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ABSTRACT: Biopolymers, like DNA and proteins, fold in specific conformations in order to
exert complex biological functions. Synthetic modifications are commonly used to alter those
conformations and create engineered biomaterials. In stark contrast, the chemical complexity
and dynamic nature of polysaccharides have hampered a detailed structural characterization
and structure−function correlations are still incomplete. Many synthetic strategies have been
developed to access complex unnatural oligosaccharides, capable of mimicking or even
improving the properties of the natural counterpart. However, the structural features behind
these results are often neglected. This perspective highlights the approaches adopted to
develop unnatural glycans, with a particular focus on how the insertion of specific
modifications results in more flexible or more constrained structures. Synthetic analogues of
natural oligosaccharides could shine light on fundamental structural features. The combination
of modern synthetic, computational, and analytical methods will result in novel carbohydrate
based foldamers, with defined shape and aggregation behavior. Multiple applications in
biology, material science, and nanotechnology can be envisioned.

1. INTRODUCTION

The folding of biomacromolecules, like proteins or nucleic
acids, is responsible for most biological functions, such as
molecular recognition, information storage, and catalysis.
Recurrent three-dimensional features, such as the helical
motive,1,2 have fascinated chemists for many years, and
much effort has been paid to understand and reproduce such
conformations with synthetic analogues. A multitude of
chemical modifications has been employed to tune the 3D
structure and the function of biological entities. Unnatural
oligomers that display biopolymer-like folding behavior (i.e.,
foldamers) were designed and permitted to tune several
biological processes.3,4 These structural features form the bases
of engineered materials like DNA5,6 and protein1,7 origami,
with implication in the medical and energy field.
In contrast, glycan folding is often neglected and

polysaccharides have always been considered highly flexible
molecules with ill-defined conformations.8,9 However, carbo-
hydrates offer the possibility to form several directional
hydrogen bonds10 and polysaccharide materials, such as
cellulose, often show high crystallinity.11 The challenging
synthesis and 3D analysis of carbohydrates hampered the
development of reliable methods to predict glycan folding.9 X-
ray analysis of polysaccharide fibers gave valuable information
on how the monosaccharide type and linkage affects the 3D
structure.12 In addition, electron microscopy (EM) permitted
the biophysical characterization of natural polysaccharides’ gel
microstructure and their mechanical properties.13 However,
these studies are limited to heterogeneous polysaccharide
samples and their solid phase (or gel) structure. Little effort

has been directed to understand the folding of simpler
oligosaccharides, at the molecular level. Thus, the development
of glycomimetics, aiming for an increased biological activity or
resistance to enzymatic degradation, often lacks a precise
description of the effect of the modification on the glycan 3D
structure. This lack of research is surprising if we consider how
subtle differences in the sugar backbone of DNA and RNA
(i.e., deoxyribose vs ribose) have a major effect on the overall
conformation and consequently function.14

Recent advances in synthesis,15 characterization techni-
ques,16−18 and modeling8 allowed for new insights into
carbohydrate chemistry. It was recently shown that simple
oligosaccharides can adopt fundamentally different shapes
depending on the monosaccharide composition and their
conformation can be tuned with single-site substitution.19

These modifications have major effects on the single-chain
conformation but also on the aggregation and properties of
such compounds.19−21 It became obvious that molecular
details are highly important for the study of glycan−protein
interactions. Molecular glycobiology shifted its attention
toward single-molecule characterization, and glycan conforma-
tion, previously neglected, is now considered important.22

Indeed, glycans are still regarded as highly flexible molecules,
but the description shifted from an ill-defined conformation to
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an ensemble of conformations. It was suggested that lectins,
glycan binding proteins, are able to discriminate between those
conformers and select one for binding.23

Oligosaccharide-based drugs should be designed with careful
consideration of folding and supported by molecular models
and prediction tools. Rational considerations on the type and
position of the chemical modifications need to be imple-
mented, as they could play a crucial role in the bioactivity of
glycomimetic drugs.24

In this perspective, we analyze how chemical modifications
affect the conformation of natural oligosaccharides, resulting in
more flexible (section 2) or more rigid (section 3) structures.
We demonstrate that unnatural analogues offer an attractive
option to better understand fundamental aspects of glycan
conformation. The precise manipulation of the chemical
structure can shine light on the structural features essential
for the activity of such compounds. As a result, new sugar-
based foldamers with different conformations and geometries
could be created. Those structures may well become powerful
building blocks for the creation of supramolecular architectures
with applications in materials science. Analogues to peptides
and DNA, novel well-defined materials based on unnatural
oligosaccharides, could fuel the development of glyco-nano-
technology.
For the description of oligosaccharide conformation, stand-

ard definitions should be remembered. The main variable
implicated in polysaccharide conformation is the geometry of
the glycosidic linkage, with the monosaccharide units generally
considered rigid. The torsion angles Φ (H1−C1−Ox−Cx) and
Ψ (C1−Ox−Cx−Hx) define the relative orientation of two
monosaccharides involved in a glycosidic bond. For 1,6-
linkages, the ω torsion angle (O6−C6−C5−O5) provides
additional flexibility. The most populated conformation is
generally the exo-syn(Φ),25 due to hyperconjugation between
the exocyclic oxygen lone electron pair and the antibonding
orbital (σ*) of the endocyclic C−O bond (exo-anomeric
effect) (Figure 1).26 The Ψ dihedral is more sensitive to
sterics, favoring the anti(Ψ) conformer.27 The addition of
water to the system, which can disrupt intermolecular
hydrogen bonds, further complicates the description. As a
result, glycosidic linkages possess a significant degree of
freedom, resulting in quite flexible oligosaccharides.28

2. CHEMICALLY MODIFIED OLIGOSACCHARIDES

A large variety of oligosaccharide mimetics was developed to
improve on the performance of the natural glycans.29 The
synthesis was rarely based on rational design, and very little
attention was paid to the effect of the modification on the
overall conformation. Still, in the rare occasions when detailed
structural considerations were applied, glycomimetics with
remarkable target affinity were identified.30,31 Herein, we will
demonstrate how chemical modifications alter the oligosac-
charide conformation, with the vast majority of modifications
resulting in glycomimetics with increased flexibility. Thorough
structural considerations are essential for the development of
better oligosaccharide mimetics.

2.1. Functional Groups Modifications. Carbohydrates
bear functional groups such as hydroxyls, amines, or sulfate,
which play a fundamental role in the properties and functions
of oligo- and polysaccharides. A vast number of cellulose
derivatives (i.e., cellulose esters, ethers) have been obtained
and today produced in industrial scale, with dramatic changes
in the material properties.32 A wide range of chemical
methodologies has been developed in order to achieve a
certain degree of regioselectivity;33 however, this “post-
functionalization” approach has some drawbacks. Limited
control over the regiochemistry and degree of modification
hampered detailed structure−property correlations and gen-
erate unreproducible results. In contrast, a total synthesis
approach can selectively introduce functional groups in specific
positions to obtain well-defined oligomers but is applicable
only for simpler structures. Thereby, several unnatural
oligosaccharide mimics were created. However, the laborious
synthetic approach has limited systematic structural studies.
Automated glycan assembly (AGA) has allowed for the fast
synthesis of well-defined oligomers, by iteratively combining
monosaccharide units on a solid support. Unnatural building
blocks bearing specific modifications have been employed to
synthesize a collection of methylated, deoxygenated, deoxy-
fluorinated, as well as carboxymethylated cellulose analogues
(Figure 2). Each modification was designed to manipulate
specific intramolecular H-bonds, introduce charge, and tune
dipole orientation, to alter the overall conformation. All
modified compounds are more water-soluble and less

Figure 1. Standard definition of dihedral angles used for the
description of a glycosidic bond exemplified for a β-glycosidic linkage.

Figure 2. Systematic approach to study structure−property
correlations in carbohydrate materials by single-site modifications.
Reproduced from ref 21 under Creative Commons Attribution
http://creativecommons.org/licenses/by/4.0/. Copyright 2019 Y. Yu
et al.
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crystalline than the natural cellulose oligomers, as a result of
the increased flexibility of the single chains.
Importantly, MD simulations revealed that compounds with

the same degree of methylation but different substitution
pattern behave drastically different, highlighting the impor-
tance of rational design compared to the traditional random
functionalization.21 Alternated substitution patterns result in
quasi-linear structures, whereas more bent geometries are
observed with a block arrangement (Figure 3a). The single-
chain conformation affects the overall material properties, with
high crystallinity observed for the natural analogue, a
completely amorphous behavior for the block substituted
compound, and an intermediate behavior for the compounds
with an alternated methylation pattern (Figure 3).
The importance of the substitution pattern was recently

shown for glycosaminoglycans (GAGs), a major component of
mammalian cell surfaces and extracellular matrix. GAG
analogues interacted with heavy metal ions depending on the
sulfation pattern, rather than the sulfation degree. This effect is
attributed to the conformations adopted by the differently
sulfated oligosaccharide.34 This preliminary study could be
implemented in the development of unnatural sulfated
oligosaccharides for sensing and devices.
Introduction of Fluorine. The specific installation of

fluorine into an organic backbone has been widely applied in
medicinal chemistry, preparation of agrochemicals, and
material chemistry.35,36 New chemical entities with unique
chemical, physical, and biological properties arose due to the

chemical inertness of the C−F bond, increased hydrophobicity,
small size, and strong inductive effect of fluorine. Additionally,
a wide range of functional groups can be replaced by fluorine
with considerable effects on biological activity.36

Fluorination can tune hydrogen bonding and interactions
with water molecules, suggesting that OH/F substitutions in
oligosaccharides can have a profound effect on the glycan
conformation. Limited studies have been carried out on
fluorinated glycans, since the installation of fluorine into an
oligosaccharide backbone can be extremely challenging. In
addition, the conformational changes are not always well
understood at the molecular level and their effect is often
underestimated. In contrast, fluorinated peptides are much
better understood and exploited. Fluorination of alkyl and
aromatic side chains is commonly used to provide stabilization
or guide protein folding to improve denaturation resistance
and tune biological activity.37,38

To date, the installation of specific fluorine atoms proved to
be a successful strategy to increase the in vivo stability of
glycoproteins. Indeed, fluorinated oligosaccharides have
proven more resistant to enzymatic hydrolysis.39 However,
conformational aspects have never been taken into consid-
eration to explain enzymatic inhibition, generally attributed to
the reduced reactivity of the fluorinated analogues. To enhance
the immunogenicity and resistance to enzymatic degradation, a
collection of deoxyfluorinated disaccharides was synthesized.40

Similarly, a significant increase in immunogenicity was
observed for fluorinated analogues of a disaccharidic tumor-

Figure 3. Representative snapshots of MD simulations for methylated analogues at the single-chain level (a) and in concentrated solutions (b). (c)
Powder XRD diffraction and solubility test (inset). Reproduced from ref 21 under the terms of the Creative Commons Attribution License (CC
BY). Copyright 2019 Y. Yu et al. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
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associated carbohydrate antigen (TACA). The causes of the
increased immunogenicity are not fully understood, with no
insight on how fluorination affects the disaccharide 3D
structure nor its interaction with the protein.41

Surprisingly, 19F NMR has barely been used for the
structural analysis of glycans. However, recent examples
suggested that 19F NMR could offer a unique solution to
simplify the, otherwise extremely complex, NMR analysis of
carbohydrates.42,43 The simplification of NMR spectra
provides access to unique techniques (e.g., residual dipolar
couplings, H-bond analysis) that can lead to excellent 3D
characterization.8,44 The replacement of specific hydroxyls of
the sugar ring with fluorine was employed to study protein−
carbohydrate interactions (Figure 4). For this approach, a
preliminary structural analysis remains necessary, since
fluorination should not affect the overall oligosaccharide
conformation.42 For instance, a fluorinated sialyl-lactosamine
trisaccharide showed excellent binding to the protein of
interest and, importantly, X-ray crystallography proved that the

fluorination of position 2 of the central galactose unit provides
excellent mimicry of the natural trisaccharide.45

The OH/F substitution was also used to selectively block
intramolecular hydrogen bonds. In this case, the overall
conformation of the modified oligosaccharide was affected with
dramatic effects over the macroscopic properties (Figure 5). A
collection of deoxyfluorinated cellulose analogues with specific
fluorination patterns was prepared by AGA.15 A detailed MD
analysis of the torsional angles (i.e., θ and Ψ) predicted the
high flexibility of such systems, with partial disruption of the
rigid cellulose conformation. Higher solubility and lower
tendency to arrange in crystalline domains was verified by
powder XRD.21 This systematic approach can be applied to
several glycans to shine light on important three-dimensional
features required for a particular activity.
We strongly believe that fluorinated oligosaccharides will

play a key role in gaining a fundamental understanding of
glycans. The specific placement of the F substituent can either
disrupt hydrogen bonds or provide a perfect mimic of the
hydroxyl groups. Furthermore, fluorine can affect glycan−

Figure 4. Fluorinated glycans can give an insight into protein binding events (left) and provide a tool for detailed structural NMR analysis (right).
Adapted from ref 55 with permission from John Wiley and Sons. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 5. (a) Representative snapshots of fluorinated analogues from MD simulations. (b) Ψ dihedral analysis showing a visible change in the
population distribution for the fluorinated analogues. (c) Powder XRD illustrating dramatic changes in crystallinity.
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water interactions, crucial for the conformation of glycans in
solution.8 New methods for the selective installation of fluorine
atoms are needed to explore the wide variety of glycan
conformations. To date, only heavily fluorinated monosac-
charides have been prepared and their use in oligosaccharide
synthesis remains challenging. In the future, highly fluorinated
analogues could result in completely new conformations and
macroscopic properties.46,47

2.2. Endocyclic Oxygen Replacement. The replacement
of the endocyclic oxygen with unnatural functionalities is a
common strategy to increase oligosaccharide stability toward
enzymatic degradation. Carbasugars are a class of oligosac-
charide mimics in which the endocyclic oxygen has been
replaced with a methylene unit (CH2).

48 The methylene group
has an important effect on oligosaccharide conformation.
While the pyranose chair conformation remains substantially
unaffected,49 the electronic properties of the glycosidic linkage
are drastically affected. The absence of the exo-anomeric effect
permits high flexibility, and the glycosidic linkage can explore a
wide range of conformations, such as the generally not
populated non-exo(Φ).50 The flexibility of these compounds
results in an entropic cost during binding to proteins, even
though the non-exo(Φ) conformation remains in most cases
less stable, due to steric clash.51,52

Thiasugars bear an endocyclic sulfur atom in place of the
oxygen that makes them more flexible at the glycosidic
linkages, due to stereoelectronic properties (weaker exo-
anomeric effect). In contrast to carbasugars, they retain the
same overall conformation of the natural counterparts (exo-
syn(Φ) and exo-anti(Φ) are the most abundant conforma-
tions).53,54

The replacement of the endocyclic oxygen with CH2 or S
increases the flexibility of the oligomer, and “unnatural”
conformations are observed. Since high flexibility could mean a
high entropic cost during binding, a CF2 moiety has been
installed in place of the endocyclic oxygen to restore the exo-
anomeric effect in a maltose mimic. A favored overlap between
the oxygen lone pair and the antibonding orbital of the C−CF2
bond (σ*C1−CF2) mimicked the interactions present in natural
glycosidic linkages and favored the exo(Φ) conformations.55

2.3. Unnatural Glycosidic Linkages. The substitution of
the oxygen of the glycosidic linkage with other moieties has
been widely explored for the production of new molecular
architectures. These unnatural analogues are capable of
mimicking the functions as well as, in some cases, improving
the bioactivities of natural oligosaccharides. The most common
modifications, developed to resist hydrolysis by glycosidases,
are S-glycosides and C-glycosides. The long in vivo life-
time56−58 made these analogues useful for therapeutic
applications,59,60 as shown in the case of the S-linked antitumor
agent Landomycin A (Figure 6).61 In addition to in vivo
stability, a collection of short β-1,3-glycan thioglycoside
derivatives showed an enhanced affinity for hydrophobic
binding pockets of various lectins, dectins, and receptors
such as the complement receptor 3 (CR3).62−65 Following a
similar idea, the synthesis of S-linked oligosialic acid antigens
was reported for the development of carbohydrate-based
vaccines (Figure 6).66

To date, the attention has been directed mainly on the
bioactivity of such compounds, neglecting the effect of the
linkage modification on the overall oligosaccharide conforma-
tion. Little effort has been devoted to the structural features of

Figure 6. Thioglycoside derivatives of β-1,3-glycans and S-linked analogues.
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these analogues.51,67,68 Increased flexibility was observed for
simple S-linked dimers (Figure 7). Molecular mechanics

calculations showed that the “standard” exo−syn(Φ) con-
formation of α-S-glycosides is significantly less rigid than the
corresponding O-linked analogue.69 Moreover, two additional
conformations (exo−syn(Φ)/anti(ψ) and non-exo(Φ)/syn(ψ))
become accessible, due to the weaker exo-anomeric effect. As
expected from the absence of the stabilizing exo-anomeric
effect, the C-linked analogues show high conformational
flexibility with a highly populated non-exo conformation
(Figure 7).70,71

The conformational diversity and flexibility of these systems
may play a major role in the molecular recognition and
biological activity of such mimetics. Even though flexible
systems could suffer from an entropic loss during binding to
proteins, these systems could be important with lectins that
preferentially bind to specific low populated conformations.72

Thus, a deeper structural analysis of such oligomers will allow
for fundamental structure−activity correlations, toward the
design of more potent drugs. Moreover, other functionalities
have been used to replace the conventional O-glycosidic bond.
N- and Se-Glycosides54,73 as well as carbohydrate sequences
linked through a phosphate74 (i.e., carbonucleotoids) or a
triazole75 moiety have been reported and could offer
interesting alternatives for the formation of completely new
geometries.

3. TOWARD SUGAR FOLDAMERS
Most of the previous examples employed chemical manipu-
lations to improve bioactivities and/or stability, but very little
structural design was employed. Nevertheless, as a result of the
modifications, conformational changes occurred and a more
flexible system was generated. In this section, we discuss the
use of modified carbohydrate backbones to reduce the
flexibility of the system. Tricks to stabilize particular 3D
structures as well as methods to switch between conformations
will be analyzed.
3.1. Peptide Mimics. In the last decades, compounds with

defined folding have been designed to mimic polypeptide
secondary structure. Foldamers, short oligomers able to adopt
stable and defined secondary structures, are now important for
nanotechnology and biology.3,4 Following the same idea, a
functionalized pentasaccharide was designed to bind to the

minor groove of DNA. The design was inspired by a DNA-
binding protein with α-helical structural motifs that interact
with DNA in a specific manner. While the backbone plays a
minor role, the presentation of the side chains is crucial for
DNA binding. The rod-like pentasaccharide, constituted of 2-
deoxyfucose linked with α-1,4 linkages, permitted a close
resemblance to the helical region of a DNA-binding protein. 2-
Deoxyfucose was chosen because it is considerably more
hydrophobic than other monosaccharides and expected to
facilitate binding to DNA grooves. Guanidinium groups mimic
the arginine side chain. NMR allowed the structure of the
pentasaccharide in solution to be determined, which clarified
the selectivity toward DNA over RNA.76 Along the same lines,
a trisaccharide scaffold bearing amino acid side chains was
designed to bind to a tumor protein (i.e., MDM2). The
trisaccharide was based on the critical structural elements of a
peptide (i.e., p53 cellular tumor antigen) that binds to the
protein MDM2 (Figure 8). The oligogalactose showed a rod-

like shape with the amino acid side chains (i.e., Phe, Trp, and
Leu) oriented on the same side of the molecule, providing a
mimic of the alpha helical peptide domain. Furthermore, the
amphiphilic character of the peptide was reproduced replacing
some hydroxyl moieties with amines in the pyranose rings.
However, despite the rational design, only a weak inhibitory
activity of p53 was found, suggesting that the side chain
position and conformation were still not optimal.77 Much work
remains to predict the conformation of oligosaccharides and
produce mimetics with a rational structural design. However,
these studies suggest that oligosaccharides could offer a valid
platform for the synthesis of a tunable peptide mimetic to
target specific binding sites.
Aiming to obtain stable secondary structures, a new class of

peptidomimetics was developed. Carbopeptoids are oligosac-
charides in which the glycosidic oxygen atom is replaced with
an amido group.78 Analogous to S- and C-glycosides,
carbopeptoids are more stable toward proteolytic cleavage
than their natural counterparts. These amido-linked hybrids
fold into architecturally ordered geometries,79,80 generally
helical structures. Long-range NOEs in NMR and circular
dichroism analysis permitted the folding process to be
followed, showing that a dense intramolecular hydrogen
bonding network stabilizes these structures. Molecular
dynamics (MD) simulations have been intensively utilized to
predict the folding process.81−83

The replacement of the regular glycosidic bond by an amidic
linkage simplifies the synthetic strategy, eliminating the issue of
stereocontrol of “standard” glycosylations. A cationic ring-
opening polymerization has been used to obtain enantiopure
poly-amido-saccharides (PASs).84 Molecular models were

Figure 7. Conformational distribution of S- and C-glycosides
compared to the natural disaccharide with the most populated
conformation highlighted in red.

Figure 8. Functionalized trisaccharide mimic designed to resemble a
p53 peptide that binds to the MDM2 protein. Adapted with
permission from ref 77. Copyright 2010 Elsevier.
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constructed to predict the helical structure, stabilized by
several internal hydrogen bonds and by the rigidity of the
pyranose-polyamide backbone (Figure 9).
A transition-metal-mediated radical reaction led to well-

defined carbopeptoids with different lengths.85 Circular
dichroism revealed that these structures adopt well-extended
left- or right-handed conformations, depending on the size of
the chain.
Despite the quite straightforward synthesis,85−87 carbopep-

toids have not yet been extensively exploited as structural
building blocks. In contrast, peptides with defined secondary
structures as well as unnatural foldamers have raised
considerable attention in biology and materials science.3,4,88

We believe that a similar approach applied to carbopeptoids
could fuel the formation of novel materials. In particular, the
methodical insertion of sugar appendages or single-site
substitutions would be a pioneering approach for structural
manipulation. A systematic study has shown that the
conformation of sugar-amino-acid derived foldamers could be
tuned upon introduction of sugar appendages.89 The structural
changes obtained by this specific modification revealed new
interactions with several biological targets.
3.2. Conformational Locks. To lower the entropy of the

unfolded state, Nature has devised some tricks to stabilize
protein folding (e.g., disulfide bridges). Likewise, chemists
developed some techniques to stabilize synthetic molecules,
such as short peptides, into bioactive structural motifs.
Macrocyclization is a well-established strategy to access
efficient biomimetic drugs that has been accomplished in a
wide variety of manners using, for instance, disulfide-, lactam
ring-, or metal-mediated bridges, hydrocarbon stapling, or
hydrogen bond surrogate (HBS).90 The “reinforced” alpha
helices aim for higher biological activity and proteolytic
resistance.91,92 Successful examples of stapled peptides for in
vivo applications as drugs have been reported.93

Intrinsic glycan flexibility limited the use of such strategies.
However, recent works showed that short oligosaccharides can
adopt stable structures in solution, influencing their bind-
ing.16−19,94,95 Moreover, especially in plants, many examples of
macrocyclic tethered oligosaccharides (e.g., tricolorin and
calonyctin A) with interesting biological activities were
identified.96,97 As a consequence, artificial constrained
oligosaccharides gained popularity (Figure 10). Preorganized
glycans pay a lower flexibility-induced entropic cost upon
binding, resulting in higher affinity constants. However, the
prediction of the conformation adopted by the stapled
structure is not trivial. In addition, the structural complexity
of glycans posed a bottleneck in the design of stapled-
glycomimetics and conformational control is hardly achieved.
The first example employed a methylene bridge to mimic an
intramolecular hydrogen bond present in the lectin−glycan

complex. Still, the resulting locked structure showed no
binding improvement.98 Hydrocarbon stapling has been
applied to oligosaccharides to lock the bioactive conformation,
but moderate success has been achieved up to now.96,99 Recent
advances in MD8 and NMR studies44 will be important tools
for the future development of conformationally constrained
saccharides. Interestingly, such an approach can be used to
“freeze” oligosaccharides into unnatural conformations or low
populated conformational states, that can shine light on the
actual receptor/bound conformation.100

3.3. Conformational Switches. Conformational switches
are used by Nature to control DNA binding, where a ring flip
of deoxyribose can induce the formation of a kink, favoring
binding to proteins.101 Similarly, modern synthetic molecular
machines make use of conformational switches to perform
their function.102 In the field of oligosaccharides, this approach
is reported mainly for cyclodextrins (CDs). Several synthetic
methodologies have been developed, and structural features of
such systems are well characterized.96 For instance, the size

Figure 9. Predicted structure of poly-amido-saccharides based on gas phase minimization with MMFF94s (molecular models side and front views).
A dense network of H-bonds stabilizes the helix. Adapted with permission from ref 84. Copyright 2012 American Chemical Society.

Figure 10. Hydrocarbon stapling is a common method to stabilize
helical peptides (left). The same approach has been adopted to
stabilize certain conformations of glycans (right).
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tuning of the cavity has been accomplished, inserting more
flexible linkages between monosaccharide units in a CD
mimic.103 Photoswitchable systems have been designed where
an azobenzene moiety allows for the control of the shape,
cavity size, and solubility of unnatural CDs (Figure 11).104,105

Translating a similar concept to oligosaccharides can be
potentially used to control the conformation at the molecular
level and alter binding events. So far, metal promoted chair
flipping was applied to an unnatural xylopyranose unit. The
installation of two amino moieties in positions 2 and 4 allowed
switching between the 4C1 and

1C4 chair conformation, upon
an external stimulus (Figure 12). The addition of a Pt(II) salt

promoted the reversible bending of a trisaccharide
model.101,106−108 Chair flipping can lead to interesting
applications, in particular where the ring conformation is key
for a certain biological activity (e.g., L-iduronate during binding
to antithrombin).109 Furthermore, applications in the field of
carbohydrate materials can be envisioned, since the conforma-
tional switch can trigger different aggregation behaviors.

4. CONCLUSIONS AND FUTURE PERSPECTIVE
Recent advances in synthetic methodologies enabled access to
novel carbohydrate analogues. Unnatural oligosaccharides
show interesting properties, like resistance to enzymatic
degradation and improved activity. However, the structural
features that could be responsible for such behavior are often
neglected. This prevents use of this knowledge for the rational
design of new and more potent drugs. It became clear that a
better understanding of the 3D structure could enormously
help the development of new sugar drugs. To do so, three main

aspects should be considered: synthesis, modeling, and
analysis.
From the synthetic point of view, much effort has been put

into automating oligosaccharide synthesis, with several
machines now available.110−112 Access to well-defined
compounds is fundamental for structural elucidations;
however, up to now, natural glycans have been the main
target of synthetic chemists. We believe that unnatural
modifications should receive more attention, since it was
shown that collections of unnatural analogues, produced by
AGA, permitted elucidation of the 3D structures of some
oligosaccharides.19 A systematic approach was followed to
disrupt specific H-bonds to tune the properties of some
polysaccharide materials.21 This powerful method could shine
light on the structural features that are essential for the activity
of biologically relevant compounds. In this regard, deoxygena-
tion and methylation of specific positions offer a valuable
strategy to manipulate H-bond networks. Fluorinated ana-
logues also gained popularity, since they allow for the use of
NMR techniques.42 Increasing attention is given to the
synthesis of fluorinated compounds, and we envision the
creation of highly fluorinated collections with completely novel
geometries and activities.47,113 Additionally, the possibility to
block particular conformations (stapling) or to switch between
conformations will offer a different approach to gain
structure−function information.92,114 New synthetic strategies
should be developed, since only limited examples are available.
The prediction of the effect of a modification on the overall

conformation remains a major challenge. New force fields,
specifically optimized for carbohydrates, are now available, and
software packages to perform MD simulations have become
more user-friendly.8,115 Still, predicting oligosaccharide con-
formations in a solvated system remains a major challenge and
novel and more accurate water models are currently
investigated.116 In the past decade, the physical models used
for the MD simulations have become substantially more
accurate;117 however, the lack of standards to validate the
computational predictions poses a severe bottleneck. In
particular, most force fields do not have parameters for
modified structures and a massive effort is still needed to reach
the same level of modeling available for peptides and DNA.
Simple prediction tools, such as CarbBuilder, are appearing as
a resource for organic chemists to guide oligosaccharide
synthesis.118,119 The impressive advancement of computational
predictions for protein or DNA structures opened up new
areas such as de novo protein design120 and DNA121 and
protein1,122 nanotechnology. We believe that an improvement
in the computational methods, supported by the synthesis of
structural probes, will fuel the field of sugar foldamers. New
oligomers with known shape or folding behavior are expected,
thanks to a more rational approach during the design of such
molecules.
From the analytical standpoint, advanced NMR studies

opened up new avenues. Labeled structures and the use of
lanthanide complexes permitted breaking of the chemical shift
degeneracy of carbohydrates and simplified the analysis.123−125

Other analytical techniques, like atomic force miscroscopy
(AFM)126−129 and ion-mobility mass spectrometry (IM-
MS),130 could also provide structural information; however,
their use in glyco-analysis is still in its infancy. Still, the perfect
analytical technique for the visualization of structural detailed
at the molecular level was not identified. A major breakthrough
will be single-molecule visualization. As happened for peptides

Figure 11. Photoswitchable system to mimic a CD and its energy
minimized 3D model. Adapted with permission of The Royal Society
of Chemistry from ref 105. Copyright 2018; permission conveyed
through Copyright Clearance Center, Inc.

Figure 12. A trisaccharide molecular hinge triggered by addition of Pt
salt.
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and DNA, imaging techniques like AFM and scanning
tunneling microscopy (STM) could offer the desired
resolution to explore glycans at the molecular level. The
combination of new analytical techniques with spectroscopic
methods (e.g., ion-mobility IR spectroscopy131−133 or ESI-
STM134) could also offer interesting insight into polysacchar-
ide aggregations, as recently reported for peptides and proteins.
The most important and difficult challenge is to combine

these three aspects toward a common goal. We strongly believe
that such fundamental studies will fuel the formation of tailor-
made glycans with defined shape and tuned properties. We
have demonstrated that modified structures are perfect
substrates for 3D investigations. In analogy with peptides, we
envision a future where carbohydrate foldamers will find
applications in biology as well as in materials science. Tuned
aggregation and self-assembling could be achieved.20 The
natural abundance of carbohydrates will offer an advantage
compared to other biomolecules, and industrial applications
are plenty.
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(51) Asensio, J. L.; Cañada, F. J.; García-Herrero, A.; Murillo, M. T.;
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O.; Ghosh, S.; Garcia Fernańdez, J. M.; Ariel Martin, F.; Ghigo, J.-M.;
Beloin, C.; Ito, K.; Woods, R. J.; Ampapathi, R. S.; Chakraborty, T. K.
Sugar-Modified Foldamers as Conformationally Defined and Bio-
logically Distinct Glycopeptide Mimics. Angew. Chem., Int. Ed. 2013,
52 (39), 10221−10226.
(90) Guarracino, D. A.; Riordan, J. A.; Barreto, G. M.; Oldfield, A.
L.; Kouba, C. M.; Agrinsoni, D. Macrocyclic Control in Helix
Mimetics. Chem. Rev. 2019, 119 (17), 9915−9949.
(91) Walensky, L. D.; Bird, G. H. Hydrocarbon-Stapled Peptides:
Principles, Practice, and Progress. J. Med. Chem. 2014, 57 (15),
6275−6288.
(92) Lau, Y. H.; de Andrade, P.; Wu, Y.; Spring, D. R. Peptide
Stapling Techniques Based on Different Macrocyclisation Chem-
istries. Chem. Soc. Rev. 2015, 44 (1), 91−102.
(93) Walensky, L. D.; Kung, A. L.; Escher, I.; Malia, T. J.; Barbuto,
S.; Wright, R. D.; Wagner, G.; Verdine, G. L.; Korsmeyer, S. J.
Activation of Apoptosis in Vivo by a Hydrocarbon-Stapled BH3 Helix.
Science 2004, 305 (5689), 1466−1470.
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