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A B S T R A C T

The solution conformation of hyaluronan (HA), a biopolymer in the glycosaminoglycan (GAG) family, is still not 
well understood despite its simple primary structure. The main origin of the structural flexibility of HA is its two 
alternating β(1 → 4) and β(1 → 3) glycosidic linkages and several studies have reported apparently contrasting 
evidence on the structural and dynamic behavior of these two linkages. Meanwhile, only short HA oligosac
charides have been investigated thoroughly by NMR spectroscopy and few studies have focused on comparisons 
between short and longer HA chains. We report herein a detailed conformational investigation of HA octa
saccharide and 20-mer by NMR spectroscopy based on NOEs and 3J-couplings, focusing on the glycosidic link
ages and the N-acetyl group. This is the first NMR study that provides experimental support for the existence of 
minor conformations of the β(1 → 4) glycosidic linkage and validation of the predominant conformation of the 
β(1 → 3) glycosidic linkage previously established by MD simulations. This approach provides methodologies for 
conformational analysis among different chain lengths in other glycans.

1. Introduction

Hyaluronan (also known as hyaluronic acid, HA) is a linear glycos
aminoglycan (GAG) of repeating disaccharide units consisting of D-glu
curonic acid (GlcA) and N-acetyl-D-glucosamine (GlcNAc), which are 
linked by alternating β(1 → 4) and β(1 → 3) glycosidic linkages (Fig. 1). 
HA is present in all vertebrates and it is an essential constituent of the 
extracellular matrix (ECM). The most abundant amount of HA resides in 
skin tissue and the rest can be found in other connective tissues such as 
synovial fluid, the vitreous body, and the umbilical cord (Fraser et al., 
1997). HA has a strong water-binding capacity due to its entangled chain 
structure with a polar hydrophilic face at physiological conditions, 
therefore HA is responsible for tissue hydration, lubrication, and space- 
filling (Fakhari & Berkland, 2013; van Dam et al., 2020). Despite the 
diversity of occurrence and functions of HA, it is a unique GAG since the 
simple primary structure has been preserved among all living organisms. 
Especially given the non-sulfated nature of HA, its variability of the 
primary structure lies only in the molecular size and polydispersity 
(Laurent & Fraser, 1992).

The higher-order structures of HA are more complex than its primary 
structure and have been investigated by many techniques over the years. 
Early structural studies of HA described that the molecule behaves as a 

random coil with an intrinsic stiffness (Laurent, 1955; Laurent et al., 
1960). However, further investigations provided evidence that HA has a 
secondary structure involving both intra- and/or inter-molecular 
hydrogen bonds, which means the coiling of HA was not necessarily 
random (Almond, 2007; Giubertoni, Koenderink, & Bakker, 2019; Scott 
& Heatley, 1999). Additional studies have shown that components such 
as water molecules and cations also play key roles in defining HA 
conformation (Giubertoni et al., 2021; Guss et al., 1975; Heatley & Scott, 
1988; Sheehan & Atkins, 1983). The first X-ray diffraction data indi
cated a helical structure of sodium hyaluronan fibers, but further crys
tallographic studies showed that there is a complex inter-conversion 
between double- and single-helices depending on the experimental 
conditions (Hargittai & Hargittai, 2008).

However, as to the locally dynamic structure of HA in solution, X-ray 
studies cannot fully reveal the organization of the chains. Almond et al. 
published a detailed structural analysis of HA by NMR spectroscopy and 
molecular dynamics (MD) simulations on three oligosaccharides (HA4, 
HA6, and HA8), which proposed a contracted left-handed 4-fold helix 
model for the solution conformation of HA (Protein Data Bank accession 
code: 2BVK) (Almond et al., 2006). Furthermore, they also compared 
oligomer properties with polymeric HA and suggested that there is no 
discernible difference in amide proton environment between the 
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polymer and the oligomer, which indicates that the HA octasaccharide 
can be representative of the conformation of the HA polymer (Blundell, 
DeAngelis, & Almond, 2006). Noticeably, only the interior part of the 
HA octasaccharide has been applied to mimic the HA polymer confor
mation due to end effects caused by the higher flexibility of the terminal 
residues of shorter chains (Blundell, DeAngelis, & Almond, 2006; 
Blundell, Reed, & Almond, 2006; Cowman et al., 1996; Cowman et al., 
2001). However, other studies have shown that HA oligosaccharides and 
polysaccharides behave differently in terms of hydrogen-bonding 
network, self-association, and recognition by HA-binding proteins 
(Cowman, 2017). Their hydrodynamic properties can vary from nearly 
rod-like to weakly coiled, effectively spherical forms, and more apparent 
conformational variability has also been calculated for longer HA chains 
(Cowman, 2017; Taweechat et al., 2020).

The main origin of structural flexibility of both oligo- and poly
saccharides of HA is the two β glycosidic linkages that are defined by the 
torsion angles φ and ψ (Fig. 1). Several contrasting pieces of evidence 
have been reported on structural and dynamic behavior around the β 
glycosidic linkages of HA (Cowman et al., 1996; Donati et al., 2001; 
Holmbeck et al., 1994). The MD prediction by Almond et al. indicated 
that both types of glycosidic linkages are restricted to a small region 
around (φ, ψ) = (50◦, 10◦) with similar fluctuation around the global 
minimum (Almond et al., 2006). However, a more recent MD simulation 

study suggested that the β(1 → 4) linkage is more flexible than the β(1 → 
3) linkage (Taweechat et al., 2020). In addition to the global minimum 
conformation, a number of MD simulations have shown a small per
centage of anti conformation, thus a ~ 180◦ difference in one of the 
torsion angles, placing the hydrogen atoms at the glycosidic linkage in 
anti conformation rather than the normal syn conformation (Fig. 2a and 
b) (Kutálková et al., 2020; Taweechat et al., 2020; Whitmore et al., 
2020). Such minor conformations are more frequently observed over the 
β(1 → 4) linkage with a difference in the ψ torsion angle and have been 
referred to as flips that are responsible for turns in the HA structure 
(Kutálková et al., 2020). Previous NMR experiments on HA oligosac
charides (HA8 and smaller) observed a chemical exchange between 
hydroxyl protons over the β(1 → 3) glycosidic linkage, which could be 
due to a minor anti conformation (Nestor et al., 2010), but no experi
mental evidence has been presented for such conformations in HA. Both 
the dynamics of the glycosidic linkages and the atypical minor anti 
conformation at the glycosidic linkages need to be further investigated 
experimentally in order to prove or disprove the very detailed pre
dictions made by MD simulations.

Another source of conformational variability of HA is along the N- 
acetyl side group of GlcNAc. The amide proton of HA oligosaccharides is 
known to be in an anti orientation towards H2 (Fig. 2c) (Blundell, 
DeAngelis, & Almond, 2006). Several studies have investigated whether 
there is an inter-residue hydrogen bond between the amide and the 
carboxylate groups, but such an interaction, which requires a deviation 
from the NH anti orientation, is likely not frequently populated in water 
solution (Blundell, DeAngelis, & Almond, 2006). Nonetheless, a recent 
study demonstrated that under acidic conditions, a strong inter-chain 
hydrogen-bond structure involving amide and carboxylate groups of 
adjacent residues appeared (Giubertoni, Burla, et al., 2019). Due to this 
possibility, it remains unclear whether the amide proton takes part in 
hydrogen bonds to a large extent and whether it deviates from the anti 
conformation. Our previous NMR spectroscopic studies suggested that 
NOEs involving the amide proton in the HA polymer were not consistent 
with a normal anti conformation in relation to the adjacent ring proton, 
which indicates the possible presence of a syn conformation between H2 

Fig. 1. Schematic structure of HA oligomers: HA8 (n = 3) and HA20 (n = 9). 
Two torsion angles are shown over the β(1 → 4) glycosidic linkage between 
GlcA and GlcNAc: φ (H1-C1-O4-C4) and ψ (C1-O4-C4-H4). Similarly, the two 
torsion angles over the β(1 → 3) glycosidic linkage are defined as φ (H1-C1-O3- 
C3) and ψ (C1-O3-C3-H3).

Fig. 2. Schematic representations of (a) standard syn conformation of β(1 → 4) glycosidic linkage; (b) minor anti conformation of β(1 → 4) glycosidic linkage after a 
flip; (c) normal anti conformation of the N-acetyl group; (d) minor syn conformation of the N-acetyl group.
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and NH (Fig. 2d) (Nestor & Sandström, 2017). This possible amide syn 
conformation in HA polysaccharides is not consistent with the average 
model presented by Almond et al. (2006). Meanwhile, about 2 % of syn 
conformation between H2 and NH of β-GlcNAc monosaccharide was 
also predicted (Xue & Nestor, 2022). Whether such a conformation oc
curs in more rigid and longer HA chains is still unknown.

As mentioned previously, HA8 has been extensively investigated by 
NMR spectroscopy to mimic the conformation of HA polymers in 
aqueous solution (Almond et al., 2006; Blundell, DeAngelis, & Almond, 
2006; Cowman et al., 1984; Nestor et al., 2010). However, few studies 
have focused on more detailed comparisons between HA8 and longer HA 
chains. A recent MD study suggested that the conformational landscape 
from GAG 20-mer likely provides a better representation of conforma
tions of long GAG polymers than existing conformational landscapes of 
monosaccharides and oligosaccharides (Whitmore et al., 2020). We 
hypothesize that a detailed NMR analysis of a 20-mer of HA (HA20) can 
provide a more accurate model of the HA polymer than the previous 
NMR studies on HA8.

Here we present our study on HA8 and HA20 by NMR spectroscopy to 
investigate the conformational changes between different chain lengths 
of HA. A series of NMR experiments were performed to measure NOEs 
and coupling constants under different conditions to provide more 
detailed information about the HA structure, with a special focus on the 
conformation of the glycosidic linkages and the N-acetyl group of 
GlcNAc.

2. Experimental

2.1. Nomenclature

The HA oligomers are abbreviated HAx where x refers to the number 
of monosaccharide residues in the chain. Protons are referred to as Ny 
(GlcNAcy) and Gy (GlcAy) where y indicates the proton position on the 
pyranosyl ring. The glycosidic linkages were defined by two dihedral 
angles: φ (H1-C1-Oz-Cz) and ψ (C1-Oz-Cz-Hz) respectively, where z de
pends on the linkage (3 or 4).

Syn and anti conformations of glycosidic linkages were defined based 
on the difference between the two torsion angles, φ and ψ. Specifically, a 
difference of 0◦ ± 90◦ corresponds to the syn conformation, while a 
difference of 180◦ ± 90◦ corresponds to the anti conformation according 
to the IUPAC nomenclature (Cross & Klyne, 1976; Klyne & Prelog, 
1960). In practice, this means that the protons at the glycosidic linkage 
(H1 and Hz) are on the same side of the glycosidic linkage in syn con
formations and on opposite sides in anti conformations.

The N-acetyl group was defined by two torsion angles: θ1 (H2-C2-N- 
NH) and θ2 (C2-N-CO-CH3). Syn and anti conformations correspond to 
θ1 = 0◦ and θ1 = 180◦, respectively. The amide bond, defined by θ2, is 
considered a predominant trans (θ2 = 180◦) conformation in this study.

2.2. Sample preparation

2.2.1. Degradation
HA polysaccharide (hyaluronic acid sodium salt in powder form from 

Streptococcus equi bacteria, a gift from Galderma, Uppsala, Sweden; Mw 
400 kDa) solution (5 ml, 30 mg/ml) was degraded by treatment with 
bovine testicular hyaluronidase (5 ml, 5968 units/ml) (CAS Number 
37326-33-3, Sigma Aldrich) in 0.2 M NaCl solution at pH 4.4 overnight 
at 37 ◦C and the reaction was terminated by boiling for 15 min. The 
digest was lyophilized and dissolved in 50 mM NaCl buffer solution at 
pH 4.0. The solution was centrifuged at 30,000 rpm for 5 min and the 
supernatant was collected for fractionation by HPLC.

2.2.2. Separation
The mixture of HA oligosaccharides was separated by ion-exchange 

chromatography using a SAX-HPLC preparative column (column di
mensions: 150 mm × 20 mm, using HYPERSIL GOLD SAX™ as packing 

material with particle size of 5 μm). The separation was performed after 
1 ml sample injection by using eluent A (50 mM NaCl solution at pH 4.0) 
for 5 min followed by a linear gradient from 100 % eluent A to 100 % 
eluent B (1.2 M NaCl solution at pH 4.0) for another 5–60 min, with 1.2 
ml/min flow rate and 214 nm UV detection (Fig. S1) (Volpi, 2007). All 
fractions were collected automatically and further concentrated by 
speed vacuum centrifugation at 1500 rpm at 25 ◦C and then lyophilized.

The obtained powder from the fractions containing HA8 and HA20 
were each dissolved in 1 ml, 0.1 M ammonium acetate pH 7.8 and then 
further purified from salt and other contaminations by size-exclusion 
chromatography. A sample loop (1 ml) was used for injection on an 
ÄKTA system consisting of a Sephadex G-10 column (GE Healthcare, 
Uppsala, Sweden), a P-900 pump, a UV-900 detector, and a Frac-900 
fraction collector. Isocratic elution with 0.1 M ammonium acetate pH 
7.8 at a 1.5 ml/min flow rate was used and the eluates were monitored 
under 214 nm, 260 nm, and 310 nm UV detection, and fractions were 
collected automatically based on the UV signals.

The pure fractions containing HA8 and HA20 were lyophilized for at 
least 24 h to eliminate ammonium acetate contamination. The HA 
oligomers were further loaded on a Dowex 50WX8 cation exchange 
column in its H+ form to remove ammonium ions and to obtain the 
samples in its protonated form. The column was made from a disposable 
glass Pasteur pipette packed with the cation exchange resin with a small 
plug of glass wool at the outlet. Before loading the sample, the resin was 
activated by 100 mM HCl followed by flushing with Milli-Q® water until 
discoloration of the eluate disappeared and pH went back to neutral. The 
samples were dissolved in 600 μl Milli-Q® water, loaded on the column 
and fractions were collected by elution with Milli-Q® water. Fractions 
containing HA were pooled and pH was adjusted to 7.0 with 100 mM 
NaOH, producing the sodium salt of HA. The fractions were lyophilized 
for further NMR analysis.

2.3. NMR spectroscopy

HA8 and HA20 samples were dissolved in either 90 % H2O/10 % D2O 
or D2O (600 μl) respectively, to obtain one HA8 (11 mM) and one HA20 
sample (8 mM). The pH of the samples was fine-tuned to 7.0 ± 0.2 with 
HCl or NaOH solutions. Given an almost complete dissociation of HA 
carboxylate groups at pH 7.0 (pKa of 3.0), the final sodium ion con
centration was close to 44 and 80 mM, respectively, for the HA8 and 
HA20 samples. The sample was transferred into a 5 mm NMR sample 
tube for further analysis.

NMR spectra were recorded at either 5 ◦C or 25 ◦C on a Bruker 
Avance III 600 MHz spectrometer using a 5 mm 1H/13C/15N/31P inverse 
detection CryoProbe equipped with a z-gradient. 1H,13C-HSQC-NOESY 
and 1H,13C-HSQC-ROESY spectra from the Bruker pulse sequence library 
(hsqcetgpnosp and hsqcetgprosp, respectively) were recorded with 1 k 
data points in t2 and 256 increments in t1 using 64 scans per increment 
and a relaxation delay of 1.5 s. For each sample, eleven 1H,13C-HSQC- 
NOESY spectra were recorded with mixing times (τm) ranging from 20 to 
300 ms, whereas one 1H,13C-HSQC-ROESY spectrum was recorded with 
τm of 200 ms.

Heteronuclear long-range J-HMBC spectra (Willker & Leibfritz, 
1995) were recorded with 2 k data points in t2 and 256 increments in t1 
using 32 scans per increment and a relaxation delay of 1.5 s. The 
maximum evolution time τmax was set to 200 ms and 150 ms for HA8 and 
HA20 respectively, and 10 spectra were recorded with evolution times 
(τm) ranging from 20 to 198 ms for HA8 and from 10 to 148 ms for HA20. 
Constant-time J-HMBC spectra (Bruker pulse sequence hmbcetgpjcl2nd), 
where long-range couplings can be measured directly from the indirect 
dimension of the spectra, were also recorded (Meissner & Sørensen, 
2001). Three spectra were recorded on each sample with a scaling factor 
(κ) of 21–53, 2k data points in t2 and 128–500 increments in t1 using 32 
scans per increment and a relaxation delay of 1.5 s. The coupling evo
lution delay was set to 250 ms in all constant-time J-HMBC experiments. 
NMR spectra were processed with TopSpin 4.0.6 (Bruker). The same 
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integral areas and processing parameters were used for each spectrum 
under the same experimental condition.

2.3.1. Calculation of interproton distance
The 1H,13C-HSQC-NOESY mixing time series (20–300 ms) were 

evaluated by using the Peak Amplitude Normalization for Improved 
Cross-relaxation (PANIC) approach (Hu & Krishnamurthy, 2006; Kolmer 
et al., 2015; Macura et al., 1986). Using this approach, each NOE cross- 
peak is normalized within the same spectrum to cancel out the nonlinear 
component in the NOE buildup curves according to Eq. (1): 

anormalized volume =
aAB

(nBaAA + nAaBB)/2
(1) 

where aAB is the NOE cross-peak, aAA and aBB are the diagonal peaks, and 
nA and nB are the number of protons. The PANIC approach yields linear 
build-up curves where the cross-relaxation rate is obtained from the 
slope of the curve by simple linear regression. The isolated spin-pair 
approximation was used to obtain distances from cross-relaxation rates: 

rIS = rref

(
σIS

σref

)−
1
6

(2) 

where rIS is the distance between proton I and S, and σIS is the cross- 
relaxation rate. Distances are obtained by calibration of the cross- 
relaxation rates against an internal distance standard, i.e. rref, with σref 
being the cross-relaxation rate of the reference distance. As reference 
distance, G1–G3 was chosen and the reference distance was set to 2.56 Å 
based on an average structure model of HA8 (Almond et al., 2006). Only 
the buildup curves that exhibited a coefficient of determination (R2) 
equal to or greater than 0.95 were chosen for the subsequent calculation 
of interproton distances. Each build-up curve included a minimum of 8 
data points (Figs. S2 and S3).

2.3.2. Calculation of heteronuclear coupling constants
The long-range proton-carbon coupling constants over the glycosidic 

linkages and within the N-acetyl group were measured quantitatively by 
a series of gradient-selected J-HMBC experiments with increasing 
coupling evolution time τm. The signal amplitude of the cross-peaks 
showed a characteristic sinusoidal dependence and accurate JCH 
coupling constants could be obtained by fitting the ideal sinusoidal 
curve to the experimental data (Figs. S4 and S5) (Willker & Leibfritz, 
1995): 

I = k× sin(π× JCH × τm) (3) 

where I is the intensity of the integration values and k is the scaling 
factor.

Coupling constants from constant-time J-HMBC spectra were 
measured from 1D projections of the resonances of interest, utilizing the 
splitting by κ × nJCH in the f1 dimension.

2.3.3. The acetamido group
Starting from the HA8 model predicted by Almond et al. (2006)

(Protein Data Bank accession code: 2BVK), the torsion angle θ1 was 
incremented by 1◦ within the range of − 180◦ to − 140◦ and 160◦ to 180◦, 
and the angle was incremented by 10◦ within the range of − 140◦ to 
160◦, resulting in a total of 90 different angles. A list of the corre
sponding interproton distances of NH-H1, NH-H2, and NH-H3 was 
generated at each angle.

Furthermore, two coupling constants 3JH2-NH and 3JH2-CO were also 
calculated based on parameterized Karplus equations within the range 
of − 180◦ to 180◦ (Hu, Carmichael, & Serianni, 2010): 

3JH2− NH = 5.08 − 0.83cosα+5.02cos(2α)+ 0.03sinα+0.06sin(2α) (4) 

3JH2− CO = 3.11 − 2.02cosα+2.88cos(2α) − 0.04sinα+0.05sin(2α) (5) 

where α is the H2-C2-N-NH torsion angle (equivalent to θ1) for 3JH2,NH 
and the H2-C2-N-CO torsion angle for 3JH2-CO.

2.3.4. The glycosidic linkages
In the 2BVK model, the two torsion angles φ and ψ at the glycosidic 

linkages were simultaneously rotated in 10◦ increments from − 180◦ to 
180◦, resulting in 1369 (37 × 37) combinations, and the θ1 torsion angle 
of GlcNAc was correspondingly kept at the most probable angle previ
ously determined. A list of the corresponding interproton distances (G1- 
N2, G1-N3, G1-NH, G1-N4, G2-N2 for the β(1 → 3) linkage and N1-G4, N1- 
G3, N1-G5 for the β(1 → 4) linkage) was generated from each combina
tion of φ and ψ . The procedure was repeated with 1◦ increments around 
the global minima of φ and ψ.

3JN(C3)-G(H1) and 3JG(C4)-N(H1) were calculated based on the parame
terized Karplus equation related to the torsion angle φ within the range 
of − 180◦ to 180◦ (Säwén et al., 2010): 

3JCH(φ) = 6.54 cos2(φ − Δ) − 0.62 cos(φ − Δ) − 0.17 (6) 

where Δ = +12◦ for β-D-hexopyranosides.

3. Results and discussion

3.1. Isolation of HA

HA polysaccharide was enzymatically degraded with hyaluronidase 
as previously described (Chen et al., 2009; Gold, 1982) and the product 
mixture was separated by anion exchange chromatography (Fig. S1). 
The fractions with even-numbered HA chains (HA8 and HA20) possessed 
β(1 → 3) glycosidic linkages at both termini, which corresponds to the 
degradation pattern shown by testicular hyaluronidase (Weissmann 
et al., 1954). HA8 and HA20 were dissolved in 90 % H2O/10 % D2O as 
well as in pure D2O for NMR analysis at both 5 and 25 ◦C.

3.2. Interproton distances and J-couplings

To address the conformation of the glycosidic linkages and N-acetyl 
groups of HA with different chain lengths, NMR observables were 
measured, in particular, interproton distances from 1H cross-relaxation 
rates, and three-bond hetero- and homonuclear coupling constants. 
Inter-residue NOEs between GlcA and GlcNAc are particularly useful to 
define the geometry of the glycosidic linkages due to the absence of large 
J-couplings. Of the two major side groups, the carboxylate on GlcA and 
the acetamido group on GlcNAc, only the conformation of the latter can 
be defined by proton NOEs and J-couplings (3JHH and 3JCH) (Holmbeck 
et al., 1994). However, 1H,1H-NOESY spectra can only provide limited 
information because of the severe overlap of proton signals in the 
medium-sized sugar molecules, which makes the analysis of proton 
distance challenging. Previous studies utilizing 1H,1H-NOESY spectra on 
HA oligosaccharides have been hampered by these challenges, espe
cially over the glycosidic linkages, since the spectral overlap between 
N3, G4 and G5 cannot be fully resolved (Donati et al., 2001; Holmbeck 
et al., 1994; Nestor et al., 2010). To avoid such a problem, 2D 1H,13C- 
HSQC-NOESY experiments were recorded in this study, which takes 
advantage of the larger spectral dispersion in the carbon dimension and 
can achieve an unambiguous assignment by alleviating signal overlap. 
In this NMR experiment, the important inter-residue NOEs that convey 
conformational information appear well separated in the carbon 
dimension as shown in Fig. 3a–c. Furthermore, to demonstrate the well- 
dispersed carbon resonances, the corresponding HSQC spectrum is also 
shown in Fig. 3d. Resonances that have similar proton chemical shifts 
(such as N3/G4/G5) are well separated in the carbon dimension, thus, 
NOE cross-peaks can be used directly to determine the inter-proton 
distances without subtraction of overlapping cross-peaks.

When analysing NOEs, the presence of relayed NOEs may affect the 
results considerably, especially with long mixing times (Bax et al., 
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1986). This effect, also known as spin diffusion, is caused by a third 
proton C in close proximity to the two protons A and B, which will affect 
the measured distance rAB by a relayed or two-step NOE pathway from A 
via C to B. Several examples of relayed NOEs were observed from the 
HSQC-NOESY spectra. For example, the G2-N1 NOE in Fig. 3c is most 
probably due to a relayed NOE via G4. In order to avoid NOEs with 
significant contribution of spin diffusion, 1H,13C-HSQC-ROESY spectra 
were recorded, where direct NOE cross-peaks are always of the opposite 
sign compared to the diagonal/HSQC cross-peaks, whereas cross-peaks 
due to spin diffusion are of the same sign or too weak to be detected 
(Bax et al., 1986). Thus, only NOE cross-peaks with the correct sign in 
HSQC-ROESY spectra were used for further analysis (Fig. S6). In addi
tion, the linearity of the NOE build-up curves were investigated and 
NOEs from long mixing times with deviations from the linear shape were 
omitted.

Since the 1H and 13C chemical shifts of the interior residues (GlcNAc 
and GlcA, respectively) are either identical or very similar in HA8 and 
HA20, proton distances were measured as an average over all interior 
residues in this study.

In addition, 3JCH were obtained from long-range J-HMBC spectra 
(Fig. S7) and 3JHH were obtained from 1D 1H NMR spectra (Fig. S8) to 
determine the dihedral angles of the glycosidic linkages and the acet
amido group. However, due to spectral overlap and/or small coupling 
constants, only one 3JCH from each glycosidic linkage could be deter
mined (3JN(C3)-G(H1) and 3JG(C4)-N(H1)), as well as one from the N-acetyl 
group (3JH2-CO).

In order to perform an unbiased analysis of the NMR data, we 
decided to start from NMR data only without any input from MD sim
ulations or similar. Using simple analysis of each torsion angle, we could 
estimate their values based on NOEs and J-couplings. The results were 
then compared to other experimental and computational studies. When 
a single conformation was not enough to explain the NMR data, we used 
input from previous computational studies to generate a conformational 
ensemble.

3.3. Conformation of the acetamido group

Torsion angle θ1 of the acetamido group is used to assess the 
conformation of the flexible C2-N2 bond, in which H2 and NH are 
generally considered to be in an anti orientation in both GlcNAc 
monosaccharide and HA oligosaccharides (Blundell, DeAngelis, & 
Almond, 2006; Donati et al., 2001; Hu, Zhang, et al., 2010). As shown in 

Fig. 3a, most of the strong NOE cross-peaks to NH originate from the 
neighboring positions in GlcNAc (N1, N2, N3 and CH3), of which NH-N1, 
NH-N2, and NH-N3 were used for conformational analysis. Together 
with two J-couplings (3JH2-NH and 3JH2-CO) that are sensitive to the θ1 
torsion angle, the five sets of experimental data were used to determine 
the geometry of the acetamido side group in HA8 and HA20 (Table 1).

Our experimental interproton distances are in good agreement with 
the predicted distances from MD simulations (Almond et al., 2006) and 
from earlier NMR studies (Donati et al., 2001; Holmbeck et al., 1994). 
The two J-couplings are also consistent with values derived from the 
GlcNAc monosaccharide, showing an anti conformation of the N-acetyl 
side group (Xue & Nestor, 2022).

The absolute differences between our NMR data (Table 1) and 
calculated distances and J-couplings from the model structure were 
used to obtain the root mean square deviation (RMSD) across the entire 
torsion angle span. Minimization plots were generated, where the 
global minimum corresponds to the most probable value of the torsion 
angle θ1 (Fig. S9). The global minima for HA8 and HA20 were found at 
(165 ± 6)◦ and (− 167 ± 13)◦, respectively, which represents the 
average structure and is close to 180◦, equivalent to a strict anti 
conformation. Thus, the orientation of the N-acetyl group is very 
similar in HA8 and HA20, which is consistent with earlier conclusions 
from NMR studies on HA oligo- and polysaccharides (Blundell, 
DeAngelis, & Almond, 2006; Cowman et al., 1984). The results suggest 
a slight tilt of NH towards N3 in HA8 and towards N1 in HA20, but it 

Fig. 3. Selected regions of 2D NMR spectra showing the interior residues of HA20 (8 mM in 90 % H2O/10 % D2O at 5 ◦C, mixing time (τm) = 0.3 s): (a) 1H,13C-HSQC- 
NOESY spectrum of the GlcNAc amide proton region; (b) and (c) 1H,13C-HSQC-NOESY spectrum of the anomeric proton region; (d) corresponding cross-peaks in the 
1H,13C-HSQC spectrum.

Table 1 
Interproton distances (Å) and J-couplings (Hz) that are sensitive to the torsion 
angle θ1.

NH-N1 NH-N2 NH-N3
3JH2-NH

3JH2-CO
a

Experimental HA8
b 2.8 ±

0.1
2.9 ±
0.1

2.6 ±
0.1

10.4 ±
0.1

3.6 ± 0.3c; 
3.5 ± 0.3d

HA20
b 2.7 ±

0.1
3.0 ±
0.1

2.8 ±
0.1

10.1 ±
0.1

2.8 ± 0.1d; 
2.9 ± 0.2d

Calculated HA8
e 2.7 3.0 2.4 10.2 3.6

HA20
e 2.5 3.0 2.6 10.4 3.7

a J-couplings from J-HMBC; CT-J-HMBC experiments.
b At 5 ◦C in 90 % H2O/10 % D2O.
c At 5 ◦C in D2O.
d At 25 ◦C in D2O.
e Calculated interproton distances from the model structure and coupling 

constants from the parameterized Karplus equations after adjusting the torsion 
angle θ1 to the global minimum.
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should be noted that the data is averaged over several residues, so 
there may be differences along the chain. Also, the obtained average 
conformations do not exclude the presence of minor conformations, 
but the excellent fit between experimental and calculated data suggests 
that the major anti conformation is predominant. Any significant dif
ferences from this conformation with sufficient lifetime would be 
observed as a shorter H2-NH distance and with differences in the 
coupling constants. The only clear difference between experimental 
and calculated data is observed for 3JH2-CO of HA20 (2.8–2.9 Hz from 
NMR data and 3.7 Hz from the parametrized equation). However, the 
parametrized Karplus equation was derived from the GlcNAc mono
saccharide with an implicit water model, which may not accurately 
mimic the real water-solute interactions (Hu, Carmichael, & Serianni, 
2010). The glycosidic linkages on GlcNAc C1 and C3, dynamics of the 
GlcNAc ring and the nearby sodium ion could all affect the magnitude 
of the coupling constant compared to the calculated value.

The torsion angle corresponding to the global minimum for each 
condition was applied to subsequent glycosidic linkage calculations to 
ensure that differences in the acetamido group conformation were 
included.

3.4. Conformation of the β(1 → 3) glycosidic linkage

Three interproton distances (G1-N2, G1-N3, G1-NH) and one trans- 
glycosidic coupling constant (3JN(C3)-G(H1)) were obtained from NMR 
experiments to investigate the conformation of the β(1 → 3) glycosidic 
linkage. NOEs from G1-N3 and G1-NH have previously been observed in 
short HA oligosaccharides (Almond et al., 2006; Donati et al., 2001; 
Holmbeck et al., 1994; Nestor et al., 2010). These two NOEs support the 
syn conformation over the glycosidic linkage and are in agreement with 
the exo-anomeric effect. Another NOE from G1-N2 has earlier been 
observed in both NOESY and ROESY spectra and was considered as “a 
genuine cross-peak” with little effect from spin diffusion (Donati et al., 
2001; Nestor et al., 2010). In addition, two interproton distances, G1-N4 
and G2-N2, were set to be longer than 4 Å, as they did not show any NOE 
correlation in the 1H,13C-HSQC-NOESY spectra.

Similar to the torsion angle θ1, our experimental results (Table 2) 
were further compared with distances and J-couplings obtained from the 
model structure. RMSDs between experimental and modeled data were 
calculated based on five interproton distances and one J-coupling and 
minimization diagrams were plotted as shown in Figs. 4 and S10.

The heatmaps show the (φ, ψ) distribution of the β(1 → 3) glycosidic 
linkage for HA8 and HA20, respectively. The global minimum of (φ13, 
ψ13), corresponding to the smallest deviation between the experimental 
NMR data and the computed model, is located at ((46 ± 6)◦, (15 ± 9)◦) 
for HA8 (Figs. 4a and S10a). This result is close to the MD simulation 
results from HA4 and HA6 reported by Almond et al. (2006) with average 
(φ13, ψ13) angles of (50.7◦, 9.7◦). All the currently reported data on 
glycosidic linkage torsion angles of HA in solution are from MD simu
lations, which require the inclusion of explicit water models in the 

simulations (Guvench, 2022). However, choosing the most reliable 
water model is not straightforward because differences between these 
models may generate differences in solute-solvent interactions, which 
then propagate to differences in solute behavior (Florová et al., 2010). 
Previous simulations including explicit water models gave generally 
consistent values of φ13, typically between 46◦ and 52◦, but values of ψ13 
display significant variation, spanning from − 10◦ to 25◦ (Almond et al., 
2006; Donati et al., 2001; Gargiulo et al., 2010; Holmbeck et al., 1994; 
Kaufmann et al., 1998; Taweechat et al., 2020; Whitmore et al., 2020). 
Our results are purely based on NMR data and provide experimental 
support to the β(1 → 3) conformation established by MD simulations.

As can be seen in Table 2, the G1-N3 distance was slightly longer in 
HA20 compared to HA8, accompanied by a slightly shorter G1-N2 dis
tance. This difference propagates into an altered conformation of the 
glycosidic linkage with (φ13, ψ13) angles of ((51 ± 7)◦, (35 ± 18)◦) for 
HA20 as shown in Figs. 4b and S10b. The theoretical and experimental 
values agree very well, where the values of HA20 are almost identical. 
This consistency supports the presence of a predominant conformation 
of the β(1 → 3) glycosidic linkage without significant contribution of 
minor conformations.

Importantly, the minimization plots (Fig. 4) are single-state models 
and can only be used to target the global minimum conformation as long 
as minor conformations are not populated to a significant amount. 
Minima other than the global minimum do not represent minor pop
ulations since no steric restraints were added or energy minimizations 
were performed. Thus, the second minima in Fig. 4 at (− 20◦, 30◦) and 
(− 20◦, 60◦) for HA8 and HA20, respectively, are not representative of 
minor populations. Recent MD simulations have found minor pop
ulations at (φ13, ψ13) angles of (65◦, − 149◦) (Whitmore et al., 2020) and 
(62◦, − 143◦) (Lutsyk & Plazinski, 2021), but with free energies of 13–15 
kJ/mol compared to the global minimum. This is equivalent to a minor 
population of <1 %, which would be very difficult to detect with our 
NMR methods.

3.5. Conformation of the β(1 → 4) glycosidic linkage

Three interproton distances (N1-G4, N1-G3, N1-G5) and one trans- 
glycosidic coupling constant (3JG(C4)-N(H1)) were obtained from the NMR 
analysis to investigate the conformation of the β(1 → 4) glycosidic 
linkage (Table 3). The short N1-G4 distances obtained from HA8 and 
HA20, which are equivalent to the expected syn conformation over the 
glycosidic linkage, are almost identical to the distance from the previous 
MD model (Almond et al., 2006). However, the N1-G3 distance obtained 
from HA20 and the N1-G5 distance obtained from HA8 and HA20 are 
much shorter than predicted from the model. No NOE was observed 
between N1 and G5 from HA8, resulting in only two NOEs and one J- 
coupling for analysis of the β(1 → 4) glycosidic linkage conformation. 
This did not provide enough data for building a model based on NMR 
data only, especially since the J-coupling is sensitive to only one of the 
two dihedral angles.

Table 2 
Interproton distances (Å) and one trans glycosidic J-coupling (Hz) that are sensitive to the conformation of the β(1 → 3) glycosidic linkage.

G1-N3 G1-N2 G1-NH G1-N4 G2-N2
3JN(C3)-G(H1)

a

Experimental HA8 2.5 ± 0.1b 3.4 ± 0.1b 2.6 ± 0.1c >4f >4f 3.9 ± 0.2d; 4.1 ± 0.1e

HA20 2.7 ± 0.1b 3.2 ± 0.1b 2.5 ± 0.1c >4f >4f 3.3 ± 0.3e; 3.3 ± 0.2e

Calculated HA8
g 2.3 3.6 2.3 4.4 4.8 3.8

HA20
g 2.6 3.2 2.5 4.4 4.8 3.3

a J-couplings from J-HMBC; CT-J-HMBC experiments.
b At 5 ◦C in 90 % H2O/10 % D2O and D2O.
c At 5 ◦C in 90 % H2O/10 % D2O.
d At 5 ◦C in D2O.
e At 25 ◦C in D2O.
f Distances were set to be longer than 4 Å.
g Calculated interproton distances from the model structure and coupling constants from the parameterized Karplus equations after adjusting the torsion angles φ 

and ψ to the global minima.
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An attempt was made to build a model from the three NOEs and one 
J-coupling from HA20. However, the heatmap based on RMSDs between 
experimental and theoretical data did not show a well-defined global 
minimum, with all RMSDs >0.5 (Fig. S11). The lack of consistency be
tween theoretical and experimental values show that the experimental 
data do not support the presence of one predominant conformation over 
the β(1 → 4) glycosidic linkage. Instead, it suggests that two or more 
different conformations coexist over the β(1 → 4) glycosidic linkage.

To explore the correlation between the NMR data and various con
formations, we employed the conformations derived from the MD 
simulation conducted by Whitmore et al. (2020) on HA20. Their study 
assessed the β(1 → 4) glycosidic linkage based on Gibbs free energy ΔG 
(φ14, ψ14) minima and revealed one global minimum (conformation I: 
ΔG = 0 kcal/mol) along with two additional local minima (conforma
tion II: ΔG = 1.31 kcal/mol and conformation II′: ΔG = 1.42 kcal/mol). 
The global minimum conformation I (φ14, ψ14) = (50.0◦, − 3.1◦) (Fig. 5a) 
is similar to the MD simulation data reported by Almond et al. (2006)
with average (φ14, ψ14) angles of (47.9◦, 8.0◦). The two minor confor
mations II and II′ are anti conformations located at (φ14, ψ14) = (35.0◦, 
167.0◦) and (φ14, ψ14) = (60.0◦, − 153.1◦), respectively (Fig. 5b and c). 
The calculated interproton distances and 3J coupling constant based on 
each of these conformations are presented in Table 4. Comparison of 
these three conformations with the NMR data further confirmed the 
existence of an equilibrium between major and minor conformations 

across the β(1 → 4) glycosidic linkage. Therefore, the expected ratio 
between the conformations at 5 ◦C was calculated based on the reported 
ΔG of each conformation, and was determined to be 83 %, 9 %, and 8 %, 
respectively. The ratio of each conformation was taken into account, 
leading to further calculations of the weighted interproton distances and 
3J coupling constant (Table 4). The calculated interproton distances 
show a maximum deviation of 0.2 Å from the experimental data of HA20 
(Table 3), suggesting that the experimental results are in good agree
ment with this conformation distribution ratio.

Furthermore, by adjusting the distribution ratio of the three con
formations, a ratio that best fits the HA8 experimental data was found. 
This ratio consists of 92 % conformation I and 8 % conformation II′, 
where the calculated interproton distances and 3J-couplings are almost 
identical to the experimental data. In addition, the weighted interproton 
distance of N1-G5 was calculated to be 4.0 Å, thus further supporting the 
reason for the absence of the N1-G5 NOE cross-peaks in the 1H,13C- 
HSQC-NOESY spectra of HA8.

Fig. 5 clearly illustrates that the two anti conformations display 
significantly shorter interproton distances for N1-G3 and N1-G5 
compared to the syn conformation. This observation explains the 
discrepancy between the experimental data and the calculated values 
based on the assumption of a 100 % syn conformation. In both HA8 and 
HA20, conformation I stands out as the predominant conformation, and 
both chain lengths are predicted to populate 8 % of conformation II′. 
However, HA20 exhibits an additional 9 % of conformation II, which is 
absent in HA8. Our findings provide the first experimental support for an 
equilibrium between syn and anti conformations over the β(1 → 4) 
conformation, previously predicted by MD simulations.

Anti conformations or “flipped” conformations over the β(1 → 4) 
linkage induced by Na+ interactions have recently been associated with 
distinct hairpin-like structures that are observed in MD simulations 
(Kutálková et al., 2020). With the amount of anti conformation predicted 
from our NMR data (8 % in HA8 and (9 + 8)% in HA20), on average one 
out of four HA8 molecules has a β(1 → 4) linkage in anti conformation 
since one HA8 has three β(1 → 4) linkages (1/(4 • 3 β(1 → 4) linkages) =
0.08). For HA20, on average 1.5 β(1 → 4) linkages in each molecule are 
in anti conformation since one HA20 has nine β(1 → 4) linkages (1.5/(9 
β(1 → 4) linkages) = 0.17). According to previous MD simulations, these 
anti conformations are short-lived, in the order of tens of nanoseconds 
(Kutálková et al., 2020), which could explain why we do not observe 

Fig. 4. Conformational heatmaps showing the (φ, ψ) distribution with 10◦ × 10◦ bins of the β(1 → 3) glycosidic linkage of (a) HA8 and (b) HA20. Colors indicate the 
RMSD values ranging from highest (blue) to lowest (red).

Table 3 
Interproton distances (Å) and one trans glycosidic J-coupling (Hz) that are 
sensitive to the conformation of the β(1 → 4) glycosidic linkage.

N1-G4 N1-G3 N1-G5
3JG(C4)-N(H1)

a

Experimental HA8 2.2 ±
0.1b

2.8 ±
0.1b

abs. 3.5 ± 0.2; 3.3 ±
0.3c

HA20 2.4 ±
0.1b

2.7 ±
0.1b

2.8 ±
0.1b

n.d.; 3.5 ± 0.2c

Calculatedd HA8 2.3 4.4 3.9 3.6

a J-couplings from J-HMBC; CT-J-HMBC experiments.
b At 5 ◦C in 90 % H2O/10 % D2O and D2O.
c At 5 ◦C in D2O.
d Interproton distances and calculated coupling constant from the parame

terized Karplus equation based on the model structure (φ14, ψ14) = (47.9◦, 8.0◦); 
abs. = absence; n.d. = not determined.
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separate chemical shifts from these conformations. However, since they 
populate a significant amount of the β(1 → 4) linkages, they will still 
affect the measured cross-relaxation rates and coupling constants, as 
observed herein.

3.6. Comparison between the conformation of HA8 and HA20

Thus far, there is no clear conclusion whether the conformation of 
HA oligosaccharides in aqueous solution can accurately represent the 
conformation of its longer chains. Previous studies combining NMR 
analysis and MD simulations have primarily focused on shorter oligo
saccharides (Almond et al., 2006; Donati et al., 2001; Holmbeck et al., 
1994; Sattelle et al., 2015). NMR studies on amide protons (Blundell, 
DeAngelis, & Almond, 2006; Cowman et al., 1984) and hydroxyl protons 
(Nestor & Sandström, 2017) of HA8 and HA polymers found that their 
properties including chemical shifts and temperature coefficients are 
similar. Notably, these studies only focused on the interior part of HA8 
because terminal residues of oligosaccharides are typically more mobile 
than the interior residues (Cowman et al., 2001). Previous studies have 
observed chemical shift differences that indicate perturbed conforma
tions and dynamics at the terminal residues of HA oligosaccharides 
(Blundell, Reed, & Almond, 2006). Therefore, end effects and local chain 
dynamics may influence the average values of proton distances in short 
oligosaccharide chains, and longer HA chains such as HA20 are less 
affected by these issues.

Our data suggest that there are only small differences in the 
conformation between HA8 and HA20. Both chain lengths showed almost 
identical conformations of the N-acetyl group and the glycosidic link
ages, except for a 20◦ difference of ψ13 and a larger amount of anti 
conformation over the β(1 → 4) linkage in HA20. However, it should be 
pointed out that HA20 is still much shorter than the native HA polymers 
and it is still an open question whether these effects are more pro
nounced when going to longer chain lengths or whether other effects are 
more important.

When comparing the overall structures of the 2BVK model and our 
NMR-derived models of HA8 and of HA20, the structures are similar 
resembling a four-fold left-handed helix (Fig. 6). The axial rise per 
disaccharide is predicted to be 8.8 Å in HA8 and 7.4 Å in HA20, which can 
be compared to the 2BVK model (8.4 Å) (Almond et al., 2006) and X-ray 
fiber diffraction refinement of sodium hyaluronate (8.5 Å; PDB accession 
code 2HYA) (Guss et al., 1975). However, the predicted anti confor
mation of β(1 → 4) linkages induces a twist similar to a hairpin (Fig. 6d), 
which creates a structure that is completely different from the elongated 
structure. Given that each HA20 is predicted to have an average of 1.5 
β(1 → 4) linkages with an anti conformation (conformer II or II′), the 
twisted structure (Fig. 6d) is a more likely representation of HA20 than 
the elongated structure (Fig. 6c). Whether the hairpin-like structure is 
stabilized by inter-strand interactions (hydrogen bonding or ionic in
teractions), similarly to other glycan hairpins found recently (Fittolani 
et al., 2023; Yadav et al., 2024), remains to be investigated 
experimentally.

According to MD simulations, the formation of the hairpin-like 
structure is induced by interactions with a sodium ion (Kutálková 
et al., 2020). Since the present study was performed with the sodium salt 
of HA, such interactions are expected. Further studies could be done to 
investigate the role of the counterion, whether the type of ion and its 
concentration have an impact on the proportion of hairpin-like struc
tures formed. Kutálková et al. (2020) concluded that there is a salt- 
dependent variation of the formation of temporary hairpin-like- 
structures and related this to a decrease of the end-to-end distance at 
higher salt concentration.

4. Conclusions

According to our NMR data and comparisons with model structures, 
there is no significant difference in the acetamide group between HA8 
and HA20, and the torsion angle θ1 of both chain lengths follows a clear 
anti conformation. As for the β(1 → 3) glycosidic linkage, the NMR data 
support the presence of a single predominant conformation for both 
chain lengths. The global minima of (φ13, ψ13) for HA8 and HA20 are 
located at ((46 ± 6)◦, (15 ± 9)◦) and ((51 ± 7)◦, (35 ± 18)◦), 

Fig. 5. Schematic representations of three possible conformations of the β(1 → 
4) glycosidic linkage: (a) conformation I with syn conformation between N1 and 
G4; (b) conformation II with anti conformation between N1 and G4; (c) 
conformation II′ with anti conformation between N1 and G4.

Table 4 
Three minimal conformations from MD simulations (Whitmore et al., 2020) and 
two weighted ratios, along with their corresponding interproton distances (Å) 
and 3J-couplings (Hz).

Conformation Percentage (%) N1- 
G4

N1- 
G3

N1- 
G5

3JG(C4)-N 

(H1)I II II′

MD simulationa 100 0 0 2.2 4.4 4.0 3.4
0 100 0 3.6 1.9 2.1 4.8
0 0 100 3.4 1.8 3.5 2.3

Weighted 
calculation

83 9 8 2.3 2.5 3.0 3.4
92 0 8 2.2 2.8 4.0 3.3

a In the MD simulation, the dihedrals were defined as φ (O5-C1-O4-C4) and ψ 
(C1-O4-C4-C3). For conversion to our definition, φ (H1-C1-O4-C4) = φ (O5-C1-O4- 
C4) +118.7◦ and ψ (C1-O4-C4-H4) = ψ (C1-O4-C4-C3) − 119.3◦.
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respectively. Finally, for the β(1 → 4) glycosidic linkage, NMR data did 
not match with one single conformation, indicating the presence of a 
conformational equilibrium at this linkage. By employing one syn and 
two anti conformations from previous MD simulations, the major syn 
conformation was predicted to be the same for both chain lengths. 
However, two minor anti conformations were equivalent to the NMR 
data of HA20, accounting for 8 % and 9 %, respectively. In contrast, only 
one minor anti conformation was predicted from NMR data of HA8, 
accounting for 8 % of the total. Overall, the conformations of HA8 and 
HA20 at the glycosidic linkages exhibit subtle differences. This is the first 
NMR study that provides the substantiation for the existence of minor 
conformations over the β(1 → 4) glycosidic linkage, along with valida
tion of the β(1 → 3) conformation previously established by MD 
simulations.

This study highlights the usefulness of NMR to provide experimental 
evidence that can be compared with predictions made by MD simula
tions. We anticipate that liquid-state NMR will be crucial for further 
investigations of HA in solution and solid-state NMR will be of great 
importance for conformational studies on high-molecular weight HA, as 
shown recently by the group of van der Wel (Rampratap et al., 2024).
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