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conformation of polysaccharides in solution remains in most cases elusive due to their
intrinsic complexity and lack of analytical techniques. In this review, we discuss the
different helical shapes adopted by polysaccharides, with particular focus on how the
helical character is exploited to form supramolecular assemblies, such as inclusion
complexes with linear guest molecules and co-helices with polynucleotide strands.
Several methodologies are used to tune the polysaccharides conformation, ranging from
ion-mediated coil-helix transition to chemical synthesis of well-defined compounds with
specific modifications. The latter provides ideal tailor-made probes for structural studies,
with the aim to correlate their three-dimensional structure and the macroscopic
properties. Applications of oligosaccharides with defined shapes in molecular recognition
and catalysis are envisioned.
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ABSTRACT

In analogy to polypeptides and polynucleotides, polysaccharides tend to form helical secondary
structures, as well as higher hierarchical assemblies. Nevertheless, the conformation of
polysaccharides in solution remains in most cases elusive due to their intrinsic complexity and
lack of analytical techniques. In this review, we discuss the different helical shapes adopted by
polysaccharides, with particular focus on how the helical character is exploited to form
supramolecular assemblies, such as inclusion complexes with linear guest molecules and co-
helices with polynucleotide strands. Several methodologies are used to tune the polysaccharides
conformation, ranging from ion-mediated coil-helix transition to chemical synthesis of well-
defined compounds with specific modifications. The latter provides ideal tailor-made probes for
structural studies, with the aim to correlate their three-dimensional structure and the
macroscopic properties. Applications of oligosaccharides with defined shapes in molecular
recognition and catalysis are envisioned.
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1 INTRODUCTION

Polysaccharides are the most abundant biopolymers in nature, serving mainly as energy storage
and structural materials. In addition, they are involved in several biological processes, such as
cell recognition, differentiation, and adhesion.” Similarly to polypeptides and polynucleotides,
polysaccharides adopt many regular conformations at the molecular level that strongly affect
their properties and functions. Highly recurrent peptide secondary structures are a-helices and
B-sheets.? In analogy, helical and ribbon-like secondary structures with different degree of
flexibility are widespread and have a great influence on the macroscopic properties of
polysaccharides (Figure 1).> Nevertheless, the description of polysaccharides conformation and
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folding dwarfs in comparison to polypeptides and often remains incomplete. Similarly, the
principles governing their stability are not always well understood. The intrinsic complexity of
polysaccharides posed a bottleneck, limiting the understanding of these biopolymers at the
molecular level. Early work on polysaccharides produced a series of three-dimensional
structures derived from X-ray diffraction of fibers. The conformation in solution, crucial to
understand the biological functions of polysaccharides,* remained elusive due to lack of proper
analytical techniques. The high structural diversity results from the different monosaccharide
units (e.g. glucose, galactose, mannose) which can be substituted with multiple functional
groups (e.g. acetyl, amine, sulfate). Such monosaccharides are linked with different connectivity
(e.g. 123, 124, 1>6) through the glycosidic linkage, which can have different stereochemistry
(il,e. a or B). The possibility to make branched structures increases the complexity of
polysaccharides, when compared to linear polypeptides and polynucleotides (Figure 1).
Moreover, the high flexibility, that makes polysaccharides very versatile macromolecules,
hampered their study even further.
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Figure 1 Different classes of biopolymers based on different chemical linkages such as phosphodiester, amidic and
glycosidic bond. A schematic representation of recurrent secondary structures for the different classes of biopolymers
is shown.

Polysaccharide helices tend to interact with other materials in a highly recurrent manner,
generating stable supramolecular assemblies. Furthermore, helical polysaccharides are
particularly interesting for their strong tendency to form higher hierarchical structures, which
often result in gel formation. Studying these structures can help to better understand
polysaccharide properties, shedding light upon the forces that regulate polysaccharide
interaction and aggregation. Herein, we review the different helical shapes adopted by
polysaccharides in their native state, with special attention on the effect of the monosaccharide
type and branching pattern on the conformation and macroscopic properties. We describe the
most relevant methods used for structural elucidation, with particular emphasis on the most
recent examples of solution phase studies. Several ways to influence helical stabilization are
described, including co-assembly with other materials, ion-mediated coil-helix transition, as well
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as chemical synthesis of tailor-made compounds with specific modification. Finally, the influence
of the helical character over quaternary structure formation is described.

2 POLYSACCHARIDES THAT FORM HELICES

Helical conformations are common secondary structures for polypeptides, as well as for
polysaccharides. Polypeptide helices are described with the standard X, nomenclature in which
X represents the number of residues per helical turn and n the number of atoms in the hydrogen-
bonded loop. Differently, polysaccharide helical symmetry is commonly denoted using the U,
nomenclature with U representing the number of units in v helical turns.® From a biological
standpoint, the helical arrangement is advantageous because it allows for efficient packing of
molecules and thus high energy storage capabilities. A standard polypeptide a-helix has 3.6
amino acids per turn, with a pitch of 5.4 A. Polysaccharide helices are much more diverse, with
a pitch range between 7 and 47 A. Furthermore, the assembly of unimeric polysaccharide chains
into higher hierarchical structures, such as tertiary and quaternary structures, is known, as
described by multiple helical assemblies and gel networks of carrageenans, a class of sulfated
polyelectrolyte polysaccharides.® The hollow helix is a highly recurrent local conformation of
polysaccharides in which stabilization derives from non-covalent forces including hydrophobic
interactions, hydrogen bonding, dipole, and ionic interactions.” A general feature of these helices
is the hydrophobic character of the central cavity, generated by the axial C-H bonds of the sugar
ring. On the contrary, the exterior is highly hydrophilic, due to the exposure of hydroxyl groups.
The hydrophobic character of the internal void, together with interstrand hydrogen bonding, is
crucial for the formation of higher hierarchical structures, such as helical inclusion complexes
and double (or triple) helical assemblies. Many polysaccharides exist in a helical conformation
only upon double or triple helix formation, switching to a random coil when the supramolecular
assembly is disrupted (i.e. denaturation process). The external input, which can disrupt such
structures, could be temperature or ionic strength. Furthermore, some polysaccharide helices
showed a degree of flexibility adapting their size to the guest molecule (i.e. adapting the pitch (p)
and number of units per turn (n)).2 Other commonly adopted secondary structures are extended
ribbons, which are typically rigid and flat, with amphiphilic character.
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Figure 2 Chemical structures of natural polysaccharides. The monosaccharides are represented following the Symbol
Nomenclature for Glycans (SNFG).°

Amylose is the major representative of the polysaccharide hollow helix family (Figure 2) and
adopts a double helical supramolecular structure with two left-handed 6+ helices twisted around
each other, in the crystalline form (Figure 3B). Two allomorphs (A and B) are reported for native
amylose with similar chain conformation, but different crystalline packing of the double helices.
The helical pitch of A and B amylose is respectively 21.4 and 20.8 A. Even though no
intramolecular hydrogen bonds are present, an extensive hydrogen bonding network exists
between the two strands stabilizing the double helix. Additional stabilization results from van der
Waals interactions. The interstrand association makes the central cavity too small to
accommodate water molecules (inner diameter 3.5 A, Figure 3B).''2 Beside these native
allomorphs, a V-form, with a guest molecule in the central hydrophobic cavity (e.g. starch-iodine
complex) exists. The V-form is a fairly flexible single 6+ left-handed helix with the helical size that
can adapt to the size of the guest molecule (Figure 3A); different inner diameters have been
reported (4.5, 6.0 and up to 7-8 A), while the pitch is approximately 8 A. In contrast with the A
and B forms, the V-form is stabilized by intramolecular hydrogen bonds.®'*-'* The sugar rings
are oriented in a parallel fashion with respect to the helix axis, thus creating a hydrophobic
central void able to host molecules (Figure 3A).2'® A double helix with a central hydrophobic
cavity was also observed for an amylose oligomer and polyiodide.”* The conformation of
amylose in solution is still under debate and a method to determine it unambiguously remains
elusive.' An attempt to monitor the conformational changes in solution has been performed,
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following the enzymatic synthesis of amylose with Small Angle X-ray Scattering (SAXS). Six-
Fold double helices (21 A pitch), as well as wormlike chains, were observed, depending on the
length of amylose and on the synthetic conditions.'®

B-1,3 Glucans (Figure 2) are polysaccharides widespread in fungi, plants, bacteria, and yeast,
serving structural function as components of the cell wall, as well as energy reserve function.
Most of them adopt hollow helical structures, usually arranging into triple helices. Curdlan, a
linear B-1,3 polyglucoside (Figure 2), is the simplest polysaccharide of this family. The
anhydrous form is partially crystalline, with a triple right handed helical structure made of three
61 strands, held together by hexagonal interstrand hydrogen bonding between hydroxyls in
position 2 and hydrophobic interactions (pitch 18.78 A, Figure 3C).2 A double helical
conformation appears as an intermediate during the curdlan denaturation process.?'
Schizophyllan (Figure 2) is based on the same linear backbone as curdlan having, in addition, a
regular pattern of B-1,6 glucose branching every third residue. Similarly to curdlan, this
polysaccharide shows a triple helical arrangement (61 helices, pitch of 18 A) stabilized by
hydrogen bonds, while the glucose sidechains extend towards the outside.’®? Upon
denaturation, a combination of hydrophobic interactions and H-bonds helps the reformation of
the triple helices.?® Lentinan, an analogue of schizophyllan with a regular pattern of B-1,6
glucose branching (Figure 2), also adopts a triple helical superstructure in its native form.?° The
presence of the sidechains in these -1,3 glucans has a direct effect on macroscopic properties.
Curdlan self-assembles to give water insoluble aggregates, while schizophyllan and lentinan are
water soluble.?*2°

Figure 3 Side and top view of single, double and triple helical polysaccharides. The helix symmetry is denoted by Uv
which means that there are U repeat units in v turns of the helix. A) V-amylose left-handed 61 helix. B) A-amylose left-
handed 6+ double helix. C) Curdlan right-handed 61 triple helix.
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Similar to B-glucans, B-1,3-xylans (Figure 2) adopt right-handed triple helical superstructures.
Each helix has six xylopyranose units per turn with a 18.36 or 17.55 A pitch, depending on the
water content.?®?” The recurrent feature of these B-1,3-glucans/xylans is the presence of a triad
of hydrogen bonds between the hydroxyl groups in position 2 at the center of the triple helix. The
orientation of the sugar rings is roughly perpendicular to the helical axis (characteristic of the
screw helix) with the hydroxyl in position 6 pointing outwards (if present).

Most glycosaminoglycans (GAGs) have an alternating pattern of 1,3 and 1,4 glycosidic linkages.
They exhibit a variety of single, left-handed helices with different degrees of extension, ranging
from two to four folds. More complex arrangements, such as the 8s helices of chondroitin 6-
sulfate and dermatan sulfate, were also detected.’

Hyaluronic acid (or hyaluronan) is a polyelectrolyte, bearing carboxylic acid moieties. Despite the
simple disaccharide repetitive unit of hyaluronic acid (Figure 2) and the extensive use of this
polysaccharides in the biomedical field, its solution conformation is still under debate.?® In solid
phase (i.e. fiber diffraction), hyaluronic acid shows high variety of allomorphs, adopting left-
handed helical arrangements with 2, 3 and 4 repetitive units per turn (both single and double
helical). The helical conformation in the solid state depends on many parameters, such as the
counterion, pH, temperature and hydration. The ability to adopt a wide range of conformations
makes hyaluronic acid a versatile biopolymer with several biological functions.?®2?° For instance,
the presence of divalent cations (i.e. Ca?") influences the structure, stabilizing a single threefold
helical structure with a pitch of 28.4 A and creating an ionic bridge between adjacent polyionic
strands, whereas low pH favors a 4; double helical arrangement with 32.8 A pitch.3%%" It has
been suggested that, in solution, this polysaccharide exists in a ordered conformation, in which
each disaccharide repetitive unit is twisted by 180° with respect to the next unit. The twofold
helix can be viewed as an extended ribbon stabilized by intrachain hydrogen bonds and able to
form duplexes (i.e. interchain association), thanks to interactions between hydrophobic
“patches”.?®

Carrageenans (Figure 2) are a class of gel-forming, linear sulfated polysaccharides with a
disaccharide galactan backbone, found in seaweed. Among them, iota and kappa-carrageenans
adopt a random coil or right-handed single helical secondary structure depending on the ionic
environment. X-ray fiber studies suggested a conformation based on a double helix with three
disaccharide units per turn (threefold), with a pitch ranging from 26.0 to 24.6 A. The stability of
the double helix was thought to arise from interstrand hydrogen bonds buried in the helix interior,
while the sulfate groups are pointing outwards.*? Recently, AFM imaging proved their single
stranded nature and their tendency to associate into supramolecular entities, responsible for gel
network formation.6:33

Similar to carrageenans, agarose has a galactan backbone (Figure 2). The absence of sulfate
groups and the L-anhydro galactose in the repetitive unit strongly affect the conformation. In
contrast with carrageenans, agarose adopts a left handed double helical supramolecular
arrangement, with three disaccharide units per turn and a shorter pitch (19.6 A). The double
helix has a small internal cavity 4.5 A, with all the C-H bonds pointing towards the center. Its
stability is not completely understood, since no hydrogen bonds are found to sustain the double
helix.”3* As a result of unconventional fiber preparation, single helices of agarose have also
been reported.®®
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Cellulose and chitin (Figure 2) adopt a rigid, flat, and extended ribbon secondary structure,
stabilized by inter and intra strand hydrogen bonding, as well as by hydrophobic interaction. The
aggregation of such polysaccharides leads to water insoluble materials.*® The extended ribbon
secondary structure can be viewed as a non-chiral 21 helix. Surprisingly 3-1,4-xylans, which are
very similar to cellulose in their primary structure but lack the typical O-3 O-5" intramolecular
hydrogen bond of cellulose, exist as 31 left handed single helices with a pitch of 14.85 A. The
helical arrangement seems to be stabilized by interactions with water.?’

Xanthan (Figure 2), a microbial polysaccharide, is based on a cellulose backbone with the
addition of a charged trisaccharide side chain at every other glucose unit. Due to the presence of
such branches, xanthan is water soluble and does not adopt the extended flat ribbon
conformation typical of cellulose. Fiber X-ray diffraction studies suggested a 54 single helical
structure, with a pitch of 47 A (five cellobiose units per turn) and stabilization arising from
packing of sidechains along the backbone. However, other studies suggested the formation of a
double helical structure. The debate has been recently addressed with AFM imaging, revealing
that xanthan follows a two-step organization process. A random coil conversion to single helix,
followed by dimerization into an antiparallel 5; double helix, was observed in solution.
Nevertheless, the experimental conditions (i.e. ionic strength or thermal treatment) can block the
disorder-order transition at the single helical stage.®

3 METHODS TO STUDY POLYSACCHARIDE CONFORMATIONS AND FOLDING

The study of polysaccharide secondary structures, and higher hierarchical assemblies, has been
hampered by the intrinsic complexity of polysaccharides. Even though several crystal structures
were obtained with X-ray fiber diffraction, the geometry of many polysaccharides remains less
well understood. In addition, the conformation that polysaccharides adopt in solution is often not
known, since few techniques for solution studies are available. In many cases, the coexistence
of ordered and disordered conformations limits the use of conventional techniques. The best
results are generally obtained combining different techniques (e.g. NMR, Molecular Dynamics
simulations, SAXS, and AFM). The complementary, rather than alternative methods used to
study polysaccharide conformations and folding can be divided into three broad categories: i)
diffraction techniques, ii) imaging techniques, and iii) spectroscopic techniques.

One of the most powerful diffraction techniques used to study polysaccharide crystal structures
is fiber (or film) X-ray diffraction (XRD) analysis. Due to their nature, sufficiently large single
crystals of polysaccharides are hard to obtain, whereas it is possible to prepare oriented fibers
(i.e. all the helical axes are parallel to each other). The fiber diffraction pattern obtained, aided by
modelling, can give information on the helix type (i.e. pitch and symmetry), on the possible
formation of intertwining helices, as well as on the relative orientation (ie.
parallel/antiparallel).>° A complementary technique is electron diffraction crystallography, which
allows for the measurement of a diffraction pattern from small crystals, visible in TEM
micrograph (Transmission Electron Microscopy).*® To date, more than 150 polysaccharide
structures have been solved with these techniques and the results are organized in a database
(PolySac3DB).*" Nevertheless, these methods have an intrinsic limitation, since they can only
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reveal the conformation in solid phase. In addition, the sample preparation (fiber or film) greatly
affects the helical arrangement.?®

Small Angle X-ray Scattering (SAXS) has been widely used to extract low-resolution models of
proteins.*? This technique does not require a crystalline sample and can directly analyze the
macromolecule in solution. Furthermore, SAXS can provide dynamic information on large
conformational changes, occurring in solution. Radius of gyration (Rg), mass, compactness,
flexibility, and overall shape are important structural information accessible with SAXS. The
comparison of the low-resolution SAXS model with high-resolution, atomically detailed models
derived from other techniques (i.e. XRD, NMR, MD simulations) yields a clear image of the
macromolecule in solution.*> SAXS, in combination with MD simulations, has been recently
applied to obtain information on a decasaccharide overall shape.** However, the need of
collimated X-ray beams (i.e. synchrotron radiation) has limited the use of this technique.

Static Light Scattering (SLS) also provides information on the conformation in solution. As for
SAXS, light scattering provides the radius of gyration and has been used to observe salt-induced
“order-disorder” transition in polysaccharides.** Difficult sample preparation, due to the high
aggregation tendency of polysaccharides, has limited the use of SLS. Moreover, this technique
is only applicable to compounds longer that 10 nm and it cannot provide detailed information on
secondary structure.

Among the imaging techniques, Atomic Force Microscopy (AFM) holds the most potential, due to
its ability to directly visualize single polysaccharide molecules, with the significant advantage to
operate in “near-native” conditions.**#8 Statistical analysis of individual molecules allows for
height, contour length, and persistence length (L,) measurements.*® Moreover, AFM allows for
polysaccharide flexibility determination. With this technique, it has been possible to follow
secondary and tertiary structure formation of carrageenans, as a function of time or salt
concentration.®335%51 Single Molecule Force Spectroscopy (SMFS) exploits the possibility to
attach single molecules to the AFM tip, either by chemical conjugation or by non-specific
interactions.%?%% Once the molecule is coupled to the tip, mechanical manipulation is possible;
the tip is moved away from the sample and a force-extension curve is derived (Figure 4A). Such
curves provide information on mechanical properties of the single molecule and hence contain a
fingerprint of the secondary structure of the polysaccharide (Figure 4B). Many polysaccharides
single helices and supramolecular assemblies have been characterized using SMFS.21:52:53:56.57
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Figure 4 A) Schematic representation of the SMFS used to study the force-induced unfolding of single polysaccharide
helices. The tip is moved away from the sample and the single molecule is unfolded. B) A simulated force-extension
curve for amylose in butanol. Reprinted with permission from®%¢. Copyright 2006 American Chemical Society.

NMR techniques can be used to gain some information on the solution conformation. The
Nuclear Overhauser Effect (NOE), which depends on the distance between two nuclei (o r®),
has been exploited to elucidate three-dimensional structures. However, the NOE short range (up
to 4 A) and large timescale (50 ms to 1 s) often produced uncertain results.5®% Other methods,
such as measurement of Residual Dipolar Coupling (RDC), analyses of J-couplings across O-
glycosidic linkages, and hydrogen bond studies are useful and more reliable tools.®%%* In
contrast to protein, the use of NMR suffers from the chemical shift degeneracy and intrinsic
flexibility of polysaccharides. To overcome this issue, the introduction of isotopic labels®-%25% or
paramagnetic lanthanide complexes®®” is sometimes exploited. However, generating a 3D
structure solely from NMR data is rather difficult. The combination of NMR experiments with
theoretical Molecular Dynamics (MD) simulations is often employed and provided important
structural information.5':68-74

Most methods to study polysaccharide conformation are adapted from protein and peptide
structural analysis. However, many polysaccharides have a high tendency to form gels and
require unconventional means of analysis. Raman Optical Activity (ROA) allows for direct
observation of highly hierarchical structures by monitoring the difference in Stokes scattering
intensity of right and left circularly polarized light, thus introducing sensitivity for asymmetry and
chirality. This technique has been used to determine the secondary structure of native and
carboxylated agarose gels.”® Recently, ROA has been applied to dimannosides with different
glycosidic linkages.”

Circular dichroism (CD) is a well-established technique in peptide science that provides a
characteristic fingerprint for each secondary structure. In polysaccharides, the absence of
chromophores limits the use of this technique. Even in the carboxylate containing xanthan, CD
spectroscopy lacks sensitivity to detect differences in the local conformation. Furthermore, the
carboxylic chromophore, located in the sidechain, might not be informative of the backbone
conformation.”” In contrast, CD analysis proved useful to monitor the conformational transition
mediated by Ca?" ions in oligo and polysialic acid chains.”® To overcome the lack of a
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chromophore, Induced Circular Dichroism (ICD) has been applied. ICD occurs when a
chromophore, such as Congo Red, binds to a polysaccharide arranged in a particular ordered
structure, inducing CD signals at higher wavelengths. The appearance of CD bands is related to
the ordered arrangement of the bound chromophore. Additionally, staining with Congo Red
reveals the presence of an ordered secondary structure, resulting in a redshift of the absorption
maximum (Amax) in the UV-Vis spectrum of Congo Red.”® An alternative for unsubstituted
polysaccharides (e.g. amylose), in which no electronic transition above 190 nm is present, is
Vacuum Ultraviolet Circular Dichroism (VUCD). VUCD enable conformational studies, exploiting
higher energy electronic transitions, typical of the ether chromophore. Nevertheless, the need for
intense vacuum UV sources (i.e. synchrotron radiation) and the rather challenging results
interpretation limited the use of this technique.

Other techniques such as size exclusion chromatography (SEC), calorimetry, viscosity or
viscoelastic measurements, and electric birefringence have been employed to gain insight into
macromolecular conformations. Nevertheless, interpreting the results is difficult and usually
debatable, as is the case for xanthan secondary structure.®5°

4 HELICAL STABILIZATION

The intrinsic flexibility of polysaccharides was often associated with a lack of a stable secondary
structure.”® Despite the flexibility, polysaccharides’ helical character is deeply involved in the
interaction with themselves or other substances, affecting their overall macroscopic properties.
The ability to control the conformation of these molecules is therefore desirable to achieve
control over their function. Several ways to stabilize the helical secondary structure have been
proposed, based on intra- or intermolecular strategies (Figure 5). Supramolecular complexation
of hydrophobic guests stabilizes the central cavity of helical structures. Moreover, the helical
motif of some polysaccharides triggers the formation of higher hierarchical assemblies, such as
gels or defined nanomaterials. Disorder-order transitions can be controlled with external stimuli.
In particular, control over the ionic environment (i.e. ion type and concentration) proved to be
crucial to control the formation of helical secondary structures, but also higher organization
levels, such as tertiary and quaternary structures. Chemical modifications can also stabilize
helical conformations, influencing both macroscopic properties and interactions with other
molecules. Moreover, double and triple helices can form through intermolecular interactions and
represent another approach to stabilize the helical conformation.
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Section 4.1 Section 4.2 Section 4.3

Intramolecular stabilization Intermolecular stabilization Gel formation and aggregation
and inclusion complexes = Triple helices + lonic strength

Guest molecules + Chemical modification *  Supercoiling

lonic strength *  Self-assembly

Chemical modification

Figure 5 Graphic representation of the different approaches to stabilize helical polysaccharides. Adapted from from &
and © with permission from the Royal Society of Chemistry.

4.1 Intramolecular stabilization and inclusion complexes
Inclusion complexes

Due to their intrinsic flexibility, several polysaccharides can adapt their helical sizes and wrap
around molecular guests. The most established example of intramolecular helical stabilization is
represented by the formation of amylose-polyiodide complex. MD simulations show that the
single helix of V-amylose is not stable in water, nor in DMSO, since hydrogen bonds are not
strong enough to maintain the single helix shape. '” However, when a single polyiodide chain is
located in the hydrophobic cavity of V-amylose, exira stabilization can be gained from
hydrophobic interactions, which stabilize the cavity of the hollow helix. &' This inclusion complex
is commonly exploited for the colorimetric detection of starch (iodine test) or for iodometric
titrations. Following this approach, many stable supramolecular inclusion complexes have been
reported.
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Figure 6 A) Schematic representation of the “pea-shooting” mechanism in which SWNTSs replace iodine molecules in
the amylose cavity. Reprinted with permission from®. B) Schematic illustration of the chiral polythiophene (PT)-
schizophyllan (SPG) inclusion complex. Adapted with permission from®82. Copyright 2005 American Chemical Society.

Cyclic oligosaccharides such as cyclodextrins (CDs) have a torus-like shape with an hydrophilic
exterior and an hydrophobic central cavity, prone to include guest molecules (e.g. fullerene/B-CD
complex).83# Following the same idea, single walled nanotubes (SWNTs) have been wrapped
with amylose, the macromolecular linear analogue of CDs. Upon wrapping, the poorly soluble
SWNTs become water soluble and more biocompatible, expanding their potential to biological
applications. The formation of the SWNTs-amylose complex proceeds through a “pea-shooting”
or insertion mechanism, in which the SWNT replaces the guest in a prearranged iodine-amylose
complex (Figure 6A). Eventually, the SWNTs can be released following enzymatic hydrolysis of
the polysaccharide, which allows for this process to be used as a purification protocol for
SWNTs.? An alternative complexation mechanism follows a cooperative binding of SWNTSs to
amylose, in a loosely elongated helical state. In this wrapping mechanism, no prearranged
helical amylose is needed. Suitable solvent mixtures (i.e. DMSO/water) and powerful sonication
are key factors for the formation of inclusion complexes. The glycosidic linkage plays an
important role, since pullulan, which has an a-1,6 linkage every second a-1,4 glucose unit,
showed lower encapsulating abilities. This observation was ascribed to the a-1,6 glycosidic bond
that induces a partial kink, hindering the formation of long helical regions.®’

B-1,3 Glucans, such as schizophyllan and curdlan, have a strong tendency to form helices,
wrapping linear guest molecules, such as carbon nanotubes. These polysaccharides are
denatured in DMSO, while they tend to fold into triple helices in water. By mixing an aqueous
suspension of SWNTs with a DMSO solution of curdlan or schizophyllan, it is possible to
generate inclusion complexes, which stabilize well-dispersed fibrils of SWNTs preventing their
aggregation. NIR-Vis and Raman spectroscopy confirmed the formation of the inclusion complex
and the periodical helical superstructure was observed with TEM and AFM imaging. Among all
polyglucosides, schizophyllan showed the best results for the formation of a stable complex with
as-grown SWNTSs. In this system, two schizophyllan chains are wrapped around a single piece
of as-grown SWNT.2® Even the mostly linear cellulose has been reported to wrap SWNTs upon
sonication or using an ionic liquid-assisted preparation.?®8 MD simulations showed that the
ability to form intramolecular hydrogen bonds, as well as to orient the pyranose rings parallel to
the surface of the SWNT, are key factors that regulate the interaction with the hydrophobic
guest.®® However, further improvement of theoretical models is needed to correlate the results of
MD simulations to experimental data. Other SWNTs-polysaccharide inclusion complexes have
been reported, based on chitosan and alginate, respectively positively and negatively charged.
The different ratio of the charged polysaccharides tunes the ¢ potential of the SWCNTs.*"

The hydrophobic cavity of schizophyllan is accessible only after denaturation, allowing either for
the formation of inclusion complexes or co-helices. Various polymeric guests have been mixed
with schizophyllan, giving rise to different supramolecular architectures. These include
conjugated polymers, such as polyaniline (PANI)®2, permethyldecasilane (PMDS)%, and
polythiophene (PT)®2. PT resulted in a co-helix assembly, while inclusion complexes were
formed with the other guests. In this kind of “molecular wires” the entrapped polymers show
chiral twisting, reflecting the host’s chirality (Figure 6B). Carboxymethylated amylose (left-
handed helix) and schizophyllan (right-handed helix) form inclusion complexes with oligosilanes,



=
.
S
g
3
g
£
E
£
8
5
3
5
E
E
a
3
=

inducing left- or right-handed twisting respectively.®* Structural changes of the guest occurring
inside the cavity can also be induced by external stimuli. Interestingly, an inclusion complex of
modified curdlan with PT showed thermo and solvent responsive behavior, due to the helical
rearrangement of the guest entrapped in the cavity.®®

Inclusion complexes could be also obtained upon synthesis of the guest molecule inside the
cavity of the helical polysaccharide, as shown for the amylose-polystyrene (PS) complex. The
styrene monomer is placed inside the amylose cavity before free radical polymerization takes
place.?® As an alternative to obtain the corresponding inclusion complex, the inverse approach,
called “vine-twining polymerization”, features the enzymatic synthesis of amylose in the
presence of polytetrahydrofuran (polyTHF).%”

The wrapping tendency of polysaccharides was exploited for the generation of SWNTs-Au
hybrid nanomaterials. A bilayer of alginate and chitosan wrapped around SWNTs allowed for the
amino and carboxylic acid moieties to function as active metal-binding groups around the
SWNTs. Subsequent in situ reduction of HAuCls resulted in gold nanoparticle coated SWNTSs,
with potential application for photothermal therapy.®® Linear clusters were also obtained aligning
in a monodimensional arrangement of gold nanoparticles in the hollow helix of schizophyllan.®®

Chemical modification

Chemical modification proved to be a valuable approach to improve helical stability. Both the
backbone and side chains can be modified with many strategies for regioselective
functionalization.®-1%2 |ntroduction of charged groups, recognition appendages or aromatic
moieties, are key tools to favor the formation of helical domains, affecting the interaction with
other entities (i.e. SWNTSs, lectins). The stabilization obtained through chemical modification can
rigidify the single helical structure, preventing the formation of intermolecular assemblies, as in
the case of a branched (3-1,3 glucan extracted from baker's yeast. Formylation was used to
destabilize the native triple helix and convert it to a single stranded helix.”

The selective introduction of a positively charged sidechain at the C-6 position of curdlan,
originally designed to overcome water insolubility, strongly influences curdlan native
conformation. The standard curdlan triple helix is converted into a single stranded helix that
maintains the hydrophobic cavity and is able to complex guest molecules (i.e. SWNTs, PMDS),
via an induced-fit mechanism. The cationic appendages provide attractive electrostatic
interactions, which stabilize complexation of cationic curdlan with poly(C).'® Functionalization of
polysaccharide inclusion complexes was also exploited for recognition. Lactoside appended
schizophyllan permitted to wrap SWNTs to gain water solubility as well as selective lectin
binding.’ The chemical introduction of aromatic moieties on dextran, an a-1,6 glucan,
enhances the interaction with SWNTs, due to -1 stacking. Precise control over the number of
aromatic substituents (i.e. 13.6 %w) is needed to obtain optimal SWNTs dispersion.'

lon-mediated coil-helix transitions

The coil-helix transition of biopolymers in solution, common for polypeptides and
polynucleotides, is observed also for ionic polysaccharides. Helix formation is usually triggered
by temperature lowering, salt addition or solvent exchange. The nature of the residues and the
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surrounding ionic environment play an important role in the regulation of the molecular
conformation.'® Moreover, the electrostatic interactions between charges influence folding and
aggregation, not only at a single molecule level, but also at higher levels, as demonstrated by
the formation of three-dimensional gel networks.

Carrageenans are a class of natural sulfated galactans, extracted from seaweeds that undergo
ion-induced helix formation, followed by association of chains into extended networks,
responsible for gel formation.63351.197 The different sulfation patterns of iota- and lambda-
carrageenans result in different gelation behavior, upon addition of salt. AFM imaging revealed
that, upon addition of NaCl solutions (0 mM to 100 mM), iota-carrageenan undergoes a
reversible coil-single helix transition, while lambda-carrageenan maintains the random coil state
(Figure 9A and 9B). The increased ionic strength screens the intrachain ionic repulsions of the
sulfate groups, resulting in high flexibility of the backbone (lowering the persistence length, L),
which promotes secondary structure formation. New intramolecular hydrogen bonds stabilize the
helix.3®* While NaCl and CaCl, trigger the formation of single helical secondary structures in iota-
and kappa-carrageenans, KCI is able to induce the formation of higher hierarchical assembilies,
such as intramolecular supercoiled and intertwined helices (Figure 9C, see section 4.3).51%7
Magnetic control of macromolecular stiffness and global stretching was achieved following
addition of transition metal ions, such as Fe?* or Fe®*, to iota-carrageenan. The single helix of
the Fe?*-iota-carrageenan complex showed a 1.5-fold increase in rigidity, upon application of a
1.1 T magnetic field.'® Tuning the ionic strength of the medium or incorporating magnetic field
responsive ions (i.e. Fe?*) opens up new possibilities to control flexibility, folding, and
assembling of carrageenans.

Synthesis of tailor-made helical oligosaccharides

The primary sequence of polypeptides plays a major role in defining the secondary structure.
Sequence controlled oligomers (i.e. foldamers) can be designed to achieve specific control over
the secondary structure. Extremely stable structures resembling natural proteins or with
completely new geometries can be obtained, based on relatively short sequences.''"3 Lack of
reliable methods to synthesize well-defined oligo and polysaccharide structures hampered the
formation of sugar-based foldamers. Moreover, a detailed structural investigation of such
compounds is often missing. Compared to peptide synthesis, the synthesis of oligo- and
polysaccharides is more challenging, requiring complex protecting group strategies and precise
control over reaction conditions."'*'"® Nevertheless, chemical synthesis remains the only
alternative to achieve full control over the oligosaccharide sequence, providing a tool for single-
site modifications. Automated Glycan Assembly (AGA) allows for the fast assembly of well-
defined oligo- and polysaccharide structures (up to a 50-mer'"), starting from monosaccharide
building blocks.'®'2" With this technique, a collection of oligo- and polysaccharides was
synthesized and used for structural studies. MD simulations and NMR analysis showed that the
different structures adopt different conformations, depending on the glycosidic linkage and the
sugar building block. Interestingly, the overall conformation is drastically altered by single-site
modification, with great impact on the macroscopic properties of the material (i.e. solubility).
Surprisingly, even short hexasaccharides adopt a secondary structure that ranges from hollow
helix (B-1,6 hexaglucoside), to twisted ribbon (cellulose and chitin hexasaccharides) and random
coil (a-1,6 hexamannoside) (Figure 7).
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Figure 7 Global minima conformations obtained from MD simulations for three oligosaccharides. The primary
sequence has a marked effect on the conformation and single site substitution completely disrupts the hollow helical

conformation of B-1,6 hexaglucoside. Reprinted with permission from'22, Copyright 2018 American Chemical Society.

In addition to single site substitution, the branching pattern plays an important role in the
stabilization of the secondary structure. Recently, a chemoenzymatic approach provided access
to tailor-made 3-1,4 xylans with defined arabinose branching. It was demonstrated that, while
some branching patterns favored crystallinity, others increased cellulose affinity. The latter is the
result of the switch between a threefold to a twofold helix arrangement of the arabinoxylan,
stabilized by the specific branching pattern.'2%124

4.2 Intermolecular stabilization

Helical domains of polysaccharides can further associate in a more complex fashion. Triple
helixes involving distinct polysaccharide molecules result in stable intermolecular complexes.'%”
The reversible association permits the formation of hybrid structures able to incorporate
polynucleotides for gene delivery applications (Figure 8).

DMSD

water /U Pﬂlvnucteutlda

In water

Figure 8 Solvent-induced conformational transition of curdlan allows for co-helix formation with polynucleotides.
Reproduced from® with permission from The Royal Society of Chemistry.

The strong tendency of B-1,3 glucans to form triple helices can be exploited to form
polysaccharide/polynucleotide complexes. A denaturation process (e.g. exchanging DMSO for
water) permits the helix-coil transition of schizophyllan. Single-stranded schizophyllan can be
reversibly renatured, by DMSO/water exchange, to recover the native triple helical arrangement.
During this renaturing process, molecular guests can be incorporated into the triple co-helix
(Figure 8).%2 Incorporation of polynucleotides into hetero-triple helices was reported, with high



=
.
S
g
3
g
£
E
g
8
S
3
5
E
E
a
3
=

selectivity for polynucleotides such as poly(cytidylic acid) and poly(deoxyadenylic acid)
(respectively poly(C) and poly(dA)). A well-defined stoichiometric ratio (two polysaccharides per
polynucleotide) was obtained.'?5-1%7

Amphoteric curdlans, bearing both C-6 amino and carboxylic acid moieties generate
polypeptide-mimetic with a pH-dependent assembling/disassembling behavior. The triple
stranded helix was stable only at pH 2 or 10, while between pH 3 and 9, aggregation followed by
precipitation was observed. In contrast, at extremely acidic or basic conditions, the amphoteric
curdlan showed single-stranded random coil conformation. The pH responsive conformation
switch was applied to capture and release a DNA strand in a controlled manner.'?®

4.3 Polysaccharide-polysaccharide interactions in quaternary structures: gel formation
and aggregation

Protein quaternary structure results from non-covalent association of multiple subunits. Large
assemblies with structural roles, such as collagen, or smaller self-assembled enzymes
demonstrate how quaternary association expands the functions of proteins. Similarly,
polysaccharide can self-associate in solution to form gels. The sol-gel transition is a
consequence of interchain association, in which specific regions of the polysaccharide backbone
associate giving rise to a three dimensional network with viscoelastic behavior (i.e. gel). In this
process, the helical domains of polysaccharides are often responsible for interchain associations
in the junction zones, providing non-covalent crosslinking. Interestingly, the synergistic
interactions of different polysaccharide species show a higher quaternary level of association,
enhancing the gel properties. Greater gel strength, elasticity and reduced syneresis are
observed.'2%1%0

+ 100mm NacCl
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Figure 9 lon-mediated coil-helix transition of iota-carrageenan visualized through AFM imaging under liquid conditions
A) immersed in MilliQ water and B) after replacement of the liquid environment with 100 mM NaCl solution. The
increase in thickness of the single strand with time proves the formation of a single helix. Reprinted with permission
from33, C) Proposed ion-induced self-assembly mechanism for kappa and iota carrageenans upon addition of NaCl,
KCI and CaCl2. KCI induces supercoiling and formation of higher hierarchical assemblies. Reproduced from® with
permission from The Royal Society of Chemistry.

Carrageenans quaternary structures are the results of the intermolecular twisting of secondary
structures, which occurs upon addition of salts (i.e. ionic strength modulation, Figure 9C). While
helical carrageenans such as kappa- and iota- form gels, random coil lambda-carrageenan does
not. The unstructured conformation of lambda-carrageenan, resulting from its primary sequence,
suppresses helix-helix non-covalent associations.®3%%7 A similar hierarchical gelation
mechanism has been observed also for gellan gum, even though a detailed structural study on
other classes of polysaccharides still lacks.

Alginate, an ionic polysaccharide bearing carboxylate groups, undergoes interchain association,
upon addition of Ca?* ions, giving rise to gel networks. The polyguluronate domains of alginate
adopt a buckled-ribbon conformation (i.e. 21 helix), favoring the interchain association in which
divalent cations are complexed by the carboxylate groups.'®

Polysaccharide-polysaccharide controlled aggregation led to the formation of small objects. The
typical triple helical motif of -1,3 glucans has been exploited as “tiles” to prepare nanostructures
with defined shape. Helix-helix interactions were enhanced by acylation (acetylation and
formylation) of free hydroxyl groups. These highly rigid triple helical polysaccharides aggregate
in solution originating nanosheets. Activation of the “sticky-ends” of these triple helical
assemblies provided a way to obtain more complex assemblies, such as nanocapsules.'?

Chemical modifications can also drive the formation of complex hierarchical assemblies. The
formylated branched (3-1,3 glucan shows increased stiffness, favoring lateral association leading
to formation of rectangular lattices (resembling collagen type 1). Multiwalled nanotubes were
successfully obtained from self-assembly of lattices and further demonstrate the relevance of
interchain interactions.” Hierarchical assemblies were also created from the combination of
cationic (ammonium) and anionic (sulfate) modified curdlans, wrapped around SWNTs. The two
oppositely charged inclusion complexes created a sheet, in which all the building blocks are
highly aligned thanks to electrostatic interactions.'?

5 FUTURE PROSPECTS AND CONCLUSIONS

Similarly to polypeptides and polynucleotides, the helical shape is a highly recurrent secondary
structure in polysaccharides, strongly affecting their function. Single, double and triple helices
with diverse geometrical properties were reported. Many internal factors such as the type of
monosaccharide, the glycosidic linkage, the presence of ionic moieties or sidechains, and the
branching pattern influence the conformation. In addition, external factors such as ionic
environment, pH, and temperature greatly affect the polysaccharide conformation. The intrinsic
flexibility of polysaccharides gives rise to high structural variability and, as a consequence,
complicates structural studies in solution. Much effort has been dedicated to define the
conformation in solution, however, to date, it remains in many cases elusive, hampering the
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structure-function correlation. Many analytical techniques, routinely used for protein structural
studies, were adapted to polysaccharides, even though often with unsatisfactory results. In most
cases, only the solid phase conformation is accessible. Analytical techniques, such as AFM
imaging, SMFS, SAXS, and NMR are evolving, with the aim to probe the polysaccharides
conformation in solution. The combination of different techniques proved to be highly beneficial,
especially when theoretical models (i.e. MD simulations) are combined with experimental data.
Nevertheless, new analytical techniques are fundamental to get insights into the three-
dimensional structure of polysaccharides in solution, key to a better understanding of structure-
function relationship. Limited access to pure samples, due to challenging chemical synthesis,
has also hampered the development of polysaccharide science. With the development of new
synthetic techniques, well-defined sequences became accessible as probes for structure
elucidation. Such well-defined structures will fuel the study of the interactions of polysaccharides
with themselves as well as with other materials. New insights into aggregation behavior and
supramolecular assembly are expected.

The tendency of polysaccharide to form helices and to wrap around guests opened the way to
new supramolecular inclusion complexes. This behavior, common for peptide-based foldamers,
can be exploited for molecular recognition.’** Moreover, in analogy to synthetic foldamers, 0913
chemical modifications permit to greatly influence the conformational behavior to create shape-
persistent complex polysaccharides, able to self-assemble into tailor-made nanomaterials. Due
to their high biocompatibility and natural abundance, carbohydrate based nanomaterials have
great potential for nanotechnology applications. Molecular recognition and catalysis are two of
the main fields that could benefit from these new materials. One step in this direction has
recently been made; helical polysaccharides were recently applied for molecular recognition of
drugs in aqueous solution.'® In addition, the application of polysaccharides in photochirogenesis
has been reported, in which the polysaccharide helical structure, intrinsically chiral, is exploited
to achieve stereocontrol.’® Following this pioneering work, new functional carbohydrate based
materials are envisioned.
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