolic
hydrochloric acid (generated from acetyl chloride 0.3 mL with
9.7 mL methanol at 0 °C) at rt for 18 h. The solution was
concentrated in vacuo and coevaporated with methanol (3 x 10
mL). The residue was purified by ion exchange
chromatography (Amberlite IR-120, H* form, eluting with 1.0
M ag. ammonium hydroxide). T.l.c. analysis showed a single
spot (DONALD, 14:3:1:1:1, ethanol/pyridine/n-
butylalcohol/acetic acid/water Rt 0.52). Amide 13 was isolated
as a colourless oil (18 mg, 0.084 mmol, 60%); HRMS (ESI
+ve): found 243.0951 ([M+Na]*); CsHisN2NaOs requires:
243.0951; [a]p?® +27.3 (c 0.75, H20); vmax (thin film): 3316
(br, O-H), 1650 (s, amide 1), 1562 (m, amide II); 8+ (400 MHz,
D20): 2.67 (3H, s, NHMe) 2.98 (1H, a-t, H6, J 6.5), 3.23 (1H,
s, NH), 3.32 (1H, d, H2, J23 10.4), 3.51 (1H, dd, H7, J7,6 4.9,
J7,7 9.4), 3.55 (1H, dd, H7', J76 5.0, J»7 9.4), 3.87 - 3.77 (2H,
m, H3, H5), 3.92 (1H, a-t, H4, J 3.4); ¢ (100.6 MHz, D20):
26.2 (Me) 53.7 (C6), 59.0 (C2), 61.2 (C7), 67.4 (C3), 69.2 (C5),
70.9 (C4), 173.5 (C1); m/z (ESI +ve): 243 ([M+Na]*, 100%).

LAB AND DAB AMIDES 21 AND 31
2-Azido-2-deoxy-D-lyxono-1,4-lactone 22

Benzylidene protected lactone 24 (1.71 g, 7.2 mmol) was
dissolved in a mixture of trifluoroacetic acid (50 mL), 1,4-
dioxane (50 mL) and water (50 mL) and stirred at rt for 4 h.
After this time t.l.c. analysis (ethyl acetate) showed complete
conversion of the starting material (Rf 0.60), to one major
product (Rf 0.30). The reaction mixture was diluted with water
(50 mL) and the solvent removed under reduced pressure, co-
evaporating with water (5 x 25 mL) Purification by flash
column chromatography (1:1, cyclohexane/ethyl acetate)
yielded the unprotected lactone 22 (1.0 g, 88%) as a colourless
oil; [a]p?® +41.3 (c 0.60, H20) [Lit.* [a]p?® +38.0 (c 0.25,

This journal is © The Royal Society of Chemistry 2016

H20)]; vmax (thin film): 3385 (br. s, OH), 2120 (s, N3), 1778 (s,
C=0); 3n (400 MHz, (CD3)2CO): 3.92 (2H, a-t, H5, H5', J
5.6), 4.23 (1H, t, OH5, Jous 5.8), 4.39 (1H, d, H2, J23 4.6),
4.56 (1H, dt, H4, J432.8, J4s = Jas 5.8), 4.75 (1H, dt, H3, J34
2.8, J32 = Jaon 4.6), 5.36 (1H, d, OH3, Jons 4.6); dc (100.6
MHz, (CD3)2CO): 59.7 (C5), 62.0 (C2), 70.9 (C3), 81.9 (C4),
171.5 (C1); m/z (ESI +ve): 174 ([M+H]*, 100%)

[Enantiomer: 2-Azido-2-deoxy-L-lyxono-1,4-lactone [a]p?® -
21.9 (¢ 1.20, H20)].

2-Azido-2-deoxy-5-O-trifluoromethanesulfonyl-D-lyxono-
1,4-lactone 25

Trifluoromethanesulfonic anhydride (0.34 mL, 2.0 mmol) was
added dropwise to a stirred solution of azidolactone 22 (0.33 g,
1.9 mmol) and pyridine (0.39 mL, 4.8 mmol) in dry
tetrahydrofuran (10 mL) at -30 °C. The reaction was stirred for
1.5 h at -30 to -10 °C after which t.l.c. analysis (ethyl acetate)
showed the presence of the starting material (R+ 0.30) and one
major product (R¢ 0.70). After a further 70 min t.l.c. analysis
indicated only trace starting material remaining. The reaction
mixture was partitioned between ethyl acetate (100 mL) and 2
M hydrochloric acid (100 mL). The organic layer was washed
with water (100 mL) and brine (100 mL), dried (MgSOa),
filtered and the solvent removed under reduced pressure.
Purification by flash column chromatography  (1:1,
cyclohexane/ethyl acetate) yielded the azido triflate 25 (0.38 g,
65%) as a white solid; m.p. 102 °C (decomp.); [a]p?® +20.1 (c
1.38, acetone); vmax (thin film): 2122 (s, N3), 1790 (s, C=0);
Sn (400 MHz, (CD3)2CO0O): 4.57 (1H, d, H2, J2;3 4.6), 4.93 (1H,
dd, H5, Js4 8.1, Js5 11.0), 4.97 (1H, dd, H3, J34 3.0, J32 4.8),
5.05 (1H, dt, H4, J45 = J43 2.8, J45 8.4), 5.16 (1H, dd, H5', J54
25, Jss 11.1), 5.78 (1H, br. s, OH); éc (100.6 MHz,
(CD3)2CO0): 62.4 (C2), 71.3 (C3), 76.5 (C5), 79.0 (C4), 121.1
(CF3), 171.5 (C1); m/z (ESI +ve): 328 ([M+Na]*, 100%).
[Enantiomer: 2-Azido-2-deoxy-5-O-
trifluoromethanesulfonyl-L-lyxono-1,4-lactone [a]p?® -16.6
(c 1.07, acetone)].

2,5-Dideoxy-2,5-iminium-D-lyxono-I,4-lactone
trifluoromethanesulfonate 26

Azido triflate 25 (0.29 g, 0.93 mmol) and palladium black (20
mg) were stirred in ethyl acetate (5 mL) at rt. The reaction
vessel was purged under vacuum and charged with an
atmosphere of hydrogen. The reaction was stirred for 2.5 h after
which tl.c. analysis (ethyl acetate) showed complete
conversion of the starting material (Rf 0.70) to one major
product (R 0.10). The catalyst was removed by filtration (glass
microfibre) and the solvent removed under reduced pressure to
give the triflate salt, 26 (0.14 g, quant.), as a red amorphous
solid. The crude bicylic salt was used without further
purification. Partial data for crude bicycle 26: vmax (thin film):
3455 (br. s, NH), 1814 (s, C=0); m/z (ESI +ve): 162
(IM+MeOH]T*, 90%).

Methyl 2,5-dideoxy-2,5-imino-D-lyxonamide 21
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Methylamine (33% wt. in EtOH, 1.54 mL, 27.0 mmol) was
added to a solution of the crude bicyclic triflate salt 26 (0.75 g,
2.7 mmol) in methanol (10 mL). The reaction was stirred at rt
for 1 h after which mass spectrometry indicated the presence of
the product (m/z 161 [M+H]*). The solvent was removed under
reduced pressure and the residue loaded onto a short column of
Dowex® (50W X8, H*). The column was washed with water
and the product liberated with 2 M aqueous ammonia. The
ammoniacal fractions were concentrated under reduced
pressure to give the amide 21 (87 mg, 58% over 3 steps) as a
brown oil; HRMS (ESI +ve): found 183.0741 ([M+Na]*);
CesH12N2NaO3 requires 183.0740; [a]p?® -11.3 (c 0.20, H20);
vmax (thin film): 3356 (br. s, OH/NH), 1674 (s, C=0); én (400
MHz, D20, HCI Salt): 2.81 (3H, s, NCH3), 3.48 (1H, dd, H5,
Js4 1.8, Js5 12.6), 3.65 (1H, dd, H5', J54 4.3, J55 12.6), 4.30
(1H, d, H2, J23 2.3), 4.35 (1H, dt, H4, Ja3 = Jas 2.1, Jas 4.4),
4.45 (1H, t, H3, J32 = J34 2.2); dc (100.6 MHz, D20, HCI
Salt): 26.8 (NCH3), 51.5 (C5), 66.2 (C2), 76.7 (C4), 79.2 (C3),
166.1 (C1); m/z (ESI +ve): 183 ([M+Na]*, 95%), 161 ([M+H]*,
100%).

[Enantiomer: Methyl 2,5-dideoxy-2,5-imino-L-lyxonamide 31
[a]p?®+6.0 (c 0.15, H20)].

N-ALKYLATIONS OF PYRROLIDINE AMIDE 11

Methyl N-butyl-2,5-dideoxy-2,5-imino-D-mannonamide 35
10% palladium on carbon (13 mg, 10 mol%) and butyraldehyde
(0.024 mL, 0.26 mmol) were added to a solution of methyl 2,5-
dideoxy-2,5-imino-D-mannonamide 11 (25 mg, 0.13 mmol) in
a mixture of dioxane (0.5 mL) and water (0.5 mL). The reaction
was purged with argon and then hydrogen and stirred under a
hydrogen atmosphere for 18 h. After this time mass
spectrometry indicated the loss of starting material ([M+H]",
191) and the formation of the alkylated iminosugar ([M+H]",
247). The reaction was purged with argon, filtered (glass
microfiber) and concentrated in vacuo. The crude residue was
purified by ion exchange chromatography (Dowex 50W X8,
H*) to give the iminosugar 35 as a yellow oil (29 mg, 88%).
HRMS (ESI+ve): found 247.1657 ([M+H]*); Ci11H23N204
requires: 247.1652; [a]p?® -40.3 (c, 0.66 in MeOH); vmax (thin
film, Ge): 3333 (s, br, OH/NH), 1651 (s, amide 1), 1545 (m,
amide II); dn (400 MHz, D20): 0.87 (3H, t, Me, J 7.3), 1.22-
1.36 (2H, m, MeCH32), 1.37-1.47 (2H, m, MeCH2CH2), 2.57-
2.70 (2H, m, CH2N), 2.77(3H, s, NCH3s), 3.23 (1H, a-q, H5, J
4.2), 3.45 (1H, d, H2, J 3.8), 3.76 (1H, dd, H6, J 4.0, Jgem 12.4),
3.78 (1H, dd, H6', J 5.0, 12.1), 3.99 (1H, a-t, H4, J 3.6), 4.03
(1H, a-t, H3, J 3.7); éc (100.6 MHz, D20): 13.8 (CH3CHy2),
20.6 (MeCH:2), 26.1 (NCHs), 30.1 (MeCH2CH2), 48.5
(NCH?32), 59.6 (C6), 68.6 (C5), 72.9 (C2), 79.1 (C4), 80.7 (C3),
175.7 (C=0); m/z (ESl+ve): 515 ([2M+H]*, 100%), 305
(IM+MeCN+NH4]*, 45%), 269 ([M+Na]*, 40%), 247 ([M+H]*,
35%).

Methyl

mannonamide 36
10% palladium on carbon (15 mg, 10 mol%) and glycoaldehyde
dimer (35 mg, 0.30 mmol) were added to a solution of methyl

N-hydroxyethyl-2,5-dideoxy-2,5-imino-D-
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2,5-dideoxy-2,5-imino-D-mannonamide 11 (28 mg, 0.15 mmol)
in a mixture of dioxane (0.5 mL) and water (0.5 mL). The
reaction was purged with argon and then hydrogen and stirred
under a hydrogen atmosphere for 18 h. After this time mass
spectrometry indicated the loss of starting material (M+H",
191) and the formation of the alkylated iminosugar (M+H",
235). The reaction was purged with argon, filtered (glass
microfiber) and concentrated in vacuo. The crude residue was
purified by ion exchange chromatography (Dowex 50W X8,
H™*) to give the iminosugar 36 as a yellow oil (32 mg, 93%).
HRMS (ESI+ve): found 235.1290 ([M+H]*); CoH19N20s
requires: 235.1288; [a]p?® -24.0 (c, 0.77 in MeOH); vmax (thin
film, diamond ATR): 3292 (s, br, OH), 1638 (s, amide I), 1547
(m, amide II); dn (400 MHz, D20): 2.72-2.81 (1H, m, CH2N),
2.77 (3H, s, NCH3), 2.91-2.99 (1H, m, CH2N), 3.28-3.32 (1H,
m, H5), 3.50 (1H, d, H2, J2;3 1.5), 3.59 (1H, dt, CH2CH20H, J
4.5, Jgem 11.2), 3.63-3.70 (1H, m, CH2CH20H), 3.77 (1H, dd,
H6, Je5 4.6, Jgem 12.5), 3.81 (1H, dd, H6', Je5 3.4, Jgem 12.5),
4.01-4.05 (2H, m, H3, H4); dc (125.6 MHz, D:0): 26.2
(NCH3s), 49.9 (NCH2), 59.5 (C6), 59.9 (CH2CH20H), 68.2
(C5), 73.2 (C2), 79.0, 80.7 (C4/C3), 175.9 (C=0); mi/z
(ESlI+ve): 491 ([2M+H]*, 18%), 257 ([M+Na]*, 100%), 235
([M+H]*, 14%); m/z (ESI-ve): 503 ([2M+CI], 25%), 269
(IM+CI], 84%), 233 ([M-H]", 35%), 148 (100%).

Methyl N"-[2-Carboxyethyl]-2,5-dideoxy-2,5-imino-D-
mannonamide 37

Methyl 2,5-dideoxy-2,5-imino-D-mannonamide 11 (11 mg,
0.06 mmol) was dissolved in a mixture of tert-butyl acrylate
(0.5 mL) and methanol (1.5 mL). The mixture was stirred at 55
°C for 9-10 days, after which the reaction was judge to be
complete by mass spectrometry. The mixture was reduced in
vacuo to afford a pale yellow oil. This crude was re-dissolved
in a mixture of trifluoroacetic acid (1.0 mL) and water (1.0 mL)
and the resulting solution was stirred at room temperature.
After 48 hours, the solvents were removed in vacuo. The
remaining residue was loaded onto a Dowex 50W X8, H* ion
exchange resin. The column was flushed with water and then
eluted with 2M aqueous ammonia. The ammoniacal fraction
was reduced in vacuo to afford iminosugar 37 as a yellow oil
(15.1 mg, 99%).

HRMS (ESI'): calcd. for Ci0H17N206 ([M-H]): 261.1092,
found: 261.1094; [a]p?® -28.4 (c 0.54, water); vmax (thin film):
3247 (OH), 1641, 1564 (CO); on (D20, 400 MHz): 2.48-2.53
(2H, m, CH.COO), 2.81 (3H, s, CH3s), 3.15-3.30 (2H, m,
CH:2N), 3.60 (1H, g, H5, Js6a = Js6b = Js54 = 4.0), 3.82 (1H, d,
H2, J23 4.4), 3.90 (1H, dd, H6, Je5 4.0, Jgem 12.8), 3.95 (1H,
dd, H6', Je5 4.4, Jgem 12.8), 4.12-4.14 (1H, m, H3), 4.16 (1H, t,
H4, J43 = Jas = 3.6); 6c (D20, 100 MHz): 26.5 (CH3s), 33.8
(CH2CO00), 46.3 (CH2N), 58.1 (C6), 69.2 (C5), 72.3 (C2), 77.8
(C4), 80.0 (C3), 171.7 (C1), 179.6 (COO); m/z (ESI’): 261 ([M-
H], 100%), 523 ([2M-H]", 17%).

Biological experimental section

This journal is © The Royal Society of Chemistry 2016



Copied from XYLNACc/LYXNAc paper — needs adapting — do
we need or can we just reference the XYLNAc LYXNAc paper
or Tom Mercer paper??

ICs0 determinations: The enzymes B-N-acetylhexosaminidases
(from human placenta, bovine kidney, jack bean, and
Aspergillus  oryzae), a-N-acetylgalactosaminidase  (from
chicken liver, charonia lampas) and p-nitrophenyl glycosides
were purchased from Sigma-Aldrich Co. The cell lysate of
human acute amyloid leukemia cell line HL-60 (RBRC) was
used as the source of [-N-acetylhexosaminidase. For this
purpose cells were cultured in RPMI 1640 medium containing
10% fetal calf serum, 100 units.mL of penicillin and 100
pg.mL1 streptomycin (Invitrogen) at 37 °C under 5% CO2. On
completion cells were washed and centrifuged into a pellet
from phosphate buffered saline. The cell pellet was then lysed
in deionized H20 (1.5 mL) using a glass dounce homogeniser
and following centrifugation at 500 x g for 5 min at 4 °C, the
supernatant was removed and used as enzyme source. The
glycosidase activities were determined using an appropriate p-
nitrophenyl glycoside as substrate at the optimum pH of each
enzyme. The reaction mixture (1 mL) contained 2 mM of the
substrate and the appropriate amount of enzyme. The reaction
was stopped by adding 2 mL of 400 mM Na.COs. The released
p-nitrophenol was measured spectrometrically at 400 nm.

Ki measurements: For p-N-acetylhexosaminidase activity in a
HL-60 cell homogenate was used in combination with 4-
methylumbelliferyl-N-acetyl-B-D-glucosaminide (Sigma-
Aldrich Co) as substrate. Method: Enzyme (5pL) and inhibitor
solution (5puL) were added to a 96-well microtitre plate which
was pre-incubated at 37 °C for 5 min before starting the
reaction by addition of 40 pL of the substrate solution. After a
further 40 min of incubation at 37 °C the reaction was
quenched by the addition of 200 pL of 0.5 M sodium carbonate
(agq.). For HL-60 derived enzyme fluorescence was measured
using a microtitre plate reader (Molecular Devices
SPECTRAmMax M5 Rom v2.1.35, Ex. 355 nm, Em. 460 nm,
Cutoff 455 nm). Data sets in triplicate were subjected in Prism
4.0a to a Lineweaver—Burk analysis (1/rate against 1/[Substrate
concentration]) using a suitable range of substrate solutions and
inhibitor concentrations. The obtained slopes were plotted
against the inhibitor concentration and the K obtained from the
X-axis intercept. The corresponding Lineweaver—Burk plots
can be found in the supporting information.

Free oligosaccharide analysis (FOS) — pasted from Andreas’
thesis - do we need or can we just reference a general
procedure??

Materials

Sodium cyanoborohydride, bicinchoninic acid/copper (Il) sulfate
reagent, sodium acetate trihydrate and anthranilic acid (2-AA) from
Sigma-Aldrich (Dorset, U.K.). Water was Milli-Q™ grade.
Acetonitrile HPLC grade from Merk (Darmstadt, Germany), boric
acid from BDH and Methanol from VWR (Lutterworth,
Leicestershire, U.K.), ion exchange resins AG50-X12 and AG4-X4
from Biorad (Hemel Hampstead, Hertfordshire, U.K.), Spe-ed amide
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2 from Applied Separations (Allentown, Pennsylvania, U.S.),
Amicon Ultra centrifugal filter from Millipore (Croxley, Watford,
U.K).

Inhibition treatment of HL60 cells and FOS isolation

Protocol was adapted from a literature procedure** Having been
propagated at a higher density, HL60 cells were seeded in a 6 well
plate at a 5 x 10° cells/mL concentration and treated with 2 mL of
fresh medium containing the pyrrolidine 11 or its derivatives. HL60
cells were treated at concentrations of 200 uM, 50 uM and 5 uM for
24 h. DGJNAc 5 (500 uM) served as a positive control. Following
incubation, cells were centrifuged at 350 g, 10 °C, for 7 min and the
pellet was washed three times with PBS (5 mL). Washed cell pellets
were stored at -20 °C until use. Following thawing at RT, samples
were resuspended in 650 uL of water and Dounce homogenized. An
aliquot of 50 puL was removed and treated for 16 h at RT with 2.6 uL
NaOH (5 M) solution prior to protein concentration determination in
comparison to a standard using bicinchoninic acid/copper(lIl) sulfate
reagent (Sigma Aldrich). For desalting and deproteination, 500 pL of
the homogenate was subjected to a mixed-bed ion-exchange column
[0.2 mL of AG50-X12, (H*, 100-200 mesh) 0.4 mL of AG4-X4,
(OH-, 100-200 mesh)], which had been preequilibrated with water (5
x 1 mL). The homogenate was added to the column and eluted with
water (4 x 1 mL). The eluent containing the free oligosaccharides
(FOS) was collected and dried by lyophilisation.

FOS fluorescent labeling

The lyophilised samples were resuspended in 300 uL total of water
and transferred to an Eppendorf tube and evaporated to dryness
using a Thermo Savant (SPD121P) SpeedVac system. As previously
described®® anthranilic acid (2-AA) was dissolved at 30 mg/mL in a
solution containing 4% sodium acetate trihydrate (w/v) and 2% horic
acid (w/v) in methanol. To this mixture sodium cyanoborohydride
was added to a final concentration of 45 mg/mL (labeling buffer).
The dried samples were dissolved in 30 uL of water and 80 uL of 2-
AA labeling buffer was added followed by incubation at 80 °C for 1
h.

Purification of the labeled FOS

After cooling, 1 mL of acetonitrile/water 97:3 was added to the
labeled FOS samples, vortexed and added to a Spe-ed amide-2
column, which had been pre-equilibrated as follows: 1 mL
acetonitrile, 2 mL water, 2 mL acetonitrile. The eluent was discarded
and the column washed with 2 mL of acetonitrile/water 95:5 and
discarded. The purified 2-AA labeled FOS were eluted by gravity
using two times 0.75 mL water. Samples were stored at -20 °C until
analysed by HPLC.

Carbohydrate analysis by normal phase HPLC

The Chromatography system used consisted of a Water Alliance
2695 separations module and an in-line Waters 474 fluorescence
detector set at ExA 360 nm and EmA 425 nm.% The gain for the
detector was set to 1000 and the emission bandwidth to 40 nm.
Chromatography was performed at 30 °C. Solvent A was
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acetonitrile. Solvent B was water. Solvent C consisted of 800 mM
ammonium hydroxide, titrated to pH 3.85 with acetic acid in water
and was prepared using a standard ammonium hydroxide solution (5
M, Sigma Aldrich). Data collection and processing was performed
using Waters Empower software. Glucose units were derived by
comparison to a 2-AA labeled glucose oligomer ladder (obtained by
partial digestion of dextran) as external standard. 50 pL of a 1:1
mixture sample/acetonitrile were injected for each run. Separation
was performed on a 4.6 x 250 mm TSK gel-Amide 80 column (5
puM) (Anachem, Luton, Beds, U.K.) and the following gradient
conditions were used for the analysis of the FOS samples: time = 0
min (t = 0), 71.6% A, 25.9% B, 2.5% C (0.8 mL/min); t = 6, 71.6%
A, 25.9% B, 2.5% C (0.8 mL/min); t = 45, 46.2% A, 51.3% B, 2.5%
C (0.8 mL/min); t = 46, 35% A, 62.5% B, 2.5% C (0.8 mL/min); t =
48, 35% A, 62.5% B, 2.5% C (0.8 mL/min); t = 49, 71.6% A, 25.9%
B, 2.5% C (0.8 mL/min); t = 51, 71.6% A, 25.9% B, 2.5% C (1.2
mL/min); t = 64, 71.6% A, 25.9% B, 2.5% C (1.2 mL/min); t = 65,
71.6% A, 25.9% B, 2.5% C (0.8 mL/min). Labeled FOS glycans
were assigned according to literature GUs** for known species,
which had been characterized using MALDI-TOF mass
spectrometry.3

Enzyme digest of FOS (Jack Bean B-N-acetyl-hexosaminidase)

Glycosidase digest using jack bean B-N-acetyl-hexosaminidase (10
puL of 6 U/mL in 50 mM citrate buffer pH 5.0 containing 1 mg/mL
BSA and 0.02% sodium azide, purified in house) was performed on
a representative sample (100 uL) of the complete FOS population
from 500 uM DGJINACc 5 treated HL60 cells. After 16 h incubation
at 37 °C, the enzyme digest was diluted with 90 uL of water. An
Amicon Ultra centrifugal filter (Millipore, 10,000 MWCO) was
pretreated with 150 pL of water and used to remove proteins
following centrifugation at 13,000 g for 15 min at 4 °C. The filter
was washed with an additional 100 puL of water and the combined
eluates were evaporated to dryness before being reconstituted in 100
pL of a 1:1 mixture of acetonitrile/water for HPLC analysis.

Statistical analysis of FOS analysis

Experiments were performed in triplicate. To test for significance the
Prism 4.0a software was used to perform a student t-test using a 99%
confidence interval.

Cell metabolism and cytotoxicity assay

In order to test an inhibitor for the interference with cell metabolism
and associated cellular toxicity the following protocol was adapted
from the CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (Promega, Southampton, U.K.). The corresponding compound
in a variety of increasing concentrations is incubated with the cell
line to be tested for 24 or 72 h. 100 uL of the cell line to be tested
contained in their growth medium were transferred into a 96-well
plate, 20 uL of development solution was added to each well and the
mixture incubated for 4 h at 37 °C and 5% CO: before absorbance
of the newly formed formazan was measured at 490 nm (Molecular
Devices SPECTRAmax M5 Rom v2.1.35). The development
solution is made up of a 20:1 mixture of 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-  (4-sulfophenyl)-2H-tetrazolium
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(MTS) in PBS (pH 6.5, sterile filtered and stored at -20 °C protected
from light) and phenazine methosulfate (PMS) in PBS (0.92 mg/mL,
sterile filtered), which are combined immediately before usage. This
method was employed to rule out cellular toxicity in the case of the
FOS assay involving the pyrrolidine 11 derivatives. Cellular toxicity
for all cell lines involved in the cell invasion assay were tested
against toxicity pyrrolidine 11. Detailed toxicity data of all
compounds involved can be found in the supporting information.

Cell invasion assay — Boyden-chamber setup
3 day protocol of cell invasion

The protocol was adapted from the instructions for the QCM™ 24-
Well cell invasion assay (Merk Millipore, Watford, U.K., ECM 554)
and involves steps spread over 3 days. The following protocol uses
cells grown in a 225 cm? flask and employs 12 wells in total of a 24
well plate. Day 1: Cells having been grown for 2-3 passages
following thawing, are placed in starvation medium (FCS free, no
trypsination at this stage) for 24 h. Day 2: Following a visual
inspection the cells are washed with PBS (30 mL) and incubated for
15 min with 9 mL of trypsin (Sigma Aldrich) at 37 °C and 5% COs..
To the detached cells 15 mL of quenching medium (Bovine serum
albumin 50 mg/mL in starvation medium; sterile filtered) is added
and the cells are centrifuged into a pellet (300 x g, 5 min). The pellet
is redissolved in quenching medium and the cell number adjusted
accordingly. To allow for rehydration 300 uL of pre-warmed
starvation medium containing drug or distilled water (sterile filtered)
at the final concentration is added to the top insert and incubated for
15-30 min at rt. The solution in the insert is then aspirated and
discarded. The prepared cell solution is adjusted to the final
concentration using drug or distilled water and 250 pL are added to
the corresponding top insert. With exception to the negative control,
where FCS free media is used, all bottom inserts are made up to the
final concentration with drug and distilled water in regular cell
growth medium containing FCS (chemo-attractant) and 500 pl are
added to the corresponding bottom well. The thus prepared plate is
then incubated at 37 °C at 5% CO:z for 24-64 h. Day 3: The
remaining wells on the 24-well plate are filled with 225 mL of pre-
warmed cell detachment buffer (contained in kit). The well insert is
lifted up and the cell solution contained is carefully aspirated and
discarded and the insert with the invaded cells attached to the bottom
is placed in the well containing detachment buffer. Following the
transfer of all the inserts to the new wells the plate is incubated for
30 min at 37 °C and gently shaken every 10 min. The inserts are then
discarded and 75 pL of CyQUANT dye/lysis buffer (1:75 mixture of
dye/lysis buffer)®® was added to each well and the resulting solution
incubated at RT for 15 min. Of the resultant solution 200 pL are
transferred into a 96 well plate and fluorescence was determined
(Molecular Devices SPECTRAmax M5 Rom v2.1.35, excitation 485
nm, emission 538 nm).

Statistical analysis

Experiments were performed in triplicate whenever possible and
otherwise in duplicate. To test for significance the Prism 4.0a
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software was used to perform a student t-test using a 95%
confidence interval.

Protein concentration determination

Protein concentrations were determined as follows: In a 50:1 ratio
bicinchoninic acid solution (Sigma-Aldrich, B9643) was combined
with copper(I1) sulfate solution (Sigma-Aldrich, C2284) and 200 pL
of this solution was added to a 10 uL protein sample in a 96-well
plate. Following incubation at 37 °C for 30 min absorbance was
measured at 600 nm (Molecular Devices UVmax kinetic microplate
reader and SOFTmax 2.35 software). Protein content in triplicate
was determined in comparison to a protein standard (bovine serum
albumin, Sigma-Aldrich, P0914).

Computational experimental section

DFT calculations at the M06-2X/6-311++G** level of theory
using Gaussian 09 were performed to evaluate the optimized
geometries of 10, 13, 11, 38, 12 and 42 in gas phase.®®
Structures were rendered and overlayed as indicated in the
corresponding figure description using the Maestro 9.3.5
software of the Schrédinger Suite 2012.

Conclusion

In summary, the structural features of the potent HexNAcase
inhibitor, pipecolic amide were investigated to determine which
were essential for its inhibitory activity. The activity of
pipecolic amide 10 and its epimer 13 were compared with that
of the corresponding 5- and 4-membered iminosugar amides.
The methylamide was found to be a good bioisostere of the
NAc group. A trans-(2S,3R)-relationship between the C3-OH
and C2-NAc or methylamide was required to be preserved
throughout for HexNAcase activity. Additionally the presence
of a terminal CH20H sidechain increased the activity especially
if in a trans-relationship relative to the C2-CONHMe. The C4,
and to a lesser extent C5, hydroxyl groups emerged as being
less crucial for activity and therefore could be used as sites for
modification. Molecular modelling was used to rationalize the
observed activity of the lower ring homologues and predicted
that the C2/C4-cis azetidine amide 42 should be a potent
HexNAcase inhibitor.

The degree of cellular and organelle penetration was measured
on a variety of N-substituted derivatives of manno-amide 11
indicating that hydrophilic side chains restrict cellular access,
while hydrophobic side chains favour cellular uptake. In
addition, initial studies showed that the manno-amide 11, in
combinatorial treatment with a protease inhibitor, was able to
reduce invasiveness of the highly aggressive breast cancer cell
line MDA-MB- 231.
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