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ABSTRACT

Glycans are ubiquitous in nature, decorating our cells and serving as the initial points of 
contact with any visiting entities. These glycan interactions are fundamental to host-pathogen 
recognition and are related to various diseases, including inflammation and cancer. Therefore, 
understanding the conformations and dynamics of glycans, as well as the key features that 
regulate their interactions with proteins, is crucial for designing new therapeutics. Due to the 
intrinsic flexibility of glycans, NMR is an essential tool for unravelling these properties. In this 
review, we describe the key NMR parameters that can be extracted from the different 
experiments, and which allow us to deduce the necessary geometry and molecular motion 
information, with a special emphasis on assessing the internal motions of the glycosidic 
linkages. We specifically address the NMR peculiarities of various natural glycans, from histo-
blood group antigens to glycosaminoglycans, and also consider the special characteristics of 
their synthetic analogues (glycomimetics). Finally, we discuss the application of NMR 
protocols to study glycan-related molecular recognition events, both from the carbohydrate 
and receptor perspectives, including the use of stable isotopes and paramagnetic NMR 
methods to overcome the inherent degeneracy of glycan chemical shifts.

Keywords: Glycans, molecular recognition, glycoproteins, lectins, conformation

1. Introduction

Glycans are everywhere. From the simplest monosaccharides to the most convoluted 
glycostructures, they are one of the most sophisticated assemblies found on earth. 
Considering the number of residues they are comprised of, carbohydrates can be found as 
monosaccharides, oligosaccharides, and polysaccharides, as well as coupled with other 
biological entities to make glycolipids and glycoproteins, glycoconjugates in general. [1] The 
plethora of biological processes they are involved in makes understanding their role in 
molecular recognition events a crucial point to completely comprehend the full scope of the 
response to these events. [2-6]

Since sugar-mediated binding events are essential for cell-cell, cell-matrix, and cell-pathogen 
communication and meticulously modulate the physiology of the cell in health and disease, 
this research field is constantly expanding. [3] In the light of this, understanding the basis of 



the structural diversity of carbohydrates, linkages to other biomolecules, and cellular 
distribution is of paramount importance.

Scheme 1. The glycan world. Glycans may show different types of chemical structure in 
Nature. 

The most common text abbreviation scheme for monosaccharides uses three letters, while for 
their visual representation, the pictorial notation universally recognized is the so-called Symbol 
Nomenclature for Glycans (SNFG), [7] which assigns a precise shape and a colour to each 
component (Scheme 2). 

Scheme 2. Structure of the nine main recurrent monosaccharides in the mammalian glycome 
with their three-letter abbreviations and SNFG symbols. 

Thus, the observed variety in nature does not strictly depend on the available number of sugar 
building blocks, but it is rooted, instead, in the chemical complexity of the monosaccharides 
and in the different natures of the linkages that join them together.



1.1. Techniques to unravel glycan conformation and monitor sugar-lectin interactions

The comprehensive study of the fine details that govern the binding events occurring between 
glycans and lectins is a major focus of this review. A collection of complementary techniques 
is described that over the years has allowed characterization of these systems at different 
levels of resolution. [8] 

X-ray crystallography has been for decades the biophysical technique most often employed 
to elucidate the structure of lectin-sugar complexes at atomic resolution [9, 10]. Regarding 
glycans alone, their intrinsic flexibility can generate crystal heterogeneity, thus limiting the 
quality (resolution) of the crystal. The larger the glycan, the harder it is to obtain structures 
with good resolution. Nevertheless, this technique has some general limitations, since initial 
trials to find the correct crystallization conditions can require enormous effort in terms of time, 
and, notably, not all proteins can be crystalized. In addition, it has been demonstrated that 
deposited structures of sugar-lectin complexes may need further validation and refinement 
because of erroneous conformations or wrong linkages of the carbohydrate counterpart. [11, 
12]

Recent advances in cryo-electron microscopy (cryo-EM) also provide the possibility to study 
protein-glycan recognition at atomic level, [13] overcoming the problem of the generation of 
crystals. Samples can be prepared at low concentrations before vitrification. A great 
advantage of cryo-EM with respect to X-ray crystallography is that conformational flexibility is 
not an obstacle and, in principle, full glycoproteins can be analysed, thus determining the 3D 
arrangement of their atoms at good resolution. However, one limitation of the technique is 
size; in fact, complexes smaller than ≈ 40 kDa are hardly detected. This is not a problem for 
highly glycosylated entities (such as viruses, glycoproteins or glycolipids), or for the study of 
multimeric assemblies or lattices (lectins generating trimers, dimers, tetramers in solution), but 
prevents the detailed analysis of small lectin-carbohydrate complexes. [14, 15]

Surface plasmon resonance (SPR) [16] and biolayer interferometry (BLI) [17] are biophysical 
techniques that measure association and dissociation kinetic constants. In both cases, the 
ligand or the receptor have to be immobilized on a sensor chip, but no additional tags are 
required for the detection. These techniques can be used to study lectin-sugar complexes, 
providing thermodynamic and kinetic parameters of the interaction. However, optimization of 
the protocol can be challenging. Moreover, the fact that one of the components is immobilized 
on a surface can affect its proper presentation to binding partners, depending on the particular 
system.

High-throughput microarrays also involve immobilization on solid surfaces. [18] These 
methods are a fundamental tool used in glycoscience to rapidly detect binding hits and guide 
the rational design of lectin binders. Both glycan and lectin arrays have been developed in a 
way that hundreds of glycans or lectins can be tested simultaneously in a single experiment. 
[19] Focusing on the glycoarray technique, glycans are usually covalently linked to a solid 
surface [20] where the binding events are detected through fluorescence measurements. 
Lectins can be directly labelled with a fluorescent tag, or alternatively detection can be 
achieved by exploiting a fluorescent-tagged anti-lectin antibody. However, there are some 
limitations of the technique. At first, large amounts of glycans are densely packed in the spots, 
a condition that may not occur in Nature. Furthermore, the type and length of the linker used, 
as well as the chemical characteristics of the surface, can also affect binding, mainly 
influencing orientation, packing, and presentation of the glycan. [21]

Isothermal titration calorimetry (ITC) offers the unique possibility to obtain the thermodynamic 
parameters that regulate a binding event. [22] No labelling is required, for either the ligand or 
the lectin, and growing advances in detection methods are allowing experiments to be 
performed with rather low quantities of sample. [23]  Moreover, the data are collected in 



solution without any need to immobilize one component of the complex. The heat released 
upon interaction of the partners is plotted against ligand concentration. Then, the binding 
constant (KD), the reaction stoichiometry (n) and the enthalpy (∆H) of the recognition process 
can be accurately calculated. In addition, the entropy (∆S) can be estimated indirectly. 
Interactions with affinity constants in the nM-M range can generally be studied with ITC, and 
most sugar-lectin associations falls in this range. [24] Protein concentration can be increased 
in the case of systems with low affinity, to optimize the experiment. However, affinity in the 
mM range is usually incompatible with the determination of reliable constants. [25] 

2. NMR to the rescue

Due to the vast number of monosaccharide building blocks in nature and the conformational 
plasticity of their dihedral angles in solution, NMR spectroscopy has become universally 
accepted as the best approach to accessing the conformational details of glycans, usually in 
combination with computational procedures. 

The versatility of NMR provides several descriptive parameters (chemical shifts, couplings, 
NOEs, relaxation rates …) that can be exploited in many ways depending on the nuclei 
studied, and the configuration of the pulse sequences and experiments (Table 1). In turn, such 
versatility has given rise to hundreds of experiments designed for different purposes: 
characterization of unknown molecules (organic synthesis, natural products…), [26] structure 
elucidation, [27, 28] ligand screening in drug discovery, [29] estimation of affinities, [30, 31] 
conformational information, [32, 33] reaction kinetics, [34] and molecular recognition. [35, 36] 

Table 1. NMR strategies applied in the study of glycans and their interactions. 

NMR observables NMR Experiments Specific applications

Chemical shifts
1D 1H

2D 1H-13C-HSQC

Identification of anomeric protons and non-hydroxylated 
groups (aglicone, acetyl groups…). [320,321] 
Identification of anomalous chemical shifts arising from 
specific environment perturbations or conformational 
behaviors. [107]

1D 1H Short-range correlations. Stereochemistry of sugars.

2D 1H-13C-HSQC Identification of C-H pairs. Identification of methylene 
groups (usually H6) with 13C-edited pulse sequences.

2D 1H-1H COSY Homonuclear short-range correlations (3JHH).

2D 1H-1H TOCSY Homonuclear long-range correlations (each sugar ring as 
an independent spin system).

3D 1H-13C-HSQC-
TOCSY

Homonuclear-heteronuclear correlation to avoid massive 
signal overlap in complex glycans. Requires 13C-labeling. 

Structural 
characterization

(Assignment)

Scalar couplings

2D 1H-13C-HMBC Heteronuclear long-range correlation. Identification of 
glycosidic linkages. 



2D 1H-1H NOESY Homonuclear through-space correlations. [113, 114]

2D 1H-1H ROESY Homonuclear through-space correlations for glycans with 
close-to-zero NOEs.

Nuclear Overhauser 
and Rotating-frame 
Overhauser Effects

3D 1H-13C-HSQC-
NOESY

Homonuclear-heteronuclear correlation to avoid massive 
signal overlap in complex glycans. Requires 13C labeling.

Diffusion 2D DOSY Deconvolution of 1D spectra by molecular size (size, 
[240-242] purity [249]). 

Pseudocontact shifts 
(PCSs)

1D 1H

2D 1H-13C-HSQC

Breaking of chemical shift degeneracy in complex 
pseudosymmetric glycans. [270],[276] 

1D 1H Ring conformations (puckering). Torsional angles. 

Scalar couplings

1D 13C
Ring conformations (puckering). Torsional angles. 
Glycosidic torsionals. 13C labeling strongly advisable. 
[396] 

Nuclear Overhauser 
and Rotating-frame 
Overhauser Effects

2D 1H-1H 
NOESY/ROESY

Intra-residue: Ring conformations (puckering). Inter-
residue: Glycosidic torsions. [105, 115-118]

Pseudocontact shifts 
(PCSs)

1D 1H

2D 1H-13C-HSQC

Conformational space of complex structures deduced 
from anisotropic perturbations. [270, 276, 277]

Paramagnetic 
Relaxation 

Enhancements (PREs)

1D 1H

2D 1H-13C-HSQC

Conformation of complex oligosaccharides [214] and 
presentation glycosphingolipids in micelles [289] as 
deduced from effects on relaxation rates 

Residual Dipolar 
Coupling

1D 1H

2D 1H-13C-HSQC

Conformation of oligosaccharides using paramagnetic 
tags [274] or alignment media. [222, 271, 302-311] 13C 
labeling strongly advisable. [312-314] 

Conformational 
studies

Relaxation 13C-{1H}-CPMG Structure, dynamics and local motions. [353-355]

Ligand-based NMR Experiments

1H STD-NMR Identification of binders. Ligand epitope mapping. [454]Glycan-receptor 
interactions

Saturation Transfer 
Difference

DEEP-STD Information about type of amino acid residues in the 
binding site. [459]



2D 1H-STD-
TOCSY

2D 1H-13C STD-
HSQC

Ligand epitope mapping applied to complex glycans 
displaying acute signal crowding [531]. Heteronuclear 
versions usually require 13C labelling. [533, 398, 399, 
538]

19F STD/ 1H STD-
TOCSYreF

Ligand epitope mapping by direct 19F observation or 
relaying on 1H-19F coupling constants. [543, 544]

2D Transferred-
NOESY

Binding of small glycans to large receptors. 
Intermolecular ligand-receptor NOEs. [574, 577, 581, 
582, 584-586]

2D Transferred-
ROESY

Chemical exchange between free and bound ligands. 
[120]

Nuclear Overhauser 
and Rotating-frame 
Overhauser Effects

2D 1H-13C-HSQC-
NOESY

Intermolecular glycan-receptor NOEs separated in the 
13C dimension. [46, 391]

Pseudocontact shifts 
(PCSs) 2D-13C-HSQC Detailed analysis of the epitope mapping in complex 

glycans. [276, 287]   

Residual Dipolar 
Couplings (RDCs) 2D 1H-13C-HSQC Ligand bound-state conformation. [243]

Diffusion 2D-DOSY Changes in relative molecular sizes by complex 
formation. 

Relaxation 19F-{1H}-CPMG
Identification of binders. Screening of 19F-labeled 
compound libraries. Affinity determination by competition 
experiments. [224-235]

Receptor-based NMR Experiments

2D 1H-1H 
TOCSY/NOESY Protein binding site mapping. [608-610]

2D 1H-13C-HSQC Probing specific interactions.[616-623]

2D-15N-HSQC

Epitope mapping from the receptor point of view. 
Requires 15N-labeling.

Binding constants and binding dynamics (titration). [624-
629]

Chemical shifts

1D 19F Binding detection by protein observed 19F. [665]



Relaxation 19F-{1H}-CPMG Affinity determination by changes in peak intensity. [664]

Paramagnetic 
Relaxation 

Enhancement (PRE)
2D 1H-15N-HSQC Epitope mapping from the receptor point of view. [273, 

291-294]

Residual Dipolar 
Couplings (RDCs) 2D-15N-TROSY Distance-derived constraints provide information on the 

conformation of the protein in the bound state. [311]

Diffusion 2D-DOSY Changes in oligomeric state of the protein upon ligand 
binding. 

2.1. Assignments

Obviously, in the carbohydrate field, the first step in any NMR-based structural, conformational 
or molecular recognition study is the assignment of the NMR-active nuclei of the glycan. [37] 
This task comprises different steps, including the identification of the monosaccharide 
constituents, their absolute configurations, the possible existence of substitutions at the 
hydroxyl moieties (sulphate, phosphate, acetate, …, etc), the anomeric configuration of every 
monosaccharide, and the types of glycosidic linkage between neighbours, as well as the 
existence of branching points. [38] This analysis requires considerable effort, which in many 
cases has to be complemented by the use of other structural techniques. [39] In sugars, 
protons (1H) are the most commonly used nuclei for structural determination by NMR. The 
vast majority of carbohydrate protons provide 1H NMR signals that lie in a narrow spectral 
region, between  3.2 and 4.2 ppm, due to their similar chemical environment, as they are all 
bound to carbon atoms bearing hydroxyl groups (C2, C3, C4, and C6 in hexapyranosides). 
Obviously, O-substitution provides chemical shift changes that can be exploited to assess the 
location of the substituent. Hydroxyl groups also contain key information on hydrogen bonding 
interactions, and their assignments have been widely targeted. Technically, these OH moieties 
are rather difficult to detect, given the existence of fast exchange with bulk water, as 
carbohydrate analysis by NMR is usually carried out in D2O. DMSO can be employed as 
solvent to facilitate assignment, and even monitor the presence of intra or intermolecular 
hydrogen bonds, but a DMSO solution is obviously far from physiological conditions. 
Nevertheless, different technical approximations have been carried out to be able to observe 
sugar OH signals, [40-43] mainly using rather low temperatures, mixtures [44] with deuterated 
acetone, methanol, or DMSO, and high concentrations (even in the M range). The application 
to glycans of the Looped projected spectroscopy (L-PROSY) method, in the form of a 
homonuclear NOESY experiment, has allowed the detection of cross peaks between the 
hydroxyl and the nonlabile protons of significant intensity for a sialic acid tetrasaccharide. 
Since glycan hydroxyl groups exchange with bulk water at a fast rate (between tens and 
thousands of times per second at room temperature), there are technical challenges that 
should be carefully considered for the success of the experiment. [45] In particular, frequency-
selective π/2 pulses were employed bracketing the evolution time, targeting only the 
exchangeable hydroxyl protons in a looping scheme that should be optimised by considering 
that sugar hydroxyl exchange with water at a rate of 10−103 s−1 at room temperature.  In most 
cases it is essential to use multidimensional NMR to solve the overlapping problem by 
expanding the NMR correlations to additional dimensions. For instance, it is possible to detect 
the hydroxyl groups by using 13C-correlations in HSQC-TOCSY type experiments, even using 
13C at natural isotopic abundance. [45] This approach has also been extended to 13C-labelled 
Man-containing glycans in the presence of a receptor (cyanovirin-N, see also in Section 6.2). 



Standard isotope-edited NOESY and TOCSY experiments allowed their assignment and the 
deduction of their orientation in the bound stale, along with the determination of their hydrogen-
bonding patterns, through the analysis of the observed inter- and intra-molecular NOEs. [46]

A)

B)

Figure 1. Top. A typical 1H-13C HSQC spectrum for a glycan, in this case, the Lewis Y 
pentasaccharide: Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3Gal. The different regions are 
highlighted. Bottom. B. The 1H NMR spectra of sialic acid in H2O recorded at different 
temperatures. Under the appropriate experimental conditions, the hydroxyl groups may also 
be detected.



Therefore, the NMR assignment of glycans is usually based on the combination of different 
standard homonuclear (COSY, TOCSY; NOESY, ROESY) and heteronuclear (HMQC/HSQC, 
HMBC, HSQC-TOCSY) experiments (Figure 2). These methods and their selective versions 
have been extensively described and reviewed. [47, 48] At any point in the assignment 
process, the structural features of different sugar residues can be evaluated. For instance, the 
structure of the monosaccharide units is usually determined from vicinal 3JH,H coupling 
constants, [49] which contain torsion angle information according to Karplus-like relationships, 
combined with intra-residue NOE effects (the comparison between TOCSY and NOESY 
experiments allows the protons within a given monosaccharide ring to be distinguished from 
those belonging to the neighbouring residues). The use of diverse Karplus-like relationships 
to assess the configuration of sugars based on vicinal proton-proton coupling constants (and 
other heteronuclear alternatives, see below) has been widely applied. [49]

Figure 2. The standard 1H, 13C NMR experiments for assigning the NMR resonance signals of 
a glycan. From the anomeric proton H1, COSY and TOCSY experiments reveal the spin 
system for a given monosaccharide ring. 1H-13C HSQC allows assignment of the 
corresponding 13C nuclei. Transfer of information to a neighbouring ring may be obtained 
through NOE (through space) or through 1H-13C HMBC (using long-range interglycosidic 3JCH 
couplings). Intraresidue NOE interactions allow assessment of the relative orientations of 
protons within a ring, and, therefore, the spatial orientations of hydroxyl substituents.

From a global perspective, the J/NOE combination provides direct information on the chemical 
nature of the monosaccharide ring, which together with 1H and 13C chemical shifts (obtained 
through standard 1H-13C HMQC or HSQC correlation experiments) usually identifies the 
particular monosaccharide moiety, its anomeric configuration, and the existence of any 
chemical substitutions at the OH groups (or NH for amino sugars). [50] Obviously, the use of 
1H-31P and/or 1H-15N correlation experiments unequivocally identifies the existence of 
phosphorus or amino substitutions and their positions. The positions of the glycosidic linkages 
are derived from NOESY and/or 1H-13C HMBC correlation experiments. Usually, glycan 
protons only show NOEs within a residue, or to protons in immediately contiguous residues. 
Therefore, analysis of the NOESY data should provide a first indication of the sequence, which 
can then be complemented by 1H-13C HMBC. This can provide an unambiguous result, but 
can be difficult to acquire, due to insufficient material and to the intrinsic low sensitivity of this 
experiment for large molecules, caused in turn by relaxation effects during the long J-coupling 
evolution period (tens of ms). Nevertheless, these experiments, sometimes combined with 
HSQC-TOCSY experiments, are of paramount importance for deducing the structures of 
polysaccharides. 

Interestingly, there are general features in the NMR spectra of oligo and polysaccharides that 
have been exploited to develop computational tools to provide 13C chemical shift predictions 



for a given glycan. These predictions can be compared to the experimentally observed data, 
providing an excellent tool for identifying the primary sequence of a given saccharide, [51, 52] 
including the identities of the component monosaccharides, their furanose or pyranose nature, 
the -anomeric configurations, the attachment positions of the glycosidic linkages between 
the units, the existence of branching, and eventually, the sequence. Thus, NMR is the key 
methodology to assess the existence of novel monosaccharide entities found in newly 
discovered polysaccharides and glycolipids from different animals and plants, including 
their chemical modifications, which may include rather rare substituents. [53] It is also 
noteworthy that many labs have developed and applied different computational tools to 
quantitatively estimate the expected NMR parameters that a given glycan should show, based 
on the very large amount of experimental data that has been accumulated during the last 
decades. [54] 

As typical example, Silipo et al. [55] have carried out the structural analysis of the core 
oligosaccharide of the lipopolysaccharide present on the outer layer of the membrane of 
Acetobacter pasteurianus CIP103108, one of the most widely used bacteria for acetic acid 
and vinegar production, using NMR spectroscopy supported by MS methods. The study of the 
NMR vicinal coupling constants 3JH,H and intra-residue NOE effects allowed for the 
identification of each sugar residue as well as their relative configuration. A combination of 1H-
13C HSQC, 1H-31P HSQC HMBC, ROESY, TOCSY supported by MS compositional analysis 
provided the data to suggest a highly branched and negatively charged structure, with a Kdo 
residue (3-deoxy-d-manno-oct-2-ulosonic acid) at its core, two phosphate groups next to each 
other, followed by a Glc-(1-4)--GlcA, a Rha-Glc disaccharide at O5 and a rather unusual Ko 
(d-manno-oct-2-ulosonic acid) residue at O8 [55]. 

2.2. Towards the conformation. The key parameters

Once the NMR assignment is completed, we are in a position to start the NMR-based study 
of the conformational behavior of the target glycan [56], which is the first step in the process 
of understanding structure-function relationships [57]. The conformational behaviour of oligo-
and polysaccharides is defined by their torsion angles (Figure 3) around the glycosidic 
linkages, dubbed  and  respectively, and the pendant C5-C6 hydroxymethyl group (ω 
torsion) [58]. The latter torsion can populate three staggered conformations (Figure 3): 
gauche-gauche (gg), gauche-trans (gt) and trans-gauche (tg), whose populations depend on 
the orientation of the hydroxyl group at C4 (either axial or equatorial) [59]. 
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Figure 3. A) The torsion angles that define the conformation around the glycosidic linkages.  
defines the torsion around C1-O1, while  refers to CX-O1, where CX is the attached carbon. In 
case of linkages involving the hydroxymethyl C6 atom, an additional torsion angle () is 
required to define the conformation around C5-C6.  B) Newman projections of the three 
staggered geometries that the substituents can adopt around the C5-C6 linkage (trans-gauche 
or tg, gauche-gauche or gg, gauche-trans or gt).  The first term refers to the relative orientation 
between O5 and O6 (gauche or trans) and the second to that between C4 and O6.

The conformational preferences around  are controlled by the so-called exo-anomeric effect, 
[60] (Figure 4), typical of molecules that show two oxygens (or highly electronegative atoms) 
attached to one carbon atom. For such species, there is an orbital-mediated stabilization of 
certain conformations, which show the proper arrangement between a particular lone pair at 
the glycosidic oxygen and the * orbital of the C1-O5 bond within the ring. Only two of the three 
staggered possible conformations at  are favoured by this steroelectronic effect (Figure 4), 
and one of the two (anti- ) is usually destabilized by steric forces. As a consequence, the 
most populated conformation is the exo-syn-. Finally, the conformation around  is under 
steric control. [61] Indeed, there are more possibilities of conformational averaging around 
 than around .

Thus it is accepted, and it has been demonstrated, that all  torsion angles in natural glycans 
display values in the exo-anomeric region, especially with the syn- orientation and a very 
minor, or even negligible, participation of the anti- alternative. Obviously, for those 
glycomimetics that do not show the exo-anomeric effect, this is not the case. [62] Indeed, the 
presence of non-exoanomeric conformations has been experimentally demonstrated for C-
glycosyl compounds which feature an interglycosidic carbon atom instead of the natural 
oxygen (see also section 3.2 on glycomimetics). 

Figure 4. The exo-anomeric effect and torsion  values.  The two exo-conformations (a and 
d, syn-exo; b and f, anti-exo) are stabilized by the overlap between the * orbital of the C1-O5 
bond and one lone pair at the interglycosidic oxygen. The non-exo conformer does not show 
that stabilization and is never detected in natural glycosides. The presence of anti-conformers 
in torsion  (H1-C1-O1-R), with values close to 180º, depends on the orientation of the 
substituents at the ring. The syn-exo conformers, with  (O5-C1-O1-R) values ca. +60/-60º, are 
stabilized by the exo-anomeric effect and do not display steric conflicts.



2.2.1. Vicinal coupling constants (carbon-proton and more) and torsion angles

The conformation around the glycosidic linkages is usually deduced through extensive 
analysis of NOE data (see also Section 2.2.2). [63] However, it is obvious that interglycosidic 
vicinal carbon-proton coupling constants also contain conformational information (Figure 5), 
since they also show a dihedral-like Karplus-type relationship. [64, 65] Different equations 
have been proposed over the years to attempt to define a quantitative relationship between 
the actual 3JCH coupling values and the corresponding torsion angles. [65-67]

Obviously, like proton-proton couplings, [68] these 3JCH couplings depend not only on the 
torsion angle, but also on the electronegativity and relative orientation of the substituents along 
the coupling pathway. [65-67] This means that the substituents attached at C1 (regarding ) 
and at C4 (regarding ) are also important and may strongly modify the coupling constant for 
a given value of torsion angle. Unfortunately, given the intrinsic chemical nature of sugars, to 
obtain conformationally rigid models for interglycosidic H-C-O-C torsions displaying a variety 
of dihedral angle values has remained elusive. Nevertheless, various empirical equations 
have been proposed to interpret the experimental 3JCOCH values, with the best results obtained 
when using different equations to evaluate 3JC1-O-C-HX (for ) and 3JCX-O-C-H1 (for ). [65-67] 
Moreover, different equations have been proposed based on diverse theoretical methods, 
including DFT calculations, which have also been extended to employ other vicinal coupling 
constants that contain geometric information on the conformational ensemble around the 
glycosidic torsion angles, as 3JC2-C1-O-CX and 3JC1-O-Cx-Cx1. [69] It has been reported that DFT-
calculated long-range (2JCH, 3JCH, 4JCH, 2JCC, 3JCC) coupling constants in sugars can be 
estimated with a high degree of accuracy, better than 5%. [70]

Figure 5. 13C-based coupling constants that contain conformational information about 
glycosidic torsions. 3JC4H1' and 3JC4C2' encode information on , whereas 3JH4C1', 

3JC5C1', and 
3JC3C1'  contain information on .

It is well known that the relationships between the 3JCH, and 3JCC coupling values and the 
torsion angles for these pathways are more complicated than those for 3JHH, since there are 
many more substituents on the coupling routes, whose orientations will influence differently 
the actual 3J value, even for the same torsion angle. [71] Moreover, since at least one of the 
coupled nuclei is 13C, the maximum expected values (in Hz) for 3JCC are smaller (maximum 
ca. 5 Hz) than those for 3JCH (maximum ca. 8 Hz), and much smaller than those for 3JHH. 



Moreover, since the variation of the values among the possible interglycosidic conformers is 
not expected to be very high, good accuracy in the measurement is therefore essential. 
Experimentally, the quantitative measurement of these couplings can be challenging, 
especially when natural compounds, with natural 13C abundance, are employed. 
Nevertheless, the use of very high or ultra-high field spectrometers, combined with cryogenic 
probes, may enable the experimental determination of such coupling constants with high 
accuracy, provided that the target molecule is available in sufficient quantity. Either selective 
excitation or regular sequences can be employed to measure these relatively small coupling 
constant values. Alternatively, the use of 13C-labelled molecules, when available, greatly 
facilitates access to these NMR parameters.  Different labelling schemes have been 
employed, including single labelling approaches, double 13C labels, and up to complete 
uniform labelling. Interestingly, one-bond and geminal coupling constants, such as 
1JCH, 1JCC, 2JCH, and 2JCC, also depend on the fine chemical structure around the coupled 
nuclei, along with the orientation around the torsion angles involving them. However, the 
parametrization of a reliable equation for these couplings is practically impossible. For 
instance, in a typical pyranose ring,  1JC1,C2  depends on the chemical nature and orientation 
of the attached substituents but also on the orientations of the substituents attached at C1–O1 
and C2–O2. Moreover, for 1JCX,HX , the coupling values are also influenced by the vicinal torsion 
angles around the Cx+1-Ox+1 and Cx-1-Ox-1 linkages, except obviously for 1JC1,H1, for which only 
the C2–O2 bond should be considered.

Figure 6. Representation of the the orientations of the substituents that modulate the 
1JC1,H1 value, for  (left) and -anomers (right). The relative disposition of X and Y (OH or H) 
with respect to H1 also affects the magnitude of 1JC1,H1.

The estimation of diverse coupling constants involving 13C nuclei (1JCH, 1JCC, 2JCH, 2JCC, 3JCC) 
has been used as experimental tool to investigate the distribution of glycan conformers in 
solution, by employing computing programs developed ad hoc for this task (MA’AT analysis). 
[67, 70-71] 1JCH coupling constants have also been extensively employed to unravel the the 
anomeric configuration. [65-67] The 1JCH value has an inverse relationship with the carbon–
proton bond length at the anomeric center, which in turn depends on its s-character. The 
anomeric effect results in axially oriented C1–H1 bonds being longer than their equatorial 
analogues. Therefore, the β-sugar series display smaller 1JC1,H1 couplings (ca. 160 Hz, axial 
C1–H1) than their α-counterparts configuration (ca 170 Hz, equatorial C1–H1).  This 
experimental evidence is instrumental in distinguishing - from -anomers in those cases in 
which O2 is axial and 3JH1,H2 is small for both - and -anomers.

2.2.1.1. The hydroxymethyl group. 



The study of the conformation around the more flexible exocyclic hydroxymethyl (CH2OH) 
group of monosaccharides and (1-6)-linked oligo- and poly-saccharides is based on the 
estimation of the relative populations of the three model staggered rotamers defining the so-
called ω torsion angle around the C5-C6 linkage: gauche-gauche (gg), gauche-trans (gt), and 
trans-gauche (tg). [59, 72] Here the first term refers to the O5-C5-C6-O6 torsion and the second 
to the C4-C5-C6-O6 torsion (Figure 3B). The experimental values of the measured vicinal 
3JH5,H6proR and 3JH5,H6proS coupling constants are compared to those expected for the canonical 
rotamers, estimated through empirical equations or quantum mechanical calculations. [73] 
Since two experimental couplings are measured and the sum of the three populations should 
amount to 100%, the system can be solved in a straightforward manner. The key point is to 
be able to measure the coupling values in a satisfactory way and to be able to unambiguously 
determine the H6proR and H6proS stereo-assignment. In principle, this can be achieved through 
the analysis of the pattern of the intraresidue NOE measurements between H4 and the two 
H6 nuclei, depending on the orientation of H4 (axial for Glc-type molecules and equatorial for 
Gal-type sugars).  This type of analysis has been carried out extensively in many different 
glycans, allowing the conclusion that D-Glc and D-Man derivatives, regardless of the 
substitution at O6, present near equal gg and gt populations and a near complete absence of 
the tg conformation both in solution [74] and in the solid state. [75] This propensity for the 
-torsion angle to adopt gg/gt conformations in D-Glc/Man has been attributed to the gauche 
effect [76] and to unfavourable 1,3-diaxial O4/O6 interactions operating in the tg rotamer. D-Gal 
moieties, in contrast, show a markedly different conformational distribution around the C5C6 
bond, where gg contributions are almost negligible, probably due to unfavourable 1,3-diaxial 
O4/O6 interactions (see Scheme 1 for the difference between D-Glc/Man and D-Gal). Based 
on quantum mechanical (QM) methods and molecular dynamics simulations (MD) in explicit 
water, Woods and coworkers reported that water plays a key role in determining the 
conformation around  [77] by disrupting the intramolecular HB (hydrogen bonding) networks 
within Gal monosaccharides that stabilize the gg conformers. Measurement of a combination 
of the standard 3JH5,H6 with other nJC,H and nJCC couplings has been proposed to provide a fully 
integrated perspective on the conformation around hydroxymethyl groups. [69] 

2.2.2. NOEs

The analysis of the conformation around glycosidic linkages typically relies on the analysis of 
inter-residue NOEs that connect protons around the glycosidic linkages, measured through 
nuclear Overhauser effect (NOE)-type experiments, NOESY and ROESY. [78] The NOE 
between two nuclei depends on the inverse of the sixth power of the distance between them 
( r-6), and therefore the inter-residue NOEs report on the  and  torsions. [79] In addition 
to its 1/r6 dependence, the NOE is also influenced by the spectrometer frequency and displays 
a complex timescale dependence, in which the overall molecular tumbling may interact with 
kinetics of the conformational exchange involved in internal motions. In any case, the NOE-
based approach works well when there are enough NOEs that are sensitive to molecular 
shape. Nevertheless, taking into account the mobility of most glycosidic linkages, most glycan 
conformational studies combine NOE data with computational chemistry calculations 
(molecular mechanics and/or molecular dynamics). Often, however, challenges stem from the 
insufficient number of NOEs across the glycosidic linkages, since usually only one or two 
NOEs are observable per linkage. [80]



A typical NOE-based analysis starts by identifying all intra- and inter-residue NOEs for the 
target glycan. [81]  Intra- and inter-residue NOEs can be distinguished by comparing scalar 
coupling connectivities from COSY- and TOCSY-based experiments with through-space 
connectivities from NOE/ROE experiments. Intra-residue NOEs are then used to assess the 
actual chemical structure of every monosaccharide moiety (in combination with vicinal 3JH,H 
values, if available) and thus discard (or verify) the existence of conformational mobility at the 
individual ring level (see below in the glycosaminoglycan section). The intensities of the intra-
residue NOEs may be used as internal standards to estimate (unknown) inter-residue proton-
proton distances that are related to the torsion angle values. Different approaches can be 
applied for this task, from the isolated spin pair approximation to the full matrix relaxation 
approach, or some tactics in between, estimating internal motion or effective correlation times 
for specific proton pairs. [82] For instance, the combination of ROESY and NOESY at one or 
more magnetic fields [83] and the off-resonance ROESY experiment [84, 85] have been 
employed, since they allow the extraction of effective correlation times for different regions of 
a molecule and, thus, determination of different internal motion timescales and, eventually, 
inter-proton distances.

These NOE-based distances are then compared to those expected for different 3D molecular 
models of the glycan under investigation. For this task, different approaches have been 
employed over the years, from the Hard Sphere Exo-Anomeric (HSEA) method [86] to 
molecular mechanics and dynamics calculations, using the latest force field developments in 
the computational arena, or using quantum mechanics. [87] All these methods aim at obtaining 
reliable 3D structures that correspond to possible energy minima of the molecule to back up 
the experimental results (essentially 3J and NOEs, and unsual chemical shifts). Obviously, 
NOEs do not directly (or inversely) depend on the inter-proton distance, but on its inverse sixth 
power. [78] Thus, the interpretation of the observed NOEs relies heavily on contributions from  
those conformers that show short distances between the corresponding proton pairs. Thus, 
although these conformers may have low populations, provided that the inter-proton distance 
is short enough, the corresponding NOE will still be observed. This fact was translated to the 
concept of an “exclusive NOE”, which defines a short inter-proton distance that only occurs in 
one of the possible conformers of the target glycan. If this NOE is observed, the corresponding 
conformer must be participating at least to some degree in the conformational equilibrium, with 
a population that can later be assessed by proper quantitative analysis. The exclusive NOE 
approach is a safe method to check the presence of different glycan conformers in equilibrium 
and has been extensively used (Figure 7).

Figura 7Exclusive NOEs (pegar como imagen)



Figure 7. The concept of exclusive NOEs. For this lactose-type disaccharide, in the syn-exo-
/syn- conformation, there is a close distance for the H1 Gal/H4 Glc and H1 Gal/H6 Glc proton 
pairs. The presence of these NOEs in the NOESY spectrum indicates that this conformer is 
present in the conformational equilibrium, since these two proton pairs are far apart in the 
alternative syn-exo-/anti- and anti-exo-/syn- geometries, which are also local minima 
according to computational methods. In the same way, the presence of the H2 Gal/H4 Glc NOE 
demonstrates that the anti-exo-/syn- should be considered as one of the contributing 
conformers. Finally, provided that cross peaks for the H1 Gal/H3 Glc and H1 Gal/H5 Glc proton 
pairs are detected in the NOESY experiment, there is a contribution from the syn-exo-/anti-
 conformer

3. NMR and the conformations of glycans

3.1 The natural glycans

Early NMR-based conformational studies were focused on the histo-blood group 
oligosaccharide and Lewis antigens and their constituent disaccharides. [86] The initial 
analysis of the NOE data, at that time at relatively low magnetic fields, along with the presence 
of particular chemical shift features, allowed the deduction that these molecules showed a 
fairly well-defined 3D shape. [87, 88] This proposal has been retained over the years [89] and 
it is generally accepted that these molecules can be defined by a major conformation around 
their glycosidic linkages, [90-92] although with the participation of low population conformers, 
depending on the particular antigen. [93] Interestingly, these minor geometries may also be 
recognized by certain receptors [94, 95] in a conformational selection process, with the 
corresponding entropy penalty associated to the interaction event. [96] Although the binding 
of minor conformers has only rarely been observed in the interactions of natural glycans with 
receptors, especially lectins, [97] this phenomenon has been widely detected by NMR for 
glycomimetics,  [98] and also in the first step of the catalysis mediated by carbohydrate-active 
enzymes, especially glycosyl hydrolases. [99] Moreover, in the histo blood group 
oligosaccharide and Lewis antigen families, [100-103] the glycosidic linkages display different 
degrees of mobility depending on the particular chemical architecture of the saccharide. [104] 
Using a careful temperature-dependent NOE analysis, positive and negative NOEs [105] were 
observed for specific proton pairs located at different regions of one Lewis-like antigen, 
showing the existence of different effective correlation times for proton pairs within the same 
molecule and therefore, of different internal motions at distinct timescales. A similar 
phenomenon has also been observed for a macrolide antibiotic. [106]



Figure 8. The key NOEs that define the conformation around the Neu5Ac-Gal and Fuc-GlcNAc 
glycosidic linkages of the sialyl LeX antigen. The extreme downfield shift of Fuc H5 indicates 
its close proximity to Gal O5, demonstrating the existence of a particular (turn-like 
conformation) for the glycosidic torsions of Gal-GlcNAc-Fuc trisaccharide moiety.

As a leading example, the LeX (Lewis X) antigen (Gal[Fucα(1→3)]β(1→4)GlcNAc) displays a 
particular structural feature. The first NMR-based structural and conformational analyses, 
described many years ago, showed that Fuc H5 displays a particular highly deshielded 
chemical shift ( 4.84 ppm), approximately 0.5 ppm at lower field than that for the 
corresponding disaccharides. Interestingly, this “anomalous” chemical shift is ubiquitous in a 
series of oligosaccharides, [107] which not only belong to the Lewis series of antigens and 
mammalian saccharides, including the biomedically relevant sialyl LeX antigen (Figure 8), but 
also exist in bacteria, amphibians, and marine invertebrates. The key consensus structural 
sequence can be identified as X-β1,4-[Fucα1,3]-Y and X-β1,3-[Fucα1,4]-Y, defined as a 
secondary structural element in glycans and dubbed by Schubert and coworkers as [3,4]F-
branch (Figure 8). Y, in principle, should be Glc, GlcNAc or GlcA, while X could be Gal, 
GalNAc, Glc, or GlcNAc. [108] This unusual chemical shift for H5 Fuc was identified early to 
be due to the close proximity of Gal O5 in the Lewis antigens, and later extended to all glycans 
displaying this structural motif. [109] The investigations by Schubert and coworkers led to the 
conclusion that there is a non-conventional C-H···O hydrogen bond [110] between Fuc H5 and 
Gal O5 that provides additional stabilization to the lowest energy conformer, which also shows 
the particular combination of  (always at the favorable exo-anomeric region) and  torsion 
angles to become a highly favored geometry. In fact, the use of 1H,13C-HSQC heteronuclear 
experiments optimized for small couplings showed the key cross peak between Gal H1 and 
Fuc C5 in fucose in a sialyl-Lewisx glycan, thus demonstrating the presence of electron density 
along the three-bond Gal H1-Gal C1-Gal O5···H5 Fuc pathway. [111, 112] This type of non-
conventional C-H···O hydrogen bond has also been evidenced in linear Gal(1→4)Gal 
oligosaccharides. [113] Here, the interaction takes place between Gal H5' and Gal O3 at the 
preceding residue. The existence of this structural motif in glycans has been further exploited 
by Delbianco and cowokers to design the first glycan hairpin. [114] A [3,4]F-like branch, but 
substituting Fuc at Y by Rha, with an equatorial OH4 group, and changing the typical Gal unit 
in the Lewis antigens to Glc (also with equatorial OH4), provides a turn unit that can be 
extended in parallel at both O4 atoms of the two moieties that generate the  C-H···O 
interaction. Importantly, a series of Glc(1→4)Glc moieties were attached at both entities. 
These cellulose-like chains are known to display a straight structure and show a tendency to 
provide inter-strand interactions. The success of the design to provide the target glycan hairpin 
topology was demonstrated by inter-strand NOEs (measured using labelled 13C-Glc 
monosaccharides placed at specific positions), in addition to the typical NOEs and chemical 
shift deshielding observed at the turn motif. The driving forces that provide the impetus for 
generating this type of glycan hairpin have also been scrutinized using a similar NMR 
approach (NOE,  analysis). [115]

The conformations of the histo blood group antigens have also been extensively studied. [116-
118] The A and B tetrasaccharide antigens are also branched entities, with a different location 
of the Fuc unit, now attached to Gal O2 instead of GlcNAc O3 in the Lewis antigens (Scheme 
3). The conformational behavior of the component disaccharides and trisaccharides has also 
been widely discussed and elucidated on the basis of the typical NOE/computational 
approach. Thus, NMR-based analysis of the conformational preferences of the branched 
tetrasaccharides, compared to those carried out for the Gal(1→3)Glc/GlcNAc, 
Gal(1→4)Glc/GlcNAc, Fuc(1→3)Gal, GalNAc/Gal(1→3)Gal disaccharides and the 
Fucα(1→2)Galβ(1→4)GlcNAc/Glc (H-type II/VI), Fucα(1→2)Gal (1→3)GlcNAc/Glc (H-type 
I/IV), GalNAc/Gal(1→3)Galβ(1→3)GlcNAc/Glc, and 
GalNAc/Gal(1→3)Galβ(1→4)GlcNAc/Glc trisaccharides, allowed the conclusion that the 
branched oligomers display a well-defined major conformation in solution. [119-122] The 



presence of the branched Fuc in the tetrasaccharide antigens moiety leads to interactions at 
the vicinal Gal/GalNAc and Glc/GlcNAc residues that preclude the existence of significant 
motion around the vicinal glycosidic linkages. 

Scheme 3. The histo-blood group antigens and their different linkage types. The structural 
differences are highlighted.

Systematic NMR-based analysis of many different glycosidic linkages [123-126] has allowed 
the conclusion that, for disaccharides, the factors that determine their conformation comprise 
mainly the configuration at C1' ( or ) and the attached carbon CX at the C1'-O-Cx glycosidic 
linkage, as well as the chemical architectures at the surroundings of the participating C1' and 
CX atoms; in other words, the configuration and substitution at C2' (either axial or equatorial, 
either O-substituted or N-substituted), the existence or not of additional substituents at C1' (eg. 
C1' is quaternary in sialic acid derivatives and in sucrose), and the configuration and 
substitution at CX+1 and CX-1. For instance, the conformation around  for  Gal(1→4)Glc, 
Glc(1→4)Glc, and Glc(1→4)Man should be very similar, while some differences should be 
expected respect to those for GalNAc(1→4)Glc, GlcNAc(1→4)Glc, and GlcNAc(1→4)Man 
due to the larger volume of the NAc versus the OH group at C2'. The trends among these 



conformational behaviors have been extensively investigated through NOE analysis assisted 
by computations and long-range heteronuclear couplings.

Figure 9. For natural O-glycosides, the conformation around  is regulated by the exo-
anomeric effect, independently of the nature of X and Y. The major conformation around the 
 torsion angle depends on the orientation and chemical nature of the substituents flanking 
the glycosylated position of the aglycone. For instance, glycosides a, b, and c, with 1-4, 1-
3, and 1-2 linkages to -Glc moieties will display a similar orientation around  since in each 
of these cases both substituents flanking the glycosylation position are equatorial. Some slight 
influence of the hydroxymethyl group (in a) versus the hydroxyl (in b and c) should be 
expected. An analogous situation may be expected for  d (1-4 to -Allose), e (1-3 to -Gal), 
and f (1-2 to -Glc) and similarly for g (1-3 to -Man) and h (1-2 to -Allose).

As mentioned in section 2.1, the orientation of the hydroxyl groups in a glycan help determine 
the conformation of the saccharide and its molecular recognition properties, since they are 
involved in key intra- and inter-molecular hydrogen bonds. [127] Therefore, detection of these 
exchangeable moieties and evaluation of their interaction properties has been the target of 
investigations over many years, as described in section 2.2. [40-46]

3.1.1. Glycosaminoglycans

From a chemical perspective, GAGs are extensive unbranched polysaccharide chains 
characterized by repeating disaccharide units. Fundamentally, these units consist of a D-
hexosamine residue (namely, D-glucosamine (D-GlcN) or D-galactosamine (D-GalN)) paired 
with a uronic acid component (D-glucuronic acid (D-GlcA) or L-iduronic acid (L-IdoA)). This 
structural formation underpins the nomenclature of glycosaminoglycans. The classification of 
GAGs into different families is based on the nature of these repeating units (Scheme 4), 
delineating distinct classes such as hyaluronan (HA), keratan sulfate (KS), chondroitin sulfate 
(CS), heparan sulfate (HS), heparin (HEP), and dermatan sulfate (DS). 



 

Scheme 4. Haworth representations of the chemical structures of the canonical disaccharide 
repeating units of hyaluronan –HA– (a); keratan sulfate –KS– (b); chondroitin sulfate –CS– 
(c); dermatan sulfate –DS– (d); heparin –Hep– (e); and heparan sulfate –HS– (f). R1 = H/SO3, 
R2 = COCH3/SO3

-.

The intricate nature of GAGs arises from their multifaceted structural attributes. These 
include a significant degree of polymerization and size polydispersity, alongside sequence 
microheterogeneity, pronounced negative charge density, and the presence of potentially 
isomeric building blocks. Also, the inherent microheterogeneity of GAGs precludes their 
representation by a singular, definitive sequence. The biosynthetic pathways of GAGs have 
been deciphered to a large extent. [128] Their tremendous biosynthetic versatility leads to a 
multitude of possible substitution patterns, making GAGs potent information-containing 
biomolecules.

Over the past few decades, research has increasingly focused on molecular 
recognition processes involving glycosaminoglycans (GAGs), and their interactions with 
signalling proteins. [129-132] These interactions, owing to their biological significance and 
prevalence, have been the subject of extensive study. Here, we will pay special attention to 
heparin (HEP), [133] since it is the GAG most studied by NMR. The use of heparin 



contaminated with chondroitin sulfate generates a rapid- and acute-onset anaphylactic 
reaction. NMR is therefore essential to properly characterize the different GAGs. [134, 135]

The use of NMR spectroscopy to study the structure and interactions of 
glycosaminoglycans (GAGs) and heparin has a rich history, spanning several decades. 
Indeed, there are numerous NMR studies that have addressed the structure, conformation, 
and interactions of all the members of the GAG family: [136] hyaluronan, [137- 139] keratan 
sulfate, [140] chondroitin sulfate, [141-143] and dermatan sulfate. [144] We consider GAGs, 
and especially heparan sulfate and heparin [145, 146], as a particularly significant category of 
glycans, given their wide biological importance and their intrinsic structural, conformational 
and dynamic features.  In the 1970s and 1980s, pioneering work by researchers including 
Linhardt, Perlin, Lindahl, and Casu laid the foundations for the application of NMR to the 
analysis of GAGs and their interactions with proteins. [147-152].These early studies focused 
on using 1D 1H NMR to elucidate the structural features of these complex polysaccharides. A 
key milestone was the characterization of the antithrombin-binding pentasaccharide sequence 
in heparin using NMR in the 1980s. [147-152] This demonstrated the potential of NMR to 
provide detailed structural information about biologically important GAG motifs.

As NMR technology advanced in the 1990s and 2000s, researchers were able to apply 
more sophisticated 2D and 3D NMR experiments to the study of GAGs and heparin. Thus, in 
the 1990s 2D NMR techniques like COSY, TOCSY, and NOESY/ROESY were used to 
characterise the structural variations of different heparin fractions .[153] It was not until a 
couple of decades later that 2D NMR was also applied to the analysis of GAG impurities, to 
study the contamination of heparin. [154]

The development of isotope-labelling strategies, such as the use of 13C and 15N-labeled 
GAGs, further expanded the capabilities of NMR for structural elucidation and the study of 
GAG-protein interactions. For instance, in the early 2000s, 2D TOCSY and 1H,15N-HSQC, and 
3D 1H,15N-TOCSY-HSQC and 1H,15N-NOESY-HSQC NMR experiments allowed resolution of 
the structure of hyaluronan oligomers and assessment of their dynamics. [155] Quantitative 
1D 1H and 13C and 2D 1H-13C HSQC NMR experiments were also applied to characterize and 
quantify sugar residues and substituent groups in heparins. [156, 157] Further, diffusion NMR 
experiments like DOSY were employed to analyse heparin solutions and identify low molecular 
weight impurities in them. [154, 158]

Overall, NMR has broadly been used to investigate the conformational behaviour of 
heparin and other glycosaminoglycans (GAGs), using approaches ranging from chemical shift 
analysis to full characterization through conformational studies, as well as their interactions 
with their biological receptors. [159-165] GAGs are intrinsically involved in many events of 
biological and biomedical interest, with heparin representing the paradigm given its worldwide 
application as an antithrombotic and anticoagulant factor. 

3.1.1.1. Heparin: The L-IdoA ring. 

Heparin is constituted by disaccharide repeating units comprising 1,4-linked 
hexopyranosyluronic acid and 2-amino-2-deoxyglucopyranose (glucosamine) residues. [149, 
166] The uronic acid components predominantly include L-idopyranosyluronic acid (L-iduronic 
acid, L-IdoA) and to a lesser extent D-glucopyranosyluronic acid (D-glucuronic acid, D-GlcA). 
Notably, heparin is distinguished by its remarkably high negative charge density, attributed to 
the abundance of sulfate (OSO3

-) and carboxylate (COO-) groups. This structural feature is 
exemplified in the typical heparin disaccharide, containing an average of 2.7 sulfate groups. A 
frequently occurring structure within heparin is the trisulfated disaccharide L-IdoA2S-α(1-4)-
D-GlcNS,6S. However, the molecule exhibits microheterogeneity due to variations in 
substitution patterns, such as the presence of acetyl or sulfate groups on the glucosamine 
residue and the potential for 3-O and 6-O position substitutions. Additionally, the uronic acid 



residue can also possess a 2-O-sulfate group (Scheme 5). Heparin’s molecular weight (MW) 
typically ranges from 5-40 kDa, with an average around 15 kDa, and, as mentioned above, it 
carries a substantial negative charge (roughly -75). The physicochemical properties of heparin 
are intrinsically related to the structure, sequence, conformation, flexibility, molecular weight, 
and charge density of the GAG. [167, 168] The inherent structural variability of heparin, 
characterized by high heterogeneity and polydispersity, presents significant challenges in its 
characterization. Further, it has been shown by NMR that heparin conformation is sensitive to 
temperature within the 280-305 K temperature range. However, the well-known hydrogen 
bond between the N-sulfamido group of the glucosamine residue and the 3-OH group of L-
IdoA, as well as calcium binding via the iduronate residues, are not significantly affected by 
temperature. The unusual conformational flexibility of the iduronate ring most likely has a role 
in this behaviour. [168]

Scheme 5. Haworth representations of the major and minor disaccharide repeating units in 
heparin (a) and heparan sulfate (b). (X=H/SO3

-, Y=Ac/SO3
-/H).

In this context, NMR is essential for checking the compositions and conformations of 
such biomolecules. Zhang et al. described a relatively simple NMR-based approach to 
structural analysis of heparins. [169]They summarized the chemical shifts and 3JH-H couplings 
for all the anomeric protons of a synthetic library of 66 heparins, using chemical shift patterns 
to infer the presence or the absence of sulfate groups in certain positions of the flanking sugars 
and the presence of certain disaccharide fragments. [169] Heparan sulfate is similar to 
heparin, but is composed of a repeating linear copolymer of a uronic acid 1-4 linked to a 
glucosamine residue. [170] While D-glucuronic acid is more prevalent in heparan sulfate, 
substantial amounts of L-iduronic acid can be present. Heparan sulfate typically possesses 
about one sulfate group per disaccharide, although this can vary. [170, 171] These chains 
bind various proteins and are crucial in numerous physiological processes, including blood 
coagulation, cell adhesion, lipid metabolism, and growth factor regulation [172]. Although 
heparin and heparan sulfate share structural similarities, they can be distinguished by their 
differential sensitivity to GAG-degrading microbial enzymes, the heparin lyases. [173]



The conformation of heparin and its components has been extensively investigated 
since its discovery, employing NMR assisted by various other techniques. Owing to its nature 
and topology, i.e. a rigid helix with a complete turn every four residues, discontinuous 
interactions with the same side of a protein surface are expected, grouping each three 
contiguous sulfate groups on alternate sides (Fig. 10). Additionally, the number and 
distribution of sulfate groups play a key role in the specificity of its interactions. Another key 
structural aspect of the heparin or HS structure is that while it is fairly rigid from the backbone 
perspective (global conformation), at the same time it is rather flexible at the local level, i.e. 
when the conformational equilibrium of the iduronate ring is considered.

Fig 10. The major conformation of heparin determined by NMR and molecular modelling from 
a dodecasaccharide representative of the regular region of heparin. The iduronate residues 
are shown in 1C4 (top) or the 2SO (bottom) ring conformations. Groups of three contiguous 
sulfate substituents on the same side of the molecule are highlighted with dashed circles. 

For years, the conformation and dynamics of heparin have been analysed, paying 
attention to the behaviour around the glycosidic linkages and to the geometry of the individual 
monosaccharides that comprise the oligosaccharide chain, especially to the rather flexible 
iduronic acid moiety (L-IdoA). L-iduronic acid, biosynthesized through a single epimerization 
at the C5 position of D-glucuronic acid, confers unique properties on iduronate-containing 
biomolecules. In the manner of most of L-hexopyranoses, it could be expected that a L-IdoA 
residue would adopt a 1C4 chair conformation as its sole most stable conformer. However, in 
reality the iduronate ring may adopt several conformations of comparable energy, which 
explains the particularly good ability of iduronate-containing GAGs to control the activity of 
proteins such as chemokines, growth factors and blood coagulation enzymes.

It was deduced earlier that the IdoA ring could adopt a variety of conformations (the 
two chairs 4C1 and 1C4 as well as the 2S0 skew boat), depending on its sulfation pattern and 
that at the vicinal sugar moieties. [151, 174] From a technical NMR perspective, since the 
changes in the ring conformation alter both the dihedral angles between vicinal hydrogen 
atoms and the distances between them, one can employ NMR spectroscopy to track such ring 
puckers by monitoring the spin-spin vicinal coupling constants (3JHH) and the proton-proton 
NOEs. Thus, over past decades, extensive solution NMR experiments as well as theoretical 
calculations have been performed to better understand the conformational flexibility of the 
iduronate ring. As a result, the picture describing the L-IdoA ring puckering, initially thought to 
be depicted by the equilibrium between the 1C4 and 4C1 chair conformers, was further extended 
when evidence appeared showing that the 2S0 skew-boat pucker plays a critical role in the 



control of blood coagulation. [151, 174-177] This 2SO conformer (or pucker) can be easily 
identified by NMR because it produces an intra-ring exclusive NOE cross-peak corresponding 
to the close contact between H2 and H5 protons, which are not at an NOE distance in either 
the 1C4 or the 4C1 chairs. [178] Moreover, the experimental determination of 3JHH couplings of 
an iduronic monosaccharide, or as the non-reducing terminal in oligosaccharides, indicate the 
presence of a mixture of both the 4C1 and 1C4 chairs with an additional contribution from the 
2SO skew-boat. Specifically, an internal L-IdoA2S ring in heparin-like molecules shows a 
conformational equilibrium between the 1C4 chair and the 2SO skew-boat puckers (Fig. 11), 
with a negligible or non-existent population of the 4C1 chair. [178-180] Interestingly, this 
conformational equilibrium also occurs in fluorinated carba-analogues of the L-idose ring. 
[181] In the natural heparin polymer, it has previously been shown that the 1C4 and 2SO 
conformers may interconvert with little change to the geometry of the glycosidic linkages to 
adjacent residues in the polysaccharide chain (C4-O4 and C1-O1 bonds present similar 
orientations in both forms); [182] this anticipated the idea, later demonstrated, that the global 
conformation of the oligo- or polysaccharide is independent of the iduronate conformational 
plasticity. [183] When discussing iduronate flexibility, the existence of fast pseudorotational 
interconversion along the boats and skew-boats conformational space must also be 
considered. [182-186]

The skew-boat 2SO occupancy in the L-IdoA and L-IdoA2S conformational equilibria 
has biological significance. Thus, inhibition of the coagulation cascade is thought to be initiated 
by antithrombin binding heparin with the iduronate residue in the 2SO conformation. Indeed, 
synthetic heparins presenting 2SO-biased iduronate analogues are highly potent. [187] A 
complete exploration of the low-energy conformations for the iduronate ring (L-IdoA and L-
IdoA2S) by MD simulations showed that iduronate residues undergo a microsecond puckering 
equilibrium (1C4-4C1 conformations exchange of the iduronate ring on the microsecond time 
scale), the composition of which depends on their substitution pattern (L-IdoA 2-O-sulfation 
stabilizes the 1C4 conformer) and epimerization (C5 epimerization leads to the 4C1 chair). 
Furthermore, these MD calculations explained how enzymatic chemical modifications 
(epimerization and sulphation) can fine-tune the free energy landscape of the iduronate ring 
and may mediate protein selectivity. 

Figure 11. 3D model of the typical 1C4-2SO conformational equilibrium displayed by the 
iduronate ring in heparin chains. Note the variation of the H2-H5 and H1-H3 distances, outside 
the NOE range in the 1C4 chair conformer and within the NOE range in the 2SO skew-boat 
pucker (exclusive NOEs).

For years, it has been widely accepted that the driving force that determines the 
conformational equilibrium of the iduronate residue in heparin oligosaccharides is the 



electrostatic repulsion between anionic charges on neighbouring residues. Particularly for the 
regular region of heparin (iduronate in the L-IdoA2S form), due to the presence of three 
contiguous sulfate groups, NSO3-(GlcN)-2OSO3-(IdoA)-6OSO3-(GlcN), on the same side of 
the helix, it is tempting to speculate that the electrostatic “stress” existing on that part of the 
molecule might be the origin of the singular conformational plasticity of the iduronate ring. 
While the flexibility of the backbones of polysaccharides is usually associated only with rotation 
of the monosaccharide residues around the glycosidic bonds, the extra flexibility induced by 
the presence of an equilibrium between two or more conformations of monosaccharide 
residues is a peculiar characteristic of iduronate-containing glycosaminoglycans, which could 
contribute to their binding properties and biological “versatility”. These features contrast with 
the poor binding and biological properties of other glycosaminoglycans having approximately 
the same degree of sulfation and molecular weight, but the more rigid glucuronic acid as the 
major uronic acid.

Different factors that can be studied by NMR act as modulators of the conformational 
equilibrium of the iduronate ring. [178-186] Thus, the type of counterion present may shift the 
equilibrium towards one of the puckers, by interactions with specific sites of the 
polysaccharide. This is the case for Ca2+ ions, which drive the equilibrium towards the 1C4 
chair in heparin-like oligosaccharides. Furthermore, this equilibrium is highly sensitive to 
intramolecular factors such as 2-O-sulfation of the iduronate residue and the sulfation pattern 
of the adjacent GlcN rings. Thus, for internal L-IdoA or L-IdoA2S residues in heparin and 
heparan sulfate sequences, though only the 1C4 and 2SO puckers participate in the 
conformational equilibrium, this is displaced towards the 2SO conformation when L-IdoA2S is 
4-O-substituted with a 3-O-sulfated GlcNS residue (54-69% according to 3JHH at room 
temperature). On the other hand, for IdoA2S the conformational equilibrium is shifted towards 
the 1C4 chair pucker, as long as it is at the non-reducing terminus. In the case of a terminal 
non-sulfated L-IdoA residue, the 4C1 form also contributes significantly to the equilibrium. In 
addition, the presence of 6-O-sulphated glucosamine at the reducing end and next to a L-
IdoA2S residue increases the population of the 2SO conformer of the latter, and makes its 
conformational equilibrium insensitive to temperature. In contrast, 6-OH glucosamine at the 
reducing end leads to an increased population of L-IdoA2S 2SO conformer at higher 
temperatures.

The global conformation of heparin is determined by the geometry ( and ) of its 
glycosidic linkages; rigid and flexible behaviours have been observed for the GlcN-IdoA and 
IdoA-GlcN linkages, respectively. Obviously, the conformational space sampled by Φ is 
restricted by the exo-anomeric effect, and so it commonly presents a narrow distribution of 
values around the syn geometry. On the other hand,  is not limited by the anomeric effect, 
although it displays a major geometry (syn) within GlcN-IdoA linkages and provides a 
significant flexibility to IdoA-GlcN linkages. This additional flexibility of the  torsion is 
characterized by the appearance of anti- conformations (±180º) together with the more 
common syn-  disposition. From the NMR viewpoint, while the syn- geometry can be 
identified by the presence of the H1'-H4 and H1'-H6 NOE cross-peaks, the anti- conformation 
produces H1'-H3, H1'-H5 and H5'-H6 exclusive NOEs. This allows experimental identification of 
the existence of conformational flexibility around the IdoA-GlcN linkages in solution. The NOE 
information can be complemented by 3JCH analysis to define the extent of flexibility.

Regarding molecular recognition by protein receptors, heparin has been shown to bind 
to several proteins, such as antithrombin III (AT-III), [187-189] fibroblast growth factors (FGF1 
and FGF2), [190-192] the C-type lectin langerin, [193] chemokines, [194, 195] and apical 
surface proteins. [196] Thus, it was reported years ago that the effective interaction with the 
antithrombin III protein (AT-III) involved the skew boat 2SO geometry of the IdoA2S ring of 
heparin instead of the more common 1C4 chain conformation of the unbound state. This 
structure-binding relationship was further taken as indicative of a structure-function effect 



(antithrombotic activity), although this point is arguable. In any case, the existence of 
conformational flexibility in heparin molecules is thoroughly documented [197-200] and, 
therefore, their interactions with receptors brings entropic consequences. Conformational 
selection processes have been described in different systems, such as heparin binding to AT-
III and FGF2, which selects the 2SO conformation of the 2-O-sulfated iduronate residue. [201] 
Further, experimental evidence has indicated the existence of flexibility of heparin in the bound 
state. [202] Unravelling the conformational behaviour and interactions of heparin molecules 
remains a major topic of research.

3.2. Glycomimetics

The development of glycan analogues is a therapeutic strategy to investigate in varied 
pathological contexts. However, it is well known that natural glycans are rarely employed as 
pharmacological drivers. They display rather low metabolic stability and high hydrophilicity, 
and unfortunately these features correlate with low drug bioavailability. Sugar mimetics 
(glycomimetics) have therefore been proposed. We will not describe here dramatic 
modifications of the sugar chemical structure, just those that concern the replacement of the 
exocyclic oxygen of the natural sugar to provide C-glycosyl, N-glycosyl, and S-glycosyl 
analogues, depending on the atom that replaces the oxygen (Scheme 6). The topology of the 
glycosidic linkage remains the same, just changing the interglycosidic linkage. However, 
detailed NMR spectroscopic analysis of these molecules has demonstrated that these 
analogues display diverse conformational behaviour. [203]

3.2.1.  C-glycosyl compounds 

Obviously, the lack of the glycosidic oxygen means that the exo-anomeric effect no longer 
acts, and therefore the conformations around  are now solely ruled by van der Waals and 
dipolar interactions. From the NMR perspective, for C-glycosyl compounds the presence of 
the interglycosidic carbon atom, with two additional substituents (usually at least one of which 
is a hydrogen atom), provides additional J-coupling and NOE information that can be used to 
assess conformational behaviour. Indeed, for C-glycosidic linkages defined as C1'-Cinterglycosidic-
CX, there will be vicinal coupling constants between H1' and the protons at Cinter, as well as 
between those protons and HX, provided that Cinter is not a quaternary center. [204] For a CH2-
interglycosidic arrangement, the two protons at the glycosidic carbon are diastereotopic and 
provide a very useful set of coupling constants and NOE information. [205, 206]

Scheme 6. Glycomimetics: C- (X=CH2), N- (X=NH), S- (X=S), and Se- (X=Se) glycosyl 
compounds. Their conformational behavior has been exhaustively studied by NMR methods. 
For X=CH2, the two diastereotopic protons at the methylene group provide a very useful set 
of coupling constants and NOEs.



Exhaustive NMR investigations of different families of C-glycosyl compounds, comparable to 
those carried out for the corresponding natural O-glycosyl compounds, have allowed 
estimation of the populations (negligible for the natural molecules) of non-exo anomeric 
conformers for a diverse set of glycomimetics, and, therefore, experimental estimation of the 
magnitude of the steroelectronic component (at least 2 kcal/mol) of the exo-anomeric 
stabilization. In a subsequent study, NMR analysis of the conformations of pairs of C-glycosyl 
compounds with either axial or equatorial orientation of O2' allowed quantification of the steric 
destabilization (ca. 1.5 kcal/mol) provided by the interaction of the aglycone in a non-exo-
anomeric orientation and the equatorial O2'.

Interestingly, C-glycosyl compounds have also been used as probes to monitor glycan-
receptor molecular recognition events, [203, 207] providing important clues for understanding 
the specific interactions that rule these essential processes. In particular, transferred-NOESY 
NMR experiments (see below) have been widely employed to deduce the bound 
conformations of these mimetics, to compare them to those of the natural analogues and to 
evaluate the relative roles of conformational entropy and binding enthalpy in some of these 
events. Since C-glycosyl compounds are more flexible than their natural counterparts, 
differences in the bound geometries of O- and C-glycosyl molecules have been reported for 
some cases. Nevertheless, in most cases, the existence of identical bound conformations for 
both species has been demonstrated. Additional studies have been carried out for S- and N-
glycosyl compounds, now solely based on NOE analysis, given the lack of non-exchangeable 
protons at the interglycosidic position. 

3.2.2. Selenium-, thio-, and imino-glycosides

The conformations of other glycomimetics have also been studied. In particular, the 
conformations of thio-analogues of oligosaccharides, generated by substituting the 
interglycosidic oxygen by sulfur, have been characterized in considerable depth. Obviously, 
the C-S-C bond angle and the C-S distances are rather different from the corresponding C-O-
C angle and C-O distances in the naturally occurring compounds, so it is expected that the 
conformational behavior will be different, considering also that the strength of the exo-
anomeric effect will differ for the O-C-O and O-C-S arrangements at the glycosidic centre. The 
use of NMR measurements, especially inter-residue NOEs and vicinal heteronuclear 3JCH 
couplings, demonstrated that there are conformational differences between the two families, 
[208] both in the free state and when bound to protein receptors. The thio-glycoside analogues 
are more flexible [209] and sample a larger conformational space, as exemplified by galabiose 
and its S-linked-4 thiodisaccharide analogue, [210] and in maltose heteroanalogues. [211] 
Nevertheless, they can still be used as probes for glycosidases [212], since they are slowly 
hydrolyzed by these enzymes. Moreover, dithioglycoside analogues have also been studied. 
In this case, NMR experiments have indicated that the conformational flexibility around the C-
S and S-S bonds is even larger for these analogues. [213]

The seleno analogues (C-Se-C at the pseudoglycosidic linkage) are also interesting from an 
NMR perspective, since 77Se is an NMR-active nucleus that can be used to transfer 
information through the corresponding 1H-77Se and 13C-77Se coupling constants. [214] In fact, 
Se-glycosides have been proposed as possible spy molecules for NMR screening, using 
selective 1H, 77Se heteronuclear Hartmann-Hahn transfer [215] and 77Se-edited CPMG-
HSQMBC NMR experiments [216] for efficient use in competition NMR experiments.

The conformations of different imino-glycosyl analogues [217, 218], which have an NH moiety 
at the pseudoglycosidic linkage, have been also investigated. As with the thio-glycoside 
analogues described above, the lack of the exo-anomeric effect makes these molecules more 
flexible, especially around , as demonstrated by NOE-based methodologies. They have 
been employed as oligosaccharide surrogates as molecular probes and in medical chemistry 



campaigns [219]. Other glycomimetics will be described below in the molecular recognition 
section 6.1.

3.2.3. The power of 19F-NMR: Fluorine-containing sugars 

Fluorine-containing sugars (Scheme 7) are a special case within glycomimetics, since they 
have been widely employed in the glycosciences for years. In particular, the systematic 
replacement of every hydroxyl group of a given sugar by a fluorine atom has been used as a 
molecular probe for deducing the strength and relevance of hydrogen bonds in glycan-lectin 
complexes. A review of fluorinated carbohydrates has been recently presented, also 
describing the typical 19F-NMR-based experimental approaches, [220] therefore here we will 
just highlight the most relevant details of fluorinated glycans and the applications of 19F NMR 
to their study. It is very clear that 19F detection-based NMR experiments constitute a great 
method to monitor fluorosugar conformation and fluoroglycan-receptor interactions, either 
directly or through competition approaches. In early studies, N-CF3-acetyl GlcNAc analogues 
(Scheme 7a) were employed as probes for assessing their binding properties to different 
lectins, through the detection of 19F chemical shift perturbations and/or transverse relaxation-
mediated line broadening effects when the complexes were formed. [221-223]

 
Scheme 7. A and B: Some fluorinated sugar analogues that have been synthesised and 
exhaustively studied by NMR. [221-224] C: Fluorinated Man-containing glycans studied by 
Gronenborn and coworkers [235].

Closely related with the work on glycomimetics described above, Sollogoub and coworkers 
[224] employed CF2 substitution of the endocyclic O5 atom of a disaccharide (Scheme 7b) to 
further assess the importance of the stereoelectronic component (orbital mediated 
interactions) of the exo-anomeric effect. On this basis, the conformational properties of 
maltose (Glc(1→4)Glc), a regular disaccharide, its carba analogue (with a methylene group 
replacing the endocyclic oxygen involved in the exo-anomeric effect), and its CF2-carba 
mimetic (with a CF2 group at that position) were investigated. The conformational preferences 
found by NMR were fairly clear: the torsion angle value around  of maltose is governed by 
the exo-anomeric effect, and a single  conformer dominates the conformational equilibrium. 
This preference is lost for the CH2 carba analogue, since a significant population of non-exo-
anomeric conformers was detected through analysis of the exclusive NOEs. However, 1H-1H 
and 1H-19F NOEs demonstrated that the exo-anomeric predominance was restored for the CF2 
carba analogue. Theoretical calculations supported the initial hypothesis that the presence of 
the CF2 moiety would induce polarization of the C1-CF2 bond, enough to favor the 
hyperconjugation of the lone pair at the exocyclic oxygen with the *C1-CF2 bond, thus restoring 
the exo-anomeric effect and the preferential exo conformation.

3.2.3.1. 19F NMR and fluorine-containing sugars in the bound state



The key techniques for unravelling the interactions of glycans with their receptors by ligand-
based NMR (STD-NMR, Tr-NOESY and their variants) will be described in the section below, 
highlighting the importance of 19F NMR for monitoring glycan-receptor binding. It is evident 
that besides facilitating the interpretation of NMR spectra, the presence of 19F nuclei may 
reveal information on molecular interactions. Different investigations have accentuated the 
benefits of fluorosugar ligands for assessing recognition events. Many protocols have been 
employed to study the interactions of fluorine-containing glycans, but here we will highlight 19F 
relaxation-based and 19F STD NMR methodologies (see below). Relaxation-mediated 
broadening effects using 19F nuclei have allowed fine details of lectin-glycan interactions to be 
assessed with exquisite selectivity. [225] For instance, the introduction of a 19F tag in the NAc 
moieties of  GlcNAc(1→4)GlcNAc (N,N'-diacetyl chitobiose) allowed identification of the non-
reducing moiety as the key epitope for establishing interactions with wheat germ agglutinin 
lectin. Furthermore, the use of diverse different mono-, di-, or tri-fluorination patterns (CH2F, -
CHF2, -CF3) showed that the analogue containing the difluorinated tag has a higher affinity 
towards this lectin than the other analogues, including the natural disaccharide. [225] It was 
hypothesised that this affinity increase is due to the large polarization of the C-H bond at the 
-CHF2 tag, which allows it to establish a stabilizing CH-π stacking interaction with a tyrosine 
residue located at the lectin binding site. 

This -CHF2 substitution pattern at acetamide moieties has been recently extended to monitor 
Siglec- (sialic acid-binding immunoglobulin-type lectin-) sialic acid interactions through 
competitive experiments based on the FAXS (Fluorine chemical shift Anisotropy and 
eXchange for Screening) methodology developed by Dalvit and coworkers. [226] This 
approach relies on the intrinsic chemical shift anisotropy of 19F nuclei. A 19F-labeled entity is 
employed that is designed as a medium-weak binder for the target receptor, and is dubbed 
the spy molecule. [227, 228] For monitoring Siglec binding, a spy molecule has been proposed 
that consists of a sialic acid derivative decorated with the -NH(CO)CHF2 moiety at C5 (instead 
of NHAc). [229] In the presence of a certain amount of the Siglec receptor, the initial 19F 
spectrum of the spy molecule shows a relatively broad 19F signal that encodes the chemical 
exchange between the free and bound ligand, through its effect on the transverse relaxation 
R2. The initial intensity of this signal can be adjusted by altering the ligand/receptor molar ratio, 
the total echo time in the CPMG-like pulse sequence, or the inter pulse delay in the CPMG 
train. Clearly, any molecule that also binds competitively to Siglecs, and is added to the NMR 
tube containing the Siglec and the spy molecule, should trigger the displacement of the spy 
molecule, with a concomitant sharpening of its 19F NMR signal. Moreover, provided that the 
binding affinity of the spy molecule to the target receptor is known, this methodology can be 
used to estimate quantitatively the association constants of the competitors, even if they are 
high affinity ligands.

The FAXS 19F NMR approach has also been used for screening and quantifying the binding 
affinity of a library of trifluoroacetamide analogues of ManNAc versus langerin, a C-type lectin 
receptor. [230] The experimental data was combined with the results of a computational 
screening protocol to predict a variety of initial hits, which were synthesised and tested. 
Resulting from this, a glycomimetic with a significant higher affinity than the natural ManNAc 
was identified. It is evident that this methodology affords a fast estimation of interaction 
features, with minimum use of material. 



Figure 12. A. Schematic representation of the line broadening of the 19F signal upon binding. 
Differential line broadening of the fluorine peak can be observed caused by the different 
interactions established upon binding. B. Distinct line broadening observed during the binding 
of 19F N,N'-diacetyl chitobiose to WGA. Adapted from reference [225]. 

Figure 13. Schematic diagram of the FAXS experiment. (Left) Initially, signals of the spy 
molecule appear very broad while the signals of the control (non-binder) are very sharp. 
(Right) After the addition of a competitive ligand, the spy molecule is displaced, leading to a 
recovery of the spy signal peak. 

Transverse relaxation rates are key parameters for detecting binding. In this context, 19F NMR 
R2-filtered experiments provide a fantastic tool for scrutinizing glycan-lectin-protein 
interactions. The methodology is fairly simple: R2 values for the 19F-containing glycans are 
estimated for the free ligand (R2, free) and in the presence of the lectin (R2, bound). The decay 
of the 19F NMR intensities allows binding to be assessed. [231] Rather weak interactions can 
also be unravelled. Interestingly, the binding promiscuity of lectins of diverse origin could be 
disentangled in a one-shot and fast NMR experiment, since even for a large molecular library, 



the typical problems of 1H signal overlap that occur with sugar mixtures are absent in the case 
of 19F NMR spectra. [232] In addition, analysis of the data obtained for a library of 
monosaccharides in which each hydroxyl group is replaced by a fluorine atom allowed the 
sugar selectivity of the particular lectin and the key hydroxyl groups involved in the interaction 
to be simultaneously defined. Thus, screening and chemical mapping were both achieved with 
a single NMR experiment. [232]

The same concept has been also employed to screen a 19F-labelled library of Lewis type 2 
glycans against different mammalian and bacterial lectins, [233] and to assess the binding of 
different glycomimetics to the bacterial lectin BambL. [234]

Other 19F-NMR experiments have been employed to monitor glycan recognition. A seminal 
study described the interaction of 19F-containing analogues of Manα(1→2)Man and 
Manα(1→2)Manα(1→2)-Man with Cyanovirin-N, an anti-HIV lectin [235]. The 19F NMR signals 
of the 2F-Man unit at the non-reducing end (Scheme 5c) were used to deduce not only the 
binding pose of the glycan but also to measure the kinetics and thermodynamics of the 
interaction. 2D 19F-19F exchange experiments were also used to detect an alternative binding 
mode for the trisaccharide, which had not been found by typical 1H-based NMR methods [46]. 
All of the 19F-NMR-based conclusions were corroborated by 1H-15N HSQC chemical shift 
perturbation analysis on the lectin and ITC measurements on the system.

4. More experimental NMR tools
4.1. DOSY

Given the complexity and intrinsic heterogeneity of glycans, especially those isolated from 
natural sources, determining the degree of purity and size may become a true challenge. In 
many cases, Diffusion Ordered NMR SpectroscopY (DOSY-NMR) [236] may be used to 
deduce the purity of the glycan preparation under scrutiny, given its ability to combine in-situ 
translational diffusion resolution and spectroscopy, without the requirement of previous 
treatment of the formulation. The use of an appropriate pulse sequence with magnetic field 
gradient pulses (defined by gradient length, power, and shape) at specific times allows 
detection of the presence of individual species, even in a complex mixture, according to their 
size, which is inversely related to its translational diffusion coefficient. The observed NMR 
signal intensities are used to determine the diffusion coefficient, which encodes the molecular 
size of the molecule. On this basis, DOSY-NMR methods have been extensively employed to 
analyze glycan mixtures, and to assess molecular interactions, given the tremendous change 
in the translational diffusion coefficient that takes place when a free saccharide is bound by a 
given protein receptor. DOSY can also be employed to monitor possible changes in the 
oligomeric state of a system when interaction takes places, depending on the monitored NMR-
active nuclei, either from the ligand or from the receptor. Interesting applications of DOSY can 
be found for assessing the exchange rate of the hydroxyl groups of glycans with water and 
hence detecting those that are involved in intramolecular hydrogen bonds. [237] It has been 
used for assessing the degree of multivalency of glycodendrimers [238] and as quality control 
for the purity of polysaccharides, [239-242], especially for glycosaminoglycans (see section 
3.1.1), given their high interest to the pharma, cosmetic, and food industries. [243-248] The 
degree of contamination of heparin saccharides by oversulfated chondroitin sulfate has been 
a matter of special interest. [249]

DOSY NMR has also been employed as alternative or complement to size exclusion 
chromatography for the analysis of oligosaccharides, with specific applications to 
chitooligosaccharides [250] and their complexes with chitin-binding proteins. [251] It has been 
exhaustively used for the detection of glycan complexes, [252] including those with boronic 
acids [253] and metals [254], and to detect carbohydrate-carbohydrate interactions between 



specific charged oligosaccharides and glycan-containing nanoparticles. [255] Interestingly, it 
has also been used as a direct tool to demonstrate the natural tendency of certain 
monosaccharides to interact with aromatic moieties, [256] present just as isolated species, 
without the need to adopt the 3D structure that exists in the lectin binding sites. The experiment 
can also be applied to discriminate between the anomeric forms of simple sugars and diverse 
phenyl D-glucosides. [257] The concatenation of the DOSY scheme with the transfer of 
information to other heteronuclei, for instance by using 19F or 13C modules, expands its range 
of application to other dimensions, thus allowing complex systems and mixtures to be studied. 
[258, 259]

4.2. Paramagnetic NMR

Paramagnetic NMR has found application across a diverse range of biological systems. This 
methodology was initially developed for metalloproteins, taking advantage of the metal binding 
site to replace a naturally bound metal by a paramagnetic ion. [260] Further developments 
introduced the use of lanthanide binding tags (LBT) or proteins fused with lanthanide binding 
peptides to extend the methodology to systems lacking natural metal binding sites. [261-263] 
The use of paramagnetic NMR is especially convenient for gaining insights into flexible 
molecules, where the maximum occurrence of each possible conformation can be inferred. 
[264] Therefore, various paramagnetic NMR approaches have been extensively applied to 
unravel the conformation and interactions of different biomolecules, including glycans. [265-
267] In such cases, different chelating units have been designed, [268] mainly based on 
ethylenediamine [269] and phenylene diamine tetraacetic acid [270], which are attached to 
the glycan by chemical synthesis. Paramagnetic NMR has proven to be especially useful in 
the glycan field, since these biomolecules are characterized by severe signal overlap and 
sparse inter-glycosidic NOEs that hamper the 3D structural elucidation of the molecule. Using 
paramagnetic NMR approaches, key parameters with conformational information are 
generated, including pseudo-contact shifts (PCSs), [266, 267] residual dipolar couplings 
(RDCs) [271, 272] and paramagnetic relaxation enhancements (PREs), [273] offering one-of-
a-kind insights into the structure, conformation, and dynamics of glycans.



Figure 14. A) Schematic representation of the effects induced by paramagnetic metals, 
pseudo contact shifts, residual dipolar couplings and paramagnetic relaxation enhancements. 
B) Superimposition of the 1H-13C HSQC NMR spectrum of a biantennary bisected N-glycan 
acquired in diamagnetic conditions (La3+, red colour) and paramagnetic conditions (Dy3+, blue 
colour). The signals of the H1 Gal protons that are overlapped in the presence of lanthanum 
split into three different signals; glycan units located at the two arms cannot be distinguished 
and as a result only one set of signals was detected for each monosaccharide (sialic acid, Gal 
and GlcNAc). In contrast, in paramagnetic conditions (Dy3+) two sets of signals were detected 
and all the glycan signals were individually assigned. Adapted from reference [275].

4.2.1. Pseudo-contact shifts (PCSs)

The most widely used parameter in glycan structural studies is the pseudo contact shift. [263] 
PCSs arise from dipolar interactions between the unpaired electron of the paramagnetic ion 
and the nuclei in its vicinity, leading to changes in their chemical shifts in the NMR spectrum 
(Figure 14). The key feature of this effect is that it diminishes more slowly with distance (r-–3 
dependence) than the NOE (r-–6 dependence), and therefore provides relatively long-range 
structural information. The PCS also depends on the shape of the paramagnetic susceptibility 
tensor (∆𝜒 ), as can be seen from the following equation:

∆𝛿𝑃𝐶𝑆 =  1
12𝜋𝑟3 ∆𝜒𝑎𝑥 (3 cos2 𝜃 ― 1) +  3

2
 ∆𝜒𝑟ℎ sin2 𝜃 cos 2𝜑   [1]

where r is the distance from the nuclear spin to the metal ion; ∆𝛿𝑃𝐶𝑆 indicates the difference 
between the chemical shifts in the diamagnetic and paramagnetic samples; and 𝜃 and 𝜑 are 
the polar coordinates that describe the position of the nuclear spin with respect to the axes of 
the ∆𝜒 tensor (∆𝜒𝑎𝑥, ∆𝜒𝑟ℎ).

The paramagnetic susceptibility tensor depends on the paramagnetic metal employed (Eu3+, 
Ce3+, Er3+, Yb3+, Tb3+, Dy3+ or Tm3+), so that different sets of data can be acquired by using 
different paramagnetic ions, thus obtaining complementary structural information. [274] 

Figure 15. Conformational analysis of a biantennary bisected N-glycan by using PCSs. An 
ensemble of conformations were obtained and the theoretical PCSs were calculated for each 
geometry by using a specific software, Mnova StereoFitter. In this bisected N-glycan, a 
conformational equilibrium of three conformations with different orientations of the alpha 1-6 
branch were required for obtaining a good fit between the experimental and calculated PCS 
data: extended gauche-gauche (gg), folded gauche-gauche (gg) and extended gauche-trans 
(gt). Adapted from reference [275].



In this context, PCSs have been successfully used to perform conformational analysis of 
complex-type (biantennary, [270] triantennary, [275] tetraantennary [276]) and high-mannose 
glycans. [265, 269, 277-281] Figure 15 shows the chemical shift changes observed in the 
glycan signals of a bisected complex type N-glycan upon dysprosium complexation. 
Interestingly, the increase in signal dispersion allows the individual assignment of the protons 
located in the different arms. [275] The combination of NMR data with molecular modelling 
allows characterization of the structural mobility of these flexible systems. In this context, it is 
important to highlight that pseudo-contact shifts are very sensitive to conformational changes, 
and therefore are especially useful in glycan structural studies. The analysis combined NMR 
and molecular modelling, and the protocol involved obtaining an ensemble of conformations 
by molecular dynamic simulations, calculation of theoretical PCSs for each geometry, and 
comparison with the experimental data by using specialized software such as the Mnova 
Stereo Fitter module. [282] Both individual conformers and combinations of conformers with 
different populations are evaluated to obtain the best overall correlation between experimental 
and calculated data; an example of a fitting is shown in Figure 15. In this case, three different 
families of conformers are required to fit the experimental data. [275] Following this protocol, 
the conformational space explored by different type of glycans has been characterized in 
detail. [268-273, 275-281]

In addition, PCSs have been applied to characterize molecular recognition processes. Glycan-
lectin interactions are usually weak and, therefore, the chemical shift perturbations detected 
in lectin 1H-15N HSQC titrations are limited. In this context, the use of glycans conjugated with 
paramagnetic probes is a very useful tool. It allows a better characterization of the interaction 
surface, since the paramagnetic effect increases the changes in the protein signals upon 
glycan addition. This method has been applied to characterize the recognition of lactose by 
galectin-3, [283] complementing alternative previous approaches that applied PRE effects, 
[284] as well as to the interactions between heparan sulfate and Robo1-Ig1-2. [285]  These 
methodologies nicely complement the typical receptor-based NMR approaches that will be 
described below and the PRE analysis that will be described in the next section.

The combination of paramagnetic NMR with ligand-based NMR methodologies (STD-NMR, 
see below) can also provide detailed information on binding features for complex glycans, 
which are rather difficult, or even impossible, to unravel using standard approaches. In 
particular, the use of paramagnetic lanthanide ions removes the overlap of the NMR signals 
of the repeating units located at different arms, which normally precludes the assignment of 
peaks to individual residues within a given arm (Figure 16). Following this protocol, the 
interaction features of each residue of an N-glycan tetraantennary oligosaccharide with Datura 
stramonium seed Lectin (DSL) and Ricinus communis agglutinin (RCA 120) were 
unequivocally characterized by monitoring the changes in linewidth of the different 1H-13C 
cross peaks for every residue. [286] This proof-of-concept study was successfully extended 
to investigate the interaction of rather complex and extended biantennary sialylated N-glycans 
involved in influenza virus attachment to epithelial cells. This methodology has provided a new 



experimental insight for the understanding of the molecular basis of the interaction of these N-
glycans with viral proteins. Recent H3N2 virus variants have evolved specificity to recognize 
long chain sialylated glycans, as also demonstrated by the combination of X-Ray and NMR 
methodologies. [287]

Figure 16. Biantennary sialylated N-glycan derivative bearing a lanthanide binding tag 
designed for performing recognition studies with influenza virus hemagglutinins. STD-NMR 
spectra were obtained for the biantennary glycan in the presence of two different 
hemagglutinin variants (Vic/11 and HK/68). The observed different STD patterns allowed 
detection of differences in the specific binding epitope for both variants. Only Vic/11 
recognizes monosaccharides GlcNAc6 and 6'. Adapted from reference [287].

Obviously, the characterization of the molecular recognition features of such long chains is 
rather challenging, since repetitions of the N-acetyllactosamine (LacNAc) scaffold that are 
present cannot be distinguished in standard NMR experiments. Thus, the target glycans were 
conjugated to a lanthanide binding tag, and once the signals could be distinguished due to the 
different PCSs experienced by the different 1H and 13C NMR active nuclei at the diverse 
residues, STD-NMR experiments (see below) were carried out in the presence of 
hemagglutinins from different influenza variants. This study established that both arms are 
accessible for lectin recognition and, a different binding epitope was detected for H3 
Victoria/11 vs Hong Kong/68 H3 variants, highlighting the importance of evolution for glycan 



recognition. [286-288] Recent studies also show the potential of glycan conjugates bearing 
lanthanide binding tags to facilitate interpretation of competition experiments between similar 
glycans with different chain lengths that would normally display overlapping signals. [288]

4.2.2. Paramagnetic Relaxation Enhancement (PRE)

Paramagnetic metals also generate a local magnetic field that interacts with nearby nuclear 
spins, leading to faster relaxation rates, causing the signals from the nuclei that are spatially 
closest to the paramagnetic center to show line broadening (Fig. 14A). This effect is distance-
dependent, PRE being proportional to r–6.

The PRE rate, 𝑅𝑃𝑅𝐸
2 , induced by a paramagnetic metal arises from the dipole-dipole interaction 

between a nucleus and an unpaired electron with an isotropic g-tensor at high magnetic field 
is described by the following equation:
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where 0 indicates the permeability of vacuum; H is the gyromagnetic ratio of the proton; g is 
the electron g-factor; S represents the spin quantum number; r is the distance between the 
paramagnetic center and the observed nucleus; and c is the effective correlation time that is 
related to the electron spin-lattice relaxation time (e) and the rotational correlation time (m), 
with  c = (1/e+1/m)–1. [273, 274]

The PRE can be measured by using paramagnetic lanthanides or spin labels (such as TEMPO 
or nitroxide structures). Following this approach, the conformation of a high-mannose 
undecasaccharide N-glycan was unravelled by using a spin label. The study was focused on 
the transverse relaxation rates (R2) of anomeric protons, before and after radical quenching 
with ascorbic acid of the covalently-attached nitroxide group. The results showed that the 
glycan adopts a major folded-back conformation, in which two (16) branches of the glycan 
point towards the reducing terminus of the whole molecule. In detail, the Man moiety residues 
in the D2 and D3 branches display faster relaxation rates changes than those in the D1 branch. 
[289]

This concept has also been employed to describe the presentation of glycosphingolipids, 
particularly GM1, when anchored at phospholipid bicelles, which mimic the natural membrane. 
Interestingly, the use of membrane-anchored and soluble paramagnetic probes showed that 
the membrane-bound glycolipid displays a well-defined orientation, with fairly plastic dynamic 
behavior. [273] This presents the external epitope to interact with its receptors, as later 
corroborated by interrogating its interaction with galectins using standard receptor-based NMR 
methods. [290] 

This methodology has also been widely used to explore the location of lectin binding sites, 
taking advantage of the changes in relaxation of the protein nuclei that are close to the 
paramagnetic center attached to the ligand. During the interaction, nuclei in the binding site 
residues will experience a dramatic increase in their relaxation rates, thereby highlighting the 
binding site. PREs are often quantified by observing the reduction in cross-peak intensities in 
2D 1H-15N HSQC experiments. This decrease is caused by the faster transverse relaxation of 
the spin during the INEPT transfer and refocusing stages of the experiment. As mentioned 
above, [273] this methodology allowed determination of the structure of the complex formed 
by galectin-3 with lactose, thus complementing the PCS methodology [283] and standard 
approaches. [120] Recent studies have applied PRE effects to characterize the interaction of 
glycans with noroviruses. Norovirus is a highly contagious RNA virus that is known for 
carbohydrate-mediated host cell attachment. It is believed that norovirus attachment occurs 
via interaction with Histo Blood Group Antigens (HBGAs) on the host cell surface. The sugar 



-L-fucose is the minimal binding motif for genotype II (GII) noroviruses, with so-called P-
dimer proteins being the minimal functional entity for HBGA recognition in this type of virus. In 
this context, an -L-fucose (L-Fuc) derivative carrying a lanthanide binding tag was 
synthesized, and served as a non-covalent paramagnetic probe to assist the assignment of 
(2)H,(15N)-labeled protruding domains (P-dimers) of norovirus using PCSs and PREs. This 
approach paved the way for novel NMR experiments giving access to information on the 
binding site not easily available from other experimental techniques. [291]

Scheme 8. The PRE approach: the paramagnetic tag (in this case, a nitroxide spin label) can 
be attached either to the glycan or to the protein receptor. Adapted from reference [293].

Nitroxide spin labelling has also been used for detailed interaction studies of CCL5 (RANTES) 
with cell surface glycosaminoglycans (GAGs). [292]. In particular, the structure and dynamics 
of CCL5-GAG interactions were probed using chondroitin sulfate ligands decorated with 
lanthanide binding tags. Two hexasaccharide fragments were employed that differed in the 
sulfation position at the non-reducing end GalNAc (see section 3.1.1). The binding orientations 
of the two ligands were different, with CCL5 showing more specificity for the sulfation pattern 
exhibited by one particular ligand, as deduced from the measured PRE perturbations.  This 
methodology has also been employed to characterize the binding of heparan sulfate 
oligosaccharides decorated with a paramagnetic tag to Robo1, [293] corroborating the 
previous conclusions deduced from PCSs [284] and describing the dynamics and recognition 
features of the event (Scheme 6).  It has also been applied to enzymes, allowing detection of 
the binding of diverse glycan substrates to N-acetylglucosaminyltransferase V. [294].

4.2.3. Residual Dipolar Couplings (RDCs)  

In solution, the isotropic tumbling of molecules averages out the contributions from different 
internuclear orientations with respect to the magnetic field, and in these conditions the dipolar 
coupling cannot be detected.  In contrast, in solid state NMR, dipolar couplings are operative, 
often generating extremely complex (or broad) signal patterns that can be simplified through 
fast rotation of the sample containing the molecule at the magic angle. In partially-aligned 
samples, residual dipolar couplings (RDCs) can be seen in solution, whose magnitudes 
depend on the degree of alignment obtained and on other intrinsic and geometric factors (see 
equations below). The advantage is that sharp NMR lines are preserved without the need for 
fast sample spinning, while information about the orientations of the different 1H-1H or 1H-13C 
vectors in the glycan can be obtained. Suitable partial alignment can be induced by using 
external alignment media, [295, 296] or by self-alignment with paramagnetic tags attached to 
the molecule; [274] the latter is a useful method that serves as a viable alternative to using 
alignment media in situations where the molecule of interest would interact with the media. 
Indeed, it has been reported that, depending on the chemical nature of the molecules providing 
the alignment, direct interactions between solute and alignment media may distort the results, 



especially for flexible saccharides, whose conformation may be influenced by the 
environment. This has been described for different glycans. [297, 298]

The magnetic susceptibility tensor χmol of a molecule describes the proportionality between the 
applied magnetic field and the magnetic moment induced in a molecule. It is represented by 
a tensor, denoted by the symbol χmol. In the presence of a paramagnetic metal, the unpaired 
electron provides a paramagnetic contribution (χ) to this tensor (Eq. 3), which is anisotropic 
due to the orbital contribution to the electron magnetic moment. 

𝜒𝑚𝑜𝑙 =  𝜒 +  𝜒𝑑𝑖𝑎 (3)

As a consequence, the energy of the system differs depending on the molecular orientation 
with respect to the external magnetic field. The lower energy states are more strongly  
populated, thereby inducing a partial alignment of the molecules.

The RDC of two partially aligned spins (for instance a 1H-13C pair) resulting from a 
paramagnetic alignment is defined by Equation 4 and Figure 4.
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where B0 is the external magnetic field, k is Boltzmann’s constant, T is the temperature in 
kelvin, γC and γH are the gyromagnetic ratios of the C and H nuclei, ћ is Planck’s constant, and 
rCH is the distance between C and H. θ and Φ determine the polar coordinates of the C-H bond 
vector in the principal axis frame of the magnetic susceptibility tensor.

The angle θ is defined as the angle between the vector CH and the z-axis of the tensor ∆χmol. 
In contrast, Φ is the angle describing the position of the projection of vector CH on the xy-
plane of the tensor ∆χmol, relative to the x-axis. 

Δχ𝑚𝑜𝑙
𝑎𝑥  and  Δχ𝑚𝑜𝑙

𝑟ℎ are the axial and rhombic components of the magnetic susceptibility tensor, 
defined as :
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Technically, RDCs (Hz) are calculated as the difference in coupling values observed between 
diamagnetic and paramagnetic conditions (Fig. 14 A) for a given pair of spins. 1H-1H or 1H-13C 
couplings can be measured by comparing a spectrum acquired in an isotropic medium (where 
any splitting observed is simply J) and one acquired from an oriented sample (where the 
observed splitting is RDC + J). In paramagnetic experiments, the isotropic medium uses a 
diamagnetic tag, usually the La3+ or Lu3+ complex, and the oriented sample uses the Dy3+, Tb3+ 
or Tm3+ complex. Different approaches are used to measure these couplings, a simple one is 
the direct measurement of signal splitting in IPAP experiments [299] or using constant-time 
methods. [300] For small couplings, is very convenient to acquire quantitative experiments for 
coupling measurements, such as CT-COSY. [301]

There are few examples of RDC measurements in glycans by using paramagnetic alignment, 
[274] but the measurement of RDCs in a lactose conjugated with a lanthanide binding tag at 
900 MHz has been described. Even at this high magnetic field a rather low orienting ability 
was seen for the paramagnetic tag. Alternatively, the conformations of different families of 



glycans have been described by using RDC data obtained using external alignment media, 
[271] including those for hyaluronic acids, [302] dermatan sulfate, [144] the human milk 
oligosaccharides, [303-306]  the Lewis and histo blood antigens, [89, 307], and a variety of 
flexible glycans of diverse size and nature. [308-311] The use of 13C-labeled sugars allowed 
many more RDCs to be obtained, which were helpful for precise analysis. [312-314]

For glycan-protein complexes, the measurement of RDCs allowed unravelling of the 
conformation of the 13C-labelled Galα1−4Galβ1−4Glc trisaccharide ligand when bound to the 
B-subunit homopentamer of the toxin derived from Escherichia coli O157, [315] and the core 
Man3 trisaccharide bound to the mannose-binding protein trimer. [316]  Nevertheless, the 
RDCs observed under these conditions represent an average over bound and unbound states, 
and contributions from the free state can well outweigh contributions from the bound state; the 
result is that structural information about the bound conformation may be lost. To overcome 
this problem, new approaches have been devised to enhance the alignment, and hence 
increase the RDCs in the bound state. An elegant approach has been described that consists 
of modifying the protein to improve its alignment in a liquid crystal medium. [317]  The method 
is based on the addition of a propyl chain to the C-terminus of a protein (galectin-3), which 
allows its insertion within the liquid crystal alignment medium utilized for the RDC 
measurements. This protocol leads to much larger RDCs for the bound state and therefore 
allows a better definition of the orientation of the ligand relative to the protein in situations 
where ligands are exchanging rapidly on and off of a protein. Under these conditions, one-
bond 13C-1H and intra-ring 1H-1H RDCs were measured to evaluate the alignment of the ligand 
(lactose). In lactose, fourteen one-bond 13C-1H couplings were expected, seven from the 
glucose ring and seven from the galactose ring. Under these conditions, the 13C-1H splittings 
were easily measured using 13C-1H coupled HSQC experiments. These quantities provided 
excellent agreement with the back-calculated values of bound-state RDCs, and suggested 
that the conformation used to represent bound lactose correctly models the observed small 
amplitude of motion within the binding site. Such a procedure gives a fairly precise structural 
analysis of a ligand-protein interaction, particularly emphasizing the bound-state information. 
Moreover, the dynamics and allosteric mechanism of the two-domain glucose-galactose 
binding protein has been unravelled by exhaustive analysis of the PCS and RDC data. An 
engineered lectin displaying a lanthanide binding tag, which self-aligns in the magnetic field, 
[318] was employed to characterize the ensemble of conformations adopted by the protein.

5. From isolated glycans to intact glycoproteins

 The analysis of glycoproteins has been a challenge for NMR scientists for decades. Generally 
speaking, the glycan chains in glycoproteins may be classified according to the type of linkage 
that attaches them to the protein chain. N-glycans are attached to the side chain amide group 
of asparagine (Asn), whereas O-glycans are linked to the side chain hydroxyl groups of serine 
(Ser) or threonine (Thr), or, less often, of hydroxylysine (Hyl). There are also rare S- and C-
glycosyl linkages, to Cys and Trp. [319] Initial NMR studies focused on the determination of 
the primary structure of the N- and O-glycan chains, detached from the glycoprotein, and of 
the NMR analysis of their small oligosaccharide fragments, also isolated from natural sources 
or synthesized in the laboratory. Vliegenthart and coworkers [320, 321] developed the concept 
of  “structural reporter groups” for the initial structural assignment and interpretation of 1H-
NMR spectrum of a glycan chain. In short, they proposed that the first step of the NMR analysis 
of a complex glycan would aim at assigning the NMR signals that display specific chemical 
shifts at clearly distinguishable positions in the spectrum. If possible, their coupling constants 
and their line widths should also be estimated. With this essential information, a first 
assignment of the primary structure of the glycan should be accomplished. The key structural 
reporter groups were defined as: a) the anomeric H1 protons; b)  protons shifted out of the 
bulk region due to glycosylation shifts or due to the influence of substituents, such as sulfate, 
phosphate, alkyl and acyl groups; c) deoxy sugar protons; and d) protons of alkyl and acyl 
substituents like methyl, acetyl, glycolyl, etc. With this information in hand, the primary 



structures of a tremendous number of glycans of different types were identified by NMR 
(Figure 17), from the common pentasaccharide core of N-glycans, containing a 1-4 linked 
Man residue, which acts as branching point, passing to the high-Man-9 structure that 
contains three antennae; to complex N-glycans that  gather N-acetyllactosamine units in two, 
three, or four antennae, decorated or not with sialic acid moieties; and to hybrid type 
structures, which contain features of both the high-Man and N-acetyllactosamine-type 
structures; or further extensions at specific branching points with either GlcNAc or xylose (Xyl) 
residues. 

This formidable task provided the basis for further developments in the field when 2D and 3D 
NMR methods became accessible. [322] With these methods, many research groups made 
key advances in the study of the conformation of these chemically diverse and complex 
glycans in the late 1980’s and the 1990’s. [39] As mentioned above, when discussing the 
general NMR-based approach to deducing the conformations of small oligosaccharides, 
combinations of NOE, vicinal homo- and hetero-nuclear coupling constants, assisted by 
molecular mechanics and dynamics calculations were employed to provide a view of the 
ensemble of shapes that could represent the conformational behavior of a given N-glycan. 
[323]

Figure 17: Expanded structural-reporter-group regions of the 1H-NMR spectra of different N-
glycan structures (a-d). From a to b, the methyl protons at ca. 1.1 ppm report on the  presence 
of the 6-deoxy hexose, the fucose(5), 1-6 linked to the GlcNAc(1). In a, b and c, the 
glycosylation of mannose is indicated by the shift from the bulk-region of the H2 protons of 
residues 4 and 4'. In c and d, the sialylation of the galactose, residue 7', is indicated by the 
presence of the H3eq and H3ax of the Neu5Ac, residue 9. The relative intensity scale of the 
expanded N-acetyl and methyl protons region differs from that of the other parts of the 
spectrum, for clarity.

In this way, the N-glycans of the high-Man, [324] complex-type, [325]  and hybrid-type families 
were studied, as well as their smaller fragments (Man oligosaccharides, LacNAc 
oligosaccharides). [326] As landmarks, the behavior of the 1-6Man glycosidic linkages was 
also scrutinized, depending on their positions in the antennae (either Man1-6Man Man1-
6Man or GlcNAc1-6Man), [327, 328] and studies on the effect of branching were carried 



out. [329] The 1-6 linkages display an additional torsional degree of freedom, so the 
geometries around them are now defined by ,  and  (see section 2.2 above). Since  
usually shows two distinct conformational regions (gg and gt for Glc/Man; gt and tg for Gal), a 
large degree of conformational mobility is expected. Interestingly, the intrinsically flexible 1-6 
linkages did not all behave in the same way, so the accessible conformational space was more 
limited than expected in several cases, especially for those linkages closer to the Man 
branching point of N-glycans. [328] Studies of linear tri-, tetra-, or penta-saccharides 
demonstrated that, generally speaking, the conformational distribution for each glycosidic 
linkage was fairly independent of the others, [330] although some interactions could be 
expected when the additional glycosylation site was contiguous to the glycosidic linkage 
studied (as in the Lewis X trisaccharide in section 3.1 above). This fact poses an intrinsic 
problem for assessing the global conformational behavior of these N-glycans. Most NMR 
parameters that carry conformational information (vicinal J, NOE, sometimes T1 relaxation) 
only provide short-range geometrical information, either through-space or through-bond. 
Therefore, the determination of the 3D structure of a 17-mer glycan (Scheme 9) relies on 
building up the proper geometry for each of the 16 glycosidic linkages of the molecule, whose 
conformational properties are generally not correlated. [87] 

Scheme 9. An NMR challenge: a canonical tetraantennae N-glycan.

Thus, when each of the glycosidic linkages that compose a particular glycan are assumed to 
be flexible, the conformational space that the glycan is proposed to sample often seems to be 
very large. [39] Alternatively, simplified models based on one single conformer for each 
glycosidic linkage (one or two for  angles), with only small librations around the global 
minimum are also frequently proposed. [331] These considerations motivated the use of other 
NMR parameters to deduce the conformation from a global perspective, especially pseudo-
contact shifts (PCS), [201, 202] measured using paramagnetic NMR methods, and residual 
dipolar couplings (RDC), [196] obtained under partially aligned conditions. PCS methods allow 
deducing long-range distances, while RDC contain angular information, as described in 
sections 4.2.1 and 4.2.3. Moreover, the description of the conformation of a glycan should 
focus not only on the structural aspects, but also on the extent of motion and the time scales 
for these motions. Thus, different protocols have been employed to assess these key 
parameters, which are also described in the corresponding sections of this article.



The conclusions of the NMR-based conformational analysis of these molecules were also 
used as a benchmark to validate the utility of the different computational methods that were 
growing, from diverse force fields for molecular mechanics and dynamics calculations [332] to 
semi-empirical calculations, [333] which later passed into ab-initio methods. [334] Specific 
protocols to deal with sugars were also used to be able to reflect the structural consequences 
of anomeric effects and to deal with the high polarity of glycans, including the use of various 
explicit solvent models. Different applications of these approaches, including rigid and 
adiabatic relaxed energy maps, [335] Monte Carlo simulations, [81] simulated annealing MD, 
[91] NMR-based time-averaged restrained MD, [336] along with the careful comparison of 
results of these approaches with the experimental NMR data, their successes, and their 
failures, have been also extensively described for glycans of diverse chemical architecture 
and complexity. [39, 48, 57, 337] The tremendous advances in computational power and in 
the precision of computational approaches over many years has progressively allowed a better 
representation of the conformation and dynamics of glycans, including the possibility of 
accessing information about processes on the microsecond time scale, five or six orders of 
magnitude longer than when the first MD simulations for glycans were carried out more than 
30 years ago. [87, 103, 338, 339]

5.1. Internal motions

The extent of molecular motions around the glycosidic linkages of glycans was an open 
question for years. [340, 341] Moreover, from the analysis of different publications it was 
evident that the concept of flexibility was rather subjective, ranging from the recognition of 
certain torsional oscillations around the glycosidic bonds within a particular  region, to the 
appreciation of the simultaneous presence of two or more significantly different geometries 
(that is, the simultaneous presence of syn- and anti- conformers for  and/or  (Figure 7), or 
gg, gt, or gt rotamers around  for glycans with 1-6 glycosidic linkages). All these changes 
involve a major change in the orientations of the monosaccharide rings. The existence of 
flexibility is of prime importance in molecular recognition events, since the entropy term is 
generally unfavourable for most glycan interaction processes. [120] Obviously, when dealing 
with flexible molecules, given that the observed NMR data arise from the contributions of all 
the conformations that exist in solution, the use of an NOE-based approach, in conjunction 
with restrained molecular mechanics or molecular dynamics, to generate “the NMR structure” 
could lead to a virtual conformation, as first described by Jardetzky, [342] and then by Carver 
for glycans, [343] since this virtual ”averaged” geometry could explain all the NOEs even 
though the glycan may never adopt this exact conformation. 

It has been well established for years that different features related to internal motions in 
biomolecules, and especially glycans, can be unravelled by using various NMR methods. [344] 
For instance, the amplitudes of the motions, the time scales, and the existence of different 
mobilities in different regions of a glycan can be disentangled by using homo- and/or hetero-
nuclear relaxation measurements. [345] Different motional models can be employed to 
correlate the experimental NMR results with the molecular motions. The Lipari-Szabo 
approach has been extensively used. [346] This was initially proposed for proteins, based on 
the heteronuclear relaxation parameters obtained for amide N-H signals. This approach can 
be extended to glycans, considering that the order parameter S2 encodes the amplitude of 
motion that is faster than overall tumbling for a given X-Y vector that connects any pair of spin 
1/2 nuclei. [82, 347] For glycans, X is usually 13C or 1H and Y is 1H For fully restricted motions 
(i.e. when only global tumbling of the whole molecule is present), S2=1, while for completely 
unrestricted internal motions S2=0. The approach also takes into account the global motion 
correlation time (c), and the effective correlation time (e), which depend on the timescales of 
the global and internal motions for the corresponding X-Y vector. The use of 13C-1H 
heteronuclear T1, T2 and NOE values to derive a description of molecular motion according to 
the Lipari-Szabo model was adopted by different research groups, [348-350] demonstrating, 
in general, the extent of external motions around the different glycosidic linkages of oligo- and 



polysaccharides. This approach provided fair estimations of the internal motional time scales 
around the glycosidic linkages, within the range of tens of picoseconds, [104, 351] at least one 
order of magnitude faster than those estimated for the overall molecular tumbling, which 
obviously depends on the size and shape of the glycan. [352]

 1H NMR-based relaxation methods, employing selective and/or non selective T1 and/or NOE 
measurements though NOESY and/or ROESY experiments (including off-resonance 
ROESY), have also been widely applied to deduce the extent of motion around glycan 
linkages. [84, 104] Given the relationships between the longitudinal relaxation rate (1/T1) and 
cross relaxation rates, along longitudinal (NOE), transverse (ROE), or tilted axeis (tiltedROE), 
with the spectral density function, the measurement of these parameters at different magnetic 
fields (at least two), or the determination of at least two of these parameters, allows 
determination of the effective motional correlation times in a straightforward manner. [83-85] 
Indeed, the ROESY experiment, initially called CAMELSPIN (Cross-Relaxation Appropriate 
for Minimolecules Emulated by Locked SPIN) by Bothner-By, [353] exploited the dependence 
of ROE on the spectral density function to abolish the almost-zero NOE found for a 
tetrasaccharide molecule at 620 MHz in a regular NOESY experiment. 

σNOESY= (k2/10)[6J(2ω)-J(0)] (7)

σROESY= (k2/10)[2J(0)+3J(ω)] (8)

k=(μ0/8π2)hγ2r-3. (9)

On this basis, using either heteronuclear or homonuclear relaxation methods, or even both 
simultaneously, the existence of internal motions at different time scales in the same glycan 
was probed in a variety of systems, from simple disaccharide entities to large polysaccharide 
structures. [354, 355] Therefore, the presence of specific local dynamics for diverse glycosidic 
linkages was demonstrated, also within a given global energy region well-defined by a 
particular  value. [82] For instance, for Lewis X tetrasaccharide analogues (see section 
3.1), global motion correlation times slightly lower than 1 ns were estimated, with internal 
motion correlation times between 30 and 90 ps, depending on the particular monosaccharide 
residue. [83] For large polysaccharides, it had earlier been demonstrated that relaxation 
parameters are basically independent of chain length, given the dominant contribution of so-
called segmental motions to the spectral density function, [356, as is typical of polymers. 
Indeed, many large polysaccharides, even those with molecular weights of tens of kDa, show 
sharp NMR signals, and their conformational behaviour can be studied, in a reductionistic 
manner, in a similar way to that of the constituent oligosaccharide repeating unit. [357]

5.2. Labelling with NMR-active stable isotopes and more

The NMR study of the conformation and dynamics of isolated glycan moieties, even relatively 
large complex systems, reached a status of maturity during the early years of this century. 
Nevertheless, some challenges remained, especially regarding characterisation of the 
conformational behavior and molecular recognition features of oligo- and poly-saccharides 
containing repeated single mono- or di-saccharide entities. In such cases, given (again) the 
averaged nature of NMR spectra, the NMR signals recorded correspond to those expected for 
just a mono- or di-saccharide. Despite this, access to detailed conformational information has 
been achieved in recent years thanks to the ability to place 13C labels selectively in ad hoc 
chosen sites in the target molecules, thus characterising the conformational features of 
particular glycosidic linkages, or the existence of interactions at particular sites of a glycan. 



The use of 13C-labelled glycans for NMR studies started in the last years of the last century, 
allowing detailed structural, conformational, and interaction studies to be carried out. [358] 
Starting from in vivo technologies to create enriched yeast and bacterial cell wall materials for 
NMR studies, chemical and chemoenzymatic synthesis protocols have been used to prepare 
a variety of scientifically valuable saccharide samples that contain one or several residues 
labeled with 13C or with other stable NMR-active isotopes (15N). [359-363].13C labeling makes 
possible precise determinations of heteronuclear 3JC,X couplings, dynamic aspects through 
13C-based relaxation experiments, and intra- and inter-molecular NOEs through 13C-filtered or 
13C-edited experiments. [364] In addition, it offers extraordinary rewards for glycan NMR-
based investigations, [365]  given the tremendous spectral dispersion of 13C and the possibility 
of employing 2D and 3D NMR heteronuclear experiments combining 13C and 1H data (or even 
15N, if also available) [366, 367]  to alleviate signal overlap. [368] Accordingly, novel protocols 
have been established that allow the overexpression of target glycans in systems that have 
been genetically engineered. In particular, the synthesis of high-Man-8 and -9 glycans with 
uniform 13C-labelling has been achieved in an engineered yeast, with 13C-Glc as the carbon 
source. [368] Alternatively, the high-Man9 glycan has also been synthesised using an 
adenovirus expression system, allowing the NMR study of its interaction with two lectins, 
microvirin, and DC-SIGN. [369]

As an alternative, in vitro chemoenzymatic labeling approaches have also been successfully 
developed. In this case, however, the corresponding sugar nucleotide donor has to be 
available in its 13C-labeled form. Chemical synthesis protocols [370] have also been of great 
importance in preparing 13C-labelled glycans with either selective [371] or uniform labelling. In 
this way, a number of mono-, [372-376] di-, [377, 378] oligo-, [379, 380] and poly-saccharides 
have been made available for the scientific community to study their conformation, dynamics 
and interactions, including heparin, [299, 381] other glycosaminoglycans, [382-384] polysialic 
acids, [385] and different polysaccharides. [386, 387]
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Figure 18. The NMR parameters required to assess diverse conformational features of a 
hexasaccharide formed by identical 1-6Glc units could be measured in the NMR spectra 
recorded for the target molecule, which contained a particular 13C-labelled Glc moiety at a 
specific position (in red) of the chain. The same experiments were repeated for molecules that 



only differ in the position of the 13C-labelled Glc residue within the chain. In this way, specific 
NOEs and JCH couplings could be measured at each specific site [396]. 

For uniformly labeled molecules, the existence of 13C-13C coupling constants allows TOCSY-
type transfers to be used. [53] However, they evolve  [362] in the indirect dimension in HSQC-
type experiments, complicating the assignment of the NMR signals. The application of 
constant-time periods (CT) or virtual decoupling protocols to simplify the spectra have been 
extensively discussed. [53, 362] 

The existence of labeled glycans allows detection of key intra- and inter-molecular 
interactions, and thus also the conformational features of a glycan in its complex with a 
receptor. [318, 388, 389, 390] In fact, the use of 13C/15N doubly-labeled lectins bound to 13C-
labeled glycans allowed determination of the fine details of the interaction between cyanovirin-
N (CV-N) and the Manα(1−2)Manα(1−2)ManαOMe (Man3) trisaccharide core of N-glycan at 
high resolution. [391] As follow up, the orientation of the hydroxyl groups of the trisaccharide 
in the lectin binding site was elucidated, along with the hydrogen bond network in the complex. 
[46, 392]

More recently, with advances in the chemical synthesis of glycans, it is now possible to have 
access to milligram amounts of pure and well-defined oligosaccharides. In particular, the 
automated glycan assembly (AGA) method [393-395] has made it possible to obtain synthetic 
oligosaccharides bearing sugar residues specifically labelled with stable NMR active nuclei 
(13C, 19F), [396, 397] thus overcoming the chemical shift degeneracy of homo-
oligosaccharides. As a key example, the conformation of a hexasaccharide consisting of 6 
identical Glc units linked through 1-6 linkages was determined (Figure 18). First, different 
hexasaccharides (differing only in the positioning of isotopic labels) were synthesised with just 
one or two 13C-labelled Glc units at specific positions of the oligosaccharide chain, thus making 
accessible specific structural and conformational information at each position and glycosidic 
linkage. In this way, the presence of certain populations of a helix-like geometry was deduced. 
[396] This was later further characterized through residual dipolar coupling (RDC) analysis in 
different orienting media. [222] This specific-labelling-based approach has also been 
employed to identify the binding epitopes of homo-oligomer poly LacNAc moieties when 
interacting with their receptors, [398] by using STD-HSQC experiments (see below in section 
6.1.1.2). This concept was further applied to the study of interactions between complex 
sialylated N-glycans, containing several LacNAc, and diverse variants of influenza 
hemagglutinin. [399]

The next challenge was therefore accessing detailed information on the conformations, 
dynamics, and interaction features of intact glycoproteins. As initial steps in the use of 13C-
glycans, in-vitro labeling methodologies have been employed to prepare N-glycans that 
display specifically 13C-labeled Neu5Ac, [400, 401] Gal, [402] GlcNAc, [403] Glc, [214] and 
Man [404] residues at individually defined positions.

5.3. N- and O-glycans in glycoproteins

In glycoproteins, the glycans are present in a specific manner, being attached to a given Asn 
(N-glycan) or Ser/Thr (O-glycan) residue within the polypeptide chain (Scheme 1). The glycan 
entities in glycoproteins are intrinsically heterogeneous, a fact that is linked to their 
biosynthesis. [405] The glycans provide glycoproteins with an additional layer of chemical and 
biochemical complexity, since the presence of the glycans affects their stability, processing, 
and biological function. The first example of a 3D NMR  structure of an intact glycoprotein was 



reported in 1995 by Wagner and coworkers, [406] focused on CD2, a T-cell antigen involved 
in cell adhesion. A high-Man-type N-glycosylation in the adhesion domain was characterized, 
allowing the authors to conclude that the glycan stabilizes an exposed positively charged 
cluster; removal of the N-glycan led to unfolding of the protein, and prevented binding to its 
counter-receptor (CD58). It was also deduced that the motion of a large region of the attached 
glycan was restricted in comparison with the conformational mobility described for the 
corresponding free high-Man oligosaccharides. 

This conclusion was indeed interesting. It was in the minds of many scientists that the 
conformational behavior and, especially, the presentation of the glycan epitopes to their 
receptors in molecular recognition events, should also depend on the type of attachment to 
the polypeptide chain in glycoproteins, and to the lipid moieties in glycolipids. This example 
provided a clear experimental validation of that hypothesis. [21, 215, 407] Interestingly, and 
related to these investigations, it has also been demonstrated that the interaction outcomes of 
glycans presented on surfaces (in glycan arrays, for instance) towards glycan-binding proteins 
may be different from those obtained in solution by NMR, where the partners diffuse freely. 
[408]

Another system that has been widely studied is human chorionic gonadotropin (hCG), which 
carries four N-glycans on its two subunits,  and . αhCG displays N-glycans at Asn52 and 
Asn78, essential for bio-activity, and which show dramatically different dynamic behavior, due 
to their different contacts with the protein chain, as could be deduced from extensive NOE 
analysis. [409-412]

These investigations also exemplified the importance of generating isotopically labelled 
glycoprotein entities, through the use of mammalian cell systems. A variety of expression and 
purification protocols have been proposed and successfully employed over time.  
Simultaneously, the effects of N- and O-glycosylation on the three dimensional structure of 
the polypeptide and the sugar were also investigated using simple glycopeptide models. [413-
415] Extensive studies by Imperiali and coworkers demonstrated the influence of GlcNAc-
glycosylation on the conformation of the peptide backbone. Analysis of the NOEs strongly 
suggested that the presence of the typical (GlcNAc)2 diacetyl chitobiose moiety induced a 
packed type I β-turn geometry at the glycosylation site, thus producing a conformational switch 
from the original extended Asx-turn existing in the naked peptide. [414] Other work showed 
that the chemical nature of GlcNAc was crucial for the existence of such a switch, which did 
not occur when -Glc or -sugars were present at the glycosylation site. [415] 

These studies opened the door to related work on different glycoprotein systems. One clear 
example where NMR analysis of glycoproteins can be of considerable interest is in the search 
for biomarkers, where simple 1H NMR spectroscopy can identify the so-called ‘GlycA’ signal, 
which arises from the NAc group signals of GalNAc, GlcNAc, and NeuNAc glycans in 
glycoproteins. [416] Importantly, its mere observation has diagnostic value for acute-phase 
inflammation episodes. Further deconvolution of these component signals has recently been 
achieved. [416]  Another important application, this time in the biopharma field, is in the 
analysis of monoclonal antibodies, which are highly glycosylated molecules. NMR fingerprints 
can be identified through the analysis of 1H,15N and 1H,13C cross peaks in heteronuclear 
spectra, which can in turn be related to high-order structural features and specific glycosylation 
patterns. [417] This methodology is robust and fast for mAb quality control, although it 
generally requires isotopic labelling. That said, for samples containing sufficiently 
concentrated glycoprotein, NMR analysis of non-labeled samples can also provide important 
information on the glycan chains of intact glycoproteins, as demonstrated by Schubert et al. 
using simple 2D 1H-1H and 1H-13C correlation methods, [418] differentiating O- from N-linked 
glycans using an HSQC experiment, and assessing the components of the glycan skeleton 
through analysis of spin systems through 2D homonuclear experiments. Given the intrinsic 



internal motion of glycan chains described above, such experiments can be successful in 
identifying glycans regardless of the protein size. 

However, with the use of 13C labels, NMR has been increasingly used for the structural 
characterization of glycoproteins [419] and their interactions. It has been demonstrated that a 
uniformly 13C-labeled Gal moiety can be enzymatically transferred to a chain of hen ovalbumin, 
[420] allowing glycan mobility to be monitored by NMR in intact glycoproteins. For instance, in 
human immunoglobulin G (IgG), when comparing the structural and dynamic features 
deduced from X-ray crystallography and NMR, subtle differences were detected in the glycan 
dynamics shown by the two methods. [421]

Different expression systems for stable isotope labeling of eukaryotic glycoproteins are now 
available, [422] allowing generation of 13C-labelled glycan chains. HEK 293 cells are probably 
the most commonly employed, since they also display different variants that can be used to 
generate complex, hybrid, or high-Man-type N-glycans, also playing with glycosyl transferase 
inhibitors. In seminal work, a glycosylated immunoglobulin G (IgG) was prepared using [U-
13C6,2H7]-Glc as sugar precursor. In this manner, a 13C-labeled glycoprotein was isolated and 
studied by NMR, allowing assignment of the anomeric resonances for the glycan attached to 
the intact glycoprotein. [423]  Nowadays, access to diverse labeling schemes opens new 
NMR-based avenues to study the structural roles of glycans in glycoproteins, including the 
modulation of protein conformation and dynamics, stability, and recognition issues. [424-428]

Although the glycan chains can be efficiently labeled just by adding [U-13C]-Glc to the standard 
culture medium, a key bottleneck is the assignment of the glycan chains to the individual Asn 
moieties that provide the glycosylation sites. Depending on the target glycoprotein, different 
strategies can be employed to facilitate assignment. Clear chemical shift differences can be 
observed for different Asn-linked 1H1-13C1 HSQC or TROSY anomeric correlations, depending 
on their involvement (contacts) with the polypeptide backbone. Obviously, the mutation of the 
glycosylated Asn moieties to Gln residues impairs N-glycosylation and therefore allows 
assignment of the individual cross peaks to specific positions, [429] provided that the 
corresponding glycan is not essential for the proper production and folding of the glycoprotein. 
[430] For instance, HEK293S cells can be used to produce uniformly labeled glycoproteins 
displaying only  high mannose glycans when employing a culture medium with 13C-Glc. Since 
the glycosylated GlcNAc residues are linked to the side chain NH of Asn moieties, their 
anomeric cross peaks peaks can be assigned using 1H-13C-HSQC/TROSY experiments. 
Combinations of single, double, or triple mutations of Asn residues may be used for specific 
assignments. [429, 431] Moreover, the comparison of the chemical shifts in HSQC/TROSY 
spectra for these anomeric cross peaks under folded or denatured conditions may indicate 
whether or not the glycans at the corresponding Asn residues (GlcNAc and beyond) interact 
with the polypeptide chain; if no GlcNAc-protein interactions take place, the chemical shifts 
will be identical in the folded and unfolded states. In general, it is now established that the 
combination of mutagenesis with NMR allows unravelling of site-specific glycosylation, the 
role of the glycan in influencing protein conformation, shape, dynamics and stability, and the 
identification of unique sugar residues. [432-435] From the technical NMR perspective, the 
NMR spectra obtained may be improved by removing those glycans that do not contribute 
significantly to stabilizing the protein.

Chemical shifts and NOEs, also at the protein level, can be employed to detect conformational 
changes in the polypeptide chain upon glycosylation. [436, 437] For instance, the Skp1 
protein, from the ameba Dictyostelium (DdSkp1), displays a glycosylated hydroxyproline 
residue at position 143. [436] Analysis of the chemical shift index (CSI) for the non-
glycosylated and glycosylated versions of DdSkp1 showed a random coil to α-helix transition 
for the C-terminal 139−153 segment of DdSkp1, which was verified using 15N-edited NOESY 
experiments.



Therapeutic monoclonal IgG antibodies display a single glycosylation site (N297). 
Interestingly, the presence of Gal and Fuc moieties at the ends of glycan chains is linked to 
toxicity. In this context, NMR methods have been used to quantify these sugars on these IgGs. 
[438] Simple integration of the relative intensities of the anomeric 1H-13C-HSQC cross peaks 
for the terminal Gal and Fuc residues versus those measured for the Manα1-3 moiety allows 
the relative quantitation of these monosaccharides. NMR has been of paramount importance 
in showing the almost exclusive presence of high-mannose type N-glycans on those 
glycosylation sites, that are hardly accessible for further glycan processing once the 
polypeptide has been folded. [400, 435, 439, 440]

Given the internal mobility at the glycosidic linkages of glycans, their NMR signals can 
nowadays be safely assigned using standard 3D experiments. The 13C labeling also paves 
the way for semi-quantitative, or almost quantitative, analysis of signal intensities, allowing a 
glycan’s heterogeneity to be characterized. Similarly, [435] simultaneous protein labeling 
would also be highly beneficial for complete analysis of the intact glycoprotein but, depending 
on the media employed, incorporation will be at a low level. To overcome this problem, 
Prestegard has proposed an NMR method for assigning sparsely labeled glycoproteins 
focused on the analysis of intra-residue NOEs, assisted by molecular dynamics. [441]

The conformation of O-glycans (Scheme 1) within O-glycopeptides or O-glycoproteins has 
also been extensively studied. Different NMR investigations have focused on MUC-1 type 
structures, to attempt to decipher, at atomic resolution, [442] the differences and similarities 
that may exist between Ser and Thr-linked O-glycopeptides, in many cases to understand the 
motifs that could build a structure-based protocol for the development of anti-cancer vaccines. 
[443] As a landmark here, STD-NMR experiments combined with microarray experiments 
were instrumental in unravelling the epitope specificity of mAbs directed against MUC1. [444] 
From a basic perspective, the conformational differences between the Tn-antigen variants (α-
O-GalNAc Ser vs. Thr) have been discussed extensively for almost two decades. All the 
experimental data lead to the conclusion that the Thr-linked structures are conformationally 
more restrained than the Ser analogues. 

The first such study employed a 24-mer glycopeptide from the HIV-1 V3 loop [445]. NMR 
structures were in agreement with a greater rigidity for the  Thr-linked GalNAc residue, in 
contrast with the observations for a MUC-7 glycopeptide, for which the authors reported a 
similar behavior for Ser and Thr-linked motifs of the same glycopeptide [446]. Moreover, Live 
and coworkers [447] reported that, in a series of penta-glycopeptides displaying contiguous 
contiguous Ser- and Thr-motifs decorated with the most typical tumor-associated antigens 
(Tn: GalNAc, TF: Gal-β1,3-GalNAc, or sialyl TF: Gal-β1,3-(α-2,6-Neu5Ac)GalNAc), the NMR 
features of all those entities were independent of the glycan. According to their analysis, the 
conformational preferences were shaped by the contacts of the attached α-GalNAc moiety 
with the polypeptide backbone. They also speculated that the conformational arrangement 
surrounding the α-GalNAc moiety was influenced by a hydrogen bond between the carbonyl 
oxygen of the Thr and the NHAc of the GalNAc unit, which did not occur for the Ser-containing 
series, as supported by NOEs between the peptide backbone and the GalNAc methyl group. 
A full understanding of the conformational behavior was achieved by systematic NMR studies 
by Corzana and coworkers, who exhaustively compared the Ser and Thr O-linked glycans. 
[448-451] They first demonstrated that direct interaction between the sugar and the peptide 
backbone was not driving the conformational preference, but rather bridging water molecules 
between the sugar and peptide provided the rationale for the observed key differences in  
glycosidic torsion (defined by the amino acid ß-carbon of Ser/Thr and the glycosidic oxygen 
(C-C-O-Canom). Indeed, only in the case of Thr O-linked glycan did the GalNAc molecule 
adopt a perpendicular orientation with respect to the amino acid moiety (Fig. 19), allowing the 
presence of a water molecule. 
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Figure 19. NMR parameters (NOEs and J values) allowed the conclusion that the 
conformations around the torsional degrees of freedom of the Ser-Tn and Thr-Tn antigens are 
different, especially around  [448-451]

Further studies have shown that the Tn-Thr antigen displays a well-defined conformation both 
in solution and when bound state to various mAbs. In contrast, the Tn-Ser antigen is more 
flexible, and exhibits different conformations around the glycosidic linkage. This feature was 
also observed when analysing the interactions of α-O-GalNAc Ser and Thr MUC1-like 
glycopeptides with SM3, [452] an anti-MUC1 antibody, now using X-ray crystallography. The 
glycosidic linkages of the bound Tn-Thr and Ser antigens displayed different geometries, 
which also impacted on their binding affinities. Interestingly, the analysis of the conformational 
behavior of these glycopeptides in solution, compared to those obtained in the gas phase by 
infra-red and microwave methods, showed the existence of specific water molecules bridging 
the sugar moiety and the peptide backbone, only for the Tn-Thr antigen, as earlier proposed 
in solution. [451] Also within this research field, NMR studies have been used to assess the 
glycosylation preferences and mechanism of action of different N-acetyl galactosamine 
transferases, using a MUC1 polypeptide with four tandem repeat domains as substrate, 
opening new avenues to characterize, at the highest possible resolution, the specificity of the 
action of other isoforms of N-acetyl galactosamine transferase enzymes (GalNAc-Ts) on 
different mucins. [453]

As can be seen, it has by now been established that NMR is indeed a fantastic tool for studying 
intact glycoproteins. Nevertheless, the detection of minimally abundant glycans remains 
elusive, as well as the unequivocal assignment of chemical decorations, such as acetylation, 
sulfation, or the presence of appendages. It is evident that specifically designed NMR 
experiments will be required for overcoming these limitations.

6. NMR and molecular recognition: glycan-receptor interactions

NMR spectroscopy is widely regarded as a robust methodology for analysing ligand-receptor 
recognition events at different levels of complexity. There is a wide variety of different NMR-
based techniques to assess molecular interactions, which can be basically divided in two 
major groups: NMR experiments from the point of view of the ligand (ligand-based NMR 
experiments), and NMR experiments from the perspective of the receptor (receptor-based 
NMR experiments).

6.1 The ligand: glycan-based NMR experiments for monitoring interactions

6.1.1. STD-NMR



In the last two decades, Saturation Transfer Difference (STD) NMR has become one of the 
most robust and widely used NMR tools to analyse glycan-receptor interactions. STD-NMR 
easily detects the presence of binding in solution, can be employed to screen complex 
mixtures of putative ligands, and can identify the binding epitope of the saccharide. [454] The 
STD-NMR experiment is fairly simple, and is based on the transfer of saturation from protein 
protons, that are saturated by selective irradiation of a protein signal region, to protons of the 
ligand that are in contact with the protein through binding. (Saturation here means a partial 
equalisation of spin-state population levels, leading to reduced intensity for the affected 
signals). Effective intermolecular 1H-1H cross-relaxation mechanisms operate, so that the 
saturated protein protons transfer their saturation to the nearby ligand protons, whose 
intensities are affected to an extent that depends on the interproton distance, and can be 
easily measured using difference spectroscopy.

The STD-NMR experiment has been extensively employed to analyse a large variety of 
glycan-protein systems of varying degrees of complexity. Indeed, from the seminal publication 
on STD-NMR, Meyer and Mayer devised the experiment to screen a library of saccharides 
versus a GlcNAc-specific lectin. [454]

From a technical perspective, STD-NMR relies on the intermolecular nuclear Overhauser 
effect (NOE) and is especially applicable to systems in chemical exchange under fast kinetics 
conditions. This is common when studying protein-carbohydrate interactions, which are often 
characterized by shallow binding sites and transient interactions. [455] Thus, from amongst 
existing NMR ligand-based techniques, STD-NMR is the most informative one for the 
structural characterization of glycan binding in solution. In principle, the affinity range over 
which the technique is applicable is roughly between 10-8 and 10-3 M. [456] From the practical 
point of view, the STD-NMR experiment generates saturation selectively on a small group of 
protons of the receptor. That saturation rapidly spreads throughout the protein protons, and 
thus when a glycan binds to the saturated protein, it will receive saturation from the protein. 
Clearly, this will affect the intensities of its NMR signals, a process that can be easily observed. 
[457] Moreover, the effect on particular ligand signals will be different depending on the 
distance of the relevant sugar protons from the saturated protein protons. [457]

Figure 20. a) Illustration of the sequence of events taking place during an STD-NMR experiment. The 
outcome is a binding epitope mapping, in this case of the schematic glycan constituted by the three 
different moieties A–B–C, reporting on its binding mode. (b) Illustration of the reference spectrum (top) 
and STD difference spectrum (bottom) for the A–B–C ligand in part (a). c) Pulse sequence for STD 
NMR. The narrow and wide open bars correspond to trim pulses with lengths of 2.5 and 5 ms, 
respectively, performed at a power level appropriate for spin-locking. The narrow filled bar is a 90° hard 
pulse. A series of selective pulses (typically 50 ms duration, 1 ms inter-pulse delay, frequency switched 
between on-resonance and off-resonance spectral locations) is applied for saturation. The first two 



radiofrequency pulses and the gradient pulse are applied to dephase any residual magnetization. Figure 
adapted from [458]. 

In Figure 20(a), the five processes outlining the STD NMR experiments are schematised: (i) a 
variable length selective shaped pulse is applied to a given set of protein signals to saturate 
them; (ii) by dipole–dipole direct NOE, the irradiated protons transfer their perturbed 
magnetization state (i.e. saturation) to adjacent protons (note that the latter can be on either 
the protein or the glycan); (iii) by (intramolecular) dipole–dipole relayed NOE, also called spin 
diffusion, the saturation of protein protons next spreads to the whole protein, through the 
dense network of proton–proton distances appropriate for NOE propagation, as a result of the 
rapid cross-relaxation caused by the slow protein rotational tumbling motion; (iv) when a 
glycan binds to the protein, saturation is transferred to the closest protons of the saccharide 
via intermolecular NOE interactions; and (v) saturation thus accumulated in the bound state is 
transferred to the free state, due to the fast exchange between the bound and free states of 
the ligand and the slow relaxation of the saccharide protons in the free state. Overall, these 
processes result in an observable reduction in the signal intensities of ligand signals in the 1H 
NMR spectrum under protein saturation conditions, compared to the reference spectrum, as 
shown in Figure 20(b). Importantly, those sugar protons that are in closest contact with the 
macromolecule in the binding pocket receive the most saturation, and hence it is possible to 
infer the binding epitope of the glycan, i.e. a mapping of which protons are in closest contact 
with the protein surface. [428, 429]

The STD intensity (ISTD) is calculated as: 

𝐼𝑆𝑇𝐷% =  
𝐼𝑜 𝐼𝑠𝑎𝑡

𝐼0
(10)

where I0 is the intensity of a signal in the reference spectrum and Isat is the intensity of the 
same signal in the saturated spectrum. 

There are several experimental aspects of STD NMR approach that should be carefully 
considered: i) the [Ligand]:[Protein] ratio; ii) the shape and power level of the selective 
saturating pulses; and iii) the irradiation frequencies used on- and off-resonance. [457] For the 
ligand to fully populate the binding site of the protein receptor, under the fast exchange 
conditions discussed above, a large excess of ligand over the protein is needed, so it is usual 
to aim for a 25:1 to 200:1 ratio. The fact that the absolute amount of protein needed is minimal 
makes this approach very inexpensive relative to other techniques (mainly protein-based), 
particularly since there is also no need for isotopic labelling. Turning to the shape of the 
selective pulse, Figure 20(c) shows the pulse sequence of a general STD NMR experiment. 
This typically consists of a train of low-power Gaussian-shaped pulses, that are applied to a 
selected frequency so as to selectively saturate specific protein protons, followed by a 90° 
hard pulse to convert the spin populations into observable transverse magnetisation (Figure 
20(c), orange square). The power and duration of the shaped pulse are set to cover a 
bandwidth of about 100 Hz, while the number (n) of pulses in the train is adjusted to obtain 
the desired total saturation time. The experiment is run in an interleaved fashion, in which the 
reference (off-resonance irradiated) and saturated (on-resonance irradiated) spectra are both 
averaged over the same time period. Finally, regarding the irradiation frequency, the strongest 
requirement is for it to be applied to a spectral region devoid of ligand signals. Generally, the 
aliphatic region is chosen, between  0 and 1 ppm. Carbohydrates have the great advantage 
of also allowing saturation of the protein aromatic residues between  6.5 ppm and 8 ppm, 
which is often not possible when applying STD NMR in drug discovery, since lead compounds 
are usually very rich in aromatic moieties, whereas carbohydrates have no signals in this 
spectral region. 



STD-NMR has been applied to characterise interactions of glycans and glycomimetics with a 
variety a lectins, antibodies and enzymes. Different versions and applications of STD-NMR 
experiments have been developed and presented to the scientific community since the early 
2000’s, highlighting the concept of group epitope mapping. [457] We will now describe some 
additional technical aspects that should be considered.

6.1.1.1. Multi-frequency STD NMR

The most relevant outcome of the STD-NMR approach (which can also be used for simple 
binding screening), is to map the epitope binding, i.e. the binding mode and orientation of the 
ligand in its binding pocket. Obviously, as a ligand-based NMR technique, STD-NMR does not 
provide any direct information concerning the protein. 

Regarding the technical details of the STD-NMR experiment, saturating the sample at different 
regions of the protein spectrum will yield different epitope mappings for the same ligand. 
Detailed analysis of the changes between these different epitopes gives information about the 
presence of certain amino acid types lining the binding site (for example aliphatic or aromatic, 
if those regions were irradiated). This is the basis of the  DEEP-STD NMR (DiffErential EPitope 
Mapping) experiment established by Angulo and coworkers. [459] Not only the binding epitope 
of the ligand is mapped, but key information about the type of amino acid residue near different 
parts of the ligand is provided. This approach, based on the concept of “multi-frequency STD-
NMR”, allows extraction of information about the ligand’s surroundings. Multiple experiments 
are carried out, irradiating at different frequencies and measuring the different resulting 
responses. Carbohydrates, due to their narrow chemical shift distribution around  3-4 ppm, 
are ideal for this kind of study. DEEP-STD NMR is based on the observation of a stronger 
STD response on those ligand protons receiving saturation from directly irradiated protein 
residues at a certain on-resonance frequency (dipole-dipole inter-molecular direct NOE), in 
comparison to the saturation received when the irradiation is applied at another frequency. 
Comparing these differential STD-NMR responses, a map can be made of the architecture of 
the residues surrounding the ligand, and of which kinds of residue are contacting which kinds 
of ligand protons, as sketched in Figure 21a. 

For carbohydrate studies, aliphatic and aromatic irradiation enables identification of aromatic-
carbohydrate stacking [460] and aliphatic interactions, usually involving N-acetylated sugars. 
In a seminal study, Monaco et al. [459] successfully applied DEEP-STD NMR to two models: 
2,7-anhydro-α-N-acetylneuraminic acid bound to GH33 (Figure 21b-d), and 3-nitrophenyl-
galactosidase (3NPG) bound to cholera toxin (CTB).



Figure 21. a) Cartoon representing the different kinds of information that are available from traditional 
STD-NMR and DEEP-STD NMR. b) DEEP-STD factors, highlighting contacts of ligand protons with 
protein protons in aliphatic residues (teal bars, positive values) and protein protons in aromatic residues 
(magenta bars, negative values), for 2,7-anhydro-α-N-acetylneuraminic bound to GH33. c) Alternative 
representation of the DEEP-STD data on the 3D structure of the ligand and d) crystal structure of the 
2,7-anhydro-α-N-acetylneuraminic/GH33 complex (PDB ID: 4X4A) , highlighting the different ligand 
regions contacting aliphatic vs. aromatic residues on the protein, in good agreement with the DEEP-
STD factors histogram. Adapted from ref [459].

For the 3PNG/CTB complex, irradiation of the protein aromatic residues would not be helpful 
as it would also directly irradiate ligand protons. This example shows that, in these situations,  
the β/γ protons of polar residues can be irradiated instead, at around 2.0-2.5 ppm, as this 
region is most often free from glycan peaks. In the same work, [459] an alternative approach 
was also proposed, exploiting differential solvent composition (D2O:H2O 10%:90% vs. 
D2O:H2O 90%:10%), showing that ligand protons close to slowly exchanging exchangeable 
protein protons receive less saturation if the latter are partially exchanged to deuterions 
instead of protons. This simple method allowed identification of contacts in arginine-rich 
binding sites, which is also a common scenario in carbohydrate binding. If the binding pocket 
is known and a crystal structure is available, DEEP-STD NMR can also be used to identify a 
“fingerprint” for a novel ligand, and compare its DEEP-STD pattern to that of a known ligand. 
Indeed, the use of the 3NPG/CTB complex as a model to study 6 novel leads [461] allowed 
confirmation of their binding orientations in the same binding subsite as the 3NPG “probe”. In 
the same system, application of inter-ligand STD-NMR [462] showed that, provided two 
ligands bind adjacent to each other, multi-frequency STD-NMR can be used to infer their 
relative orientation, in a similar fashion to the ILOE experiment. [463]

Several applications of multi-frequency STD-NMR have been reported in the carbohydrate 
field, such as the challenging study of the interaction of the exopolysaccharide produced 
by Burkholderia multivorans C1576 (EpolC1576) with the antibiotics kanamycin and 
ceftadizime. [464] In this study, the non-canonical carbohydrate receptor was irradiated at 3.2 
ppm (on the CH protons) and at 1.2 ppm (on the methyl groups) to study the binding mode of 
the antibiotics with the biofilm. Interestingly, in this case, the polysaccharide itself acts as the 
receptor for the antibiotic ligands.

6.1.1.2. Expanding 1H STD-NMR to further dimensions.

The potential of STD-NMR for the study of protein-carbohydrate interactions has been clearly 
shown to be very wide-reaching for many types of receptors, [465-467] including enzymes 
[468-476] antibodies, [477-482] and lectins [483-498]. It has also been applied to characterize 
binding of glycoconjugates to nucleic acids. [499] STD-NMR has been crucial in structural 
investigations of glycan-receptor complexes of high chemical complexity and biological and 
therapeutical relevance. Indeed, given the key role of glycans in infection events, there are 
many studies of the interactions of glycans and glycomimetics with lectins and antibodies 
related to viral and bacterial infections. STD-NMR data have been of paramount importance 
in dissecting many of these interactions in systems related to HIV, [500-505] influenza and 
coronavirus, including SARS-CoV-2. [506-510] Interactions with bacterial receptors have also 
been the target of numerous investigations, [511-524] also within the fascinating world of gut 
microbiota. [525-527] 

For complex glycans, where the overlap problem may hinder derivation of the binding epitope, 
analysis of the observed STD signals may be rather difficult or even impossible. Various 
modifications have been implemented, including the use of homodecoupling. [528] However, 
the best results have been achieved by the concatenation of the STD element with other NMR 
experimental pulse sequence modules, such as HSQC/HMQC or COSY/TOCSY, affording 2D 



or pseudo-2D STD-NMR versions. [529] These experiments allow discrimination of the signals 
belonging to a given spin system and therefore identification of the actual STD-NMR signals 
and thus the real binders and/or epitopes. 1D TOCSY STD-NMR versions were used to study 
the interaction of three- to six- residue fragments of the Streptococcus cell wall with a 
monoclonal antibody, [530] while the molecular recognition features and the recognised 
epitope of a complex  bi-antennae N-glycan were revealed by using a 2D STD TOCSY 
experiment, solving the tremendous challenge of analysing the homonuclear STD of a 
undecasaccharide. [531] The influence of remote branching substituents in N-glycans on the 
binding mode of the whole glycan entity to a model lectin was also deduced by the use of 
homonuclear STD-NMR. [532] As further extension of the method, Voghterr and Peters 
proposed the use of STD-HMQC to efficiently screen entire libraries of randomly methylated 
13C labelled monosaccharides (some of which are almost identical and studied as cocktails), 
as bound to elderberry lectin. [533]

This conceptual advance opened the door to the use of other nuclei. STD INEPT was 
developed to detect STD-NMR on 13C nuclei. [534] More recently, [535] Casablanca and co-
workers showed that this experiment can also be used to acquire build-up curves (consecutive 
experiments at increasing saturation time). These record the mono-exponential growth of STD 
as a function of saturation time, before it reaches a maximum value. Analysis of the initial 
slopes of these curves enables elimination of the impact on the determined binding epitope of 
processes closely related to fast protein–ligand rebinding and longitudinal relaxation of the 
ligand protons, which affect the accumulation of saturation in the free ligand. [536] On this 
basis, the STD-INEPT experiment was especially useful to enable simultaneous 
characterisation of the epitope maps of a mixture of compounds. [535] The generation of pulse 
sequences with 13C-filtering or editing modules has permitted the screening of complex 
mixtures, using a labelled spy molecule (a known binder to the specific target receptor) as a 
reporter of the possible binding of the molecules in the library to be screened. [537] Moreover, 
STD-HSQC experiments have been applied to disentangle the molecular recognition features 
of polyLacNAc moieties with galectins. [398] The chemical shift degeneracy problem was 
circumvented using the 13C-labelling scheme described above, in which labelled Gal moieties 
were introduced at selected positions of the glycan chain using chemoenzymatic synthesis 
(Figure 22). Thus, the specific epitope within the polyLacNAc chain interacting with the 
different galectins was assessed. Interestingly, despite the strong structural homology that 
exists among the different galectins, there is a clear discrimination between terminal non-
reducing and internal LacNAc moieties, depending on the specific galectin. This selective 13C 
labelling concept, now applied to sialic acids, has also been used to demonstrate 
unequivocally the binding of exogeneous sialyl-glycans to the spike glycoprotein trimer of 
SARS CoV2, which displays 22 glycosylation sites per monomer [538]. The 13C-labelled 
external sialic acid moieties were identified in a straightforward manner by adding the HSQC 
module (Figure 22), which facilitated the analysis, also carried out by homonuclear methods. 
[510, 539] 

The use of relaxation-based 19F-NMR to analyse glycan binding to receptors was described in 
Section 3.2.3. As expected, 19F-NMR methods have also been widely employed in the context 
of STD-NMR, given the sensitivity (100% natural abundance and high gyromagnetic ratio) of 
this NMR active spin-½ nucleus. In particular, 1H-19F versions of the STD-NMR experiment 
have been proposed, using either direct fluorine observation after the protein saturation, or 
relaying the saturation of the ligand protons to the 19F nuclei through the corresponding two-
bond or three-bond 1H-19F couplings. As a proof of concept, STDreF was first proposed [540] 
using the complex of  2-fluoro-2-deoxy-D-glucose with Concavalin A as a model system, 
opening the route to applications of 19F-based STD-NMR studies on the interactions of 19F-
containing glycomimetics. [154, 156, 541, 542] Since these variations on STD-NMR were 
mainly designed for efficient ligand screening, optimizing spectral simplicity and resolution, 
the information on the binding epitope was restricted to the geminal- and trans-vicinal 
neighboring positions relative to the fluorine atom. To move beyond those limitations, a 2D 



STD-TOCSYreF experiment was later proposed. [543] In this case, the use of a TOCSY 
module allows transfer of the generated STD effects throughout the complete spin system of 
every fluorinated monosaccharide unit within a given oligosaccharide, thus offering a 
straightforward method of epitope mapping.

Figure 22. The selective 13C-labelling concept has been applied to distinguish the specific Gal 
moieties that are recognized by a panel of human galectins [398], and to assess the 
recognition of exogeneous sialic acids by the highly sialylated spike glycoprotein of SARS-
CoV2. Adapted from references [398] and [538].  

This concept has been applied to complex branched high-Man-type N-glycans. [544]. In this 
case, the analysis of the STD buildup curves were acquired and allowed to obtain accurate 
binding epitopes for the fluorinated Man-9 N-glycan to DC-SIGN, a C-type lectin [545] in 
dendritic cells that plays a key role in pathogen infection. 

It is also worth briefly mentioning that STD-NMR is not only a tool for screening binding and 
mapping binding epitopes. It can also be used to measure KD for the interactions under 
investigation. As initially discussed, due to the KD window covered by STD-NMR (usually 
between 10-8 and 10-3 M), it is an ideal tool to study and characterise weak complexes such 
as protein-carbohydrate interactions.  A thorough explanation of how to use STD-NMR titration 
to measure KD has been provided by Angulo and Nieto. [536, 546] Building on this, Monaco 



et al. have described Imaging STD-NMR, [547] a novel methodology that is able to measure 
KD values directly in a single NMR tube. As model systems for demonstrating a proof of 
concept, the complexes formed between GcNAc/WGA lectin and 3NPG/cholera toxin were 
studied. 

6.1.1.3. Towards native-like conditions: On-cell STD-NMR

STD-NMR experiments are highly versatile and have been also been employed to monitor 
interactions between ligands and receptors presented on-cell, that is to say on a cell surface, 
thus providing a first hint of the molecular recognition features in conditions close to those 
existing in the biological milieu.  Given the many crucial cell-pathogen, cell-cell, and cell-matrix 
processes involving glycans and their receptors that take place on-cell, this approach 
represents a distinct conceptual approach. Following the pioneering work of Jimenez-Barbero 
and coworkers on DC-SIGN interactions, [548] several applications have employed this 
experiment, also taking advantage of HR-MAS methods. [549] Other elegant applications from 
Airoldi’s group [550, 551] involved the screening of a series of new adhesin ligands versus 
bacterial FimH to develop future FimH inhibitors to combat UTIs (urinary tract infections), while 
the interaction of sialoglycans with the hemagglutinin of influenza-virus expressed in 
transfected human cells has also been shown by STD-NMR. [552] Usually, STDD (STD 
difference) variants are employed in which the final STD NMR spectrum recorded for the 
ligand in the presence of the cells displaying the receptor is subtracted from that recorded for 
the ligand alone and/or from the cells with the receptor alone and/or from the ligand in the 
presence of cells without the receptor (if available). With all these control experiments, the 
epitope can described in a reliable and robust manner.  The on-cell STD-NMR experiment has 
also been successfully applied to characterize high-affinity ligands, derived from sialic acid 
with aromatic fragments at C5 and C9, for CD22 (Siglec-2), using intact Burkitt’s lymphoma 
Daudi cells. [553]  The on-cell experiment will also benefit from new approaches to deal with 
some intrinsic problems with the experiment, such as cell sedimentation and survival. The use 
of methylcellulose hydrogels, as proposed by Konrad and coworkers, [554] provides new 
avenues to improve these experiments that take the system into almost native conditions. 

A breakthrough field of investigation that has attracted worldwide attention in the last decade 
or so is the use of NMR spectroscopy directly in-cell. In-cell NMR’s aim is to provide a complete 
description of biological interactions in their natural environment, without losing the atomic 
resolution offered by NMR. Protein conformation in its natural environment can sometimes 
differ drastically from the conformation detected in vitro, and such a change may affect its 
recognition properties. The natural cell environment is much more complex than the buffered 
solution in which purified receptors are normally observed by NMR, since many additional 
protein-protein interactions, as well as the presence of small binders and protein post-
translational modifications, can strongly affect the recognition. Moreover, aspects such as 
viscosity and pH of the different compartments must be considered. In-cell NMR offers a 
unique tool to take into account of all these considerations. Although sugar binding studies 
have not still been carried out, there is no doubt that they will be accomplished in the coming 
years.  Given the promiscuity of lectins, monitoring their conformational, dynamics, and 
recognition events is rather challenging. Nevertheless, it is expected that new developments 
of in-cell / on-cell NMR experiments [555, 556] will also be exploited in the glycan field. Very 
probably, new advances in hyperpolarization, including the use of Dynamic Nuclear 
Polarization (DNP) NMR methods [557-559] and new radical molecules, [560, 561] will permit 
exploration of these events within the cell in the near future. This goes beyond the structural 
characterization of cell wall polysaccharides, [562-564] a field that is rapidly advancing thanks 
to the use of dynamic nuclear polarization solid-state NMR, although it is beyond the scope of 
this review. Nevertheless, the transfer of such new technologies to the liquid state may provide 
the impetus for breaking the limits in this area.



The STD-NMR experiment has also been applied to direct NMR-based screening of active 
molecules present in extracts of medicinal species. The crude mixture and the target protein 
receptor were mixed in the NMR tube and STD-NMR, complemented by tr-NOESY and DOSY 
experiments, was carried out. When the target receptor is a lectin, the glycans present in the 
mixture can be detected and further identified by standard NMR methods. [565, 566] It has 
been shown, with the  use of a mushroom extract as model case, that this protocol may provide 
a fast and simple method to detect the presence of ligands for a target receptor, which would 
be particularly useful in natural product chemistry. 

Given the intrinsic low to medium affinity of glycan-protein interactions, which are rarely at the 
nanomolar level, multivalency is used in natural systems to enhance binding and to provide 
the biological signal that affords the biological response. Dealing with multivalent systems is 
not straightforward, especially from the ligand NMR perspective. [567] Nevertheless, STD-
NMR, [568] assisted by DOSY, has been instrumental in accurately establishing the binding 
epitope of a multivalent ligand bearing a hyaluronic acid glycomimetic when interacting with 
langerin, [545] a key C-type lectin for viral infection. The STD-NMR data obtained, which 
included the description of the aggregation behaviour of the multivalent glycomimetic as 
described by other biophysical techniques such as DLS and TEM, suggested that binding 
takes place at a non-canonical site, [568] Other alternative NMR methods to deal with 
multivalent processes are described in section 6.2.

6.1.2. Exchange transferred NOE: the Tr-NOESY experiment 

A paradigmatic experiment in ligand-based NMR molecular recognition is based on the so-
called exchange transferred Nuclear Overhauser Effect spectroscopy (Tr-NOESY), first 
proposed in an intermolecular version by Bothner-By in the 1970s, [569] for detecting ligand 
binding and specific contacts with protein side chains, and later as an intramolecular version 
by Feeney and co-workers, to report on the conformations of ligands in the bound state. [570] 

Although STD NMR provides invaluable information on the contacts of ligand protons with the 
protein in the bound state, it does not deliver conformational information, being unable to 
distinguish whether the ligand conformation is changed upon binding or, in contrast, its major 
conformation in free solution is selected unchanged by the protein. As an excellent 
complementary technique, the very powerful Tr-NOESY is the technique of choice to probe 
the ligand bound conformation, [529, 571-576] and has been widely applied in the glycan field. 
[577] The transfer of structural information (NOEs) from the bound to the free state allows the 
conformational analysis of ligands in high molecular weight complexes, which otherwise would 
not be accessible by direct NMR analysis due to extreme line broadening, or in complexes 
with low solubility that would be intractable by receptor-NMR approaches. [529]

As with STD NMR, the success of the Tr-NOESY experiment depends very strongly on the 
residence time of the ligand in the binding site (equal to (koff)-1, the reciprocal of the dissociation 
rate constant), the molar excess of ligand over receptor, the size of the receptor (its correlation 
time), the binding affinity, the relaxation delay between scans, and the NOE mixing time. Thus, 
these are parameters that should be known, guessed, or (better) optimized for each particular 
system.

In terms of NOE observation, small/medium sized glycans typically show weak/medium 
positive intramolecular NOE intensities (in practical terms, this means that NOE cross peaks 
appear inverted with respect to the diagonal peaks in 2D NOESY experiments, Fig. 23). For 
such molecules, the NOE builds up with mixing time reaching a maximum value on a second- 
or high millisecond-timescale. In contrast, large molecules such as proteins show strong 
negative intramolecular NOE intensities (NOE cross peaks appear with the same sign as the 
diagonal peaks in 2D NOESY experiments) that build up with mixing time reaching a maximum 
value after a much shorter time (often less than 200 ms). We emphasize here the fact that in 



trNOE experiments to determine bound ligand conformation we are dealing with 
“intramolecular” NOEs, in contrast to “intermolecular” NOEs as would be the case for STD 
NMR experiments. 

When a small molecule, such as a mono- or an oligo-saccharide, binds to a large receptor 
(e.g. a lectin, an antibody, etc.), its tumbling properties in solution change dramatically, from 
a fast rotational diffusion (ps timescale) typical of small molecules, to a slow rotational diffusion 
(ns timescale) typical of macromolecules with large hydrodynamic radius.

Fig. 23. Tr-NOESY experiments to determine the bioactive conformations of glycan ligands 
bound to proteins. Cartoon representation of the binding of a disaccharide to a protein receptor 
involving a ligand conformational change upon binding. In the 2D representations, cross peaks 
shown as solid colours have the same signs as diagonal peaks, cross peaks shown as cross-
hatched colours have opposite signs to the diagonal peaks. Comparison of NOESY and Tr-
NOESY experiments demonstrate the change in cross peak signs between the two 
experiments, indicating binding, and the change in cross peak pattern between the free and 
bound spectra indicates that there is a conformational transition upon binding. Tr-ROESY 
experiments [578, 579] may reveal the existence of “false” NOEs due to protein-mediated spin 
diffusion linking ligand proton pairs that in reality are far apart. 

For cases of very strong binding (e.g. for a low nM to pM dissociation constant), a sample 
containing protein and ligand in a 1:1 ratio would exist almost completely as the complex, 
exchange between the free and bound states would be negligible, and NOEs between ligand 
protons would behave in an essentially identical fashion to NOEs between protein protons, i.e. 

O

O

O

B

A A’

B’

C

O

A’

O

O

A B’

B

C

strong

P

PROTEIN

medium

strong

Spin diff

strong strong strong

A

B’

A’

B

C

A
A’ C B’

NOESY

Free Ligand

medium

A

B’

A’

B

C

A

B’

A’

B

C

A A’ C
A

A’ C

Tr-NOESY Tr-ROESY

Bound LigandStrong
Medium

Strong
Medium

Negative Cross-Peaks Negative Cross-Peaks

Spin diffusion



they would be negative and depend very largely on the internuclear separation in the bound 
state.  In contrast, for cases of medium or weak binding, both the free and bound states would 
be appreciably populated (depending also on the protein:ligand ratio), and ligand molecules 
would exchange between the two states at appreciable rates.  NOEs between ligand protons 
then become an average between the free and bound state contributions, making them 
dependent not just on internuclear separation in the bound state but also on the kinetics and 
thermodynamics of complex formation, i.e. the rate constants of the association and 
dissociation processes, kon and koff, as well as the free and bound fractions, 𝑓𝐵

𝐿  and 𝑓𝐹
𝐿 (in 

principle, the internuclear separation in the free state could also be relevant, though in practice 
its influence is very often negligible, see below). [529, 571-577]

 

𝑘𝑒𝑥 = 𝑘𝑜𝑓𝑓 + 𝑘𝑜𝑛[𝑃]    (11)

Tr-NOESY works for protein-ligand interactions falling within the so-called “fast exchange 
approximation”, i.e. 𝑘𝑒𝑥 much higher than chemical shift differences of the ligand between free 
and bound states (𝑘𝑒𝑥 ≫ |Ω𝐹 ― Ω𝐵|), and much higher than the relaxation rate differences of 
the ligand between free and bound states (𝑘𝑒𝑥 ≫ |R𝐹 ― R𝐵|). Under these conditions, for a 
large excess of ligand over the protein, only one set of ligand NMR signals is detected 
(basically the free ligand signals) and the measured intramolecular cross-relaxation rates (𝜎𝑜𝑏𝑠
) are weighted averages between the intramolecular cross-relaxation rates of the ligand in the 
free state (𝜎𝐹) and the intramolecular cross-relaxation rates of the ligand in the bound state (𝜎𝐵
) [529, 571-573]:

𝜎𝑜𝑏𝑠 =  𝑓𝐹
𝐿𝜎𝐹 + 𝑓𝐵

𝐿 𝜎𝐵  (12)

For the sake of simplicity, in this review we use the term NOE as equivalent to cross-relaxation 
rate, 𝜎𝑜𝑏𝑠, though strictly speaking they are only equivalent in the initial rate regime. In this 
way, the observed intramolecular ligand cross-relaxation rate (𝜎𝑜𝑏𝑠) is termed a transferred 
NOE (Tr-NOE) because, given fast exchange conditions (in practical terms: 𝑘𝑜𝑓𝑓 ≫ 𝜎𝐵), the 
much larger absolute magnitude of the NOE in the bound state dominates the average (|𝜎𝐵| ≫
|𝜎𝐹|), so that the observed NOEs report on the conformational properties of the ligand in the 
bound state, after the bound NOEs are “transferred” to the free state ligand signals where they 
are observed. 

For optimum observation of Tr-NOEs, the NOESY mixing time should be short enough to 
minimise free state NOE contributions (which grow only slowly), but long enough to allow 
significant NOE intensity to build up in the bound state (where there is faster growth, but also 
faster decay). In some cases, for small mono- or oligosaccharides, conditions (viscosity, 
temperature, magnetic field, etc.) can be found to make free state NOEs intrinsically negligible 
(by approximating the zero-crossing condition, c  1.12, where  is the Larmor frequency 
expressed in rad s-1) so that no contribution from the free ligand will be present. Confirmation 
of this situation requires recording NOESY spectra on the free ligand alone under the same 
conditions as for the sample containing the protein. 

In order to produce a sufficient concentration of the complex, a large excess of the ligand over 
the protein is typically used, which makes 𝑓𝐵

𝐿  usually much smaller than 𝑓𝐹
𝐿. On the other hand, 

to observe Tr-NOEs, the required condition  𝑓𝐵
𝐿 𝜎𝐵 ≫ 𝑓𝐹

𝐿𝜎𝐹  means that 𝑓𝐵
𝐿  has to be sufficiently 

large that 𝜎𝐵 can still dominate the average (𝜎𝑜𝑏𝑠). These conditions pose much stricter 
experimental restraints for Tr-NOE observation than those for STD NMR experiments, where 
very large ligand-to-protein ratios can be used, providing only that specificity is retained. Ratios 
from 10:1 to 50:1 are typically found in reported Tr-NOE experiments with carbohydrates, 

kon

koff
P L PL+



although if no thermodynamic or kinetic data are available for the studied protein-carbohydrate 
complex, it is advisable to monitor the Tr-NOE as a function of protein:ligand ratio in a titration 
experiment, in order to find optimum conditions.

To accurately analyse the NOE information from Tr-NOE experiments, so as to investigate the 
bound conformation of a ligand, it is very important to take into account the possibility of 
detecting “false” NOE contacts in the bound state that arise due to indirect pathways of dipolar 
relaxation, for instance intermolecular spin diffusion processes (Fig. 24). [573-579] In this way, 
a strong apparent Tr-NOE can develop between two ligand protons that are far apart in the 
bound state, but which nonetheless interact indirectly due to a relayed exchange of 
magnetization through an intermediate proton in the protein that is sited in the vicinity of both 
ligand protons (Fig. 24). Unfortunately, this effect can be very efficient in cases of high 
molecular weight complexes with long rotational correlation times, so caution is essential to 
consider this possibility during interpretation. In particular, for carbohydrates, the number of 
structurally determinant NOE contacts is typically low, in comparison to the situation for other 
biomolecules, so that very careful interpretation is essential to gain an accurate structural view 
of the ligand in the bound state. 

Despite these caveats, the experiment has been widely employed to deduce the 
conformations of a variety of saccharides and glycomimetics bound to lectins, enzymes, 
nucleic acids, and antibodies. [574, 577, 581, 582] For relatively small sugars, the simple 
observation of a change in sign of the NOE cross peaks of the ligand in the presence of a 
putative receptor (from positive to negative, given the large difference in the effective 
correlation time of the ligand between the free and bound forms) affords an unequivocal 
indication of binding. For more complex molecules, larger than tetrasaccharides (which 
already show negative NOE cross peaks in the free state at high magnetic fields), the analysis 
of cross-peak intensities needs to be carefully carried out, and compared with the data 
observed for the free form. As with regular NOESY-based conformational analysis, the use of 
build-up curves is highly advisable, given the strong possibility of the existence of spin 
diffusion, especially for large receptors that contain many protons close to the binding site. 
The use of semi-quantitative  methods, based on analysis of a full relaxation matrix in the 
presence of exchange, is also highly advisable for obtaining the most accurate estimates of 
inter-proton ligand distances and, therefore, of the bound conformation. If protein-mediated 
intermolecular spin diffusion Tr-NOEs are suspected, an easy alternative is to run the 
equivalent Tr-ROESY experiment, measuring Tr-NOEs in the rotating frame (Tr-ROEs). [578-
582] In this experiment, all molecules, independent of their molecular weight and the effective 
correlation times of the proton pairs that give rise to the NOE, effectively behave as if they 
were within the fast-tumbling limit, so that direct ROEs are positive (i.e. appear as cross peaks 
having opposite sign to diagonal peaks), whereas cross peaks dominated by intermolecular 
spin diffusion appear as negative (Fig. 23).



Fig. 24. Protein-mediated spin diffusion in Tr-NOESY experiments. Cartoon representation of 
the impact of the presence of a protein proton (P) situated in the vicinity of the ligand proton 
pair (A-B). Even when the ligand interproton distance A-B is fixed, the closer the protein proton 
P gets to both ligand protons, the larger the observed Tr-NOE intensity becomes, leading to 
an overestimation of the NOE that can be mistaken for an extremely close proton-proton 
spatial contact in the ligand. Contributions from protein-mediated spin diffusion can be easily 
spotted by Tr-ROESY experiments (Fig. 23)

Other methods also allow spin diffusion effects to be detected. For instance, Tr-NOESY and/or 
Tr-ROESY cross peaks can be quantitatively analysed with a full matrix relaxation approach 
that includes the exchange process. Other methodology to distinguish direct from spin-
diffusion cross peaks is based on using the QUIET-suite of experiments. [583] In this case, a 
particular region of the spectrum, in which the frequencies of the spin-diffusion-mediating spins 
is located, is inverted, thus impeding their participation in the cross-relaxation process.

The medium/weak affinities typically found in protein-carbohydrate interactions are particularly 
suitable for the observation of Tr-NOEs, and many cases have been reported in the literature. 
[574, 577, 581, 582] In most of the cases, the analysis of NOESY and Tr-NOESY experiments 
of carbohydrate ligands has reported similar NOE patterns, indicating that there is no 
conformational selection during the process of protein-carbohydrate complex formation, and 
typically the global minimum energy conformer of the carbohydrate is what is recognised by 
the receptor. Cases of interactions of proteins with intrinsically dynamic ligands are of 
particular interest, as, for example, iduronate-containing heparin-like glycosaminoglycans 
(GAGs). In contrast to most monosaccharides, iduronate rings are not rigid, and those found 
internally in GAG chains show a typical conformational equilibrium in the free state between a 
chair (1C4) and a skew boat (2SO) hexopyranose conformation. Nature has evolved GAG-
binding proteins endowed with different architectures and dynamics of their GAG binding sites, 
so that some of them can preferentially bind to GAG ligands with their iduronate rings only in 
one of the two limiting conformations, [584, 585] whereas others can recognise GAG ligands 
preserving the intrinsic iduronate conformational equilibrium. [294, 586]

Tr-NOE studies on the recognition of small heparin-like trisaccharides by langerin (Lg), a C-
type lectin important for pathogen recognition and with an ability to recognise sulphated 
carbohydrates, demonstrated that the Ca2+-dependent binding of the trisaccharides occurs 
without alteration of the conformational equilibrium of the central iduronate ring. [294] In a 
study of another biologically relevant GAG-binding receptor, the acidic fibroblast growth factor 
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(FGF1), NOE data (from 13C filtered NOESY experiments) showed that the protein is able to 
recognise a heparin-like hexasaccharide without perturbing the equilibrium between the two 
iduronate conformations. [546] Other examples of protein binding with preservation of the 
intrinsic conformational equilibrium of the ligand in the free state have also been reported for 
synthetic non-natural mimetics of carbohydrates (glycomimetics). For example, in the case of 
S-glycosides, [587-589] the interglycosidic linkage shows enhanced flexibility relative to O-
glycosides, leading to the existence of a mixture of conformations in the free state. NOE data 
showed that a model glycosyl hydrolase, E. coli  -galactosidase, is able to accommodate 
different geometries of thiodisaccharide glycomimetics, emulating the distorted geometries 
present in the transition state for glycosidase-mediated hydrolysis. [212] In all these cases, 
the ability of the receptor to preserve the intrinsic conformational flexibility of the ligand 
provides a favourable thermodynamic impetus for binding, as it reduces significantly the 
entropic penalty that would be incurred by the conformational selection of one of the ligand 
conformers.

In some cases, Tr-NOE studies have demonstrated that the protein receptor is able to 
recognise only one of the different conformers of the ligand. For example, in contrast to the 
above-mentioned case of the thiodisaccharide glycomimetics, the same E. coli  -
galactosidase was demonstrated to recognise a high-energy conformer of C-lactose, a non-
hydrolysable substrate analogue, which has a population in the free state of less than 5% [98, 
590]. Other C-glycosyl compounds have also been demonstrated by Tr-NOE studies to 
undergo conformational selection upon binding to human galectin-1 (hGal-1), again with 
selection of conformers other than the global minimum energy conformer. [207]

An interesting demonstration of the interplay between kinetics, thermodynamics, and ligand-
to-protein ratio for optimum Tr-NOE observation [591] came from the study of molecular 
recognition of sugar nucleotides UDP-Glc and UDP-Gal by the human blood group B 
galactosyltransferase (GTB). First STD NMR observations demonstrated that ligand exchange 
between free and bound forms was fast enough on the relaxation timescale to produce 
sizeable STD signals. Surprisingly, however, no Tr-NOEs could be detected for either of the 
two ligands under different ligand-to-protein ratios typical for Tr-NOE experiments (from 10:1 
to 30:1). The answer to this puzzle came from a quantitative analysis of the STD NMR build-
up curves, yielding dissociation rate constants 𝑘𝑜𝑓𝑓 in the range of 10 Hz. The larger kinetics 
window for STD NMR observation allowed binding to be detected, but such a low 𝑘𝑜𝑓𝑓 for 
weak/medium binders lies at the limit for observation of transferred NOEs. Relaxation rate 
matrix calculations predict that in such cases the observation of transferred NOEs becomes 
possible if the ligand-to-protein ratio is significantly reduced. In this way, repetition of the 
experiments at a much lower ligand-to-protein ratio of 2:1 led to transferred NOEs becoming 
clearly observable, as predicted by theory for a slow dissociation process. Such a low ligand-
to-protein ratio required the use of a perdeuterated enzyme, in order to be able to clearly 
distinguish the intramolecular ligand Tr-NOEs, while eliminating spin diffusion via protein 
protons. Finally, the Tr-NOE study in this system showed the existence of ligand 
conformational selection by GTB, as both sugar nucleotides bind in a folded-back 
conformation along the pyrophosphate linkage, which is sparsely populated in solution. [591]

Overall, the combination of these methodologies provides a solid perspective on the behavior 
of glycans at their receptor binding sites. [592] For instance, we can mention the combination 
of STD and Tr-NOESY experiments, assisted by molecular docking methods, as a robust 
protocol for analysing the binding of a large number of natural and non-natural ligands to 
cellodextrin phosphorylase, a natural catalyst for the synthesis of cellulose oligomers. The 
capacity of this enzyme to interact with a variety of donor and acceptor ligands makes it ideal 
for accessing a variety of cellulose-based structures with different properties. [593] 



As an alternative, Tr-ROESY experiments have shown themselves to be useful for analysing 
glycan/receptor systems that display slow exchange on the chemical shift time scale. One 
intrinsic feature of ROESY experiments is that they allow a distinction between direct NOE 
(positive) and exchange (negative) cross peaks. The exchange cross peaks allow assignment 
of the chemical shift for a given proton in the bound state, and thus potentially characterisation 
of its chemical environment.  Given the ubiquitous participation of aromatic moieties (Trp and 
Tyr especially) at the glycan-binding sites in the proteins, the protons of the glycan in the 
bound state can show dramatic upfield shifts (ca. 2 ppm) and can thus be easily detected. 
Moreover, from the quantitative analysis of EXSY data, the kinetic parameters of binding can 
be deduced, allowing energy barriers to be derived. In particular, the conformational entropy 
of the antigenic determinants of the A and B blood group oligosaccharides when interacting 
with galectin-3 has been shown to play a major role in the molecular recognition event, 
opening the door to the design of new binders based on the proper presentation of the glycan 
binding epitope, without providing additional stabilizing glycan-protein contacts. [120]  

6.1.3. Further applications of ligand-based NMR methods: unravelling glycan-virus 
interactions

One of the major advantages of ligand-based NMR experiments is that the glycan interaction 
under investigation can involve extremely high molecular weight receptors, as long as the 
binding falls within the fast exchange range. In particular, STD NMR spectroscopy has been 
successfully applied to directly investigate the molecular recognition of glycans by various 
viruses. Key examples include studies on human norovirus, [594] rabbit haemorrhagic disease 
virus, [595] bovine norovirus, [594] influenza virus, [596-599] rotavirus, [600, 601], polyomavirus, 
[8] and virus-like particles (VLPs). [594, 596, 602]

From an NMR point of view, there are two favourable conditions for studying glycan-virus 
interactions: firstly, the extremely high molecular weight of the virus particles allows very 
efficient spin diffusion to occur, making the experiment very sensitive, and, secondly, the 
extreme broadening of the protein signals on the virus surface allows the saturation of the viral 
proteins to be induced very far from typical glycan signals, at chemical shifts for which no 
efficient saturation would be produced on medium/small sized proteins (e.g. allowing 
irradiation down to  -2 or -3 ppm), making the experiment suitable for almost any type of 
glycan, independent of the ligand chemical shifts.

However, for STD NMR on whole viruses or VLPs, [603, 604] some important parameters of 
the experimental setup have to be taken into account. The first is the relaxation delay of the 
STD NMR experiments. [603] Due to the high molecular weight of the virus, long T1 relaxation 
time constants are expected, which increase with the correlation time of the particles. As 
typical STD NMR experiments are recorded in an interleaved manner, i.e. alternating between 
on- and off-resonance experiments (to avoid the effects of drifts due to instrumental 
instabilities), the interscan relaxation delay should be long enough to ensure that no saturation 
remains after the on-resonance experiment. Rademacher and Peters have shown that in some 
cases relaxation delays in the order of tens of seconds are required, [603] and the optimum 
can indeed be found experimentally (Fig. 25a,b). Secondly, care must be taken with the off-
resonance frequency of the experiment. The extreme broadening of the protein signals from 
the surface of the virus makes it possible to produce undesirable residual saturation of the 
proteins even in the off-resonance experiment, if typical chemical shifts for such non-saturating 
experiments are used (e.g.  40-50 ppm). The presence of saturation in the off-resonance 
experiment can dramatically reduce the sensitivity of the STD NMR experiment, especially 
considering the very efficient spin diffusion in such large particles, as it reduces the “contrast” 
of saturated signals (Isat) by reducing the off-resonance intensity (I0). As an example, 
Rademacher showed that to study the interactions of glycans with rabbit haemorrhagic 
disease virus (RHDV), an off-resonance frequency of  +300 ppm had to be used to ensure 
maximum sensitivity. [595]



Fig. 25. STD NMR experiments to study glycan-virus interactions. (a) Pulse sequence showing 
interleaved measurements, where n is the number of scans; m is the number of shaped pulses 
of tGauss duration giving rise to the total saturation time tsat; 1 is the interscan delay. (b) Effect 
of the relaxation delay on the observed STD NMR intensities, when the interscan delay d1 
is varied while keeping on- and off-resonances constant (e.g. at -4 and +300 ppm). (c) Cartoon 
showing the investigation of sialyllactose binding to the influenza virus. The influenza virus 
contains the lectin haemagglutinin (H) and the enzyme neuraminidase (N). To prevent 
hydrolysis of the ligand by the N enzyme, an inhibitor is added at low concentration. 
Haemagglutinin H is specific for the type of glycan found on the avian respiratory tract (2,3-
sialyllactose) or on the human respiratory tract (2,6-sialyllactose). STD NMR is able to 
determine the specificity of the influenza virus on a mixture of both ligands.

Relevant cases of biologically important glycan-virus interactions can be found in the literature. 
In the case of RHDV, an STD NMR study demonstrated that the minimal structural 
requirement for histo-blood group antigen (HBGA) recognition by the virus is the presence of 
fucose and galactose residues. [605] The molecular recognition of HBGAs and other glycans 
by human and bovine norovirus has also been thoroughly studied by STD NMR, concluding 
that 2,3-sialyllactose binds noroviruses without much participation of the terminal sialic acid 
residue. [594] A step-wise behaviour of the STD NMR signals upon titration of HBGAs to 
norovirus particles warned about an increased complexity in the molecular recognition process 
of the glycan by the virus, at first interpreted as a cooperative multistep process [565]. Later it 
was demonstrated that a process of deamidation of a specific asparagine in the proximity of 
the ligand binding site was responsible for the strange titration behaviour seen by STD NMR. 
[606] Haselhorst and co-workers have studied thoroughly the molecular recognition of glycans 
by influenza virus, employing low concentrations of a neuraminidase-specific inhibitor to avoid 
hydrolysis of the ligand, allowing them to study binding to the hemagglutinin (Fig. 25c). [596-



600] STD NMR has also played a significant role in unveiling the molecular details of the 
recognition of glycans by rotavirus, helping in determining host cell tropism of intact rotavirus 
particles. [599-601]

6.2. Receptor-based NMR experiments

Initial receptor-based NMR experiments to investigate glycan binding to lectin receptors 
employed chemical shift perturbation experiments. [607] The specific methodology focuses on 
the analysis of the chemical shift perturbations (CSP) of the NMR signals of the receptor upon 
systematic addition of different equivalents of the glycan, employing a titration protocol with a 
number of additions. 

As in any receptor-based NMR experiment, the binding process  is monitored by measuring 
the CSPs of the receptor’s signals that take place due to the alterations in the local 
environment caused by the presence of the ligand, relative to the control experiment recorded 
for the protein in the absence of ligand. Increasing amounts of the glycan are added in a 
systematic manner, with calculated amounts of the titrating species adjusted according to the 
hypothesised binding affinity, always trying to achieve complete saturation of the system. The 
observed perturbations are used to calculate the CSP for each protein peak, using which the 
binding site can be identified. Even without previous assignment of the NMR cross peaks, this 
methodology allows detection of binding and estimation of binding affinity. Moreover, the 
exchange regime of the interaction (slow, intermediate or fast on the chemical shift time scale) 
can be deduced from the behaviour of the peaks during the titration. The KD value can also be 
estimated, including quantitatively, if saturation is reached.

The detailed resolution achievable by NMR provides a precise analysis of the molecular 
recognition processes. In recent decades, with the spectacular advances made in molecular 
biology, many strategies have been devised for achieving uniform or specific isotope labelling 
(15N, 13C) of glycan-binding receptors, and dozens of saccharide-recognition events have been 
scrutinized. Careful analysis of the heteronuclear experiments recorded for labelled receptors 
in the presence of ligands may provide key information on the accurate location of the 
interaction site, as well as any accessory areas also perturbed by the glycan and, in some 
cases, characterization of dynamics. 

Initial applications of receptor-based NMR experiments to monitor glycan-protein interactions 
employed standard homonuclear 1H NMR experiments with unlabelled lectins. [608] In 
particular, hevein [609] and other proteins containing hevein domains [610] were employed as 
excellent models for assessing the key features of lectin-glycan interactions. Thus, changes 
in 1H NMR chemical shifts allowed estimation of the equilibrium dissociation constants, KD, for 
a variety of chitooligosaccharides. Moreover, the binding affinity data were complemented by 
the derivation of three-dimensional structures of the hevein-chitooligosaccharide complexes, 
using the standard 1H-1H TOCSY/NOESY-based approach to assign the protein NMR signals 
and the maximum possible number of intra- and inter-molecular sugar-lectin NOEs, 
sometimes employing 13C-labelled oligosaccharides. The 3D structures provided an 
unequivocal demonstration of  the key role of CH- stacking sugar-aromatic interactions, [460, 
611-615],especially between the less polar faces of the monosaccharides and the acetamide 
methyl groups with the aromatic side chains of Trp and Tyr moieties of the protein. These 
investigations in natural receptors have been complemented by other NMR approaches using 
simple models, usually incorporating 13C labels, that have allowed precise quantification of the 
CH- stacking interactions [616] under different conditions, [617] depending on the 
polarization of the C-H bond, [618, 619] the chemical environment, [620] and the nature of the 
solvent. [621].  The role of the intermolecular hydrogen bonds generated between, on the 
sugar, hydroxyl groups and/or the carbonyl and NH moieties of acetamide moieties, and on 
the protein, the carbonyl or NH groups of polar sidechains (especially those of Asp, Glu, His, 
Lys, and Arg) [10] has also been demonstrated and quantified by NMR. [622, 623]  



Once labelled lectins became available on a routine basis, the standard 1H-15N HSQC-based 
CSP analysis was extensively employed for moderately sized receptors. [529] As is well 
known, when the receptor is too large for HSQC, transverse relaxation optimized spectroscopy 
(TROSY) variants can be used as an alternative, along with deuteration of the H-C protons of 
the receptor. For extremely large receptors, methyl-TROSY experiments are the method of 
choice for specifically-designed proteins that display a given methyl labelling pattern. This 
experiment, supported by mutation analysis, also allows the location of the glycan binding site 
to be determined. 

In this way, the NMR analysis of the interaction of galectins with natural glycans, [624] with 
special emphasis on lactose and lactosamine derivatives, as well as in the histo blood group 
antigens and glycomimetics [625] has been extensively studied and described.  For instance, 
the molecular features of interactions of galectin-3, [626] galectin-7, [627] and galectin-1 [628] 
have been disentangled, while the molecular dynamics associated with ligand binding have 
been scrutinized using NMR relaxation [629], again emphasising the essential participation of 
CH- stacking sugar-Trp interactions and also highlighting the role of ligand conformational 
entropy, and of the ability of galectins to modulate the recognition. [630-634].NMR relaxation 
has been instrumental in distinguishing the differences between monomeric galectin-3 [120, 
632] and the homodimer galectin-1. [119, 629] The interaction of galectin-4 with CD14, an 
intact glycoprotein decorated with 13C-labelled glycans, has also been addressed by NMR, 
[430] as well as the differences in recognition features between different lectins for the same 
glycan epitope. [635] These investigations have been carried out using either standard CSP 
methods, hydrogen-deuterium exchange, [636, 637] comparison of data from different solvent 
mixtures, [638] or paramagnetic NMR. [209, 639, 640] Moreover, as will be described below, 
galectin-3 has been chosen as a model lectin for scrutinizing the role of crowding in molecular 
recognition events. [641] 

From a global perspective, and to provide a full picture of the interaction between glycan 
ligands and protein receptors, it is highly beneficial to combine ligand- and receptor-based 
NMR methods. For instance, STD-NMR and Tr-ROESY, together with 1H-15N-HSQC 
experiments to monitor CSPs of the backbone amides of the protein upon ligand addition, as 
well as ITC methods and MD simulations, have been used to probe in depth the fine structural, 
thermodynamic, kinetic, and dynamic details of the interactions of the different monomer, 
dimer, and tandem-repeat galectins with blood type antigens and analogues. Depending on 
the particular galectin and its architecture (monomer: galectin-3; homodimer: Galectin-1, 
heterodimers: Galectin-4 and  Galectin-8), different phenomena were detected, from the 
existence of subtle selectivity for the type of blood type antigen (Galectin-4), [122] or of 
exclusive specificity for a given sugar residue depending on the lectin domain at the 
heterodimer (Galectin-8), [121] or a key role of ligand conformational entropy for the monomer 
(Galectin-3), [120] through to the transmission of allosteric effects throughout the homodimer 
interface (Galectin-1). [119]

As mentioned above, the investigation of multivalent processes by NMR is challenging. In this 
context, the interaction of a variety of multivalent presentations of LacNAc moieties with two 
galectins (monomer Gal3 CRD and homodimer Gal1) has been addressed through a 
combination of ligand-based and receptor-based NMR experiments. [407] STD NMR was 
used purely to describe the interaction of the monovalent LacNAc presentations, while HSQC 
experiments carried out with the 15N-labelled galectins were employed to monitor binding. 
Interestingly, no CSPs were observed, but the intensities of 1H-15N cross peaks of the lectin 
dramatically decreased when the multivalent ligands were added, strongly suggesting the 
existence of large complexes in solution. Then, competitive 1H-15N HSQC experiments were 
employed to disentangle the molecular recognition event. In particular, titration with a known 
competitor (LacNAc) allowed the recovery of the HSQC signal intensities, while analysis of 
the total intensity at each point permitted an estimation of the relative affinity of the 
glycopolymers for the galectins. In general, all the molecules tested preferred dimeric galectin-



1 to the monomeric CRD of galectin-3. Interestingly, it was demonstrated that a larger number 
of LacNAc units in the multivalent presentation of a ligand does not necessarily correlate with 
higher affinity, while the existence of high-order complexes and cross-linking effects was 
unequivocally demonstrated by complementary biophysical techniques, including DLS and 
cryo-EM. [407]

Given their importance in infection and inflammation, C-type lectins, [545] and especially the 
human innate immune receptor DC-SIGN, have been extensively studied by NMR, using both 
ligand-based and receptor-based methods, or combinations thereof. Focusing on the 
receptor-based approach, the key features of the interactions between DC-SIGN and mono- 
and di-fucosylated glycans of the parasitic worm Schistosoma mansoni have been dissected. 
[642] It was observed that although both ligands provided similar CSP profiles, the mono-
fucosylated ligand (LDNF) displayed larger CSPs than the di-fucosylated (LDN-DF) when the 
same number of equivalents of ligand were employed, suggesting that binding of LDN-DF was 
weaker. For DC-SIGN and its homologue L-SIGN (or DC-SIGNR), special attention to their 
interactions with N-glycans, [369, 643] as well as with the Lewis [97] and the histo blood group 
antigens has also been paid. [644]  

Langerin, another member of the C-type family of lectins, has also been the target of numerous 
NMR investigations, paying special attention to the role of allostery when designing ligands 
that specifically target this essential lectin, especially in discriminating langerin from DC-SIGN. 
A number of glycomimetics have been designed that are able to accomplish this task. In most 
cases, the receptor-based NMR approach has been complemented by ligand-based methods 
such as STD NMR and 19F relaxation. [645-649]

Another biologically important lectin is cyanovirin-N (CVN), first isolated from the 
cyanobacterium Nostoc ellipsosporum. CVN inactivates different HIV strains through specific 
binding (in the nanomolar range) to the high-Man N-glycans displayed on the viral gp120 
glycoprotein. As described in section 3.2.3.1 above, [46, 160] different NMR investigations 
using 19F- and 13C-labelled glycans have allowed key details of the molecular recognition event 
to be characterised from the ligand perspective. [650, 504] The receptor-based approach 
using a number of Man-containing ligands, representing any of the arms of the Man-9 N-
glycan, [650-652] as well as their multivalent presentations, [653, 654]  complemented the 
ligand-based information, and allowed determination of the structural details, dynamics, and 
energetic features of the CVN-glycan interaction. This also resolved the initial discrepancies 
that were reported when comparing the X-ray and NMR structures, especially regarding the 
possibility of domain swapping. [655-658]

The binding of the macrophage galactose-type lectin (MGL) to GalNAc has also been studied. 
[659] Once more, a combination of ligand-based and receptor-based NMR methodology 
allowed detection of large motions at different timescales in particular protein regions that are 
coupled to glycan binding, [660] and these results were compared to the X-ray crystal 
structures of the lectin bound to GalNAc and to the tumor associated Tn antigen. [661] By 
using receptor-based NMR experiments it was demonstrated that the binding event drastically 
altered the dynamics of the receptor. In particular, 1H-15N HSQC titration data for 15N labelled 
MGL-CRD were collected in the presence of different GalNAc containing moieties (α-
MeGalNAc, blood group antigen type A, Forssman antigen, GM2 and asialo GM2 glycolipid 
fragment). Depending on the particular ligand, while several peaks were always perturbed, 
some others only became visible in the presence of the ligand, strongly suggesting that there 
is intermediate rate broadening in the apo state resulting from conformational exchange that 
is quenched in the complex. It is tempting to speculate that some lectin regions adopt different 
conformations in the apo state, which then become structured in the bound form. The 
combination of protein NMR based experiments with STD NMR data and MD simulations 
demonstrated that MGL-CRD is extremely flexible, and that its dynamics in the complex 
critically depend on the precise GalNAc-containing ligand. [660] Alternatively, it has also been 



demonstrated that MGL is able to bind to E. coli lipopolysaccharides through distinct 
interfaces. [662, 663]

Less common isotopic labels for proteins, such as 19F, can also be exploited. Protein-observed 
19F (PrOF) NMR can also be used as a tool for the study of interactions having a wide range 
of affinities. For instance, standard 1D experiments can be used to obtain binding affinities 
(Kd). This procedure has been used with 19F labelled LecA lectin from Pseudomonas 
aeruginosa, responsible of biofilm formation in chronic infections. The label was incorporated 
using 5-fluoroindole as precursor, resulting in protein where all of the tryptophans are modified 
to become 5-fluorotryptophan (5FT) residues. 19F NMR signals were assigned by site-specific 
mutagenesis, and the analysis of the NMR titration data with various ligands demonstrated 
that the presence of a fluorine atom does not modify the binding preferences of the lectin. 
From the technical perspective, a specific tryptophan residue located in the binding site (W42) 
was used as the probe to monitor the recognition event (by Kd estimation) with low affinity 
ligands and with glycomimetics, demonstrating how PrOF NMR has the potential to drive the 
design of novel molecules with improved affinity. [664] Alternatively, the same methodology 
has been developed to monitor the binding of the histo blood group antigens and their 
disaccharide fragments to galectins, [665] given the key role of sugar-galectin CH-π stacking 
involving a conserved Trp moiety that is essential at the lactose binding site. Investigations 
were carried out for human galectin-3 (Gal3), with one carbohydrate recognition domain (CRD) 
and only one Trp residue in its sequence, and also for Galectin-8 (Gal8), which contains two 
CRDs and three Trp in the polypeptide chain (one not involved in lactose binding). Strikingly, 
the presence of the fluorine atom in the Trp ring did not decrease the affinity for sugar binding. 
Moreover, even for the weaker disaccharide ligands, the recognition event was in slow 
exchange on the 19 F NMR chemical-shift timescale, which permitted individual monitoring of 
the binding events occurring at the two distinct binding sites within Gal-8 heterodimer. [665] 
This methodology, coupled with paramagnetic relaxation experiments, has been applied to 
monitor the interactions of cyanovirin with a variety of 19F substitutions in the Trp moiety. [666]

6.3. The determination of 3D structures of low affinity protein-glycan complexes

Specific intermolecular glycan-protein interactions are responsible for triggering, shutting 
down or controlling processes of signal transduction leading to activation of biological 
functions, whose significance is well-established in the realms of biochemistry, cell biology, 
and biomedical research. [2] Ongoing research in this field is critical for further understanding 
these complex interactions and their potential applications in medical and therapeutic settings. 
[667]. In this context, an in-depth understanding of the molecular basis of these molecular 
recognition processes relies on the elucidation of the 3D structures of the interacting glycans 
and their complexes. Traditionally, most structural biology studies on protein-ligand 
interactions focus on strong or high-affinity interactions (KD below 1 µM), which can be studied 
by various biophysical experimental techniques. X-ray crystallography and cryo-electron-
microscopy are the most powerful techniques to characterise high affinity complexes at high 
resolution. [668]. However, low affinity protein-glycan interactions, frequently with KD above 
10-4 M, have also gathered attention. [669] 

Within the cellular domain, glycoproteins and glycolipids decorate all living cells, forming a 
matrix referred to as the ‘glycocalyx’, whose composition differs between different tissue and 
cell types in multicellular organisms. [670, 671] The glycocalyx plays a pivotal role in cellular 
interactions and adhesion, i.e. processes involving low affinity interactions. [672] Altered 
glycosylation is frequently associated with diseases like cancer, where abnormal glycan 
expression can serve as a prognostic marker and contribute to disease progression. [673, 
674] Lectins, carbohydrate-binding proteins, are vital for various biological processes, 
including immune cell migration, pathogen recognition, and antigen presentation. Indeed, 
pathogens such as viruses and bacteria often use lectins to mediate infection of host cells and 
evade immunity, which highlights the importance of such interactions in disease and therapy. 



Although considered a challenging or even “undruggable” type of protein receptor, [675] lectins 
are nonetheless promising drug targets for diverse pathological conditions and can also be 
exploited for targeted delivery of drugs, [676] imaging agents, and vaccines. However, the  
challenges for lectin-targeted drug design include to how deal with low ligand affinity and/or 
shallow binding sites. [675-679]

The structural characterization of these low-affinity protein-glycan complexes is challenging 
because many conventional experimental approaches fail, or become unreliable, due to the 
transient nature of the interactions (i.e. the interacting partners are mostly dissociated at 
equilibrium). Despite providing valuable insights, traditional techniques that employ cryogenic 
conditions might not accurately represent the physiological states, given that conformational 
changes could be induced by the extreme cooling conditions required. Non-cryogenic 
structures are becoming more important for ligand binding studies, as seen with the SARS-
CoV-2 main protease. [680] Additionally, low-affinity interactions often result in poor resolution 
and/or low ligand occupancy in crystal structures, hindering the accurate elucidation of the 
ligand binding mode. This constitutes a particularly important challenge for Fragment Based 
Drug Discovery (FBDD) approaches, as these rely on the atomic level characterisation of 
protein-fragment complexes during the early stages of developing potent drugs; however, a 
significant proportion of such complexes either do not crystallise or show poor ligand resolution 
in the X-ray crystallography analysis, given the short residence time of the ligand in the bound 
state. 

NMR has become a key approach for analysing these transient interactions in solution. 
Techniques like STD NMR, [454] exhaustively described above in section 6.1.1, in the context 
of glycan interactions are highly effective for studying low-affinity glycan-lectin interactions. In 
contrast, WaterLOGSY, [681, 682] another methodology that does not require isotopic 
enrichment and that is widely used to monitor other ligand-receptor interactions, is barely 
employed in the glycan field, probably due to the fact that lectin binding sites are rather shallow 
and exposed to solvent so that the required transfer of magnetization from the bound water 
molecules to the bound glycan is not effective enough. STD NMR, in particular, has 
demonstrated itself to be a robust and widely-applicable technique for (i) screening of glycan 
binding to target receptors, [683, 684], (ii) discrimination between specific and unspecific 
binders, [685] (iii) determination of dissociation constants, [546, 686] (iv) characterization of 
the glycan epitope mapping, [459] and (v) depiction of glycan orientation in the bound state. 
[459] This feature, characterised through the (DEEP) STD NMR described in section 6.1.1.1 
above, allows identification of the chemical nature of the protein side chains (i.e. aliphatic vs 
aromatic, polar vs apolar) surrounding the glycan, even in the absence of structural information 
from the protein side. [459] 

6.4. Combining NMR and MM/MD

The combination of NMR and molecular modelling protocols (including docking calculations 
and molecular dynamics simulations, among others) is essential for deriving the structural 
features and interactions of carbohydrates. [246, 459, 687, 688] This integrative approach 
offers a detailed understanding of glycan conformation and dynamics, essential for the 
advancement of glycosciences in drug discovery. Some examples of the successful 
combination of NMR and molecular modelling are described below. 

6.4.1. Computationally-assisted Structural Determination of Protein-Glycan Complexes.  
Implications for Fragment Screening and Drug Discovery



NMR provides experimental data on atomic-level details of molecular structures, and this can 
be used to validate and refine structures obtained from molecular modelling. It has been 
reported that chemical shifts can be used as structural restraints along with conventional 
molecular mechanics force fields to determine protein conformations with a backbone rmsd of 
around 2 Å. [689]. As an example of this paradigm, Hafsa et al. have proposed the use of 
chemical shift threading (using bioinformatics and a combination of sequence information and 
low-resolution structural data, either predicted or experimental) for fast and robust 
determination of protein structures. [690] This method leverages sequence and chemical shift 
similarity, together with chemical shift-derived secondary structures, shift-derived super-
secondary structures, and shift-derived accessible surface areas to generate a high-quality 
protein 3D structure.

One of the greatest strengths of biomolecular NMR spectroscopy is its ability to identify ligand 
binding sites and to characterise ligand-protein interactions. In particular, the complementarity 
of STD NMR with molecular modelling can provide satisfactory 3D pictures of these 
interactions, aiding in the design of drugs with improved binding properties, especially through 
fragment-based drug discovery (FBDD). 

Importantly, the structural characterisation of these low affinity protein-glycan interactions and 
the validation of 3D models of protein-glycan complexes have recently benefited from notable 
developments. Thus, a reduced relaxation matrix theoretical approach has been developed 
for the very fast validation of static and dynamic 3D models of low-affinity protein-ligand 
complexes against experimentally determined STD NMR binding epitopes. [691] At the time 
of writing, this new algorithm, called RedMat, is available on a web server (http://redmat.iiq.us-
csic.es/login) and performs with exceptional computational efficiency, greatly accelerating the 
determination of theoretical binding epitopes from STD initial slopes using the Cartesian 
coordinates of the 3D structure of the proposed receptor-ligand complex. Furthermore, by 
combining RedMat with funnel metadynamics MD simulations, [692] the 3D structures of low-
affinity protein-ligand complexes can be generated and monitored on the fly (Fig. 26). The 
development of such an efficient tool is of great interest for the development of new binders 
through FBDD, since it can easily be used in drug discovery pipelines to rapidly screen and 
validate a large set of 3D models of protein-fragment complexes, obtained either from docking 
or MD simulations, against the experimental STD NMR data.



Fig. 26. Cartoon representation of the RedMat protocol for the STD NMR-based validation of 
3D models of protein–fragment complexes, in combination with Funnel-MD simulations. From 
the 3D molecular models, RedMat calculates the theoretical STD initial slopes and compares 
them with the experimental values. Funnel-MD simulations allow for fast sampling of the 
conformational space of the bound ligand. The ligand orientations in agreement with the 
experimental epitope are then validated by RedMat, within minutes. The fragments are here 
represented as geometrical shapes. The NOE R-factor indicates the quality of the theoretical 
prediction.

7. Towards the future: the synergy of NMR with computation 

Computational software such as Rosetta can be very effectively complemented using sparse 
NMR data. [693] For instance, the addition of paramagnetic NMR and hydrogen-deuterium 
exchange data enhances the structural predictions accomplished by programs like AlphaFold2 
with NMR-guided Rosetta modelling [694]. Alternatively, coarse-grained MD simulations can 
handle rather complex molecular systems and predict structures that can be refined with NMR 
data, in a synergic manner. For glycoscience research, it is expected that continued 
advancements in both fields will provide access to realistic cell membrane models that 
represent the large natural diversity of lipids and proteins that provide the plasticity required 
for cell functioning. [695] These models will constitute an extraordinary tool for predicting large 



scale on-cell events, [696] that can be complemented with on-cell NMR methodologies, further 
expanding our knowledge.

7.1. AI tools and low affinity protein-ligand interactions

Recent advances in protein structure prediction tools, particularly AlphaFold 3.0 [697] and its 
variants OpenFold, [698] ESMFold, [699] and RoseTTAFold [700], are poised to significantly 
impact the field of protein-glycan interactions. These tools already display remarkable 
accuracy for predicting protein structures, including those containing disordered regions and 
flexible binding sites, which are crucial for understanding low affinity protein-glycan 
interactions. Thus, with the recent advent of AlphaFold 3.0 it is now possible to predict protein 
oligomer structures and the interaction of a protein with some specific sugar (e.g. pectate lyase 
B bound to mannose, PDB code 7BBV), as well as with RNA and DNA molecules. Recently, 
a new protocol that leverages AlphaFold2 [701] has been proposed for predicting interactions 
of non-standard ligands with disordered protein regions that are usually invisible in X-ray and 
EM structures, [702] and are often associated with low-affinity binding events. Unravelling 
these "ghost interactions" will be critical for boosting detailed analysis and understanding of 
the mechanisms behind protein-glycan complexes, thus providing new avenues for developing 
targeted therapies for those diseases associated with them.

7.2. Towards drug design. 

We have seen so far how protein-glycan interactions are ubiquitous in physiological events 
related to health and disease. We have described the multiple and various ways in which NMR 
experiments provide precise knowledge for understanding the specific molecular recognition 
processes behind biological function. A number of glycodrugs for inhibiting pathological 
processes already exist in the market, ranging from Zanamivir [703] to prevent and treat 
influenza to Voglibose [704] against diabetes, among many others. [705] However, there are 
two major challenges associated with glycans as potential therapeutic agents: i) they lack 
drug-like properties, such as high affinity, adequate bioavailability, and therapeutically relevant 
plasma half-lives; and ii) their large-scale production may be cumbersome and rather 
expensive. Therefore, focus has been paid to develop glycomimetic molecules, which can 
inhibit the pathological response, yet retain appropriate pharmacodynamic and 
pharmacokinetic properties [705].

As examples, we just highlight two of the many NMR-based studies on the development of 
glycomimetics, namely cholera toxin targetting and glycosyl transferase inhibition. The cholera 
toxin (CTB) binding site to GM1 was dissected and characterised at high resolution many 
years ago. [706] Since then, several libraries of glycomimetic inhibitors have been proposed 
[706-710] and characterized using NMR. Recent DEEP-STD NMR studies, assisted by 
computational tools, have uncovered a third, cryptic, binding subsite in the CTB binding 
pocket, in addition to the canonical sites previously characterized for the physiological binding 
of GM1. This novel binding pocket can accommodate polyhydroxyalkyl furoate moieties, thus 
opening new venues for three-finger glycan-based inhibitors. [461]

Glycosyl transferases have been the target of drug discovery campaigns for years. Since 
aberrant glycosylation, produced by their overexpression, is responsible for or involved in a 
wide range of diseases, from cancer to microbial infections, the design of glycosyl transferase 
inhibitors is a very hot topic for academic and pharma research. In particular, iminosugars 
display higher chemical and enzymatic stability than natural sugars [711] and they have been 
targeted as potential inhibitors. NMR has been used to study their bioactive conformations 
using NOESY and heteronuclear HOESY [712]. The buildup and cleavage of glycans involve 
the generation of glycosyl cations, and NMR investigations have allowed their conformations 
to be deduced. Moreover, precious information on the inhibitory process produced by mimetics 
of these intermediates has also been obtained. [713-716] Finally, ligand-based NMR methods 



have been applied to disentangle many features of their interactions with the enzymes. [717-
719]

These examples represent just the tip of the iceberg concerning the crucial role that NMR 
plays in the glycometic drug discovery arena. Many more examples exist, and many more still 
are expected to be disseminated in the coming era, also highlighting new avenues that will be 
developed through the application of in-cell and on-cell methods. 

Glycans and sugars are not only key actors in molecular recognition events, but also can take 
part in other processes of remarkable interest. For instance, the interaction of the flexible 15N-
labeled Aβ (1-42) peptide with amyloid formation inhibitors has been investigated using a 
combination of CSP-NMR and principal component analysis (PCA). Several sugars, such as 
sucrose, glucose and trehalose, were used as osmolytes, and their ability to stabilize some of 
the possible compact conformations of the peptide was examined. It was expected that the 
presence of the sugar osmolytes could inhibit amyloid fibril formation inhibition. The CSP 
analyses with the osmolytes and with other described inhibitory compounds were carried out 
at different temperatures. Interestingly, the process was shown to be rather complex, since a 
wide variety of chemical shift changes were detected in all cases, hampering the 
understanding of the dynamic changes caused by each molecule. Nevertheless, the PCA 
diagram allowed to describe two physico-chemical events. [720]

7.3. Expanding applications 

Obviously, glycan-lectin interactions in nature may take place under highly crowded 
conditions, both in-cell and on-cell, as described in section 6.1.1.3 above, [548-556] and a 
variety of methodologies have been employed to mimic the natural environment. As landmark, 
the molecular recognition events involving 15N-labeled human galectin 3 (Gal-3) in a number 
of crowding environments have been monitored using 1H-15N HSQC experiments. [721] As 
crowders, different proteins, such as bovine and human serum albumin, as well as synthetic 
molecules, including Ficoll 70 and PEG3350, were employed. Although the HSQC cross peaks 
for Galectin-3 experienced shift perturbations and line broadening in the presence of crowders, 
due both to the increase in viscosity and to the presence of large entities, the signal intensities 
were recovered upon addition of lactose, suggesting that, even in crowded environments, the 
interaction still takes place and the glycan finds its recognition site. [721]

Besides the use of Dynamic Nuclear Polarization (DNP) methods to study the structure of cell-
wall polysaccharides in situ, [557-564] this methodology also offers possibilities to monitor 
lectin-binding recognition. Under favourable conditions, Selective DNP (Sel-DNP), exploiting 
DNP-enhanced NMR under magic angle spinning, may allow identification of the lectin 
residues involved in a specific binding event without previous knowledge and without limits on 
receptor size. The interaction of galactose (Gal) with a 13C/15N double labelled LecA lectin was 
used as a proof of concept. The Gal ligand was connected to the bis-nitroxide TOTAPOL 
paramagnetic tag through a linker, in order to facilitate the transfer of polarization. Sel-DNP 
combines localized Paramagnetic Relaxation Enhancement (PRE) with difference 
spectroscopy to obtain information from a hyperpolarized binding site through highly resolved 
multi-dimensional NMR experiments. In particular, two datasets of experiments (13C–13C 
DQ/SQ one-bond correlation spectra) were acquired using a labelled protein with general 
polarizing agents AMUPol (S0, where signals are uniformly enhanced) and with the 
functionalized ligand (S1, where signal broadening is only detected for the signals of the nearby 
nuclei). The difference between the two spectra revealed the residues involved in binding. 
[722] 

8. Brief summary 



In this review, we have addressed the standard NMR protocols used to assign the NMR 
spectra of glycans, and to identify their chemical nature. The NMR parameters and 
experiments employed to study their conformation and dynamic features have also been 
described, paying attention to the influence of internal motions, and to the intrinsic chemical 
characteristics of the glycosidic linkages. A perspective on the NMR properties of the natural 
glycans and the relationship with their conformational and dynamic features has also been 
presented, expanding the discussion to include the analysis of glycomimetics. The use of 19F 
NMR to investigate fluorosugars has also been highlighted, as well as the use of paramagnetic 
NMR. The NMR study of intact glycoproteins is reaching maturity, especially when 
accompanied by the labeling of glycans with NMR-active stable isotopes. The review has also 
addressed the use of NMR and molecular recognition methodologies and approaches, both 
from the perspective of the glycan, with special emphasis on STD NMR and Tr-NOESY 
methodologies, and from that of the receptor. New avenues such as on-cell NMR have also 
been described, providing a basis for current and future advances and developments that hold 
the promise of many future applications in the flourishing field of glycans in heath and disease.

Glossary of Abbreviations 

BLI: Biolayer interferometry

CAMELSPIN: Cross-relaxation appropriate for minimolecules emulated by locked spins 

COSY: Correlated spectroscopy

Cov: Coronavirus

Covid: Coronavirus disease

CPMG: Carr Purcell Meiboom Gill

CRD: Carbohydrate recognition domain

CS: chondroitin sulfate 

CSP: Chemical shift perturbation

CT: Constant time

CVN: Cyanoviridin-N

DC-SIGN: Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin

DEEP-STD: Differential epitope mapping STD

DFT: Density functional theory

D-GlcA: D-glucopyranosyluronic acid 

DMSO: Dimethylsulfoxide

DNA: deoxyribonucleic acid

DNP: Dynamic nuclear polarization



DOSY: Diffusion ordered spectroscopy

DQ: Double quantum

DS: dermatan sulfate 

DSL: Datura stramonium seed Lectin 

FAXS: Fluorine chemical shift anisotropy and exchange for screening 

FBDD: Fragment based drug discovery

FGF: Fibroblast growth factor

Fuc: fucose 

GAG: glycosaminoglycan

Gal: galactose

GalN: galactosamine  

gg: gauche-gauche 

Glc: glucose

GlcA: glucuronic acid 

GlcN: glucosamine  

gt: gauche-trans 

HA: hyaluronan 

HB: hydrogen bonding

HEP: heparin 

HMBC: Heteronuclear multiple bond correlation

HMQC: Heteronuclear multiple quantum correlation

HOESY: Heteronuclear Overhauser effect spectroscopy

HS: heparan sulfate 

HSEA: Hard Sphere Exo-Anomeric 

HSQC: Heteronuclear single quantum correlation

IdoA: iduronic acid 

INEPT: Insensitive nucleus enhancement by polarisation transfer

ITC: Isothermal titration calorimetry



Kdo: 3-deoxy-d-manno-oct-2-ulosonic acid

Ko: d-manno-oct-2-ulosonic acid

KS: keratan sulfate 

LBT: lanthanide binding tag

LeX: Lewis-X antigen

L-IdoA: L-idopyranosyluronic acid 

L-IdoA2S: 2-O-sulfo-L-iduronic acid

L-PROSY: Looped projected spectroscopy

Man: mannose

MD: molecular dynamics simulations 

MGL: Macrophage galactose-type lectin 

Neu5Ac: Sialic acid, N-acetyl neuraminic acid

NMR: Nuclear magnetic resonance

NOE: Nuclear Overhauser Enhancement

NOESY: NOE spectroscopy

PCA: Principle component analysis

PCS: pseudo-contact shift 

PEG: Polyethylene glycol

PRE: paramagnetic relaxation enhancement 

PROF: Protein-observed fluorine 

QM: quantum mechanical 

RCA: Ricinus communis agglutinin

RDC: residual dipolar coupling 

RNA: Ribonucleic acid

ROE: Rotating frame NOE

ROESY: Rotating frame NOE spectroscopy

SARS: Severe acute respiratory syndrome

SNFG: Signal nomenclature for glycans



SQ: Single quantum

SPR: Surface plasmon resonance

STD: saturation transfer difference

TEMPO: 2,2,6,6-Tetramethylpiperidine

tg: trans-gauche 

TOCSY: Total correlation spectroscopy

TOTAPOL: 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol

Tr-NOE: transferred NOE

WATERLOGSY: Water-ligand observed via gradient spectroscopy

Xyl: xylose 
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NMR investigations of glycans are essential to deduce their conformation and dynamic features • 
Diverse NMR methodologies can be applied to decipher their molecular recognition properties • STD 
NMR and Tr-NOE methods have been widely used to understand how glycans bind to lectins • 
Paramagnetic NMR and the use of isotope labelling have allowedd accessing to challenging systems, 
including intact glycoproteins


