
Carbohydrates 
2018

Printed Edition of the Special Issue Published in Pharmaceuticals

www.mdpi.com/journal/pharmaceuticals

Amélia Pilar Rauter and Nuno Manuel Xavier
Edited by

﻿Carbohydrates 2018   •   Am
élia Pilar Rauter and N

uno M
anuel Xavier



Carbohydrates 2018





Carbohydrates 2018

Special Issue Editors
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René Csuk and M. Conceição Oliveira

Synthesis and Biological Evaluation of Structurally Varied 5′-/6′-Isonucleosides
and Theobromine-Containing N-Isonucleosidyl Derivatives
Reprinted from: Pharmaceuticals 2019, 12, 103, doi:10.3390/ph12030103 . . . . . . . . . . . . . . . 17

Ana M. de Matos, Alice Martins, Teresa Man, David Evans, Magnus Walter, Maria Conceição
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This special issue of Pharmaceuticals has been dedicated to Carbohydrates on the occasion of the
29th International Carbohydrate Symposium, held at the Universidade de Lisboa from 15–19 July 2018.
Recent findings and trends in carbohydrate science are presented and discussed in its nine articles. They
are demonstrative of the relevance of carbohydrate research in medicinal chemistry and pharmaceutical
sciences, and of the exciting opportunities that carbohydrate-based structures offer for the discovery of
new solutions for therapy and diagnosis.

Carbohydrates are natural, multifunctional, and stereochemically rich molecules, playing
important roles in biological processes relevant for health and disease. Embodying such structural
features, these unique molecular entities can be transformed in a diversity of compounds applied
as drugs, food supplements, as biologically active materials, in cosmetics, just to name a few of the
wide uses of carbohydrates and their mimetics. Research in carbohydrates also covers a diversity
of domains as highlighted in this special issue, containing contributions of experts in fields such as
glycochemistry, molecular biology, computational chemistry, and materials science, that address the
roles of carbohydrates to understand biological processes and to develop new approaches for disease
diagnosis and treatment.

Kuttel and Ravenscroft describe a molecular modeling study with the capsular polysaccharides of
Streptococcus agalactiae serotype III and Streptococcus pneumoniae serotype 14, leading to a conformational
rationale for the antigenic epitopes identified for these polysaccharides. Based on their discovery they
suggest a strategy for bacterial evasion of the host immune system by infection with these bacteria.

Chitosan-based films loaded with chitosan microparticles, that contain a bioactive peptide
with antihypertensive properties, have been developed by Pintado and coworkers, consisting of an
innovative approach to increase peptide efficiency and bioavailability.

McReynolds and coworkers established a new microwave-assisted oxime-based chemoselective
methodology to prepare trivalent glycoclusters. The reaction is completed in 30 min, with the additional
advantage of using unprotected sugars, and may be a step forward for the synthesis of more complex
glycoconjugates and glycoclusters, multivalent molecules relevant for a number of biomedical uses.

Iminosugars are among the most relevant groups of glycomimetics for therapeutic applications.
Among their variety of biological properties, their ability to mimic the transition state species in
glycosidase catalysis and thus their propensity to inhibit these enzymes, which play a role in a variety
of diseases, has led to some compounds which are used in clinics for the treatment of diabetes or
Gaucher’s disease.

Two original articles in this special issue are devoted to the synthesis of new iminosugar derivatives
and the evaluation of their glycosidase inhibitory properties.

Carvalho and coworkers investigated a small library of synthesized iminosugars differing in
stereochemistry, ring size, and N-substitution and found two potent β-glucosidase inhibitors bearing

Pharmaceuticals 2020, 13, 5; doi:10.3390/ph13010005 www.mdpi.com/journal/pharmaceuticals1
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d-gluco and l-ido configurations with six-membered and seven-membered ring iminosugars, in which
the endocyclic amino group was derivatized with the hydroxyethyl group.

The contribution of Ramón Estevez and coworkers is based on the development of new
synthetic routes to polyhydroxyoctahydroindoles, iminosugars with potential as pharmacological
chaperones for lysosomal storage disorders, caused by mutations in the lysosomal β-galactosidase,
and frequently related to misfolding. Resulting from abnormal metabolism of glycosphingolipids,
glycogen, mucopolysaccharides or glycoproteins, they may generate neurodegenerative disorders,
amongst others. The developed small molecules may act as ligands of the mutant enzyme, promoting
the correct folding and preventing its degradation at the endoplasmic reticulum, a novel approach for
disease treatment.

Alzheimer’s disease (AD) is also a neurodegenerative disorder, and drugs able to prevent disease
progression are not yet available. Rauter and coworkers disclose the structure of C-glycosyl flavones
as neuroprotective agents able to fully rescue human neuroblastoma cells from both H2O2 and
Aβ1-42-induced cell death, a step forward to lead structures for further development against AD.

Another approach to treat AD patients is based on the cholinergic approach. Xavier and coworkers
describe elegant syntheses of new purine and uracil isonucleosides embodying xylosyl or glucosyl
groups, and the discovery of a potent and selective acetylcholinesterase inhibitor bearing a theobromine
ring and an octyl chain linked to the glucosyl group.

Cell-surface glycans are recognized as therapeutic targets, as their composition changes in many
diseases (e.g., in cancer). The review, authored by Rachel Hevey, covers approaches to develop
glycomimetics that improve binding affinities and pharmacokinetic properties towards more drug-like
compounds addressing therapies for carbohydrate-binding targets.

Hossain and Andreana revised the progress made in synthetic carbohydrate-based antitumor
vaccines that improve immune responses by targeting specific antigens, in a beautiful work that
also covers other developments in carbohydrate-based cancer treatments, including glycoconjugate
prodrugs, glycosidase inhibitors, and early diagnosis.

We hope the readers enjoy this Special Issue and get inspired to unveil the secrets of life with
carbohydrate sciences!

Author Contributions: Amélia Pilar Rauter and Nuno Manuel Xavier contributed equally to this Editorial.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors are gratefully acknowledged to Fundação para a Ciência e a Tecnologia for the support of
the strategic project UID/MULTI/00612/2019 of Centro de Química e Bioquímica.

Conflicts of Interest: The authors declare no conflicts of interest.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Abstract: N-substituted iminosugar analogues are potent inhibitors of glucosidases and
glycosyltransferases with broad therapeutic applications, such as treatment of diabetes and
Gaucher disease, immunosuppressive activities, and antibacterial and antiviral effects against
HIV, HPV, hepatitis C, bovine diarrhea (BVDV), Ebola (EBOV) and Marburg viruses (MARV),
influenza, Zika, and dengue virus. Based on our previous work on functionalized isomeric
1,5-dideoxy-1,5-imino-D-gulitol (L-gulo-piperidines, with inverted configuration at C-2 and
C-5 in respect to glucose or deoxynojirimycin (DNJ)) and 1,6-dideoxy-1,6-imino-D-mannitol
(D-manno-azepane derivatives) cores N-linked to different sites of glucopyranose units, we continue
our studies on these alternative iminosugars bearing simple N-alkyl chains instead of glucose to
understand if these easily accessed scaffolds could preserve the inhibition profile of the corresponding
glucose-based N-alkyl derivatives as DNJ cores found in miglustat and miglitol drugs. Thus,
a small library of iminosugars (14 compounds) displaying different stereochemistry, ring size, and
N-substitutions was successfully synthesized from a common precursor, D-mannitol, by utilizing
an SN2 aminocyclization reaction via two isomeric bis-epoxides. The evaluation of the prospective
inhibitors on glucosidases revealed that merely D-gluco-piperidine (miglitol, 41a) and L-ido-azepane
(41b) DNJ-derivatives bearing the N-hydroxylethyl group showed inhibition towards α-glucosidase
with IC50 41 μM and 138 μM, respectively, using DNJ as reference (IC50 134 μM). On the other hand,
β-glucosidase inhibition was achieved for glucose-inverted configuration (C-2 and C-5) derivatives,
as novel L-gulo-piperidine (27a) and D-manno-azepane (27b), preserving the N-butyl chain, with IC50

109 and 184 μM, respectively, comparable to miglustat with the same N-butyl substituent (40a, IC50

172 μM). Interestingly, the seven-membered ring L-ido-azepane (40b) displayed near twice the activity
(IC50 80 μM) of the corresponding D-gluco-piperidine miglustat drug (40a). Furthermore, besides
α-glucosidase inhibition, both miglitol (41a) and L-ido-azepane (41b) proved to be the strongest
β-glucosidase inhibitors of the series with IC50 of 4 μM.

Keywords: iminosugars; polyhydroxypiperidines; polyhydroxyazepanes; glucosidase inhibition;
miglustat; miglitol

1. Introduction

The major groups of glucosidase inhibitors that have been discovered are polyhydroxylated
alkaloids containing piperidines, pyrrolidines, nor-tropanes, pyrrolizidines, and indolizidines as
mono and bicyclic systems [1]. A great variety of these compounds, named iminosugars, have been
isolated from natural sources, such as plants (Morus alba, Commelina communis), bacteria (Bacillus,
Streptomyces), and fungi (Zygosaccharomyces rouxii for mulberry leaf fermentation) [2], and produced
by synthetic strategies with potential inhibition properties not only over α- and β-glucosidases
but also glycosyltransferases, glycogen phosphorylase [3–5], nucleoside phosphorylases [6], and

Pharmaceuticals 2019, 12, 108; doi:10.3390/ph12030108 www.mdpi.com/journal/pharmaceuticals3
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sugar-nucleotide mutases (UDP-Galp mutase) [7]. High activity and specificity of iminosugars
are associated with the ability of the nitrogen ring to mimic the transition state of pyranosidic or
furanosidic units of natural glucosidase substrates that positively influence their shape and charge for
enzyme binding.

Access to iminosugar analogues with N-substituted side chains has led to a variety of potent
glucosidase and glycosyltransferases inhibitors with broad therapeutic applications, such as treatment of
diabetes [8] and Gaucher disease [9], and even immunosuppressive activities [10] and antibacterial [11]
and antiviral effects [12,13] against HIV [14], HPV [15], hepatitis C [16], bovine diarrhea (BVDV) [17],
Ebola (EBOV) [18] and Marburg viruses (MARV) [19], influenza [20], Zika [21], and dengue virus [22,23].
Despite the α- and β-glucosidase inhibition promoted by nojirimycin itself (1), it was achieved
a better profile for the corresponding 1-deoxynojirimycin (DNJ, 2) due to better stability and potency.
Furthermore, a combination of these structural features can promote the cellular uptake of N-alkylated
DNJ analogues, as shown by those containing long and linear alkyl chains, which displayed better
activity in whole cells (human hepatoblastoma cells, HepG2) than purified pork glucosidase I [24].
Conversely, N-alkyl-less lipophilic N-alkyl groups, or even containing an oxygen atom, displayed
lower cytotoxicity and significant activity against α-glucosidase, as described for N-methyl- (3) [25],
N-butyl- (N-Bu-DNJ, miglustat, 4) [26], N-hydroxyethyl- (N-EtOH-DNJ, miglitol, 5), N-7-oxadecyl-
(N-7-oxadecyl-DNJ, 6) [27,28], and N-glycyl-deoxynojirimycin (7) [29]. In fact, miglustat is particularly
useful in the control of type I Gaucher disease [9] and Niemann–Pick type C (NPC) lysosomal storage
diseases, via “substrate reduction therapy”, as well as miglitol in the treatment of non-insulin-dependent
diabetes (type II) (Figure 1) to impair carbohydrate processing in the gut [30]. In addition, inhibition of
the target human acid β-glucosidase (glucocerebrosidase, GCase) has been achieved by a set of derived
iminosugars as new pharmacological chaperones for the treatment of Gaucher disease [31,32].

 
Figure 1. Examples of polyhydroxylated piperidine and azepane iminosugars reported, some of them
displaying glucosidase inhibition.

Besides the N-alkyl variations, several studies have pointed to the impact of the modification of
DNJ hydroxyl groups involving C-2 to C-6 positions, assessing the influence of both stereochemistry
and substituent variations on glycosidase activities. In general, the loss of α-glucosidase (I and
II) and ceramide glycosyltransferase activities was evident by modifying C-2, C-3, and C-4, with
the exception of N-butyl-1-deoxy-galactonojirimycin (migalastat, used for the treatment of Fabry
disease) [30]. On the other hand, changes at C-1 and the ring nitrogen were allowed, based on the
high inhibition revealed by DNJ and 1-azasugars (isofagomine (8), for instance), the latter obtained by
replacing the anomeric carbon and the ring oxygen of glucose by nitrogen and carbon, respectively,
with significant activity only against β-glucosidase. Interestingly, introduction of a hydroxyl group at
the carbon (C-2) neighboring the nitrogen afforded a potent α-glucosidase inhibitor (noeuromycin, 9)
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that preserved the original β-glucosidase activity. Additionally, the extra hydroxymethylene group
at the anomeric position of DNJ gave rise to α-homonojirimycin (10) and β-homonojirimycin (11)
with the ability to inhibit α-glucosidase, which was even higher whilst bearing N-methyl or N-butyl
substituents (Figure 1) [1]. Furthermore, seven-membered ring iminosugar have shown potential
glucosidase inhibition [33–35]. Comprehensive studies on iminosugar derivatives can be found in
literature reviews [36–39].

Inspired by a series of reported deoxynojirimycin disaccharides that were decorated with equal α-
or β-glucopyranose units at C-2, C-3, and C-4 DNJ positions (12-17) [40,41], along with N-glycosylated
deoxynojirimycin, MDL 73,945 (18) [42], we had reported an alternative approach, using functionalized
isomeric 1,5-dideoxy-1,5-imino-D-gulitol (L-gulo-piperidines, with inverted configurations at C-2 and
C-5 with respect to glucose or DNJ, 19-21) and 1,6-dideoxy-1,6-imino-D-mannitol (D-manno-azepane
derivatives, 22-24) cores N-linked to different sites of glucopyranose units, such as C-1, C-3, and C-6
positions [43]. To reach this goal, we used a CuAAC reaction (copper azide alkyne cycloaddition
reaction), as a click chemistry strategy, to connect six- and seven-membered iminosugars to glucose in
different arrangements through triazole bridges to produce the most active α-glucosidase inhibitor
(21) of the pseudo-disaccharide series, L-gulopiperidine attached to glucose C-6 position, with IC50

approximately three-fold lower than that of DNJ (Figure 1) [43].
Despite the reported loss of α-glucosidase activity under modification at the C-5 position of

the iminosugar, such as displayed by 1-deoxy-L-ido-nojirimycin (with an inverted configuration at
C-5 with respect to DNJ) [24] and for 1,5-dideoxy-1,5-iminoxylitol (lacking the C-5 hydroxymethyl
group of DNJ) [27,28], we have been encouraged to continue our studies on L-gulo-piperidines
based on the remarkable α-glucosidase inhibition previously obtained for pseudo-disaccharides with
simultaneous inverted configurations at C-2 and C-5 positions in relation to glucose stereochemistry [43].
Thus, to understand the relative contribution of the ring size, stereochemistry, and N-alkyl
substitution on glycosidase inhibition, we proceeded with the synthesis of a small library of
N-substituted 1-deoxy-L-gulo-nojirimycin and D-manno-azepane derivatives and compared them
with the corresponding classical N-substituted of 1-deoxy-D-gluco-piperidine (DNJ) and L-ido-azepane
counterparts as glucose-type carbohydrate mimetics. To reach this goal, N-hydroxyethyl and
N-butyl groups of miglitol and miglustat drugs, respectively, were investigated as highly important
N-alkyl substitutions for glucosidase inhibition, besides N-phenethyl [44], and N-propynyl [43] as
a less-active counterpart.

2. Results and Discussion

2.1. Chemistry

Initially, target 1-deoxy-L-gulo-nojirimycin (26-29a) and D-manno-azepane derivatives (26-29b)
were synthesized by a regiospecific C2-symmetric unprotected bis-epoxide opening strategy in the
presence of primary amines, followed by an SN2 aminocyclization reaction to give a mixture of
both six- and seven-membered iminosugar isomers [45–47]. As previously reported, the synthesis
of unprotected bis-epoxide 25 was promptly achieved from the simple and commercially available
starting material, D-mannitol, in two steps, by tosylation of both D-mannitol primary alcohols (71%),
followed by a base-promoted intramolecular SN2 reaction to give 1,2:5,6-dianhydro-D-mannitol 25

(29%), Scheme 1A [43]. Opening of the homochiral C2-symmetric bis-epoxide 25 by alkylamines
(at the less-hindered position of one epoxy function) led to the formation of secondary amines,
which promoted an SN2 aminocyclization reaction to give a mixture of polyhydroxy-piperidine and
-azepane by 6-exo-tet or 7-endo-tet processes, respectively. In this series, azepane was isolated in
a slightly higher proportion than DNJ, indicating the free 3,4 diol in bis-epoxide 25 did not affect
the regioselectivity. Conversely, higher yields of DNJ than azepane derivatives were previously
reported using benzyl protecting groups at C-3 and C-4 of bis-epoxide in the presence of several
amines (benzylamine, for instance) [46]. Interestingly, this ratio can be reversed in the presence of a
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Lewis acid (perchloric acid), which catalyzes epoxide opening to mainly give azepane derivatives.
Furthermore, the exclusive formation of seven-membered azasugars using a more rigid trans-acetonide
protecting group, as observed in 1,2:5,6-dianhydro-3,4-O-isopropylidene-D-mannitol or L-iditol, led
to the conclusion that formation of both polyhydroxy-piperidine and -azepane regioisomers can be
achieved by an aminocyclization of a flexible bis-epoxide bearing a free or acyclic hydroxyl protecting
groups at C-3 and C-4, and the ratio varies according to the experimental conditions [46].

Therefore, the microwave-assisted aminocyclization reaction of bis-epoxide 25 was carried out
with four different primary amines (propargylamine, butylamine, ethanolamine, or phenethylamine),
which resulted in a mixture of N-alkyl substituted polyhydroxypiperidine 26-29a and azepane 26b-29b

regioisomers, being iminosugars 27a,b and 28a,b novel compounds. To prevent laborious separation
of a and b regioisomers, some mixtures were treated with acetic anhydride and pyridine for prompt
separation of the per-O-acetylated 1-deoxy-L-gulo-nojirimycin and D-manno-azepane by column
chromatography, isolated in different ratio and yields over two steps, as depicted in Table 1. However,
the separation of protected regioisomers 31a,b was more demanding and required HPLC purification,
mainly because the deprotected products 28a,b were inseparable by chromatographic column or
even HPLC under test conditions. Lastly, deprotection of the regioisomers in the presence of sodium
methoxide gave products 26-29a and 26-29b in quantitative yields. Eventually, derivatives 27a,b and
29a,b bearing a more lipophilic side chain (butyl and phenethyl, respectively) were separated without
the need of previous protection by using chromatography column eluted with DCM/MeOH (4:1).
However, the yields of pure polyhydroxy-piperidines and -azepanes were much lower (approximately
10%, 0.8:1 ratio, respectively) than using protection/deprotection strategies (Table 1).

Scheme 1. (A) Synthesis of iminosugars 26-29a and 26-29b from D-mannitol, via bis-epoxide 25.
Reagents and conditions: (i) TsCl, py, 71%; (ii) NaOH, CH3CN:H2O, 40 ◦C, 29%; (iii) Primary amine:
propargylamine, butylamine, ethanolamine, or phenethylamine, MeOH, MW, 90 ◦C; (iv) Ac2O, Py; for
yields over two steps see Table 1; (v) NaOMe, MeOH (quant). (B) Synthesis of iminosugars 39-41a and
39-41b from D-mannitol, via bis-epoxide 35; (vi) 2,2-dimethoxypropane, TsOH, 96%; (vii) NaH, BnBr,
n-Bu4NI, THF, 93%; (viii) HCl, MeOH, 0 ◦C, (quant); (ix) TBDMS chloride, imidazole, DMF, 0 ◦C, 88%;
(x) MsCl, NEt3, DCM, 92%; (xi) HCl, MeOH, then NaOH, H2O, 70%; and (xii) TMSI, DCM, rt, then
MeOH, 45–100%.

Table 1. Yields obtained from microwave-assisted aminocyclization reaction of bis-epoxides 25 and 35.

Primary Amine for
Aminocyclization

Reaction

Yield (%)

Polyhydroxy-Piperidine Polyhydroxy-Azepane

1-deoxy-L-gulo-nojirimycin
26-29a

1-deoxy-D-gluco-nojirimycin (DNJ)
39-41a

D-manno-azepane
26-29b

L-ido-azepane
39-41b

Propargylamine 32 40 35 37
Butylamine 20 33 24 38

Ethanolamine 17 22 21 28
Phenethylamine* 4 - 5 -

* Low yields obtained when the reaction mixture was purified directly by chromatographic column, without
previous acetylation.
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In order to keep the stereo-control during the reaction and obtain the iminosugars with the
same stereochemistry of glucose, we pursued the classical procedure based on the protection of
1,2- and 5,6- positions of D-mannitol to produce the diisopropylidene intermediate 32 [48], which
was benzylated at 3,4- positions and then deprotected under acid catalysis to give compound 33

(Scheme 1B) [47]. Briefly, selective protection of primary hydroxyl functions with bulk groups,
followed by activation of the O-2 and O-5 with mesyl chloride and treatment of 34 in MeOH
with concentrated HCl allowed the preparation of bis-epoxide 35 because of the intramolecular
attack of the released primary hydroxyl functions that displaces the leaving mesyl groups. Then,
bis-epoxide 35, comprising inverted configurations at C-2 and C-5 comparatively to 25, was
converted to the corresponding mixture of N-substituted 1-deoxy-D-gluco-nojirimycin (36-38a) and
1,6-dideoxy-1,6-imino-L-ido-azepane derivatives (36-38b) in approximately 1:1 ratio under treatment
with propargylamine, butylamine, ethanolamine, or phenethylamine for the aminocyclization reaction,
as described for bis-epoxide 25. Attempts to generate the N-phenethyl derivative of this series were
unsuccessful since D-glucitol was isolated as a major product, possibly because phenethylamine
promoted a regioselective opening of partially protected 1,2-epoxide (35) and then an O-cyclization
leading to glucitol, as reported using ammonium formate [49].

After chromatographic separation of regioisomers, removal of the benzyl groups was better
achieved under treatment with trimethylsilyl iodine [50] rather than hydrogenation conditions [47] to
give final products 39-41a-b in moderate to quantitative yields (45–100%).

2.2. Biological Assays

Initially, the small library of iminosugar derivatives (26-29a,b and 39-41a,b) was screened
for α-glucosidase inhibition (from Saccharomyces cerevisiae) activities using p-nitrophenyl
α-D-glucopyranoside as substrate and prospective inhibitors at 1.0 mM concentration. To broaden the
scope of the analysis, β-glucosidase (almond) activity of the same set of compounds was conducted
using the corresponding p-nitrophenyl β-D-glucopyranoside.

2.2.1. Yeast α-glucosidase Activities

Based on the IC50 values using α-glucosidase, the greatest inhibition was verified for both
piperidine and azepane DNJ derivatives bearing the N-hydroxylethyl group, D-gluco-piperidine
(miglitol, 41a, IC50 41 μM) and L-ido-azepane (41b, IC50 138 μM), using the DNJ as the reference (IC50

134 μM) (Table 2). The α-glucosidase inhibition promoted by L-ido-azepane 41b was significant and
related to DNJ, although with a three-fold lower activity than D-gluco-piperidine (41a). In spite of
finding a patent for azepane 38b, the data were inaccessible [51], and mixed results were found for
nonsubstituted L-ido-azepane with inhibition properties (Ki 4.8 μM) lower than the corresponding
D-gluco-piperidine (DNJ, Ki 0.44 μM) assayed on Bacillus stearothermophilus α-glucosidase [46] and
high (Ki 29.4 μM) [52] to weak activity (IC50 772 μM [33] or 35% inhibition at 1 mM [53]) using yeast
α-glucosidase. In addition, weak or no α-glucosidase inhibition was observed for N-propynyl (39a,b)
and N-butyl (40a,b) DNJ and azepane derivatives in these assays, confirming reported data for 39a

and miglustat (40a) [54] and 40b (14% inhibition at 1 mM) [33] both using yeast α-glucosidase.
In respect to L-gulo-piperidine and D-manno-azepane series, with inverted configurations at C-2

and C-5, derivatives (26-29a,b) bearing N-hydroxyethyl, N-butyl, N-propynyl [43], or N-phenethyl
chains on the endocyclic nitrogen proved to be inactive against yeast α-glucosidase at the tested
concentration (15–2000 μM), leading to loss of activity even for the N-hydroxyethyl derivatives (28a,b)
when compared to 41a,b. Reported α-glucosidase inhibition data for nonsubstituted L-gulo-piperidine
and D-manno-azepane were found as weak as 30% and 55%, respectively, tested at 1 mM in
Bacillus stearothermophilus [46] or 21% in yeast α-glucosidase at 240 μM [52]. Thus, it was evident
that α-glucosidase activities were considerably affected by iminosugar stereochemistry, ring size,
and N-substitutions, and inversion of configuration was detrimental for activity regardless of the
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N-substituents here described, suggesting the wrong orientation of at least two hydroxyl groups
attached at C-2 and C-5, which led to reduced binding affinity at yeast α-glucosidase active sites.

2.2.2. Almond β-glucosidase Activities:

Conversely, the assessment of the series on β-glucosidase revealed that novel L-gulo-piperidine
(27a) and D-manno-azepane (27b) derivatives (inverted configurations at C-2 and C-5 related to glucose)
preserving the N-butyl chain showed significant activity, IC50 109 and 184 μM, respectively, comparable
to miglustat (40a, IC50 172 μM), although three- to five-fold lower than DNJ (IC50 33 μM) (Table 2).
In this particular case, the N-butyl chain seems to play an important role in β-glucosidase inhibition
since the reported data for nonsubstituted was low for both L-gulo-piperidine (13% at 1 mM) and
D-manno-azepane (1% at 1 mM) or no inhibition at 240 μM on the same enzyme [46,52]. Interestingly, for
the same set that preserve the N-butyl chain but display glucose stereochemistry, the seven-membered
ring derivative L-ido-azepane 40b displayed nearly twice the activity (IC50 80 μM) of the corresponding
D-gluco-piperidine drug (40a), which resembled the stronger β-glucosidase inhibition achieved for
nonsubstituted L-ido-azepane (Ki 17 μM [46], 12.8 μM [52], or IC50 38 μM [53]) than nonsubstituted
D-gluco-piperidine (Ki 1700 μM) [46]. Furthermore, both derivatives bearing the N-hydroxyethyl chain,
as occurs in miglitol (41a) and L-ido-azepane 41b, proved to be the strongest β-glucosidase inhibitors
with IC50 of 4 μM. Based on all these findings, it was possible to infer that almond β-glucosidase active
sites can accept and interact with a wider range of iminosugars than yeast α-glucosidase.

See dose-response curves obtained from Yeast α-Glucosidase and Almond β-Glucosidase assays
in Supplementary Materials.

Table 2. α- and β-Glucosidase activities of synthesized iminosugars having alternative stereochemistry,
ring size, and N-alkyl and N-arylalkyl chains on the endocyclic nitrogen.

Iminosugars with Inverted Configuration at C-2 and C-5
with Respect to Glucose

Iminosugars Preserving Glucose Stereochemistry

Inhibition (μM) Inhibition (μM)

α-Glucosidase β-Glucosidase α-Glucosidase β-Glucosidase

- - - - DNJ 134.4 ± 2.1 33.1 ± 3.1

26a NI 1716 ± 12.8 39a 2527 ± 82.2 635.7 ± 8.5

26b NI NI 39b NI 3437 ± 70.6

27a NI 109.7 ± 9.3 40a

 

NI 172.8 ± 1.7

27b

 

2031 ± 17.1 184.6 ± 2.6 40b

 

NI 80.0 ± 4.9

28a

 
NI NI 41a 41.3 ± 10.1 4.0 ± 1.5

28b NI NI 41b

 

138.8 ± 1.2 4.0 ± 1.4
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Table 2. Cont.

Iminosugars with Inverted Configuration at C-2 and C-5
with Respect to Glucose

Iminosugars Preserving Glucose Stereochemistry

Inhibition (μM) Inhibition (μM)

α-Glucosidase β-Glucosidase α-Glucosidase β-Glucosidase

29a NI NI - - - -

29b NI NI - - - -

Enzyme inhibition: IC50 in μM, α-Glucosidase from Saccharomyces cerevisiae and β-Glucosidase from almonds. NI:
no inhibition. DNJ; deoxynojirimycin

3. Conclusions

In summary, a series of iminosugars were successfully synthesized from a common precursor,
D-mannitol, to produce two alternative bis-epoxides, further modified by an SN2 aminocyclization
reaction to give a mixture of both N-substituted six- and seven-membered iminosugar isomers. Besides
the ring size, two additional structural variations were also pursued to broaden the scope of reported
strategies, as stereochemistry (maintenance of glucose stereochemistry or inversion of configuration at
C-2 and C-5 positions) and N-chain of the endocyclic nitrogen (N-propynyl, -butyl, -hydroxyethyl, and
-phenethyl). Classical polyhydroxypiperidines, miglustat and miglitol drugs that maintain glucose
configuration (D-gluco-nojirimycin, DNJ) and bear N-butyl and N-hydroxyethyl chains, respectively,
were synthesized and used as reference for evaluation of the series towards α- and β-glucosidases.
Assessment of α-glucosidase activity of iminosugars revealed solely miglitol as the most active of the
series, followed by the corresponding L-ido-azepane isomer. All other iminosugars proved to not be
inhibitors of yeast α-glucosidase. On the other hand, all N-butyl iminosugars having either glucose
stereochemistry, D-gluco-piperidine miglustat drug and L-ido-azepane, or inverted configurations
at C-2 and C-5 related to glucose, L-gulo-piperidine and D-manno-azepane derivatives, displayed
significant inhibition of almond β-glucosidase. In spite of that, the strongest inhibition was achieved
for D-gluco-piperidine miglitol drug and the corresponding L-ido-azepane iminosugars containing
N-hydroxyethyl chains, but, in these tests, no activity was accomplished for inverted configuration
counterparts. Thus, we observed that glucosidase inhibition promoted by some polyhydroxypiperidines
was accompanied by proportional inhibition of the corresponding polyhydroxyazepane isomers bearing
the same N-chain regardless of the ring stereochemistry. In addition, the findings of this study on
β-glucosidase inhibition by L-gulo-piperidine and D-manno-azepane series are relevant considering
their straightforward synthesis compared to DNJ series.

4. Material and Methods

1H (300 MHz) and 13C (75 MHz) NMR spectra were recorded on a Bruker® Ultrashield 300
NMR spectrometer. 1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on a Bruker®

Avance 400 MHz NMR spectrometer. 1H (500 MHz) and 13C (125 MHz) NMR spectra were recorded
on a Bruker® Avance 500 MHz NMR spectrometer. All spectra were recorded at room temperature
(~20 ◦C) in Sigma Aldrich® deuterated solvents. Chemical shifts (δ) were expressed in parts per
million (ppm) relative to the reference peak. Coupling constants (J) were expressed in Hertz (Hz).
Splitting patterns in 1H NMR spectra were designated as s (singlet), br s (broad singlet), d (doublet),
br d (broad doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of triplets), ddd
(doublet of doublet of doublets), and m (multiplet). Optical rotations were measured on a Jasco P-2000
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polarimeter at 22.5 nd using a sodium lamp and wavelength of 589 nm at 22.5 ◦C. HPLC purifications
were designed in a Shimadzu® SCL-10A HPLC system, Diode Array Detector Shimadzu® SPD-M10A,
and processed on Class-VP software. Purification of the compounds 31a and 31b was performed in
HPLC using a Macherey–Nagel CLC-ODS semiprep column, Methanol 40%, flowrate 4.0 mL/min, and
200 nm. High-resolution mass spectra (HRMS) were obtained on a Bruker Daltonics MicrOTOF-Q
II ESI-TOF mass spectrometer, and an Exactive Plus Orbitrap mass spectrometer (Thermo Scientific,
Germany) was equipped with an electrospray (H-ESI-II) probe and operated in negative ionization
mode. The system was controlled by Xcalibur and Tune (Thermo Scientific). For biological assays,
absorbance at 405 nm was measured using SpectraMax M2 Molecular Devices®.

1,2:5,6-di-anhydro-D-mannitol (25) [43]: D-Mannitol (5.05 g, 27.4 mmol) was solubilized in
pyridine (25.0 mL) and heated to 120 ◦C for 15 min. After that, the solution was refrigerated to 0 ◦C,
treated dropwise with tosyl chloride solution (13.10 g, 68.7 mmol/10 mL pyridine) for 1 h, and stirred at
0 ◦C for 3 h then at r.t. for 1 h. The mixture was coevaporated with toluene, and the solid was diluted
in dichloromethane and washed with HCl 1 mol·L−1 and saturated NaHCO3. The organic layer was
dried over MgSO4 and concentrated. The crude mixture of 1,6-di-O-tosyl-D-mannitol was solubilized
in a mixture of acetonitrile and water (38.0 mL, 2:1, v/v), and a small portion of phenolphthalein was
added to it. The mixture was stirred at 35–40 ◦C and titrated with NaOH 5 mol·L−1 until the solution
remained pink. After that, a mixture of Na2CO3 (87.4 g) in ethyl acetate (324 mL) was added and stirred
vigorously. The solid was filtrated and washed with ethyl acetate. The organic solution was dried
over MgSO4, filtered, and concentrated. The resulting mixture was purified by flash chromatography
(hexane and ethyl acetate, 7:3, v/v) to yield 1 (1.12 g, 7.70 mmol, 28%). 1H NMR (400 MHz, CD3OD): δ
2.77 (2H, dd, J 2.7 Hz, 5.3 Hz, H-1a, H-6a); 2.82 (2H, dd, J 4.0 Hz, 5.3 Hz, H-1b, H-6b); 3.11–3.17 (2H, m,
H-2, H-5); 3.46–3.52 (2H, m, H-3, H-4). 13C NMR (100 MHz, CDCl3): δ 46.1 (C-1, C-6); 52.8 (C-2, C-5);
73.3 (C-3, C-4).

1,2:5,6-Di-O-isopropilidene D-mannitol (32) [48]
1,2:5,6-Dianhydro-3,4-di-O-benzyl-L-iditol (35): prepared as described by Wilkinson et al. [47]
General procedure for the synthesis of L-gulo-piperidine and D-manno-azepane derivatives

(26a,b-31a,b): 1,2:5,6-dianhydro-D-glucitol was solubilized in methanol and 2.5 eq of primary
amine (propargylamine, ethanolamine, butylamine, or phenethylamine) was added to the solution.
The mixture was heated to 90 ◦C in a microwave for 5 min (150 W) in a sealed vessel. The solvents were
evaporated in vacuum. Compounds 27a,b and 29a,b were separated in a flash column (dichloromethane
and methanol, 8:2 v/v). Compounds 26a,b and 28a,b were acetylated by the addition of pyridine
(8.0 mL) and acetic anhydride (22.8 mL) and stirred at r.t. After 3 h, ice was added to the mixture,
the product was extracted with ethyl ether, and the organic layer was evaporated and dried with
MgSO4. Compounds 30a,b were separated by column chromatography (toluene and ethyl acetate, 3:7,
v/v). Compounds 31a,b were purified in a HPLC C-18 semiprep column in methanol/water 40% and
flow rate 4.0 mL/min.

See 1H, 13C and bidimensional NMR and ESI HRMS spectra of compounds 26-31a,b and 36-41a,b

in Supplementary Materials.

General procedure for removal of Acetyl groups: Compounds 30a,b and 31a,b were dissolved
in methanol (1.0 mL), and sodium methoxide 1 M was added dropwise to the solution until pH 9.0 and
checked with Tornassol. After half an hour, TLC showed total consumption of starting material, then it
was neutralized with ion exchange resin DOWEX® 50WX4-50. After that, the mixture was filtered
through a Celite® pad and concentrated in vacuo.

General procedure for removal o Benzyl groups [50]: The corresponding product was solubilized
in dichloromethane, and Me3SI (4 eq) was added slowly. The reaction was allowed to stir at r.t. for
15 min. TLC showed total consumption of starting material, then the reaction was quenched with
methanol. The product was purified in a SPE-C18 silica pad with methanol/water 1:1 v/v.

N-Propynyl-1,5-dideoxy-1,5-imino-L-gulitol (26a) [43]: 80% (0.0082 g, 0.041 mmol): 1H NMR
(500 MHz, D2O): δ 2.71–2.77 (2H, m, H-1a, ≡CH); 2.85 (1H, t, J 10.9 Hz, H-1b); 2.88–2.93 (1H, m, H-5);
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3.46 (1H, d, J 17.6 Hz, H-7a); 3.68 (1H, d, J 17.6 Hz, H-7b); 3.83 (1H, dd, J 5.4 Hz, 11.7 Hz, H-6a); 3.89
(1H, dd, J 3.9 Hz, 11.7 Hz, H-6b); 3.91–3.94 (1H, m, H-3); 4.05–4.14 (2H, m, H-2, H-4). ESI HRMS:
[M+H]+ calculated for C9H15NO4 202.1074; found 202.1076.

N-Propynyl-1,6-dideoxy-1,6-imino-D-mannitol (26b) [43]: 86% (0.0088 g, 0.044 mmol): 1H NMR
(500 MHz, D2O): δ 2.66 (1H, t, J 2.2 Hz, ≡CH); 2.85 (4H, m, H-1a; H-1b; H-6a; H-6b); 3.37 (1H, d,
J 17.0 Hz, H-7a); 3.41 (1H, d, J 17.0 Hz, H-7b); 3.89–3.91 (2H, m, H-3, H-4); 4.12 (2H, t, J 4.8 Hz, H-2,
H-5). ESI HRMS: [M+H]+ calculated for C9H15NO4 202.1074; found 202.1073.

N-Butyl-1,5-dideoxy-1,5-imino-L-gulitol (27a): [α]22.5
D 29.5 (c 1.8, MeOH), 1H NMR (500 MHz,

D2O): δ 0.83 (3H, t, J 7.4 Hz, H-10); 1.17–1.28 (2H, m, H-9); 1.37–1.50 (2H, m, H-8); 2.50–2.92 (5H, m,
2xH-1, H-5, 2xH-7); 3.75 (1H, dd, J 5.6. 11.8, H-6a); 3.78–3.85 (2H, m, H-3, H-6b); 3.94–4.00 (1H, m, H-2);
4.05–4.11 (1H, m, H-4). 13C NMR (125 MHz, D2O): δ 13.3 (C-10); 20.0 (C-9); 27.4 (C-8); 53.1 (C-1 or C-7);
55.1 (C-1 or C-7); 58.5 (C-6); 68.2 (C-4); 70.1 (C-3); 70.4 (C-3); 72.8 (C-2). ESI HRMS: [M+H]+ calculated
for C10H22NO4 220.1544; found 220.1538.

N-Butyl-1,6-dideoxy-1,6-imino-D-mannitol (27b): [α]22.5
D −62.0 (c 2.2, MeOH), 1H NMR (500 MHz,

D2O): δ 0.76 (3H, t, J 7.3 Hz, 3xH-10); 1.07–1.25 (2H, m, 2xH-9); 1.30–1.44 (2H, m, 2xH-8); 2.47–2.57 (2H,
m, 2xH-7); 2.65–2.85 (4H, m, 2xH-1, 2xH-6); 3.73–3.79 (2H, m, H-3, H-4); 3.94–4.04 (2H, m, H-2, H-5).
13C NMR (125 MHz, D2O): δ 13.2 (C-10); 20.0 (C-9); 27.5 (C-8); 55.2 (C-1, C-6); 58.4 (C-7); 68.3 (C-2; C-5);
72.8 (C-4; C-3). ESI HRMS: [M+H]+ calculated for C10H22NO4 220.1544; found 220.1543.

N-Hydroxyethyl-1,5-dideoxy-1,5-imino-L-gulitol (28a): [α]22.5
D 16.1 (c 0.6, MeOH), 1H NMR

(400 MHz, CD3OD): δ 2.53–2.71 (2H, m, H-1a, H-7a); 2.78–2.89 (2H, m, H-5, H-7b); 2.97 (1H, ddd, J 4.9;
7.0; 13.5 Hz, H-1b); 3.55–3.98 (7H, m, H-2, H-3, H-4, H-6a, H-6b, H-8a, H-8b). 13C NMR (100 MHz,
CD3OD): δ 51.9 (C-7); 55.1 (C-1); 58.6 (C-8); 60.0 (C-6); 61.0 (C-5); 66.5, 70.9, 71.3 (C-2, C-3, C-4).
ESI HRMS: [M+H]+ calculated for C8H18NO5 208.1180; found 208.1177

N-Hydroxyethyl-1,6-imino-D-mannitol (28b): [α]22.5
D −15.3 (c 0.5, MeOH), 1H NMR (400 MHz,

CD3OD): δ 2.58–2.80 (4H, m, H-1a; H-6ª; 2xH-7); 2.89 (2H, dd, J 4.3; 13.2 Hz, H-1b, H-6b); 3.59 (2H, dd,
J 6.0; 12.5 Hz, 2xH-8); 3.86–3.92 (2H, m, H-3, H-4); 4.00–4.08 (2H, m, H-2, H-5). 13C NMR (100 MHz,
CD3OD): δ 58.4 (C-1; C-6); 60.4 (C-8); 61.8 (C-7); 70.9 (C-2; C-5); 74.0 (C-3; C-4). ESI HRMS: [M+H]+

calculated for C8H18NO5 208.1180; found 208.1182.
N-Phenethyl-1,5-dideoxy-1,5-imino-L-gulitol (29a) [46]
N-Phenethyl-1,6-dideoxy-1,6-imino-D-mannitol (29b) [46]
N-Propynyl-2,3,4,6-tetra-O-acetyl-1,5-dideoxy-1,5-imino-L-gulitol (30a) [43]: 1H NMR (400 MHz,

CDCl3): δ 2.03, 2.09, 2.13, 2.14 (12H, 4s, 4×CH3); 2.33 (1H, t, J 2.3 Hz, ≡CH); 2.80 (1H, dd, J 4.7 Hz, 11.2 Hz,
H-1a); 2.97 (1H, dd, J 9.6 Hz, 11.2 Hz, H-1b); 3.28 (1H, ddd, J 3.3 Hz, 5.8 Hz, 10.0 Hz, H-5); 3.44 (1H, dd,
J 2.3 Hz, 17.8 Hz, H-7a); 3.67 (1H, dd, J 2.3 Hz, 17.8 Hz, H-7b); 4.20 (1H, dd, J 5.8 Hz, 11.6 Hz, H-6b); 4.24
(1H, dd, J 3.3 Hz, 11.6 Hz, H-6a); 5.20–5.27 (3H, m, H-2, H-3, H-4). 13C NMR (100 MHz, CDCl3): δ 20.8;
20.9 (CH3); 43.9 (C-1); 49.6 (C-7); 55.5 (C-5); 61.4 (C-6); 66.5 (C-3, C-4); 68.7 (C-2); 77.2 (≡CH); 169.3; 169.7;
170.5 (C=O). ESI HRMS: [M+H]+ calculated for C17H24NO8 370.1496; found 370.1496.

N-Propynyl-2,3,4,6-tetra-O-acetyl-1,6-dideoxy-1,6-imino-D-mannitol (30b) [43]: 1H NMR
(400 MHz, CDCl3): δ 2.05, 2.12 (12H, 2s, 4×CH3); 2.25 (t, J 2.3 Hz, ≡CH); 2.91 (2H, dd, J 5.6 Hz,
13.8 Hz, H-1a, H-6a); 2.99 (2H, dd, J 4.4 Hz, 13.8 Hz, H-1b, H-6b); 3.39 (1H, dd, J 2.3 Hz, 17.3 Hz, H-7a);
3.45 (1H, dd, J 2.3 Hz, 17.3 Hz, H-7b); 5.40 (2H, dt, J 1.2 Hz, 4.6 Hz, H-2, H-5); 5.48 (2H, t, J 1.2 Hz, H-3,
H-4). 13C NMR (100 MHz, CDCl3): δ 20.8; 21.0 (CH3); 47.9 (C-7); 54.1 (C-1, C-6); 69.9 (C-2, C-5); 70.9
(C-3 e C-4); 77.2 (≡CH); 169.9; 170.1 (C=O). ESI HRMS: [M+H]+ calculated for C17H24NO8 370.1496;
found 370.1535.

N-Acetoxyethyl-2,3,4,6-tetra-O-acetyl-1,5-dideoxy-1,5-imino-L-gulitol (31a): 1H NMR (400 MHz,
CDCl3): δ 2.06; 2.08; 2.10 (18H, 3s, 5xCH3); 2.89 (1H, dd, J 5.0; 13.7 Hz, H-1a); 2.96 (2H, t, H-7, J 5.9 Hz,
H-7); 3.04 (1H, dd, J 2.6; 13.7 Hz, H-1b); 3.45 (1H, dd, J 4.8; 11.4 Hz, H-5); 4.05 (1H, dd, J 5.6; 11.3 Hz,
H-6a); 4.10–4.21 (2H, m, 2xH-8); 4.37 (1H, dd, J 7.0; 11.8 Hz, H-6b); 5.15 (1H, dd, J 3.3; 9.0 Hz, H-3);
5.20–5.25 (1H, m, H-2); 5.20–5.25 (1H, m, H-2); 5.28 (1H, dd, J 4.9; 9.0 Hz, H-4). 13C NMR (100 MHz,
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CDCl3): δ 20.8, 20.9, 21.0 (5xCH3); 48.9 (C-1); 52.7 (C-7); 58.2 (C-5); 59.9 (C-6); 68.0 (C-3); 68.1, 68.3
(C-2, C-4).

N-Acetoxyethyl-2,3,4,6-tetra-O-acetyl-1,6-dideoxy-1,6-imino-D-mannitol (31b): 1H NMR
(400 MHz, CDCl3): δ 2.03; 2.07; 2.10 (18H, 3s, 5xCH3); 2.85 (2H, t, J 5.8 Hz, H-4, H-4

′
); 2.91 (2H, dd, J 5.6;

14.0 Hz, H-1a, H-1
′
a); 3.04 (2H, dd, J 4.3; 14.0 Hz, H-1b, H-1

′
b); 4.11 (2H, dd, J 5.7; 9.1 Hz, H-5, H-5

′
);

5.29-5.37 (2H, m, H-2, H-2
′
); 5.43-5.47 (2H, m, H-3, H-3

′
). 13C NMR (100 MHz, CDCl3): δ 20.8; 20.9; 21.0

(5xCH3); 54.8 (C-1, C-1
′
); 56.4 (C-4); 62.2 (C-5); 70.2 (C-2, C-2

′
); 70.6 (C-3, C-3

′
).

N-Propynyl-2,3,4,6-tetra-O-acetyl-1,5-dideoxy-1,5-imino-D-glucitol (36a): 1H NMR (400 MHz,
CDCl3): δ 2.27 (1H, t, J 2.2 Hz, ≡CH); 2.50 (1H, d, J 9.5 Hz, H-5); 2.60 (1H, t, J 10.7 Hz, H-1a); 2.92 (1H,
dd, J 4.9; 10.9 Hz, H-1b); 3.31–3.44 (2H, m, 2xH-7); 3.62–3.91 (5H, m, H-2, H-3, H-4, 2xH-6); 4.77 (2H,
dd, J 3.8; 11.2 Hz, CH2Ph); 4.98 (2H, dd, J 11.2; 13.4 Hz, CH2Ph); 7.29–7.45 (10H, m, H-Ph). 13C RMN
(100 MHz, CDCl3): δ 42.1 (C-1); 56.1 (C-7); 57.3 (C-6); 63.1 (C-2 or C-5); 69.4 (C-2 or C-5); 74.6 (C≡CH);
75.2 (CH2Ph); 87.3 (C-3; C-4); 127.9, 128.6, 128.7 (Ar); 138.1 (Cq). ESI HRMS: [M+H]+ calculated for
C23H28NO4 382.2013; found 382.2002.

N-Propynyl-2,3,4,6-tetra-O-acetyl-1,6-dideoxy-1,6-imino-L-iditol (36b): 1H NMR (400 MHz,
CDCl3): δ 2.31 (1H, t, J 2.3 Hz, ≡CH); 2.77 (2H, dd, J 8.2; 12.3 Hz, H-1a, H-6a); 2.98 (2H, dd,
J 1.1; 12.7, H-1b, H6b); 3.40–3.56 (2H, m, 2xH-7); 3.63–3.70 (2H, m, H-3, H-4); 3.80–3.93 (2H, m, H-2,
H-5); 4.67 (2H, d, J 11.2 Hz, CH2Ph); 4.81 (2H, d, J 11.2 Hz, CH2Ph); 7.29–7.42 (10H, m, H-Ph). 13C
RMN (100 MHz, CDCl3): δ 48.8 (C-7); 56.9 (C-1, C-6); 68.0 (C-2, C-5); 73.8 (CH2Ph); 78.2 (C≡CH); 86.5
(C-3, C-4); 127.9, 128.0, 128.6 (Ar); 137.9 (Cq). ESI HRMS: [M+H]+ calculated for C23H28NO4 382.2013;
found 382.2001.

N-Butyl-2,3,4,6-tetra-O-acetyl-1,5-dideoxy-1,5-imino-D-glucitol (37a): 1H NMR (400 MHz,
CDCl3): δ 0.94 (3H, t, J 6.9 Hz, 3xH-10); 1.21–1.38 (2H, m, 2xH-9); 1.39–1.56 (2H, m, 2xH-8); 2.26 (1H,
t, J 10.6Hz, H-5); 2.32–2.54 (3H, m, H-1a, H-1b, H-7a); 2.70–2.82 (1H, m, H-7b); 3.13 (1H, dd, J 4.6;
11.2 Hz, H-6a); 3.38 (1H, t, J 8.8 Hz, H-3); 3.60–3.73 (2H, m, H-4, H-6b); 3.77–3.93 (2H, m, H-2, H-XX);
4.75 (2H, dd, J 5.6; 11.2 Hz, CH2Ph); 4.96 (2H, t ap., J 11.0 Hz, CH2Ph); 7.29–7.48 (10H, m, Ar). 13C
RMN (100 MHz, CDCl3): δ 14.0 (C-10); 20.6 (C-9); 27.3 (C-8); 52.1 (C-1 or C-7); 55.1 (C-1 or C-7); 57.5
(C-6); 64.9 (C-2 or C-5); 69.3(C-2 or C-5); 74.9 (CH2Ph); 75.1 (CH2Ph); 78.1 (C-3 or C-4); 86.8 (C-3 or
C-4); 127.8, 127.9, 128.0, 128.5, 128.7 (C-Ar); 138.1 (Cq); 138.5 (Cq). ESI HRMS: [M+H]+ calculated for
C24H34NO4 400.2483; found 400.2477.

N-Butyl-2,3,4,6-tetra-O-acetyl-1,6-dideoxy-1,6-imino-L-iditol (37b): 1H NMR (400 MHz, CDCl3):
δ 0.93 (3H, t, J 7.2 Hz, 3xH-10); 1.25–1.40 (2H, m, 2xH-9); 1.42–1.58 (2H, m, 2xH-8); 2.52–2.69 (4H, m,
H-1a, H-6a, 2xH-7); 2.92 (2H, d, J 12.5 Hz, H-1b, H-6b); 3.60–3.70 (2H, m, H-3, H-4); 3.78–3.89 (2H, m,
H-2, H-5); 4.66 (2H, d, J 11.2 Hz, CH2Ph); 4.79 (2H, d, J 11.2 Hz, CH2Ph); 7.29–7.43 (10H, m, H-Ph).
13C RMN (100 MHz, CDCl3): δ 13.9 (C-10); 20.4 (C-9); 29.3 (C-8); 57.6 (C-7); 59.0 (C-1; C-6); 67.7 (C-2,
C-5); 73.6 (CH2Ph); 87.0 (C-3, C-4); 127.9, 128.6 (Ar); 137.0 (Cq). ESI HRMS: [M+H]+ calculated for
C24H34NO4 400.2483; found 400.2475.

N-Hydroxyethyl-2,3,4,6-tetra-O-acetyl-1,5-dideoxy-1,5-imino-D-glucitol (38a): 1H NMR (400 MHz,
CDCl3): δ 2.29 (1H, dd, J 9.7, 11.3 Hz, H-1a); 2.37–2.51 (2H, m, H-5, H-7a); 2.94–3.08 (1H, m, H-7b); 3.16
(1H, dd, J 4.4; 11.5 Hz, H-1b); 3.43 (1H, t, J 8.3 Hz, H-3); 3.54–3.77 (4H, m, H-2, H-4, H-8a, H-8b); 3.88
(2H, qd, J 2.8; 12.3 Hz, H-6a, H-6b); 4.67–4.81 (2H, m, CH2Ph); 4.84–4.97 (2H, m, CH2Ph); 7.29–7.45 (10H,
m, Ph-H). 13C RMN (100 MHz, CDCl3): δ 53.2 (C-7); 55.3 (C-1); 57.8 (C-6); 59.6 (C-8); 65.7 (C-5); 69.0
(C-2 or C-4); 74.8 (CH2Ph); 78.0 (C-2 or C-4); 85.9 (C-3); 128.0, 128.6 (Ar); 138.4 (Cq). ESI HRMS: [M+H]+

calculated for C22H30NO5 388.2119; found 388.2120.
N-Hydroxyethyl-2,3,4,6-tetra-O-acetyl-1,6-dideoxy-1,6-imino-L-iditol (38b): 1H NMR (400 MHz,

CDCl3): δ 2.66–2.80 (4H, m, 2xH-1, 2xH-2); 2.99 (2H, dd, J 2.8; 13.1 Hz, 2xH-7); 3.62–3.72 (4H, m, H-2,
H-5, 2xH-8); 3.80–3.90 (2H, m, H-3, H-4); 4.65 (2H, d, J 11.3 Hz, CH2Ph); 4.84 (2H, d, J 11.3 Hz, CH2Ph);
7.28–7.42 (10H, m, H-Ph). 13C RMN (100 MHz, CDCl3): δ 59.0 (C-7); 59.7 (C-8); 60.7 (C-1; C-6); 70.0 (C-3;
C-4); 74.2 (CH2Ph); 85.4 (C-2; C-5); 127.9, 128.0, 128.6, 137.9 (Ar). ESI HRMS: [M+H]+ calculated for
C22H30NO5 388.2119; found 388.2102.

12



Pharmaceuticals 2019, 12, 108

N-Propynyl-1,5-dideoxy-1,5-imino-D-glucitol (39a) [47]
N-Propynyl-1,6-dideoxy-1,6-imino-L-iditol (39b) [47]
N-Butyl-1,5-dideoxy-1,5-imino-D-glucitol (40a) [55]
N-Butyl-1,6-dideoxy-1,6-imino-L-iditol (40b): [α]22.5

D 1.3 (c 1.1, MeOH), 1H NMR (400 MHz,
D2O): δ 0.86 (3H, t, J 8.0 Hz, 3xH-10); 1.24–1.36 (2H, m, 2xH-9); 1.56–1.74 (2H, m, 2xH-8); 3.14–3.23
(2H, m, H-7); 3.26–3.37 (4H, m, 2xH-1, 2xH-6); 3.58–3.67 (2H, m, H-2, H-5); 4.01–4.08 (2H, m, H-3, H-4).
13C RMN (100 MHz, D2O): δ 12.9 (C-10); 19.3 (C-9); 25.6 (C-8); 58.6 (C-1; C-6; C-7) 67.1 (C-3 or C-4); 67.7
(C-3 or C-4); (C-2; C-5). ESI HRMS: [M+H]+ calculated for C10H22NO4 220.1544; found 220.1545.

N-Hydroxyethyl-1,5-dideoxy-1,5-imino-D-glucitol (41a) [55]
N-Hydroxyethyl-1,6-dideoxy-1,6-imino-L-iditol (41b): [α]22.5

D −9.1 (c 0.6, MeOH), 1H NMR (400
MHz, D2O): δ 2.62–2.77 (4H, m, H-1a; H-1b; H-6a; H-6b); 2.91 (2H, dd, J 3.8;13.7 Hz, H-7a, H-7b);
3.40–3.48 (2H, m, H-2, H-3); 3.69 (4H, m, H-4, H-5, H-8a, H-8b,). 13C RMN (100 MHz, D2O): δ 58.4
(C-7), 59.3 (C-1, C-6, C-8), 70.8 (C-4, C-5), 75.6 (C-2, C-3). ESI HRMS: [M+H]+ calculated for C8H18NO5

208.1185; found 208.1176.
Biological assays [43]: Yeast α-glucosidase (EC 3.2.1.20) and almond β-glucosidase (EC 3.2.1.21)

activity was assessed using a 96-well plate assay. Assays contained 20 mM NaOAc at pH 6.8
(α-glucosidase) and pH 6.2 (β-glucosidase), 10 mM PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid),
0.1 mM EDTA, α-glucosidase (5 μg/mL), β-glucosidase (6 μg/mL), and inhibitor (0.1–2 mM). Enzyme
and inhibitor were equilibrated at 37 ◦C for 30 min. The reaction was initiated by the addition of
p-nitrophenyl α-D-glucopyranoside (200 μM) or p-nitrophenyl β-D-glucopyranoside (200 μM), and
then it was quenched with 100 μL of sodium carbonate 3.0 M after 25 min incubation at 37 ◦C. Assays
were repeated in duplicate and data averaged.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/3/108/s1,
1H, 13C and bidimensional NMR and ESI HRMS spectra of compounds 26-31a,b and 36-41a,b; Table: IC50 of final
compounds and Dose-response curves obtained from Yeast α-Glucosidase and Almond β-Glucosidase assays.
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Abstract: Isonucleosides are rather stable regioisomeric analogs of nucleosides with broad therapeutic
potential. We have previously demonstrated the ability of 5′ and 6′-isonucleosides to inhibit the
activity of acetylcholinesterase, a major target for Alzheimer’s disease therapy. Continuing with
our research on this topic, we report herein on the synthesis and biological evaluation of a variety
of novel terminal isonucleosides and theobromine isonucleotide analogs. Xylofuranose-based
purine or uracil 5′-isonucleosides and xylofuranos-5′-yl or glucos-6′-yl theobromine derivatives
were accessed via Mitsunobu coupling between partially protected xylofuranose or glucofuranose
derivatives with a nucleobase using conventional or microwave-assisted heating conditions.
Theobromine-containing N-isonucleosidyl sulfonamide and phosphoramidate derivatives were
synthesized from isonucleosidyl acetate precursors. The most active compounds in the cholinesterase
inhibition assays were a glucopyranose-based theobromine isonucleosidyl acetate, acting as a dual
inhibitor of acetylcholinesterase (AChE, Ki = 3.1 μM) and butyrylcholinesterase (BChE, Ki = 5.4 μM),
and a 2-O,4-O-bis-xylofuranos-5′-yl uracil derivative, which displayed moderate inhibition of AChE
(Ki = 17.5 μM). Docking studies revealed that the active molecules are positioned at the gorge entrance
and at the active site of AChE. None of the compounds revealed cytoxic activity to cancer cells as
well as to non-malignant mouse fibroblasts.

Keywords: isonucleosides; theobromine; Mitsunobu reaction; cholinesterase inhibitors

1. Introduction

Isonucleosides are regioisomers of nucleosides in which a nucleobase or an analogous nitrogeneous
hetereoaromatic motif is linked to the sugar moiety at a non-anomeric position. This group of structures
has attracted significant interest in the search of new nucleos(t)ide analogs, owing to the therapeutic
potential of these groups of compounds, especially as anticancer and antiviral agents [1,2]. The lack
of an N-glycosidic bond in isonucleosides linking the sugar and nucleobase moieties confers them a
higher chemical and enzymatic stability than that of nucleosides. Most of the reported isonucleosides
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possess the nucleobase linked to furanose systems at C-2 or at C-3 [3–11], among which some
molecules exhibited anticancer [4,5] or antiviral [6–9,11] activities. Pyranosyl isonucleosides have been
relatively less exploited and the few reported examples include 2′-fluoroarabino-2′-yl pyrimidine
derivatives [12], which displayed anticancer activities, and pyranos-6′-yl isonucleosides [13,14], which
resulted from our previous investigations and showed selective and moderate to good inhibition of
acetylcholinesterase (AChE). This enzyme hydrolyses the neurotransmitter acetylcholine and is a main
therapeutic target for the symptomatic treatment of Alzheimer’s disease (AD) [15,16]. Isonucleosides
comprising 2-acetamido-6-chloropurine or theobromine units linked to methyl glucoside moieties and a
bis-glucopyranosid-6-yl thymine derivative were the most significant inhibitors with Ki values ranging
from 7.1 μM to 4.3 μM. The good inhibitory effect of the theobromine 6′-isonucleoside (A, Figure 1)
motivated the synthesis of furanosyl analogs, which included an N-isonucleosidyl sulfonamide
derivative (B, Figure 1) [17]. This isonucleotide analog, in which a sulfonamide is a neutral surrogate
and a potential mimetic of a phosphate group, also showed micromolar and selective inhibition of
AChE, besides revealing low toxicity in normal fibroblasts and in a neuronal cell, indicating therefore
the interest of this type of skeleton in the search for new lead molecules for AD.

Figure 1. Terminal theobromine isonucleosides, including a glucopyranosid-6′-yl derivative (A) and a
furanos-5’-yl-based N-isonucleosidyl sulfonamide (B), as selective AChE inhibitors.

Encouraged by our previous results, we further explored the synthesis and biological potential of
terminal isonucleosides, focusing on furanosyl derivatives and giving further emphasis to theobromine
derivatives. We report herein on the synthesis of various xylofuranos-5′-yl purine and uracil derivatives,
furanosyl or pyranosyl xylo/gluco-configured terminal theobromine isonucleosides and theobromine
N-isonucleosidyl analogs of compound B comprising anomeric sulfonamide and phosphoramidate
moieties. Molecules possessing a long O-alkyl chain at C-3 (octyl, dodecyl groups), instead of an
O-benzyl group present in the previous reported theobromine furanosyl derivatives (such as B), were
accessed. The presence of the long hydrocarbon chain may enhance the aptitude of the compounds
to cross the blood brain barrier, which is a relevant property to consider when planning anti-AD
agents [18], particularly if brain AChE is targeted. The ability of the synthesized compounds to
inhibit cholinesterases (ChEs) was further evaluated. Moreover, in view of the anticancer potential of
nucleos(t)ide analogs, the cytotoxicity of the new isonucleosides on cancer cells was assessed.

2. Results

2.1. Chemistry

The synthesis of 3′-O-dodecyl xylofuranos-5′-yl isonucleosides was based on the Mitsunobu
coupling between the 3′-O-dodecyl-1,2-O-isopropylidene xylofuranose precursor (2), which was
prepared from 3′-O-dodecyl-1,2-O-isopropylidene glucofuranose (1) [19], with purine derivatives
and uracil in the presence of diethyl azodicarboxylate (DEAD) and triphenylphosphine (Scheme 1).
The reaction with the purine alkaloid theobromine in THF at 50 ◦C during 2 days led to the desired
isonucleoside 3 in a low yield (16%). The conversion was significantly improved when performing
the reaction under microwave irradiation (MW, 150 W, Pmax 250 Psi) at 65 ◦C in a mixture of
tetrahydrofuran/N,N-dimethylformamide (THF/DMF), conducting to 3 in a satisfactory yield of 44%
after only 30 min. The coupling of 2 with adenine was carried out using the above mentioned
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MW-assisted protocol, since we have previously observed low conversions even after long reaction
times (16–96 h) in the Mitsunobu reaction between this nucleobase and partially protected glucosides
under conventional heating [14]. The N9-xylofuranos-5′-yl adenine 4 was obtained in moderate yield
(33%) within 50 min as the sole heterocoupling product, whose N9-C-5 linkage was determined by
HMBC correlations between protons H-5′ and C-4/C-8 of the purine moiety. N9-regioselectivity also
occurred in the coupling between 2 and 2-acetamido-6-chloropurine, which was performed under
conventional heating conditions leading to the isonucleoside 5 in 51% yield. Similarly, as for 4, the
HMBC spectra of 5 showed the key correlations between H-5′ and both C-4/C-8 which comproved
the regiochemistry of the isonucleosidic bond. In contrast with purines, the Mitsunobu reaction
involving uracil afforded different regiosomeric products of both mono- and bis-coupling, an outcome
previously found when using pyrimidines in analogous reactions performed under conventional
heating [14]. The isonucleosides comprising the uracil moiety linked by N1 (6) and by N3 (7) were
obtained in identical yields (12%–13%) and were assigned based on the HMBC correlations of the
protons H-5′ with C-2/C-6 or with C-2/C-4, respectively. The distinct chemical shifts for C-5′ in the
13C NMR spectra of 6 and 7, at 48.1 ppm and at 40.1 ppm, respectively, were additional indicative
spectral features for their regiochemical elucidation. The uracil-linked disaccharides N1,N3- and
2-O,4-O-xylofuran-5-yl uracils (8, 9) were formed in yields of 29% and 5%, respectively. Assignment of
the N1,N3-bis-xylofuranos-5-yl uracil (8) was based on its NMR spectral data, which combined the
features of both N1- and N3-linked isonucleosides, namely through the HMBC correlations between
H-5′ protons with C-2/C-6 and between H-5” with C-2/C-4 as well as the C-5′ and C-5” resonances at
49.0 ppm and 40.8 ppm, respectively. In the case of the 2,4-bis-O-xylofuranos-5-yl uracil derivative
(9), the 1H NMR and 13C NMR signals of the uracil moiety are deshielded relatively to those of the
N1,N3-linked regioisomer 8. The differences between the signals of H-6 and H-5 of the uracil ring
are particularly notorious, appearing at 8.18 ppm and 6.41 ppm in 9, whereas in the case of 8 these
protons resonate at 7.24 ppm and 5.69 ppm, respectively. In addition, the signals of C-5′ and C-5” of
the sugar moiety at 64.4 and 64.7 ppm further confirmed their connection to the 2-O and 4-O atoms of
the uracil unit.
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Scheme 1. Reagents and conditions: (a) NaIO4, THF (60 % aq. soln.), room temp., 2.5 h, 79% [19];
(b) NaBH4, EtOH/H2O, room temp., 1 h, 81% [19]; (c) theobromine, PPh3, diethyl azodicarboxylate
(DEAD), THF, 50 ◦C, 48 h, 16% or THF/DMF, MW, max. 150 W, 65 ◦C, 30 min, 44%; (d) adenine, PPh3,
DEAD, THF/DMF, MW, max. 150 W, 65 ◦C, 50 min, 31%; (e) 2-NHAc-6-Cl-purine, PPh3, DEAD, THF,
50 ◦C, 16 h, 51%; (f) uracil, PPh3, DEAD, THF, 50 ◦C, 18 h, 12% (6), 13% (7), 29% (8), 5% (9).

Motivated by our previous studies, which revealed the interest of theobromine isonucleosides as
promising lead molecules for AD (Figure 1) [14,17], we further focused our synthetic work on a variety
of theobromine derivatives. The theobromine xylofuranosyl isonucleoside 3 was the precursor for the
synthesis of isonucleotide analogs via derivatization at the anomeric center (Scheme 2). Thus, 3 was
subjected to acid-mediated hydrolysis of the acetonide moiety (aq. trifluoroacetic acid (TFA) 60%),
leading to diol 10. Further acetylation (Ac2O/pyridine) afforded the isonucleosidyl acetate 11, which
was subsequently converted into N-isonucleosidyl derivatives containing polar anomeric moieties
capable of hydrogen bond interactions as potential isosteres of a phosphate group. N-isonucleosidation
of methanesulfonamide with 11 in the presence of BF3·Et2O provided the N-isonucleosidyl sulfonamide
12 in 81% yield, as a 3-O-dodecyl analog of isonucleoside B (Figure 1). An anomeric mixture (β/α
ratio, 1:0.4) was obtained, which may be a result from the α and β-directing effects exerted by the
neighboring acetate group participation and by the remote participation of theobromine carbonyl
group, respectively, as well as from anomerization via the acyclic N-sulfonyl imine intermediate, as
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previously described in the synthesis of B (Figure 1) [17]. On the other hand, the isonucleosidyl acetate
11 was subjected to MW-assisted anomeric azidation with trimethylsilyl azide (TMSN3), mediated by
trimethylsilyl triflate (TMSOTf), leading to the α- and β-isonucleosidyl azides 13 in a 1:0.8 ratio and
86% yield. The formation of the α-anomer is likely to arise also from the above mentioned remote
group participation in assisting the isonucleosidyl cation intermediate, an effect already described to
influence the stereochemical outcome of the anomeric azidation of glucuronamide derivatives [17,20].
Moreover, the xylonolactone-containing theobromine isonucleoside 14 was formed as a secondary
product in 14% yield and was obtained in a mixture containing the β-isonucleosyl azide, the separation
of which could not be achieved by column chromatography. The structure of lactone 14 was identified
based on its NMR and high resolution mass spectrometry (HRMS) data. HMBC experiments showed
correlations between H-2′, which appeared at rather low field (δ = 5.59 ppm), H-3′ and H-4′ with
C-1′ (δ = 170 ppm). The mechanism leading to the lactone 14 probably involves the formation of
an isonucleosidyl imine intermediate, through nitrogen elimination from the anomeric azide moiety,
and subsequent hydrolysis during the workup. The azide 13-α was engaged in a Staudinger-type
reaction with trimethylphosphite to furnish the N-isonucleosidyl phosphoramidate 15 in 56% yield
as a 1:0.3 mixture of α- and β-anomers. Despite the α-anomeric configuration of the isonucleosidyl
azide precursor, the β-configured product likely arises from anomerization via acyclic N-phosphoryl
imine/iminium intermediates.

 

Scheme 2. Reagents and conditions: (a) trifluoroacetic acid (TFA) (60% aq. soln.), room temp., 2 h,
83% (α/β = 1:0.9; (b) Ac2O, py, room temp., 1.5 h, 69% (α/β = 1:0.5); (c) CH3SO2NH2, BF3·Et2O,
CH2Cl2/CH3CN, room temp., 2 h, 81% (β/α = 1:0.4); (d) trimethylsilyl azide (TMSN3), trimethylsilyl
triflate (TMSOTf), CH3CN, 65 ◦C, MW, max. 150 W, 1 h 40 min, 86% (13, β/α ratio, 1:0.8) and 14% (14);
(e) P(OMe)3, CH2Cl2, room temp., 23 h, 56% (α/β = 1:0.3).

Furanosyl and pyranosyl theobromine isonucleosides containing a 3-O-octyl moiety were also
synthesized. The 3-O-octyl-1,2-O-isopropylidene glucofuranose precursor (16, Scheme 3) was accessed
through 3-O-octylation of diacetone-D-glucose with octyl bromide in the presence of sodium hydride
and subsequent selective hydrolysis of the primary acetonide (aq. acetic acid 70%). The diol 16 was
then subjected to oxidative cleavage with sodium periodate and the resulting aldehyde was reduced
(NaBH4) to afford the xylofuranose derivative 17. The reaction of 17 with theobromine under the
MW-assisted Mitsunobu conditions, which was followed by removal of the isopropylidene moiety,
gave the xylofuranos-5′-yl theobromine 18, as an anomeric mixture, in 20% overall yield.
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Scheme 3. Reagents and conditions: (a) C8H17Br, NaH, DMF, room temp., 22 h; (b) AcOH (70% aq.
soln.), room temp., 26 h, 88%; 2 steps; (c) NaIO4, THF (60% aq. soln.), room temp., 4 h; (d) NaBH4,
EtOH/H2O, room temp., 1.5 h, 65%, 2 steps; (e) theobromine, PPh3, DEAD, DMF, 65 ◦C, MW, max. 150
W, 30 min; (f) TFA (60% aq. soln.), room temp., 4 h, 20%, 2 steps.

The direct regioselective Mitsunobu coupling of diol 16 with theobromine at C-6 could also be
achieved, although in low yield (16%), when carrying out the reaction in refluxing DMF (Scheme 4),
while the previously mentioned MW-assisted protocol did not enable significant conversion of 16. Acid
hydrolysis of the obtained glucofuranos-6′-yl theobromine 19 led to the pyranos-6′-yl isonucleoside
20, the acetylation of which provided the tri-O-acetylated derivative 21. The regiochemistry of the
isonucleosidic linkage (N1-C-6) in 20 was confirmed by the HMBC correlations between the protons
H-6′ and both C-2/C-6. The BF3Et2O-mediated reaction of 21 with methanesulfonamide gave the
N-isonucleosidyl sulfonamide 22 in 38% yield as an anomeric mixture (β/α ratio, 1:0.4).

 
Scheme 4. Reagents and conditions: (a) theobromine, PPh3, DEAD, DMF, reflux, 20 h, 16%; (b) TFA
(60% aq. soln.), room temp., 5 h, 87% (α /β = 1:0.9); (c) Ac2O, py, room temp., 2.5 h, 84% (α /β = 1:0.7);
(d) CH3SO2NH2, BF3·Et2O, CH2Cl2/CH3CN, room temp., 3.5 h, 38% (β/α = 1:0.4).

2.2. Biological Evaluation

The newly synthesized xylofuranosyl isonucleosides (3–10 and 18), the theobromine-containing
isonucleosidyl sulfonamides (12 and 22), azide (13-α) and phosphoramidate (15) and the
glucopyranos-6′-yl theobromine derivative 21 were subjected to biological evaluation. Their ability to
inhibit the enzymes acetylcholinesterase (AChE, from Electrophorus electricus) and butyrylcholinesterase
(BChE, from equine serum) was assessed by the Ellman’s method. The cholinesterase inhibitor
galantamine hydrobromide, which is clinically used for the treatment of AD, was used as a standard.
The percent inhibition (at 50 μM) determined for the compounds, the inhibition constants, Ki (for
competitive inhibition) or Ki

′ (for uncompetitive inhibition) for the active molecules, and the respective
types of inhibition are compiled in Table 1.
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Table 1. Results of the evaluation of the inhibitory activities of the compounds on cholinesterases.

AChE BChE

Compound % Inhibition a
Ki (μM)

[Ki
′ (μM)]

(type of inhibition)
% Inhibition a

Ki (μM)
[Ki
′ (μM)]

(type of inhibition)

Galantamine
hydrobromide 96.7 0.2 ± 0.1

(competitive) 86.3 2.4 ± 0.0
(competitive)

Xylofuranos-5′-yl isonucleosides

Purine derivatives

4 16.3 n.d. 11.9 n.d.

5 25.3 n.d. 32.5 n.d.

Uracil derivatives

6 22.5 n.d. 28.5 n.d.

7 17.8 n.d. 7.5 n.d.

8 26.1 n.d. 32.8 n.d.

9 40.3
17.5 ± 0.7

[103.0 ± 4.3]
(mixed-type)

29.8 n.d.

Theobromine derivatives

3 13.8 n.d. 11.7 n.d.

10 2.6 n.d. 22.9 n.d.

13-α 18.9 n.d. 35.0 n.d.

18 14.5 n.d. 19.6 n.d.

Glucopyranos-6′-yl theobromine isonucleoside

21 66.5
3.1 ± 0.2
[>100]

(mixed-type)
75.1

5.4 ± 0.3
[>60]

(mixed-type)

Theobromine-containing isonucleotide analogs

12 1.0 n.d. 4.6 n.d.

15 12.4 n.d. 35.9 n.d.

22 28.3 n.d. 52.6 n.d.
a % Inhibition at 50 μM. AChE, acetylcholinesterase; BChE, butyrylcholinesterase.

Among the furanosyl isonucleosides, only the 2-O,4-O-uracil-linked pseudodisaccharide 9 showed
significant effect on the activity of cholinesterases, exhibiting a moderate mixed-type inhibition
of AChE, in which the competitive character is more pronounced than the uncompetitive one
(Ki = 17.5 μM, Ki

′ = 103.0 μM, Figure 2). The remaining furanosyl isonucleosides were considered
inactive, showing, at 50 μM concentration, less than 40% inhibition of the activity of both enzymes.
The theobromine-containing furanosyl isonucleotide analogs (12, 15), containing sulfonamide or
phosphoramidate groups, as well the isonucleosidyl azide 13-α, were also devoid of any inhibitory
effects. Given the fact that the previously reported N-isonucleosidyl sulfonamide B (Figure 1) showed
effective inhibition of AChE, the lack of activity of the 3-O-dodecylated analog 12 clearly demonstrates
that the presence of the 3-O-benzyl group in B is crucial for its inhibitory activity. In contrast, replacing
a 3-O-dodecyl by a 3-O-octyl group appears not to cause a significant change on the activity of
xylofuranos-5′-yl theobromine derivatives, as demonstrated by the similar effects of isonucleosides 10

and 18.
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(a) (b) 

Figure 2. Dixon (a) and Cornish–Bowden (b) plots for the inhibition of AChE by compound 9.

With respect to glucopyranos-6′-yl theobromine isonucleosides, the isonucleosidyl acetate 21

displayed noteworthy inhibitory effects on both cholinesterases. It was the most active compound of
the series, exhibiting dual inhibition of AChE and BChE by a mixed-type mechanism with a dominant
competitive component, with single digit micromolar Ki values (Figure 3) that are at least ca. 32-fold
(Ki = 3.1 μM) and 11-fold lower (Ki = 5.4 μM) than their Ki

′ values, respectively. It was only twice less
active than the standard galantamine hydrobromide on BChE. The inhibition of BChE may provide
therapeutic benefits in AD, since an increasing activity of this enzyme with accompanying decreasing
levels of its congener AChE occurs over the course of the disease. Thus, the brain acetylcholine levels
became gradually dependent on BChE [21] and a dual AChE/BChE inhibition or a selective BChE
inhibition may provide a more effective treatment in advanced stages of AD. The N-isonucleosidyl
sulfonamide 22 was a weaker cholinesterase inhibitor than its precursor 21, displaying selective effect
towards BChE with 53% inhibition of the enzymatic activity at 50 μM.

(a) (b) 

Figure 3. Dixon plots for the inhibition of AChE (a) and BChE (b) by compound 21.

The compounds were tested for their cytotoxicity against human cancer cell lines, namely A375
(epithelial melanoma), A2780 (ovarian carcinoma), HT29 (colorectal adenocarcinoma), MCF7 (breast
adenocarcinoma) and SW1736 (thyroid carcinoma), as well as towards non-malignant mouse embryonic
fibroblasts (NIH 3T3), using the sulforhodamine-B (SRB) colorimetric assay. None of the molecules
revealed cytotoxic effects at concentrations below 30 μM (cut-off of the assay) to either cancer or healthy
cells, being therefore considered inactive (EC50 > 30 μM) against the tested cell lines.
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2.3. Molecular Docking Studies

To further understand the binding interactions on a molecular level of compounds 9 and 21,
a molecular docking was performed with Autodock 4 [22]. The crystal structures of AChE (PDB: 1C2O)
and BChE (PDB: 6EMI) were retrieved from the RCSB Protein Databank. Due to its anomeric mixture,
compound 21 was docked as α and β anomers.

Concerning the AChE docking results, 21-β outperformed compounds 21-α and 9 significantly
(Figure 4). With respect to the docking positions of 21-β, this compound seems to fit quite nicely
into the entrance of the cavity, where the theobromine moiety is positioned at the entrance of the
active site gorge, pointing towards the enzyme’s binding pocket (Figure 5). The main interaction of
the theobromine unit is with Tyr124 at the peripheral anionic site (PAS), which appears to be based
on an O–H···N hydrogen bond with one of the theobromine nitrogen atoms. The tri-O-acetylated
glucopyranosyl unit is located in front of the binding pocket, where the acetyl groups bind via N–H···O
hydrogen bonds to Trp286 at the PAS and Arg296, located between the acyl pocket and the PAS,
or Phe295 at the acyl binding pocket, where the N–H···O binding cannot be differentiated between
these residues.

Figure 4. Binding energies (kcal/mol) of the top docking poses of compounds 9, 21-α and 21-β into
AChE and BChE.

   

9 21–  21-  

Figure 5. Lowest-energy binding poses of compounds 9, 21-α and 21-β to AChE.

In compound 21-α, the conformation however hinders the theobromine moiety to enter the active
site and give a favorable binding position (Figure 5). Therefore, the theobromine system is mainly
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located outside of the active site of AChE, establishing as key interaction an O–H···Ar π-interaction
with Tyr72 at the PAS. Another strong binding occurs with one of the acetyl groups with Phe294.

The docking of compound 9 (Figure 5) shows a strong O–H···N interaction of Tyr124 at the PAS
with one of the pyrimidines nitrogens. Herein it seems that compound 9 is able to enter the binding
pocket where one half fills the cavity of the AChE active site while the other furanosyl moiety sticks
out and blocks the entrance of the binding pocket, where Phe295 shows an O–H···O binding to the
furanosyl oxygen.

The docking of 9, 21-α and 21-β in the structure of BChE resulted in quite similar results, whereas
the binding interactions of compound 9 in comparison to 21 fall off significantly (see Figure S20, in
the Supplementary Materials). The best docking position however shows a strong binding from
π-stacking of the pyrimidine moiety of 9 with Tyr332. This also is a major binding mode of 21-β as this
compound also shows a strong π-stacking interaction of the theobromine moiety with Tyr332 and weak
interactions of the acetyl groups with sidechains present in the active site of BChE. Compound 21-α
shows an interaction of the theobromine nitrogens with the peptide carbonyl of Leu286 and Ser287.
However, for the BChE active site, it is difficult to identify strong interactions between the inhibitors
and its amino acid residues.

3. Discussion

A variety of novel terminal isonucleosides embodying purine derivatives or uracil were synthesized
using the Mitsunobu coupling as a key step. Microwave irradiation proved to be a useful tool in the
Mitsunobu reaction between 3-O-dodecyl/octyl-1,2-O-isopropylidene xylofuranose with theobromine
or adenine, enabling the access to 5′-isonucleosides in shorter reaction times (30-50 min) than those
needed in conventional stirring for analogous reactions (>16 h) and in moderate yields. In the
case of the synthesis of the 3′-O-dodecyl-xylofuranos-5′-yl theobromine derivative 3, a significant
increase on the reaction yield (from 16% to 44%) was achieved using MW-assisted heating. Potential
nucleotide mimetics, namely theobromine-based N-isonucleosidyl sulfonamides or an N-isonucleosidyl
phosphoramidate, which is a previously unreported type of structure, were synthesized through
anomeric functionalization of isonucleosidyl acetates, whose stereochemical outcome was influenced
by the remote participating effect of the theobromine carbonyl groups.

Biological evaluation revealed the ability of a theobromine isonucleosidyl acetate possessing a
glucopyranose moiety (21) to inhibit both AChE and BChE at single-digit micromolar concentrations,
reinforcing the potential of theobromine isonucleosides as cholinesterase inhibitors. Since the anomeric
mixture was evaluated, it appears that 21-β accounts more for the detected competitive inhibitory
effect on AChE, as indicated by the docking simulations. The theobromine unit in 21-β as well as the
sugar moiety are important for the binding to the enzyme, establishing interactions at the PAS and at
the front of the active site, respectively.

The N-isonucleosidyl sulfonamide derivative (22) showed significantly weaker effects than
its precursor 21, a result which is in contrast with our previous findings that suggested that an
anomerically linked sulfonamide moiety, namely in compound B (Figure 1), would lead to an
increase on the AChE inhibitory ability of the theobromine isonucleoside. This result as well as
the lack of activity of the 3-O-dodecyl theobromine N-isonucleosidyl sulfonamide 12 indicate that
the 3-O-substituent and the sugar ring system in these types of molecules also account for their
ChE inhibitory abilities. A uracil-linked pseudodisaccharide (9) was the only xylofuranose-based
isonucleoside which showed significant ChE inhibitory effect, with selective and moderate activity on
AChE, which further demonstrate the AChE inhibitory potential of molecules based on this type of
skeleton, notwithstanding its large size. Similarly, to a thymine-linked pseudodisaccharide previously
described as a competitive AChE inhibitor [14], the interactions between compound 9 and the enzyme
seem also to span both the PAS and the active site, with half of the molecule blocking the entrance to
the active site gorge and the pyrimidine unit being involved in a key interaction.
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The lack of cytotoxicity of the tested molecules to either cancer or non-malignant cells reflects
the lower propensity of terminal nucleosides than non-terminal ones to exhibit cytotoxic effects. It
is known that 2′-isonucleosides can be, although in a low extend, intracellularly phosphorylated at
the primary hydroxyl group by kinases [9,23] and that isonucleoside triphosphates can be recognized
by DNA polymerases and be incorporated into the growing DNA chain arresting its elongation [24],
similarly to the mechanism of action of the known anticancer nucleosides [1,2]. The absence of a
terminal hydroxyl group able for phosphorylation in these newly synthesized 5′-/6′-isonucleosides
precludes them to undergo such biological pathway which eventually would lead to cytotoxic effects.

Nevertheless, the non-toxicity of these molecules to healthy cells motivates studies focusing on
other biological properties to further explore their therapeutic interest.

4. Materials and Methods

4.1. Chemistry

4.1.1. General Methods

The progress of the reactions was checked by thin layer chromatography (TLC) using silica gel
aluminum plates (Merck 60 F254) with visualization under UV light (254 nm) and/or by immersion
in a 10% H2SO4 solution in ethanol or in a solution of cerium (IV) sulfate (0.2% w/v) and ammonium
molybdate (5% w/v) in H2SO4 (6% aq.) followed by heating (200 ◦C). Microwave experiments were
carried out in a CEM Discover SP Microwave Synthesizer. Flash column chromatography was
performed on silica gel 60 G (0.040–0.063 mm, E. Merck). Optical rotations (589 nm, 20 ◦C) were
measured on a Perkin–Elmer 343 polarimeter. NMR spectra were acquired using a BRUKER Avance
400 spectrometer operating at 400.13 MHz for 1H or 100.62 MHz for 13C. The chemical shifts are given
in parts per million (ppm). The spectra were calibrated with internal TMS (in the case of 1H NMR
spectra in CDCl3) or with the respective solvent residual peak. Coupling constants (J) are given in
hertz (Hz). Assignments were made with the help of 2D experiments (COSY, HSQC, HMBC). HRMS
spectra were acquired with a QqTOF Impact II mass spectrometer (Bruker Daltonics) equipped with
an electrospray ion source (ESI) and were recorded in positive mode.

Synthesis of compound 2 was previously described [19].

4.1.2. General Procedure for the Mitsunobu Coupling of
3-O-Octyl/Dodecyl-1,2-O-isopropylidene-α-D-xylo/glucofuranose (2, 17) with Purine
Derivatives/Uracil

To a solution of partially protected 1,2-O-isopropylidene-α-D-xylo/glucofuranose (1 mmol) in
THF (28 mL) or DMF (10 mL) under nitrogen atmosphere, PPh3 (2 equiv.), diethyl azodicarboxylate
(DEAD, 2 equiv.) and purine derivative/uracil (2 equiv.) were added. The mixture was stirred under
the conditions indicated further. The mixture was concentrated under vacuum and the crude residue
was subjected to column chromatography.

4.1.3. General Microwave-Assisted Procedure for the Mitsunobu Coupling of
3-O-Octyl/Dodecyl-1,2-O-isopropylidene-α-D-xylofuranose (2, 17) with Theobromine/Adenine

To a solution of partially protected 1,2-O-isopropylidene-α-D-xylofuranose (0.2 mmol) in THF/DMF
(1:1, 2 mL) or DMF (2 mL), PPh3 (2 equiv.), diethyl azodicarboxylate (DEAD, 2 equiv.) and theobromine
(2 equiv.) were sequentially added. The mixture was stirred under microwave irradiation (150 W max.,
P max = 250 Psi) at 65 ◦C for 30–50 min. The solvent was evaporated, and the crude residue was
subjected to column chromatography on silica-gel.
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4.1.4. 1-(5-Deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)-3,7-dimethyl-3,7-
dihydro-1H-purine-2,6-dione (3)

Obtained according to the general procedure for Mitsunobu coupling, starting from compound 2

(328 mg, 0.916 mmol), theobromine (340 mg, 1.89 mmol) and using PPh3 (502 mg, 1.91 mmol) and
DEAD (40% wt. soln. in toluene, 0.89 mL, 1.95 mmol) in THF (25 mL). The reaction mixture was stirred
at 50 ◦C for 48 h. Purification by column chromatography (from AcOEt/hexane 1:1 to 4:1) afforded 5

(76 mg, 16%) as a yellow oil.
Alternatively, the title compound could be obtained using the MW-assisted procedure, starting

from compound 2 (79 mg, 0.219 mmol), theobromine (80 mg, 0.44 mmol) and using PPh3 (115 mg,
0.43 mmol) and DEAD (40% wt. soln. in toluene, 0.2 mL, 0.44 mmol) in THF/DMF (1:1, 2 mL), within a
reaction mixture of 30 min and in 44% yield (50 mg). [α]20

D = −5 (c = 1, in CH2Cl2). 1H NMR (CDCl3,
400 MHz): δ 7.49 (s, 1H, H-8), 5.97 (d, 1 H, H-1′, J1′,2′ = 3.9), 4.74 (dd, 1 H, H-5′a, J4′,5′a = 8.8, J5′a,5′b =
14.1), 4.59–4.52 (m, 2 H, H-2’, H-4′), 3.99–3.91 (m, 4 H, CH3, N7, H-5′b, J4′,5′b = 1.8), 3.90 (d, 1 H, H-3′,
J3′,4′ = 3.4), 3.69–3.59 (m, 1 H, H-1”a), 3.56 (s, 3 H, CH3-N3), 3.48–3.38 (ddd, H-1”b), 1.62–1.51 (m 2
H, CH2-2”), 1.43 (s, 3 H, CH3, i-Pr), 1.38–1.16 (m, 21 H, CH2-3” to CH2-11”, CH3, i-Pr), 0.86 (t, 3 H,
CH3-12”, J = 6.7). 13C NMR (CDCl3, 100 MHz): δ 155.4 (C-6), 151.7 (C-2), 148.9 (C-4), 141.5 (C-8), 111.5
(Cq, i-Pr), 107.9 (C-5), 105.3 (C-1′), 83.5 (C-3′), 82.5 (C-2′), 78.6 (C-4′), 70.5 (CH2-1”), 40.0 (C-5′), 33.7
(CH3, N7), 32.1 (CH2-2”), 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 26.8 (CH3, N3, CH2-3” to CH2-10”), 26.3,
26.3 (2 × CH3, i-Pr), 22.8 (CH2-11”), 14.3 (CH3-12”). HRMS: calcd for C27H44N4O6 [M + H]+ 521.3334,
found 521.3333; calcd for C27H44N4O6 [M + Na]+ 543.3153, found 543.3149.

4.1.5. 9-(5-Deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)adenine (4)

Obtained according to the general MW-assisted procedure for Mitsunobu coupling, starting from
compound 2 (80 mg, 0.22 mmol), adenine (60 mg, 0.44 mmol) and using PPh3 (117 mg, 0.44 mmol) and
DEAD (40% wt. soln. in toluene, 0.2 mL, 0.44 mmol), in THF/DMF (1:1, 2 mL). The reaction mixture
was stirred for 50 min. Purification by column chromatography (from AcOEt/cyclohexane 2:1 to AcOEt)
afforded 4 (33 mg, 31%) as a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 8.36 (s, 1 H, H-2), 7.93 (s, 1
H, H-8), 5.96 (d, 1 H, H-1′, J1’,2’ = 3.6), 5.69 (br.s, 2 H, NH2), 4.52 (d, 1 H, H-1′, J1’,2’ = 3.2), 4.64–4.50
(m, 3 H, H-2′, H-5′a, H-4′), 4.35 (dd, 1 H, H-5′b, J5’a,5’b = 15.9, J4’,5’b = 10.0), 3.87 (d, 1 H, H-3′, J2′,3′ =
2.8 ), 3.69–3.60 (m, 1 H, H-1”a), 3.47–3.38 (m, 1 H, H-1”b), 1.62–1.53 (m 2 H, CH2-2”), 1.42–1.20 (m, 26
H, CH2-3” to CH2-11”, 2 × CH3, i-Pr), 0.87 (t, 4.2 H, CH3-12”, J = 6.7). 13C NMR (CDCl3, 100MHz): δ
155.4 (C-6), 153.0 (C-2), 150.3 (C-4), 141.7 (C-8), 119.6 (C-5), 112.0 (Cq, i-Pr), 105.3 (C-1′), 82.7 (C-3′), 82.2
(C-2′), 78.4 (C-4′), 70.6 (CH2-1”), 42.9 (C-5′), 32.1 (CH2-2”), 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 26.9,
26.3, 26.3, 22.8 (CH2-3” to CH2-11”, 2 × CH3, i-Pr), 14.3 (CH2-12”). HRMS: calcd for C25H41N5O4 [M +
H]+ 476.3231, found 476.3226. calcd for C25H41N5O4 [M + Na]+ 498.3051, found 498.3043.

4.1.6. 2-Acetamido-6-chloro-9-(5-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-
5-yl)purine (5)

Obtained according to the general procedure for Mitsunobu coupling, starting from compound 2

(337 mg, 0.94 mmol), 2-acetamido-6-chloropurine (399 mg, 1.88 mmol) and using PPh3 (504 mg, 1.92
mmol) and DEAD (40% wt. soln. in toluene, 0.82 mL, 1.8 mmol) in THF (25 mL). The reaction mixture
was stirred at 50 ◦C for 16 h. Purification by column chromatography (from AcOEt/petroleum ether
1:2) afforded 5 (265 mg, 51%) as a yellow oil.

[α]20
D = −14 (c = 1, in CH2Cl2). 1H NMR (400 MHz, CDCl3) δ 8.11 (s, 1 H, H-8), 5.95 (d, 1 H, H-1’,

J1′,2′ = 3.7), 4.60 (d, 1 H, H-2′), 4.56–4.46 (m, 2 H, H-4′, H-5′a), 4.39 (dd, 1 H, H-5′b, J4′,5′b = 9.0, J5′a,5′b =
15.0), 3.85 (d, 1 H, H-3′, J3′,4′ = 3.0), 3.68–3.58 (m, 1 H, H-1”a), 3.45–3.35 (ddd, H-1”b), 2.54 (s, 3 H, CH3,
NHAc), 1.60–1.49 (m 2 H, CH2-2”), 1.40 (s, 3 H, CH3, i-Pr), 1.36–1.16 (m, 21 H, CH2-3” to CH2-11”, CH3,
i-Pr), 0.87 (t, 3 H, CH3-12”, J = 6.7). 13C NMR (100 MHz, CDCl3) δ: 153.0 (C-4), 152.0, 151.3 (C-2, C-6),
145.7 (C-8), 128.0 (C-5), 112.2 (Cq, i-Pr), 105.3 (C-1′), 82.6 (C-3′), 82.0 (C-2′), 77.8 (C-4′), 70.6 (CH2-1”),
43.2 (C-5′), 32.0 (CH2-2”), 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 26.9 (CH2-3” to CH2-10”), 26.3, 26.2 (2 ×
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CH3, i-Pr), 25.3 (CH3, NHAc), 22.8 (CH2-11”), 14.3 (CH3-12”). HRMS: calcd for C27H42ClN5O5 [M +
H]+ 552.2947, found 552.2957; calcd for C27H42ClN5O5 [M + Na]+ 574.2767, found 574.2778.

4.1.7. 1-(5-Deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)uracil (6),
3-(5-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)uracil (7),
1,3-bis-(5-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)uracil (8) and
2,4-bis-O-(5-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)uracil (9)

Obtained according to the general procedure for Mitsunobu coupling, starting from compound 2

(286 mg, 0.798 mmol), uracil (182 mg, 1.62 mmol) and using PPh3 (425 mg, 1.62 mmol) and DEAD (40%
wt. soln. in toluene, 0.7 mL, 1.54 mmol) in THF (25 mL). The reaction mixture was stirred at 50 ◦C for
18 h. Purification by column chromatography (from AcOEt/petroleum ether 1:5 to AcOEt) afforded 9

(17 mg, 5%), 8 (91 mg, 29%), 6 (42 mg, 12%) and 7 (46 mg, 13%) as colorless oils.
Compound 6: [α]20

D = −2 (c = 1, in CH2Cl2). 1H NMR (CDCl3, 400 MHz): δ 8.99 (s, 1 H, NH),
7.30 (d, 1 H, H-6, J5,6 = 7.9), 5.91 (d, 1 H, H-1’, J1’,2’ = 3.7), 5.66 (d, 1 H, H-5), 4.56 (d, 1 H, H-2’), 4.41
(dt, 1 H, H-4′, J4′,5′b = 8.8), 4.33 (dd, 1 H, H-5′a, J4′,5′a = 2.6, J5′a,5′b = 14.6), 3.85 (d, 1 H, H-3′, J3′,′ =
3.2), 3.69–3.57 (m, 2 H, H-1”a, H-5′b), 3.44–3.34 (ddd, H-1”b), 1.60–1.50 (m 2 H, CH2-2”), 1.46 (s, 3
H, CH3, i-Pr), 1.34–1.18 (m, 21 H, CH2-3” to CH2-11”, CH3, i-Pr), 0.87 (t, 3 H, CH3-12”, J = 6.7). 13C
NMR (CDCl3, 100MHz): δ 163.8 (C-4), 151.1 (C-2), 145.7 (C-6), 112.1 (Cq, i-Pr), 105.2 (C-1′), 102.1 (C-5),
82.9 (C-3′), 82.2 (C-2′), 78.1 (C-4′), 70.6 (CH2-1”), 48.1 (C-5′), 32.0 (CH2-2”), 29.8, 29.8, 29.8, 29.7, 29.7,
29.5, 29.5, 26.8 (CH2-3” to CH2-10”) 26.3, 26.2 (2 × CH3, i-Pr), 22.8 (CH2-11”), 14.3 (CH3-12”). HRMS:
calcd for C24H40N2O6 [M + Na]+ 475.2779, found 475.2782; calcd for C24H40N2O6 [M + H]+ 453.2959,
found 453.2962.

Compound 7: [α]20
D = +6 (c = 1, in CH2Cl2).1H NMR (CDCl3, 400 MHz): δ 9.98 (br.d, 1 H, NH),

7.20 (dd, 1 H, H-6, JNH,6 = 5.8, J5,6 = 7.6), 5.94 (d, 1 H, H-1′, J1′,2′ = 3.8), 5.72 (dd, 1 H, H-5, JNH,5 = 1.2,
J5,6 = 7.6 ), 4.59–4.46 (m, 3 H, H-2′, H-4′, H-5′a), 4.00–3.90 (m, 1 H, H-5′b) 3.88 (d, 1 H, H-3′, J3′,4′ =
2.4), 3.68–3.59 (m, 2 H, H-1”a), 3.47–3.37 (ddd, H-1”b), 1.64–1.51 (m 2 H, CH2-2”), 1.45 (s, 3 H, CH3,
i-Pr), 1.37–1.16 (m, 21 H, CH2-3” to CH2-11”, CH3, i-Pr), 0.86 (t, 3 H, CH3-12”, J = 6.7). 13C NMR
(CDCl3, 400 MHz): δ 163.6 (C-4), 153.0 (C-2), 139.1 (C-6), 111.7 (Cq, i-Pr), 105.2 (C-1′), 102.0 (C-5),
83.3 (C-3′), 82.4 (C-2′), 78.2 (C-4′), 70.6 (CH2-1”), 40.1 (C-5′), 32.0 (CH2-2”), 29.8, 29.8, 29.8, 29.8, 29.7,
29.6, 29.5, 26.8 (CH2-3” to CH2-10”), 26.3, 26.2 (2 × CH3, i-Pr), 22.8 (CH2-11”), 14.3 (CH3-12”). HRMS:
calcd for C24H40N2O6 [M + Na]+ 475.2779, found 475.2788; calcd for C24H40N2O6 [M + H]+ 453.2959,
found 453.2969.

Compound 8: [α]20
D = −4 (c = 1, in CH2Cl2). 1H NMR (CDCl3, 400 MHz): δ 7.24 (d, 1 H, H-6, J5,6

= 7.9), 5.93, 5.90 (2 d, 2 H, H-1′, H-1”, J1′,2′ = 3.8, J1”,2” = 3.8 ), 5.69 (d, 1 H, H-5), 4.63–4.46 (m, 4 H,
H-5”a, H-2′ H-2”, H-4”), 4.44 (ddd, 1 H, H-4′), 4.31 (dd, 1 H, H-5′a, J5′a,5′b = 14.7, J4′,5′a = 2.6), 3.92
(dd, 1 H, H-5”b, J5”a,5”b = 13.8, J4”,5”a = 1.6), 3.86 (d, 1 H, H-3”, J3”,4” = 3.3), 3.82 (d, 1 H, H-3′, J3′,4′ =
3.1), 3.68–3.55 (m, 3 H, H-5’b, H-1′′′a, H-1””a), 3.46–3.32 (m, 2 H, H-1′′′b, H-1””b), 1.60–1.49 (m 4 H,
CH2-2′′′, CH2-2””) 1.45, 1.43 (2 s, 2 × 3 H, 2 × CH3, i-Pr), 1.35–1.16 (m, 42 H, CH2-3′′′ to CH2-11′′′,
CH2-3”” to CH2-11””, 2 × CH3, i-Pr), 0.86 (t, 3 H, CH3-12′′′, CH3-12””, J = 6.7). 13C NMR (CDCl3,
100MHz): δ 163.2 (C-4), 151.9 (C-2), 143.4 (C-6), 112.0, 111.5 (Cq, i-Pr), 105.3, 105.3, (C-1′, C-1”), 101.8
(C-5), 83.5 (C-3”), 82.9 (C-3′), 82.4, 82.1 (C-2′, C-2”), 78.3 (C-4′), 78.1 (C-4”), 70.5 (CH2-1′′′, CH2-1””),
49.0 (C-5′), 40.8 (C-5”), 32.0 (CH2-2′′′, CH2-2””), 29.8, 29.8, 29.8, 29.7, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.5,
26.8 (CH2-3′′′ to CH2-10′′′, CH2-3”” to CH2-10””), 26.3, 26.3, 26.2, 26.2 (4 × CH3, i-Pr), 22.8 (CH2-11′′′,
CH2-11””), 14.3 (CH3-12′′′, CH3-12””). HRMS: calcd for C44H76N2O10 [M + Na]+ 815.5392, found
815.5420; calcd for C44H76N2O10 [M + H]+ 793.5573, found 793.5584.

Compound 9: [α]20
D = −31 (c = 1, in CH2Cl2). 1H NMR (CDCl3, 400 MHz): δ = 8.18 (d, 1H, H-6, J

= 5.7), 6.41 (d, 1 H, H-5), 5.97–5.92 (m, 2 H, H-1′, H-1”, J = 3.9, J = 4.2), 4.69 (dd, 1H, H-5′a, J5a,5b = 10.5,
J4,5a = 3.9), 4.63–4.42 (m, 7 H, H-2′, H-2”, H-4′, H-4”, H-5′b, H-5”a, H-5”b), 3.95, 3.89 (2 d, 2 × 1 H,
H-3′, H-3”, J = 2.2 Hz, J = 2.8), 3.66–3.52 (m, 2 H, H-1′′′a, H-1””a), 3.48–3.36 (m, 2 H, H-1′′′b, H-1””b),
1.59–1.45 (m, 10 H, 2 × CH3, i-Pr, CH2-2′′′, CH2-2””); 1.36–1.14 (m, 42 H, 2 × CH3, i-Pr, CH2-3′′′ to
CH2-11′′′, CH2-3′′′ to CH2-11””); 0,87 (t, 6 H, CH3-12′′′, CH3-12””, J = 6.5) ppm. 13C NMR (CDCl3, 400
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MHz): δ 170.9 (C-4), 164.8 (C-2), 158.7 (C-6), 111.9, 111.8 (2 × Cq, i-Pr), 105.4, 105.3 (C-1′, C-1”), 102.54
(C5), 82.7, 82.6, 82.4, 82.4 (C-2′, C-2”, C-3′, C3”), 78.4, 78.3 (C-4′, C4”), 70.8, 70.7 (CH2-1′′′/ CH2-1””),
64.7, 64.4 (C-5′, C-5”), 32.1, 29.8, 29.8, 29.7, 29.7, 29.5, 27.0, 26.5, 26.4, 26.2, 26.1 (4 × CH3, i-Pr, CH2-2′′′ to
CH2-10′′′, CH2-2”” to CH2-10””), 22.8 (CH2-11′′′, CH2-11””), 14.4 (CH3-12′′′, CH3-12””) ppm. HRMS:
calcd for C44H76N2O10 [M +H]+ 793.5573, found 793.5592; calcd for C44H76N2O10 [M +Na]+ 815.5392,
found 815.5414.

4.1.8. 1-(5-Deoxy-3-O-dodecyl-α,β-D-xylofuranos-5-yl)-3,7-dimethyl-3,7-dihydro-1H-
purine-2,6-dione (10)

A solution of 1-(5-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-xylofuranos-5-yl)-3,7-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (3, 39 mg, 0.075 mmol) in aq. trifluoroacetic acid (TFA, 60%, 3 mL)
was stirred at room temp. for 2 h. The solvents were co-evaporated with toluene and the residue was
subjected to column chromatography (from AcOEt/hexane, 10:1 to AcOEt/MeOH, 12:1) to afford 10 (30
mg, 83%, anomeric mixture, α/β ratio, 1:0.9) as colorless oil. 1H NMR (400 MHz, CDCl3) δ: 7.54 (s, 1.9
H, H-8 α, β), 5.56 (br.s, 1 H, H-1′ α), 5.11 (1, 0.9 H, H-1′ β), 4.67–4.38 (m, 3.8 H, H-4′ α, H-4′ β, H-5′a α,
H-5′a β), 4.34–4.19 (m, 1.9 H, H-2′ α, H-2′ β), 4.08–3.90 (m, 9.5 H, H-3′ α, H-3′ β, H-5′b α, H-5’b β,
CH3-N7 α, β), 3.71–3.42 (m, 9.5 H, CH2-1” α, CH2-1” β, CH3-N3 α, β) 1.70–1.60 (m 3.8 H, CH2-2” α,
CH2-2” β), 1.37–1.20 (m, 34.2 H, CH2-3” to CH2-11”), 0.87 (t, 5.7 H, CH3-12”, J = 6.7). 13C NMR (100
MHz, CDCl3) δ: 155.9 (C-6 α, β), 152.0, 151.9 (C-2 α, β), 149.1, 148.9 (C-4 α, β), 142.1 (C-8 α, β), 107.9,
107.8 (C-5 α, β), 103.5 (C-1′ β), 96.4 (C-1′ α), 84.6 (C-3’ β), 84.1 (C-3’ α), 80.1 (C-2′ α), 76.8 (C-4′ α, β),
75.2 (C-2′ β), 71.5 (CH2-1” α), 70.9 (CH2-1” β), 43.0 (C-5′, α, β), 33.8, 33.7 (CH3, N7, α, β), 32.1 (CH2-2”,
α, β), 30.1, 29.9, 29.9, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.6, 29.5, 26.2, 22.8, (CH3, N3, CH2-3” to CH2-11”,
α, β), 14.3 (CH2-12”, α, β). HRMS: calcd for C24H40N4O6 [M +Na]+ 503.2840, found 503.2836; calcd
for C24H40N4O6 [M + H]+ 481.3021, found 481.3018.

4.1.9. 1-(1,2-Di-O-acetyl-5-deoxy-3-O-dodecyl-α,β-D-xylofuranos-5-yl)-3,7-dimethyl-3,7-dihydro-1H-
purine-2,6-dione (11)

A solution of 1-(5-deoxy-3-O-dodecyl-α,β-D-xylofuranos-5-yl)-3,7-dimethyl-3,7-dihydro-1H-
purine-2,6-dione (10, 41 mg, 0.078 mmol) in pyridine (3 mL) and acetic anhydride (1.5 mL) was
stirred at room temp. for 1.5 h. After co-evaporation of the solvents with toluene, the residue was
subjected to column chromatography (AcOEt/hexane, 5:1) to give 11 (33 mg, 69%, anomeric mixture,
α/β ratio, 1:0.5) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ: 7.50, 7.48 (2 s, 1.5 H, H-8 α, β), 6.38 (dd,
1 H, H-1′ α, J1’,2’ α = 4.5), 5.99 (1, 0.5 H, H-1′ β), 5.27 (t, 1 H, H-2′ α), 5.23 (s, 0.5 H, H-2′ β), 4.84–4.58
(m, 3 H, H-4′ α, H-4′ β, H-5′a α, H-5′a β), 4.19 (t, 1 H, H-3, J2’,3’ α ~ J2’,4’ α = 5.5), 4.01 (br.d, 0.5 H,
H-3′ β, J3’,4’ β = 5.0), 3.99–3.84 (m, 6 H, CH3-N7 α, β, H-5′b α, H-5′b β), 3.74–3.65 (m, 0.5 H, H-1′′a β),
3.65–3.44 (m, 7 H, CH2-1” α, H-1”b β, CH3-N3 α, β), 2.18 (s, 1.5 H, CH3, Ac, β), 2.05 (s, 4.5 H, CH3, Ac,
α, β), 1.99 (s, 3 H, CH3, Ac, α), 1.63–1.50 (m, 3 H, CH2-2”, α, β), 1.41–1.16 (m, 27 H, CH2-3” to CH2-11”),
0.85 (t, 4.5 H, CH3-12”, J = 6.8). 13C NMR (100 MHz, CDCl3) δ: 170.5, 169.8 (CO, Ac, β), 169.7, 169.4
(CO, Ac, α), 155.3, 155.3 (C-6 α, β), 151.7 (C-2 α, β), 148.9, 148.8 (C-4 α, β), 141.6, 141.4 (C-8 α, β), 107.8
(C-5 α, β), 99.0 (C-1′ β), 84.2 (C-1′ α), 82.0 (C-3’ β), 80.7 (C-3’ α), 80.2 (C-4′ β), 79.8 (C-2′ β), 76.5 (C-2’
α), 76.2 (C-4′ α), 71.2, 71.0 (CH2-1”, α, β), 41.9 (C-5′ β), 41.3 (C-5′ α), 33.7, 33.7 (CH3, N7, α, β), 32.0
(CH2-2”, α, β), 29.9, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 26.3, 26.2, 22.8, (CH3, N3, CH2-3” to CH2-11”,
α, β), 21.5, 21.0, 20.9, 20.7 (CH3, Ac, α, β), 14.2 (CH2-12”, α, β).

4.1.10. N-[2-O-Acetyl-1,5-dideoxy-5-(3,7-dimethyl-3,7-dihydro-2,6-dioxo-1H-purin-1-yl)-
3-O-dodecyl-α,β-d-xylofuranos-1-yl]methanesulfonamide (12)

To a solution of 1-(1,2-di-O-acetyl-5-deoxy-3-O-dodecyl-α,β-D-xylofuranos-5-yl)-3,7-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (11, 22 mg, 0.039 mmol) in CH2Cl2/acetonitrile (1.2 mL, 4:1) under
nitrogen and at 0 ◦C, BF3·Et2O (0.03 mL, 0.24 mmol) and methanesulfonamide (21 mg, 0.22 mmol)
were added. The mixture was stirred at room temp. for 2 h. Then, it was diluted with CH2Cl2 and
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washed with a satd. aq. NaHCO3 soln. The aqueous phase was extracted with CH2Cl2 (2×) and the
combined organic layers were dried with anhydrous MgSO4. After filtration and evaporation of the
solvent, the residue was subjected to column chromatography (AcOEt/hexane, 15:1) to afford 12 (19
mg, 81%, anomeric mixture, β/α ratio, 1:0.4) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ: 7.52, 7.51 (2
s, 1.4 H, H-8 α, β), 5.73 (d, 1 H, NH, β, J1’,NH β = 11.1), 5.61 (dd, 0.4 H, H-1′ α, J1’,2’ α = 3.5, J1’,NH α

= 11.3), 5.23 (d, 1 H, H-1′ β), 5.20 (s, 1 H, H-2′ β), 5.14 (dd, 0.4 H, H-2′ α, J1’,2’ α = 3.5, J2’,3’ α = 0.9),
5.07 (d, 0.4 H, NH α), 4.72 (dd, 1 H, H-5′a β, J5’a,5’b β = 13.9, J4’,5’a β = 9.5), 4.63–4.45 (m, 2.2 H, H-5′a
α, H-5′b α, H-4′ α, H-4′ β, J5’a,5’b α = 13.8, J4’,5’a α = 8.7), 4.02–3.91 (m, 6.6 H, H-3′ α, H-3′ β, H-5’b β,
CH3-N7 α, β), 3.81–3.72 (m, 1.4 H, H-1′′a α, H-1”a β), 3.61–3.49 (m, 5.6 H, H-1”b α, H-1”b β, CH3-N3

α, β), 3.11 (s, 3 H, S-CH3, β), 3.03 (s, 1.2 H, S-CH3, α), 2.11 (s, 1.2 H, CH3, Ac, α), 2.07 (s, 3 H, CH3, Ac,
β), 1.70–1.60 (m 2.8 H, CH2-2” α, CH2-2” β), 1.37–1.20 (m, 25.2 H, CH2-3” to CH2-11”, α, β), 0.87 (t,
4.2 H, CH3-12”, α, β, J = 6.7). 13C NMR (100 MHz, CDCl3) δ: 169.6, 168.9 (CO, Ac, α, β) 155.3 (C-6 α,
β), 151.7 (C-2 α, β), 149.1, 149.0 (C-4 α, β), 141.8, 141.7 (C-8 α, β), 107.7 (C-5 α, β), 88.0 (C-1′ β), 82.9
(C-1′ α), 81.5 (C-3’ α), 81.0 (C-3’ β), 79.4 (C-4′ β), 78.9 (C-2′ β), 71.8 (CH2-1”, α, β), 43.0 (SCH3, β), 42.3,
41.7 (SCH3, α, C-5′ β), 33.8 (CH3-N7, α, β), 32.0 (CH2-2”, α, β), 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.6,
29.6, 29.5, 26.1, 22.8 (CH3-N3, CH2-3” to CH2-11”, α, β) 21.0, 21.0 (CH3, Ac, α, β), 14.3 (CH2-12”, α, β).
HRMS: calcd for C27H45N5O8S [M + H]+ 600.3062, found 600.3058; calcd for C27H45N5O8S [M + Na]+

622.2881, found 622.2878.

4.1.11. 1-(2-O-Acetyl-1-azido-1,5-dideoxy-3-O-dodecyl-α-D-xylofuranos-5-yl)-
3,7-dimethyl-3,7-dihydro-1H-purine-2,6-dione (13) and
1-(2-O-acetyl-5-deoxy-3-O-dodecyl-D-xylono-1,4-lacton-5-yl)-3,7-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (14)

To a solution of 1-(1,2-di-O-acetyl-5-deoxy-3-O-dodecyl-α,β-D-xylofuranos-5-yl)-
3,7-dimethyl-3,7-dihydro-1H-purine-2,6-dione (11, 30 mg, 0.053 mmol) in acetonitrile (5 mL),
trimethylsilyl azide (TMSN3, 0.06 mL, 0.43 mmol) and trimethylsilyl triflate (TMSOTf, 0.08 mL, 0.044
mmol) were sequentially added. The mixture was stirred at 65 ◦C under microwave irradion (150 W,
Pmax = 250 Psi) for 1 h 40 min. The solution was then diluted with CH2Cl2 and washed with a sat. aq.
NaHCO3 soln. The aqueous phase was extracted with CH2Cl2 (3×) and the combined organic phases
were dried with anhydrous MgSO4. After filtration and evaporation, the residue was subjected to
column chromatography (from AcOEt/cyclohexane, 1:1 to AcOEt) to afford 13-α (11 mg, 38%) and a
mixture (18 mg) containing 13-β and the xylonolactone derivative 14 in a 3.3:1 ratio (corresponding to
14 mg of 13-β (48%) and 4 mg of 14 (14%)).

Data for 13-α: [α]20
D = +74 (c = 1, in CH2Cl2). 1H NMR (400 MHz, CDCl3) δ: 7.52 (s, 1 H, H-8),

5.58 (d, 1 H, H′-1, J1′,2′ = 4.7), 5.12 (t, 1 H, H′-2, J1′,2′ ~ J2′,3′ ), 4.71–4.56 (m, 2 H, H′-4, H′-5a), 4.12 (t, 1 H,
H′-3, J2′,3′ ~ J3′,4′ ~ 4.5), 3.99 (s, 3 H, CH3-N7), 3.91 (d, 1 H, H′-5b, J = 12.2), 3.66–3.53 (m, 4 H, H-1”a,
CH3-N3), 3.54–3.45 (m, 1 H, H-1”b), 2.13 (s, 3 H, CH3, OAc), 1.62–1.52 (m, 2 H, CH2-2”), 1.38–1.18 (m,
18 H, CH2-3” to CH2-11”), 0.87 (t, 3 H, CH3-12”, J = 6.7). 13C NMR (100 MHz, CDCl3) δ: 170.1 (CO,
OAc), 155.4 (C-6), 151.7 (C-2), 149.0 (C-4), 141.7 (C-8), 107.8 (C-5), 89.6 (C-1′), 81.4 (C-3′), 77.7 (C′-2),
76.5 (C′-4); 71.2 (C-1”), 41.2 (C-5′), 33.8 (CH3-N7), 32.1, 29.9, 29.9, 29.8, 29.8, 29.7, 29.6, 29.5, 26.2, 22.8
(CH3-N3, CH2-2” to CH2-11”), 20.8 (CH3, OAc), 14.3 (C-12”). HRMS: calcd for C26H41N7O6 [M + H]+

548.3191, found 548.3187; calcd for C26H41N7O6 [M + Na]+ 570.3011, found 570.3004.
Data for 13-β: 1H NMR (400 MHz, CDCl3) δ: 7.50 (s, 1 H, H-8), 5.11 (s, 1 H, H′-2), 5.02 (s, 1 H,

H′-1) 4.83 (dd, 1 H, H-5′a, J5′a,5′b = 14.3, J5′a,4′ = 8.3), 4.59 (ddd, 1 H, H-4′), 4.07 (dd, 1 H, H-5′b, J5′b,4′ =
1.9), 3.99 (s, 3 H, CH3-N7), 3.91 (d, 1 H, H′-3, J3′,4′ = 4.3), 3.79–3.70 (m, 1 H, H-1”a), 3.58 (s, 3 H, CH3-N3),
3.54–3.45 (m, 1 H, H-1”b), 2.07 (s, 3 H, CH3, OAc), 1.65–1.56 (m, 2 H, CH2-2”), 1.44–1.17 (m, 18 H,
CH2-3” to CH2-11”), 0.86 (t, 3 H, CH3-12”, J = 6.7)*. 13C NMR (100 MHz, CDCl3) δ: 169,7 (CO, OAc),
155.3 (C-6), 151.8 (C-2), 149.0 (C-4), 141.6 (C-8), 107.8 (C-5), 93.3 (C-1′), 81.9 (C-4′), 81.4 (C′-3), 79.8
(C′-2); 70.9 (C-1”), 41.2 (C-5′), 33.8 (CH3-N7), 32.1, 29.9, 29.8, 29.8, 29.7, 29.6, 29.5, 26.2, 22.8 (CH3-N3,
CH2-2” to CH2-11”), 20.8 (CH3, OAc), 14.3 (C-12”)*. HRMS: calcd for C26H41N7O6 [M + H]+ 548.3191,
found 548.3186.
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Data for 14: 1H NMR (400 MHz, CDCl3) δ: 7.51 (s, 1 H, H-8), 5.59 (d, 1 H, H′-2, J2′,3′ = 6.7), 5.07
(ddd, 1 H, H′-4), 4.83 (dd, 1 H, H-5′a, J5′a,5′b = 14.3, J5′a,4′ = 10.9), 4.37 (t, 1 H, H′-3, J2′,3′ ~ J3′,4′), 4.07
(dd, 1 H, H-5′b, J5′b,4′ = 3.0), 3.97 (s, 3 H, CH3-N7), 3.65–3.53 (m, 5 H, CH3-N3, CH2-1”), 2.17 (s, 3 H,
CH3, OAc), 1.66–1.54 (m, 2 H, CH2-2”), 1.47–1.15 (m, 18 H, CH2-3” to CH2-11”), 0.87 (t, 3 H, CH3-12”, J
= 6.7)*. 13C NMR (100 MHz, CDCl3) δ: 170.0 (C-1′), 169.4 (CO, Ac), 155.1 (C-6), 151.6 (C-2), 149.1 (C-4),
141.8 (C-8), 107.7 (C-5), 78.7 (C-3′), 75.9 (C-4′), 72.2 (C′-2), 71.3 (C-1”), 40.5 (C-5′), 33.8 (CH3-N7), 32.1,
29.9, 29.8, 29.8, 29.7, 29.5, 29.5, 26.1, 22.8 (CH3-N3, CH2-2” to CH2-11”), 20.7 (CH3, OAc), 14.3 (C-12”)*.
HRMS: calcd for C26H40N4O7 [M + H]+ 521.2970, found 521.2966.

* Data extracted from the spectrum of a mixture containing 13-β/14.

4.1.12. Dimethyl N-[2-O-acetyl-1,5-dideoxy-3-O-dodecyl-5-(3,7-dimethyl-3,7-dihydro-
2,6-dioxo-1H-purin-1-yl)-α,β-D-xylofuranos-1-y]phosphoramidate (15)

To a solution of 1-(2-O-acetyl-1-azido-1,5-dideoxy-3-O-dodecyl-α-D-xylofuranos-5-yl)-3,7-
dimethyl-3,7-dihydro-1H-purine-2,6-dione (13-α, 11 mg, 0.02 mmol) in CH2Cl2 (2 mL), trimethyl
phosphite (0.03 mL, 0.25 mmol) was added. The solution was stirred at room temperature for 23
h. The solution was then concentrated under vacuum and the residue was subjected to column
chromatography (from AcOEt/hexane, 15:1 to AcOEt/MeOH, 15:1) to afford 15 (7 mg, 56%, anomeric
mixture, α/β ratio, 1:0.3) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ: 7.50 (s, 1.3 H, H-8 α, β), 5.33
(ddd, 1 H, H-1′ α, J1′,2′ α = 3.9 Hz, J1′,P α = 7.5 Hz, J1′,NH α = 11.6), 5.14 (s, 0.3 H, H-2′ β), 5.06 (d, 1 H,
H-2′ α, J1′,2′ α = 3.4 Hz), 4.96 (dd, 0.3 H, H-1′ β, J1′,P β = 7,8 Hz, J1′,NH β = 11.2), 4.73–4.57 (m, 1.3 H,
H-5′a, α, β, J5′a,5′b α = 13.9, J4′,5′a α = 9.1, J5′a,5′b β = 13.8, J4′,5′a β = 8.9), 4.54–4.42 (m, 1.3 H, H-4′, α, β),
4.15 (t, 0.3 H, NH, β, J1′,NH β ~ JNH,P β = 11.2 Hz), 4.05–3.85 (m, 6.5 H, H-5′b α, β, H-3′ α, β, CH3-N7 α,
β), 3.77–3.46 (m, 15.6 H, 2 × OCH3 α, 2 × OCH3 β, CH2-1” α, β, H-3′ α, β, CH3-N7 α, β), 2.11 (s, 3 H,
CH3, Ac, α), 2.06 (s, 0.9 H, Ac, β), 1.66–1.54 (m, 2.6 H, CH2-2” α, β), 1.38–1.17 (m, 23.4 H, CH2-3” to
CH2-11” α, β), 0,87 (t, 3.9 H, CH2-12” α, β, J = 6.7). 13C NMR (100 MHz, CDCl3) δ: 169.9, 169.7 (CO,
Ac α, β), 155.4 (C-6 α, β), 151.7 (C-2 α, β); 149.0, 148.9 (C-4 α, β), 141.6, 141.5 (C-8 α, β), 107.8 (C-5 α,
β), 87.4 (C-1′ β), 82.4 (C-1′ α), 82.2, 81.5 (C-3′ α, β), 79.9 (C-2′ β); 78.4 (C-4′ α or β), 76.2, 76.0, 76.0
(C-2′ α, C-4′ α or β), 71.4, 71.3 (CH2-1” α, β); 53.4, 53.4, 53.3, 53.2 (4 d, 2 × OCH3 α, β, JC,P = 4.8), 41.7,
40-8 (C-5′ α, β), 33.7 (CH3-N7 α, β), 32.1, 29.8, 29.8, 29.8, 29.6, 29.6, 29.5, 26.2, 26.2, 22.8 (CH3-N3 α, β,
CH2-2” to CH2-11”), 21.1, 21.0 (CH3, Ac, β), 14.3 (CH3-12” α, β). 31P NMR (162 MHz, CDCl3) δ: 8.49.
HRMS: calcd for C28H48N5O9P [M + H]+ 630.3262, found 630.3270; calcd for C28H48N5O9P [M + Na]+

652.3082, found 652.3090.

4.1.13. 3-O-Octyl-1,2-O-isopropylidene-α-D-glucofuranose (16)

To a solution of 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose (15, 3.0 g, 11.53 mmol) in
anhydrous DMF (30 mL) under nitrogen atmosphere and at 0 ◦C and, NaH (60%, 0.69 g, 17.25
mmol) was added. The suspension was stirred at 0 ◦C for 10 min. Then, octyl bromide (2.38 mL, 13.79
mmol) was added and the mixture was stirred at room temperature for 22 h. It was then diluted with
CH2Cl2 and washed with water and brine solution. The aqueous phase was extracted with CH2Cl2
(3×) and the combined organic layers were dried with anhydrous MgSO4, filtered and concentrated.
To the resulting residue, aq. acetic acid (70% soln., 38 mL) was added and the resulting solution was
stirred at room temperature for 26 h. After co-evaporation with toluene, the residue was subjected to
column chromatography (EtOAc/hexane, 1:3) to afford 16 (3.37 g, 88%, 2 steps) as a colorless oil. 1H
NMR (CDCl3, 400 MHz): 5.82 (d, 1 H, H-1, J1,2 = 3.7), 4.47 (d, 1 H, H-2), 4.03 (dd, 1 H, H-4, J3,4 = 3.2,
J4,5 = 7.8), 3.95–3.85 (m, 2 H, H-3, H-5), 3.73 (dd, part A of AB system, H-6a, J5,6a = 3.0, J6a,6b = 11.6),
3.63 (dd, part B of AB system, H-6b, J5,6b = 5.6), 3.59–3.49 (m, 1 H, H-1′a), 3.49–3.14 (m, 3 H, H-1′b,
OH-5, OH-6), 1.57–1.44 (m, 2 H, CH2-2′), 1.41 (s, 3 H, CH3, i-Pr), 1.31–1.12 (m, 13 H, CH2-3′ to CH2-7′,
CH3, i-Pr), 0.81 (t, 3 H, CH3-8′, J = 6.6). 13C NMR (CDCl3, 100 MHz): 111.6 (Cq, i-Pr), 105.0 (C-1), 82.6
(C-3), 82.1 (C-2), 79.7 (C-4), 70.6 (C-1′), 69.3 (C-5), 64.2 (C-6), 31.8, 29.7, 29.3, 29.2, 26.7, 26.2, 26.0, 22.6
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(C-2′ to C-7′, 2 × CH3, i-Pr), 14.1 (C-8′). HRMS: calcd for C17H32O6 [M +H]+ 333.2272, found 333.2266;
calcd for C17H32O6 [M + Na]+ 355.2091, found 355.2081.

4.1.14. 3-O-Octyl-1,2-O-isopropylidene-α-D-xylofuranose (17)

To a solution of 3-O-octyl-1,2-O-isopropylidene-α-D-glucofuranose (16, 3.14 g, 9.45 mmol) in 60%
aq. THF (22 mL), at 0 ◦C, sodium metaperiodate (4.85 g, 22.68 mmol) was added. The mixture was
stirred for 4 h at room temperature. Then, it was diluted with EtOAc and washed with water and
brine solution. The aqueous phase was extracted with EtOAc (3×) and the combined organic layers
were dried with anhydrous MgSO4. After filtration and concentration under vacuum, the residue
was dissolved in EtOH/H2O (57 mL, 2:1). To the resulting solution at 0 ◦C, NaBH4 (0.461 g, 12 mmol)
was added and the mixture was stirred at room temperature for 1.5 h. Then, EtOAc was added. The
mixture was washed with brine soln. and the aqueous phase was extracted with EtOAc (2×). The
combined organic layers were dried with anhydrous MgSO4, filtered and concentrated. The residue
was subjected to column chromatography (EtOAc/petroleum ether, 2:1) to afford 17 (1.85 g, 65%, 2
steps) as a colorless oil. 1H NMR (CDCl3, 400 MHz): 5.98 (d, 1 H, H-1, J1,2 = 3.8), 4.57 (d, 1 H, H-2),
4.27 (br. q, 1 H, H-4), 4.00–3.85 (m, 2 H, H-3, H-5a, H-5b, J3,4 = 3.3, J4,5a = 4.6, J4,5b = 4.4, J5a,5b = 12.3),
3.68–3.58 (m, 1 H, H-1′a), 3.47–3.38 (m, 1 H, H-1′b), 1.61–1.51 (m, 2 H, CH2-2′), 1.49 (s, 3 H, CH3, i-Pr),
1.38–1.19 (m, 13 H, CH2-3′ to CH2-7′, CH3, i-Pr), 0.88 (t, 3 H, CH3-8′, J = 6.6). 13C NMR (CDCl3, 100
MHz): 111.8 (Cq, i-Pr), 105.2 (C-1), 84.5 (C-3), 82.5 (C-2), 79.9 (C-4), 70.6 (C-1′), 61.3 (C-5), 31.9, 29.8,
29.5, 29.3, 27.0, 26.5, 26.2, 22.8 (C-2′ to C-7′, 2 × CH3, i-Pr), 14.2 (C-8′). HRMS: calcd for C16H30O5 [M +
H]+ 303.2166, found 303.2156; calcd for C16H30O5 [M + Na]+ 325.1985, found 325.1974.

4.1.15. 1-(5-Deoxy-3-O-dodecyl-α-D-xylofuranos-5-yl)-3,7-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (18)

A solution of 3-O-octyl-1,2-O-isopropylidene-α-D-xylofuranose (17, 80 mg, 0.26 mmol) in DMF
(2 mL) was subjected to the MW-assisted protocol for Mitsunobu coupling, according to the general
procure, using PPh3 (138 mg, 0.526 mmol), DEAD (40 % wt soln in toluene, 0.2 mL, 0.44 mmol) and
theobromine (95 mg, 0.527 mmol). The mixture was stirred for 30 min. Column chromatography
was performed using (AcOEt/petroleum ether, 2:1 as eluent. To the obtained residue, aq. TFA (60%
soln., 3 mL) was added and the resulting solution was stirred at room temperature for 4 h. After
co-evaporation of the solvents with toluene, the residue was subjected to column chromatography
(from AcOEt/petroleum ether, 20:1 to AcOEt/MeOH, 12:1) to afford 10 (22 mg, 20%, 2 steps, anomeric
mixture, α/β ratio, 1:1) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ: 7.54, 7.51 (s, 2 H, H-8 α, β), 5.56
(d, 1 H, H-1′ α, J1′,2′α = 4.0), 5.11 (d, 1 H, H-1′ β, J 1′,2′β = 1.5), 4.68–4.41 (m, 4 H, H-4′ α, H-4′ β, H-5′a
α, H-5′a β), 4.30 (dd, 1 H, H-2′ β, J 2′,3′β = 3.6), 4.22 (br.t, 1 H, H-2′ α), 4.08–3.91 (m, 10 H, H-3′ α, H-3′
β, H-5′b α,H-5’b β, CH3-N7 α, β), 3.71–3.61 (m, 2 H, H-1”a α, H-1”a β), 3.60–3.43 (m, 8 H, H-1”b α,
H-1”b β, CH3-N3 α, β) 1.66–1.50 (m 4 H, CH2-2” α, CH2-2” β), 1.41–1.16 (m, 20 H, CH2-3” to CH2-7”),
0.87 (t, 6 H, CH3-8”, J = 6.6). 13C NMR (100 MHz, CDCl3) δ: 155.9, 155.5 (C-6 α, β), 152.0, 151.9 (C-2 α,
β), 149.2, 149.0 (C-4 α, β), 142.0, 141.8 (C-8 α, β), 107.9, 107.8 (C-5 α, β), 103.4 (C-1′ β), 96.2 (C-1′ α),
84.6 (C-3’ β), 84.2 (C-3’ α), 80.3 (C-2′ β), 77.1 (C-4′ α, β), 75.3 (C-2′ α), 71.5 (CH2-1” α), 70.9 (CH2-1” β),
43.1, 41.5 (C-5′, α, β), 33.8, 33.8 (CH3, N7, α, β), 32.0 (CH2-2”, α, β), 30.0, 30.0, 29.9, 29.6, 29.4, 29.4, 26.2,
26.2, 22.8, (CH3, N3, CH2-3” to CH2-7”, α, β), 14.3 (CH2-8”, α, β). HRMS: calcd for C20H32N4O6 [M +
H]+ 425.2395, found 425.2390; calcd for C20H32N4O6 [M + Na]+ 447.2214, found 447.2208.

4.1.16. 1-(6-Deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-glucofuranos-6-yl)-3,7-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (19)

A solution of 3-O-octyl-1,2-O-isopropylidene-α-D-glucofuranose (16, 80 mg, 0.241 mmol) in DMF
(2 mL) was subjected to the protocol for Mitsunobu coupling, according to the general procure, using
PPh3 (138 mg, 0.526 mmol), DEAD (40 % wt soln in toluene, 0.24 mL, 0.526 mmol) and theobromine (95
mg, 0.527 mmol). The mixture was stirred under reflux for 20 h. Purification by column chromatography
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(from AcOEt/petroleum ether 3:1 to 4:1) afforded 19 (19 mg, 16%; isolated yield: 11 mg, 9%) as a
colorless oil. 1H NMR (CDCl3, 400 MHz): 7.51 (s, 1 H, H-8), 5.97 (d, 1 H, H-1′, J1,2 = 3.7), 4.54 (d, 1 H,
H-2′), 4.43 (dd, part A of AB system, H-6′a, J5′,6′a = 7.3, Ja,b = 17.4), 4.29–4.19 (m, 2 H, H-5′, H-6′b),
4.11 (dd, 1 H, H-4′, J3′,4′ = 3.2, J4′,5′ = 6.3), 4.03 (d, 1 H, H-3′), 3.98 (s, 3 H, CH3-N7), 3.67–3.47 (m, 5 H,
CH2-1”, CH3-N3), 1.72–1.52 (m, 2 H, CH2-2”), 1.50 (s, 3 H, CH3, i-Pr), 1.36–1.16 (m, 13 H, CH2-3” to
CH2-7”, CH3, i-Pr), 0.86 (t, 3 H, CH3-8”, J = 6.6). 13C NMR (CDCl3, 100 MHz): 153.4 (C-6), 149.9 (C-4),
141.7 (C-8), 111.7 (Cq, i-Pr), 105.5 (C-1′), 83.1 (C-3′), 82.4 (C-2′), 81.3 (C-4′), 70.9 (C-1”), 69.0 (C-5′), 45.2
(C-6′), 33.8 (CH3, N7), 31.9, 30.0, 29.9, 29.8, 29.6, 29.5, 29.3, 27.0, 26.5, 26.2, 22.8 (CH3, N3, C-2” to C-7”, 2
× CH3, i-Pr), 14.2 (C-8”). HRMS: calcd for C24H38N4O7 [M +H]+ 495.2813, found 495.2808; calcd for
C24H38N4O7 [M + Na]+ 517.2633, found 517.2626.

4.1.17. 1-(6-Deoxy-3-O-dodecyl-α-D-glucopyranos-6-yl)-3,7-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (20)

A solution of 1-(6-deoxy-3-O-dodecyl-1,2-O-isopropylidene-α-D-glucofuranos-6-yl)-3,7-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (19, 20 mg, 0.04 mmol) in aq. trifluoroacetic acid (TFA, 60%, 3 mL)
was stirred at room temp. for 5 h. The solvents were co-evaporated of with toluene and the residue
was subjected to column chromatography (from AcOEt/petroleum ether 15:1 to AcOEt/MeOH, 20:1) to
afford 20 (16 mg, 87%, anomeric mixture, α/β ratio, 1:0.9) as colorless oil. 1H NMR (CDCl3, 400 MHz):
7.62, 7.61 (2 s, 1.9 H, H-8, α, β), 5.28 (br.s, 1 H, H-1′α), 4.61 (d, 0.9 H, H-1′β, J1′,2′ β = 7.5), 4.52 (dd, 0.9
H, H-6′a β, J5′,6′a β = 2.1, J6a,6b β = 14.0), 4.45 (dd, 1 H, H-6′a α, J5′,6′a α = 3.5, J6a,6b α = 14.4), 4.38–4.28
(m, 1.9 H, H-26′b α, H-6′b β), 4.13 (dt, 1 H, H-5′α, J4′,5′ α = 9.7, J5′,6′a α = J5′,6′b α = 3.5), 4.01, 4.00
(2 s, 5.7 H, CH3-N7), 3.95–3.73 (m, 3.8 H, CH2-1”, α, β), 3.67–3.57 (s, 7.6 H, H-3′ β, H-4′ β, CH3-N3),
3.54–3.49 (m, 2.9 H, H-2′ α, H-3′ α, H-5 β), 3.46–3.01 (m, 7.6 H, H-′ β, H-4′ α, OH-1, OH-2, OH-4),
1.66–1.55 (m, 3.8 H, CH2-2”, α, β), 1.39–1.20 (m, 19 H, CH2-3” to CH2-7”, α, β), 0.86 (t, 5.7 H, CH3-8”,
α, β, J = 6.5). 13C NMR (CDCl3, 100 MHz): 156.0 (C-6 α, β), 152.4 (C-2 α, β), 149.0 (C-4 α, β), 142.1
(C-8 α, β), 107.7 (C-5 α, β), 107.7 (C-5 α, β), 97.2 (C-1′ β), 92.6 (C-1′ α), 83.5 (C-3′ β), 81.2 (C-3′ α), 75.1
(C-4′ β), 74.8 (C-2′ β), 73.8 (C-1”), 73.7 (C-5′ β), 72.2 (C-2′ α), 72.1 (C-2′ β), 72.1 (C-4′ α), 71.3 (C-5′ α),
41.6 (C-6′ α, β), 33.9 (CH3, N7, α, β), 32.0, 31.0, 30.2, 29.9, 29.6, 29.4, 26.2, 22.8 (CH3, N3, C-2” to C-7”,
α, β), 14.3 (C-8”, α, β). HRMS: calcd for C21H34N4O7 [M + H]+ 455.2500, found 455.2494; calcd for
C21H34N4O7 [M + Na]+ 477.2320, found 477.2313.

4.1.18. 1-(1,2,4-Tri-O-acetyl-6-deoxy-3-O-dodecyl-α-d-glucopyranos-6-yl)-3,7-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (21)

A solution of 1-(6-deoxy-3-O-dodecyl-α-D-glucopyranos-6-yl)-3,7-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (20, 27 mg, 0.059 mmol) in pyridine (1.6 mL) and acetic anhydride (1 mL)
was stirred at room temp. for 2.5 h. After co-evaporation with toluene, the residue was subjected to
column chromatography (AcOEt/hexane, 15:1 to AcOEt) to give 21 (29 mg, 84%, anomeric mixture,
β/α ratio, 1:0.7) as a yellow oil. 1H NMR (CDCl3, 400 MHz): 7.53, 7.52 (2 s, 1.7 H, H-8, α, β), 6.24 (br.s,
0.7 H, H-1′α, J1′,2′ α = 3.6), 5.51 (d, 1 H, H-1′β, J1′,2′ β = 8.1), 5.16–4.97 (m, 3.4 H, H-2′α, H-2′β, H-4′α,
H-4′β, J2′,3′ α = 9.9, J3′,4′ α = 9.8, J2′,3′ β ~ J3′,4′ β ~ J4′,5′ β ~ 9.5), 4.63–4.49 (m, 1.7 H, H-6′a α, H-6′a
β, J6a,6b β = 13.8, J6a,6b α = 14.0, J5,6a α = 9.8, J5,6a β = 9.3), 4.33 (td, 0.7 H, H-5′ α, J4′,5′ α = J5′,6′a α =

9.8, J5′,6′b α = 2.1), 4.04–3.94 (m, 6.1 H, CH3-N7, H-5′ β), 3.90–3.75 (m, 2.4 H, H-6′b α, H-6′b β, H-3 α),
3.66–3.50 (m, 9.5 H, CH2-1”, α, β, H-3′ β, CH3-N3), 2.18, 2.16, 2.08, 2.07, 2.04, 2.04 (6 s, 15.3 H, 3 x CH3,
3 × Ac, α, β), 1.55–1.42 (m, 3.4 H, CH2-2”, α, β), 1.37–1.19 (m, 17 H, CH2-3” to CH2-7”, α, β), 0.86 (t, 5.1
H, CH3-8”, α, β, J = 6.7). 13C NMR (CDCl3, 100 MHz): 169.9, 169.6, 169.4. 169.1, 169.0 (CO, Ac, α, β),
155.2, 155.1 (C-6 α, β), 151.6, 151.6 (C-2 α, β), 149.0, 148.9 (C-4 α, β), 141.7, 141.7 (C-8 α, β), 107.7, 107.7
(C-5 α, β), 92.3 (C-1′ β), 89.6 (C-1′ α), 80.4 (C-3′ β), 77.0 (C-3′ α), 73.1, 72.9 (C-1” α, β), 72.6 (C-5′ β),
72.0, 72.0, 71.6, 71.5 (C-2′, C-4′, α, β), 69.6 (C-5′ α), 42.0, 41.9 (C-6′ α, β), 33.8, 33.7 (CH3, N7, α, β), 32.0,
31.1, 30.4, 30.3, 29.9, 29.8, 29.6, 29.5, 29.4, 29.4, 26.1, 26.1, 22.8 (CH3, N3, C-2” to C-7”, α, β), 21.1, 21.1,
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20.9, 20.8 (CH3, Ac, α, β), 14.2 (C-8”, α, β). HRMS: calcd for C27H40N4O10 [M +H]+ 581.2817, found
581.2819; calcd for C27H40N4O10 [M + Na]+ 603.2637, found 603.2633.

4.1.19. N-[2,4-Di-O-acetyl-1,6-dideoxy-6-(3,7-dimethyl-3,7-dihydro-2,6-dioxo-1H-purin-1-yl)-3-
O-dodecyl-α,β-D-glucopyranos-1-yl]methanesulfonamide (22)

To a solution of 1-(1,2,4-tri-O-acetyl-6-deoxy-3-O-dodecyl-α-d-glucopyranos-6-yl)-3,7-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (21, 20 mg, 0.034 mmol) in CH2Cl2/acetonitrile (1.2 mL, 4:1) under
nitrogen and at 0 ◦C, BF3·Et2O (0.02 mL, 0.16 mmol) and methanesulfonamide (19 mg, 0.19 mmol)
were added. The mixture was stirred at room temp. for 3.5 h. Then, it was diluted with CH2Cl2 and
washed with a satd. aq. NaHCO3 soln. The aqueous phase was extracted with CH2Cl2 (2×) and the
combined organic layers were dried with anhydrous MgSO4. After filtration and evaporation of the
solvent, the residue was subjected to column chromatography (AcOEt/petroleum ether, 10:1) to afford
22 (8 mg, 38%, anomeric mixture, β/α ratio, 1:0.4) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ: 7.53 (s,
1.4 H, H-8 α, β), 6.21 (br.s, 0.4 H, NH α), 5.52 (d, 1 H, NH, β, J1’,NH β = 9.6), 5.06–4.89 (m, 1.8 H, H-4′α,
H-4′β, H-1 α), 4.82 (t,1 H, H-2 ′ β, J1’,2’ β ~J2’,3’ α ~ 9.3), 4.61–4.51 (m, 1.4 H, H-1′ β, H-2 α), 4.46 (dd, 1
H, H-6′a β, J6a,6b β = 13.8, J5,6a β = 9.8), 4.37–4.25 (m, 0.8 H, H-5′ α, H-6′a α), 3.89 (d, 1 H, H-6′b β),
3.98, 3.95 (2 s, 4.2 H, CH3-N7 α, β), 3.82–3.73 (m, 1.8 H, H-5′ β, H-6′b α, H-3′ α), 3.66–3.47 (m, 8 H,
H-3′ β, CH3-N3 α, β, CH2-1”, α, β), 2.85 (s, 4.2 H, S-CH3, α, β), 2.18, 2.11, 2.06, 2.01 (s, 8.4 H, CH3, Ac,
α), 1.52–1.42 (m 2.8 H, CH2-2” α, CH2-2” β), 1.36–1.14 (m, 14 H, CH2-3” to CH2-7”, α, β), 0.88 (t, 4.2 H,
CH3-8”, α, β, J = 6.6). 13C NMR (100 MHz, CDCl3) δ: 171.0, 170.1, 169.0 (CO, Ac, α, β), 155.1 (C-6 α,
β), 151.5 (C-2 α, β), 149.2 (C-4 α, β), 142.1 (C-8 α, β), 107.6 (C-5 α, β), 83.1 (C-1′ β), 80.4 (C-3’ β), 74.3
(C-5′ β), 73.4 (CH2-1′′, α, β), 72.0 (C-2′ β), 71.8 (C-4′ β), 43.2 (SCH3, β), 42.1, 42.1 (C-6′ β, C-6′ α), 42.0
(SCH3, α), 33.7 (CH3, N7, α, β), 32.0, 30.3, 29.9, 29.9, 29.8, 29.6, 29.4, 26.1, 22.8 (CH3, N3, C-2” to C-7”, α,
β), 21.1, 21.0 (CH3, Ac, α), 14.2 (C-8”, α, β). HRMS: calcd for C26H41N5O10S [M + H]+ 616.2647, found
616.2645; calcd for C26H41N5O10S [M + Na]+ 638.2466, found 638.2464.

1H NMR and 13C NMR Spectra for compounds 3–12, 13-α, 15–22 can be found in the
Supplementary Materials.

4.2. Biological Assays

4.2.1. Cholinesterase Inhibition Assays

A TECAN Spectra-FluorPlus working on the kinetic mode and measuring the absorbance
at λ = 415 nm was used for the enzymatic studies. Acetylcholinesterase (from Electrophorus
electricus), 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) and acetylthiocholine iodide were purchased
from Fluka. Butyrylcholinesterase (from equine serum) was bought from Sigma. Experimental
details for preparation of the solutions and the procedures for the enzyme assays can be found in the
Supplementary Materials.

4.2.2. Cytotoxicity Assays

The cytotoxicity of the compounds was evaluated using the sulforhodamine-B (SRB) colorimetric
assay. The EC50 values in μM from SRB assays were determined after 96 h of treatment and were
averaged from three independent experiments performed each in triplicate; confidence interval CI
= 95%, cut-off the assay 30 μM. Compounds with EC50 > 30 μM are considered inactive. The cell
lines were kindly provided by Th. Müller (Dep. of Haematology/Oncology, Martin Luther Universität
Halle-Wittenberg). Human cancer cell lines: A375 (epithelial melanoma), A2780 (ovarian carcinoma),
HT29 (colorectal adenocarcinoma), MCF7 (breast adenocarcinoma), SW1736 (thyroid carcinoma);
non-malignant: NIH 3T3 (mouse embryonic fibroblasts).
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4.3. Molecular Docking Studies

From the RCSB Protein Databank the crystal structures of AChE (PDB: 1C2O) and BChE (PDB:
6EMI) were selected. The compounds were built using Datawarrior and geometry optimized using
MMFF94 force field. For the enzyme preparation, water and co-crystallized ligands were removed,
gasteiger charges were added and non-polar hydrogens were merged with into the corresponding
heavy atom.

The search space consisted of a 126 × 126 × 126 grid with 0.2 angstrom spacing centered on either
the binding site of AChE or BChE. Dockings were executed with Lamarckian GA (200 population size;
25,000,000 evaluations; 15 runs). The pose showing the best binding energy (pose 1, ranked by energy)
is shown in the manuscript.

5. Conclusions

In conclusion, purine/uracil 5′-isonucleosides and theobromine-containing 5′/6′-isonucleosides
and isonucleotide analogs were synthesized in few steps from easily available xylo- or gluco-configured
furanose precursors. A theobromine 6′-isonucleoside was shown to act as a dual AChE/BChE inhibitor
at single-digit micromolar concentration range, with a Ki value for BChE being only ca. two-fold lower
than that of galantamine hydrobromide. This finding, along with the rather short synthetic pathway
for theobromine terminal isonucleosides, encouraging structural optimization, points to the interest of
this type of scaffold in the search for stable and non-cytotoxic cholinesterase inhibitor lead compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/3/103/s1.
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Abstract: With the lack of available drugs able to prevent the progression of Alzheimer’s disease
(AD), the discovery of new neuroprotective treatments able to rescue neurons from cell injury is
presently a matter of extreme importance and urgency. Here, we were inspired by the widely
reported potential of natural flavonoids to build a library of novel flavones, chromen-4-ones and
their C-glucosyl derivatives, and to explore their ability as neuroprotective agents with suitable
pharmacokinetic profiles. All compounds were firstly evaluated in a parallel artificial membrane
permeability assay (PAMPA) to assess their effective permeability across biological membranes, namely
the blood-brain barrier (BBB). With this test, we aimed not only at assessing if our candidates would
be well-distributed, but also at rationalizing the influence of the sugar moiety on the physicochemical
properties. To complement our analysis, logD7.4 was determined. From all screened compounds,
the p-morpholinyl flavones stood out for their ability to fully rescue SH-SY5Y human neuroblastoma
cells against both H2O2- and Aβ1-42-induced cell death. Cholinesterase inhibition was also evaluated,
and modest inhibitory activities were found. This work highlights the potential of C-glucosylflavones
as neuroprotective agents, and presents the p-morpholinyl C-glucosylflavone 37, which did not show
any cytotoxicity towards HepG2 and Caco-2 cells at 100 μM, as a new lead structure for further
development against AD.
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1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative condition currently affecting more
than 40 million people worldwide [1]. Age, genetic background, and type 2 diabetes (T2D)
are well-established risk factors for the development of this pathology, which leads to severe
memory impairment, language problems, extreme apathy, unpremeditated aggression, and delusional
symptoms [2]. The loss of independence in the performance of the simplest tasks is a major stress
factor not only for AD patients, but also for relatives and caregivers. But more importantly, with no
drugs being able to stop disease progression [3,4], the hope and quality of life for people living with
AD is inevitably compromised unless new effective therapies are rapidly discovered.

At the molecular level, AD is a multifactorial disease [5]. Though the amyloid β (Aβ) protein is
commonly placed in the center of AD aetiology, the scientific community has been conducting research to
link Aβ with many other molecular players and processes known to contribute to disease development
and progression, including the cellular prion protein (PrPC) [6], tau hyperphosphorylation [7], oxidative
stress, neuroinflammation [8], and insulin resistance [9], among others. Natural products, including
flavonoids and their C-glucosyl derivatives, have been widely studied and found to interfere with one
or more of these features [10]. Examples include chrysin (1) and 8-β-d-glucosylgenistein (2) (Figure 1).
Both compounds have been studied by our group and were found to inhibit the formation of small
Aβ1-42 oligomers [11] or to interact with Aβ1-42 peptides [12], respectively.

Figure 1. Chemical structure of chrysin (1) and 8-β-d-glucosylgenistein (2), two natural flavonoids with
potential against Alzheimer’s disease (AD). Chrysin was used as the prototype structure for chemical
modification in the present work.

In this work, we were inspired by the therapeutic potential of flavonoids against AD, having chrysin
(1) as the lead structure [11] We focused on projecting and generating a small library of flavonoids
with neuroprotective potential, while displaying a suitable physicochemical profile. For that purpose,
we used the 5,7-dihydroxychromen-4-one unit as the basic building block of all flavonoid structures
(aglycones and C-glucosyl derivatives) for two reasons: (a) it is present in many flavonoids exhibiting
neuroprotective activities, including not only chrysin [13,14], but also apigenin [15], luteolin [16],
and vitexin [17,18], among others, and (b) its synthetic precursor, 2,4,6-trihydroxyacetophenone, has
the ideal electron-donating capacity to act as the sugar acceptor in C-glycosylation reactions, in contrast
with other polyphenols such as hydroquinone or catechol, which favor the accomplishment of highly
effective synthetic routes.

In the light of our previously published data [11], we planned on executing a thorough replacement
of the substituent at C-2 of the 5,7-dihydroxychromen-4-one core, with the ultimate goal of generating
new compounds with potential for the establishment of interactions with Aβ1-42. Furthermore,
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by synthesizing a number of flavonoids and their respective C-glucosyl derivatives, we were aiming
at creating a substantial pool of data that would help us to understand the influence of the sugar
moiety in their activity and/or bioavailability. Indeed, having been reported as good stabilizers of
non-amyloidogenic Aβ aggregates when combined with polyphenol aglycones [19], sugars may also
potentiate antioxidant and antidiabetic activities of these flavonoids [20], which is also an important
feature in light of the well-established relationship between AD and type 2 diabetes (T2D) [21].
By screening our compounds against H2O2- and Aβ1-42-induced cell death in SH-SY5Y human
neuroblastoma cells, we have herein established a concise structure–activity relationship study on the
neuroprotective effects of the molecular scaffold under investigation, focusing on the substituent at C-2
and the importance of the sugar moiety.

2. Results

Database assembly and compound selection. Following the same synthetic route developed for
chrysin (1) in a previous study [11], we were now interested in the base-catalysed Claisen–Schmidt
aldol condensation reaction for introducing structural diversity into the new flavone analogues.
On the basis of the commercially available aldehydes, we then generated a database collection of
98 compounds (the aglycones), which were submitted to a selection process using the Central Nervous
System (CNS)-MultiParameter Optimization (MPO) algorithm [22]. This mathematical tool enables
the alignment of six key drug-like attributes: partition coefficient (ClogP), distribution coefficient
(ClogD), acidity constant (pKa), molecular weight (MW), topological polar surface area (TPSA), and
the number of hydrogen bond donors (HBD). Once estimated, these parameters are processed by the
algorithm, which generates a desirability score in a scale from 1 to 6. This process allows the selection
of compounds with chemical features that make them the most suitable to enter the central nervous
system, while displaying favorable permeability, P-gp efflux, metabolic stability, and safety [22].

Using the Molecular Operating Environment (MOE) software, the required physicochemical
parameters were calculated for each database compound and were subsequently processed through
the CNS-MPO algorithm to generate a set of output scores. According to the creators of this tool,
only molecules having a CNS-MPO desirability score above 4 are adequate for further development.
Following this restriction, a diverse group of flavone analogues with different alkyl, aryl, and heteroaryl
substituents at C-2 was selected (see Supplementary Materials, Table S1) and synthesized.

Synthesis. Chromones and flavones were prepared starting from MOM-diprotected acetophenone
14 (see Supplementary Materials, Scheme S1), which base-catalysed Claisen–Schmidt aldol
condensation reaction with commercially available aldehydesgenerated chalcone and chalcone
analogue intermediates in very good reaction yields (63–95%). Interestingly, the isomerization
acyclic/cyclic product, resulting from chalcone/flavanone equilibrium, could be detected by liquid
chromatography-mass spectrometry (LCMS) and the flavanone was the single product isolated,
by reaction of the starting material with cyclobutylcarboxaldehyde (see Supplementary Materials).
Subsequently, chalcones and flavanones were submitted to iodine-promoted oxidation in pyridine,
followed by p-TsOH catalyzed deprotection to give the final products 4–12 in yields ranging from 38%
to 95% (Figure 2 and Supplementary Materials).

Chrysin (1) and 5,7-dihydroxychromen-4-one (13) were also synthesized, as described in a previous
study published by our group [11], with the purpose of bioactivity comparison.

For the generation of C-glucosylflavones and analogues, acetophenone C-glucosylation and
selective benzylation were carried out prior to the aldol condensation step, as previously described12

(Scheme S2, Supplementary Materials). Then, aldol condensation gave the intermediate chalcones
that reacted with iodine and were debenzylated with BCl3 at a low temperature to afford the
target glucosylchromones and glucosylflavones 15–21 (see Figure 2 and Supplementary Materials for
compound synthesis, and structure elucidation of intermediate compounds). Notably, some of the target
glucosylflavones could not be obtained, either due to the high reactivity of the intermediates, or due to
the extreme hydrophilic character of the final product, as in the case of the 2-(pyridin-4-yl)chromone,
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which made purification virtually unfeasible even when using reverse phase column purification
techniques such as HPLC.

Figure 2. Structure of the new chromones, flavones and their C-glucosyl derivatives studied in this
work (for the synthetic approach followed, see Supplementary Materials).

The formation of 6-glucosyl-5,7-dihydroxychromen-4-one (22) required a different methodology
as that described for its analogues. For this task, we applied the same protocol used for generating its
aglycone. Dibenzylated acetophloroglucinol derivatized with a perbenzylglucosyl group (Scheme S2B,
Supplementary Materials) reacted with sodium hydride in ethyl formate at 0 ◦C to give an intermediate,
that was subsequently dehydrated in acid medium, under reflux, affording perbenzylglucosylchromone
in 84% yield. Further deprotection with BCl3 in dichloromethane at a low temperature gave compound
22 in good yield (Scheme S2B in Supplementary Materials, that also include intermediates’ synthesis
and structure elucidation).

Parallel Artificial Membrane Permeability Assay (PAMPA) and log D7.4 determination. Finding new
molecules exhibiting adequate physicochemical properties for permeating the blood-brain barrier is
often a challenging drawback in CNS drug discovery. Indeed, in order to fully evaluate the therapeutic
potential of CNS-targeted compounds, such as those generated in the present study, the evaluation
of their physicochemical and pharmacokinetic profiles is key. Hence, all synthesized compounds
were tested in the parallel artificial membrane permeability assay (PAMPA) in order to measure and
rationalize their potential to cross membrane barriers. Testosterone was used as the positive control in
this assay. To complete our analysis, the partition coefficient at physiological pH (logD7.4) was also
determined. Ideally, log D values should be located between 1 and 4 for a good compromise between
solubility and membrane permeability allowing oral availability, good cell permeation, and low
metabolic susceptibility [23]. Results are presented in Table 1.

Neuroprotective activity assays against H2O2-induced toxicity. On the basis of previously described
protocols [24–26], the flavones and analogues herein synthesized were screened for their neuroprotective
effects against H2O2-induced oxidative stress and neuronal damage in SH-SY5Y human neuroblastoma
cells by means of a thiazolyl blue tetrazolium bromide (MTT) reduction-based cell viability assay.
This screening protocol aimed not only at comparing the activity of aglycones versus C-glucosyl
derivatives when tested at the same concentration (50 μM), but also at distinguishing between the
best candidates amongst amines, aliphatic or heteroaryl derivatives, or aromatic derivatives with
electron-withdrawing substituents. In addition, all compounds were directly compared to compound 2,
a natural molecule conjectured to display neuroprotective effects [12], but with no cell-based evidence
reported up to this point. Results are presented in Figure 3. All compounds were tested in the same
experimental conditions without the neurotoxic agent beforehand, and none were found to significantly
decrease cell viability when compared to non-treated controls (see Supplementary Materials, Table S2).
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Table 1. Effective permeability (log Pe) and partition coefficient at pH 7.4 (log D7.4) of the synthesized
flavones and analogues.

Compound Nr. Log Pe
a Log D7.4

b

1 −4.65 ± 0.09 3.6 ± 0.4
4 −4.66 ± 0.09 2.9 ± 0.1
5 −4.51 ± 0.06 >2.5
6 −4.48 ± 0.04 >2.5
7 −4.37 ± 0.12 >2.5
8 −4.56 ± 0.04 >2.5
9 −5.31 ± 0.12 n.d.c

10 −4.70 ± 0.14 3.4 ± 0.2
11 −4.93 ± 0.20 >2.5
12 −4.64 ± 0.02 n.d. c

13 −4.76 ± 0.02 2.4 ± 0.1
15 Below detection limit −0.6 ± 0.2
16 −8.94 ± 1.83 0.8 ± 0.3
17 −8.70 ± 1.50 0.1 ± 0.1
18 Below detection limit −0.2 ± 0.1
19 −7.08 ± 0.91 1.2 ± 0.1
20 −6.52 ± 0.41 1.8 ± 0.2
21 −6.94 ± 0.50 −0.2 ± 0.1
22 −6.76 ± 0.11 −2.0 ± 0.2

Testosterone −4.42 ± 0.09 -
a: effective permeability; b: partition coefficient at pH 7.4; c: not determined.

Figure 3. Neuroprotective effects of compound 2, flavone derivatives and corresponding aglycones
against H2O2-induced toxicity in human SH-SY5Y neuroblastoma cells via a MTT cell viability assay.
(A) Effects caused by amine moieties in para-position of ring B; (B) effects caused by the replacement of
ring B with heteroaromatic groups; (C) effects caused by electron withdrawing groups in para-position
of ring B; (D) effects caused by the replacement of ring B with aliphatic moieties. Cells were incubated
with 100 μM H2O2 for 24 h at 37 ◦C, in the presence (50 μM) or absence of each compound. The tests
were performed in triplicate with a final concentration of 0.5% DMSO. Results are presented as means ±
standard error. Statistical differences between groups were assessed by one-way ANOVA followed by
a Tukey’s post-test. * p < 0.05, and ** p < 0.01 versus cell control; & p < 0.05, && p < 0.01, &&& p < 0.001
and &&&& p < 0.0001 versus H2O2 control; §§ p < 0.01 and §§§ p < 0.001 versus another compound.

At 100 μM, H2O2 caused over 50% of cell viability loss, which is consistent with earlier published
data (Figure 3) [25]. While compound 2 was not found to display neuroprotective effects against
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the observed H2O2-induced cell death in this cell line, at the tested concentration, amine derivatives
were generally well-succeeded in restoring cell viability (Figure 3A). Compounds 8, 9, and 19 were
in fact able to produce statistically significant differences when compared to H2O2 controls (P < 0.5,
P < 0.001 and P < 0.0001, respectively). C-glucosides 17 and 21 were also able to rescue cells from
oxidative damage caused by H2O2 (P < 0.001 and P < 0.01 respectively) (Figure 3B,C), while neither
the remaining glycosides nor the remaining aglycones were able to lead to similar results.

Neuroprotective activity assays against Aβ1-42-induced toxicity. From all compounds tested in the
above presented assay, the pair 8 and 19 presented the strongest neuroprotective potential, with
convincing proof on the importance of the aglycone for the desired neuroprotective effects against
H2O2-induced cell injury. Both compounds were henceforth selected to be further explored, together
with compound 2, the C-analogue of chrysin (16), vitexin (17), and the pair of 4’-fluoroflavones (7 and 18)
for comparison purposes. Here, the MTT assay was used once again to assess cell viability of SH-SY5Y
cells treated with 20 μM of Aβ1-42, in the presence of 50 μM of each compound. Similar protocols have
been used to screen candidates for AD therapy [27,28]. Moreover, based on the existing evidence that
in situ spontaneous fibrillization of Aβ1-42 in the incubation mixture is important in the triggering
of neurotoxic effects [29], we added the Aβ1-42 peptide fragment dissolved in DMSO to the culture
medium prior to incubation, together with each compound in study. Results are displayed in Figure 4.
Even though there is published evidence that undifferentiated SH-SY5Y cells are not as sensitive to
Aβ1-42-induced neurite degeneration and apoptosis as differentiated ones [29], with 20 μM of Aβ1-42 we
were able to observe a significant decrease in cellular MTT reduction capacity, corresponding to roughly
half of the cell viability rates observed in the non-treated control. The 4-morpholinyl derivative 19

exhibited, once more, the result with the highest significance when compared to controls. Compound
8 also displayed relevant neuroprotective effects against Aβ1-42, contrarily to the 4’-fluoroflavone 7.

Figure 4. Neuroprotective effects of compound 2 and analogues against Aβ1-42-induced toxicity in
human SH-SY5Y neuroblastoma cells via a MTT cell viability assay. Cells were incubated with 20 μM
Aβ1-42 for 24 h at 37 ◦C, in the presence (50 μM) or absence of each compound. The tests were performed
in triplicate with 1% DMSO (Aβ) or 1.5% DMSO (Aβ + compound − maximum DMSO percentage
presented in the graph). Results are presented as means ± standard error. Statistical differences
between groups were assessed by one-way ANOVA followed by a Tukey’s post-test. *** p < 0.001 and
**** p < 0.0001 versus cell control; & p < 0.05, && p < 0.01 and &&&& p < 0.0001 Aβ control.
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3. Discussion

As predicted by our computational calculations, all aglycones (1, 4–13) presented an excellent
membrane permeation capacity, as shown by the measured effective permeability for these molecules
(Log Pe > −5.7). Yet, compounds 2 and 10 displayed log D7.4 values slightly above the desired upper
limit, and thus they may be associated with the risk of being retained in cell membranes and/or fat
tissues. The data for C-glucosyl derivatives 15–22 exhibited much more variability. Compounds 15 and
18 displayed no detectable permeability in PAMPA. Even though compounds 16 and 17 have a slightly
improved effective permeability (Log Pe ~ −9), it is still very limited to allow passive diffusion over
membranes. Notably, the 4-pyrrolidinyl derivative (38) presented the best effective permeability from
all C-glucosylflavones (log Pe = −6.520 ± 0.408) and a determined log D7.4 (1.8 ± 0.2) within the ideal
value range. Compounds 19, 21, and 22 fell in the middle (log Pe ~−7); however, only the 4-morpholinyl
derivative 19 had a desirable log D7.4 value (1.8 ± 0.2). Indeed, it seems that only certain aglycones are
able to compensate for the hydrophilicity of the sugar moiety, either owing to their intrinsic lipophilicity,
or to the resulting molecular conformation of the C-glycoside as a whole. Nevertheless, it is important
to mention that, as previously described for other C-glucosyl flavonoids [30], the glucosyl moiety in
these compounds might prompt their affinity towards GLUT-1 transporters in the blood-brain barrier
(BBB), which may ultimately contribute to enhance their concentration near the therapeutic targets in
the CNS.

The neuroprotective activity of many lead candidates, especially from natural origin, has been
assessed against cellular damage induced by H2O2 in SH-SY5Y and other relevant neuronal cell
lines over the past decades [24–26,31]. Indeed, this neurotoxic agent has been reported to cause
mitochondrial and cell membrane damage, with the depletion of antioxidant enzymatic machinery
leading to increased levels of reactive oxygen species (ROS) and associated neuroinflammatory
processes [25]. Ultimately, H2O2-induced oxidative stress and inflammation trigger neuronal apoptosis
through increased expression of pro-apoptotic factors such as caspase 3, and depletion of anti-apoptotic
factors such as Bcl-2, which have been linked to the development and progression of AD [25,32].
As described for melittin, orientin, and bikaverin, among others, protection mechanisms offered by
small molecules against H2O2-promoted cell damage and apoptosis may include the downregulation
of pro-inflammatory transcription factors such as the nuclear factor-kappaB (NFκB), increased Bcl-2
mRNA and protein expression, inhibition of caspase expression and activity, and replenishment of
neuronal pro-oxidative/antioxidant enzyme balance [24–26]. In addition, provided that Aβ oligomers
have been described to enhance ROS levels and protein oxidation in neurons [33], it is important
to bear in mind that other possible neuroprotective mechanisms with impacts on oxidative stress
can be associated with the inhibition of Aβ oligomerization or regulation of Aβ production and/or
clearance itself.

Compounds 8, 9, and 19 were able to produce statistically significant differences when compared to
H2O2 controls. What’s more, the amine moiety was found to be critical for the neuroprotective activity,
as shown by the absence of significant effects displayed by chrysin (1) and its C-glucosyl analogue 16.
Yet, it is herein important to distinguish between aglycones and C-glucosyl derivatives, as a consistent
correlation between the presence of the sugar moiety and stimulation of cell survival could not be
observed. If, on the one hand, amine aglycones 8 and 9 were able to cause significant improvements in
cell viability when compared to controls, on the other hand only compound 19 produced the desired
effect, with dramatic differences from that of its 4-pyrrolidinyl analogue 20. Since both aglycones 8

and 9 are active, it is likely that the C-glucosyl moiety is detrimental in the second case. Conversely,
the fact that the 4-morpholinyl group in compounds 8 and 19 induced protective effects regardless of
the presence of the sugar moiety could mean that this substituent, perhaps through the presence of
an endocyclic oxygen atom, is preferred for this type of activity. Interestingly, aglycone 10 was not
significantly active, reinforcing that the presence of a nitrogen-containing ring in para-position of ring
B should, indeed, be beneficial. All in all, this group of derivatives presented a major improvement
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when compared to compound 2, and both unsubstituted flavones 1 and 16, with compounds 8 and 19

as the most promising pair of flavone derivatives.
From the heteroaryl derivatives, only the C-glucosyl flavone analogue containing the 2-furanyl

moiety 21 was able to produce a significant improvement in cell viability, contrarily to its aglycone 11

or the 4-pyridinyl derivative 12 (Figure 3B). Contrasting with the pair of 4-pyrrolidinyl derivatives
(9 and 20, Figure 3A), in the case of compounds 11 and 21 it appears to be the combination of the
sugar moiety with the modified aglycone that triggers the neuroprotective effect, and not the aglycone
per se. Still, this combination was able to improve the activity of the C-glucosyl analogue of chrysin
16, indicating that the replacement of ring B with a heteroaromatic ring in the presence of the sugar
moiety may be advantageous. Ultimately, compound 21 succeeded at improving the activity of the
lead compound 2.

Regarding the compounds with electron-withdrawing groups in para-position of ring B (Figure 3C),
it is interesting to note that vitexin (17) was able to fully recover cell viability, while compound 2 and
C-glucosylchrysin (16) were not. These results indicate that the C-glucosylflavone scaffold may be more
effective in terms of neuroprotective effects than the corresponding isoflavone, and that the hydroxy
group in para-position of ring B is in fact beneficial for activity. What’s more, from both electron
withdrawing groups in para-position of ring B (OH- in vitexin and F- in derivatives 18 and 7) only the
hydroxy group was able to produce a relevant neuroprotective effect, which may be attributable to: (a)
the formation of a phenoxyl radical stabilized by resonance due to the presence of the α,β-unsaturated
ketone if the neuroprotective effect results from direct chemical ROS inactivation, or (b) the formation
of hydrogen bonds with a macromolecular target, e.g., an antioxidant enzyme.

Accordingly, no significant differences between cell viability in the presence of either of the two
5,7-dihydroxychromen-4-ones (22 and 13) and the cell viability of H2O2 controls were observed in
our study (Figure 3D). Even though all compounds with aliphatic substituents (4, 5, and 6 led to an
increase in MTT reduction when compared to both chromen-4-ones, the increase was not significant.

From the compounds selected to be tested against Aβ1-42-induced neurotoxicity, the 4-morpholinyl
derivative 19 again presented the result with the highest significance when compared to the
controls. Compound 8 also displayed relevant neuroprotective effects against Aβ1-42 (contrarily
to the 4’-fluoroflavone 7) which once more supports the hypothesis that in this particular case,
compound 8 is active per se, but its effects are maintained or potentiated by the presence of the
sugar moiety. Provided that the pair of compounds 8 and 19 was active in H2O2-induced toxicity
assay as well, whether the observed effects against Aβ1-42 are due to a direct interaction with Aβ

oligomers or to the inhibition of Aβ1-42-promoted oxidative stress (or both) remains to be clarified.
Nonetheless, compound 19, the best in the series of flavones and analogues presented in this work,
also showed some inhibitory activity of acetylcholinesterase (18% at 100 μM, see Supplementary
Materials, Table S3). Moreover, all compounds tested inhibited either acetylcholinesterase (AChE)
and/or butyrylcholinesterase (BuChE). Chrysin was the most active butyrylcholinesterase inhibitor,
while amongst the selective BuChE inhibitors, the chromen-4-one derivative 6 was indeed the most
promising one. Nonetheless, compound 19 stood out as the lead molecule with potential for AD. It was
tested in human epithelial colorectal adenocarcinoma (Caco-2) and liver hepatocarcinoma (HepG2)
cells from concentrations ranging from 0.1 μM to 100 μM, and no significant cytotoxic effects could be
observed (IC50 ≥ 100 μM).

4. Materials and Methods

General Methods. HPLC grade solvents and reagents were obtained from commercial suppliers and
were used without further purification. Chrysin (1), compound 2, and 5,7-dihydroxychromen-4-one (13)
were synthesized according to the methodologies previously described by us.11,12 LCMS experiments
were performed in a column XBridge C18 3.5u 2.1 × 50 mm at 1.2 mL/min and 50 ◦C; 10 mM ammonium
bicarbonate pH 9/ACN, gradient 10 > 95% ACN in 1.5 min + 0.5 min hold. Reactions affording
compounds 37 and 17 were followed by TLC, carried out on aluminum sheets (20 × 20 cm) coated
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with silica gel 60 F-254, 0.2 mm thick (Merck, Darmstadt, Germany) with detection by charring with
10% H2SO4 in ethanol. Flash column chromatography was performed using CombiFlash® Rf200
(Teledyne Isco, Lincoln, CA, USA). Preparative HPLC was performed in a Gilson apparatus using
either Phenomenex Gemini NX, C18, 5 μm 30 × 100 mm or Phenomenex Gemini NX, C18, 10 μm
50 × 150 mm columns. NMR spectra for compound characterization were recorded on a Bruker AV III
HD Nanobay spectrometer running at 400.13 MHz equipped with a room temperature 5 mm BBO
Smartprobe. Chemical shifts are expressed in δ (ppm) and the proton coupling constants J in Hertz (Hz).
NMR data were assigned using appropriate COSY, DEPT, HMQC, and HMBC spectra (representative
examples are provided in the Supporting information appendix). Optical rotations were measured with
a Perkin–Elmer 343 polarimeter. Melting points were measured using a Stuart SMP30 melting point
apparatus. High-resolution mass spectra of final compounds were acquired on a Bruker Daltonics
HR QqTOF Impact II mass spectrometer (Billerica, MA, USA). The nebulizer gas (N2) pressure was
set to 1.4 bar, and the drying gas (N2) flow rate was set to 4.0 L/minute at a temperature of 200 ◦C.
The capillary voltage was set to 4500 V and the charging voltage was set to 2000 V. Tested compounds
have ≥ 95% purity as determined by LCMS. Synthesis of intermediate compounds 23–31 and 35–42 is
reported in Supplementary Materials, together with their LCMS data, physical and NMR data.

General procedure for the synthesis of non-glycosylated chalcones/flavones. Each compound 23–30 was
dissolved in dry pyridine (0.248 mmol in 7.33 mL). Then, catalytic amounts of I2 (0.087 mmol, 0.35
eq.) were added and the mixture was stirred under reflux for 24 h–72 h. All reactions were followed
by LCMS. Once the starting material was fully consumed, the mixture was allowed to reach room
temperature and the pyridine was co-evaporated with toluene under reduced pressure. The residue
was resuspended in dichloromethane, washed first with a saturated solution of sodium thiosulfate,
and then with brine. The flavone was extracted with dichloromethane (3 × 30 mL), dried over MgSO4,
and the solution filtered and concentrated under vacuum. The residue was then resuspended in
ethanol (15 mL) and p-TsOH (12% in AcOH, 0.1 mL) was added. The reaction was stirred under reflux
for 2–24 h. After having reached completion by LCMS, the solvent was evaporated under vacuum and
the residue purified using the most adequate purification method(s) to afford compounds 4–12.

2-Cyclopropyl-5,7-dihydroxy-4H-chromen-4-one (4). Purified by preparative HPLC. Reaction yield over
two steps: 53%; LCMS: RT = 0.52 min, m/z = 219.0 [M + H]+ (high pH method); white solid;
m.p. = 201.2–202.9 ◦C. 1H NMR (MeOD) δ (ppm) 6.26 (d, 1H, Jmeta = 2.1 Hz, H-8), 6.17 (d, 1H, Jmeta = 2.1
Hz, H-6), 6.10 (s, 1H, H-3), 2.02–1.96 (m, 1H, H-1′), 1.18–1.09 (m, 4H, H-2′, H-3′). 13C NMR [MeOD] δ
(ppm) 181.5 (C-4), 173.5 (C-2), 166.0 (C-7), 163.4 (C-5), 159.6 (C-8a), 106.5 (C-3), 100.2 (C-6), 95.0 (C-8),
15.4 (C-1′), 9.5 (C-2′, C-3′). HRMS-ESI (m/z): [M + H]+ calcd for C12H11O4 219.0652, found 219.0642.

2-Cyclobutyl-5,7-dihydroxy-4H-chromen-4-one (5). Purified by preparative HPLC. Reaction yield over
two steps: 85%; LCMS: RT = 0.72 min, m/z = 233.0 [M + H]+ (high pH method); white solid;
m.p. = 200.3–201.5 ◦C. 1H NMR (MeOD) δ (ppm) 6.34 (d, 1H, Jmeta = 2.1 Hz, H-8), 6.18 (d, 1H, Jmeta = 2.1
Hz, H-6), 6.03 (s, 1H, H-3), 3.53 (td, 1H, J = 8.0 Hz, H-1′), 2.37–2.31 (m, 4H, H-2′, H-4′), 2.17–2.06 (m,
1H, H-3′a), 1.99–1.91 (m, 1H, H-3′). 13C NMR [(CD3)OD] δ (ppm) 183.4 (C-4), 174.1 (C-2), 166.0 (C-7),
163.3 (C-5), 159.9 (C-8a), 106.5 (C-3), 100.0 (C-6), 94.9 (C-8), 39.5 (C-1′), 27.5 (C-2′, C-4′), 19.0 (C-3′).
HRMS-ESI (m/z): [M + H]+ calcd for C13H13NO4 233.0808, found 233.0804.

5,7-Dihydroxy-2-(1-methylpropyl)-4H-chromen-4-one (6). Purified by preparative HPLC. Reaction yield
over three steps: 67%; LCMS: RT = 1.10 min, m/z = 235.0 [M + H]+ (low pH method); brown solid;
m.p. = 192.5–193.8 ◦C. 1H NMR (MeOD) δ (ppm) 6.33 (d, 1H, Jmeta = 2.2 Hz, H-8), 6.20 (d, 1H, Jmeta = 2.2
Hz, H-6), 6.05 (s, 1H, H-3), 2.65 (sextet, 1H, J1′-1”~1′-2′ = 7.4 Hz, H-1′), 1.80–1.59 (m, 2H, H-2′), 1.30 (d,
3H, J1”-1′ = 7.4 Hz, H-1”), 0.95 (t, 3H, J3′-2′ = 7.4 Hz, H-3′). 13C NMR [MeOD] δ (ppm) 184.1 (C-4),
175.8 (C-2), 166.0 (C-7), 163.3 (C-5), 159.9 (C-8a), 107.6 (C-3), 105.4 (C-4a), 100.0 (C-6), 94.8 (C-8), 41.7
(C-1′), 28.6 (C-2′), 18.2 (C-1”), 11.9 (C-3′). HRMS-ESI (m/z): [M + H]+ calcd for C13H15O4 235.0965,
found 235.0962.
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4′-Fluoro-5,7-dihydroxyflavone (7). Purified by preparative HPLC. Reaction yield over two steps: 38%;
LCMS: RT = 1.10 min, m/z = 273.0 [M + H]+ (low pH method); white solid; m.p. = 264.8–265.5 ◦C.
1H NMR [MeOD] δ (ppm) 8.05 (dd, 2H, Jortho = 8.9 Hz, J2′-F=6′-F = 5.2 Hz, H-2′, H-6′), 7.31 (t, 2H,
Jortho~J3′-F=5′-F = 8.7 Hz, H-3′, H-5′), 6.73 (s, 1H, H-3), 6.50 (d, 1H, Jmeta = 2.2 Hz, 1H, H-8), 6.24 (d, 1H,
Jmeta = 2.2 Hz, H-6). 13C NMR [MeOD] δ (ppm) 183.8 (C-4), 166.3 (C-7), 164.7 (C-5), 163.3 (d, JC-F = 259.3
Hz, C-4′), 159.5 (C-8a), 130.1 (d, JC-F = 9.0 Hz, C-2′, C-6′), 127.6 (C-1′), 117.3 (d, JC-F = 22.5 Hz, C-3′,
C-5′), 106.0 (C-3, C-4a), 100.3 (C-6), 95.2 (C-8). HRMS-ESI (m/z): [M +H]+ calcd for C15H10FO4 273.0558,
found 273.0554.

5,7-Dihydroxy-4′-(morpholin-4-yl)flavone (8). Purified by preparative HPLC. Reaction yield over two steps:
68%; LCMS: RT = 1.07 min, m/z = 340.0 [M +H]+ (low pH method); orange solid; m.p. = 234.0–235.6 ◦C.
1H NMR (MeOD) δ (ppm) 7.87 (d, 2H, Jortho = 9.0 Hz, H-2′ and H-6′), 7.06 (d, 2H, H-3′ and H-5′),
6.58 (s, 1H, H-3), 6.45 (d, 1H, Jmeta = 2.2 Hz, H-8), 6.21 (d, 1H, Jmeta = 2.1 Hz, H-6), 3.86–3.83 (m, 4H,
NCH2CH2O), 3.34 (NCH2CH2O, overlapped with metanol-d4 peak). 13C NMR (MeOD) δ (ppm) 183.8
(C-4), 165.9 (C-2), 163.7 (C-7 and C-5), 159.4.0 (C-8a), 155.3 (C-4′), 128.9 (C-2′, C-6′), 121.8 (C-1′), 115.4
(C-3′, C-5′), 105.3 (C-4a), 103.3 (C-3), 100.1 (C-6), 95.0 (C-8), 67.7 (NCH2CH2O), 48.1 (NCH2CH2O).
HRMS-ESI (m/z): [M + H]+ calcd for C19H18NO5 340.1179, found 340.1175.

5,7-Dihydroxy-4′-(pyrrolidin-1-yl)flavone (9). Purified by preparative HPLC. Reaction yield over two steps:
95%; LCMS: RT = 1.08 min, m/z = 324.0 [M +H]+ (high pH method); orange solid; m.p. = 282.4–283.6 ◦C.
1H NMR [(CD3)2CO] δ (ppm) 7.89 (d, 2H, Jortho = 9.0 Hz, H-2′ and H-6′), 6.70 (s, 1H, H-3), 6.65 (d,
2H, H-3′ and H-5′), 6.46 (d, 1H, Jmeta = 2.2 Hz, H-8), 6.16 (d, 1H, Jmeta = 2.2 Hz, H-6), 3.35–3.33 (m,
NCH2CH2), 2.00–1.97 (m, 4H, NCH2CH2). 13C NMR [(CD3)2CO] δ (ppm) 181.5 (C-4), 164.6 (C-2), 163.9
(C-7), 161.5 (C-5), 157.2 (C-8a), 150.1 (C-4′), 128.0 (C-2′, C-6′), 116.0 (C-1′), 111.7 (C-3′, C-5′), 103.6
(C-4a), 100.9 (C-3), 98.7 (C-6), 93.9 (C-8), 47.4 (NCH2CH2), 25.0 (NCH2CH2). HRMS-ESI (m/z): [M +H]+

calcd for C19H18NO4 324.1230, found 324.1225.

4′-Dimethylamino-5,7-dihydroxyflavone (10). Purified by preparative HPLC. Reaction yield over two steps:
54%; LCMS: RT = 1.12 min, m/z = 298.0 [M +H]+ (low pH method); orange solid; m.p. = 291.3–292.7 ◦C.
1H NMR [(CD3)2SO] δ (ppm) 13.11 (s, 1H, OH-5), 7.88 (d, 2H, Jortho = 9.0 Hz, H-2′ and H-6′), 6.80
(d, 2H, H-3′ and H-5′), 6.71 (s, 1H, H-3), 6.46 (d, 1H, Jmeta = 2.1 Hz, H-8), 6.17 (d, 1H, Jmeta = 2.1 Hz,
H-6), 3.03 [s, 6H, N(CH3)2]. 13C NMR [(CD3)2SO] δ (ppm) 181.5 (C-4), 164.3 (C-2), 163.8 (C-7), 161.4
(C-5), 157.2 (C-8a), 152.6 (C-4′), 127.8 (C-2′, C-6′), 116.5 (C-1′), 111.6 (C-3′, C-5′), 103.6 (C-4a), 101.2
(C-3), 98.6 (C-6), 93.8 (C-8), 39.6 [N(CH3)2]. HRMS-ESI (m/z): [M + H]+ calcd for C17H16NO4 298.1074,
found 298.101.

2-(Furan-2-yl)-5,7-dihydroxy-4H-chromen-4-one (11). Purified by preparative HPLC. Reaction yield
over two steps: 59%; LCMS: RT. = 0.99 min, m/z = 298.0 [M + H]+ (low pH method); white solid;
m.p. = 239.3–240.8 ◦C. 1H NMR [(CD3)2CO] δ (ppm) 12.87 (s, 1H, OH-5), 7.92 (d, 1H, J5′-4′ = 1.6 Hz,
H-5′), 7.34 (d, 1H, J4′-3′ = 3.5 Hz, H-3′), 6.77 (dd, 1H, J5′-4′ = 3.5 Hz, J3′-4′ = 1.8 Hz, H-4′), 6.49–6.48 (m,
2H, H-3, H-8), 6.27 (d, 1H, Jmeta = 1.8 Hz, H-6). 13C NMR [(CD3)2CO] δ (ppm) 182.7 (C-4), 164.9 (C-2),
156.3 (C-7)*, 163.1 (C-5), 158.0 (C-8a)*, 147.8 (C-5′), 146.9 (C-2′), 114.8 (C-3′), 113.9 (C-4′), 104.0 (C-4a),
103.9 (C-3), 100.1 (C-6), 95.0 (C-8). HRMS-ESI (m/z): [M + H]+ calcd for C13H19O5 245.0444, found
245.0438. *Permutable signals.

5,7-Dihydroxy-2-(pyridin-4-yl)-4H-chromen-4-one (12). Purified by preparative HPLC. Reaction yield
over three steps: 87%; LCMS: RT = 0.43 min, m/z = 256.0 [M +H]+ (low pH method);: orange oil. 1H
NMR (MeOD) δ (ppm) 8.79 (d, 2H, H-3′, H-5′), 8.37 (d, 2H, Jortho = 6.6 Hz, H-2′, H-6′), 6.74 (s, 1H,
H-3), 6.30 (d, 1H, Jmeta = 1.8 Hz, H-8), 6.10 (d, 1H, Jmeta = 1.8 Hz, H-6). 13C NMR (MeOD) δ (ppm)
180.7 (C-4), 171.1 (C-2), 169.8 (C-7), 161.0 (C-5), 155.6 (C-8a), 151.6 (C-1′), 143.3 (C-3′, C-5′), 128.1 (C-2′,
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C-6′), 103.4 (C-3), 103.2 (C-4a), 99.6 (C-6), 92.7 (C-8). HRMS-ESI (m/z): [M + H]+ calcd for C14H10NO4

256.0604, found 256.0600.

General procedure for the synthesis of C-glucosylflavones. Each C-glucosylchalcone 35–41 was dissolved
in dry pyridine (0.172 mmol in 5.11 mL). Then, catalytic amounts of I2 (0.060 mmol, 0.35 eq.) were
added and the mixture was stirred under reflux for 48–72 h. All reactions were followed by LCMS.
Once the starting material was fully consumed, the mixture was allowed to reach room temperature and
the pyridine was co-evaporated with toluene under reduced pressure. The residue was resuspended
in dichloromethane, washed first with a saturated solution of sodium thiosulfate, and then with
brine. The flavone was extracted with dichloromethane (3 × 30 mL), dried over MgSO4, and the
solution filtered and concentrated under vacuum. The residue was then resuspended in extra dry
dichloromethane (7.10 mL) and stirred at −78 ◦C under N2 saturated atmosphere. A 1 M solution
of BBr3 in dichloromethane (1.72 mL, 1.72 mmol, 10 eq.) was added in a dropwise manner over
5 min, and the reaction stirred for 2–4 h. After having reached completion by LCMS, the reaction was
quenched with a 1:1 mixture of dichloromethane/methanol (ca. 15 mL) and the reaction was stirred
for approximately 20 min at room temperature. The solvent was evaporated under vacuum and the
residue purified using the most adequate purification method(s) to afford compounds 15–21.

2-Cyclopropyl-8-(β-d-glucopyranosyl)-5,7-dihydroxy-4-chromen-4-one (15). Purified by preparative HPLC.
Reaction yield over two steps: 37%; LCMS: RT = 0.51 min, m/z = 381.0 [M + H]+ (low pH method);
yellowish oil. 1H NMR (MeOD) δ (ppm) 6.23 (s, 1H, H-6), 6.20 (s, 1H, H-3), 4.86 (H-1”, overlapped
with the methanol-d6 water peak), 3.92–3.87 (m, 2H, H-2”, H-6”a), 3.75–3.64 (m, 1H, H-6”b), 3.47–3.42
(m, 3H, H-3”, H-4”, H-5”), 2.06–2.00 (m, 1H, H-1′), 1.46–1.43 (m, 1H, H-2′a)*, 1.28–1.22 (m, 1H, H-3′a)*,
1.18–1.09 (m, 2H, H-2′b, H-3′b). 13C NMR (MeOD) δ (ppm) 183.6 (C-4), 173.3 (C-2), 164.4 (C-7), 162.7
(C-5), 160.4 (C-8a), 106.8 (C-8), 105.5 (C-3), 104.9 (C-4a), 99.3 (C-6), 82.8 (C-5”), 80.1 (C-3”), 74.9 (C-1”),
73.3 (C-2”), 72.6 (C-4”), 63.4 (C-6”), 15.7 (C-1′), 10.0, 9.6 (C-2′, C-3′). *Permutable signals. HRMS-ESI
(m/z): [M + H]+ calcd for C18H21O9 381.1180, found 381.1176.

8-(β-d-Glucopyranosyl)-5,7-dihydroxyflavone (16). Purified by preparative HPLC, followed by Isolute
SCX-2 column chromatography (Biotage). Reaction yield over two steps: 88%; LCMS: RT = 0.49 min,
m/z = 414.80 [M − H]− (high pH method); yellow solid; m.p. = 188.1–189.2 ◦C. 1H NMR (MeOD) δ
(ppm) 8.13, 8.03 (d, 2H, Jortho = 7.1 Hz, H-2′ and H-6′)*, 7.58–7.54 (m, 3H, H-3′, H-4′ and H-5′), 6.75 (s,
1H, H-3), 6.30 (s, 1H, H-6), 5.00 (d, 1H, J1”-2” = 9.9 Hz, H-1”)*, 4.11 (t, 1H, J2”-1”~2”-3” = 9.3 Hz, H-2”),
3.97 (br d, 1H, J6”a-6”b = 12.1 Hz, H-6”a)*, 3.81 (dd, 1H, J6”b-6”a = 12.1 Hz, J6”b-5” = 5.3 Hz, H-6”a), 3.68
(t, 1H, J4”-3”~4”-5” = 9.2 Hz, H-4”), 3.55–3.48 (m, 2H, H-3” and H-5”). 13C NMR (MeOD) δ (ppm) 184.2
(C-4), 166.0 (C-2), 164.8 (C-7), 162.8 (C-5), 158.2 (C-8a), 133.1 (C-3′ and C-5′), 132.8 (C-1′), 130.2 (C-4′),
128.1, 127.8 (C-2′ and C-6′)*, 105.8 (C-3), 105.1 (C-8), 104.6 (C-4a), 99.6 (C-6), 82.9 (C-5”), 80.2 (C-3”),
75.3 (C-1”), 72.8 (C-2”), 72.3, 71.5 (C-4”)*, 63.1, 62.7 (C-6”)*. *Two peaks were observed due to the
presence of rotamers. HRMS-ESI (m/z): [M + H]+ calcd for C21H21O9 417.1180, found 417.1174.

8-(β-d-Glucopyranosyl)-5,7,4′-trihydroxyflavone (17). Purified by column chromatography (DCM/MeOH
1:0 to 5:1). Isolated yield over two steps: 7%; Rf = 0.43 (EtOAc/EtOH 6:1). 1H NMR (MeOD) δ (ppm)
7.93 (d, 2H, Jortho = 8.6 Hz, H-2′, H-6′), 6.91 (d, 2H, Jortho = 8.8 Hz, H-3′, H-5′), 6.49 (s, 1H, H-3), 6.14
(s, 1H, H-6), 5.05 (d, 1H, J1”-2” = 9.7 Hz, H-1”), 4.17–4.10 (m, 1H, H-2”), 3.94 (d, 1H, J6”a-6”b = 12.0 Hz,
H-6”a), 3.79 (dd, 1H, J6”b-6”a = 12.1 Hz, J6”b-5” = 5.5 Hz, H-6”b), 3.65 (t, 1H, J4”-3” = J 4”-5” = 9.2 Hz,
H-4”), 3.56–3.48 (m, 2H, H-3”, H-5”). 13C NMR (MeOD) δ (ppm) 182.1 (C-4), 168.2 (C-4′), 164.4 (C-7),
163.3 (C-2), 161.2 (C-5), 160.8 (C-8a), 129.8 (C-2′, C-6′), 124.6 (C-1′), 117.3 (C-3′, C-5′), 106.2 (C-4a), 104.5
(C-8), 102.8 (C-3), 99.3 (C-6), 82.8 (C-2”), 80.7 (C-5”), 78.5 (C-3”), 74.4 (C-1”), 72.5 (C-4”), 61.4 (C-6”).
HRMS-ESI (m/z): [M + H]+ calcd for C21H21O10 433.1129, found 433.1120.
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4′-Fluoro-8-(β-d-glucopyranosyl)-5,7-dihydroxyflavone (18). Purified by preparative HPLC. Reaction
yield over two steps: 45%; LCMS: RT= 0.71 min, m/z = 433.00 [M - H]- (low pH method); colorless
oil. 1H NMR (MeOD) δ (ppm) 8.12 (dd, 2H, Jortho = 8.20 Hz, JH-F = 5.9 Hz, H-2′, H-6′), 7.27 (t, 2H,
Jortho~H-F = 8.7 Hz, H-3′, H-5′), 6.52 (s, 1H, H-3), 6.02 (s, 1H, H-6), 5.04 (d, 1H, J1”-2” = 9.3 Hz, H-1”),
4.11 (t, 1H, J2”-1” = J 2”-3” = 9.2 Hz, H-2”), 3.89 (dd, 1H, J6”a-6”b = 12.3 Hz, J6”a-5” = 1.8 Hz, H-6”a), 3.80
(dd, 1H, J6”b-6”a = 12.1 Hz, J6”b-5” = 4.8 Hz, H-6”b), 3.65 (t, 1H, J4”-3” = J 4”-5” = 9.3 Hz, H-4”), 3.51 (t, 1H,
J3”-2” = J 3”-4” = 9.0 Hz, H-3”), 3.48–3.44 (m, 1H, H-5”). 13C NMR (MeOD) δ (ppm) 182.5 (C-4), 167.5
(C-2), 166.0 (d, JC-F = 251.2 Hz, C-4′), 163.3 (C-7), 161.9 (C-5), 159.1 (C-8a), 130.3 (d, JC-F = 8.8 Hz, C-2′,
C-6′), 129.9 (d, JC-F = 3.2 Hz, C-1′), 117.0 (d, JC-F = 22.5 Hz, C-3′, C-5′), 105.6 (C-4a), 104.8 (C-3), 104.4
(C-6), 104.1 (C-8), 82.6 (C-5”), 80.9 (C-3”), 76.0 (C-1”), 73.8 (C-2”), 72.1 (C-4”), 62.8 (C-6”). HRMS-ESI
(m/z): [M + H]+ calcd for C21H20FO9 435.1086, found 435.1083.

8-(β-d-Glucopyranosyl)-5,7-dihydroxy-4′-(morpholin-4-yl)flavone (19). Purified by preparative HPLC.
Reaction yield over two steps: 74%; LCMS: RT = 0.57 min, m/z = 500.0 [M − H]− (high pH method);
orange solid; m.p. = 210.5–211.4 ◦C; [α]20

D = + 10 (c 0.5 MeOH); 1H NMR (MeOD) δ (ppm) 7.94, 7.84
(d, 2H, Jortho = 8.3 Hz, H-2′ and H-6′)*, 7.01 (d, 2H, Jortho = 8.6 Hz, H-3′ and H-5′), 6.52 (s, 1H, H-3),
6.26 (s, 1H, H-6), 5.05, 4.99 (d, 1H, J1”-2” = 9.9 Hz, H-1”)*, 4.14 (t, 1H, J2”-1” = J 2”-3” = 9.5 Hz, H-2”),
3.98–3.79 (m, 6H, H-6”a, H-6”b and NCH2CH2O), 3.70 (t, 1H, J4”-3” = J 4”-5” = 9.6 Hz, H-4”), 3.57–3.53
(m, 1H, H-3”), 3.49–3.46 (m, 1H, H-5”), 3.32–3.20 (NCH2CH2O, superimposed with the MeOD peak).
13C NMR (MeOD) δ (ppm) 184.0 (C-4), 166.5 (C-2), 164.4 (C-7), 162.6 (C-5), 158.0 (C-8a), 155.1 (C-4′),
129.5, 129.1 (C-2′ and C-6′)*, 122.0 (C-1′), 115.3 (C-3′ and C-5′), 105.8 (C-4a), 105.2 (C-8), 103.0 (C-3),
99.4 (C-6), 82.8 (C-5”), 80.3 (C-3”), 75.3 (C-1”), 72.9 (C-2”), 72.3 (C-4”), 67.7 (NCH2CH2O), 63.1 (C-6”),
40.4 (NCH2CH2O). *Peaks were observed due to the presence of rotamers. HRMS-ESI (m/z): [M + H]+

calcd for C25H28NO10 502.1708, found 502.1695.

8-(β-d-Glucopyranosyl)-5,7-dihydroxy-4′-(pyrrolidin-1-yl)flavone (20). Purified by preparative HPLC.
Reaction yield over two steps: 80%; LCMS: RT = 0.86 min, m/z = 486.00 [M + H]+ (low pH method);
orange oil. 1H NMR (MeOD) δ (ppm) 7.93 (d, 2H, Jortho = 8.2 Hz, H-2′ and H-6′)*, 6.67 (d, 2H, Jortho = 8.3
Hz, H-3′ and H-5′), 6.50 (s, 1H, H-3), 6.25 (s, 1H, H-6), 4.99 (d, 1H, J1”-2” = 9.9 Hz, H-1”)*, 4.16 (t, 1H,
J2”-1” =J2”-3” = 9.4 Hz, H-2”), 3.98 (d, 1H, J6-a”- 6-b” = 11.8 Hz, H-6”a)*, 3.80 (dd, 1H, J6-b”-6-a” = 11.9
Hz, J6-b”,5” = 5.8 Hz, H-6”b), 3.70 (t, 1H, J4”-3” = J 4”-5” = 9.2 Hz, H-4”), 3.56–3.46 (m, 2H, H-3”, H-5”),
3.38–3.35 (m, 4H, NCH2CH2), 2.07 (s, 4H, NCH2CH2). 13C NMR (MeOD) δ (ppm) 181.6 (C-4), 167.6
(C-2), 165.5 (C-7), 162.6 (C-5), 160.4 (C-8a), 156.4 (C-4′), 129.7 (C-2′ and C-6′), 121.7 (C-1′), 112.8 (C-3′
and C-5′), 105.0 (C-4a), 104.5 (C-8), 101.5 (C-3), 97.9 (C-6), 82.9 (C-5”), 80.3 (C-3”), 75.3 (C-1”), 72.9
(C-2”), 72.4 (C-4”), 63.2 (C-6”), 49.1 (NCH2CH2, overlapped with the MeOD peak), 26.4 (NCH2CH2).
*Peaks were observed due to the presence of rotamers. HRMS-ESI (m/z): [M +H]+ calcd for C25H28NO9

486.1759, found 486.1743.

2-(Furan-2-yl)-8-(β-d-glucopyranosyl)-5,7-dihydroxy-4H-chromen-4-one (21). Purified by preparative HPLC.
Reaction yield over two steps: 56%; LCMS: RT = 0.62 min, m/z = 404.80 [M −H]− (low pH method);
yellowish oil. 1H NMR (MeOD) δ (ppm) 7.82 (d, 1H, J2′-3′ = 3.5 Hz, H-2′), 7.33 (br s, 1H, H-4′), 6.72 (dd,
1H, J3′-4′ = 1.8 Hz, H-3′), 6.53 (s, 1H, H-3), 6.28 (s, 1H, H-6), 4.96 (d, 1H, J1”-2” = 9.4 Hz, H-1”), 4.16 (t,
1H, J2”-1” = J2”-3” = 9.4 Hz, H-2”), 3.89 (d, 1H, J6-a”,6-b” = 11.6 Hz, H-6”a), 3.73 (dd, 1H, J6-b” = J 5” = 5.1
Hz, H-6”b), 3.64 (t, 1H, J4”-3” = J 4”-5” = 9.4 Hz, H-4”), 3.53 (t, 1H, J4”-3”~4”-5” = 9.2 Hz, H-3”), 3.46–3.41
(m, 1H, H-5”). 13C NMR (MeOD) δ 183.7 (C-4), 167.2 (C-2), 164.9 (C-7), 162.9 (C-5), 157.3 (C-8a), 148.0
(C-2′), 147.3 (C-1′), 115.6 (C-4′), 113.9 (C-3′), 107.2 (C-4a), 106.0 (C-8), 103.5 (C-3), 99.6 (C-6), 82.6 (C-5”),
80.1 (C-3”), 75.0 (C-1”), 72.9 (C-2”), 72.3 (C-4”), 63.0 (C-6”). HRMS-ESI (m/z): [M + H]+ calcd for
C19H19NO10 407.0973, found 407.0965.

8-(β-d-Glucopyranosyl)-5,7-dihydroxy-4H-chromen-4-one (22). Compound 42 (0.195 g, 0.221 mmol, 1 eq.)
was dissolved in anhydrous DCM (5 mL). The mixture was stirred at −78 ◦C, and BCl3 (1M solution
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in DCM, 2.21 mL, 2.21 mmol, 10 eq.) was added in a dropwise manner over 5 min. The reaction
was complete after 1 h, as detected by LCMS, and was quenched with a 1:1 mixture of DCM/MeOH
(40 mL). The mixture was stirred for approximately 20 min at room temperature. The solvent was
evaporated under vacuum and the residue purified by column chromatography (DCM-MeOH 1:0 to
4:1). Compound 22 was obtained as a white solid; m.p. = 192.5–193.0 ◦C; [α]20

D = + 16 º (c 0.5 MeOH).
Reaction yield: 45%; LCMS: RT = 0.41 min, m/z = 338.80 [M - H]- (low pH method). 1H NMR (MeOD)
δ (ppm) 8.04 (d, 1H, Jcis = 5.8 Hz, H-2), 6.28 (s, 1H, H-6), 6.24 (d, 1H, Jcis = 5.9 Hz, H-3), 4.91 (d,
1H, J1”-2” = 9.9 Hz, H-1”), 4.07 (t, 1H, J2”-1”~2”-3” = 9.3 Hz, H-2”), 3.88 (dd, 1H, J6-a”~6-b” = 12.1 Hz,
J6-a”~5” = 2.1 Hz, H-6”a), 3.71 (dd, 1H, J6-b”~6-a” = 12.0 Hz, J6-b”~5” = 5.4 Hz, H-6”b), 3.50–3.41 (m, 3H,
H-3”, H-4”, H-5”). 13C NMR (MeOD) δ 183.7 (C-4), 165.0 (C-7), 163.0 (C-5), 158.0 (C-8a and C-2), 111.5
(C-3), 106.8 (C-4a), 104.9 (C-8), 100.5 (C-6), 82.6 (C-5”), 80.1 (C-3”), 75.4 (C-1”), 72.8 (C-2”), 71.8 (C-4”),
62.9 (C-6”). HRMS-ESI (m/z): [M + H]+ calcd for C15H17NO9 341.0867, found 341.0865.

Log D7.4 determination. The in-silico prediction tool ALOGPS [4] was used to estimate the
octanol-water partition coefficients (log P) of the compounds. Depending on these values, the
compounds were classified either as hydrophilic (log P below zero), moderately lipophilic (log P
between zero and one), or lipophilic (log P above one) compounds. For each category, two different
ratios (volume of octan-1-ol to volume of buffer) were defined as experimental parameters (Table 2).

Table 2. Compound classification based on estimated log P values.

Compound Category log P Ratios (Octan-1-ol:Buffer)

hydrophilic <0 30:140, 40:130
moderately lipophilic 0–1 70:110, 110:70

lipophilic >1 3:180, 4:180

Equal amounts of phosphate buffer (0.1 M, pH 7.4) and octan-1-ol were mixed and shaken
vigorously for 5 min to saturate the phases. The mixture was left until separation of the two phases,
and the buffer was retrieved. Stock solutions of the test compounds were diluted with buffer to a
concentration of 1 μM. For each compound, three determinations per octan-1-ol:buffer ratio were
performed in different wells of a 96-well plate. The respective volumes of buffer-containing analyte
(1 μM) were pipetted to the wells and covered by saturated octan-1-ol according to the chosen
volume ratio. The plate was sealed with aluminum foil, shaken (1350 rpm, 25 ◦C, 2 h) on a Heidolph
Titramax 1,000 plate-shaker (Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) and
centrifuged (2,000 rpm, 25 ◦C, 5 min, 5804 R Eppendorf centrifuge, Hamburg, Germany). The aqueous
phase was transferred to a 96-well plate for analysis by liquid chromatography-mass spectrometry
(LCMS, see below). Log P coefficients were calculated from the octan-1-ol:buffer ratio (o:b), the initial
concentration of the analyte in buffer (1 μM), and the concentration of the analyte in buffer (cB)
according to the following equation:

log P = log
(

1 μM− cB

cB
× 1

o : b

)
(1)

Results are presented as the mean ± SD of three independent experiments. If the mean of two
independent experiments obtained for a given compound did not differ by more than 0.1 units, the
results were accepted.

Parallel artificial membrane permeability assay (PAMPA). Effective permeability (log Pe) was
determined in a 96-well format with PAMPA [34]. For each compound, measurements were performed
at pH 7.4 in quadruplicates. Four wells of a deep well-plate were filled with 650 μL of PRISMA HT
universal buffer, adjusted to pH 7.4 by adding the requested amount of NaOH (0.5 M). Samples (150 μL)
were withdrawn from each well to determine the blank spectra by UV/Vis-spectroscopy (190 to 500 nm,
SpectraMax 190, Molecular Devices, Silicon Valley, CA, USA). Then the analyte, dissolved in DMSO
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(10 mM), was added to the remaining buffer to yield 50 μM solutions. To exclude precipitation,
the optical density (OD) was measured at 650 nm, and solutions exceeding OD 0.01 were filtrated.
Afterwards, samples (150 μL) were withdrawn to determine the reference spectra. Further 200 μL
were transferred to each well of the donor plate of the PAMPA sandwich (pIon, P/N 110 163). The filter
membranes at the bottom of the acceptor plate were infused with 5 μL of GIT-0 Lipid Solution and
200 μL of Acceptor Sink Buffer were filled into each acceptor well. The sandwich was assembled,
placed in the GutBoxTM, and left undisturbed for 16 h. Then, it was disassembled and samples (150 μL)
were transferred from each donor and acceptor well to UV-plates for determination of the UV/Vis
spectra. Effective permeability (log Pe) was calculated from the compound flux deduced from the
spectra, the filter area, and the initial sample concentration in the donor well with the aid of the PAMPA
Explorer Software (pIon, version 3.5).

LC-MS measurements. Analyses were performed using a 1100/1200 Series HPLC System coupled to
a 6410 Triple Quadrupole mass detector (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with electrospray ionization. The system was controlled with the Agilent MassHunter Workstation
Data Acquisition software (version B.01.04). The column used was an AtlantisR T3 C18 column
(2.1 × 50 mm) with a 3 μm-particle size (Waters Corp., Milford, MA, USA). The mobile phase consisted
of eluent A: 10 mM ammonium acetate, pH 5.0 in 95:5, H2O:MeCN; and eluent B: MeCN containing
0.1% formic acid. The flow rate was maintained at 0.6 mL/min. The gradient was ramped from 95%
A/5% B to 5% A/95% B over 1 min, and then held at 5% A/95% B for 0.1 min. The system was then
brought back to 95% A/5% B, resulting in a total duration of 4 min. MS parameters such as fragmentor
voltage, collision energy, and polarity were optimized individually for each drug, and the molecular
ion was followed for each compound in the multiple reaction monitoring mode. The concentrations
of the analytes were quantified by the Agilent Mass Hunter Quantitative Analysis software (version
B.01.04).

Neuroprotective assays in human neuroblastoma (SH-SY5Y) cells. SH-SY5Y cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Life Technologies) supplemented with 10% fetal
bovine serum (FBS, Biochrom GmbH) and 1% Penicillin-Streptomycin (Gibco, Life Technologies) in
a humidified incubator at 37 ◦C, 5% CO2. For the neuroprotective activity assay, undifferentiated
SGSY-5Y cells were plated onto 96-well flat-bottomed microtiter plates at a density of 1 × 104 cells/well
in DMEM supplemented with 2% FBS and preincubated for 24 h at 37 ◦C, 5% CO2. Compounds
(stored as 10 mM solutions in DMSO at −20 ◦C) were then added to achieve a final concentration of
50 μM and, after 30 min, cells were incubated in the presence or absence of 20 μM Aβ protein fragment
1-42 (Sigma-Aldrich, dissolved in DMSO and stored in 2 mM aliquots at −20 ◦C) or 100 μM of H2O2

(Sigma-Aldrich, dissolved to 10 mM in 0.9% NaCl aqueous solution immediately prior to the assay)
overnight at 37 ◦C, 5% CO2. The final DMSO percentage was 0.5% for compounds in the presence
of H2O2, 1% for cells incubated only with Aβ, or 1.5% for cells incubated with compounds and Aβ,
thus, controls for each DMSO percentage were also run. The following morning, 20 μL of a 5 mg/mL
solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) in PBS
(Gibco, Life Technologies) was added to each well and the plates were further incubated for 4 h at 37 ◦C,
followed by the addition of DMSO (200 μL) to each well in order to dissolve the resulting formazan
crystals. After 2 h incubating at 37 ◦C, the optical density (OD) at 540 nm (with a 620 nm reference filter)
was measured in an Amersham Biosciences Biotrak II Plate Reader. The percentage of MTT reduction
was determined according to Equation (1). All experiments were performed in triplicate and results
are presented as means ± standard error. Differences between experimental conditions were compared
for statistical significance by one-way ANOVA followed by a Tukey’s post-test, an analysis carried out
using GraphPad Prism Software (LA Jolla, CA, USA). Differences were considered significant when
P < 0.05. In order to exclude direct MTT reduction, compounds were also tested in (a) the absence of
cells and (b) in the absence of both cells and culture medium, using the same experimental conditions
described above.
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MTT Reduction (% o f Control) =

[ ODsample −ODmedium

ODcell control −ODmedium

]
× 100 (2)

Cell viability assay in human epithelial colorectal adenocarcinoma (Caco-2) and human liver hepatocellular
(HepG2) cells. Caco-2 and HepG2 Cells were cultured in DMEM-Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% (v/v) inactivated fetal bovine serum (PAA Laboratories GmbH),
2 mM l-glutamine (Sigma-Aldrich), 100 U/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich),
in a humidified incubator at 37 ◦C with a 5% CO2 atmosphere. Cells (3 × 104 cells/well) were seeded
into 96-well plates and incubated at 37 ◦C in 5% CO2 atmosphere. After 24 h, compounds were added
at different concentrations (0.1–100 μM) and incubated in the same conditions. DMSO controls were
performed to evaluate a possible solvent cytotoxicity, while pure DMSO was used as a cytotoxic drug.
After the established incubation time with compounds, MTT (5 mg/mL) in PBS (Sigma-Aldrich) was
added (10 μL) to each well. After 3 h incubation at 37 ◦C, in 5% CO2, the supernatant was removed.
The formazan crystals were solubilized using ethanol/DMSO (1:1) (100 μL), and the absorbance values
were determined at 570 nm on the microplate reader Victor3 from PerkinElmer Life Sciences.

5. Conclusions

In the present work, we have generated a library of chemically diverse flavone analogues and
their C-glucosyl derivatives, and explored the structural requirements for neuroprotective activity and
therapeutic potential against AD.

With imposed physicochemical properties upon their design as CNS-targeted agents,
all synthesized aglycones were found to have good effective permeability and adequate logD7.4

values, indicating that, as expected, they have adequate pharmacokinetic and safety profiles for
administration, with the ability to cross cell membrane barriers, including gastrointestinal epithelia and
the BBB. Even though not all C-glucosyl derivatives were able to achieve the same outcomes due to the
presence of the polar sugar moiety, some of them presented a promising compromise between effective
permeability and lipophilicity. From these compounds, the p-morpholinyl derivative 37 stood out for
having fully rescued SH-SY5Y human neuroblastoma cells from H2O2- and Aβ1-42-induced toxicity in a
screening MTT assay. Importantly, it was the only compound in which the aglycone (8) was also active,
pointing towards aglycone specificity for the desired activity. The ability of the sugar moiety to maintain
or even potentiate the activity in this compound (8/19) definitely comes across as a benefit, since
according to previously published indications, the sugar may enhance the antioxidant properties of the
compound as a whole, while helping to maintain Aβ1-42 peptides in their disaggregated state [19,20].
Furthermore, our results support the use of C-glucosylflavones for neuroprotective applications in
detriment of the corresponding isoflavones by providing a direct comparison between two scaffolds
from natural origin—compound 2 and vitexin 17—in more than one cell-based assay. Compound 19

also exhibits a modest acetylcholinesterase inhibitory activity, thus coming across as a new multitarget
lead compound for AD. This promising and non-toxic morpholinyl flavone derivative ultimately offers
a relevant improvement when compared to the natural products chrysin (1) and 2, which served as the
inspiration for our work owing to their reported neuroprotective potential.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/2/98/s1,
Table S1: Structure, physicochemical properties and CNS-MPO score of the flavone analogues selected for
synthesis. All physicochemical properties were calculated using MOE software; Table S2: Cytotoxic activity of
each compound assessed in SH-SY5Y neuroblastoma cells via an MTT cell viability assay; Experimental procedures
for cholinesterase inhibition assays; Table S3: Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE)
inhibitory efficacy of chrysin (1), 8-glucosylgenistein (2) and some of the synthesized flavone analogues at 100 μM;
Synthetic approaches for chromones, flavones and the corresponding C-glucosyl derivatives; Scheme S1: Synthesis
of selected flavones and analogues (A) via chalcone formation and (B) via flavanone formation; Scheme S2:
Synthesis of (A) C-glucosyl flavones and analogues and (B) the 6-glucosyl-5,7-dihydroxychromen-4-one (41);
Preparation procedures, physical and LCMS data, and NMR spectra of intermediate compounds.
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Abstract: Here, the synthesis and glycosidase inhibition properties of the two first known
3-ethyloctahydro-1H-indole-4,5,6-triols are reported. This study shows the transformation of
D-glucose into polyhydroxylated 1-(2-nitrocyclohexane) acetaldehydes, followed by a protocol
involving the formation of the azacyclopentane ring. Results of inhibitory potency assays and
docking calculations show that at least one of them could be a lead for optimization in the search for
compounds that behave like folding chaperones in lysosomal storage diseases.

Keywords: sugars; iminosugars; glycosidase inhibition

1. Introduction

Iminosugars [1–4] and aminocarbasugars [5–7] are sugar mimics that inhibit a variety of enzymes
of therapeutic interest, including glycosidases and glycosyltransferases. They have been shown
to be lead molecules for the treatment of diseases such as diabetes, viral infections, or lysosomal
storage disorders. Some representative examples are included in Figure 1. Thus, the N-alkylated
1-deoxynojirimycin miglitol (II) (Glyset®) [8,9] and the aminocarbasugar voglibose (IV) [10,11] have
been approved for the treatment of type II diabetes [12,13], and miglustat (III) (Zavesca®) is prescribed
for the treatment of Gaucher disease [14,15]. The bicyclic iminosugar castanospermine (V) [16,17] is a
polyhydroxylated indolizidine alkaloid [3,18] that can be considered as a conformational restricted
analogue of miglitol. This compound and its derivatives have received considerable attention as
potential antineoplastic and immunosuppressive agents, but, unfortunately, they have shown toxicity
to human cells [19–22]. This led to the study of analogues of these leads aimed at altering their activity
and toxicity profile. Specifically, the polyhydroxylated octahydroindole (VI) and its N-hydroxyalkyl
derivatives were studied as castanospermine analogues where the position of the N-atom was changed,
allowing them to be considered as conformational restricted carbasugars [23,24].
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Figure 1. Selection of iminosugars and aminocarbasugars.

As a contribution to the search for new castanospermine analogues, and as a part of ongoing
project on synthetic application of nitro sugars and related compounds [25], we report herein
the synthesis and biological evaluation of compounds 10 and 13 as novel polyhydroxylated
octahydroindoles bearing an alkyl substituent at the C-3 position. Results of the inhibitory potency
assays and docking calculations have shown that at least one of them could be a lead for optimization
in the search for compounds that behave like folding chaperones, useful as drugs against lysosomal
storage diseases like GM1 gangliosidosis and Morquio B disease [26].

2. Results

2.1. Chemical Synthesis

Michael addition of carbonyl synthetic equivalents to electron-deficient nitro alkenes has proven
to be a promising method for the enantioselective synthesis of γ−nitro acids [27,28]. In this regard,
carbasugar nitro olefins are suitable scaffolds for this and other synthetic purposes [29], although they
are practically unexplored. They include in their structure a preformed carbocyclic ring bearing several
hydroxy substituents in a well-defined spatial orientation and a nitroethylene subunit suitable for
Michael addition of nucleophiles.

In order to apply this methodology, the key six-membered nitroolefin 4b was obtained from
the known nitro sugar 1 [30], according to a protocol developed by us for the synthesis of the first
polyhydroxylated 1-nitrocyclohexane [31].

Removal of the isopropylidene protecting group of 1 under acidic conditions [trifluoracetic acid
(TFA)/H2O] was followed by a potassium carbonate-promoted intramolecular Henry reaction of the
resulting ε-nitro aldehyde 3 (the open form of the tricomponent mixture 2 + 3), which was directly
reacted with potassium carbonate in methanol followed by acetic anhydride and a catalytic amount of
dimethoxyaminopyridine (DMAP) in order to promote its dehydration aimed at obtaining the cyclic
nitroolefin 4b, via 4a (Scheme 1).

 
Scheme 1. Conditions: (i) TFA/H2O, rt, 5 h. (ii) 2% K2CO3/MeOH, rt, 4 h. (iii) Ac2O, DMAP (cat),
Et2O, rt, 6 h (77%, three steps).

Michael addition of butyraldehyde to 4b, catalyzed by pyrrolidine, resulted in an epimeric
mixture of γ-nitro aldehydes 5 and 6, which were isolated by column chromatography (Scheme 2).
The stereochemical outcome of this reaction, which is controlled by the substrate, can be rationalized
on the basis of the Felkin–Ahn rule.
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Scheme 2. Conditions: (i) pyrrolidine, CH2Cl2, rt, 3 h (50% for 5, 21% for 6); (ii) NaClO2/NaH2PO4,
2-methyl-2-butene, t-BuOH/H2O (3:1), rt, 2 h, 88%; (iii) Zn dust, MeOH/AcOH (1:1), 0 ◦C, 14 h (90%
for 8, 85% for 11); (iv) 1 M NaOH/MeOH, rt, 4 h /69% for 9 and for 12); (v) 10% Pd/C, MeOH, H2

(1 atm) (87% for 10, 88% for 13).

The structure of compounds 5 and 6 were unambiguously identified by X-ray experiments
(Figure 2). In the latter case this was corroborated by the X-ray structure of the corresponding
carboxylic acid 7, which was obtained by (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidation
of 6.

 
(5) 

 
(7) 

Figure 2. X-ray structures of compounds 5 and 7.

Finally, γ−nitroaldehydes 5 and 6 were satisfactorily converted into the corresponding
octahydroindoles 10 and 13 (Scheme 2). Reaction of compound 5 with Zn dust in an acidic media for 14
h directly provided the corresponding octahydroindole 8, by the reduction of the nitro group to amino,
followed by a spontaneous reductive amination of the resulting γ−amino aldehyde. Basic hydrolysis
of 8 with NaOH resulted in a selective hydrolysis of its acetate subunits to give derivative 9. Catalytic
hydrogenation of 9 gave the trihydroxylated octahydroindole 10. On the other hand, the epimeric
octahydroindole 13 was similarly obtained from γ−nitro aldehyde 6 via compounds 11 and 12.
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2.2. Glycosidase Inhibition Assays

Table 1 displays results of the inhibition of a variety of glycosidases by iminosugars 10 and 13,
as the inhibition percentage at 1000 μM. As seen from this table, these compounds display by far the
highest inhibition activity against bovine β-galactosidase (amongst all enzymes assayed), albeit at
levels under 50%.

Table 1. Data on inhibition of various glycosidases by compounds 10 and 13.

Enzyme Compound 10 Compound 13 Miglitol (IC50)

α-Glucosidase
Yeast 16% a 19.5% a 70 μM
Rice 0% a 0% a 0.17 μM

Rat intestinal maltase 4.1% a 0% a >1000 μM

β-Glucosidase
Almond 12% a 5% a >1000 μM

Bovine liver 0% a 21.7% a >1000 μM

α-Galactosidase
Coffee beans 15.9% a 0% a >1000 μM

0% a 21.7% a

β-Galactosidase
Bovine liver 45.6% a 35.8% a >1000 μM

Lactase 0.6% a 7.4% a >1000 μM

α-Mannosidase
Jack bean 0% a 0% a

β-Mannosidase
Snail 0% a 2.3% a >1000 μM

α-L-Fucosidase
Bovine kidney 7.5% a 12.9% a >1000 μM

α-L-Rhamnosidase
Penicillium decumbens 0% a 0% a 803

β-Glucronidase
E.coli 18.1% a 12.3% a >1000 μM

α,α-Trehalase
Porcine kidney 0% a 0% a 131

Amyloglucosidase
Aspergillus niger 0% a 0% a >1000 μM

a inhibition % at 1000 μM.

2.3. Docking Studies

To further shed some light on the differences between the inhibition activities of these compounds
for lysosomal β-galactosidase (β-Gal), we performed docking simulations that included the above
mentioned compounds 10 and 13, as well as galactose, a catalytic product of this enzyme. We
included this latter compound as a point of reference, since the structure of its complex with human
β-galactosidase (with whom the bovine variant shares a highly conserved binding domain) is known.

The docking results for these compounds are summarized in Table 2. This table lists the scoring
value for the top-scoring poses obtained in three docking calculations that differ in the options used
in this work, which include “early termination search”, “diverse solutions”, and docking runs that
allow for active site side chain flexibility (see methods section for details). The table also includes the
hydrogen bond pattern between the ligands and some residues of the protein.
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Table 2. Results of the docking simulations and score values for the top pose of each run.

Ligand Protein Residue HB

Fitness & Search Options a

Early Termination Diverse Solutions Side Flexible Search
CHEM GOLD PLP CHEM GOLD PLP CHEM GOLD PLP PDB

Galactose

Galactose score 21.88 54.49 55.63 18.57 50.17 52.84 12.57 53.60 42.29 -
Tyr83(OH) 3-OH 3-OH 3-OH 3-OH 3-OH 3-OH 3-OH 3-OH
Ala128(N) 3-OH 3-OH 3-OH 3-OH 3-OH 3-OH

Glu129(OE1) 6-OH 6-OH 4,6-OH 6-OH 4-OH 4,6-OH 4,6-OH 4-OH 4-OH 6-OH
Glu129(OE2) 4-OH 4-OH 4-OH 4-OH 4-OH 4-OH 6-OH 6-OH 4-OH
Asn187(ND2) 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH
Asn187(OD) 2-OH
Glu188(OE1) 1-OH 1-OH 1-OH 1-OH 1-OH 1-OH 1-OH 1-OH 1-OH
Glu188(OE2) 1-OH 1-OH 1-OH 1,2-OH 1-OH
Glu268(OE1) 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH
Glu268(OE2) 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH 2-OH
Tyr333(OH) 6-OH 6-OH 6-OH 6-OH 6-OH 6-OH 6-OH 6-OH 6-OH

10

10 score 27.58 44.31 49.82 27.19 44.25 45.78 20.47 52.90 38.17
Tyr83(OH) 6-OH 6-OH 6-OH 6-OH 5-OH 6-OH 6-OH 5-OH 6-OH
Ile126(O) 6-OH 6-OH 6-OH 5-OH 6-OH

Ala128(N) 6-OH 6-OH 5-OH 6-OH
Glu129(OE1) N N N N 6-OH N N
Glu129(OE2) N 6-OH N
Asn187(ND2) 5-OH 5,6-OH 5-OH 5-OH 5,6-OH 4-OH
Asn187(OD) 5,6-OH 4-OH 5,6-OH
Glu188(OE1) 4,5-OH 4,5-OH 4,5-OH 4,5-OH 4,5-OH 4,5-OH 4,5-OH
Glu188(OE2) 4-OH 4-OH
Glu268(OE1) 4-OH 4-OH 4-OH
Glu268(OE2) 6-OH 6-OH 6-OH
Tyr333(OH) N N

13

13 score 25.37 46.53 43.62 25.53 45.76 43.10 17.65 56.23 39.34
Tyr83(OH) 5-OH 5,6-OH 5-OH 6-OH 6-OH
Ile126(O)

Ala128(N) 5-OH 6-OH
Glu129(OE1) 6-OH 6-OH 6-OH 6-OH 6-OH 4-OH N
Glu129(OE2) N 5-OH
Asn187(ND2) 5-OH 6-OH 5-OH
Asn187(OD) 6-OH 5-OH
Glu188(OE1) 4-OH 4-OH N
Glu188(OE2) 4-OH 4-OH 4-OH 5-OH 4-OH
Glu268(OE1) 4,5-OH 4-OH 4,5-OH 4-OH 4,5-OH 4,5-OH 6-OH 5-OH
Glu268(OE2) 4-OH 5-OH 4,5-OH
Tyr333(OH) 6-OH 6-OH 6-OH

a The color codes in this table are used to indicate the number of runs that share the same top exit pose. See text
below for further explanation.

In this table we have used a color code for every scoring value as well as the hydrogen bond
pattern. It is used to identify common poses obtained across different docking simulations. Compounds
whose poses share the same color in different docking runs have a similar top exit pose. For instance,
most of the scoring values in the docking results for galactose are colored with a single color (green), to
indicate that there seems to be a consensus on the pose reached by these compounds, which reproduces
the one found in the crystal structure of the β-galactosidase-galactose complex found in Protein Data
Bank (PDB) entry 3HTC (see Figure 3). This outcome serves to validate the docking protocol used for
these calculations. Docking of ligand 10 produces a similar pose in most of the cases (see Figure 4),
colored cyan in Table 2. Compound 13 displays a larger number of different poses than compound 10,
indicating this latter ligand fits better in the binding site, a result that may underlie its higher inhibitory
activity (see Table 1). Figure 5 shows the poses that result for compound 13 using all the three scoring
functions. Most of the poses obtained for this ligand are un-colored, in order to point out that these are
single binding conformations which do not display comparable poses amongst the different docking
runs. The only pose that is reproduced in more than one run (for this compound) was obtained with
GoldScore and has the largest number of hydrogen bonds.

61



Pharmaceuticals 2019, 12, 47

 
 
 
 

(a) 
 

(b) 

Figure 3. (a) Top galactose poses obtained in early termination runs with the various scoring functions
used, superimposed on the one observed in the crystal structure, drawn in yellow. The ChemScore
structure is drawn in red, while the GoldScore and ChemPLP are drawn in black and cyan, respectively.
(b) Hydrogen bond interactions between the ligand and the protein residues, resulting from the
GoldScore scoring protocol run, observed as well in PDB entry 3THC [32].

 
(a) 

 
(b) 

Figure 4. (a) Top poses obtained for compound 10 in early termination runs with the various scoring
functions used. The ChemScore structure is drawn in red, while the GoldScore and ChemPLP are
drawn in black and cyan, respectively. (b) Hydrogen bond interactions between the ligand and the
protein residues, resulting from the GoldScore scoring protocol run.
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(b) 

Figure 5. (a) Top poses obtained for compound 13 in early termination runs with the various scoring
functions used. The ChemScore structure is drawn in red, while the GoldScore and ChemPLP are
drawn in black and cyan, respectively. (b) Hydrogen bond interactions between the ligand and the
protein residues, resulting from the GoldScore scoring protocol run.

To further asses the uniqueness of the binding poses for the three ligands used in our studies
we have reviewed the “early termination” protocol results. In this protocol the best pose search is
terminated as soon as a specified number of runs have a similar solution, within a given Root Mean
Square Deviation (RMSD) of each other (see methods section). The results show that the number of
runs increases for the weaker binder (compound 13) as compared to compound 10, indicating a lack
of consensus for the best pose for the former. For instance, compound 13 does not find a consensus
solution with the ChemPLP scoring function in the early termination run. Finally, cluster analysis
results indicate that the latter compound present fewer clusters at the RMSD cut-off used in this study
(results not shown), an outcome that further validates the hypothesis behind the difference in affinity.

3. Discussion

This work presents new synthetic routes to polyhydroxylated octahydroindoles with
pharmacological chaperone (PC) therapeutic potential aimed at autosomal recessive diseases like GM1

gangliosidosis and Morquio B, a group of lysosomal storage disorders resulting from the abnormal
metabolism of macro-substances such as glycosphingolipids, glycogen, mucopolysaccharides, and
glycoproteins [33]. This abnormal metabolism may result in neurodegenerative disorders as well as
dwarfism and skeletal abnormalities [34].

These diseases are caused by mutations in the lysosomal β-galactosidase (β-Gal), which are
frequently related to misfolding and subsequent endoplasmic reticulum-associated degradation [26].
PC therapy is a novel approach that uses small molecule ligands of the mutant enzyme to promote the
correct folding and prevent endoplasmic reticulum-associated degradation while promoting trafficking
to the lysosome [33]. The affinity of the leads for the enzyme should not be high since it is desirable that
the activity of the enzyme should be preserved. The range of affinities for these compounds usually
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span from the milli- to the micro-molar level. Some of the efficacious leads are galactose analogues. In
this family of ligands the hydroxyl groups serve to maintain the structural binding specificity. The
compounds studied here (10 and 13) are polyhydroxylated octahydroindoles and hence represent a
departure from the galactose analogue paradigm. The results indicate that these compounds display
inhibitory potency only for β-Gal at a milli-molar level, making them a good starting point for further
development as PCs. The docking calculations performed herein for these compounds have allowed us
to rationalize the small difference in binding between these compounds. As seen above, compound 10

displays a single well defined binding pose, while its epimer 13 loses this pose specificity, an outcome
that may explain the observed binding affinity order.

The β-galactosidase mutations that originate the four phenotypes of the GM1 gangliosidosis and
Morquio B diseases have been identified and have been mapped into the crystallographic structure of
this molecule. Most mutations fall outside the active site and hence will not disturb the ligand–protein
interactions. Actually, one of the phenotypes of this disease does not present any mutations in the
active site. The other three phenotypes each present a single mutation that could affect the hydrogen
bond pattern described above or ligand–protein van der Waals contacts [34]. As a conclusion, the
present work opens new venues for PC therapies other than galactose analogs. It will be desirable
in the future to carry out the binding kinetics and docking studies of our compounds with the few
known β-galactosidase active site mutants in order to advance in the lead compound generation.

4. Materials and Methods

4.1. Methods for the Glycosidase Inhibition Studies

The enzymes α-glucosidase (from yeast, rice), β-glucosidase (from almonds, bovine liver),
α-galactosidase (from coffee beans), β-galactosidase (from bovine liver), α-mannosidase (from jack
beans), β-mannosidase (from snails), α-L-fucosidase (from bovine kidney), α-L-rhamnosidase (from
Penicillium decumbens), β-glucuronidases (from Escherichia coli), α,α-trehalase (from porcine kidney),
amyloglucosidase (from Aspergillus niger), p-nitrophenyl glycosides, and various disaccharides were
purchased from Sigma-Aldrich Co. Brush border membranes were prepared from the rat small
intestine according to the method of Kessler et al. [35], and were assayed at pH 6.8 for rat intestinal
maltase using maltose. For rat intestinal glucosidases and porcine kidney trehalase activities, the
reaction mixture (0.2 mL) contained 25 mM substrate and the appropriate amount of enzyme, and the
incubations were performed for 10 min at 37 ◦C. The reaction was stopped by heating at 100 ◦C for
3 min. After centrifugation (600 g; 10 min), 0.035 mL of the resulting reaction mixture were added
to 2.1 mL of the Glucose CII-test Wako (Wako Pure Chemical Ind., Osaka, Japan). The absorbance at
505 nm was measured to determine the amount of the released D-glucose. Other glycosidase activities
were determined using an appropriate p-nitrophenyl glycoside as substrate at the optimum pH of
each enzyme. The reaction mixture (0.2 mL) contained 2 mM of the substrate and the appropriate
amount of enzyme. The reaction was stopped by adding 0.4 mL of 400 mM Na2CO3. The released
p-nitrophenol was measured spectrometrically at 400 nm.

4.2. Docking Protocol

We carried out the docking simulations with the suite of modules resident in the program
GOLD [36]. We scored the poses with three of the scoring resident functions (i.e., GoldScore [37,38],
ChemScore [39–41], and ChemPLP [42]).

For the docking predictions to our target we used the X-ray structure of human β-galactosidase
(hβ-Gal) bound to galactose (PDB entry 3THC) [34]. As a first step we selected the catalytic domain
(residues 29 to 360) and we cleaned up the target structure discarding alternative conformations and
adding hydrogen atoms, using the Discovery Studio (DS) modules [43]. We defined the binding site as
including all the β-Gal catalytic domain atom residues that lay at 6 Å from the ligand (i.e., β-galactose).
We performed the docking simulations using three different approaches in the GOLD “Fitness Search
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Options” running setup: in the first one we used the “allow early termination” option, which instructs
GOLD to terminate docking of a ligand as soon as a specified number of runs have a similar solution,
within a given RMSD of each other. In the second one we used the “generate diverse solutions” option
in which diversity is reinforced during the ligand mapping stage. This aim is reached by comparing
the RMSD of the current solution against those that have already been generated. If the RMSD is below
the diversity threshold or the maximum of solutions per cluster has been reached, the mapping is
rejected and the process repeated until an acceptable solution is generated. In the last one we used the
“allow early termination” option but leaving flexibility of the side chains of the active site residues
Tyr83, Glu129, Asn187, Glu188, Glu268, and Tyr333. In all cases the docking conformations generated
by the genetic algorithm were evaluated by the all three scoring functions mentioned above. In the
case of galactose, we validated our methodology by searching for poses similar to the crystallographic
one. In the case of ligands 10 and 13 we performed an additional analysis, searching (across all docking
options) for hydrogen bond interactions similar to the ones observed in the galactose complex.

4.3. Chemical Synthesis Methods

Melting points were determined using a Kofler Thermogerate apparatus and are uncorrected.
Specific rotations were recorded on a JASCO DIP-370 optical polarimeter, infrared spectra on a MIDAC
FTIR spectrophotometer, and nuclear magnetic resonance spectra on a Bruker WM-250 or a Varian
Mercury 300 apparatus. Mass spectra were obtained on a Kratos MS 50 TC mass spectrometer.
Elemental analyses were obtained from the Elemental Analysis Service at the University of Santiago
de Compostela. Thin layer chromatography (tlc) was performed using Merck GF-254 type 60 silica gel
and ethyl acetate/hexane mixtures as eluents; the tlc spots were visualized with Hanessian mixture.
Column chromatography was carried out using Merck type 9385 silica gel. Solvents were purified as
in reference [44].

4.3.1. (1R,2S,3S)-2-(Benzyloxy)-5-nitrocyclohex-4-ene-1,3-diyl diacetate (4b)

A 2:1 TFA/H2O mixture (90 mL) was added to compound 1 (285 mg, 0.88 mmol) and the resulting
mixture was stirred at room temperature for 5 h. The solvents were evaporated under vacuum and
co-evaporated with toluene (3 × 10 mL). The crude was solved in methanol (20 mL), 2% aq. K2CO3

(9 mL) were added, and the mixture was stirred at room temperature for 4 h. The reaction was then
neutralized with DOWEX 50WX4-50 (previously acidified at pH = 1), filtered and concentrated to
dryness, to provide 4a.

Ac2O (1.8 mL, 19.4 mmol) and a catalytic amount of DMAP (30 mg) were added to a solution of
crude 4a in Et2O (60 mL) and the resulting solution was stirred at room temperature for 12 h. The
reaction was then concentrated to dryness and the residue was solved in CH2Cl2 (30 mL) and washed
with H2O (3 × 15 mL). The organic layer was dried (anhydrous Na2SO4), filtered and concentrated
to dryness. The residue was purified by flash column chromatography (AcOEt/Hex 1:3) to give
compound 4b (237 mg, 77% yield), as an amorphous white solid. [α]D

20: +69.5 (c 2.2, CHCl3).
1H-RMN (Cl3CD, 250 MHz, ppm): 1.96 (s, 3H, CH3); 1.98 (s, 3H, CH3); 2.66–2.77 (m, 1H, H-6); 2.99–3.10
(m, 1H, H-6′); 3.81 (dd, J = 6.9 Hz, J = 4.3 Hz, 1H); 4.64 (s, 2H, CH2Ph); 5.15 (dt, J = 7.0, J = 5.3 Hz, 1H,
H-1); 5.51 (tt, J = 4.1 Hz, J = 1.9 Hz, 1H, H-3); 6.99 (d, J = 3.4 Hz, 1H, H-4); 7.17–7.32 (m, 5H, 5xH-Ar).
13C-RMN (Cl3CD, 62.5 MHz, ppm): 20.8 (CH3); 20.9 (CH3); 27.4 (CH2); 67.9 (CH); 68.7 (CH); 73.7
(CH2); 75.1 (CH); 127.7 (CH); 127.8 (2xCHAr); 128.2 (CHAr); 128.6 (2xCHAr); 137.4 (C); 148.2 (C); 169.7
(CO); 170.0 (CO). IR (ν, cm−1): 1747 (s, C=O); 1528 (m, NO2), 1340 (m, NO2). HRMS (ESI+): calculated
for C17H19NNaO7 [M + Na]+: 372.1054. Found: 372.1061.

4.3.2. (1R,2S,3S,4R,5S)-2-(Benzyloxy)-5-nitro-4-((S)-1-oxobutan-2-yl)cyclohexane-1,3-diyl diacetate (5)
and (1R,2S,3S,4R,5S)-2-(benzyloxy)-5-nitro-4-((R)-1-oxobutan-2-yl)cyclohexane-1,3-diyl diacetate (6)

n-Butanal (211 μL, 2.34 mmol) and pyrrolidine (99 μL, 1.21 mmol) were added to a solution
of nitroolefin 4b (157 mg, 0.45 mmol) in CH2Cl2 (4 mL). The resulting solution was stirred at room
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temperature for 3 h and then was concentrated to dryness. Flash column chromatography of the
residue (EtOAc/hexane 1:4) provided compound 5 (98 mg, 50% yield, white solid) and its epimer 6

(21% yield, clear gum).

Compound 5. m.p.: 112.5–114.0 ◦C (EtOAc/Hex). [α]D
20 = −17.3◦ (c 1.5, CHCl3). 1H–RMN (Cl3CD,

250 MHz, ppm): 0.88 (t, J = 7.3 Hz, 3H, CH2CH3); 1.13–1.33 (m, 2H, CH2CH3); 1.74 (s, 3H, CH3); 1.92
(s, 3H, CH3); 1.75–2.13 (m, 2H, H-6+H-6′); 2.63 (dt, J = 4.2 Hz; J = 12.2 Hz, 1H, H-4); 2.92 (td, J = 1.9 Hz;
J = 11.5 Hz, 1H, H-2a); 3.54 (t, J = 9.4 Hz, 1H, H-2); 4.54 (ABq, J = 11.4 Hz, 2H, CH2Ph); 4.61–4.93 (m,
3H, H-1 + H-3 + H-5); 7.12–7.28 (m, 5H, 5xAr-H); 9.44 (d, J = 1.1 Hz, 1H, H-C=O). 13C-RMN (Cl3CD,
62.5 MHz, ppm): 13.5 (CH3); 16.0 (CH2); 20.6 (CH3); 20.9 (CH3); 33.8 (CH2); 44.0 (CH); 52.3 (CH); 69.1
(CH); 70.3 (CH); 75.1 (CH2); 81.5 (CH); 82.2 (CH); 127.7 (2xCH-Ar); 128.0 (CH-Ar); 128.6 (2xCH-Ar);
137.6 (C); 169.1 (CO); 169.8 (CO); 200.1 (CO). IR (ν, cm−1): 1745 (s, C=O); 1556 (s, NO2), 1369 (s, NO2).
MS-ESI+ (m/z, %): 444.1 (100, [M + Na]+). EA: Calculated for C21H27NO8: C, 59.85; H, 6.46; N, 3.32.
Found: C, 59.84; H, 6.54; N, 3.16.

Compound 6. [α]D
20 = −1.9◦ (c 1.0, CHCl3). 1H-RMN (Cl3CD, 250 MHz, ppm): 0.89 (t, J = 7.1 Hz, 3H,

-CH2CH3); 1.15–1.52 (m, 2H, -CH2CH3); 1.90 (s, 3H, CH3); 1.91 (s, 3H, CH3); 1.74–2.07 (m, 2H, H-6 +
H-6′); 2.51 (dt, J = 12.1 Hz, J = 4.41 Hz,1H, H-4); 2.75–2.85 (m, 1H, H-2a); 3.58 (t, J = 9.2 Hz, 1H, H-2);
4.52-4.67 (m, 3H, CH2Ph + H-5); 4.81 (ddd, J = 4.6 Hz; J = 9.5 Hz; J = 11.6 Hz, 1H, H-1); 5.01 (dd, J3,2 =
9.2 Hz; J3,4 = 11.1 Hz, 1H, H-3); 7.14–7.30 (m, 5H, 5xAr-H); 9.44 (s, 1H, H-C=O). 13C-RMN (Cl3CD, 62.5
MHz, ppm): 13.2 (CH3); 17.4 (CH2); 20.9 (CH3); 21.0 (CH3); 33.9 (CH2); 43.5 (CH); 51.5 (CH); 70.2 (CH);
70.5 (CH); 75.2 (CH2); 80.6 (CH); 81.9 (CH); 127.6 (2xCH-Ar); 128.0 (CH-Ar); 128.6 (2xCH-Ar); 137.8
(C); 169.8 (2xCO); 201.3 (CO). IR (ν, cm−1): 1752 (s, C=O); 1718 (s, C=O), 1555 (s, NO2), 1372 (s, NO2).
HRMS (ESI+): Calculated for C21H27NNaO8 [M + Na]+: 444.1629. Found: 444.1623.

4.3.3. (R)-2-((1R,2S,3S,4R,6S)-2,4-Diacetoxy-3-(benzyloxy)-6-nitrocyclohexyl)butanoic acid (7)

2-Methyl-2-butene (115 μL, 1.09 mmol), NaH2PO4.2H2O (50 mg, 0.32 mmol) and NaClO2 (13.5
mg, 0.15 mmol) were added to a 0 ◦C cooled solution of aldehyde 6 (115 mg, 0.27 mmol) in a 5:2
tBuOH/H2O mixture (7 mL). The reaction was then stirred at room temperature for 2 h, the tBuOH
was removed under vacuum, and the resulting mixture was extracted with EtOAc (3 × 10 mL). The
organic layers were dried (anhydrous Na2SO4), filtered, and the solvents were removed under vacuum.
The residue was submitted to flash column chomathography (EtOAc/Hexane 1:2) to give compound 7

(105 mg, 88% yield), as a solid mp: 146.8-148.1 ◦C (EtOAc/Hexane). [α]D
20 = +10.8◦ (c 1.4, CHCl3).

1H-RMN (Cl3CD, 250 MHz, ppm): 0.92 (t, J = 7.2 Hz, 3H, CH2CH3); 1.38–2.10 (m, 2H, CH2CH3); 1.94
(s, 3H, CH3); 1.98 (s, 3H, CH3); 2.18–2.24 (m, 2H, H-5 + H-5′); 2.59 (dt, J = 4.6 Hz; J = 12.3 Hz, 1H, H-1);
2.80 (td, J = 1.9 Hz; J = 11.2 Hz, 1H, H-2a); 3.61 (t, J = 9.1 Hz, 1H, H-3); 4.57–4.70 (m, 3H, CH2Ph +
H-6); 4.92 (tdd, J = 11.5 Hz, J = 8.8 Hz, J = 5.1 Hz, 1H, H-2); 5.15 (dd, J = 9.0 Hz; J = 11.2 Hz, 1H, H-4);
7.20–7.36 (m, 5H, 5xAr-H); 9.24 (sa, 1H CO2H). 13C-RMN (Cl3CD, 62.5 MHz, ppm): 13.0 (CH3); 21.0
(2xCH3); 21.5 (CH2); 34.3 (CH2); 45.2 (CH); 45.6 (CH); 70.3 (CH); 70.6 (CH); 74.9 (CH2); 82.0 (CH); 82.2
(CH); 127.8 (2xCH-Ar); 127.9 (CH-Ar); 128.6 (2xCH-Ar); 137.9 (C); 169.8 (CO); 169.9 (CO); 177.5 (CO).
IR (ν, cm−1): 1746 (s, C=O); 1711 (s, C=O); 1557 (s, NO2); 1370 (s, NO2). HRMS (ESI+): Calculated for
C21H27NNaO9 [M + Na]+: 460.1578. Found: 460.1555.

4.3.4. (3S,3aR,4S,5S,6R,7aS)-5-(Benzyloxy)-3-ethyloctahydro-1H-indole-4,6-diyl diacetate (8)

Zinc dust (969 mg, 14.82 mmol) was added to a 0 ◦C cooled solution of aldehyde 5 (250 mg, 0.59
mmol) in a 1:1 MeOH/AcOH mixture (15 mL) and the resulting suspension was stirred at 0 ◦C for 14
h. The reaction was filtered through a celite pad, which was eluted with methanol, and the filtrate was
concentrated to dryness. The residue was disolved in Cl2CH2 (15 mL) and was washed with saturated
aq. NaHCO3 (2x10 mL). The organic layer was dried (anhydrous Na2SO4), filtered, and concentrated
to dryness under vacuum. Flash column chromathography of the resulting oil (CH2Cl2/MeOH 9:1)
provided compound 8 (206 mg, 90% yield,), as a white amorphous solid. [α]D

20 = −10.8 (c 1.8, CHCl3).
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1H-RMN (Cl3CD, 250 MHz, ppm): 0.77 (t, J = 7.4 Hz, 3H, CH2CH3); 1.09–1.49 (m, 5H, H-3 + H-7 + H-7′

+ CH2-CH3); 1.90 (s, 3H, CH3); 1.91 (s, 3H, CH3); 2.06 (bs, 1H, NH); 2.27 (ddd, J = 3.4 Hz, J = 5.1 Hz, J =
11.7 Hz, 1H, H-3a); 2.65–2.74 (m, 2H, H-2 + H-2′); 3.21 (t, J = 10.0 Hz, 1H, H-7a); 3.53 (t, J = 9.3 Hz, 1H,
H-5); 4.58 (ABq, J = 11.6 Hz, 2H, CH2Ph); 4.89 (ddd, J = 5.1 Hz, J = 9.5 Hz, J = 11.3 Hz, 1H, H-6); 4.99
(dd, J = 9.1 Hz, J = 11.1 Hz, 1H, H-4); 7.16–7.28 (m, 5H, 5x-Ar-H). 13C-RMN (Cl3CD, 62.5 MHz, ppm):
12.0 (CH3); 21.0 (2xCH3); 21.9 (CH2); 35.3 (CH2); 39.7 (CH); 51.4 (CH2); 52.0 (CH); 54.5 (CH); 71.1 (CH);
73.5 (CH); 74.7 (CH2); 84.8 (CH); 127.4 (2xCH-Ar); 127.5 (CH-Ar); 128.3 (2xCH-Ar); 138.3 (C); 169.8
(CO); 169.9 (CO). IR (ν, cm−1): 3205 (b, NH), 1740 (s, C=O). HRMS (ESI+): Calculated for C21H30NO5

[M + H]+: 376.2118. Found: 376.2122.

4.3.5. (3S,3aR,4S,5S,6R,7aS)-5-(Benzyloxy)-3-ethyloctahydro-1H-indole-4,6-diol (9)

A 1 M NaOH methanolic solution (1 mL, 1 mmol) was added to a solution of amine 8 (30 mg,
0.08 mmol) in methanol (2 mL) and the resulting solution was stirred at room temperature for 4 h.
Half of the methanol was then evaporated, and the reaction was neutralized with saturated NH4Cl
solution and extracted with ethyl acetate (3 × 10 mL). The joined organic layers were dried (anhydrous
Na2SO4), filtered, and concentrated to dryness under vacuum. Purification of the resulting oil by flash
column chromathography (CH2Cl2/MeOH 7:1) gave compound 9 (16 mg, 69% yield), as a clear gum.
[α]D

20 = +3.0 (c 1.0, CH3OH) 1H-RMN (CD3OD, 250 MHz, ppm): 0.88 (t, J = 7.3 Hz, 3H, CH2-CH3);
1.19–1.58 (m, 4H); 1.92–2.07 (m, 2H); 2.18 (ddd. J = 3.4 Hz, J = 5.0 Hz, J = 11.7 Hz, 1H, H-3a); 2.68–2.88
(m, 2H, H-2′ + H-7a); 3.15 (t, J = 8.8 Hz, 1H); 3.31–3.46 (m, 1H); 3.54–3.64 (m, 1H, H-6); 4.83 (s, 2H,
CH2Ph); 7.18–7.31 (m, 3H, 3xAr-H); 7.37–7.42 (m, 2H, 2xAr-H). 13C-RMN (CD3OD, 62.5 MHz, ppm):
12.7 (CH3); 28.1 (CH2); 36.7 (CH2); 45.3 (CH); 52.3 (CH2); 54.8 (CH); 59.4 (CH); 72.7 (CH); 75.8 (CH);
76.6 (CH); 90.4 (CH); 128.5 (CH-Ar); 129.2 (4xCH-Ar); 140.5 (C). IR (ν, cm−1): 3371 (b, NH + OH).
HRMS (ESI+): Calculated for C17H26NO3, [M + H]+: 292.1907. Found: 292.1902

4.3.6. (3S,3aR,4S,5S,6R,7aS)-3-Ethyloctahydro-1H-indole-4,5,6-triol (10)

Pd/C 10% (15 mg) was added to a deoxygenated solution of amine 9 (15 mg, 0.05 mmol) in
methanol (2 mL) and the resulting suspension was stirred at room temperature for 6 h, under a
hydrogen atmosphere (P = 1 atm). The reaction was then filtered through a celite pad, eluted with
methanol, and the filtrate concentrated to dryness. Flash column chromathography of the residue
(CH2Cl2/MeOH 5:1) allowed isolation of compound 10 (9 mg, 87% yield) as a yellow oil. [α]D

20 =
+16.4 (c 0.9, MeOH). 1H-RMN (CD3OD, 250 MHz, ppm): 0.91 (t, J = 7.4 Hz, 3H, CH2CH3); 1.22–1.39
(m, 1H); 1.49–1.69 (m, 2H); 1.91–2.20 (m, 2H), 2.28 (dt, 1H, J = 11.5 Hz, J = 4.2 Hz, 1H); 2.99–3.19 (m,
3H), 3.40–3.64 (m, 3H). 13C-RMN (CD3OD, 62,5 MHz, ppm): 12.5 (CH3); 28.0 (CH2); 33.5 (CH2); 39.2
(CH); 42.6 (CH); 62.7 (CH2); 66.9 (CH); 72.0 (CH); 75.4 (CH); 81.2 (CH). IR (ν, cm−1): 3405 (b, NH +
OH). HRMS (ESI+): Calculated for C10H20NO3 [M + H]+: 202.1438. Found: 202.1438.

4.3.7. (3R,3aR,4S,5S,6R,7aS)-5-(Benzyloxy)-3-ethyloctahydro-1H-indole-4,6-diyl diacetate (11)

Starting from aldehyde 6 (100 mg, 0.24 mmol) and following the same procedure as for compound
8, compound 11 was obtained (76 mg, 85% yield), as a white amorphous solid. [α]D

20 = +9.3 (c 1.8,
CHCl3). 1H-RMN (Cl3CD, 250 MHz, ppm): 0.79–0.93 (m, 4H), 0.97–1.12 (m, 1H), 1.18–1.51 (m, 4 H),
1.76–1.83 (m, 1H), 1,93 (s, 3H, CH3), 1,96 (s, 3H, CH3), 2.35 (ddd, J = 11.6 Hz, J = 5.0 Hz, J = 3.7 Hz,
1H), 2.80 (td, J = 11.2 Hz, J = 3.3 Hz, 1H), 3.18–3.24 (m, 1H), 3.53–3.59 (m, 1H), 4.62 (ABq, J = 11.6 Hz,
2H, CH2Ph), 4.93 (ddd, J = 11.4 Hz, J = 9.6 Hz, J = 4.9 Hz, 1H), 5.13 (dd, J = 11.6 Hz, J = 8.7 Hz, 1H),
7.21–7.33 (m, 5H, 5xAr-H). 13C-RMN (Cl3CD, 62.5 MHz, ppm): 12.1 (CH3); 21.1 (CH3); 21.2 (CH3); 22.1
(CH2); 35.4 (CH2); 39.9 (CH); 51.5 (CH3); 52.1 (CH); 54.6 (CH); 71.3 (CH); 73.7 (CH); 74.9 (CH2); 85.0
(CH); 127.6 (2xCH); 127.7 (2xCH); 128.5 (CH); 138.4 (C); 170.0 (CO); 170.1 (CO). IR (ν, cm−1): 3220 (b,
NH); 1741 (s, C=O). HRMS (ESI+): Calculated for C21H30NO5 [M + H]+: 376.2118. Found: 376.2122.
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4.3.8. (3R,3aR,4S,5S,6R,7aS)-5-(Benzyloxy)-3-ethyloctahydro-1H-indole-4,6-diol (12)

Reaction of amine 11 (54 mg, 0.14 mmol) under the same conditions as for the preparation of amine
9 gave compound 12 (29 mg, 69% yield), as a clear gum. [α]D

20 = +18.2 (c 2.1, CH3OH). 1H-RMN
(CD3OD, 250 MHz, ppm): 0.92 (t, J = 7.3 Hz, 3H, CH2CH3); 1.13 (tq, J = 13.4 Hz, J = 7.0 Hz, 1H,
H-CHCH3); 1.27–1.48 (m, 1H, H-CHCH3); 1.61 (td, J = 11.4 Hz, J = 7.6 Hz, 1H, H-7); 1.76 (dtd, J = 14.9
Hz, J = 7.5 Hz, J = 3.3 Hz,1H, H-7′); 2.11–2.25 (m, 2H, H-3 + H-3a); 2.61 (td, J = 11.6 Hz, J = 3.5 Hz, 1H,
H-7a + H-2); 2.77 (dd, J = 11.5 Hz, J = 3.2 Hz, 1H); 3.19–3.27 (m, 2H, H-2 + H-5); 3.52–3.65 (m, 2H);
4.87–4.91 (m, 2H, CH2Ph); 7.22–7.37 (m, 3H, 3xAr-H), 7.46–7.49 (m, 2H, 2xAr-H). 13C-RMN (CD3OD,
62.5 MHz, ppm): 12.4 (CH3); 23.1 (CH2); 38.7 (CH2); 41.1 (CH); 52.1 (CH2); 55.2 (CH); 56.0 (CH); 71.8
(CH); 73.1 (CH); 76.5 (CH); 91.1 (CH2); 128.5 (2xCH); 129.2 (3xCH); 140.6 (C). IR (ν, cm−1): 3371 (b, NH
+ OH). HRMS (ESI+): Calculated forC17H26NO3 [M + H]+: 292.1907. Found: 292.1909.

4.3.9. (3R,3aR,4S,5S,6R,7aS)-3-ethyloctahydro-1H-indole-4,5,6-triol (13)

Following the same procedure as for amine 9, amine 12 (18 mg, 0.06 mmol) gave compound 13 (11
mg, 88% yield), as a yellow solid. [α]D

20 = +36.4 (c 1.1, CH3OH). 1H-RMN (CD3OD, 250 MHz, ppm):
0.90 (t, 3H, J = 7.3 Hz, CH2CH3); 1.10–1.43 (m, 3H); 1.81–1.96 (m, 2H); 2.11–2.46 (m, 4H); 3.13–3.67 (m,
3H). 13C-RMN (CD3OD, 62.5 MHz, ppm): 12.1 (CH3); 24.1 (CH2); 35.2 (CH); 38.3 (CH2); 52.5 (CH);
63.6 (CH2); 63.7 (CH); 71.5 (CH); 72.2 (CH); 82.3 (CH). IR (ν, cm−1): 3408 (b, NH + OH). HRMS (ESI+):
Calculated for C10H20NO3 [M + H]+: 202.1438. Found: 202.1438.

X-ray crystal structure for compound 5, X-ray crystal structure for compound 7, 1H NMR and 13C
NMR spectra for compounds 4b, 5, 6, 7, 8, 9, 10, 11, 12, and 13 are in Supplementary Materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/2/47/s1.
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Abstract: A rapid, high-yielding microwave-mediated synthetic procedure was developed and
optimized using a model system of monovalent sugar linkers, with the ultimate goal of using
this method for the synthesis of multivalent glycoclusters. The reaction occurs between the
aldehyde/ketone on the sugars and an aminooxy moiety on the linker/trivalent core molecules used
in this study, yielding acid-stable oxime linkages in the products and was carried out using equimolar
quantities of reactants under mild aqueous conditions. Because the reaction is chemoselective, sugars
can be incorporated without the use of protecting groups and the reactions can be completed in
as little as 30 min in the microwave. As an added advantage, in the synthesis of the trivalent
glycoclusters, the fully substituted trivalent molecules were the major products produced in excellent
yields. These results illustrate the potential of this rapid oxime-forming microwave-mediated reaction
in the synthesis of larger, more complex glycoconjugates and glycoclusters for use in a wide variety
of biomedical applications.

Keywords: Microwave reactions; chemoselective; oxime; aminooxy; glycoclusters; multivalent

1. Introduction

Multivalent glycoconjugates such as glycoclusters, glycodendrimers, glyconanoparticles and
glycan microarrays have found a wide range of applications in biochemistry and medicine from
studying protein-carbohydrate interactions to developing potential therapeutic agents [1–4]. It has
long been recognized in nature that proteins and their binding partners are often displayed in a
multivalent fashion. It is also well known for carbohydrate-containing molecules that their binding
interactions with their biological partners are much stronger when present in multiple copies rather
than in a 1:1 ratio. This is known as the multivalent or cluster glycoside effect [2,3,5,6].

Given the complexity and size of multivalent glycoconjugates, as well as the requirement for
multiple simultaneous reactions to append the sugars, it is critical that a synthetic strategy be
developed to create these molecules in an efficient and fully functionalized manner. Commonly,
carbohydrate chemistry requires multiple protection/deprotection steps due to the similar reactivity
of the hydroxyl groups present. This can lead to time-consuming reaction pathways with low yielding
final products. Some studies have sought to simplify the attachment of the carbohydrates to the
multivalent scaffold. We previously showed that we could use amide coupling between the carboxylic
acid-containing unprotected sugar, sialic acid and a poly(amidoamine) (PAMAM) dendrimer core to
create a fully substituted 2nd generation 16-mer glycodendrimer that showed μM activity against
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HIV-1 [7]. However, this strategy is only applicable to sugars with either an existing amine or
carboxylic acid group or would require the introduction of these groups, leading to further steps.
Another approach uses click chemistry, however, this still requires functionalization of the carbohydrate
moiety with either an alkyne or an azide group, requiring a multi-step synthetic process involving
protecting group chemistry to install those groups [2,8–10].

As an alternative strategy to either amide or click chemistry, we sought a streamlined
synthetic process that would allow us to use unprotected carbohydrates in the coupling step to
a multivalent scaffold molecule to create the desired fully substituted glycoclusters. This involved a
two-part simplification strategy. First, a chemoselective oxime-forming reaction was selected [11,12].
Oxime linkages are known to be both acid- and glycosidase-stable, making them more robust
than glycosidic linkages for biological applications [13–15]. The oximation reaction occurs under
mild, aqueous conditions between an aminooxy-containing molecule, here a monovalent linker
or a multivalent core [16] and an unprotected reducing aldose (hemiacetal) or ketose (hemiketal)
sugar [17,18]. Oxime linkages in sugars can exist in an equilibrium mixture containing two forms in
protic solutions, the ring opened oxime, with E/Z isomers (major products) and the ring-closed
glycoside, comprised of the α- and β-anomers (minor products, Figure 1) [11,19]. The second
simplification to the synthetic process involved the use of a microwave-mediated reaction for the
formation of the oxime linkage. This was done for multiple reasons. First, to shorten the reaction times
from several hours down to minutes in duration [20]. Next, to synthesize the desired glycoconjugates
in good yields and for the multivalent glycoclusters, to ensure that simultaneous reactions of each
sugar with the complementary aminooxy group on the linker/core molecule could be achieved. Finally,
to simplify the process and ensure reproducibility of the reaction through the use of programmed
methods. These characteristics of microwave-mediated reactions make them particularly attractive for
the synthesis of carbohydrate-containing molecules, which can be sensitive to long and harsh reaction
conditions [21]. Additionally, there are only a few reports of microwave-assisted reactions for the
purpose of synthesizing multivalent glycoconjugates [22–30]. Most of these reports focus on the use of
microwave irradiation to mediate click chemistry reactions. There is only one reported use of alternate
microwave-mediated reactions to form multivalent oxime-linked glycopeptoids [30]. In this paper,
Carrasco and coworkers reported the microscale microwave-assisted synthesis of a glycopeptoid using
a 50 to 100-fold excess of sugar.

Figure 1. Reaction of a typical reducing aldose sugar with an aminooxy-containing compound in a
protic solvent such as water results in the initial formation of the ring-opened E/Z oximes, which over
time in aqueous solution, will equilibrate with the ring closed glycosides.

Other traditional, non-microwave-mediated studies similarly show the use of multiple equivalents
of sugar relative to oxime forming partners. For simple monovalent systems, 2–3 equivalents of aldose
sugar were reacted with aminooxy-containing linkers/peptides, both in the presence/absence of
aniline for 1–48 h at 25 ◦C or 60 ◦C [31]. Here, Jensen and coworkers reported yields for the GlcNAc
oxime linker as 7 and 72% for a 1-h reaction conducted at 25 or 60 ◦C., respectively, for the non-aniline
catalyzed reaction, illustrating that elevated temperatures alone improved reaction rates. For the

72



Pharmaceuticals 2019, 12, 39

same GlcNAc reaction conducted with 0.1 M aniline included, the yields were 20 and 80% for a 1 or
6 h reaction time at 25 ◦C, respectively [31]. For the ketose sialic acid sugars, Szabo and coworkers
reported the synthesis of sialic acid and tetrasialic acid conjugated to one side of a di-aminooxy
linker [32]. The reactions were carried out at 37 ◦C for 22 h using 19 equivalents of the linker to
the sugar to avoid crosslinking. These reactions resulted in yields of 33 and 50%, respectively, for
sialic acid and tetrasialic acid-linked monovalent conjugates. Finally, for an example of a traditional
multivalent oxime-forming reaction, Renaudet et al. reported yields of 66, 65 and 74% for the syntheses
of tetravalent oxime-linked glycopeptoids using the anomeric aminooxy-sugars α-Fuc, β-Fuc and
β-Gal and a tetra-aldehyde-bearing cyclic peptide. The reactions were conducted at 37 ◦C for 2 h and
utilized 2 equivalents of sugar per reactive site [33].

Here we report the development of an efficient microwave-mediated method used to synthesize
both mono- and multivalent oxime-linked linkers and glycoclusters, respectively. Our method uses
equimolar ratios of sugar:aminooxy-linker/core and can be completed in as little as 30 min of total
reaction time, such that many reactions can be completed in the space of a day and precious/rare
glycans used sparingly. This microwave procedure is also simple to set up and operate, making it
possible for the rapid production of a wide variety of glycoconjugates by junior researchers/technicians
in the lab. Reaction condition uniformity can also be maintained through the use of a programmed
method, thereby increasing method consistency and minimizing trial-to-trial variation. Through our
microwave-mediated procedure, we have been able to demonstrate both the preparative production
of sugar-linkers in a single step, such that they can be isolated and utilized in further synthetic
transformations or the facile synthesis of novel glycoclusters in excellent yields that can then be readily
incorporated into biological studies. Finally, we have also illustrated that we can create large quantities
of the sugar-linker conjugates using our microwave-mediated conditions in good yields without
the addition of the common catalyst, aniline [31,34]. Removal of the aniline catalyst and using the
microwave to shorten the reaction time both lend themselves to making the reaction greener overall.

2. Results

In this paper we outline the successful combination of chemoselectivity with a
microwave-mediated reaction for purposes of synthesizing a series of oxime-linked monovalent
sugar-linker molecules and three trivalent glycoclusters. We first evaluated seven common aldose
mono-, di- and tri-saccharides (N-acetyl glucosamine, cellobiose, gentiobiose, lactose, maltose,
maltotriose and melibiose, 1–7, Scheme 1) for the preparation of the monovalent sugar linkers.
This chemistry was undertaken to determine the optimum microwave reaction conditions necessary for
the reaction in equimolar quantities of sugar to aminooxy-linker. The study had a goal of minimizing
the use of excess reactants, particularly if expensive/difficult to create sugars were to be used, which
would also serve to simplify the purification process. Traditionally, aniline is used as a catalyst in
oxime-forming reactions because it yields significant increases to the reaction rate [31,34]. Therefore,
in our development of the microwave-mediated method, we evaluated whether or not aniline was
required to improve the yields for oxime formation or whether it could be omitted to make the
reaction greener and easier to purify, without significantly sacrificing the reaction yield. The resultant
sugar-linker molecules are useful intermediates in the development of multivalent glycoconjugates.
The trivalent glycoclusters synthesized in this study provide proof of concept for the synthesis of higher
order glycoclusters efficiently and excellent isolated yields via a chemoselective microwave synthesis.
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Scheme 1. Microwave synthesis of sugar linker conjugates 9–15. (a) 0.1 M NH4OAc, pH 4.5, 25% of
400 W, 50 ◦C, 30 min. Optional: 0.1.

For the trivalent glycocluster synthesis, we employed both an aldose reducing disaccharide,
cellobiose (2, Scheme 2) and two ketose sugars, sialic acid (N-acetyl neuraminic acid, Neu5Ac, 18,
Scheme 3) and the α-2→8-linked dimer of sialic acid (disialic acid) (19, Scheme 3) [35]. These sugars
were chosen to illustrate that the microwave reaction worked efficiently for both types of sugars and
that the glycosidic bonds present in 2 and 19 would be stable to the microwave heating conditions
at a pH of 4.5. Sialic acid-containing glycans are widely found in nature and are important markers
in disease states such as cancer, influenza and meningococcal meningitis [36,37]. The produced
glycoclusters contain the acid/glycosidase stable oxime linkage, which can help ensure the integrity of
the molecules if they are ultimately used in biological applications [13–15]. It is also worth noting that
longer oligosaccharides may be necessary given that the reducing end sugar will exist as a mixture
of the native closed ring conformation and the open ring oxime, which may impact the resultant
biological activity.

Scheme 2. Microwave synthesis of trivalent cellobiose glycocluster (17, 94% yield). (a) 0.1 M NH4OAc,
pH 4.5, 0.1 M aniline, 25% of 400 W, 30 min.

Scheme 3. Microwave synthesis of trivalent sialic acid (20, 82%) and disialic acid (Sia(α-2→8)Sia, 21,
88%) glycoclusters. (a) 0.1 M NH4OAc, pH 4.5, 0.1 M aniline, 25% of 400 W, 30–90 min.
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2.1. Medium Scale Microwave-mediated Synthesis of Monovalent Sugar-Linkers

To begin the medium scale (≤0.250 mmol) synthesis of the monovalent sugar linker molecules, a
bifunctional, hydrophilic aminooxy-Boc-protected amine linker was used (8, Scheme 1) [16]. This was
combined 1:1 with any of the seven off-the-shelf aldose mono-, di- and tri-saccharides (1–7) in 0.1 M
ammonium acetate, pH 4.5, in the presence or absence of 0.1 M aniline. The reactions were carried
out in a CEM MARS 5 laboratory-grade microwave. Many different combinations of power level and
time were attempted, with the optimum combination found to be 30 min at 25% of 400 W, with a 50 ◦C
maximum temperature. Upon completion of the reaction, the solution was freeze dried then purified
by flash chromatography on silica gel in a 6:4:0.5 mixture of chloroform:methanol:water. Examination
of the pooled fractions by 1H NMR showed no evidence of degradation of either the products or
unreacted starting materials (See Supplementary Materials for details). This initial set of reactions,
using the aniline catalyst, gave rise to 73–93% yields of the Boc-protected sugar linker products (9–15,
Table 1), while the same reactions conducted without the aniline catalyst resulted in yields ranging
from 60–68%, a decrease of 9–28%, depending on the sugar used.

Table 1. Summary of sugar-linker 50 ◦C traditional and microwave syntheses. Medium scale (≤0.250
mmol) reactions were run in the presence or absence of 0.1 M aniline (final concentration), while the
large scale (≥0.800 mmol) reactions were all run in the presence of 0.1 M aniline as a catalyst. The Δ%
yield column compares the yields of the medium scale aniline catalyzed reaction with the uncatalyzed
reaction of the same scale. For the large-scale reactions, the comparison is between the medium and
large-scale aniline-catalyzed reactions.

Sugar Additive % Yield % Yield

Medium Scale (≤0.250 mmol)

Non-Microwave Conditions:

Cellobiose 0.1 M Aniline 65
N/A 56 −9

Microwave-Mediated Conditions:

GlcNAc 0.1 M Aniline 78
N/A 68 −10

Cellobiose 0.1 M Aniline 76
N/A 63 −13

Gentiobiose 0.1 M Aniline 73
N/A 60 −13

Lactose 0.1 M Aniline 93
N/A 65 −28

Maltose 0.1 M Aniline 74
N/A 65 −9

Maltotriose 0.1 M Aniline 92
N/A 68 −24

Melibiose 0.1 M Aniline 80
N/A 68 −12

Large Scale (≥0.800 mmol)

GlcNAc 0.1 M Aniline 79 1
Cellobiose 0.1 M Aniline 75 −1
Gentiobiose 0.1 M Aniline 65 −8
Lactose 0.1 M Aniline 63 −30
Maltose 0.1 M Aniline 62 −12
Maltotriose 0.1 M Aniline 64 −28
Melibiose 0.1 M Aniline 60 −20
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For further comparison, two traditional, non-microwave-mediated reactions to yield the
Boc-protected cellobiosyl-linker (10) were carried out at 50 ◦C for 30 min in the presence or
absence of the aniline catalyst. Cellobiose was chosen for the sugar, as it represents a typical
aldose disaccharide. For the aniline-catalyzed reaction, a 65% yield of 10 resulted, while for the
non-catalyzed reaction a yield of 56% of 10 was observed (Table 1). Comparing these results against 10

synthesized in the microwave, modest yield improvements were noted in the microwave mediated
reactions. The microwave aniline-catalyzed reaction gave rise to an 11% higher yield and the
non-aniline catalyzed microwave reaction resulted in a 7% higher yield. Overall the average %
yield increase for all 7 aldoses for the microwave versus traditional reactions in the presence of aniline
was 16% and 9% for the non-aniline catalyzed reactions. Interestingly, the average magnitude of
the difference between aniline versus non-aniline catalyzed reactions was greater (~15%) for the
microwave-mediated reactions than for the traditional heated reactions (9%). These results indicate
that modest improvements of yield can be gained by using microwave-mediated conditions, using
equimolar quantities of sugar and linker. In addition, if desired, it was found that the aniline catalyst
could be left out of the reaction mixture to simplify product purification and make the reaction greener,
all without unreasonable yield losses.

2.2. Large Scale Microwave-mediated Synthesis of Monovalent Sugar-Linkers

To further evaluate reaction scalability, the microwave reaction was then carried out on the same
seven aldose sugars at higher quantities (≥0.800 mmol) using identical microwave reaction conditions
as described above. All of the reactions included the 0.1 M aniline catalyst to maximize the yields.
Here it was found that the isolated yields in the large-scale reactions ranged from 60–79%, a decrease
of 1–30% compared to the medium scale aniline-catalyzed reactions, again depending on the sugar
incorporated (Table 1). We noted that the decreases in the yields for the medium scale reactions in the
absence of aniline were similar to the decreases seen in the larger scale microwave-mediated reactions
in the presence of the aniline catalyst. This means that while the microwave can be an excellent tool for
shortening the reaction times for these reactions, a balance must be struck between reaction scale and
reaction time savings. For our purposes, it made sense to significantly scale up the reactions, given
that the sugars used were all commercially available and the linker could be produced efficiently in
large quantities as well [16]. These new monovalent sugar-linker molecules are useful intermediates
that can be utilized in the synthesis of further glycoconjugates. Once the Boc group is removed,
the resultant amine can be used in amide coupling reactions to attach the sugar linker to whatever
carboxyl-containing scaffold/surface is desired.

2.3. Multivalent Glycocluster Microwave-mediated Synthesis

Based on the results for the model monovalent sugar linkers, we moved into the
microwave-mediated synthesis of multivalent glycoclusters. With multivalent scaffolds, in addition
to the desired fully functionalized product (here the trisubstituted glycocluster), under-substituted
products are possible (un-, mono- and disubstituted glycoclusters). It was hypothesized that by
utilizing our best reaction conditions developed for the equimolar system described above (25%
of 400 W power, 30 min, 0.1 M aniline), that the production of under-substituted products would
be limited. The synthesis of three novel trivalent glycoclusters was undertaken beginning with
the optimized conditions and included one aldose disaccharide, cellobiose (2, Scheme 2), as well
as a ketose monosaccharide sialic acid (18, Scheme 3) and a ketose disaccharide, α-2→8-disialic
acid (19, Scheme 3), with a previously synthesized trivalent aminooxy-terminated hydrophilic core
(16) [16]. Here, cellobiose was chosen as a representative aldose disaccharide and both sialic acid and
α-2→8-disialic acid [35] were chosen to represent more hindered, less reactive ketose substrates to
show the utility of this method for these interesting, biologically important sugars.

Beginning with a 3:1 ratio of cellobiose to the trivalent core (2 and 16, respectively), the 30-min
reaction time was sufficient to produce only the desired trivalent product, 17, in 94% yield following
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purification via size exclusion chromatography (SEC, Scheme 2). This reaction was carried out on a
10-fold lower scale than the monovalent, aniline-catalyzed reaction, which is one possible reason why
the yields were higher. No under-substituted products (un-, mono- or disubstituted), sugar degradation
or unreacted starting materials were observed for this reaction by 1H NMR upon purification.

For the ketoses, the sialic acid (18) reaction with the trivalent core (16, Scheme 3), a 3:1 ratio
of sugar to core was utilized. The reaction was carried out as described above for 30 min and after
purification by SEC, an 82% yield of the desired trivalent product (20) was achieved. However, unlike
the reaction to produce 17, where no under-substituted products were produced, the disubstituted
byproduct was isolated from a separate peak from the SEC purification and identified by 1H NMR.
Carrying this method forward, the disaccharide ketose, disialic acid, 19, was reacted in a 3:1 sugar to
core (16) ratio under the same conditions as used for sialic acid. However, it was noted that 30 min was
not sufficient to achieve a good yield for the desired trivalent product, 21. This is likely due to steric
issues, so two additional 30-min cycles were carried out under the same conditions for a total of 90 min
of microwave reaction time. After purification by SEC, an 88% yield of the desired trivalent product
(21) was achieved. Similar to the sialic acid reaction, the disubstituted byproduct was isolated from
a separate peak after SEC purification and was identified by 1H NMR. No other under-substituted
products or other byproducts were noted from the pooled column fractions for any of the observed
peaks, showing again that the microwave-mediated reaction conditions are mild enough to use for
these more expensive sugars.

3. Discussion

In conclusion, the development of an efficient microwave-mediated oxime forming reaction
between equimolar quantities of unprotected aldose or ketose sugars and either a monovalent
or trivalent aminooxy-containing linker or core was undertaken with the aims to create a facile
and reproducible method that resulted in decreased reaction times, minimization of the amounts
of sugars/catalysts used to reduce costs and make the reactions greener, while still creating the
desired glycoconjugates efficiently and in good to excellent yields. We began our studies with the
formation of model monovalent oxime-linked sugar linker molecules at two different preparative
reaction scales (medium and large). This was done to determine the optimum microwave-mediated
conditions necessary to achieve the best yields in the smallest amount of time without requiring an
excess of either the sugar or linker molecules. Once this was accomplished, the microwave reaction
conditions were then applied to more complex multivalent systems, such that biologically relevant
glycoclusters could be prepared in their desired fully substituted forms in a matter of minutes in a
single chemoselective step.

To begin with the monovalent oxime-linked sugar linkers, first a medium scale reaction
(≤0.250 mmol) was tested both in the presence and absence of 0.1 M aniline as a catalyst and equimolar
quantities of sugar and linker. The aniline-based reaction conditions were superior to the reactions
without aniline, which was not unexpected, however, if greener reaction conditions are sought or
simplified purification procedures are desired, the reactions still work well without the catalyst when
the reaction is carried out using microwave conditions. When the reaction was scaled up to a more
preparative scale (≥0.800 mmol) in the presence of 0.1 M aniline, slightly lower yields were obtained,
however, the yields were considered to be acceptable, given the ease of setup and the short reaction
time needed to produce larger quantities of simple glycoconjugates.

The real advantage of using a microwave-mediated reaction in the formation of oxime-linked
glycoconjugates was realized when the method was applied to one disaccharide aldose and two
ketose sugars in a multivalent reaction. The complete substitution of multivalent glycoclusters can be
difficult to achieve, as multiple, simultaneous reactions are required between the individual sugars
and the reactive moieties on the multivalent scaffold. However, in this study using our optimized
microwave-mediated reaction conditions developed with the monovalent sugar linkers, it was found
that the tri-cellobiosyl product (17) was synthesized in a 94% yield, with no under-substitution products
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observed, while the tri-sialic acid (20) and trivalent di-sialic acid (21) were the predominant products
formed in 82 and 88% yields, respectively. For the latter two reactions, the only other observed minor
product in each case was the disubstituted glycocluster.

This newly developed microwave method allows for the efficient production of monovalent or
multivalent glycoconjugates. It offers ease of set-up, consistent trial-to-trial reaction control through the
use of programmable methods, short reaction times and good yields of the desired products, all while
utilizing equimolar quantities of the reactant oxime-forming partners. This method, when applied to
larger, more complex/hindered oligosaccharides gives rise to primarily the desired fully substituted
products, with minimal to no production of undesired under-substituted products. This is valuable,
particularly when one is working with sugars that are rare or expensive to produce/purchase.

4. Materials and Methods

4.1. General Methods

Unless otherwise noted all chemicals were purchased from commercial sources and used without
further purification/treatment. All microwave reactions were carried out in a CEM MARS 5 microwave.
All reaction solutions were freeze dried upon reaction completion prior to purification. Size exclusion
chromatography (SEC) separations were conducted on either a BioRad BioLogic DuoFlow 10 system
or a Pharmacia LC 500 system, using a BioRad 2.5 × 120 cm column packed with BioGel P-10 in
0.03 M NH4HCO3. 3.5 mL fractions were collected, and the absorbance measured at 214 nm and 225
nm. 1H and 13C spectra (internal methanol standard) in D2O were collected on a Bruker Avance III
500 MHz spectrometer. 1H NMR integration data for 17, 20 and 21 were normalized to 1/3 of the total
molecule. Mass spectrometry data were obtained at the Campus Chemical Instrument Center (CCIC)
Mass Spectrometry and Proteomics Facility at The Ohio State University (OSU).

4.2. Synthesis of Monovalent Sugar-Linkers

4.2.1. General Procedure for the Medium-Scale (0.187–0.250 mmol) Synthesis of Sugar-Linkers

Without Aniline-microwave or Traditional Heating

Compounds 9–15 were synthesized using 1 equivalent of the aminooxy linker (Compound 8) [16],
prepared as a 100 mg/mL solution in methanol. The appropriate volume of this solution was
transferred to a flask and evaporated under reduced pressure, then freeze-dried to get an accurate
mass of the oil. Next, 1 equivalent of: N-acetylglucosamine, cellobiose, gentiobiose, lactose, maltose,
maltotriose or melibiose was separately added to each flask containing Compound 8 [16]. These were
each dissolved in 3.0 mL of 0.1 M ammonium acetate (NH4OAc) at a pH of 4.5. The reactions were
conducted either stirring at 50 ◦C in an oil bath (traditional) or at 400 W in a microwave (CEM MARS 5)
at 25% power with a 2 min ramp to temperature and a hold time of 30 min at a maximum temperature
of 50 ◦C. After the reaction was complete, the solutions were freeze-dried. The products were then
purified by flash chromatography in 6:4:0.5 CHCl3:MeOH:H2O, yielding off-white amorphous solids.

Tert-butyl N-[3-(2-{(E/Z)-[2-acetamido-2-deoxy-D-glucopyranosyl]oxime}ethoxy)propyl] carbamate

(Compound 9): 54.3 mg (0.232 mmol) of Compound 8 plus 53.2 mg (0.241 mmol) of Compound 1

were utilized, resulting in 68.9 mg (67.9%) of an off white solid (Compound 9). 1H NMR (500 MHz,
D2O): 1H NMR (500 MHz, D2O): δ 7.49 (d, J = 6.2 Hz, 0.7H, E isomer), 6.83 (d, J = 6.6 Hz, 0.2H, Z
isomer), 5.10, (t, J = 6.7 Hz, 0.2H, Z isomer), 4.67 (t, J = 6.8 Hz, 0.7H, E isomer), 4.32 (d, J = 9.8 Hz, 0.1 H,
closed ring), 4.30-4.17 (m, overlapping, 2H), 4.17-4.03 (m, overlapping, 1H), 3.39-3.47 (m, overlapping,
9.2H), 3.41 (d, J = 3.4 Hz, 0.1H, closed ring), 3.10 (t, J = 6.3 Hz, 2H), 2.02 (s, 3H), 1.71 (p, J = 6.3, 13.0 Hz,
2H), 1.40 (s, 9H). 13C NMR (125 MHz, D2O with internal MeOH standard): δ 174.21, 171.20, 149.99,
148.78, 81.03, 72.79, 71.50, 71.07, 70.22, 69.43, 68.65, 68.60, 63.02, 52.07, 49.03, 37.20, 28.84, 23.42, 22.38,
22.14, 22.03. HRMS ESI+: Calc. for C18H36N3O9 (M + H)+: 438.2416. Found: 438.2455.
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Tert-butyl N-[3-(2-{(E/Z)-[β-D-glucopyranosyl-(1→4)-D-glucopyranosyl]oxime}ethoxy)propyl]

carbamate (Compound 10-microwave): 43.7 mg (0.187 mmol) of Compound 8 plus 63.9 mg (0.187
mmol) of Compound 2 were utilized, resulting in 64.7 mg (63.1%) of an off white solid (Compound

10). 1H NMR (500 MHz, D2O): δ 7.69 (d, J = 5.5 Hz, 0.6H, E isomer), 7.00 (d, J = 5.5 Hz, 0.1H, Z
isomer), 4.99 (dd, J = 4.1, 5.4 Hz, 0.1H, Z isomer), 4.58 (dd, J = 5.7, 6.8 Hz, 0.7H, E isomer), 4.56-4.49 (m,
overlapping, 0.9H), 4.30 (d, J = 9.2 Hz, 0.2H), 4.28-4.21 (m, overlapping, 1.5H), 4.09 (t, J = 3.7 Hz, 0.1H,
Z isomer), 3.98 (dd, J = 1.8, 6.9 Hz, 0.7H, E isomer), 3.96-3.39 (m, overlapping, 14.8 H), 3.46-3.29 (m,
overlapping, 1H), 3.17-3.11 (m, overlapping, 2H), 1.75 (p, J = 6.5, 12.9 Hz, 2H), 1.43 (s, 9H). 13C NMR
(125 MHz, D2O with internal MeOH standard): δ 158.39, 153.22, 152.06, 102.69, 90.25, 81.08, 80.77,
78.64, 78.38, 76.16, 75.97, 75.76, 75.45, 73.51. 73.35, 73.28, 72.81, 71.51, 71.34, 70.59, 69.63, 69.51, 69.52,
68.82, 68.66, 68.53, 68.49, 66.46, 62.27, 62.09, 60.76, 60.66, 60.33, 49.06, 37.29, 28.94, 27.88. HRMS ESI+:
Calc. for C22H43N2O14 (M + H)+: 559.2709. Found: 559.2724.

Cellobiose (Compound 10-oil bath, traditional): 55.3 mg (0.236 mmol) of Compound 8 plus 73.3
mg (0.214 mmol) of Compound 2 were utilized, resulting in 67.3 mg (56.1%) of an off white solid
(Compound 10).

Tert-butyl N-[3-(2-{(E/Z)-(β-D-glucopyranosyl-(1→6)-D-glucopyranosyl)oxime}ethoxy)propyl]

carbamate (Compound 11): 46.6 mg (0.199 mmol) of Compound 8 plus 70.8 mg (0.207 mmol) of
Compound 3 were utilized, resulting in 65.8 mg (60.3%) of a fluffy white solid (Compound 11). 1H
NMR (500 MHz, D2O): δ 7.49 (d, J = 6.5 Hz, 0.7H, E isomer), 6.84 (d, J = 6.3 Hz, 0.1H, Z isomer), 4.42 (d,
J = 9.1 Hz, 1H), 4.39 (d, J = 3.7 Hz, 0.7H), 4.39 (t, J = 3.7 Hz, 2H), 3.88-3.36 (m, overlapping, 15H), 3.05
(t, J = 6.5 Hz, 2H), 1.67 (p, J = 6.5, 13.1 Hz, 2H), 1.34 (s, 9H). 13C NMR (125 MHz, D2O with internal
MeOH standard): δ 157.48, 151.76, 150.70, 102.10, 89.60, 80.15, 75.94, 75.37, 75.22, 75.16, 74.90, 72.60,
72.47, 72.36, 72.30, 71.94, 70.72, 70.14, 69.80, 69.53, 69.48, 69.07, 69.01, 68.94, 68.66, 68.52, 67.90, 67.74,
67.63, 65.61, 59.99, 48.17, 36.35, 28.02, 27.00, 22.53. HRMS ESI+: Calc. for C22H43N2O14 (M + H)+:
559.2715. Found: 559.2723.

Tert-butyl N-[3-(2-{(E/Z)-(β-D-galactopyranosyl-(1→4)-D-glucopyranosyl)oxime}ethoxy)propyl]

carbamate (Compound 12): 45.0 mg (0.192 mmol) of Compound 8 plus 65.8 mg (0.192 mmol) of
Compound 4 were utilized, resulting in 68.1 mg (64.6%) of an off white solid (Compound 12). 1H
NMR (500 MHz, D2O): δ 7.70 (d, J = 5.5 Hz, 0.7H, E isomer), 7.00 (d, J = 5.4 Hz, 0.1H, Z isomer), 4.59 (d,
J = 6.0 Hz, 0.7H), 4.50 (d, J = 7.8 Hz, 0.8H), 4.24 (t, J = 4.4 Hz, 2H), 3.98-3.54 (m, overlapping, 16H), 3.14
(t, J = 6.4 Hz, 2H), 1.76 (p, J = 6.5, 13.0 Hz, 2H), 1.43 (s, 9H). 13C NMR (125 MHz, D2O with internal
MeOH standard): δ 158.43, 153.38, 152.23, 103.70, 103.26, 103.13, 90.30, 81.08, 80.86, 78.50, 78.35, 76.23,
75.56, 75.43, 75.27, 73.58, 73.32, 72.85, 72.76, 71.52, 71.39, 71.26, 71.18, 70.55, 69.60, 69.48, 68.89, 68.79,
68.71, 68.54, 66.75, 62.31, 62.11, 61.26, 61.09, 61.00, 60.39, 49.12, 37.29, 28.99, 27.95. HRMS ESI+: Calc.
for C22H43N2O14 (M + H)+: 559.2715. Found: 559.2727.

Tert-butyl N-[3-(2-{(E/Z)-(α-D-glucopyranosyl-(1→4)-D-glucopyranosyl)oxime}ethoxy)propyl]

carbamate (Compound 13): 52.0 mg (0.222 mmol) of Compound 8 plus 80.5 mg (0.223 mmol) of
Compound 5 were utilized, resulting in 79.5 mg (65.3%) of a white powdery solid (Compound 13).
1H NMR (500 MHz, D2O): δ 7.51 (d, J = 6.1 Hz, 0.7H, E isomer), 6.88 (d, J = 5.5 Hz, 0.2H, Z isomer),
5.02 (d, J = 4.0 Hz, 1H), 4.44 (t, J = 5.5 Hz, 0.7H), 4.16 (t, J = 1.7 Hz, 2H), 4.92-3.35 (m, overlapping,
16H), 3.04 (t, J = 6.6 Hz, 2H), 1.67 (p, J = 6.5, 13.1 Hz, 2H), 1.35 (s, 9H). 13C NMR (125 MHz, D2O with
internal MeOH standard): δ 158.38, 153.53, 151.85, 129.60, 128.03, 125.53, 100.73, 100.59, 99.83, 90.27,
81.61, 81.04, 80.34, 77.36, 76.87, 75.94, 73.52, 73.27, 73.12, 73.03, 72.94, 72.86, 72.64, 72.42, 72.29, 71.84,
71.45, 69.59, 69.54, 69.49, 69.43, 68.83, 68.68, 68.66, 68.48, 65.86, 62.48, 62.26, 60.98, 60.64, 60.54, 49.05,
37.27, 28.91, 27.89. HRMS ESI+: Calc. for C22H43N2O14 (M + H)+: 559.2715. Found: 559.2713.

Tert-butyl N-[3-(2-{(E/Z)-(α-D-glucopyranosyl-(1→4)-α-D-glucopyranosyl-(1→4)-D-glucopyran

osyl)oxime} ethoxy)propyl] carbamate (Compound 14): 53.4 mg (0.228 mmol) of Compound 8 plus
115.5 mg (0.229 mmol) of Compound 6 were utilized, resulting in 112.2 mg (68.3%) of an off white
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amorphous solid (Compound 14). 1H NMR (500 MHz, D2O): δ 7.62 (d, J = 6.1 Hz, 0.7 H, E isomer),
6.96 (d, J = 5.5 Hz, 0.1 H, Z isomer), 5.59 (d, J = 3.9 Hz, 1 H), 5.36 (d, J = 4.0 Hz, 0.8 H), 4.54 (t, J = 5.6
Hz, 0.7 H), 4.29 (t, J = 3.7 Hz, 2 H), 4.04-3.61 (m, overlapping, 21H), 3.58 (t, J = 3.5 Hz, 1 H), 3.15 (t,
J = 6.3 Hz, 2H), 1.77 (p, J = 6.5, 13.0 Hz, 2H), 1.45 (s, 9H). 13C NMR (125 MHz, D2O with internal
MeOH standard): δ 158.51, 153.68, 151.96, 100.53, 100.06, 81.84, 81.14, 80.54, 77.46, 77.11, 76.04, 73.69,
73.65, 73.52, 73.20, 72.99, 72.94, 72.51, 72.44, 72.08, 71.77, 71.62, 71.51, 71.30, 69.72, 69.62, 69.52, 68.96,
68.79, 68.60, 65.99, 62.57, 62.36, 61.03, 60.77, 60.65, 49.15, 37.37, 29.04, 27.99. HRMS ESI+: Calc. for
C28H53N2O19 (M + H)+: 721.3244. Found: 721.3244.

Tert-butyl N-[3-(2-{(E/Z)-(α-D-galactopyranosyl-(1→6)-α-D-glucopyranosyl-(1→4)-D-glucopyrano

syl)oxime}ethoxy)propyl] carbamate (Compound 15): 46.1 mg (0.197 mmol) of Compound 8 plus
70.9 mg (0.197 mmol) of Compound 7 were utilized, resulting in 73.0 mg (67.6%) of an off white
amorphous solid (Compound 15). 1H NMR (500 MHz, D2O): δ 7.60 (d, J = 6.5 Hz, 0.7H, E isomer),
6.95 (d, J = 9.4 Hz, 0.1H, Z isomer), 4.99 (d, J = 3.6 Hz, 2H), 4.44 (d, J = 6.8 Hz, 0.7H), 4.26 (d, J = 6.8 Hz,
2H), 4.00-3.51 (m, overlapping, 16H), 1.75 (p, J = 6.6, 13.1 Hz, 2H), 1.44 (s, 9H). 13C NMR (125 MHz,
D2O with internal MeOH standard): δ 158.44, 152.85, 151.76, 98.58, 81.11, 75.97, 73.27, 72.92, 71.17,
71.12, 71.04, 70.61, 70.49, 70.36, 69.99, 69.77, 69.52, 69.48, 68.94, 68.88, 68.84, 68.72, 68.70, 66.67, 61.37,
61.31, 57.66, 49.12, 37.31, 28.98, 27.96, 22.39, 17.04. HRMS ESI+: Calc. for C22H42N2NaO14 (M + Na)+:
581.2535. Found: 581.2556.

With Aniline

Compounds 9–15 were synthesized using 1 equivalent of the aminooxy linker (Compound 8) [16],
prepared as a 100 mg/mL solution in methanol. The appropriate volume of this solution was
transferred to a flask and evaporated under reduced pressure, then freeze-dried to get an accurate
mass of the oil. Next, 1 equivalent of: N-acetylglucosamine, cellobiose, gentiobiose, lactose, maltose,
maltotriose or melibiose was separately added to each flask containing Compound 8. These were each
dissolved in 3.0 mL of 0.1 M ammonium acetate (NH4OAc) at a pH of 4.5. Next, 27.3 μL of aniline
(0.1 M final concentration) were added to each flask and the pH checked to ensure that it remained at
4.5. The reactions were conducted either stirring at 50 ◦C in an oil bath (traditional) or at 400 W in a
microwave (CEM MARS 5) at 25% power with a 2 min ramp to temperature and a hold time of 30 min
at a maximum temperature of 50 ◦C. After the reaction was complete, the solutions were freeze-dried.
The products were then purified by flash chromatography in 6:4:0.5 CHCl3:MeOH:H2O, yielding off
white amorphous solids.

N-acetylglucosamine (Compound 9): 55.3 mg (0.240 mmol) of Compound 8 plus 52.2 mg (0.240
mmol) of Compound 1 were utilized, resulting in 81.4 mg (77.6%) of an off white solid (Compound 9).

Cellobiose (Compound 10-microwave): 53.1 mg (0.227 mmol) of Compound 8 plus 77.7 mg (0.227
mmol) of Compound 2 were utilized, resulting in 96.3 mg (76.1%) of an off white solid (Compound 10).

Cellobiose (Compound 10-oil bath, traditional): 50.4 mg (0.215 mmol) of Compound 8 plus 74.2
mg (0.217 mmol) of Compound 2 were utilized, resulting in 77.8 mg (64.8%) of an off white solid
(Compound 10).

Gentiobiose (Compound 11): 52.0 mg (0.222 mmol) of Compound 8 plus 80.1 mg (0.222 mmol) of
Compound 3 were utilized, resulting in 90.6 mg (73.1%) of a fluffy white solid (Compound 11).

Lactose (Compound 12): 56.5 mg (0.241 mmol) of Compound 8 plus 82.6 mg (0.241 mmol) of
Compound 4 were utilized, resulting in 124.7 mg (92.7%) of an off white solid (Compound 12).

Maltose (Compound 13): 43.6 mg (0.186 mmol) of Compound 8 plus 67.0 mg (0.186 mmol) of
Compound 5 were utilized, resulting in 76.4 mg (73.6%) of an off white amorphous solid (Compound 13).

Maltotriose (Compound 14): 48.1 mg (0.206 mmol) of Compound 8 plus 103.7 mg (0.206 mmol) of
Compound 6 were utilized, resulting in 137.0 mg (92.3%) of an off white amorphous solid (Compound 14).
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Melibiose (Compound 15): 47.7 mg (0.204 mmol) of Compound 8 plus 73.4 mg (0.204 mmol) of Compound

7 were utilized, resulting in 91.2 mg (80.1%) of an off white amorphous solid (Compound 15).

4.2.2. General Procedure for the Large-scale (≥0.800 mmol) Synthesis of Sugar-linkers:

Compounds 9–15 were synthesized using 1 equivalent of the aminooxy linker (Compound 8), [16]
prepared as a 100 mg/mL solution in methanol. The appropriate volume of this solution was
transferred to a flask and evaporated under reduced pressure, then freeze-dried to get an accurate
mass. Next, 1 equivalent of: N-acetylglucosamine, cellobiose, gentiobiose, lactose, maltose, maltotriose
or melibiose was separately added to each flask containing Compound 8. These were dissolved in 5.0
mL of 0.1 M ammonium acetate (NH4OAc) at a pH of 4.5, followed by 45.6 μL of aniline (0.1 M final
concentration). The pH was checked after aniline addition to confirm it was still 4.5. The reactions were
conducted at 400 W in a microwave (CEM MARS 5) at 25% power with a 2 min ramp to temperature
and a hold time of 30 min at a maximum temperature of 50 ◦C. After the reaction was complete, the
solutions were freeze-dried. The products were then purified by flash chromatography in 6:4:0.5
CHCl3:MeOH:H2O followed by dialysis in 100 molecular weight cutoff (MWCO) tubing against water
(for gentiobiose, maltose and maltotriose only), yielding white to off-white solids.

N-acetylglucosamine (Compound 9): 213.5 mg (0.912 mmol) of Compound 8 plus 201.6 mg (0.912
mmol) of Compound 1 were utilized, resulting in 315.8 mg (79.2%) of a white amorphous solid
(Compound 9).

Cellobiose (Compound 10): 186.8 mg (0.798 mmol) of Compound 8 plus 273.0 mg (0.798 mmol) of
Compound 2 were utilized, resulting in 333.6 mg (74.9%) of a white solid (Compound 10).

Gentiobiose (Compound 11): 205.1 mg (0.876 mmol) of Compound 8 plus 299.8 mg (0.876 mmol) of
Compound 3 were utilized, resulting in 319.4 mg (65.3%) of an off-white solid (Compound 11).

Lactose (Compound 12): 196.8 mg (0.841 mmol) of Compound 8 plus 303.0 mg (0.841 mmol) of
Compound 4 were utilized, resulting in 293.5 mg (62.5%) of an off-white solid (Compound 12).

Maltose (Compound 13): 203.2 mg (0.868 mmol) of Compound 8 plus 312.9 mg (0.868 mmol) of
Compound 5 were utilized, resulting in 299.8 mg (61.9%) of a white powdery solid (Compound 13).

Maltotriose (Compound 14): 208.0 mg (0.889 mmol) of Compound 8 plus 448.4 mg (0.889 mmol) of
Compound 6 were utilized, resulting in 412.4 mg (64.3%) of an off-white solid (Compound 14).

Melibiose (Compound 15): 193.8 mg (0.828 mmol) of Compound 8 plus 298.4 mg (0.828 mmol) of
Compound 7 were utilized, resulting in 275.9 mg (59.7%) of an off-white powdery solid (Compound 15).

4.3. Synthesis of Trivalent Glycoclusters

(Cellobiose)3-Glycocluster, Compound 17: Compound 16 [16] was transferred to a round-bottomed
flask as a 10 mg/mL solution in methanol and then evaporated under reduced pressure to give 9.9 mg
(0.0183 mmol) of Compound 16 as an oil. Next, 3 equivalents of Compound 2 (18.8 mg, 0.0549 mmol)
were added to the reaction flask. The solutes were dissolved in 1.5 mL of 0.1 M NH4OAc buffer, pH
4.5, plus 13.7 μL aniline (0.1 M final concentration) as a catalyst. The pH was confirmed to be 4.5 after
aniline addition. The reaction was conducted at 400 W in a microwave (CEM MARS 5) at 25% power
for 30 min. After the reaction was complete, the solution was freeze-dried then purified by SEC as
described in general methods, yielding Compound 17 (26 mg, 93.9%) as an off white solid. 1H NMR
(500 MHz, D2O): δ 7.67 (d, J = 5.5 Hz, 0.5 H, E isomer), 7.00 (d, J = 5.5 Hz, 0.1H, Z isomer), 4.61–4.51 (m,
1.4H), 4.31–4.08 (m, 2H), 3.99–3.89 (m, 4H), 3.87-3.66 (m, 7H), 3.65–3.50 (m, 1H), 3.49–3.39 (m, 3H), 2.70
(br s, 2H), 2.53 (app t, 2H). 13C NMR (125 MHz, D2O with internal MeOH standard): δ 174.39, 152.17,
102.83, 90.39, 78.72, 78.48, 76.30, 76.10, 75.87, 75.81, 75.58, 73.63, 73.59, 73.47, 72.92, 71.42, 69.76, 69.70,
69.63, 69.02, 68.81, 67.09, 66.97, 62.37, 60.89, 60.77, 52.70, 36.27. MALDI-MS: Calc for C57H106N7O39 (M
+ H)+: 1512.652. Found: 1512.687.
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(Sialic Acid)3-Glycocluster, Compound 20: Compound 16 [16] was transferred to a pear shaped flask
as a 10 mg/mL solution in methanol, then evaporated, yielding 10.8 mg (0.02 mmol) of the trivalent
core. Next, 3 equivalents of sialic acid (Compound 18, Nacalai Tesque, 18.6 mg, 0.06 mmol) were
weighed into the flask. The solutes were then dissolved in 1.5 mL of 0.1 M NH4OAc, pH 4.5, plus
13.7 μL aniline (0.1 M final concentration) as a catalyst. The pH was confirmed to be 4.5 after aniline
addition. The reaction was conducted at 400 W in a microwave (CEM MARS 5) at 25% power for 30
min. After the reaction was complete, the solution was freeze-dried then purified by SEC as described
in general methods, yielding Compound 20 (23 mg, 81.6%) of an off white solid. 1H NMR (500 MHz,
D2O): δ 4.41 (m, 1H), 4.28 (app t, 1.5H), 4.15 (app t, 0.5H), 4.01-3.91 (m, 2H), 3.85-3.73 (m, 6H), 3.65-3.56
(m, 3H), 3.47-3.45 (app d, 1H), 3.39-3.36 (m, 2H), 2.82-2.70 (m, 1.5H), 2.58 (app t, 2H), 2.47 (d, J = 6.8 Hz,
0.5H), 2.08 (s, 3H). 13C NMR (125 MHz, D2O with internal MeOH standard): δ 175.10, 175.07, 174.50,
170.44, 170.05, 157.22, 156.15, 73.33, 72.65, 70.72, 69.50, 69.45, 69.02, 68.90, 67.90, 67.86, 66.71, 66.55,
65.97, 63.35, 53.94, 53.56, 53.49, 53.39, 35.90, 35.83, 34.70, 34.64, 30.94, 22.05, 22.01. MALDI-MS: Calc. for
C54H96N10O33 (M + H)+: 1413.62134. Found: 1413.799.

(Disialic Acid)3-Glycocluster, Compound 21: Compound 16 [16] was transferred to a pear shaped
flask as a 10 mg/mL solution in methanol, then evaporated, yielding 5.9 mg (0.011 mmol) of the
trivalent core as an oil. Next, the α-2→8 linked dimer of sialic acid (Compound 19, disialic acid, 21.1
mg, 0.033 mmol) [35] was added. The solutes were then dissolved in 1.5 mL of 0.1 M NH4OAc, pH 4.5,
plus 13.7 μL of aniline (0.1 M final concentration) as a catalyst. The pH was confirmed to be 4.5 after
aniline addition. The reaction was conducted at 400 W in a microwave (CEM MARS 5) at 25% power
for 90 min with a temperature maximum set at 50 ◦C. After the reaction was complete, the solution
was freeze-dried then purified by FPLC as described in general methods, yielding Compound 21 (22
mg, 87.6%) as an off white solid. 1H NMR (500 MHz, D2O): δ 4.46-4.40 (m, 1H), 4.29 (app t, 1.5H), 4.15
(app t, 0.5H), 3.99-3.91 (m, 4H), 3.89-3.74 (m, 9.5H), 3.70-3.61 (m, 4H), 3.57-3.53 (m, 3H), 3.26 (br s, 2H),
2.83-2.67 (m, 2.5H), 2.57 (t, J = 5.9 Hz, 2H), 2.47 (m, 0.5H), 2.09 (s, 3H), 2.03 (s, 3H), 1.78 (t, J = 12.2 Hz,
1H). 13C NMR (125 MHz, D2O with internal MeOH standard): δ 175.20, 174.89, 174.36, 173.47, 101.84,
74.30, 74.24, 72.71, 72.51, 71.80, 71.73, 68.96, 68.77, 68.21, 68.05, 67.75, 67.70, 67.49, 67.45, 66.57, 66.28,
65.79, 62.66, 61.14, 53.72, 53.40, 53.36, 53.31, 51.65, 40.05, 35.79, 35.75, 35.68, 34.42, 30.82, 21.97, 21.95.
MALDI-MS: Calc. for C87H147N13O57 (M + H)+: 2286.90755. Found: 2286.791.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/1/39/s1,
Figures S1–S20: 1H (odd) and 13C (even) NMR spectra, Table S1: Summary of the E/Z ratios and % ring open
oxime for all products.
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Abstract: Nowadays, bioactive peptides are used for therapeutic applications and the selection of a
carrier to deliver them is very important to increase the efficiency, absorption, release, bioavailability
and consumer acceptance. The aim of this study was to develop and characterize chitosan-based films
loaded with chitosan microparticles containing a bioactive peptide (sequence: KGYGGVSLPEW)
with antihypertensive properties. Films were prepared by the solvent casting method, while the
microparticles were prepared by ionic gelation. The final optimized chitosan microparticles exhibited
a mean diameter of 2.5 μm, a polydispersity index of 0.46, a zeta potential of +61 mV and a peptide
association efficiency of 76%. Chitosan films were optimized achieving the final formulation of 0.79%
(w/v) of chitosan, 6.74% (w/v) of sorbitol and 0.82% (w/v) of citric acid. These thin (±0.100 mm) and
transparent films demonstrated good performance in terms of mechanical and biological properties.
The oral films developed were flexible, elastic, easy to handle and exhibited rapid disintegration
(30 s) and an erosion behavior of 20% when they came into contact with saliva solution. The cell
viability (75–99%) was proved by methylthiazolydiphenyl-tetrazolium bromide (MTT) assay with
TR146 cells. The chitosan mucoadhesive films loaded with peptide–chitosan microparticles resulted
in an innovative approach to perform administration across the buccal mucosa, because these films
present a larger surface area, leading to the rapid disintegration and release of the antihypertensive
peptide under controlled conditions in the buccal cavity, thus promoting bioavailability.

Keywords: bioactive peptides; buccal delivery; chitosan; microparticles; oral films

1. Introduction

In the last decade, protein and peptide delivery has become an important area of research for
therapeutic applications [1–4]. Bioactive peptides are defined as specific protein fragments that have
a positive impact on body functions or conditions, presenting many beneficial health effects (e.g.,
antimicrobial, antioxidant, antithrombotic and antihypertensive properties) [5,6]. The activity of
bioactive peptides is based on their inherent amino acid composition and sequence. The peptide
sequence KGYGGVSLPEW was identified in a whey protein hydrolysate and was recognized as a
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bioactive peptide with antihypertensive properties [7]. This peptide can be administered by parenteral
route to avoid biological barriers that can hinder permeability. Nonetheless, the oral delivery of
peptides and proteins remains an easier, more attractive and convenient alternative [8,9]. The buccal
mucosa represents an important non-invasive alternative route for protein and peptide delivery, due to
its ease of administration, evasion from the first pass hepatic metabolism, high relative permeability of
many therapeutic agents and rich vascularization [10,11].

However, a number of factors limit the absorption of peptides, due to their relatively large
molecular size, physical/chemical barriers, involuntary swallowing of dosage forms and continuous
dilution of dissolved molecules by saliva [2]. Indeed, the absolute buccal bioavailability levels of most
peptides and proteins are less than 1% [6,12,13]. So, numerous approaches have been attempted with
the aim of improving the permeability of peptides. The development of delivery systems such as
micro/nanoparticles (MPs/NPs) and their use as carriers coupled to other systems represents a valid
approach to overcome these drawbacks. Such systems have attracted growing scientific and commercial
attention as bioactive protein/peptide carriers during the last few years [6,14]. The encapsulation of
bioactive peptides presents many advantages, such as improved efficiency and absorption, enhanced
protection from enzymatic and pH degradation, controlled release of loaded peptide, increased
bioavailability and enhanced patient compliance [10,14,15]. The development of nano/micro carriers
and the use of the buccal route for mucosal (local) and transmucosal (systemic) delivery of therapeutic
macromolecules is an interesting and promising combination. The association of mucoadhesive oral
films with MPs/NPs represents a promising strategy to overcome these obstacles [10].

In the development of these delivery systems, polymers are often used as a matrix for peptide
loading. Thus, chitosan (CH) was chosen as the polymer to be used, because previous studies have
shown it to possess diverse biological activities, including biocompatible, biodegradable, non-toxic,
antihypertensive, anti-inflammatory and antimicrobial properties, and it has shown great potential
in applications of drug delivery [14,16–19]. Chitosan is a mucoadhesive polymer due to its ability to
form ionic, pH-dependent interactions with mucin and its ability to enhance the penetration of large
molecules across the mucosal surface. Therefore, it is a good candidate for buccal delivery [20,21]. So,
chitosan has attracted attention as a potential food preservative of natural origin and was approved
by the United States Food and Drug Administration (USFDA) as a Generally Recognized as Safe
(GRAS) food additive and as a delivery system to the human body, more specifically as an oral delivery
system [22].

This paper reports the development and characterization of chitosan microparticles loaded with
an antihypertensive peptide with subsequent incorporation into chitosan films, aiming to achieve the
administration of peptides across the buccal mucosa. This delivery system (film-MPs) is interesting
because the mucoadhesive films administered to the mucosal surface could represent a delivery device
with multifunctionalities such as mucoadhesion, control release and drug protection by avoiding or
reducing passage through the gastrointestinal tract, and a conveyor system of MPs with bioactive
peptides. The MPs exert their function by protecting the bioactive peptides from degradation and
acting as a controlled release system because chitosan mucoadhesive properties are able to promote
enhanced bioactive molecules delivery.

This study intends to have an impact on the nutraceutical and pharmaceutical industry.
The development of an oral film incorporating microparticles enhances the advantages of oral films
in terms of administration (reported in many studies) with the controlled delivery. The fact that the
transported molecule is a peptide resulting from whey protein hydrolysate enhances its nutritional
value and associated therapeutic potential. Therefore, this new delivery system may prove to be
an enhancer of controlled release delivery of bioactive molecules with potential therapeutic effect,
although clinical studies are needed.
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2. Materials and Methods

2.1. Materials and Cell Line

KGYGGVSLPEW peptide was purchased from GenScript (Piscataway, USA). Low-molecular-
weight chitosan (50,000–190,000 Da, 75–85% of deacetylation), ethyl acetate, pentasodium
tripolyphosphate (TPP), α-amylase, pepsin, bovine bile salts, pancreatin, trifluoroacetic acid (TFA) and
D-sorbitol (assay purity ≥ 98%) and phosphate-buffered saline tablets (PBS) were purchased from
Sigma-Aldrich (Steinheim, Germany). Citric acid monohydrate, potassium phosphate monobasic
anhydrous and sodium phosphate dibasic were obtained from Merck (Darmstadt, Germany). Sodium
chloride was purchased from Panreac (Barcelona, Spain). Glacial acetic acid, sodium hydroxide and
all other chemicals were of analytical grade, purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. Methanol and acetonitrile (HPLC gradient grade) were purchased from Fisher
(Loughborough, UK). Ultrapure water was used to prepare all formulations.

TR146 cell line was purchased from Sigma-Aldrich (Stenheim, Germany). Fetal bovine serum
(FBS), HAMS-F12 culture medium and Pen-Strep (10,000 U Penicillin, 10,000 U Streptomycin) were
purchased from Lonza® (Verviers, Belgium). TrypLETM express was purchased from Gibco® (Taastrup,
Denmark). Thiazolyl Blue Tetrazolium Bromide (MTT) was purchased from VWR (Solon, USA).
Dimethyl sulphoxide (DMSO) 99.7% was purchased from Fisher BioreagentsTM (Pennsylvania, USA).
Lastly, 96-well plates were purchased from Thermo Scientific (Hvidovre, Denmark).

2.2. Formulation of Chitosan Microparticles Loaded with the Antihypertensive Peptide

Chitosan microparticles (CH MPs) were prepared by the ionic gelation method of chitosan with
TPP [23]. Chitosan solutions were prepared by dissolving 40 mg of chitosan (0.4–0.1 M) in 2 mL of a
1% (v/v) glacial acetic acid solution [24]. Afterwards, the peptide was dissolved in the chitosan solution
and 1.5 mg of TPP (cross-linker) was added and left under magnetic stirring at 1000 rpm for 90 min at
room temperature. Microparticles were formed spontaneously upon the incorporation of TPP into the
CH solution.

Preliminary Optimization and Factorial Design

Experimental design for chitosan microparticles was performed using SAS JMP® 9 software [25].
Factorial design allowed all the factors to be varied simultaneously, enabling the evaluation of the
effects of each variable at each level and showing the interrelationship among them. The number of
experiments required for these studies was dependent on the number of independent variables selected.
Each design was performed considering five dependent variables (size, zeta potential, polydispersity
index (PDI), association efficiency and loading degree) as well as two independent variables (polymer
and TPP concentration). Every response test was performed in triplicate. When responses were
determined, independent variables that influenced the behavior of evaluated dependent variables
were selected for the elaboration of the predictive statistic model, according to RSquare and RSquare
adjusted values. Finally, optimal formulations for each polymer were obtained by maximizing
desirability values.

2.3. Characterization of Chitosan Microparticles

After production, MPs were characterized for their mean particle size and PDI by dynamic light
scattering. Zeta potential was determined by phase analysis light scattering. All measurements were
performed using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Malvern, UK).
For these measurements, samples were diluted in saline solution.
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2.4. Association Efficiency and Loading Degree

The CH MPs association efficiency was determined upon the separation of MPs from the aqueous
preparation medium containing the non-associated protein by centrifugation (15,000× g, 45 min, 15 ◦C).
The amount of free peptide was determined in the supernatant by a HPLC-UV (Waters Alliance®

instrument (Milford, MA, USA)) method. In this method, a Kromasil® C18 column (AkzoNobel, Bohus,
Sweden) was used and the UV detector wavelength was set to 280 nm. The mobile phases consisted
of acetonitrile and 0.1% TFA, and water and 0.1% TFA. The ratio was initially set at the ratio of 80:20
(acetonitrile: 0.1% TFA, v/v), which linearly changed to a 40:60 (v/v) gradient over 10 min. The flow
rate was 0.8 mL/min and the injected volume of the sample was 20 μL. The UV detector wavelength
was set at 280 nm. The total area under the peak was used to quantify the KGYGGVSLPEW peptide
sequence. Each sample was assayed in triplicate (n = 3). The CH MPs peptide association efficiency
(AE) and loading degree (LD) were calculated as follows (Equations (1) and (2)):

AE (%) =
total peptide amount − f ree peptide amount

total peptide amount
× 100, (1)

LD (%) =
total peptide amount − f ree peptide amount

peptide loaded CH MPs dry weight
× 100, (2)

2.5. Preparation of Chitosan Oral Films

Chitosan films were prepared by the solvent casting method with some modifications [26].
The composites (78.6 mg chitosan (0.15–0.04 M), 82.5 mg of citric acid (0.039 M) and 674 mg of sorbitol
(0.37 M)) were added to 10 mL of deionized water. The mixture was covered and stirred (magnetic
stirring, 300 rpm, at room temperature for 120 min) until chitosan was totally dissolved. Subsequently,
the solution (10 mL) was dispensed into Petri dishes (90 × 15 mm) and dried for 48 h in an incubator
set to 30 ◦C. After drying, films were then cut into squares (2 × 2 cm).

Chitosan Films Experimental Design Testing

The experimental design employed SAS JMP® 9 software (JMP Statistical DiscoveryTM, Marlow,
UK), using a similar procedure to that described in microparticles section. Each design was performed
considering five dependent variables: elongation at break, tensile strength, Young’s modulus, water
uptake and erosion. For each polymer tested, three independent variables were considered (polymer
concentration (chitosan 0.5, 1, 1.5 (%, w/v)), plasticizers (sorbitol) concentration (32.5, 56.3, 75 mg/mL)
and citric acid concentration (7.5, 10, 12.4 mg/mL)). Citric acid was used to induce the production of
saliva in order to promote the disintegration of oral films the oral cavity [15]. Sorbitol concentration
was stipulated according to polymer dry weight.

Each sample was tested in triplicate (n = 3). When the results were obtained, a screening design
was executed, and independent variables that influenced the behavior of the evaluated dependent
variables were selected for the elaboration of the predictive statistic model (with RSquare and RSquare
adjusted values). Thus, optimal formulations were obtained by setting desirability values to each
response type to obtain maximum desirability.

2.6. Chitosan Films Characterization

2.6.1. Film Appearance

The appearance of films was evaluated by visual observation using parameters such as the
transparency and semi-transparency nature of the strip [26].
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2.6.2. Film Weight and Thickness

Films strips were weighed on a calibrated analytical scale and the thickness was measured using
a calibrated Vernier gauge caliper micrometer [15].

2.6.3. Determination of the Mechanical Properties

The main mechanical properties such as tensile strength (MPa), strain at tensile strength (%),
Young’s modulus and strain energy (MPa) (Equations (3) and (4), respectively) were evaluated. For that
purpose, the developed films were cut in squares (2 × 2 cm) and these properties were measured using a
texturometer (TA.XT plus Texture Analyser, Stable Micro Sydtems, Cardiff, UK) [15]. All measurements
were performed in three films for each formulation.

Young′s modulus (MPa) =
Force at corresponding strain

Cross − sectional area o f the f ilm × Corresponding strain
× 100, (3)

Strain Energy (MPA) =
1
2
× volume

Young′smodulus
× Stress2, (4)

2.6.4. Swelling and Erosion Studies

Plain films were characterized for their swelling properties and erosion features by calculating
the percentage of hydration and matrix erosion of the films. Films (2 × 2 cm) were cut and weighed
(W0). Subsequently, films were immersed in the artificial salivary solution (pH 6.8) for a consecutive
series of 30 s each, over 1 min. At these time intervals, the films were wiped off using filter paper and
weighed (W1). The swelling of the films was determined using the following relation (Equation (5)):

Swelling (%) =
W1 − W0

W0
× 100, (5)

where W1 is the weight of swollen film after time t and W0 is the weight of the film at time zero.
After complete hydration, films were dried at 37 ◦C for 24 h. The dried films were taken and their

weight was registered (W2). Erosion was calculated using the following relation (Equation (6)):

Erosion (%) =
W1 − W2

W1
× 100, (6)

where W1 is the weight of swollen film after time t and W2 is the weight of dry film after erosion.

2.7. Chitosan Films with Chitosan Microparticles

Chitosan MPs (0.4–0.1 M) were incorporated into CH film solutions (15.7 mg of chitosan
(0.157–0.041 M), 16.5 mg of citric acid (0.039 M) and 134.8 mg of sorbitol (0.37 M) in 2 mL of deionized
water for 30 min in order to uniformly disperse MPs. The CH films with CH MPs were prepared by
the solvent casting method.

Chitosan films with CH MPs were poured on Petri dishes and placed to dry for 48 h in an
incubator at 37 ◦C. After drying, films were cut into squares (2 × 2 cm). Each formulated film was
prepared in triplicate.

2.8. Cell Culture

Cell culture systems are important for the examination the biological properties, such as the
bioavailability or toxicity of bioactive molecules. The TR146 cell culture model was selected as an
in vitro model of the human buccal epithelium. The TR146 cell line originated from a human buccal
carcinoma. After culturing, the TR146 cell line forms a stratified epithelium similar to the buccal
epithelium [27,28].
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The TR146 cells were grown in HAMS F-12 Medium with supplements of 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) antibiotic/antimitotic mixture (final concentration of 100 U/mL penicillin
and 100 U/mL streptomycin). Culture conditions were maintained at 37 ◦C, 5% CO2 and 95% relative
humidity. Sub-cultivation was performed at approximately 80% confluence with 0.25% trypsin-EDTA
to detach the cells from the flasks. Cells were then seeded at a density of 1 × 106 cells per 75 cm2 flask.
The culture medium was replaced every other day. Cells were maintained in an incubator (BB 16 gas
incubator, Heraeus Instruments GmbH) at 37 ◦C, 5% CO2 and 95% relative humidity.

Cell Viability Studies

The cell viability of TR146 cell line, after 24 h treatment with CH MPs, CH films, with or without
peptide (with concentration 5 μg/mL), was measured using the methylthiazolydiphenyl-tetrazolium
bromide conversation (MTT) assay [23].

Cells were seeded in 96-well plates at 2 × 105/well in 300 μL culture medium and incubated for
24 h at 37 ◦C in a 5% CO2 environment. The medium was then changed and the cells were treated with
test samples (peptide, CH MPs, CH MPs with peptide; CH films; CH films with peptide; CH films
with MPs with peptide or free) for 24 h. Each treatment was tested in six individual wells. After 24 h,
the supernatant was removed and 200 μL of MTT solution (5 mg/mL in the cellular culture medium)
was added to each well of the 96-well plates. They were then incubated for 4 h at 37 ◦C to allow the
formation of formazan crystal. The medium was then removed, and the blue formazan was eluted
from cells using 150 μL of DMSO. The negative control used was also DMSO. The plates were shaken
on an orbital shaker to solubilize the crystals of formazan. The dark blue crystals were aspirated to
another new 96-well microplate and the optical density (OD) was measured directly in the microplate
reader at 570 and 690 nm for background reduction. All samples were tested for n = 5 experiments
with comparable results.

The cell viability of the tested delivery systems was calculated from the average OD values
(Equation (7)).

Cell viability (%) =
OD value o f specimen suspension

OD value o f negative control suspension
× 100, (7)

2.9. Statistical Analysis

Statistical analysis was performed using SPSS® for Windows version 22 (IBM SPSS, Chicago, IL).
The average percentage of peptide released from CH films was calculated for each time point, along
with respective standard deviation values.

The t-test was used to verify the existence of statistically significant differences between predictive
models and experimental results. Chitosan MPs experimental data were obtained from three samples
and the mean values were compared with the values predicted in the model.

Prediction formulas that describe the statistically significant influence of independent variables
on dependent variables were obtained using SAS JMP® software. From the analysis of RSquared and
adjusted RSquared, the best models were chosen and prediction formulas were obtained. From the
predictive models, predictive profilers were obtained and optimal formulations were determined for
each formulation of the CH oral film.

3. Results and Discussion

3.1. Preparation and Characterization of Chitosan Microparticles

Chitosan MPs were prepared by the ionic gelation method by auto-aggregation between a
positively charged amino group of chitosan and the negatively charged phosphate groups of TPP
(cross-linking agent) [19,29,30]. Chitosan MPs cross-linked with TPP have been employed in many
studies for drug delivery systems because TPP is used to improve the mechanical properties
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and stability of CH MPs [8,29]. The parameters, type of cross-linking agent and polymer were
optimized in preliminary studies. The CH MPs optimized formulation was set as 40 mg chitosan
(polymer) and 1.5 mg TPP (cross-linker). Figure 1 outlines the factorial design and values of the
formulation parameters.

Figure 1. Prediction profiler for chitosan (CH) microparticles (MPs). X-axis: polymer (CH) (mg),
counter-ion (TPP) (mg); Y-axis: polydispersity index (PDI), zeta potential (mV), size (nm), association
efficiency (AE), drug loading (DL).

In order to achieve theoretical optimization to validate the results, the formulations of CH MPs
were further assessed for mean size, polydispersity index, zeta potential and association efficiency.
The obtained results were individually compared with the theoretical (predicted) values by Student
t-tests. No statistically differences (P > 0.05) were found between predicted and experimental values.

After the optimization of the CH MPs, peptide-loaded CH MPs were prepared and parameters
such as particle size, zeta potential, PDI, association efficiency and loading capacity were analyzed
because those properties are important for therapeutic properties.

The mean size of CH MPs is dependent on both chitosan molecular weight and concentration and
on TPP concentrations. Particle size can influence the biopharmaceutical properties of microparticles,
their biodistribution and the particle content uptake [8,31]. Particle size was the leading assessed
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property during formulation optimization studies, oriented towards obtaining microparticles with a
mean diameter of about 2.5 μm with a reproducible size distribution. As shown in Table 1, unloaded
CH MPs presented a size of 2.544 ± 0.97 μm and peptide-loaded CH MPs had a size 2.582 ± 0.87
μm. The determined size of chitosan microparticles was in agreement with results reported in the
literature [32].

Peptide loading by the encapsulation method did not induced an increase in particle size when
compared with empty CH MPs (Table 1). So, the incorporation of the peptide into CH MPs did not
have a significant effect on particle size.

Table 1. Characteristics of unloaded CH MPs and peptide-loaded CH MPs (CH MPs + peptide)
(mean ± sd (n = 3)).

Caption Size (μm)
Polydispersity

Index
Zeta Potential

(mV)
Association

Efficiency (%)
Loading

Capacity (%)

CH MPs 2.544 ± 0.97 0.66 ± 0.18 50.38 ± 7.18 - -

CH MPs + Peptide 2.582 ± 0.87 0.45 ± 0.18 60.97 ± 9.20 76.16 ± 1.96 0.46 ± 0.01

The particle size and surface charge of MPs/NPs regulate the biodistribution and pharmacokinetic
properties of the MPs/NPs in the body. Therefore, the zeta potential is another important parameter
and useful indicator of the electronic charge, which can be used to predict and control the stability of
colloidal suspensions or emulsions [8,31]. The greater the zeta potential, the more likely the suspension
is to be stable because the charged particles repel one another and thus overcome the natural tendency
to aggregate. Microparticles with a zeta potential above ± 30 mV have been shown to be stable in
suspension, as the surface charge prevents the aggregation of the particles [33]. According to the results
obtained (Table 1), all the batches prepared showed a zeta potential more than + 30 mV, confirming
that microspheres exhibited good stability and no aggregation in the suspension. The positive value of
the zeta potential might be due to the positive charge of chitosan and the high positive zeta potential
indicated that the electrostatic repulsion between particles prevented aggregation and increased their
stability. The positive value of the zeta potential is important for buccal drug delivery since it can
facilitate adhesion to the mucosal epithelial surface, thus prolonging the peptide release and enhancing
the peptide bioavailability. The results showed that the addition of peptide has no significant effect on
the microparticles zeta potential.

The PDI values of CH MPs and peptide-loaded CH MPs were around 0.5 (the index is a measure
of dispersion homogeneity; values closer to zero indicate a homogeneous dispersion), indicating
uniformity of particle size and monodispersity distribution, with low variability and no aggregation,
as reported in the literature [30,34]. If a scale from 0 to 1 is considered, a PDI lower than 0.1 might
be associated with a high homogeneity in the particle population, whereas high PDI values suggest
a broad size distribution or even several populations. The calculation of PDI takes into account the
mean particle size, the refractive index of the solvent, the measurement angle and the variance of the
distribution. So, the PDI affects the mechanical strength of the polymer and its ability to be formulated
as a delivery device, and these properties may control the polymer biodegradation rate [35].

Association efficiency and loading capacity are other characteristics that should be calculated
for controlled delivery systems [8]. The association of bioactive peptides with the delivery systems
components conditions the delivery system success, because it can protect biomolecules against
metabolic degradation and improve protein absorption into the intestinal epithelium with better
bioavailability. CH MPs were successfully prepared via the ionic gelation method and ensured
encapsulation of the peptide. Although the association efficiency of hydrophilic molecules is usually
low, in this study we obtained high encapsulation efficiency values, similar to other studies. Table 1
shows the association efficiency and loading capacity of peptide-loaded CH MPs. The CH MPs with
peptide showed an encapsulation efficiency of 76%, achieving a particle loading degree of 0.46% (n = 3).
The antihypertensive peptide was successfully entrapped into the CH MPs with a high association
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efficiency, indicating the good potential of CH MPs as a delivery system. The AE was optimized by
varying some parameters, including the amount of chitosan and TPP concentrations. The AE and
size are important indexes for evaluating the quality of delivery systems. The high AE% can improve
the utilization of the peptide and a smaller size could enhance the absorption of buccal cells [36,37].
Indeed, other authors [33,36,38] have already proven that CH MPs are natural materials with excellent
physicochemical properties, good carriers for encapsulating proteins, which can achieve high protein
loading efficiency and protect them from degradation.

3.2. Chitosan Films Characterization

Various methods have been described in the literature as appropriate to prepare CH films for
delivery systems [26]. The solvent casting method was selected because it is the method most
commonly reported in the literature due to its inherent simplicity and robustness. It is a feasible
and cost-effective technique which ensures greater commercial viability.

Firstly, a CH film experimental design was performed in order to obtain optimized formulations
and understand how excipients influence the mechanical characteristics of the films. Figure 2 shows
the prediction profilers used in the optimization of the formulations of CH films.

Figure 2. Prediction profiler for CH films. X-axis: excipients (chitosan, sorbitol, citric acid) and
thickness; Y-axis: mechanical properties (elongation at break (%), tensile strength (MPa), Young’s
modulus (MPa)), water uptake (%) and erosion (%).
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By setting the desirability of dependent variables to maximum, it was possible to obtain the
best possible formulations. So, the optimized formulation of the CH films was set as 0.79% (w/v) of
chitosan (polymer), 6.74% (w/v) of sorbitol (plasticizer), 0.82% (w/v) of citric acid (salivary stimulator)
and an ideal thickness of 136 μm.

Chitosan is commonly used for producing MPs/NPs thanks to their excellent properties
(biocompatible, biodegradable, non-toxic, antihypertensive, anti-inflammatory, antimicrobial,
mucoadhesive). However, the properties of these carriers can be further improved by the addition of
plasticizers; for example, in this case sorbitol was used. The plasticizer molecules interposing between
the polymer chains and interacting with their functional groups increased polymer chain mobility and
flexibility and improved mechanical properties. Specifically, they reduced brittleness, improved flow,
imparted flexibility and increased the toughness of films [17].

For the preparation of the films, citric acid was also added as a saliva stimulating agent [26].
The purpose of using citric acid is to increase the rate of production of saliva, which would aid in the
faster disintegration and consequently the rapid dissolution of the film.

After optimized CH films composition, the films were produced at the same time as CH MPs.
That way, the constituents of the films were added to the microparticle solution. Finally, the final
solution was dried at room temperature and the optical and morphological properties were evaluated.
These films were transparent, flexible and homogeneous, and their surfaces appeared to be smooth
without pores and cracks [39,40]. The films were thin, with a thickness ranging between 0.085 and
0.117 mm, evaluated using a digital Vernier caliper [40]. The thickness, flexibility, elasticity and easy
handling are important properties for oral films application and consumer acceptance [17]. So, we
needed to evaluate mechanical properties: the elastic modulus, to evaluate the film’s rigidity; the
tensile strength, to determine the brittleness of the film; the elongation at break, to know the flexibility
and elasticity. These properties needed to be investigated as they condition the film’s integrity and its
performance [38]. The Young’s modulus, tensile strength and elongation at break were measured and
are shown in Table 2.

Table 2. Mechanical properties of CH films incorporated with peptide-loaded CH MPs.

Caption
Young’s Modulus

(MPa)
Tensile Strength

(MPa)
Elongation at Break

(%)

CH MPs 2.12 ± 0.93 0.71 ± 0.09 20.06 ± 0.68

CH MPs + Peptide 2.29 ± 0.81 0.77 ± 0.09 20.27 ± 0.72

The tensile strength is an important mechanical property to avoid damage (release of the carrier
molecule) during post-production storage and transporting. Basically, this test is performed to measure
of the maximum strength of a film to withstand applied tensile stress, and the percent elongation
represents the ability of a film to stretch [41]. In optimized CH films, the tensile strength obtained was
0.767 ± 0.091 (MPa). This result is very low when compared with the tensile strength of the pure CH
film in other studies, such as 8 MPa [41], 10.97 MPa [40] and 98 MPa [39]. The different results may be
due to differences in chitosan type, plasticizer presence, film formation method or analytical methods
used [39,40].

Another mechanical property is the Young’s modulus, which is an indicator of the stiffness
(rigidity) of the film. It is reported to offer a sharp burst release of carrier molecules. The elongation
at break is an indicator of its extensibility. The Young’s modulus for CH films incorporated with
peptide-loaded CH MPs are higher than CH films (Table 2), because the Young’s modulus increased
with the increase of filler content [42], but no statistically significant differences (P > 0.05) were found.
The values obtained were low when compared with those of other oral films [43], but the composition
and the evaluation methods were not the same. The low Young’s modulus obtained in our films
indicates softer networks, lower water sorption and higher solubility.
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The tensile strength and elongation at break values obtained for the peptide-loaded CH MPs
indicate that the incorporation of the peptide into the films did not significantly alter the tensile strength
compared with that of uncoated films, corroborating the findings of Aguilar and collaborators [44].

Films were also analyzed regarding disintegration capacity. Effectively, orodispersible films have
a high delivery potential because when placed on the tongue, they are immediately hydrated by saliva,
followed by disintegration and/or dissolution and the release of the bioactive peptide [45]. This CH
film with peptide-loaded CH MPs, when contacted with saliva solution, showed a quickly swelling
(217.05 ± 122.36%) and erosion (17.25 ± 12.21%) due to the disentanglement of the loosely bound
chitosan molecules, which allowed a facile diffusion of the peptide-loaded CH MPs from the matrix
(see Table 3) [46]. The swelling of the films first increased dramatically due to the porous structure
and the hydrophilicity of the CH film, indicating a strong hydration of chitosan, which facilitates the
rapid mucoadhesion to the absorptive epithelia [46]. Mucoadhesion occurs when the CH film comes in
contact with buccal epithelial cells; a double layer of electrical charge forms at the interface to promote
the adhesion [46]. The data obtained in this study confirm other reports in the literature; that is, the
optimized CH film provides rapid disintegration (30 s) and the release of actives when the strip comes
into contact with saliva in the mouth. These results agree with the range of values indicated by the
Guidance for Industry [47,48].

Table 3. Swelling and erosion behavior of CH films incorporated with peptide-loaded CH MPs.

Erosion (%) Swelling (%) Disintegration Time (s)

20.03 ± 1.3 257 ± 56 30

3.3. In Vitro Cell Viability

In addition to the preparation and characterization, the in vitro evaluations of CH films with
peptide-loaded CH MPs are important for understanding the behavior of these delivery systems in
biological systems, as well as for elucidating the nature of interaction between the delivery system and
tissues, i.e., the biocompatibility. Among the biocompatibility tests, cytotoxicity is preferred as it is
simple, fast and has a high sensitivity. The cytotoxicity test is one of the most important methods for
biological evaluation. In order to evaluate the cytotoxicity of developed formulations, the MTT assay
was performed. The effect of CH films with peptide-loaded CH MPs on TR146 cells was tested in vitro.

Cytotoxicity ratios and viability were classified according to the following criteria for cytotoxicity:
(a) if viability > 100%, the corresponding cytotoxicity type was class 0, indicating no toxicity;
(b) if viability = 0%, the corresponding cytotoxicity type was class 5, indicating the highest
toxicity; (c) 75–99%, 50–74%, 24–49% and 1–25% viability were categorized as classes 1, 2, 3 and
4, respectively [49].

Figure 3 outlines the results obtained from the MTT assay of TR146 cells after being exposed to
developed formulations for a period of 24 h. The results indicat that all experimental conditions (CH
MPs; peptide-loaded CH MPs; CH films; peptide CH films; CH films with CH MPs; CH films with
peptide-loaded CH MPs) assured high cell viability. Hence, the cytotoxicity could be categorized as
class 1 (Figure 3), which demonstrates that the CH films with peptide-loaded CH MPs have excellent
cell biocompatibility. The results were obtained in conformity with other studies in which chitosan did
not interfere with cell viability [20].

95



Pharmaceuticals 2019, 12, 32

Figure 3. Cell viability under effect of peptide (5 μg/mL); CH MPs, CH film and CH MPs incorporated
into CH film with and without peptide (5 μg/mL), measured by MTT assay and expressed as the
mean± SD (n = 5).

4. Conclusions

The present study presented an innovative approach focused on combining CH MPs with CH
films as delivery systems for the potential administration of peptide/proteins across the buccal
mucosa. CH MPs loaded with antihypertensive peptide were successfully prepared using the ionic
gelation method and showed desirable pharmaceutical properties including small size and high AE%.
Encapsulation of the peptide into CH MPs enhanced the peptide stability and the controlled release.

Chitosan MPs with peptide were incorporated into CH films by solvent casting. The method
used for film production is practical, simple, safe and reproducible. These mucoadhesive films have
the ability to enhance the penetration of large molecules across the oral mucosal surface and have a
protective effect of the MPs, which can elevate the peptide bioavailability.

Therefore, the developed system has ample potential for the delivery of drugs or/and bioactive
molecules (bioactive peptides) by the oral route. It constitutes a good solution for the oral delivery
of antihypertensive small peptides, and might be a potential strategy for hypertension control in
the future.
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Abstract: Although the branched capsular polysaccharides of Streptococcus agalactiae serotype III
(GBSIII PS) and Streptococcus pneumoniae serotype 14 (Pn14 PS) differ only in the addition of a terminal
sialic acid on the GBSIII PS side chains, these very similar polysaccharides are immunogenically
distinct. Our simulations of GBSIII PS, Pn14 PS and the unbranched backbone polysaccharide provide
a conformational rationale for the different antigenic epitopes identified for these PS. We find that
side chains stabilize the proximal βDGlc(1→6)βDGlcNAc backbone linkage, restricting rotation and
creating a well-defined conformational epitope at the branch point. This agrees with the glycotope
structure recognized by an anti-GBSIII PS functional monoclonal antibody. We find the same dominant
solution conformation for GBSIII and Pn14 PS: aside from the branch point, the backbone is very
flexible with a “zig-zag” conformational habit, rather than the helix previously proposed for GBSIII
PS. This suggests a common strategy for bacterial evasion of the host immune system: a flexible
backbone that is less perceptible to the immune system, combined with conformationally-defined
branch points presenting human-mimic epitopes. This work demonstrates how small structural
features such as side chains can alter the conformation of a polysaccharide by restricting rotation
around backbone linkages.

Keywords: capsular polysaccharide; carbohydrate antigen; molecular modeling; Group B Streptococcus;
Streptococcus pneumoniae; conjugate vaccines

1. Introduction

The bacterium Streptococcus agalactiae, usually termed Group B Streptococcus, is a primary cause of
neonatal sepsis and meningitis, particularly in infants born to carriers of the pathogen. The Streptococcus
pneumoniae bacterium is another common cause of serious infections in young infants, including
meningitis and pneumonia. Ten serotypes of Group B Streptococcus have been characterized, of which
serotype III (GBSIII) is currently the most prevalent [1]. Over 90 serotypes of Streptococcus pneumoniae
have been identified, with serotype 14 (Pn14) being the most common cause of invasive pneumococcal
disease in children prior to the introduction of conjugate vaccines [2].

Both of these gram-positive bacteria are encapsulated by polysaccharides that vary in
structure according to bacterial serotype and are essential for bacterial virulence: vaccination with
carbohydrate-protein conjugates can provide effective serotype-specific protection. The Pn14 capsular
polysaccharide (PS) is a component of all licensed conjugate vaccines since the introduction of the
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7-valent Prevenar vaccine. GBSIII PS is present in a trivalent conjugate vaccine targeting serotypes Ia,
Ib, and III that has completed phase-2 trials [3,4] and a hexavalent vaccine currently in clinical trials.

The similarity of the branched GBSIII PS and Pn14 PS has long been of interest [5]: they are
identical except that the GBSIII PS carries a terminal α(2→3)-linked sialic acid (αDNeu5Ac) on the
galactose side chain. The Pn14 PS thus has a four-residue repeat unit (RU) and the GBSIII PS a
five-residue RU, as follows.

Pn14 PS : →6)[βDGalp(1→4)]βDGlcpNAc(1→3)βDGalp(1→4)βDGlcp(1→
GBSIII PS: →6) [αDNeu5Ac(2→3)βDGalp(1→4)]βDGlcpNAc(1→3)βDGalp(1→4)βDGlcp(1→

This structural similarity of the GBSIII PS and Pn14 PS raises the possibility that type-specific
antibodies induced by one of these organisms might protect against disease caused by the other,
a phenomenon referred to as cross-protection. Indeed, vaccination with GBSIII PS has been shown
to raise two types of anti-carbohydrate antibody: a major population recognising the native PS but
not the desialylated PS (equivalent to Pn14 PS) and a minor population that cross-reacts with Pn14
PS. However, the converse has not been found to be true: antibodies elicited by Pn14 PS are not
protective against GBSIII bacteria, although desialylation of the GBSIII PS significantly increases
the cross-reactivity with Pn14 antibodies [6,7]. Evidence for serotype cross-protection is necessarily
indirect and complicated by the fact that cross-reaction of a PS with antibody raised by a different PS
does not reliably predict cross-protection: vaccination raises families of antibodies against various PS
epitopes, not all of which are of high avidity and thus effective opsonophagocytic (killing) antibodies.
Indeed, effective cross-protection between GBSIII and Pn14 has not been demonstrated: antibodies
elicited by Pn14 PS (desialylated GBSIII PS) are not protective against GBSIII bacteria and there is
considerable evidence that the presence of the terminal sialic acid residue is essential for the elicitation
of protective antibodies against GBSIII PS [6–9].

The native PS produced by GBSIII and Pn14 contains between 50 and 300 RU, which is far longer
that the epitope bound by an antibody. There has been some effort expended into identification of the
minimal epitope for both GBSIII PS and Pn14 PS, with some conflicting results (Figure 1). Originally,
on the basis of NMR measurements and molecular modeling, a long 3–4 RU helical conformational
epitope for GBSIII PS was proposed (Figure 1a), with the Pn14 PS being comparatively flexible
and disordered. The antigenic differences between GBSIII and Pn14 were thus originally attributed
to significantly different PS conformations (and hence conformational epitopes), rather than direct
interaction of the antibody with the sialic acid side chain in GBSIII PS [9–12]. The hypothesis was that
anti-GBSIII antibodies bind the helical GBSIII PS backbone (stabilized by the sialic acid residues on the
exterior surface of the helix) and not the sialylated side chain, with a 3 to 4 RU epitope necessary for
raising protective antibodies.

However, this hypothesis is challenged by later work that provides evidence that a helical
conformational epitope of GBSIII PS is not required for antigen recognition and that the sialic acid
participates directly in antibody recognition of GBSIII. Safari et al. investigated the epitope specificity
of GBSIII and showed that human anti-GBSIII PS antibodies recognized the linear backbone epitope
common to Pn14 PS and GBSIII PS: -Glc-GlcNAc-Gal- (Figure 1b) [7]. However, although conjugates of
linear oligosaccharides of GBSIII PS (such as Gal-Glc-GlcNAc, Glc-GlcNAc-Gal, and GlcNAc-Gal-Glc)
did evoke specific oligosaccharide antibodies in mice, these antibodies bound neither native nor
desialylated GBSIII PS. Therefore, it was assumed that they are too small or flexible to raise antibody
and longer chain lengths exhibiting this epitope are required. Furthermore, the recent elucidation
of the crystal structure of a short six-sugar GBSIII epitope in complex with a functional antibody
showed a branched hexasaccharide functional epitope with sialic acid participating directly in antigen
binding [13]. Identification of a short epitope for GBSIII is valuable information for the development of
synthetic vaccines, due to the difficulty and cost associated with synthesis of longer oligosaccharides.
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Figure 1. Schematic representation of the protective epitopes previously identified for GBS PS (left
column) and Pn14 PS (right column). GBSIII: (a) 3–4 RU helical conformational epitope postulated
for GBSIII PS [10,11]; (b) the linear backbone epitope identified from fragment binding to GBSIII
antibodies [14] and (c) a 6-residue epitope identified from a DP2-Fab crystal structure [13]. Pn14: (d) the
tetrasaccharide epitope first identifed by Safari et al. [7,14] and then by Kurbatova et al. [15] from
antibody studies. Structures are depicted using the ESN symbol set [16] with yellow circle: Gal, blue
circle: Glc, blue square: GlcNAc, purple diamond: Neu5Ac.

Effective short, branched epitopes have also been identified for the Pn14 PS: Safari et al.
demonstrated that one RU of the Pn14 PS (Figure 1c) is essential and sufficient for inducing protective
Pn14-specific antibodies: the presence of the trisaccharide branch point in an epitope is crucial for
anti-Pn14 antibody recognition and the extra galactose contributes to the immunogenicity of the
epitope [14]. Kurbatova et al. recently identified a similar branched tetrasaccharide as the most
effective epitope for Pn14 PS [15]. In contrast, linear Pn14 PS fragments were found to be completely
ineffective: none of a range of short linear epitopes of the PS backbone were recognized by Pn14
antibodies [7]. Only branched fragments containing the Gal-Glc-(Gal-)GlcNAc moiety were found to
provide significant protection.

Identification of the capsular polysaccharide epitopes recognized by protective antibodies
(or glycotopes) and their conformation is crucial for understanding the affinity and specificity of
carbohydrate-antibody interactions and, ultimately the cross-protection mechanisms. Furthermore,
identification of the conformational effect of side chains on PS conformation may usefully inform
optimal antigen design and the development of effective conjugate vaccines. However, as direct
experimental evidence of the key PS epitopes is difficult to obtain, systematic molecular modeling
protocols have been developed to provide a theoretical estimate of carbohydrate conformation
and dynamics [17]. In the last decade, a considerable improvement in both carbohydrate force
fields [18–21] and computer hardware has facilitated far larger, longer and more accurate computer
simulations of polysaccharides than was possible when the previous simulations of GBSIII/Pn14 PS
were performed. Therefore, we considered it timely to embark on more extensive modeling of these
capsular polysaccharides. Our aim is to shed light on the remaining unanswered questions on the
conformations of the GBSIII and Pn14 PS, including the following. Does the GBSIII PS have a helical
conformation? Are the conformation and dynamics of the GBSIII PS significantly different to Pn14
PS? What are the likely minimal epitopes for these two PS? Why are some fragments more effective
antigens than others?
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To answer these questions, we compare the solution conformation and dynamics of the GBSIII
and Pn14 PS, as well as the corresponding unbranched saccharide, to determine the effects of the side
chains on the polysaccharide backbone conformation. We ran long simulations of 1 μs, an order of
magnitude more than the previous simulations of 50 ns.

We do not consider O-acetylation of the terminal αDNeu5Ac sialic acid residues [22], as O-acetylation
was not found to be necessary for elicitation of functional antibodies against GBSIII [23]. We find that
contrary to previous simulations, the polysaccharide backbone dynamics is almost identical in the GBSIII
and Pn14 polysaccharides. The backbone is not helical, but rather has a highly flexible zig-zag conformation,
whereas the branch points are relatively inflexible with well-defined conformational epitopes. In contrast,
the unbranched PS is highly flexible and conformationally varied. Our results are supported by NMR
NOESY experiments performed on the GBSIII polysaccharide.

2. Materials and Methods

Our established systematic approach to modeling of polysaccharide antigens involves first
determining the preferred conformations of each of the glycosidic linkages in the polysaccharide
by calculation of the φ, ψ potential of mean force (PMF) for the corresponding disaccharides and
then progresses to molecular dynamics simulations of three- and six-RU oligosaccharides in aqueous
solution to establish the preferred conformations and dynamics of the carbohydrate chains [24–26].

2.1. Disaccharide PMF Calculations

We identified the preferred conformations of the each of the glycosidic linkages in isolation
by calculation of the potential of mean force (PMF) for rotation about the φ and ψ dihedral
angles. PMFs were calculated using the metadynamics [27] routine incorporated into NAMD [28]
with the glycosidic linkage torsion angles used as collective variables. For the three-bond (1→6)
linkages, we calculated a two-dimensional PMF as a function of φ and ψ only, allowing the ω

dihedral to rotate freely. All PMF surfaces were calculated in gas-phase, except for the charged
αDNeu5NAc(2→3)βDGalp disaccharide, which required simulation in explicit aqueous solution with a
neutralizing counter-ion. Gas phase PMFs for uncharged disaccharides have been demonstrated to be
a reasonable approximation to solution PMF in a polysaccharide [25,29,30].

2.2. Molecular Dynamics Simulations

All simulations were performed with the NAMD molecular dynamics program [28] version 2.12
(employing NAMD CUDA extensions for calculation of long-range electrostatics and nonbonded
forces on graphics processing units [31]). Carbohydrates were modeled with the CHARMM36 additive
force field for carbohydrates [19,32] and water was simulated with the TIP3P model [33].

Initial configurations of three-repeat (3 RU) and six-repeat unit (6 RU) oligosaccharides for GBSIII
and Pn14 PS were built using our in-house CarbBuilder software [34,35] which employs the psfgen
tool to create “protein structure” (psf) files for modeling with the CHARMM force field and the NAMD
molecular dynamics program. These initial oligosaccharide structures were optimized through 20,000
steps of standard NAMD minimization in vacuum and then solvated (using the solvate plugin to the
Visual Molecular Dynamics (VMD) [36] analysis package) in a periodic cubic unit cell with randomly
distributed sodium ions to electrostatically neutralize the system.

All MD simulations were preceded by a 30,000 step minimization phase, with a temperature
control and equilibration regime involving 10 K temperature reassignments from 10 K culminating
in a maximum temperature of 300 K. Equations of motion were integrated using a Leap-Frog Verlet
integrator with a step size of 1 fs and periodic boundary conditions. Simulations were performed
under isothermal-isobaric (nPT) conditions at 300 K maintained using a Langevin piston barostat [37]
and a Nose-Hoover [38,39] thermostat.

Long-range electrostatic interactions were treated using particle mesh Ewald (PME) summation,
with κ = 0.20 Å−1 and 1 Å PME grid spacing. Non-bonded interactions were truncated with a
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switching function applied between 12.0 and 15.0 Å to groups with integer charge. The 1–4 interactions
were not scaled, in accordance with the CHARMM force field recommendations.

Each metadynamics simulation comprised a 1500 ns MD simulation, with a Gaussian hill height
of 0.5 and width of 2.5 degrees. Structures were collected at intervals of 250 ps for analysis. For the
solution simulation, the αDNeu5NAc(2→3)βDGalp disaccharide was placed in the center of a cubic
box with sides of 30 Å. The box was filled with approximately 2500 water molecules and a single Na+

counter ion.
The 3RU strands were placed in the center of a cubic water box with sides of 60 Å, while the 6RU

strands employed a box of length 80 Å. The Pn14 strands were solvated with 6810 (3RU) and 16,313
(6 RU) water molecules, while the GBSIII strands used 6790 (3 RU) and 16,279 (6 RU) water molecules.
The GBSIII systems were neutralized with 3 (3 RU) and 6 (6 RU) Na+ ions. In each case, the system was
equilibrated 0.03 ns with a cycled temperature increase from 0 K to 300 K in 10 K increments with each
cycle commencing with a 10,000 step energy minimization followed by a 0.001 ns MD simulation at the
specified temperature until 300 K. The 3 RU MD simulations ran for 250 ns and the 6 RU simulations
ran for 1 μs.

2.3. Data Analysis

In this work, two-bond (1→X) glycosidic linkages are defined by the torsion angles φ =
H1′–C1′–OX–CX and ψ = C1′–OX–CX–HX. The (2→3) glycosidic linkages use φ = C1′–C2′–O3–C3
and ψ = C2′–O3–C3–H3. These definitions for φ and ψ are analogous to φH and ψH in IUPAC
convention. For the (1→6) glycosidic linkage, the three dihedral angles are defined as φ =
H1′–C1′–O6–C6, ψ = C1′–O6–C6–C5 and ω = O6–C6–C5–O5.

Analysis of the simulations used time series frames 25 ps apart, discarding the first 100 ns as
equilibration. Molecular conformations extracted from the MD simulations were depicted with VMD,
where necessary using the PaperChain visualization algorithm for carbohydrates [40] to highlight the
hexose rings. Dihedral angles from the simulations and the DP2-Fab complex crystal structure (PDB
ID code 5M63) were extracted using VMD’s Tcl scripting interface and statistical values calculated
with in-house Python scripts. The DP2 fragment comprises RU2 with a terminal 2,5-anhydro-D-Man.
The GBSIII 6RU simulation conformations and the DP2-Fab complex crystal structure were aligned for
comparison on the ring atoms of the αDNeu5NAc(2→3)βDGalp(1→4)βDGlcpNAc branch point.

Conformations from both 3RU trajectories were clustered using VMD’s internal measure cluster
command to calculate clusters according to the quality threshold algorithm [41]. Frames were aligned
on the GlcNAc residues in RU1 to RU5 of the 6RU chains. Clustering was then performed with a
cut-off of 7 Å on an RMSD fit to the atoms in the backbone residues of RU1 to RU5.

2.4. NMR Analysis

The GBSIII polysaccharide sample (10 mg) was lyophilized and exchanged twice with 99.9%
D2O (Sigma Aldrich, Pty. Ltd., Johannesburg, South Africa), then dissolved in 600 μL of D2O and
introduced into a 5 mm NMR tube for data acquisition. 1D 1H and 13C and 2D, COSY, TOCSY, NOESY,
HSQC, HMBC and hybrid HSQC-TOCSY and HSQC-NOESY spectra were obtained using a Bruker
Avance III 600 MHz NMR spectrometer (Bruker BioSpin AG, Fällanden, Switzerland) equipped with
a BBO Prodigy cryoprobe and processed using standard Bruker software (Topspin 3.2). The probe
temperature was set at 343 K. The 2D TOCSY experiment was performed using a mixing time of
180 ms and the 1D variants using a mixing time of 200 ms. The 2D NOESY experiment was performed
using a mixing times of 300 and 500 ms and the 1D variants using mixing times of 300, 400 and
500 ms. The 1H-13C HSQC and HMBC experiments were optimized for J = 145 Hz and 8 Hz, and the
HSQC-TOCSY and HSQC-NOESY experiments were recorded using mixing times of 120 and 250 ms,
respectively. 2D experiments were recorded using non-uniform sampling: 50% for homonuclear and
25% for heteronuclear experiments. Spectra were referenced relative to the H3ax/C3 signal of terminal
sialic acid: 1H at 1.79 ppm and 13C at 40.68 ppm [42].
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3. Results

Our 1 μs simulations of 6 RU show that polysaccharides with the →6)βDGlcpNAc(1→3)βD

Galp(1→4)βDGlcp(1→ backbone are all extremely flexible, with none of the well-defined conformations
we have found in other, linear bacterial polysaccharides [24,25]. However, a closer inspection of the
range of motion for GBSIII PS, Pn14 PS and the unbranched backbone PS reveal a common dominant
conformational habit, as well as significant differences in flexibility.

3.1. PS Chain Conformations

In Figure 2, we quantify range of motion for these very flexible polysaccharides with the simple
end-to-end distance, r, measured between the GlcNAc O5 atoms in repeat units RU1 and RU6
(illustrated on a sample conformation in Figure 2a). Comparison of the time series (Figure 2, center
column) and distribution (right column) of r shows that GBSIII PS is the most conformationally defined,
and the unbranched polysaccharide backbone the most flexible, of the three molecules. Only 12% of
the GBSIII PS conformations have r < 40 Å, as compared to 25% for Pn14 and 33% for the unbranched
backbone. Overall, the unbranched backbone is less extended (more globular) than the branched
polysaccharides and shows more rapid conformational transitions (compare time series plots in
Figure 2b–d). The corresponding mean squared end-to-end distances for the simulations reflect this
trend: 2505 Å (GBSIII), 2157 Å (Pn14) and 1993 Å (backbone).

Figure 2. Polysaccharide end-to-end distance distributions for the 6RU PS. (a) The molecular end-to-end
distance, r, is defined as the distance between O5 atoms in GlcNAc residues in RU1 and RU6,
here shown on the GBSIII PS. The center column shows the r time series for (b) GBSIII PS, (c) Pn14
PS and (d) unbranched backbone PS. The corresponding distance distributions are in the rightmost
column for (e) GBSIII PS, (f) Pn14 PS and (g) the unbranched backbone PS.
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Although flexible, the GBSIII PS and Pn14 PS have a similar dominant overall conformation
with 48 < r < 58 Å. Here the PS backbone has an overall “zig-zag” arrangement, bending at the
1→6 linkage, with the side chains exposed at the branch points, as shown in the GBSIII schematic in
Figure 3a and the sample conformation in Figure 3b.

(a) (b)

Figure 3. The ‘zig-zag’ conformational habit of GBSIII and Pn14 PS. (a) Schematic representation with
the ESN symbol set [16] (yellow circle: Gal, blue circle: Glc, blue square: GlcNAc, purple diamond:
Neu5Ac) and (b) a representative 6RU GBSIII PS simulation snapshot. Residues are highlighted as
follows: Glc and GlcNAc: blue; Gal: yellow; sialic acid: purple.

This conformation is in very good agreement with the new antibody binding model recently
proposed for GBSIII PS (see Figure 5 in Carboni et al. [13]). Figure 4 shows the GBSIII PS conformations
from our 6RU simulation superimposed on the solved crystal structure for DP2-Fab. The zig-zag
conformation of the backbone exposes the sialic acid side chain for binding (Figure 4a) with the
flexible backbone held well away from the antibody over the course of the simulation (Figure 4b).
Conversely, we find no evidence in our simulations to support the helical model for GBSIII PS
previously proposed [10,11]. Further, in the zig-zag conformation, the polysaccharide backbone is
relatively inaccessible to antibody binding.

However, although the 6RU backbone shows the same dominant conformation for GBSIII PS,
Pn14 PS and the unbranched backbone PS, they have a significant difference in flexibility. Clustering
of the simulation conformations shows that, while GBSIII PS is in this general zig-zag conformational
family for 85% of the simulation, Pn14 PS is more flexible and is in a zig-zag for 78% of the simulations,
moving occasionally into alternative, more bent conformations (with smaller r). The unbranched
backbone polysaccharide is the most disorganised, with the zig-zag appearing for 66% of the simulation
and showing significant sub-populations of globular conformations (with r < 25 Å).

The source of the conformational differences between the polysaccharides is a conformational
constraint on the βDGlc(1→6)[βDGal(1→4)]βDGlcNAc linkage in GBSIII PS and, to a lesser extent,
in Pn14 PS. The conformation and flexibility of the other backbone linkages (βDGlcpNAc(1→3)βDGalp
and βDGalp(1→4)βDGlcp) is very similar in all three polysaccharides—see a detailed analysis in
Appendix A, particularly Figure A1. However, for the βDGlcp(1→6)βDGlcpNAc linkage, proximity of
the side chains impose a restriction on rotation, as follows.
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(a) (b)

Figure 4. GBSIII 6RU structures superimposed on the bound branch point of the DP2-FAb crystal
structure from Carboni et al. [13] (PDB ID code 5M63): (a) a single representative structure and
(b) superimposed conformational snapshots at 12.5 ns intervals (with the first 125 ns discarded
as equilibration).

3.2. Conformations of the 1→6 Linkage

Figure 5 provides a comparison of the flexibility of the three-bond glycosidic linkage in a
βDGlcp(1→6)βDGlcpNAc disaccharide and the GBSIII PS, Pn14 PS and unbranched backbone PS.
The three dihedral angles describing rotation about the three bonds in the (1→6) glycosidic linkage are
here defined as φ = H1′–C1′–O6–C6, ψ = C1′–O6–C6–C5 and ω = O6–C6–C5–O5. These dihedrals are
labeled on the GBSIII fragment in Figure 5, left. A PMF energy surface for the (1→6) glycosidic linkage
has, therefore, three dimensions. However, for ease of visualization and comprehension, we show
only 2D projections of the 3D volume: the φ, ψ PMF (Figure 5a) and the φ, ω PMF surface (Figure 5b)
for a βDGlc(1→6)βDGlcNAc disaccharide in the gas phase. These PMF surfaces illustrate the range
of motion possible for an unrestrained linkage. The φ, ψ PMF in Figure 5a reveals that the central
bond in the linkage described by the ψ dihedral is relatively flexible, with multiple minima within
the 2 kcal·mol−1 contours: a global minimum conformation at ψ = 71◦, a secondary anti minimum
conformation at ψ = −179◦ and a tertiary minimum in the ψ = −60 region. In contrast, rotation about
the φ dihedral is much more constrained, with a broad global minimum around 0◦ < φ < 75◦ and a
narrow secondary well at φ = 160◦. The φ, ω PMF surface in Figure 5b confirms these minima for φ and
shows the expected three minima for the ω dihedral, which are by convention termed gg (ω ≈ −60◦),
gt (ω ≈ 60◦) and tg ω ≈ 180◦). Glucopyranosides are expected to be primarily in the gg conformation,
with the gg:gt:tg population ratios approximately 6:4:0 [43].

As a comparison to the unrestrained disaccharide, the range of motion actually explored during
the simulations of the 6RU oligosaccharides is revealed by the corresponding dihedral time series
scatter plots superimposed on the disaccharide PMFs. The restriction of the βDGlc(1→6)βDGlcNAc
linkage in GBSIII is apparent in the time series scatterplots for the 6RU GBSIII oligosaccharide strand
(Figure 5, second column). These confirm a single dominant conformer for GBSIII, with average torsion
angle values φ, ψ, ω = 51◦, −175◦, −67◦ (standard deviations = 10, 11, 8 respectively). These angles are
compatible with the GBSIII DP2-Fab complex crystal structure where this linkage has φ, ψ, ω = 51◦,
140◦, −70◦ (indicated by ‘X’ on the PMF plots in Figure 5a,b). The central 1→6 linkage in GBSIII
PS is in this dominant conformation for 100% of the simulation and the ω dihedrals remain in the
low-energy gg conformation for the duration.
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Figure 5. Rotation of the three-bond βDGlc(1→6)βDGlcNAc linkages in GBSIII, Pn14 and the
unbranched backbone PS. The φ, ψ and ω angles describing the orientation of this linkage are labeled
on the GBSIII fragment shown on the left. Contoured 2D (a) φ, ψ PMF and (b) the φ, ω PMF surfaces
for a βDGlc(1→6)βDGlcNAc disaccharide in the gas phase illustrate the range of motion possible for an
unrestrained linkage. Contours are drawn at intervals of 1 kcal·mol−1 to a maximum of 12 kcal·mol−1

and ‘X’ markers indicate dihedral angle values from the six-sugar GBSIII epitope identified in the
DP2-Fab crystal structure [13]. The range of motion actually explored by the 6RU oligosaccharides
is demonstrated with time series scatter plots of the two central βDGlc(1→6)βDGlcNAc linkages in
the 6RU strands superimposed on the PMFs as follows: (c) GBSIII φ, ψ; (d) GBSIII φ, ω; (e) Pn14 φ, ψ;
(f) Pn14 φ, ω; (g) unbranched backbone φ, ψ; and (f) unbranched backbone φ, ω.

The average torsion angle values for Pn14 PS are φ, ψ, ω = 50◦, 180◦, −62◦ (standard deviations =
12, 18, 26 respectively). The central βDGlc(1→6)βDGlcNAc linkage is in the dominant conformation
(equivalent to the GBSIII PS) for 91% of the simulation. The increase in standard deviation for the φ

and ω dihedrals relative to GBSIII PS is indicative of increased flexibility and alternative conformations
of the ω dihedral, which shows a ratio of approximate 10:1 of gg to gt conformations, with no tg
conformations appearing. Therefore, the 1→6 linkage shows a slight increase in flexibility relative to
GBSIII PS, which is cumulative with increasing chain length. This reflects the increased constraint on
the backbone imposed by the terminal sialic in the GBSIII side chain.

The 1→6 linkage is markedly more flexible in the unbranched backbone saccharide and the zig-zag
conformation drops to 86% of the simulation. The average torsion angle values for the unbranched
backbone are φ, ψ, ω = 50◦, −179◦, −69◦ (standard deviations = 15, 22, 30 respectively). In particular,
the ω dihedral has an 8% population of gt conformations and a small population of tg conformations.
In addition, both the φ and ψ dihedrals show a broader range of rotation.

Interestingly, we saw no effect on conformation and dynamics of increasing chain length.
Our simulations of 3RU for GBSIII and Pn14 PS showed the same dihedral populations as the middle
linkages in the 6RU simulations (data not shown). Further, we performed a 250 ns simulation of
the effective branch epitope previously identified (Figure 1d) [14,15]. This molecule shows the same
conformation of the branch point and other dihedrals as Pn14 PS (see Appendix B, Figure A2) and is
thus a faithful representation of the branch point in the Pn14 PS.

3.3. Inter-Residue Atomic Contacts in GBSIII

In GBSIII PS, interactions between the side chain and the backbone residues stabilize the
conformation of the 1→6 linkage. We compare the simulation data with NMR NOESY experiments on
the GBSIII PS, focussing on inter-residue NOEs that are diagnostic for close proximity of the side chain
to the backbone.

In GBSIII PS, hydrogen bonding interactions between the side chain sialic acid (SA) and side
chain Gal (Gal’) and the backbone Glc and Gal stabilize the conformation of the 1→6 linkage,
as follows. Transient hydrogen bonds occur between the bound SA O9 and backbone Gal O2
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(shown in Figure 6a) as well as SA O9 – Glc O3 and SA O8 – Glc O2 hydrogen bonds (occasionally
simultaneous, as in Figure 6b). The crystal structure for the GBSIII PS fragment in DP2-Fab shows
a close hydrogen bond between SA O9 and and the Glc O6, with distance of 2.8 Å [13]. We do
not find this hydrogen bond in our simulations, although the atoms come within 4 Å of each other.
This is due to the fact that the sialic acid is in an alternative (higher energy) conformation in the
crystal structure—possibly stabilized by interactions with the antibody. The conformation of this
sialyl linkage is known to have no fixed standard conformation and to be heavily dependent on the
molecular environment [44]. See Appendix A and Figure A1e for more detailed analysis of the sialic
acid conformation. Unfortunately, considerable overlap between the signals of the NAc group of SA
and GlcNAc precluded investigation of contact between the sialic acid side chain and the backbone in
GBSIII, as previously reported [13].

Additional hydrogen bonds occur between the Gal’ O2 and backbone Glc O3 in both the GBSIII PS
and Pn14 PS simulations. In this case, NMR signals are better resolved: a series of 1D and 2D NOESY
experiments gave key H1 Glc crosspeaks to H4, H5 and both H6s of the neighboring GlcNAc (consistent
with the βDGlc(1→6)[βDGal(1→4)]βDGlcNAc linkage) as well as small additional correlations to the
main chain repeating unit (Figure 6c(iii)). In particular, peaks for H1 Glc to H1 Gal’ as well as H1 Glc
to H3 Gal’ provide evidence for close proximity of the side chain to the backbone and are consistent
with our simulations. This is corroborated by 2D NOESY cross peaks, as well as peaks from the
well-resolved H2 of Glc at 3.36 ppm to H1 and H3 of Gal’ (Figure 6c(iv)).

→ α → β → β → β → β →

Figure 6. Inter-residue contacts in GBSIII PS. (a) Example of SA O9–Gal O2 hydrogen bond between
the side chain and the backbone residues. (b) Example of simultaneous SA O9–Glc O3 and SA O8–Glc
O2 hydrogen bonds. (c) Overlay of 1D NMR experiments of GBSIII PS showing (i) 1D proton spectrum;
(ii) 1D TOCSY (200 ms) with irradiation of H2 Glc; (iii) 1D NOESY (500 ms) with irradiation of H1 Glc;
and (iv) 1D NOESY (500 ms) with irradiation of H2 Glc.
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4. Discussion

This modeling study shows that the polysaccharide backbone conformation is very similar
in the GBSIII and Pn14 polysaccharides, albeit with increased flexibility for Pn14 PS. Both GBSIII
and Pn14 PS exhibit a constrained branch epitope and a flexible zig-zag backbone. The zig-zag
conformation is in remarkable agreement with the binding model for GBSIII PS proposed by
Carboni et al. [13]. The βDGlc(1→6)[βDGal(1→4)]βDGlcNAc branch point is a relatively rigid
and exposed component of the flexible backbone, and thus a likely site for antibody binding.
This stationary branch point is in agreement with preclinical evidence that has indicated that the
Pn14 branching element βDGalp(1→4)]βDGlcpNAc is necessary and sufficient for induction of an
effective antibody response [14]. Further, the lack of accessibility of the backbone in GBSIII and
Pn14 PS to antibody binding together with increased flexibility and alternative conformations of the
unbranched backbone provides a rational for why antibodies to linear oligosaccharide fragments of
GBSIII PS (such as Gal-Glc-GlcNAc, Glc-GlcNAc-Gal, and GlcNAc-Gal-Glc) bound neither GBSIII
PS nor Pn14 PS [7]. In addition, the lack of extended conformational epitopes supports experimental
data that finds short epitopes to be effective for GBSIII and Pn14, epitopes comprising solely their
respective branch points and side chain (i.e., βDGlc(1→6)[αDNeu5Ac(2→3)βDGal(1→4)]βDGlcNAc
and βDGlc(1→6)[βDGal(1→4)]βDGlcNAc, respectively). This is consistent with the DP2-Fab crystal
structure elucidated by Carboni et al.: the binding involves the branch and does not require a
conformational epitope [13].

Kurbatova et al. identified a βDGalp(1→4)βDGlcp(1→6)[βDGalp(1→4)]βDGlcpNAc
tetrasaccharide as the most effective epitope for Pn14 PS, as compared to hexa- and octasaccharides in
a mouse model [15]. Our work provides a possible explanation for this: vaccination with this primary
epitope could raise a single class of effective antibody, as opposed to a family of antibodies raised by
the more flexible hexa- and octasaccharides, thus making this short chain more protective. In contrast,
the hexa- and octasaccharides could potentially present epitopes not present in the polysaccharide,
as seen in the unbranched backbone.

The flexible zig-zag conformation and stationary branch point were not identified for the Pn14 PS
in the earlier study. In contrast to the small 8% population of the gt conformation in Pn14 that we see
in these simulations, in the 5RU simulations with the AMBER force field by González-Outeiriño et al.
the Pn14 oligosaccharide showed a nearly 50:50 mixture of the gg to gt rotamers, whereas the GBSIII
PS remained almost constantly in the gg conformation. This discrepancy was attributed to an anomaly
arising from insufficient equilibration in the 50 ns simulations [10]. Therefore, the extreme flexibility
of Pn14 PS and disordered structure as compared to GBSIII PS suggested by this prior work could
be a consequence of the increased flexibility of this dihedral in the AMBER force field as compared
to the CHARMM force field. In the presence of competing computational models, experimental
evidence is key. The DP2-Fab crystal structure provides evidence that a short strand can effectively
bind to an antibody and that a helical conformation of the backbone is not necessary for antigen
binding. In addition, we observed inter-residue NMR NOEs for the GBSIII PS that are consistent with
our simulations.

The branches of the GBSIII and Pn14 PS both present common terminal glycan epitopes:
3-Sialyl-N-acetyllactosamine is present in human biofluids and is a common sequence terminating
N- and O-glycans on the surface of all mammalian cells, while the shorter βDGalp(1→4)]βDGlcpNAc
constitutes the ubiquitous LacNAc building block in mammalian N-linked protein glycans. In general,
mimics of mammalian cell surface residues can subvert the immune system.

This work thus suggests a strategy for bacterial evasion of the host immune system: expression of
a very flexible backbone that is shielded from the immune system by both its zig-zag conformation
and hyper-mobility, combined with exposed, inflexible branches that present human-mimic epitopes.
This strategy should be considered with other polysaccharides with similar backbones and human-like
branch epitopes, where it is likely that the branch points will be key to immunogenicity.
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In summary, this work demonstrates how small structural features such as side chains can alter the
conformation of a polysaccharide by restricting rotation around backbone linkages. It also highlights
the explanatory power of simulation for optimal antigen design and the development of effective
conjugate vaccines.
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Appendix A. Analysis of Glycosidic Linkages

The GBSIII glycosidic linkages can be conveniently classified into the three linkages which make
up the common polymer backbone and the two glycosidic linkages which comprise the side chains.
The contoured disaccharide φ, ψ PMF energy surfaces for disaccharides representing all the constituent
linkages in GBSIII (Pn14 and the backbone being subsets) are shown in the left column of Figure A1.
The three linkages which make up the common polymer backbone are shown in the top three rows
and the two glycosidic linkages which comprise the side chains in the bottom two rows.

Appendix A.1. βDGlcNAc(1→3)βDGal

The βDGlcNAc(1→3)βDGal backbone linkage is flexible: the φ, ψ PMF (Figure A1a, left) shows
a broad, shallow central well, encompassing the global energy minimum at φ, ψ = 54◦, 16◦, and a
secondary syn-syn minimum at φ, ψ = 44◦, −54◦ with ΔG = 1 kcal·mol−1. This is compatible with the
GBSIII DP2-Fab complex crystal structure [13], where this linkage has angles equivalent to φ, ψ = 35◦,
−9◦ (indicated by ‘X’ on the PMF plot). In addition, the tertiary anti-ψ minimum is also relatively low
in energy (ΔG = 1.5 kcal·mol−1), albeit with a high energy barrier to rotation of >6 kcal·mol−1.

The time series scatter plots for this linkage in GBSIII, Pn14 and the unbranched backbone
show that all 6RU oligosaccharides explored the full range of linkage conformations in the central
well, with the average φ,ψ value showing a shift to favor the secondary well in solution (Table A1).
This is in agreement with the reported behaviour of this linkage in the sialyl Lewis X pentasaccharide
(sLeX-5) for a 500 ns MD simulation at 37 ◦C in explicit water [45]. However, transitions to the anti-ψ
conformation occurred rarely throughout the duration simulations. This is in contrast to sLeX-5,
where the unconstrained terminal βDGal showed a significant population of the anti-ψ conformation.
This difference is likely due to the more constrained environment in the oligosaccharides, as our
βDGlcNAc(1→3)βDGal vacuum PMF is very similar to the energy map calculated for this linkage
in sLeX-5. Indeed, the previous 5RU simulations of GBSIII and Pn14 by González-Outeiriño et al.
showed an even smaller range of motion for the βDGlcNAc(1→3)βDGal linkage, encompassing only
the vacuum global energy minimum (Table A1). This can be attributed to limited conformational

112



Pharmaceuticals 2019, 12, 28

sampling in the earlier 50 ns simulations, as transitions between the two minima in the central well
occurred on a 20- to 50 ns time scale in our oligosaccharide simulations.

Figure A1. The left column shows contoured disaccharide φ, ψ PMF surfaces
for (a) βDGlcNAc(1→3)βDGal, (b) βDGal(1→4)βDGlc, (c) βDGlc(1→6)βDGlcNAc,
(d) βDGal(1→4)βDGlcNAc and (e) αDNeu5Ac(2→3)βDGal. The PMF for the charged
αDNeu5Ac(2→3)βDGal disaccharide is in solution, all others are gas-phase. Contours are
drawn at intervals of 1 kcal·mol−1 to a maximum of 12 kcal·mol−1 and ‘X’ markers indicate dihedral
angle values from the six-sugar GBSIII epitope in complex with Fab crystal structure [13]. Scatter plots
of the corresponding two central linkages in the 6RU oligosaccharide strands for the last 900 ns of
simulation time are superimposed on the PMFs for 6RU of GBSIII (column 2, green), Pn14 (column 3,
red) and the unbranched backbone (right column, purple).
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Table A1. Average values of the glycosidic dihedrals in degrees for the two middle repeating
units of 6 RU of GBSIII and Pn14 and the unbranched backbone, including comparison with
González-Outeiriño et al. [10] (standard deviations in parenthesis). * Note that the 1→6 linkage
comprises three diehdrals.

PMF GBSIII Pn14
Backbone

φ, ψ, ω φ, ψ, ω φ, ψ, ω

βDGlcNAc(1→3)βDGal 54, 16 45 (12), −22 (25) 45 (13), −20 (27) 44 (12), −23 (26)
González-Outeiriño et al. 42 (13), 2 (18) 41 (12), 1 (19)

βDGal(1→4)βDGlc 56, −1 47 (14), −14 (40) 49 (15), −14 (37) 49 (14), −17 (46)
González-Outeiriño et al. 47 (12), 8 (12) 43 (12), −7 (16)
βDGlc(1→6)βDGlcNAc * 26, 71 51 (10), −175 (11), −67 (8) 50 (12), −180 (18), −62 (26) 50 (15), −179 (22), −69 (30)
González-Outeiriño et al. 41 (10), −159 (22), −67 (9) 40 (14), −167 (31), −65 (10)

βDGal(1→4)βDGlcNAc 49, 1 50 (10), 0 (14) 50 (11), −2 (18)
González-Outeiriño et al. 39 (10), 5 (10) 43 (11), 5 (11)

αDNeu5Ac(2→3)βDGal −66, 1 −70 (21), −8 (19) -
González-Outeiriño et al. −173 (14), −11 (11)

Appendix A.1.1. βDGal(1→4)βDGlc

The βDGal(1→4)βDGlc linkage is also flexible. The φ, ψ PMF (Figure A1b, right) has a single
central syn-syn well with the global energy minimum at φ, ψ = 56◦, −1◦ and both a narrow anti-φ
minimum (ΔG = 0.5 kcal·mol−1) and an anti-ψ minimum (ΔG = 3.6 kcal·mol−1). In the crystal structure
of the six-sugar GBSIII epitope in complex with Fab, this linkage has angles equivalent to φ, ψ = −14◦,
6◦ and φ, ψ = 45◦, −6◦ (indicated by ‘X’s on the PMF plot). The 6RU simulations of GBSIII and Pn14
show sub-populations of anti-ψ conformations: transitions to this conformation are infrequent and
require long simulation times to become apparent. Indeed, anti-ψ conformations of this linkage were
not reported for the previous 50 ns simulation, which accounts for the smaller ψ standard deviation in
the average value reported by González-Outeiriño et al. (Table A1).

Appendix A.1.2. βDGlc(1→6)βDGlcNAc

This linkage is discussed in detail in the main text.

Appendix A.2. βDGal(1→4)βDGlcNAc

Comparison of the PMF maps reveals that addition of a N-Acetyl group restricts the range
of motion of the βDGal(1→4)βDGlcNAc linkage (Figure A1d, left) somewhat as compared to the
βDGal(1→4)βDGlc linkage (Figure A1b, left). The energy of the anti-ψ minimum is slightly lowered
and the anti-φ minimum raised. This is reflected in the narrower range of rotation in the simulations
of the GBSIII and Pn14 6RU oligosaccharides (Figure A1d). Rotation to the anti-ψ orientation of this
linkage is prevented by the proximity of the backbone βDGlc residue. In Pn14, the last RU which is
not in contact with a branch has a significant population of the anti-ψ conformer. This is in agreement
with simulations of both sLeX [20] and sLeX-5 [45], where the same linkage is constrained by the close
proximity of the branching αLFuc.

Appendix A.3. αDNeu5Ac(2→3)βDGal

The PMF for the charged αDNeu5Ac(2→3)βDGal disaccharide PMF (Figure A1c, left) was
computed in water and shows a very flexible linkage with multiple minima separated by low
energy barriers. The conformation of this sialyl linkage is known to have no fixed fixed standard
conformation and to be heavily dependent on the molecular environment [44]. Indeed, in contrast to
the flexibility of the disaccharide, in our simulation of GBSIII 6RU, a gauche conformation predominates
for this branching residue, with an average value of φ, ψ = −67◦, −4◦. The angle distribution for
this linkage is consistent with previous MD simulations of sLeX [20] and sLeX-5 [45]. In contrast,
González-Outeiriño et al. found that the (φ ≈ −180◦) anti-phi conformations predominated with the
mean of φ, ψ = −173◦, −11◦ and a population ratio for the anti/gauche states of approximately 96:4 [10].
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In the GBSIII DP2-Fab complex crystal structure [13], the unbound branch has angles equivalent to φ,
ψ = −80◦, −17◦ (close to our values) the bound branch has φ, ψ = 54◦, −4◦ (indicated by ‘X’s on the
PMF plot).

Appendix B. Branch Point in Tetrasaccharide

Figure A2. Rotation of the three-bond βDGlc(1→6)βDGlcNAc linkages in Pn14 and the effective
tetrasaccharide epitope previously identified (left) [14]. Time series scatter plots are superimposed on
the φ, ψ PMF (top row) and the φ, ω PMF (bottom row) for the two central βDGlc(1→6)βDGlcNAc
linkages for: (a) Pn14 φ, ψ; (b) Pn14 φ, ω; (c) tetrasaccharide φ, ψ; and (d) tetrasaccharide φ, ω.
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Abstract: Cancer cells of diverse origins express extracellular tumor-specific carbohydrate antigens
(TACAs) because of aberrant glycosylation. Overexpressed TACAs on the surface of tumor cells are
considered biomarkers for cancer detection and have always been prioritized for the development of
novel carbohydrate-based anti-cancer vaccines. In recent years, progress has been made in developing
synthetic, carbohydrate-based antitumor vaccines to improve immune responses associated with
targeting these specific antigens. Tumor cells also exhaust more energy for proliferation than
normal cells, by consuming excessive amounts of glucose via overexpressed sugar binding or
transporting receptors located in the cellular membrane. Furthermore, inspired by the Warburg
effect, glycoconjugation strategies of anticancer drugs have gained considerable attention from
the scientific community. This review highlights a small cohort of recent efforts which have been
made in carbohydrate-based cancer treatments, including vaccine design and the development of
glycoconjugate prodrugs, glycosidase inhibiting iminosugars, and early cancer diagnosis.

Keywords: cancer treatment; carbohydrate antigens; carbohydrate-based antitumor vaccines;
warburg effect; iminosugar; cancer diagnosis

1. Introduction

Carbohydrates are the most abundant complex biomolecules, which play pivotal roles in many
cellular interactions, such as signaling to other cellular molecules or cell surface receptors [1]. A wide
range of monosaccharide and oligosaccharide residues are connected by glyosidic linkages to form
essential glycoconjugates, including glycoproteins, glycolipids, and glycosylated natural products.
Furthermore, the biosynthesis of those glycans is controlled by several enzymes, so any deviation
in the structure of cell surface glycans enables them to encode information essential for disease
progression [2]. Therefore, carbohydrates, which can induce glycan-mediated interactions, are targeted
as pharmaceutical therapeutic agents aimed at treating various pathological diseases.

Historically, many naturally isolated carbohydrates were initially used for the development of
cancer diagnostic tools. As time elapsed, scientists began to embrace synthesizing carbohydrates
for a number of reasons, including the often difficult and lengthy process of obtaining reasonable
quantities of pure compound from natural sources. For example, many research groups have relegated
to synthesizing tumor-associated carbohydrate antigens (TACAs), which have been noted by the
National Institutes of Health as important biomarkers of cancer prognosis, rather than enduring a
cumbersome isolation strategy [3]. In many instances, TACAs alone have been found to be poorly
immunogenic, unable to induce a T-cell dependent immune response, which has been noted as
critical for cancer therapy [3]. At some point in time, scientists began to conjugate TACAs with T-cell
stimulating protein carriers, including keyhole limpet haemocyanin (KLH), tetanus toxoid (TT), bovine
serum albumin (BSA), and diphtheria toxin (CRM197) [4]. Initially, the responses of those monovalent
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vaccines were promising, but with further studies, those protein carriers themselves were found to
act as self-immunogenic and suppress antigen-specific immunogenicity [5]. Subsequently, TACAs
have been coupled with polysaccharides (zwitterionic polysaccharide, PS A1) [6], Toll-like receptor 2
(TLR2) ligand, Pam3CysSerK4 [7], and T-cell peptide epitopes [8], among others, to develop partially
to fully synthetic, self-adjuvating, multi-component cancer vaccines. Some of those aforementioned
vaccines have been able to reach different phases of clinical trials, e.g., a hexavalent vaccine construct,
incorporating GM2, globo H, Ley, clustered Thomsen nouveau (Tn), clustered Thomsen-Friedenreich
(TF), and glycosylated mucin 1 (MUC1) antigens have been used for the treatment of phase II prostate
cancer patients [9].

Aside from carbohydrate-based tumor antigens, cancer cells also contain an increased number
of glucose transporters (GLUTs) and lectins on their membrane surface, which can transport or bind
carbohydrate moieties, respectively. The demand for increased energy in proliferation of cancer
cells is met by GLUTs, which allow for an increased uptake of glucose at a higher rate than normal
cells—a phenomenon commonly referred to as the “Warburg effect” [10]. This effect has garnered
much attention from the community, as many scientists have designed and developed sugar-based
targeted drug delivery. Several cytotoxic agents, e.g., glufosfamide, chlorambucil, busulfan, docetaxel,
paclitaxel, have been glycoconjugated and found to be less toxic to normal cells than the parent
aglycons [11]. Those sugar prodrugs are thought to be cleaved by various intracellular glycosidases.
The majority of carbohydrate-based prodrugs are used to improve pharmacokinetic properties, and the
site of glycosidase cleavage is typically extracellular, allowing for the release of active drugs. Further
research, however, is required to validate the GLUT-mediated cellular entry or GLUT inhibition of
those drugs.

The biosynthesis of certain glycans, such as N-glycans, by altered glycosylation is also considered
a well-known hallmark for cancer progression. Enhanced expression of various glycosyltransferase
enzymes, including N-acetylglucosaminyltransferase V (e.g., GalNAc-TV, GnT-V, MGAT5), are
responsible for an increased number of N-glycans in tumor cells [12]. Some imino natural alkaloids
(e.g., swainsonine, deoxymannojirimycin, castanospermine) were found to be good inhibitors of
specific glycosidases, thereby blocking complete N-glycan processing. Numerous iminoalditols and
their analogs have been synthesized and inhibitory activity analyzed [13].

Over the past few decades, there have also been enormous strides in development with various
sectors of cancer therapeutics, however, patient survival rates are still low when diagnosis is in late
stage tumor progression. Only a few plasma tumor markers, such as prostate specific antigen (PSA),
cancer antigen 125 (CA125), and alpha-fetoprotein (AFP), have been clinically used for early stage
cancer diagnosis in the United States [14]. Most of the plasma tumor antigens are neither sensitive
nor specific enough to detect at a very early stage. Recently, some carbohydrate-based non-invasive
diagnosis cancer tools, such as metabolic oligosaccharide engineering (MOE) imaging technology,
lectin binding, and glycan micro-arrays, have been used to screen tumors [15].

Although a large amount of data is available, this review will mainly focus on glycoconjugate
therapeutics, which have been recently used for cancer treatment and prevention. First, we will
discuss the recent carbohydrate-based vaccine developments with improved immune responses,
glycoconjugated cytotoxic prodrugs for targeted drug delivery, glucosidase inhibiting iminosugars,
and finally early cancer detection.

2. Immune Therapy with Carbohydrate-Based Vaccines

2.1. TACAs and Their Immune Response

Oligosaccharides, which coat the plasma membrane, are linked to proteins or lipids through
the machinery of glycosyltransferases. Usually, the sugar moieties of glycolipids are attached to a
ceramide chain, and for glycoproteins those moieties are linked to the peptide backbone of proteins
via an N-linkage (linked to NH residue of arginine or lysine or an O-linkage (linked to OH residue of
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serine or threonine. As oligosaccharides are embedded on the cell surface, they become a point of
initial contact for many cellular interactions, including the biological transmission of signals, adhesion
of lections, release of cytotoxins, and elicitation of antibodies [16]. However, aberrant or modified
glycosylation patterns on cancer cell surfaces are typically associated with up- or down-regulation of
many glycosyltransferases. For example, in vitro studies reveal that elevations of serum glycosidases,
e.g., β-N-acetylglucosaminidase and β-glucuronidase, have been found to occur in different cancer
cells [17]. Resultant abnormal glycans are overexpressed on many carcinomas, including those in
biopsies of cancer patients.

TACAs are distinctly marked in large number of tumors, but not on normal cells. They promote
tumor cell invasion, cause metastasis, and are immunogenic, making them unique targets for cancer
vaccine design and development. TACAs are divided into two classes [18]. One is protein linked,
including the Tn, Sialyl-Tn (STn) and TF antigens. These antigens are conjugated to the -OH group of
serine and threonine residues, and are the result of truncated glycosylation and premature sialylation
of protein (e.g., Mucin protein). The mutation in molecular chaperone, Cosmc, is responsible for the
lack of cellular β-3-galactosyltransferase (T-synthase), which promotes Tn-antigen (α-GalNAc-Thr/Ser)
formation [19,20]. Furthermore, the blood group precursors, Tn, STn, and TF-antigens, contribute
to form an array of antigens on heavily glycosylated mucin proteins, such as MUC1. Another
classification of TACAs is glycolipid-based. This classification contains the gangliosides GM2, GD2,
GD3, fucosyl-GM1, Globo-H, and Lewisy (Ley), which all contain a lipidated reducing end [3]. The
glycosphingolipids GM2, GD2, and GD3 are involved in human melanomas and Lewis antigens, such
as sialyl Lewis (SLea), SLex, SLex-Lex, are identified human tumor-associated antigens. However,
difficulties in the isolation of those antigens from natural sources, due to the heterogeneity of sugars
on the cell-surface of tumor cells, complicates vaccine design and development. Therefore, many
carbohydrate-based research groups have been resolved to synthesizing homogeneous sugar antigen
constructs, and synthetic efforts are underway to facilitate and advance relevant methods, including
one-pot synthesis [21] and automated oligosaccharide synthesis [22], to expand the chemists’ reagent
repertoire for oligomer assembly.

The feature which hampers the development of carbohydrate-based vaccines is their T-cell
independent nature. Furthermore, TACAs are considered “self-antigens” and elicit B-cell dependent
specific IgM antibodies (possibly IgG3), with no memory T-cell response. The antibodies
against carbohydrate antigens are known to exhibit complement-dependent cytotoxicity (CDC),
antibody-dependent cellular cytotoxicity (ADCC), and interfere with receptor-mediated signaling
to combat tumor cells [23]. After the binding of carbohydrate antigens with the Ig receptors of
B-lymphocytes, they can induce cross-linking with Ig proteins, thus activating B-cells and producing
low affinity IgM antibodies [24]. However, to get a high-affinity IgG response via class switching,
B-cells are required to communicate with T-helper or CD4+ cells. On the other hand, participation
of the antigen-presenting cells (APCs) is necessary for activation of the T-cells (Figure 1). APCs can
capture, internalize, and proteolytically cleave the protein antigens into peptide fragments (~12–15
amino acids long). Those fragments, containing specific antigens, can be presented on the surface of
the APC cells and form a complex with the major histocompatibility complex (MHC) class II molecules.
Afterward, APC cells can migrate to lymphoid organs, and MHC class II-peptide complex can interact
with T-cell receptors of naïve T-lymphocytes—they then become activated [7]. Furthermore, cluster of
differentiation 40 ligand (CD40L) receptors of activated T-helper cells bind with the CD40 on B-cells,
resulting in cytokine signaling by the T-cell. The combination of binding to CD40 and cytokine
production can stimulate B-cells to proliferate and differentiate into plasma and memory B-cells. The
plasma B-cell can secrete antibodies, which can bind with specific surface antigens on cancer cells.
Similarly, long-lived memory B-cells rapidly secrete high affinity antibodies (IgG) on subsequent
exposure to antigens [18]. Furthermore, CD8+ T-cells are also able to recognize glycoconjugated
TACAs (e.g., Tn, TF) with peptides (e.g., MUC1), which have optimal binding affinity for MHC I
molecules [25,26].
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Figure 1. Illustration of immune response to cancer cells. (a) Vaccine constructs containing specific
antigen(s) get internalized inside antigen-presenting cells (APCs) via endocytosis or binding with
specific receptors. While inside APCs, immunogens get proteolyzed by immune proteasomes and
divided into several peptide fragments containing antigen(s). If those fragments get loaded onto MHC
I then they form MHC I complexes. The resulting complex is transported to the surface so that it
can be recognized by CD8+ T-cells. Activated T-cells proliferate to give cytotoxic T-cells [23,27], (b)
fragments binding with MHC II molecules result in an MHC II complex, which is then transported to
the cell surface, activating CD4+ T-cells. Resulting activated cells can further activate B-cells, which
present similar antigenic fragments with MHC II. Activated B-cells differentiate into clones of plasma
and memory B-cells [23,27], (c) antibody-dependent cellular cytotoxicity (ADCC) occurs when IgG
antibodies bind with tumor cells, presenting the target specific antigen(s), then Fc receptors of natural
killer (NK) cells can recognize them and release granzymes (perforin, proteases, etc.), which causes
lysis of tumor cells [28].

2.2. Carrier-Based Carbohydrate Conjugates

To stimulate additional T-cell responses, early attempts to develop carbohydrate–protein conjugate
vaccines involved the conjugation of isolated TACAs with a carrier protein, such as keyhole limpet
hemocyanin (KLH), bovine serum albumin (BSA), diphtheria toxoid (DT), tetanus toxoid (TT),
ovalbumin, human serum albumin (HSA), meningococcal outer membrane protein complex (OMPC),
Hemophilus influenzae protein D, or Pseudomonas aeruginosa exotoxin A (rEPA) [16,18]. Recently, clinical
trials of GD3 ganglioside vaccines and anti-idiotypic monoclonal antibodies, which mimics GD3
gangliosides, were carried out on melanoma patients [29]. The patients were sequentially immunized
with BEC2, anti-idiotypic monoclonal antibody vaccine mimicking GD3, followed by GD3-lactone-KLH
(GD3-L-KLH), or vice versa. Anti-GD3 antibodies were responsive to the GD3-L-KLH vaccine, but there
was a noted poor correlation with previous studies and the result was a low survival outcome [29]. Based
on previous immune responses, several ganglioside-KLHs have been synthesized and further clinical
studies have been carried out [30]. The results obtained led to the synthesis and structural modifications
of TACAs to improve immunogenicity. Over the past number of years, Livingston–Danishefsky research
teams made enormous contributions to the carbohydrate-based vaccine development field. They
reported on the synthesis of a number of oligosaccharides, glycoconjugates, and TACAs, including
Globo-H, Lewisy, Lewisx, Lewisb, KH-1, MUC1, GM2, STn, and Tn, and evaluated, preclinically, the
first generation monovalent KLH-conjugate vaccines [16]. Later, they developed some multicomponent
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vaccines by combining different TACAs on a polypeptide backbone and finally linking it to KLH
(Figure 2a), and further clinical trials have been carried out with a collaboration at the Memorial
Sloan Kettering Cancer Center (MSKCC) [31,32]. Wong et al. also synthesized Globo H vaccines
using several protein carriers, such as keyhole limpet hemocyanion, diphtheria toxoid cross-reactive
material CRM197 (DT), tetanus toxoid, and BSA [33]. Among them, the Globo H-diphtheria toxoid
(GH-DT) vaccine in the presence of α-galactosylceramide C34 adjuvant was able to induce the highest
anti-GloboH IgG antibodies for targeting breast cancer cells [33].

 
Figure 2. Recent development of tumor-associated carbohydrate antigen (TACA) vaccines. (a)
Multicomponent vaccine containing different TACAs [23,31], (b) entirely carbohydrate-based
semi-synthetic vaccine with naturally occurring zwitterionic polysaccharide [34], (c) fully synthetic
carbohydrate vaccine containing Pam3CysSerLys4, T-helper epitope, and Tn-MUC1 epitope [7,35].

The classical method for conjugating TACAs with a protein involves the utilization of a linker
moiety. It has been well documented that linkers themselves can be self-immunogenic or even
suppress the antibody production against carbohydrate antigens. For example, in 2004, Boons et al.
reported that the immunogenicity of the Ley conjugate vaccine was suppressed by a rigid bifunctional
cross-linker—cyclohexyl maleimide [23]. The linker produced strong IgM and IgG responses, but when
a more flexible 3-(bromoacetamido)-propionate linker was used, lower titers of antibody production
against the linker was observed [23]. Recently, a number of linkers, including succinimide esters,
m-maleimidobenzoyl hydrazide, 4-(4-N-maleimidomethyl)cyclohexane-1-carboxyl hydrazide, squaric
acid diesters, and p-nitrophenol esters, have been utilized, depending on the relatively easily accessible
functional groups on the carrier protein and carbohydrate antigen [16]. Other concerns regarding
linkers are chain length, water solubility, low yield, and first attachment either to a protein or antigen.
Even though protein conjugate vaccines contributed to the initial development of tumor therapeutic
vaccines, the immunogenicity of the desired TACA or epitope is now known to be suppressed by
inherently immunogenic protein carrier.

As an alternative to carrier proteins, our group has isolated several zwitterionic polysaccharides
(ZPSs), including PS A1 and PS B from anerobic Bacteroides fragilis (ATCC 25285/NCTC 9343) and
specific type 1 polysaccharide (Sp1) from Streptococcus pneumoniae serotype 1. Like some carrier
proteins, ZPSs are also known to elicit a CD4+ T-cell dependent immune response and invoke class
switching from IgM to IgG [36]. The co-stimulatory molecules CD40 and CD86 or CD80 on the surface
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of APCs also can be induced by PS A1 [37]. PS A1 is also known to bind with toll like receptor-2
(TLR-2) of dendritic cells, which plays an active role in releasing IL-12 and IFN-γ [38].

Our group has synthesized aminooxy Tn, TF, STn, and Globo-H antigens and conjugated them to
chemically treated, oxidized PS A1, aiming to develop entirely carbohydrate-based cancer vaccines
(Figure 2b) [6,34]. The vaccine constructs were injected into C57BL/6J mice, either in the presence
or absence of the TiterMax®Gold and Sigma adjuvant system (SAS)®, which generated antigen
specific, highly robust immune responses (IgM and IgG) noted in enzyme-linked immunosorbent assay
(ELISA) [6,34]. Antibody responses of Tn-PS A1 from adjuvant-free vaccinated mice sera indicate the
possibility of a dual role of PS A1 as both carrier and adjuvant. Further flow cytometry (FACS) data,
with TF and STn-PS B vaccines, also indicated antibody binding to TF-laced MCF-7 cells. Recently, our
group has synthesized a tetrasaccharide repeating unit of PS A1, with alternative charges on adjacent
monosaccharides, and experiments are underway to unlock the mystery surrounding unknown aspects
of carbohydrate immunity [39].

2.3. Fully Synthetic Carbohydrate Vaccines

To avoid immunosuppressive carrier proteins, many self-adjuvating, multicomponent, fully
synthetic vaccines have been proposed by a number of research groups. For example, Boons
et al. proposed a multicomponent vaccine to elicit both cytotoxic T lymphocytes (CTLs) and
antibody-dependent cellular cytotoxicity (ADCC)-mediated humoral immunity [7]. The tripartite
vaccine is comprised of the immunoadjuvant Pam3CysSK4, a peptide T-helper epitope, and an
aberrantly glycosylated MUC1 peptide (B-epitope) (Figure 2c) [7]. The TLR2 ligand is known to
enhance local inflammation and activate the components of the adaptive immune system. The vaccine
containing glycosylated MUC1 was more lytic compared to a non-glycosylated counterpart. The
mucin 1 (MUC1) is a transmembrane protein overexpressed in various tumors, like lung, breast,
pancreas, kidney, ovary, and colon tumors. The extracellular N-terminal domain of MUC1 contains a
variable number of 20 amino acid tandem repeat (VNTR) units, like HGVTSAPDTRPAPGSTAPPA.
It is aberrantly glycosylated in cancer cells but highly glycosylated in normal cells. Because of this
distinguishable characteristic, the National Cancer Institute (NCI) has declared MUC1 as a prioritized
cancer antigen among 75 TACAs, therefore many research groups are attempting to develop vaccine
constructs utilizing peptide backbones present in VNTR [35].

Mice are usually immunized with vaccines in the presence of adjuvants, which is thought to
make the vaccine immunogenic enough to ignore the self-tolerance immunogenicity towards TACAs
and boost the immune response [40]. Recently, self-adjuvating vaccines, containing the immunogenic
antigens as well as the adjuvants, in a single-entity, have begun to draw much attention in the vaccine
arena. For example, in 2017, Yin and co-workers reported a fully synthetic self-adjuvating vaccine
candidate [41]. This two-component vaccine contains: (i) an invariant natural killer T (iNKT) cell
ligand, α-galactosylceramide (αGalCer), and (ii) a sialyl Tn (STn). This STn-αGalCer vaccine construct
showed remarkable efficacy in inducing antibody class switching from IgM to STn-specific IgG (IgG1
and IgG3 subtypes) antibodies [41].

To improve the antigen stability against glycosidases and enhance the in vivo bioavailability, a fully
synthetic vaccine has been reported. The vaccine is comprised of four clustered Tn-antigen analogs, an
immunostimulant peptide (OvaPADRE), and a cyclopeptide scaffold. This vaccine prototype, thus far,
has elicited long-lasting antibodies able to bind Tn expressing MCF-7 human breast cancer cells, and it
was observed to produce high titers of IgG1, IgG2a, and IgG3 antibodies [42].

3. Glycosylation for Specific Anticancer Drug Delivery

3.1. Glucose Metabolism in Cancer Cells and Warburg Effects

Unlike normal cells, many cancer cells consume an abundance of glucose, and have a higher
rate of aerobic glycolysis to supply the increased energy required for their rapid proliferation [43].
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Tumor cells can alter cellular metabolism during the transition from a normal to abnormal state.
Normally, during glucose metabolism or glycolysis, one molecule of glucose is converted into two
pyruvates, two molecules of ATP, and two reduced nicotinamide adenine dinucleotide (NADH)
molecules. In the presence of oxygen, pyruvate undergoes oxidation to CO2 and H2O, and generates
36 additional ATPs per glucose (Figure 3), whereas in the absence of oxygen, pyruvate gets reduced
to lactic acid [44]. However, in cancer cells, a large amount of glucose can also be converted to lactic
acid, regardless of the availability of oxygen. This kind of unusual metabolism opens the windows
for many cancer-targeting therapeutics. This tendency of a higher rate of glucose consumption or
increased aerobic glycosylation phenomenon, known as the Warburg effect, was first observed by the
German scientist Otto Warburg in 1926, and has become an object of significant interest in defeating
cancer [10]. The Warburg Effect was later utilized in a clinical study, when the use of a radio labeled
glucose-analog, 2-deoxy-2(18F)fluoro-D-glucose (18F-FDG), was consumed by cancer cells observed via
positron emission tomography (PET) analysis. This study is now considered one of the hallmarks in
the fight against cancer [45]. Based on this effect, many glycosylated prodrugs have been designed over
the past few years with the aim of a targeted delivery of respective active anticancer drugs towards
cancer cells, and to improve pharmacokinetics, like water solubility and serum stability [46].

Figure 3. Glucose metabolism and prodrug route inside the cells: Glucose or glyco-conjugated pro
drugs get internalized inside the cells via glucose transporters (GLUTs). Glucose metabolism follows
either path a—anaerobic glycosylation; path b—aerobic glycosylation; or path c—cleavage of the active
drug by a glycosydic enzyme.

For the transportation of polar molecules, especially sugars, inside cells, some carrier proteins are
located on the plasma membrane. There are two types of transporter families: one is facilitated glucose
transporters (GLUTs), which facilitates glucose transportation between external and internal plasma
membrane via concentration gradient [43]. To date, 14 different kinds of GLUTs (GLUT-1–14) have
been classified according to their structure and sequence. Among them, GLUT-1 is the most reported
facilitative sugar transporter and is known to be overexpressed in cancerous cells [47]. Another kind
of transporter is known as sodium-dependent sugar transporter (SGLT), which requires energy for
sugar transport [43]. Many cancer cells have overexpressed glucose transporters (GLUTs) to facilitate a
higher glucose consumption than that of normal cells. This observation has opened new windows
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for targeted chemotherapy with fewer side effects. Many groups have conjugated sugars at different
positions of cytotoxic agents and analyzed their ability to target glucose transporters, especially
GLUT-1. However, to analyze GLUT-1 receptor mediated transportation of glycan-based paclitaxel
prodrugs, the receptor was co-treated with GLUT-1 inhibitors, such as phloretin and phlorizin [48].
Due to the similarity in structures among the GLUTs, it is difficult to determine which one gets
targeted by glucose-conjugates. No prodrug co-crystalized with human GLUT-1 is known due to rapid
interchangeable conformations, which impede crystallization [49]. However, after cellular uptake, the
effectiveness of the prodrugs depends on the successful cleavage by the hydrolytic enzymes to release
the active drugs for tumor killing.

3.2. Carbohydrate-Based Prodrugs for Specific Targeting

In 1995, Glufosfamide (Figure 4a), the first sugar-conjugated prodrug, was synthesized by Wiessler
et al. in an attempt to decrease molecular toxicity and increase the cancer selectivity of a DNA
alkylating aglycon ifosfamide mustard [50]. Glufosfamide showed 4.5-fold less toxicity than its
active aglycon ifosfamide in rats (in mg kg−1) [50]. The first human clinical trial, with 20 patients,
was initiated in Europe by Briasoulis et al. in 1997 [51]. More clinical trials ensued and further
patients with various solid tumors were evaluated in Japan and USA; results proved promising [11].
Many anticancer drugs, such as chlorambucil, busulfan, docetaxel, and paclitaxel, were conjugated
with several monosaccharides (see Figure 4), utilizing varying linkers, such as esters, amides, ureas,
and succinic acids. Several groups reported preliminary biological assessments of the library of
glycoconjugated derivatives by comparing the derivatives with their respective aglycons. A recent
review by Calvaresi et al. discussed the glycoconjugation of some active cancer therapeutics [11].
Table 1 highlights some recent glycoconjugated anticancer agents, with their biological activity and
mode of delivery towards cancer cells via glucose transporters (also see a comprehensive review by
Calvaresi) [11].

Carbohydrate-based polymers, such as hydrogels, nanoparticles, micelles, and nanogels, have
been shown to be promising delivery vehicles. Hydrophilic or hydrophobic drugs loaded onto
hydrogels, through noncovalent interactions, allow in-situ release under specific and well-regulated
conditions. Blanchette et al. synthesized P(MAA-g-EG) hydrogel nanoparticles to investigate the oral
delivery of hydrophilic anticancer drug bleomycin [52]. This co-polymer solution mixture consists of
methacrylic acid (MAA), a hydrophilic monomer, and ethylene glycol (EG) in a 1:1 molar ratio. To
allow in situ polymerization, bleomycin was added to the above solution and then treated with UV
light to initiate free radical polymerization, forming hydrogel nanospheres P(MAA-g-EG) [52]. For the
oral delivery of hydrophobic drugs, Puranik et al. used hydrophobic monomers, such as tert-butyl
methacrylate (t-BMA), n-butyl methacrylate (nBMA), n-butyl acrylate (nBA), and methyl methacrylate
(MMA), along with MAA [53].

To improve the bioactivity and biodegradability of nanoparticles (NPs), and to reduce side effects,
scientists are currently trying to find polysaccharide-based NPs (PNPs) for many cancer related
treatments. Different polysaccharides, such as chitosan, hyaluronic acid (HA), chondroitin sulfate,
heparin, alginate, and pullulan, have been used for the development of various NPs [54]. Furthermore,
for specific delivery to the colon, different types of polysaccharides, such as chitosan and cyclodextrin,
chitosan and pectin, have been utilized for achieving colon-specific delivery [54]. A number of
anti-cancer drugs, such as doxorubicin (DOX), paclitaxel, docetaxel, cisplatin, and 5-fluorouracil, have
been conjugated to polysaccharides to achieve their polysaccharide-based delivery to cancer cells [55].
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Figure 4. Glycoconjugated prodrugs for targeted delivery via GLUTs.

Recently, a pH sensitive DOX-loaded mesoporous silica nanoparticle (MSN) was conjugated with
lectin for the treatment of bone cancer [56]. The building blocks of the multifunctional nanosystem
consisted of a polyacrylic acid (PAA) capping layer, which is grafted to MSN, a glycan (sialic acid)
targeting ligand, and plant lectin concanavalin A (ConA). This nano-device exhibited 8-fold higher
toxicity on tumor cells than free DOX.

127



Pharmaceuticals 2019, 12, 84

T
a

b
le

1
.

Li
st

of
gl

yc
oc

on
ju

ga
te

d
pr

od
ru

gs
.

A
g

ly
co

n
s

C
o

n
ju

g
a

te
d

S
u

g
a

rs
R

e
sp

o
n

se
o

f
G

ly
co

co
n

ju
g

a
te

s
C

o
m

p
a

re
d

to
A

g
ly

co
n

in
In

-V
it

ro
o

r
In

-V
iv

o
T

ra
n

sp
o

rt
a

ti
o

n
M

o
d

e
R

e
f(

s)

C
hl

or
am

bu
ci

l
Pe

ra
ce

ty
la

te
d

2-
flu

or
od

eo
xy

gl
uc

os
e

H
um

an
fib

ro
bl

as
ts

,M
C

F-
7

(2
5-

fo
ld

m
or

e
ac

ti
ve

)a
nd

M
ic

e
(I

nc
re

as
ed

in
M

TD
)

-
[5

7]

D
oc

et
ax

el
G

lu
co

se
,g

al
ac

to
se

,m
an

no
se

,
xy

lo
se

B1
6

m
ur

in
e

m
el

an
om

a
ce

lls
(3

to
18

-f
ol

d
m

or
e

ac
ti

ve
)

-
[5

8]

D
oc

et
ax

el
ga

la
ct

os
e

Sy
ng

en
ei

c
P3

88
m

ur
in

e
le

uk
em

ia
tu

m
or

m
od

el
(e

qu
iv

al
en

t)
-

[5
9]

Pa
cl

it
ax

el
G

lu
co

se
,g

lu
cu

ro
ni

c
A

ci
d

H
U

V
-E

C
-C

an
d

C
H

O
-K

1,
N

C
I-

H
83

8,
H

ep
-3

B,
A

49
8,

M
ES

-S
A

,H
C

T-
11

6,
N

PC
-T

W
01

,M
K

N
-4

5
(A

ll
le

ss
to

xi
c)

Pa
rt

ia
lly

G
LU

T-
1,

/G
LU

T-
3/

G
LU

T-
4

m
ed

ia
te

d
[4

8,
60

]

C
hl

or
am

bu
ci

l
A

m
in

o
de

ri
va

ti
ve

s
of

gl
uc

os
e,

m
an

no
se

,g
al

ac
to

se
,x

yl
os

e,
ly

xo
se

,D
-t

hr
eo

si
de

N
C

I-
H

46
0,

A
54

9,
D

u1
45

,S
K

O
V

3,
H

ep
3b

,S
F2

68
,M

C
F7

,
H

T2
9,

H
C

T1
5,

H
12

99
(i

nd
uc

e
de

cr
ea

se
in

ce
ll

gr
ow

th
)

-
[6

1]

Be
nz

yl
gu

an
in

e
G

lu
co

se
H

eL
a

S3
an

d
H

eL
a

M
R

ce
lls

(i
nh

ib
it

io
n

of
O

6 -m
et

hy
l-

gu
an

in
e-

D
N

A
m

et
hy

lt
ra

ns
fe

ra
se

,M
G

M
T

)
-

[6
2]

A
zo

m
yc

in
G

lu
co

se
Se

ve
ra

li
m

m
or

ta
liz

ed
m

ur
in

e
an

d
hu

m
an

ca
nc

er
ce

lls
(i

m
pr

ov
ed

se
le

ct
iv

it
y

to
w

ar
ds

hy
po

xi
c

tu
m

or
as

ra
di

os
en

si
ti

ze
r)

G
LU

Ts
m

ed
ia

te
d

[6
3]

A
dr

ia
m

yc
in

2-
am

in
o-

2-
de

ox
y-

gl
uc

os
e

M
C

F-
7,

Be
l-

74
02

,H
ep

G
2,

M
D

A
-M

B-
23

1,
U

87
M

G
,H

EL
F,

SK
O

V
3,

an
d

S1
80

,H
EL

F
an

d
m

ic
e

(e
nh

an
ce

se
le

ct
iv

it
y

to
w

ar
ds

ca
nc

er
ce

lls
)

G
LU

Ts
m

ed
ia

te
d

[6
4]

G
el

da
na

m
yc

in
G

lu
co

se
,l

ac
to

se
,g

al
ac

to
se

SW
62

0,
H

T2
9,

M
C

F7
,K

56
2

(o
ne

sh
ow

ed
3-

to
40

-f
ol

d
en

ha
nc

ed
ac

ti
vi

ty
w

it
h
β-

ga
la

ct
os

id
as

e)
-

[6
5]

Pl
at

in
um

G
lu

co
se

D
U

14
5,

R
W

PE
2

G
LU

Ts
m

ed
ia

te
d

[6
6]

C
ad

al
en

e
G

lu
co

se
,l

ac
to

se
,g

al
ac

to
se

In
vi

tr
o

(l
es

s
to

xi
c)

an
d

in
vi

vo
(r

ed
uc

ed
tu

m
or

si
ze

)
-

[6
7]

K
et

op
ro

fe
n

G
lu

co
se

C
ro

ss
bl

oo
d−

br
ai

n
ba

rr
ie

r
(B

BB
)

G
LU

Ts
m

ed
ia

te
d

[6
8]

N
or

di
hy

dr
og

ua
ia

re
ti

c
ac

id
G

al
ac

to
se

,g
lu

co
se

N
C

I/
A

D
R

-R
ES

,H
ep

3B
,M

C
F-

7,
H

T-
29

-
[6

9]

128



Pharmaceuticals 2019, 12, 84

4. Iminosugar Analogs for Cancer Therapy

4.1. Aberrant N-Linked Glycosylation and Inhibition of Glycosidase Enzyme

Cell glycans are synthesized by many glycosyltransferases, and the process generally occurs in the
endoplasmic reticulum or Golgi apparatus [70,71]. For example, some enzymes are responsible for the
aberrant addition or truncation of the carbohydrate moieties on cell surface lipids, proteins, or peptides,
which also play roles in distinguishing tumor cells from normal cells and tumor metastasis [72].
Similar to mutations in genes, due to aberrant O-glycosylation, N-linked oligosaccharides also play a
critical role in tumor cell progression and mitosis. The biosynthesis of N-glycoproteins, that normally
begins in the endoplasmic reticulum (ER), involves three major sequences. The first phase involves
the synthesis of a dolichol-linked precursor oligosaccharide, GLc3Man9GlcNAc2-PP-Dol. The lipid
molecule, dolichol, is found to be attached to the membrane of ER and contains one phosphate
group to add various sugar molecules (two GlcNAc, nine mannose, and three glucose), with a
pyrophosphate group. After synthesis of the precursor molecule, it gets transferred to an asparagine
(Asn) residue of a protein by oligosaccharyltransferases. The final phase involves modification of the
oligosaccharide chain by several trimming reactions, such as the stepwise removal of three glucose
molecules and up to six mannose residues by glucosidase I and II. Following the attack by enzymes, the
remaining central core undergoes further processing reactions, e.g., the addition of other sugars, such
as N-acetylglucosamine, galactose, neuraminic acid, L-fucose, and N-acetylgalactoseamine performed
by several glycotransferase enzymes to produce three different types of N-glycans (Figure 5). High
mannose-type glycans contain additional mannose units, whereas both hybrid and complex types
contain additional monosaccharide units attached to the core. Due to the complex nature of those
aglycons, any variation in this biosynthesis may lead to oncogenesis and tumor metastasis. Therefore,
the identification of new therapeutic strategies for the inhibition of those glycosidases has captured the
attention of scientists to prevent aberrant N-glycosylation and, hence, halt cancer.

 
Figure 5. Biosynthetic pathways for N-glycans and iminosugars, inhibiting different glycosidase
enzymes.
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4.2. Iminosugars as Enzyme Inhibitors

Several naturally-occurring iminosugars have noted anticancer activity through their ability to
target the N-glycan biosynthesis pathway. These azo sugars are carbohydrate analogs, in which the
oxygen heteroatom position in the ring is replaced by a more basic trivalent nitrogen. This simple
substitution makes synthesis challenging and generates opportunities for evaluation of biological
activities. The most common naturally occurring rings for this class are pyrrolidine, piperidine,
pyrrolizidine, indolizidine, and nor-tropane (Figure 6). Since the first isolation of nojirimycin from
Streptomyces roseochromogenes R-468, as an antibiotic, approximately 200 naturally occurring azo
sugars have been isolated, but still very few are available for pharmaceutical applications [73]. The
initial biological evaluations of these sugar analogs indicate their glycosidase and glycosyltransferase
inhibitory properties [73]. Recently, these analogs have gained importance in the development of new
anticancer drugs. Most of the investigations were, however, carried out on plant glycosidases. Hence,
further work is required on mammalian glycosidases to uncover their potential in cancer research.

Figure 6. Structures of different iminosugars.

(−)-Swainsonine, (1S,2R,8R,8aR)-1,2,8-trihydroxyindolizidine is the most investigated
iminofuranoside that can be found in several natural sources. It is an effective inhibitor of lysosomal
α1-3 and α-1-6-mannosidase and Golgi α-manosidase II. The inhibition of Golgi α-manosidase II
by (−)-swainsonine can block the expression of the β(1→6)-branched complex type N-glycans in
malignant human and rodent cells. With this finding, a phase I study was conducted, in which
the potency of glycoprotein processing iminosugars and swainsonine hydrochloride (GD0039) were
tested as anti-cancer drugs. Subsequently, clinical phase II trials were conducted in Canada in and
around 2002 [13]. The phase II results from 40 patients with advanced renal cell cancer or 5-florouracil
(5-FU) resistant advanced colorectal cancer were deemed auspicious. Unfortunately, during the
pharmacokinetics and pharmacodynamics investigations of oral GD0039, all the cancer patients at
an advanced stage discontinued treatment due to disease progression or toxicity. However, GD0039
was shown to prevent metastasis, inhibit the growth of tumor cells, activate lymphocyte proliferation,
and enhance T-cell stimulation. Inspired by biological interactions, various derivatives have been
synthesized and anti-cancer activities evaluated, however none of them were observed to be as potent
as their predecessor. On the other hand, casuarine, a pentahydroxylated pyrrolizidine, was found to
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be a good glucosidase inhibitor, showing immune responses such as increasing levels of cytokines
IL-2, IL-12, and IFN- γ. Interestingly, those immunological responses do not necessarily depend on
glucosidase inhibition. Other iminoalditols and their specific glycosidase inhibitory activities are listed
in Table 2.

Table 2. List of iminosugars and their inhibitory effects.

Amino Sugars Glucosidase Inhibition Other Anti-Tumor Activities Ref (s)

Swainsonine
Lysosomal α-1-3- (IC50 0.70 nM)

and α-1-6-mannosidase (Ki 40 nM)
and Golgi α-mannosidase

Inhibits growth of tumor cells [13]

1,4-Dideoxy-1,4-imino-
D-mannitol

α-mannosidase, Lysosomal Golgi
α-mannosidase II, glycogen

phosphorylase

Human Glioblastoma and Melanoma
Cells [74]

1-Deoxymannojirimycin
α-1-2-mannosidase (IC50 0.02
mM), Golgi α-mannosidase II

(IC50 400 μM)

Interact with recombinant tumor necrosis
factor (rTNF) and recombinant

interleukin 1 (rIL-1)
[75]

2-aminomethyl-5-
(hydroxymethyl)

pyrrolidine3,4-diol
derivative

Jack bean α-Mannosidase
(IC50 55 μM)

Inhibits growth of human glioblastoma
cells and melanoma cells, DNA, synthesis

of proteins
[74,76]

Castanospermine α- and β-glucosidases Inhibitor of breast cancer [77]

1-deoxynojirimycin Glucosidase I and II

Anti-metastatic activity, reduce adhesion
of tumor cells to vascular endothelium,
inhibit cellular transformation, prevent

morphological differentiation of
endothelial cells

[13]

(+)-Lentiginosine amyloglucosidases Inhibits ATPase and Chaperone Activity
of Hsp90 [78]

Siastatin B β-glucuronidase, NAG-ase Antimetastatic activity [13]

5. Carbohydrate-Based Diagnosis

Some serum glycoprotein biomarkers, such as carcino-embryonic antigen (CEA), carbohydrate
antigens 19-9 (CA19-9) and 125 (CA125), alpha-fetoprotein (AFP), and prostate-specific antigen (PSA)
have been found to be useful in the initial detection of colon, ovarian, and prostate cancers [79].
Alternatively, early detection is possible in positron emission tomography (PET), based on an increased
concentration of 2-flurodeoxy-D-glucose (18FDG) in tumor cells. As cancer cells are more metabolically
active, another imaging probe strategy, named metabolic oligosaccharide engineering (MOE) technology,
has recently opened a new era in cancer diagnosis. In this strategy, non-natural derivatives of sialic acid,
GalNAc, and fucose are supplied exogenously and get incorporated, using biosynthetic machinery,
within the cellular glycans chains (Figure 7a). Those glycans get tagged with chemical imaging probes
using biorthogonal reactions, and then are monitored with magnetic resonance imaging (MRI) [80].

Figure 7. Early detection of cancer (a) metabolic oligosaccharide engineering (MOE) technology, (b)
glycan micro array strategies.
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The use of specific lectins to screen potential carbohydrate tumor biomarkers has gained traction
in the diagnosis of cancer types with a lack of serum biomarkers. Lectins can bind with selective
carbohydrates, are able to distinguish abnormal glycosylation, and trigger the mechanism required
for tumor cell apoptosis [81]. A group of lectin proteins, such as Amaranthus caudatus agglutinin
(ACA), Artocarpus integrifolia agglutinin (AIA), Arachis hypogea agglutinin (AHA), Vicia villosa lectin
(VVL), Griffonia simplicifolia agglutinin I (GSA I), and Ulex europaeus agglutinin I (UEA I) can recognize
the Tn, TF, and STn alteration of CA125 and human epididymis secretory protein 4 (HE4) antigens
(Figure 7b) [82]. Similarly, glycan microarray strategies have been utilized to detect the presence
of antibodies against specific antigens (e.g., Globo H) in cancer patients’ serum [15]. The array is
composed of various carbohydrates on a solid support and provides high-throughput cancer related
glycan–protein interactions (Figure 7b).

6. Conclusion

Due to their ubiquitous nature, carbohydrates have long-been used as a means for cancer diagnosis
and for the development of safe, small molecule therapeutics. Although several carbohydrate agents
have successfully been synthesized and processed for clinical trials, the therapeutic responses have
not lived up to their promise in treating cancer. Results from the use of commercially available
carbohydrate-based therapeutic agents has also not been shown to be highly significant. Therefore,
more exhaustive studies are required to explore potent therapeutic agents able to combat cancer. One
approach might be the development of vaccines with non-natural synthetic antigens, which may
overcome the immunosuppressive nature of carrier proteins. Another strategy might be an expansion
on the co-administration of a vaccine and glycoconjugated prodrug, which can promote specific drug
delivery as well as perturb cancer. Although iminosugars have proven to be glycosidase inhibiting
agents for N-glycan biosynthesis, further evaluations are required for extended development toward
novel drugs.
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Abstract: Carbohydrates are a structurally-diverse group of natural products which play an important
role in numerous biological processes, including immune regulation, infection, and cancer metastasis.
Many diseases have been correlated with changes in the composition of cell-surface glycans,
highlighting their potential as a therapeutic target. Unfortunately, native carbohydrates suffer
from inherently weak binding affinities and poor pharmacokinetic properties. To enhance their
usefulness as drug candidates, ‘glycomimetics’ have been developed: more drug-like compounds
which mimic the structure and function of native carbohydrates. Approaches to improve binding
affinities (e.g., deoxygenation, pre-organization) and pharmacokinetic properties (e.g., limiting
metabolic degradation, improving permeability) have been highlighted in this review, accompanied
by relevant examples. By utilizing these strategies, high-affinity ligands with optimized properties
can be rationally designed and used to address therapies for novel carbohydrate-binding targets.

Keywords: carbohydrate; glycomimetic; drug development; lectin; lead optimization; binding affinity

1. Introduction

As one of the most abundant natural products, carbohydrates play many integral roles throughout
our environment, for example as a metabolic energy source, a structural component of cell walls,
and cellular recognition. They are present as various biological conjugates, including glycoproteins,
proteoglycans, and glycolipids, and typically form a thick layer at the cell surface of approximately
10–100 Å which is referred to as the ‘glycocalyx’ [1,2]. This expression at the extracellular surface
makes them ideally suited for interactions with neighboring cells and biomolecules.

In mammals, oligosaccharides are comprised of unique combinations of a defined group of
monosaccharide residues which exhibit impressive structural complexity [3]. In contrast to amino
acids and nucleotides which are typically assembled in a linear fashion, carbohydrates can form
both linear and branched structures with contiguous stereocenters, affording a diverse array of
structures. In addition to varying stereochemistry and regiochemistry of their glycosidic linkages,
the monosaccharides forming these complex structures can also vary in their ring size (e.g., furanose,
pyranose) and are often further modified (e.g., acetylation, sulfation, methylation) (Figure 1).
The syntheses of oligosaccharides in vivo are accomplished by carbohydrate-processing enzymes:
(i) glycosylases, which hydrolyze terminal residues; (ii) glycosyltransferases, which add residues to
an existing structure; and (iii) other glycan-processing enzymes, such as sulfotransferases, which
structurally fine tune individual functional groups.
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Pharmaceuticals 2019, 12, 55

β →

α →
α

O

α

 

Figure 1. Structural variation in glycans arises from differences in: (a) anomeric stereochemistry;
(b) regiochemistry of linkages; (c) ring size; and (d) further covalent modifications.

Carbohydrate structures attached to proteins are commonly classified as either O-linked
(e.g., to serine or threonine amino acid side chains) or N-linked (e.g., to asparagine side chains).
The biosyntheses of these two groups occur via two distinct mechanisms. O-Linked glycans are
synthesized in a much more straightforward fashion: a monosaccharide is first transferred to the
Ser/Thr sidechain and then other glycosyltransferases subsequently add to the structure, making it
increasingly complex. In contrast, the formation of N-linked glycans involves the initial assembly of
a complex oligosaccharide onto a phospholipid scaffold (dolichyl pyrophosphate), which then gets
transferred within the endoplasmic reticulum to a protein asparagine residue; the glycan is then further
elaborated through a combination of glycosidases which can partially deconstruct the original glycan
construct, and glycosyltransferases which add additional sugar residues. Further functionalization of
the glycan can then occur via the addition of acetate, sulfate, phosphate, or other groups to various
positions of the oligosaccharide.

Proteins which bind to carbohydrate ligands can be broadly classified into enzymatic proteins
(e.g., glycosidases, glycosyltransferases), lectins (non-enzymatic, signaling proteins), or glycosamino-
glycan-binding proteins. Lectins play a prominent role in host recognition processes, and are primarily
located at the cell surface but can also be found as soluble proteins. Lectins can be further classified
into various sub-groups, such as the C-type lectins (e.g., selectins) which require Ca2+ ions for protein
binding and play an integral role in intercellular adhesion and pathogen recognition, or I-type lectins
(e.g., Siglecs) which are part of the immunoglobulin superfamily and are important for immune
regulation. The affinities of carbohydrate-protein interactions are characteristically very weak, with
dissociation constants (Kd) in the range of micromolar to millimolar, which has typically been attributed
to several factors. Firstly, they lack hydrophobic functional groups and are therefore unable to form
hydrophobic interactions with the protein surface; hydrophobic interactions are typically a feature
of high affinity interactions. Secondly, their affinity often relies on hydrogen-bonding (H-bonding)
interactions with the protein surface and they have a difficult time competing with H-bonding from
bulk solvent. Thirdly, since the relatively shallow, solvent-accessible protein binding site and polar
surface area of the ligands both form extensive H-bonding networks with bulk solvent, this needs to
be removed prior to ligand-protein association and results in large enthalpic penalties for desolvation.
Finally, flexibility in their structures can result in high entropic penalties for protein binding.
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1.1. Carbohydrates in Disease

Carbohydrates play an important role in a number of biological processes, such as cell adhesion,
inflammatory migration, host-pathogen recognition, immune activation, and cancer metastasis [4–6].
Many diseases have been correlated with changes in the composition of cell-surface glycans, a direct
result of the differential expression of glycosidases and glycosyltransferases in the diseased state.
These altered protein expression levels cause a unique surface glycan composition (for example,
hypersialylated or truncated structures) which potentially generates novel targets for disease therapies.
Aberrant carbohydrate expression has been linked to various diseases such as cancer, infection (viral,
bacterial, and parasitic), and immune dysregulation, among others. Modified glycan expression is not
necessarily associated with disease, as it also occurs during different stages of tissue development,
cellular differentiation, or inflammatory response.

In addition to aberrant carbohydrate expression, ‘normal’ glycans also play an important role
in disease progression as they are often a target of invading pathogens and their associated toxins.
For example, influenza uses haemagglutinin, one of its viral coat proteins, to bind cell-surface sialic
acids on human cells, an essential process for facilitating entry of the virus into host cells [7]. Many
bacterial toxins also target surface carbohydrates, such as the toxins from botulism, cholera, tetanus,
and diphtheria, as well as plant toxins such as abrin and ricin [8].

1.2. Native Carbohydrates as Pharmaceutical Agents

Due to their extensive structural diversity, carbohydrates are excellent as recognition molecules
and are a desirable target for drug development, but unfortunately suffer from a number of drawbacks
when being considered as therapeutic ligands [9–11].

Since carbohydrates engage proteins through only low energy interactions (H-bonding, metal
chelation, salt bridges, and weak hydrophobic interactions), the Kd values of lectins are typically in the
high micromolar to millimolar range except for a few examples (e.g., cholera toxin binds its GM1 ligand
with approximately 1 μM affinity, and arabinose-binding protein binds arabinose with approximately
100 μM affinity) [12–14]. The weak interactions formed through protein binding are often unable to
compensate for the steep enthalpic penalties required for desolvation of the polar substrate and shallow
protein binding site, and therefore, lectins often also rely on multivalent interactions to improve
binding affinities.

Native carbohydrate ligands have limited use as orally-administered therapies, since they are
unable to passively cross the intestinal enterocyte layer. This passive permeation typically requires
molecules of a low molecular mass, with limited polar surface area, and low numbers of H-bond donors
and acceptors (in line with the Lipinski and Veber rules) [15,16]; the hydrophilicity of poly-hydroxylated
carbohydrates (potentially with additional carboxylates, sulfates, etc.) prohibits this passive permeation.

Due to the ease at which bulk solvent can displace native ligands within the shallow binding sites,
the koff rates of lectin interactions are characteristically very high, contributing to very short residence
times (often in the range of seconds) which contributes to their unsuitability as drug candidates. Once
in the bloodstream, carbohydrates very quickly undergo renal excretion and clearance from the body,
contributing to their extremely poor pharmacokinetic properties.

1.3. Development of Glycomimetic Drug Candidates

Glycomimetics are ‘drug-like’ compounds which mimic the structure and function of native
carbohydrates, and have been thoroughly studied in the development of therapeutic candidates for
both lectins and enzymatic carbohydrate-processing proteins [11,17]. Well-designed glycomimetics
can impart enhanced affinities, increased bioavailabilities, and longer serum half-lives. Glycomimetic
compounds can be designed to take advantage of additional interactions which are not present in the
native counterpart, offering enhancements in both affinity and selectivity.
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Several strategies have been used to overcome the poor drug-like character of carbohydrates,
which are described within this review and accompanied by relevant examples. Strategies such
as reducing ligand polarity, increasing affinity through the optimization of entropic and enthalpic
binding components, ligand pre-organization, and improving pharmacokinetic parameters have all
been examined.

In order to rationally design glycomimetics, as much information as possible about the
ligand-protein binding event should be collected [11]. To date, the most informative and utilized
approaches rely on X-ray crystal structures, nuclear magnetic resonance (NMR) experimentation, and
molecular modeling. Crystal structures provide information about the mode of ligand binding, and can
convey which functional groups are essential for binding and which should be tolerant to modification.
In cases where a crystal structure is not available, computational homology models can be developed to
obtain further information. Saturation transfer difference (STD) NMR and transfer Nuclear Overhauser
Effect (NOE) NMR have both been used to obtain key information on ligand binding. STD NMR
provides insights into which functional groups are in direct contact with the protein, while transfer
NOE NMR experiments provide important information on the precise binding conformation that the
ligand adopts while bound to the protein, which can be used for ligand pre-organization strategies
to reduce entropic binding penalties. By combining information from multiple approaches one can
establish which functional groups are most important for target binding, thereby suggesting which
groups can be further tuned and modified, for example through bioisostere replacement, derivatization,
or deoxygenation. Protein crystal structures can also be used to identify amino acid residues in the
vicinity of the binding site which can be targeted for forming additional interactions, such as aromatic
residues or hydrophobic pockets.

In silico approaches, useful for generating homology models, have also been developed to predict
via molecular dynamics simulations which are the most relevant functional groups for ligand-protein
binding; a recent publication by Sood et al. successfully ranked ligand functional groups as either
‘critical’, ‘enhances binding’, or ‘not important’, which could then be used to generate a pharmacophore
and design appropriate glycomimetics [18]. Subsequent improvements in computational methods will
prove very beneficial for aiding in glycomimetic design.

Apart from direct interactions between the ligand and protein surface, it is also important to
consider the impact of structural waters on ligand binding. For highly constrained water molecules,
often characterized by their presence in both liganded and unliganded crystal structures, they can
typically be regarded as an extension of the binding site and therefore, interactions with these highly
ordered waters can afford favorable enthalpic gains [19,20]. In contrast, H-bonding of the ligand to
more mobile water molecules in the binding site can create significant entropic penalties by restricting
the movement of the water molecule in the bound state. Several computational methods are in
development to help with more accurately predicting structural water molecules and the strength
of their interactions. Highly conserved water molecules have been important for considerations in
developing glycomimetics against several carbohydrate-binding proteins, for example FimH and
l-arabinose binding protein [19,21].

The development of glycomimetics has already proven successful in several cases, with multiple
candidates reaching the clinic. These successes mostly target the enzymatic carbohydrate-processing
proteins and have typically been based on transition state mimetics. Arguably the most widely known
example, oseltamivir (Tamiflu®) is a glycomimetic inhibitor of influenza neuraminidase and is used in
the treatment of influenza infection (Figure 2) [22,23]. Zanamivir (Relenza®) is another established
neuraminidase inhibitor for influenza treatment [24]; both oseltamivir and zanamivir inhibit the
cleavage of terminal sialic acid (Neu5Ac) residues on host cells, which is an essential process for viral
propagation and thereby limits disease progression. Miglustat is an inhibitor of glucosylceramide
synthase which has been used in the treatment of type I Gaucher disease to prevent the harmful
accumulation of glucosylceramide [25]. Another successful family of therapeutic glycomimetics is
the α-glucosidase inhibitors (miglitol, voglibose, acarbose) which have been used in the treatment
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of diabetes and lysosomal storage disorders [26–28]. These glycomimetics are again transition state
mimics, and as the target protein α-glucosidase is present in the brush border of the small intestine,
passive permeation of the drug through the gastrointestinal membrane is not required for drug activity.
As can be seen for miglustat, miglitol, and other transition state glycomimetics which directly inhibit
enzymatic processes, ionizable groups are an important chemical feature for mimicking the charged
oxocarbenium transition state.

 
Figure 2. Examples of glycomimetic inhibitors that have successfully reached the market.

For diseases with an unmet clinical option, carbohydrates provide a promising target. In a time of
increasing concern over antibiotic resistance, the emergence of anti-adhesive therapies offers a
promising alternative [29,30]. Carbohydrates play an imperative role in the adherence of many
pathogens to host cells, contributing to both infectivity and pathogen-avoidance of host clearance.
Glycomimetic inhibitors, intelligently designed to have enhanced affinities over host cell-surface
ligands, can be developed to prevent the adhesion of pathogens to host cells thereby facilitating
clearance from the host; as adhesion does not affect overall survival of the pathogen, this approach
is also at a considerably lower risk for developing resistance mechanisms. Since it is possible for
bacterial and viral pathogens to express multiple types of adhesin proteins simultaneously, co-therapy
including antibiotics and other anti-adhesives may ultimately be necessary for treatment success using
this approach [31].

Interestingly, glycomimetics have also been used as antigens in carbohydrate-conjugate
vaccines [32–37]. The non-native, glycomimetic structures have been observed to enhance
immunogenicity, and if designed properly can elicit the production of antibodies that are cross-reactive
with native glycans. Approaches to obtain glycomimetics with bioisosteric functional groups and
glycosidic linkages have both been used in efforts toward vaccine development.

2. Glycomimetic Design – Strategies to Improve Binding Affinities

2.1. Deoxygenation

Several examples of glycomimetics have illustrated that a reduction in ligand polar surface area
can enhance binding affinities by both generating new hydrophobic contacts with the protein, as well as
reducing the enthalpic cost of ligand desolvation. Therefore, the removal of polar functional groups
uninvolved in protein binding, most commonly the hydroxy moieties, has been well demonstrated to
enhance binding affinities.
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The thermodynamics of ligand-protein binding can be quantified by calculating the Gibbs free
energy of an interaction, ΔG (Equation (1)), from its individual enthalpic (ΔH) and entropic (TΔS)
terms, where a negative free energy is essential for productive binding events:

ΔG = ΔH − TΔS (1)

To better understand the high enthalpic cost of desolvation, one can compare the thermodynamic
quantities calculated by Cabani et al. [19,38]. The enthalpic penalty of desolvating a single hydroxy
group, ΔH = 35 kJ/mol, is only partially offset by the favorable entropy term that results from the release
of structured water molecules into bulk solvent, ΔS = 10 kJ/mol. This results in a net free energy of
+25 kJ/mol, which cannot be compensated for by the energy gain afforded by a single H-bond (approx.
ΔG = −18 kJ/mol). Although vicinal hydroxy groups experience a somewhat reduced desolvation
penalty in comparison to individual hydroxy moieties (approx. ΔG = 34 kJ/mol for two vicinal hydroxy
groups), the high enthalpic penalty of desolvation is still unfavorable for a binding event. This suggests
that a minimum of two H-bonds should form between a ligand hydroxy group and the protein in order
for the free energy of binding to be considered favorable. As exemplified in the literature, the removal
of hydroxy groups forming only a single H-bond with the protein binding site typically enhances
binding affinity. In order to optimize affinities in the design of glycomimetic ligands, the aim should
be to form a larger number of high-quality H-bonds between each of the ligand’s polar groups and the
protein surface.

Although the desolvation penalty is often very high for carbohydrate-binding proteins, resulting
in part from shallow and solvent-exposed binding sites, proteins with deeper binding pockets are
inherently more hydrophobic, less solvated, and therefore often display enhanced affinities. In these
hydrophobic binding cavities, the H-bonds between ligand and protein are considerably stronger
(approx. 10-fold), experience less competition from bulk solvent, and also have improved residence
times (reduced koff rates) [19,39–42]. In these particular cases, where a lower desolvation penalty exists
in combination with a higher enthalpic gain per H-bond, the requirement for generating such extensive
H-bonding networks is reduced.

Alternative strategies have been used to reduce ligand solvation and thereby minimize the
desolvation penalty: although not exemplified with a glycomimetic, Gao et al. nicely illustrated
that the addition of a hydrophobic group in a non-binding, non-relevant position of a ligand was
successful in disrupting water structure around the ligand and, therefore, reduced the enthalpic cost of
desolvation [43]. Even though this portion of the molecule displayed no interactions with the protein
surface, it was successful in enhancing the free energy of binding.

Deoxygenation can also provide other beneficial effects. By reducing overall polarity of the
molecule, this can increase the electron density on the pyranose ring and thereby enhance nucleophilicity
of its remaining hydroxy groups. This enhanced nucleophilicity can strengthen interactions involving
complexation of metal ions or salt bridges. Alternatively, deoxygenation of 6-OH groups removes
a rotational degree of freedom yet still leaves the C-6 methyl group intact for influencing 4C1/

1C4

pyranose conformational preference, which can further reduce the entropic costs associated with
ligand binding.

Replacement of a hydroxy group with a fluorine atom has been used to experimentally probe the
necessity of individual hydroxy moieties for H-bonding. This same strategy of OH→ F substitution
can also be applied in computational modelling. The fluorine atom is useful as a bioisosteric mimic of
the hydroxy group, yet is also more hydrophobic and therefore, can retain important characteristics of
the hydroxy moiety yet reduce polar surface area of the ligand [44]. Several studies have revealed
that upon fluorine substitution, recognition of the mimetic by its native receptor is still possible; for
example, in studying the transport of d-glucose across the endothelial membrane of red blood cells,
2-deoxy-2-fluoroglucose and 3-deoxy-3-fluoroglucose afforded very similar transport rates as compared
to the native ligand [45]. In another study, fluorinated mimetics of MUC1-based glycopeptides were
observed to be cross-reactive with serum antibodies from mice that had been vaccinated with native
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antigen (compound 7; Figure 3) [46]. This widespread recognition of fluorinated glyco-analogues
has been a contributing factor to the success of 18F-2-deoxy-2-fluoro-d-glucose (8) as a radiotracer for
diagnosing neoplasia through positron emission tomography (PET scans) [47,48].

 
Figure 3. The bioisosteric replacement of hydroxy substituents with one or more fluorine atoms has
proven successful in generating glycomimetics [46,48].

2.2. Biomimetic Replacement of Functional Groups

Biomimetic functional groups, i.e., those with comparable electronic and steric properties,
can sometimes be used to replace existing functional groups to improve properties of a drug candidate.
Bioisosteric replacement is a common practice in medicinal chemistry, with many families of bioisosteres
having been reported and evaluated (Table 1). Given the specific requirements for a functional group
in a particular binding event (e.g., steric restrictions, H-bond donor/acceptor properties), different
bioisosteres can be considered as suitable replacements in different situations.

Table 1. Examples of bioisosteric groups.

Original Group Potential Replacements

Bioisosteric replacement can afford enhanced affinities in a number of ways; for example,
in the previously described OH→ F substitutions [45,46,49], the fluorine atom can still facilitate polar
interactions with the protein surface yet reduces overall hydrophilicity of the ligand. The fluorine
atom can also be used as a suitable replacement for hydrogen, owing to its small size and relative
hydrophobicity; replacement of the axial C-3 proton of sialic acid (Neu5Ac), to afford the glycomimetic
10 was successful in generating an inhibitor of sialyltransferase (Figure 4) [50,51]. Substitution with the
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fluorine atom afforded a ligand which was sterically compatible with the binding site, yet the unique
electronic properties of fluorine generated a much more electrophilic anomeric carbon (C-2), improving
antagonist ability. To overcome the negligible oral availability associated with such a polar substrate,
the drug candidate was peracetylated; treatment in mice successfully impaired the progression of
murine melanoma by inhibiting the attachment of metastatic cancer cells to the extracellular matrix
and was also observed to slow down tumor growth in vivo.

 
Figure 4. A Neu5Ac-based glycomimetic 10 was successful in preventing tumor metastasis in a mouse
model [50].

In alternative biomimetic approaches, hydroxy groups binding to an active-site metal ion can
be replaced with improved metal ligands, assuming that this modification is well tolerated by the
binding site. Non-covalent interactions between sulfur and π-systems are typically stronger than
those with oxygen atoms, suggesting a suitable route for further enhancing binding enthalpies. Aside
from enhancing the enthalpic and entropic contributions of binding, bioisosteric replacement can
also be useful for the removal of groups prone to metabolic degradation, or those that facilitate rapid
excretion; these effects on the pharmacokinetic properties of a drug candidate will be discussed in
more detail later.

2.3. Targeting Neighboring Regions of the Binding Site

For lectins with a well-structured binding pocket (which facilitates reduced entropic penalties
upon generating additional interactions), it can be beneficial to look for new, enthalpically-favorable
binding opportunities. The most promising approaches have targeted nearby aromatic or aliphatic
residues and hydrophobic pockets, since ligand modification with hydrophobic groups has the added
advantage of reducing the overall polar surface area of the ligand. Although, in general, hydrophobicity
is preferred, additional interactions with neighboring ionic groups can also be realized, either through
salt bridges or cation-π interactions. The overall approach for developing high-affinity glycomimetics
is to optimize the individual entropic and enthalpic binding contributions; the majority of efforts in
developing carbohydrate derivatives have focused on targeting surrounding protein sites that can
both positively enhance binding contributions and also improve ligand selectivity against a particular
target, with some examples highlighted below.

A large body of work has been focused on developing FimH antagonists, as an anti-adhesive
approach to treating urinary tract infections (UTIs). UTIs are one of the most common causes of
infection in developed countries, typically caused by uropathogenic Escherichia coli bacteria [52,53].
Antibiotic resistance has been of increasing concern for treating these infections, and therefore, the
possibility of anti-adhesive treatment offers a promising alternative. Type 1-fimbriae on E. coli facilitate
bacterial adherence to the bladder epithelium and enable the pathogen to avoid clearance during
micturition; the FimH protein is located at the tip of the fimbriae, and binds to the highly mannosylated
glycoprotein uroplakin 1a present at the epithelial surface [54,55]. Examination of the FimH crystal
structure was very beneficial for glycomimetic development, as it provided pertinent information on
the ligand binding mode and also suggested further modifications to improve ligand affinity [55].
It was observed that the 2-, 3-, 4-, and 6-OH groups of the d-mannose residue form an important
H-bond network in the buried ligand cavity with amino acid side chains Asp54, Gln133, Asn135, and
Asp140, and backbone atoms from Phe1 and Asp47. Not unexpectedly, attempts to modify these
positions have generally proven unsuccessful. Alternatively, the region surrounding the binding site
entrance contains two tyrosine residues and one isoleucine residue (Tyr48, Ile52, and Tyr137), often
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referred to as the ‘tyrosine gate’, which can form hydrophobic contacts with glycomimetics and have
been a major target for improving the affinities of FimH antagonists. First developed were aryl and
n-alkyl mannosides, which displayed increased affinities due to interactions with a hydrophobic rim
surrounding the deep binding pocket and the aforementioned tyrosine gate. The groups of Janetka and
Hultgren improved affinities by using 4′-biaryl mannosides with a meta substituent that could act as an
H-bond acceptor (11 and 12), in which the aromatic extension formed an optimal π-π interaction with
Tyr48 and a new H-bonding electrostatic interaction with Arg98/Glu50, resulting in nanomolar binding
affinities (Figure 5) [56]. Contributions from many groups in the development of α-mannosides and
oligomannosides have improved FimH antagonists even further [57–62].

 
Figure 5. Biaryl mannosides have been successfully developed as nanomolar antagonists of the bacterial
protein FimH [56,60].

The targeting of neighboring residues has also been used in the development of antagonists
for FimH-like adhesin (FmlH) [31]. FmlH is a pilus adhesin which binds galactosides and
N-acetyl-galactosaminosides presented on bladder and kidney tissue, facilitating the adhesion of E. coli
to these surfaces. In efforts to inhibit this interaction, aryl galactosides and N-acetyl-galactosaminosides
were designed which facilitated several key protein interactions: a π-π interaction with Tyr46, a salt
bridge between the carboxylate and Arg142, and a H2O-mediated H-bond between the N-acetyl group
and Lys132. The best inhibitor (14) displayed a Ki of approximately 90 nM and upon administration
in a mouse model was able to reduce the bacterial load in both the kidney and bladder (Figure 6).
Co-treatment with a FimH antagonist further improved bacterial elimination.

Figure 6. Biaryl glycosides have also been developed as antagonists of the adhesin FmlH; co-treatment
with FmlH and FimH antagonists in a mouse model of urinary tract infection significantly facilitated
bacterial clearance [31].

In addition to the aforementioned glucosylceramide synthase inhibitor miglustat, iminosugars have
also been developed as protein chaperones with picomolar affinities for the treatment of Gaucher disease,
the most prevalent lysosomal storage disease (LSD) [63]. LSDs ultimately result from a glycosidase
deficiency, as glycosidases are important for the break-down of lysosomal glycosphingolipids. In LSDs
such as Gaucher disease and Fabry disease, genetic mutations result in the misfolding of proteins,
which are then targeted for degradation in the endoplasmic reticulum instead of being trafficked to the
lysosome, resulting in significantly reduced lysosomal concentrations of protein. In pharmacological
chaperone therapy, sub-inhibitory concentrations of a protein ligand can be used to stabilize the
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protein conformation, enabling successful trafficking of the protein to the lysosome; if designed
appropriately, upon reaching the lysosome the protein should bind with higher affinity to its native
ligand (also present in larger excess), thereby still retaining its native activity. In order to be effective as
molecular chaperones, these glycomimetics should both be selective for their target, as well as reach
the endoplasmic reticulum. This approach has previously been demonstrated for the glycomimetic
1-deoxygalactonojirimycin (Migalastat®; Figure 7), an inhibitor of α-galactosidase in vitro, which
has been successfully used as a pharmacological chaperone in the treatment of Fabry disease [64,65].
Alternatively, glycomimetic inhibitors based on 1-deoxynojirimycin (DNJ) have been developed by
Mena-Barragán et al. and García-Moreno et al. in the development of a therapy against Gaucher
disease (Figure 7), which results from a β-glucocerebrosidase deficiency [63,66]. Modification of
DNJ to form sp2-iminosugars significantly enhanced targeting to the endoplasmic reticulum, and
even more fortunately the ligands were found to have enhanced binding at neutral pH over acidic
pH, which suggests that their affinity will decrease after entering the lysosome which should aid in
protein dissociation and reduce competition with its native substrates. The iminosugars were found to
successfully act as molecular chaperones for proteins expressed in mutated G188S/G183W fibroblasts
(a disease-associated genetic mutation); for example, structure 20 afforded a more than 70% increase in
protein activity at only 20 pM concentration, and a 300% improvement at a 2 nM concentration.

 
Figure 7. Iminosugars have been used as pharmacological chaperones, in efforts to treat lysosomal
storage diseases [63,66].

Several other successful examples of ligand modification have been used to enhance the affinities
of glycomimetics for their protein target. For example, Siglec-7 inhibitors have been synthesized
which contain C-9 aromatic modifications (also targeting a ‘hydrophobic gate’ observed in the crystal
structure) and/or triazole-containing hydrophobic groups at C-2 of Neu5Ac, in an effort to develop
inhibitors which could prevent immune evasion by cancer cells (Figure 8) [67,68]. Similar in structure,
Siglec-2 (also known as CD22) Neu5Ac glycomimetics containing a C-9 N-aromatic moiety, C-4 N-acyl
derivative, and C-2 n-alkyl group have been used as inhibitors and towards drug conjugates to
specifically target uptake into specific subsets of immune cells via Siglec-2-binding clathrin-mediated
endocytosis (Figure 9) [69–71]. Pseudomonas aeruginosa lectin B (LecB) inhibitors have been developed
in an effort to tackle biofilm formation: low molecular weight, nanomolar affinity ligands with good
kinetic and thermodynamic properties were developed by targeting a hydrophobic patch on the
protein [72]. Additionally, much work has been focused on DC-SIGN antagonists as anti-adhesives,
by targeting a hydrophobic groove on the protein [73].
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Figure 8. Inhibitors of Siglec-7 which target additional protein interactions through modification at C-2
and C-9 positions (rIP = relative inhibitory potency) [67,68].
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Figure 9. High-affinity inhibitors of Siglec-2 generated through C-2, C-4, and C-9 modification of sialic
acid [70].
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A novel approach which also targets neighboring residues of a lectin binding site has been the
development of a covalent lectin inhibitor against LecA of Pseudomonas aeruginosa [74]. Both LecA and
LecB virulence factors have been associated with biofilm formation; although high affinity inhibitors
against LecB have been developed, LecA has proven a more challenging target. In order to overcome
the large koff associated with LecA-ligand interactions, thereby enhancing affinity, a covalent inhibitor
was developed which targets a nearby cysteine (Cys62) residue (Figure 10). This use of a covalent
inhibitor attempts to circumvent the inherently weak affinities which arise from the short lifetimes of
lectin-ligand complexes by permanently appending the ligand to the protein.

μ

Figure 10. The first reported covalent lectin inhibitor, targeting Pseudomonas aeruginosa LecA [74].

2.4. Conformational Pre-organization

Improvements in binding affinity through pre-organization have been successful in a number of
glycomimetics [75,76]. Pre-organization reduces the entropic penalties associated with binding and
additionally tends to reduce polar surface area since internal polar groups interact amongst each other,
effectively shielding them from bulk solvent. Molecules have inherent entropy when free in solution,
related to both translation and rotation (including internal rotation at single bonds). Entropic costs
are associated with the binding of ligands, since a restriction of motion occurs through both a loss of
rotational and translational entropy (for both ligand and protein); the greater the rigidity of the formed
complex, the higher the entropic penalty of binding [77,78].

As mentioned previously, productive binding can only occur with a negative free energy; this
requires that the unfavorable entropic costs from restriction of the binding site be offset by favorable
intermolecular interactions of ligand binding, considering both enthalpic contributions (e.g., H-bonding,
van der Waals, etc.) and entropic contributions (e.g., release of water molecules from the binding
site). Flexible receptors which require an ‘induced fit’ binding mode suffer from even greater entropic
binding penalties, since the protein loses much of its conformational flexibility, therefore requiring
even greater enthalpic compensatory interactions to enable productive binding events.

Pre-organization has been shown to play an important role in the development of glycomimetic
inhibitors. In the amino-glycosides, distortion of the pyranose ring has been used in efforts to mimic the
flattened shape of the enzymatic transition state. This conformational distortion can be accomplished
using a variety of approaches, such as the introduction of an sp2-hybridized center, modification of the
ring size, or by generating bicylic or bridged systems [13].

The importance of conformational pre-organization has also been observed in the generation
of LecB inhibitors. Glycan screening indicated that the Lewis A (Lea) trisaccharide,
β-d-Gal-(1→3)-[α-l-Fuc-(1→4)]-d-GlcNAc, bound LecB with a Kd of 220 nM [79]. Attempts to simplify the
structure eliminated the d-galactose moiety entirely to afford the disaccharide α-l-Fuc-(1→4)-d-GlcNAc,
but unfortunately isothermal titration calorimetry (ITC) experiments indicated a significantly reduced
binding affinity resulting from an increased entropic penalty [80]. To further simplify the construct
and reduce flexibility, α-l-fucosides were modified with heterocyclic aglycone substituents to afford
substrates which, in some cases, could bind with affinities similar to those of Lea [81].

148



Pharmaceuticals 2019, 12, 55

Another successful example of pre-organization was illustrated in the development of an E-selectin
antagonist. The native ligand of E-selectin, sialyl Lewis X (sLex), binds with six solvent-exposed
H-bonds and a salt bridge [11,82,83]. In efforts to improve the affinity of sLex, a glycomimetic antagonist
was developed which could be pre-organized into the binding-site conformation, minimizing the
entropic penalties associated with binding. Based on the crystal structure, it was observed that the
N-acetyl-d-galactosamine moiety does not form direct contacts with the protein, but instead only
acts as a linker between the other residues; therefore, it was replaced by a non-carbohydrate moiety
that linked the d-galactose and l-fucose residues in a correct spatial orientation [84]. By strategically
placing substituents on the linker, the structure could be even more rigidified to further improve
pre-organization and thereby also antagonist affinity [85]. With later iterations, the Neu5Ac moiety was
replaced by (S)-cyclohexyl lactic acid which even further rigidified the glycomimetic conformation [84].

The importance of pre-organization has also been demonstrated in the development of FimH
antagonists, upon comparing septanose versus pyranose glycomimetic scaffolds (Figure 11) [86]. In an
examination of binding to the conformationally rigid FimH lectin domain, the highly flexible septanose
derivative resulted in a 10-fold affinity loss. NMR, X-ray crystal structure, and molecular modeling all
indicated that the related septanose and pyranose derivatives formed a superimposable network of
H-bonds, yet the septanose displayed lower affinities; ITC confirmed that this loss of affinity resulted
from an entropic penalty arising from flexibility of the septanose core.

 
Figure 11. n-Heptyl pyranose and septanose FimH ligands have been used to study the effects of
pre-organization on binding thermodynamics [86].

2.5. Multivalency

Numerous glycomimetics have incorporated multivalency in order to better mimic the multivalent
presentation of native ligands [81,87–91]. Multivalency can improve binding affinities in several ways:
(i) chelation; (ii) statistical rebinding effects; or (iii) clustering of soluble binding partners [92,93].
The design of multivalent scaffolds must be carefully considered in order to incorporate proper spacing
and flexibility, enabling a correct fit of the ligand into the binding site, yet concomitantly minimizing
the entropic costs of binding. In general, flexible scaffolds are often more forgiving if poorly designed,
but suffer from much greater entropic penalties upon binding. A recent study from the Hartmann and
Lindhorst groups has also nicely demonstrated that tuning scaffold hydrophobicity can also play a
significant role in the affinity of multivalent constructs [94].

In an elegant study, DC-SIGN glycomimetic antagonists were conjugated to oligovalent molecular
rods and used to study multivalency effects of binding, affording nanomolar antagonists (Figure 12) [93,95].
The constructs contained a rigidified core based on phenylene-ethynylene units (previously used in
the generation of P. aeruginosa LecA inhibitors), and were designed to be an ideal length (approx. 4 nm)
for chelation to bridge carbohydrate recognition domains on neighboring DC-SIGN subunits. The
length of the rigid core could be controlled, with the rigidity effectively reducing entropic binding
penalties, while the ends of the rods contained trivalent constructs which had been assembled using
short, more flexible linkers. The incorporated trivalent groups were intended to address favorable
statistical rebinding, with the flexible linkers aimed at facilitating a better fit of ligand into the binding
site (at a minor entropic cost). This intelligent design (with appropriate control compounds) was able
to probe the different effects of ligand, rigid rod, and proximity effects individually.
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Figure 12. Multivalent constructs based on a DC-SIGN glycomimetic antagonist, used to probe the
effects of chelation versus statistical rebinding multivalency effects [93].

Various other multivalent constructs have been generated in the development of
carbohydrate-based pharmaceuticals, often with a lead monovalent glycomimetic being incorporated
into a polyvalent construct at a later stage of project development. Multivalent constructs have targeted
fucose-binding pathogenic soluble receptors, in efforts to improve the outcome of patients with cystic
fibrosis, or alternatively to generate simplified mimetics of sLex that can mimic its native structure yet
are easier to access synthetically [87].

3. Glycomimetic Design—Strategies to Improve Pharmacokinetic Properties

It has been well established that native carbohydrates display inherently poor pharmacokinetic
properties [11,17]. They are sensitive to hydrolysis both in the gut and by endogenous proteins, they
are not orally available, are rapidly excreted upon entering the bloodstream, and have very short
receptor residence times. Many strategies have been used to improve these properties, with some
overlap from the approaches used for affinity enhancement, and have been briefly outlined below.
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3.1. Preventing Glycosidic Hydrolysis

Several approaches have been used in an effort to slow down the metabolic degradation of
oligosaccharides, which are prone to hydrolysis both in the acidic environment of the gastrointestinal
tract, as well as through endogenous enzymes (digestive, plasma, and cellular glycosidases). A major
focus has been on generating O-glycoside mimetics, most commonly by replacing the bridging glycosidic
oxygen atom with a more stable carbon atom, or alternatively by adding electron-withdrawing
groups to the pyranose core to destabilize the oxocarbenium intermediate required for degradation.
The metabolic stability of glycomimetics can be evaluated by examining the rate of degradation with
serum or liver microsomes.

C-Glycosides can be used to improve the hydrolytic stability of oligosaccharides, but can also
introduce new challenges due to an enhanced conformational flexibility, primarily resulting from
a loss of the exo-anomeric effect [96]. Although the exo-anomeric effect cannot control the aglycone
conformation in C-glycosides, in a number of examples steric bulk has been used to better restrict the
aglycone unit in a gauche conformation, similar to that observed in O-glycosides [97–99]. There is
indeed greater conformational flexibility observed, but it is evidently not as detrimental to binding as
would be expected. Modification of the linked carbon atom with one or two fluorine atoms has also been
used to enhance the electronegativity of the bridging unit and further limit its conformational flexibility,
yet retain the benefit of the metabolically stable C-glycoside [100–102]. C-Glycosides have been used
in the glycomimetic design of numerous inhibitors, including sLex [96], GM4 ganglioside [103],
galactopyranosides [104,105], mannopyranosides [105–107], fucopyranosides [105,108,109], and
pseudoglycopeptides [106], among others.

In addition to the C-glycosides, other atoms or groups have been used to substitute the glycosidic
linkage, aiming for an ideal balance between hydrolytic stability and conformational pre-organization.
These include various N-linked glycosides, as well as selenium, sulfur, and even dithioacetal analogues
(Figure 13) [32,110–114].

n

n

 
Figure 13. Examples of different O-glycoside mimetics which have been obtained synthetically, with the
general aim of reducing hydrolytic degradation rates in vivo.

The biaryl mannoside antagonists of FimH for UTI therapy discussed previously were observed
to suffer from very low bioavailability and rapid degradation in vivo, presumably due to metabolic
instability of the O-glycosidic linkage in the acidic milieu of the stomach and intestinal tract, as well as
to enzymatic mannosidases [115]. In order to improve pharmacokinetic parameters, C-glycoside
derivatives were synthesized which indeed displayed enhanced stability and, in some cases, even
improved inhibition (Figure 14); this improvement resulted in better efficacy in mouse models of
both acute and chronic urinary tract infection. Replacement of the glycosidic linkage was also

151



Pharmaceuticals 2019, 12, 55

used for FimH antagonists developed as a potential therapy for patients affected with Crohn’s
disease, in an effort to reduce the bacterial load of adherent-invasive E. coli in the ileal mucosa [116].
Thiazolylaminomannosides were synthesized with an anomeric N-linked aryl moiety that could form a
favorable interaction with Tyr48 as well as improve hydrolytic stability and solubility of the compound
(Figure 15). Unfortunately, the high affinity N-linked glycans were observed to anomerize from the
active α-mannoside to the inactive β-mannoside in the acidic environment of the stomach [117,118].
To circumvent this anomerization, the amino group was replaced by various linkages (-OCH2-, -SCH2-,
-CH2S-, -CH2CH2-, -OCH2CH2-, -CH2NH-), which had been slightly extended compared to the first
generation in order to improve π-π stacking with Tyr48; this strategy afforded optimized substrate
49 [117,119].

 
Figure 14. The development of C-glycosides for treatment of UTIs has been used to improve the
metabolic stability of biaryl FimH antagonists (HAI = hemagglutination inhibition assay) [115].

 
Figure 15. A comparison of O-, N-, S-, and C-glycosides as FimH antagonists for therapy in Crohn’s
disease [116,117,119].

Fluorination is well established to be an effective method for modulating the pKa and pKb

properties of neighboring functional groups, thereby influencing the net charge of a molecule at
physiological pH, the strength of ionic interactions, etc. In addition, it has been shown to enhance
lipophilicity, and is often used in medicinal chemistry to block sites of undesired metabolism [100,120].
Although not widely used, potentially owing to its synthetic challenges, the fluorination of pyranose
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structures has been used to destabilize the oxocarbenium intermediate required for glycoside hydrolysis,
thereby reducing the rate of metabolic degradation of glycomimetics.

3.2. Improving Oral Bioavailability

Native carbohydrates are not orally available due to their high hydrophilicity which prevents
passive permeation across the intestinal membrane, but this can be improved by modifying
carbohydrates to reduce their polar surface area. This can be achieved by using some of the
techniques already discussed, such as deoxygenation of hydroxy groups or the addition of hydrophobic
substituents. Appending a moiety which is known to undergo active transport into the bloodstream
can also facilitate improved oral bioavailability. For example, specific amino acid sequences known to
target peptide transporters (e.g., PEPT1, PEPT2) have been used; valacyclovir (Valtrex®), an antiviral
drug targeting herpes simplex, contains the active component acyclovir (Zovirax®) conjugated to a
valine which affords a five-fold increase in oral bioavailability [121,122].

Interestingly, pre-organization can also improve oral bioavailability, as it reduces the polar surface
area and thereby substrates can more effectively permeate the membrane. This concept was nicely
demonstrated in a study of peptides, where rigidified cyclic peptides were confirmed to have less
exposed polar surface area when compared to more flexible cyclic peptides [123]. The rigidified
peptides, with their buried polar groups, had better membrane permeability and metabolic stability.

An alternative to improving oral bioavailability is to use the prodrug approach [124]. By modifying
a polar substrate with a hydrophobic moiety (e.g., through ester formation), the hydrophilicity becomes
temporarily reduced enabling passive permeation through the membrane. Upon entry into the
bloodstream, ubiquitous endogenous esterases can cleave the pro-moiety, unmasking the active
component. With the condition that the esters are not cleaved prematurely by gastrointestinal esterases,
this approach has been very important for improving the absorption of glycomimetic compounds,
such as oseltamivir (Tamiflu®; Figure 16) [22,23,125]. Alternatively, for glycomimetics which have
been modified with aromatic substituents to engage new protein interactions, they are often membrane
permeable but suffer instead from poor aqueous solubility. In these instances, the prodrug approach
can also be used to append a polar moiety which temporarily improves solubility. For example,
phosphorylated prodrugs have been used in the development of FimH antagonists; this has proven a
useful strategy for phosphorylated derivatives which undergo slower hydrolysis, as rapid hydrolysis
can cause undesirable precipitation of the substrate (Figure 16) [24,126].

 
Figure 16. Prodrugs can be used to improve oral bioavailability, by improving factors such as intestinal
epithelial membrane permeability (1, ester prodrug) or solubility (50, phosphate prodrug) [125,126].

3.3. Improving Residence Times and Plasma Half-lives

The residence times of lectins with their physiological ligands is typically in the range of a few
seconds. In order for carbohydrate-based molecules to be suitable as therapeutics, it is necessary to
extend both the residence time and circulation times (from minutes to hours) [127]. Several strategies
have been utilized to improve the plasma half-lives of glycomimetics and to reduce their rate of
clearance from the bloodstream. For example, the FimH antagonist 51 displayed high affinity but poor
therapeutic potential as it was rapidly eliminated by the kidneys and had low reabsorption by renal
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tubules [128]. These poor pharmacokinetic properties were attributed to the carboxylate moiety which
had been introduced for enhancing π-π interactions between FimH and the biaryl aglycone. To improve
therapeutic usefulness, bioisosteres of the carboxylate were generated to afford FimH antagonists
with optimized pharmacokinetic profiles (Figure 17). In comparison to the original substrate, some
bioisosteres with greater hydrophobicity (reduced desolvation penalty) and conformational rigidity
(reduced entropic cost of binding) even displayed enhanced affinities.

 
Figure 17. Bioisosteric replacement of a carboxylate moiety was used to optimize FimH antagonist 51

which suffered from rapid renal clearance and low tubular reabsorption in vivo [128].

Another approach involves removing functional groups from glycomimetics which enable active
transport or are prone to metabolic degradation. For example, organic anion and cation transporters
(OATs and OCTs, respectively) in the liver and kidneys can actively excrete certain glycoconjugates, and
are often responsible for their very short half-lives [129]. OAT1 to OAT5 can recognize various anions
connected to a hydrophobic ring. It has been demonstrated that the active oseltamivir metabolite is
recognized by OAT transporters, and co-therapy with an OAT1 competitive inhibitor (probenecid)
considerably improved serum half-life [130]. By elucidating which functional groups are responsible
for active transport and/or metabolic degradation, these groups can be replaced by similar bioisosteres
and/or modified by fluorination, an approach commonly used to block sites of cytochrome oxidation
and other metabolic processes.

An alternative approach to increasing serum half-life is to append a moiety which is known to
bind serum proteins, thereby increasing circulation time in the bloodstream. Plasma half-lives can be
significantly extended when the carbohydrate ligand interacts with blood plasma components; for
example, the heparins naturally bind to plasma proteins and display improved half-lives which make
them more suitable for therapeutic use as anti-coagulants [131,132].

A somewhat drastic approach to glycomimetics is to completely replace the carbohydrate with a
non-carbohydrate-based scaffold, and then to build in the essential functional groups while retaining
their same spatial orientation as compared to the binding mode of the native ligand. Additional
hydrophobic or charged moieties can also be appended to the scaffold to facilitate secondary interactions.
A number of different scaffolds have been utilized in this approach to mimic either pyranoses or their
enzymatic transition states, ranging from peptides to four-membered rings (such as oxetanes, azetidines,
thietanes, and cyclobutanes; recently reviewed by Hazelard and Compain) [13,133–138]. Although
potentially more difficult to design rationally, these scaffolds can offer additional advantages in terms
of stability and more constrained structures (reducing entropic binding penalties). To identify novel
scaffolds, the screening of molecule libraries has been utilized to identify potential new substrates which
mimic the original glycan; these often rely on the generation of an antibody against the native glycan,
with the antibody then used for screening to identify lead structures which can be further evaluated as
competitive inhibitors. Although arguably less elegant, this strategy has been successful in identifying
a mimic of Lex which could elicit improvements in neuronal survival and neurite outgrowth [139],
or mimetics of heparins which have been used to protect endothelial colony forming progenitor cells
in diabetic patients [140], potentially leading to a solution for improved vascular endothelial repair
and wound healing for foot ulcers. This approach has also been used in a glycomimetic-containing
carbohydrate-based vaccine, where cross-reactive antibodies identified potential peptides through
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library screening, which were then more immunogenic, cross-reactive with the native substrate, and
more easily obtainable through synthesis [141–143].

3.4. Other Considerations

Although methods to improve pharmacokinetic parameters have just been discussed, some of the
approaches described may not be desirable for particular therapeutic targets. For example, in some
glycomimetics, oral bioavailability is not required: the α-glucosidase inhibitors used to treat diabetes
target proteins in the brush border of the small intestine, and therefore do not need to be passively
transported across the intestinal membrane. This is also the case for neuraminidase inhibitors such as
zanamivir (Relenza®) which can be used to target viral infections in the pharyngeal mucosa.

Similarly, for some glycomimetic therapeutics it could be desirable to have shorter serum half-lives;
for example, the FimH antagonists discussed previously rely on renal excretion to reach their desired
protein targets in the urinary tract. Although a faster renal clearance is desirable in the treatment of
urinary tract infections, glycomimetics that are cleared too quickly would require too frequent dosing;
therefore, some hydrophobicity is still desirable to facilitate renal tubular reabsorption and somewhat
prolong circulation times.

4. Conclusions

Although historically carbohydrate-based therapeutics have not been overly successful in the
drug development pipeline, there have been numerous successful approaches recently developed
which can be used to circumvent the weak affinities and poor pharmacokinetic properties typically
attributed to glycans. Given their extensive structural diversity and involvement in a broad range
of diseases, carbohydrates and their associated glycomimetics have recently come back into focus
as a very promising therapeutic option. By identifying an appropriate target and applying several
of the strategies discussed in the context of this review, high affinity glycomimetics with favorable
pharmacokinetic profiles can be developed, and eventually carried forward into the clinic.

Funding: This research received no external funding.

Acknowledgments: A very grateful acknowledgement goes to Dr. Jacqueline Bezençon for her time and helpful
feedback in preparing this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nieuwdorp, M.; Meuwese, M.C.; Mooij, H.L.; Ince, C.; Broekhuizen, L.N.; Kastelein, J.J.P.; Stroes, E.S.G.;
Vink, H. Measuring endothelial glycocalyx dimensions in humans: A potential novel tool to monitor vascular
vulnerability. J. Appl. Physiol. 2008, 104, 845–852. [CrossRef]

2. Van Teeffelen, J.W.; Brands, J.; Stroes, E.S.; Vink, H. Endothelial glycocalyx: Sweet shield of blood vessels.
Trends Cardiovasc. Med. 2007, 17, 101–105. [CrossRef]

3. Varki, A.; Cummings, R.D.; Esko, J.D.; Stanley, P.; Hart, G.W.; Aebi, M.; Darvill, A.G.; Kinoshita, T.;
Packer, N.H.; Prestegard, J.H.; et al. (Eds.) Essentials of Glycobiology, 3rd ed.; Cold Spring Harbor: New York,
NY, USA, 2017.

4. Taylor, S.L.; McGuckin, M.A.; Wesselingh, S.; Rogers, G.B. Infection’s sweet tooth: How glycans mediate
infection and disease susceptibility. Trends Microbiol. 2018, 26, 92–101. [CrossRef]

5. Fuster, M.M.; Esko, J.D. The sweet and sour of cancer: Glycans as novel therapeutic targets. Nat. Rev. Cancer
2005, 5, 526–542. [CrossRef] [PubMed]

6. Dube, D.H.; Bertozzi, C.R. Glycans in cancer and inflammation—Potential for therapeutics and diagnostics.
Nat. Rev. Drug Discov. 2005, 4, 477–488. [CrossRef] [PubMed]

7. Gamblin, S.J.; Skehel, J.J. Influenza hemagglutinin and neuraminidase membrane glycoproteins. J. Biol.
Chem. 2010, 285, 28403–28409. [CrossRef] [PubMed]

8. Smith, D.C.; Lord, J.M.; Roberts, L.M.; Johannes, L. Glycosphingolipids as toxin receptors. Semin. Cell Dev.
Biol. 2004, 15, 397–408. [CrossRef] [PubMed]

155



Pharmaceuticals 2019, 12, 55

9. Seeberger, P.H.; Rademacher, C. (Eds.) Carbohydrates as Drugs; Springer: Berlin, Germany, 2014.
10. Zhang, Y.; Wang, F. Carbohydrate drugs: Current status and development prospect. Drug Discov. Ther. 2015,

9, 79–87. [CrossRef] [PubMed]
11. Ernst, B.; Magnani, J.L. From carbohydrate leads to glycomimetic drugs. Nat. Rev. Drug Discov. 2009, 8,

661–677. [CrossRef]
12. Quiocho, F.A. Probing the atomic interactions between proteins and carbohydrates. Biochem. Soc. Trans.

1993, 21, 442–448. [CrossRef]
13. Sears, P.; Wong, C.-H. Carbohydrate mimetics: A new strategy for tackling the problem of

carbohydrate-mediated biological recognition. Angew. Chem. Int. Ed. 1999, 38, 2300–2324. [CrossRef]
14. Schön, A.; Freire, E. Thermodynamics of intersubunit interactions in cholera toxin upon binding to the

oligosaccharide portion of its cell surface receptor, ganglioside GM1. Biochemistry 1989, 28, 5019–5024.
[CrossRef] [PubMed]

15. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to
estimate solubility and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev.
1997, 23, 3–25. [CrossRef]

16. Veber, D.F.; Johnson, S.R.; Cheng, H.-Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular properties that
influence the oral bioavailability of drug candidates. J. Med. Chem. 2002, 45, 2615–2623. [CrossRef] [PubMed]

17. Magnani, J.L.; Ernst, B. Glycomimetic drugs—A new source of therapeutic opportunities. Discov. Med. 2009,
8, 247–252.

18. Sood, A.; Gerlits, O.O.; Ji, Y.; Bovin, N.V.; Coates, L.; Woods, R.J. Defining the specificity of
carbohydrate-protein interactions by quantifying functional group contributions. J. Chem. Inf. Model.
2018, 58, 1889–1901. [CrossRef]
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