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Abstract: The conformational properties of hyaluronic acid (HA) oligomers in aqueous solution
were investigated by combining high-resolution NMRexperimental results, theoretical simulation of
NMR two-dimensional (2D) spectra by Complete Relaxation Matrix Analysis (CORMA), and
molecular dynamics calculations. New experimental findings recorded for the tetra- and hexasac-
charides enabled the stiffness of the HA and its viscoelastic properties to be interpreted. In
particular, rotating frame nuclear Overhauser effect spectroscopy spectra provided new informa-
tion about the arrangement of the glycosidic linkage. From 13C NMR relaxation the rotational
correlation time (tc) were determined. The tc were employed in the calculation of geometrical
constraints, by using the MARDIGRAS algorithm. Restrained simulated annealing and 1 ns of
unrestrained molecular dynamic simulations were performed on the hexasaccharide in a box of
1215 water molecules.

Theb(13 3) andb(13 4) glycosidic links were found to be rigid. The lack of rotational degree
of freedom is due to direct and/or water-mediated interresidue hydrogen bonding. Both single or
tandem water bridges were found between carboxylate group and N-acetil group. The carboxylate
group of glucuronic acid is not involved in a direct link with the amide group of N-acetyl
glucosamine and this facilitated bonding between the residue and the water molecules. © 2001
John Wiley & Sons, Inc. Biopolymers 59: 434–445, 2001

Keywords: hyaluronan; polysaccharide conformation; NMR; molecular dynamics; Complete Re-
laxation Matrix Analysis

INTRODUCTION

Hyaluronic acid (HA) belongs to a family of extra-
cellular polymers, the glycosaminoglycuronans,

found throughout the animal kingdom. It is a high
molecular weight linear polysaccharide with the re-
peating disaccharide structure composed of b-D-glu-
curonic acid (GlcA) and 2-acetamido-2-deoxy-b-D-
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glucose (GlcNAc) residues connected byb(1 3 3)
andb(13 4) links. The repeating disaccharide unit is
shown in Figure 1.1

HA has various interesting biological functions
due to its physicochemical properties. Its intrinsic
viscosity and chain stiffness are necessary for the
organization of cartilage proteoglycans into aggre-
gates,2 providing a viscoelastic medium in the vitre-
ous humor of the eye and synovial fluid3 and main-
tenance of tissue hydration.4 Many other functions of
HA related to its capacity to specifically interact with
proteins have recently been discovered. These include
the control of cell adhesion, differentiation and mi-
gration, and tissue morphogenesis by specific cell-
surface receptor interactions.5 The proteins, such as
aggrecans, versican, and hyaluronectin, involved in
these processes, have homologue domains specific for
HA-binding. Similar regions have been found in cell
surface receptors involved in cell adhesion.

The importance of HA has aroused much interest
in its conformation in solution, for insight into the
relationship between structure and properties. Short
HA oligosaccharides have been shown to retain the
specific interactions and biological effects of high
molecular weight HA polysaccharides,6 and this fact
confirms the importance of obtaining structural infor-
mation from molecules containing a few monomers.

Nuclear magnetic resonance is widely used to re-
solve biopolymer structure in solution and has been
applied to the conformational analysis of oligosaccha-
rides in nonaqueous solvents, D2O and H2O. Unfor-
tunately, the structure of the sugar monomers severely
reduces the NMR information available to resolve the
three-dimensional (3D) arrangement of carbohydrates
oligomers. In first place, the overlap of the1H NMR
signal complicates the extraction of NOE-derived
constraints. Additional problems and errors in the
estimate of cross-peak intensities are due to the topol-
ogy of spin systems of each residue that produce

strong1H–1H coupling and a certain degree of spin
diffusion.

The conformation and dynamics adopted by oli-
gomers of HA in solution have been investigated by
several authors, but some important aspects are still
not clear. For example, contrasting evidence is re-
ported on structural and dynamic behavior around
b-glycosidic linkages. Holmbeck et al.7 found that
b(13 3) andb(13 4) glycosidic links have different
dynamic behavior, with higher mobility aroundb(1
3 4), by analysis of1H nuclear Overhauser effect
spectroscopy (NOESY) data, coupled with restrained
and unrestrained MD calculations. On the contrary,
Cowman et al.8 inferred from13C chemical shift data
that theb(13 3) linkage is significantly more flex-
ible.

In this study we provided accurate structural and
dynamic information from NMR of tetra (HAt) and
hexasaccharides (HAh), having GlcNAc as reducing
residue. From these experimental data, the geometry
of the glycosidic links and side groups was obtained,
by restrained molecular dynamic calculations, for the
higher of the two oligomers (HAh). Internuclear up-
per and lower bounds, used as constraints in the MD
simulation, were calculated from ROESY cross-peak
intensities, by theoretical calculation based on Com-
plete Relaxation Matrix Analysis.9 CORMA approach
has been widely used for structural refinement of
biopolymers. The related software, MARDIGRAS,10

gives excellent results in the treatment of NOE inten-
sities of nucleic acid spectra, overcoming the spin
diffusion effect when determining distance constraints
especially when sugar protons are involved.11,12This
approach allows to use longer mixing time.

Great advantages were obtained by investigating
the oligosaccharide having GlcNAc instead of the
GlcA as reducing residue. In this case separation of
thea- andb-anomer peaks enabled us to isolate some
major interresidue dipolar interactions. We were

FIGURE 1 Schematic drawing of HAh showing atoms and residues numbering. The two dihedral
anglef andc of the glycosidic linkage are defined in the text. GlcA:b-D-glucuronate; GlcNAc:
N-acetylglucosamine (inside the parentheses are the residue identifiers used in 2D-spectra figures).
Brackets define the repeating disaccharide unit.
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therefore able to extract more quantitative distance
constraints without making arbitrary assumptions
about superimposed peaks.

Accurate force fields for molecular mechanics and
molecular dynamic calculations have been available
for a long time, for structural determination of pro-
teins and nucleic acids. These force fields (MM2,13

MM3,14 CHARMM,15 GROMOS,16 AMBER,17

TRIPOS,18 etc.) were also used for oligosaccharides.
In the present work we adopted GLYCAM_93, a
specific force field for oligosaccharides and glyco-
proteins that was recently developed by Woods and
co-workers.19 GLYCAM_93 was developed for use
with the TIP3P model for water and the all-atom
AMBER force field.

To define the structure of HA, we also studied the
conformation of side chains and the arrangement the
of inter- and intraresidue hydrogen bonds, by molec-
ular dynamics calculations. Previous authors8,20–22

have proposed a hydrogen bond (H-bond) across the
b(1 3 3) linkage, between the GlcNAc–O4H and
GlcA–O5, and two hydrogen bonds across theb(13
4) linkage, the first between GlcA–O3H and
GlcNAc–O5 and the second is (water-mediated) be-
tween GlcNAc–NH and GlcA carboxylate oxygen.
Beside this view, the presence of other arrangements
of water molecules, bridging carboxylate and amide
groups across ab(1 3 4) linkage, emerged from
theoretical calculation.

MATERIAL AND METHODS

Sample

The two oligosaccharides, HAt (dimer) and HAh (trimer),
was kindly supplied as sodium salt from FIDIA (Abano
Terme and Trieste, Italy), and used without further purifi-
cation. High grade pure water was obtained from a Milly-Q
(Millipore) apparatus and 99.95% deuterated D2O was pur-
chased from ISOTECH (Matheson USA Company—Ohio,
USA).

NMR Methods

NMR experiments were performed with a Bruker DRX-600
AVANCE spectrometer operating at 600.13 and 150.89
MHz for 1H and 13C respectively, equipped with anxyz
gradient unit. As probeheads we used a reverse triple reso-
nance (1H, 13C, BB) probe withxyz gradients for two-
dimensional (2D) experiments, and a double resonance (1H,
BB) probe withz-gradients for13C inversion recovery ex-
periments.

13C Spin–lattice relaxation rates were measured using an
Inversion Recovery with Gate Decoupling pulse sequence.
Data analysis were performed by a three-parameter expo-
nential regression of the longitudinal magnetization recov-
ery curve. The variable delayt assumed the following
values: 0.05, 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 0.8, 1.0,
1.5, 2.5, 5.0, 8.0, 15.0 s with a recycle time (d1) of 15 s. The
maximum experimental error forR1 was 5%.

Nuclear Overhauser effect spectroscopy (NOESY),23

double quantum filtered correlated spectroscopy (DQF-
COSY), total COSY (TOCSY),24 and rotating frame
NOESY (ROESY)25 were acquired with 2048 complex
points for 256 experiments with 8 s recycle delay (3 s for
TOCSY experiments) and time proportional phase incre-
mentation (TPPI) phase cycle. A 45° shifted squared-sine
window function was applied in both dimension for every
set of data and zero filled to 1024 points along F1. ROESY
and NOESY sets of spectra were acquired in D2O as solvent
with mixing times of 50, 100, 150, 200 ms, and 50, 200, 400
ms respectively. NOESY spectra in H2O (H2O 90%–
D2O 10%) were acquired at 276 and 298 K using a
WATERGATE sequence as observation pulse and 30, 80,
and 200 ms as mixing time. Four different ROESY spec-
tra with mixing time of 200 ms were acquired, using
different transmitter offsets (6.5, 4.0, 3.0, and 2.0 ppm).
The TOCSY experiment with the MLEV sequence was
recorded at 100 ms mixing time. All the experiments
were performed with a spectral width of 10.12 ppm and
the transmitter offset was set at 4.701 ppm (4.698 ppm
for the 276 K experiment).

The data was processed with NMRpipe26 (version 3.3)
software, and 2D spectra were analyzed with SPARKY
software.27 Integration of the cross-peak volumes in the
ROESY spectrum were done using the Gaussian-fitting al-
gorithm of SPARKY.

Constraint bounds were generated with the MARDI-
GRAS algorithm, which uses a complete relaxation matrix
approach, assuming overall isotropic molecular motion. Hy-
brid relaxation matrices were built using the cross-peak
volume of the 200 ms spin lock ROESY intensities assum-
ing an isotropic correlation time of 1.23 10210 s. As
starting model for MARDIGRAS calculation, was used the
final structure of a preliminary unrestrained molecular dy-
namics (MD) and subsequent full energy minimisation.
MARDIGRAS can account for the offset dependence of the
transverse relaxation in the rotating frame and for homo-
nuclear Hartmann–Hahn (HOHAHA) distortion of the in-
tensities, giving the carrier frequency and coupling con-
stants, respectively. To account for integration errors, we
used a procedure that calculates final upper and lower bound
from a statistical set of bounds generated by a series of
MARDIGRAS runs in which user-defined percentage error
is randomly added on top of an absolute noise errors
RAND-MARDI.28 Here 500 random distance bound sets
were created, using 10% as the minimum percentage error
for all intensities, and an absolute noise error equal to the
smallest peak.
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Molecular Modeling and Structure
Refinement

Molecular dynamic simulations were performed with
AMBER5.029 suite of programs, on Silicon Graphics (SGI),
INDIGO 2 Solid Impact and OCTANE computers equipped
with RISC R10000 and R12000 processors respectively,
working under IRIX 6.3 and IRIX 6.5 operating systems.
The molecular model of the HAh-Na3 and the explicit water
molecules box (1215 TIP3P water residues) with a total
VdW box size of 30.9953 35.5383 35.416 Å, were built
by using xLeap and tLeap module of AMBER5.0. Periodic
boundary conditions and a constant pressure (1 bar) algo-
rithm were applied for the whole simulation. Pressure scal-
ing was obtained allowing all atoms to independently move.
Nonbonded cutoff was set at 12 Å and solute was allowed
to interact with solvent images. All intramolecular solute–
solute nonbonded interactions were calculated, regardless of
whether the interatomic distances were greater than cutoff.
The integration step size was of 1 fs. SHAKE algorithm30

was applied. Sequential inter-proton distances, obtained by
NMR, were constrained using 32 kcal/mol-A2 as force
constant. The protocol of the simulation can be considered
as divided in two subsequent parts. A first set of three
sequential simulated annealing calculations were performed
in order to avoid hot spots in the system and bad interactions
between the molecule and the solvent, to produce a good
starting structure for the second part of the dynamics in
which constant temperature conditions were applied. In the
first block, all three simulated annealing calculations fol-
lowed the same protocol: (1) equilibration period for 10 ps
at 10 K; (2) annealing by heating to 700 K in 50 ps; (3)
maintaining at 700 K for 50 ps; (4) cooling at 10 K in 10 ps.
Experimental constraints were applied for the whole first
block of the simulation. In the third period constraints were
incremented by a factor 1.5. The system (hexasaccharide in
the water box) obtained at the end of the simulated anneal-
ing was subjected to energy minimisation without con-
straints.

In the second block of the MD, calculations were per-
formed at constant temperature of 300 K for 1 ns after a
short annealing from 10 K to the working temperature. In
this second part, the distance constraints were forced to
rapidly vanish after 100 ps. Minimization and equilibration
of the system and molecular dynamic simulations were
performed using SANDER module of AMBER5.0, with
GLYCAM-93 as force field.

In the refinement procedure the accuracy of the model
obtained at the end of molecular dynamic calculation was
evaluated on the basis of theRNMR factor, comparing ex-
perimental and theoretical ROESY spectra calculated using
the following formula31:

RNMR 5
¥i ,j ,mWij~tm!uIij

calc~tm! 2 Iij
exp~tm!u

¥i ,j ,mWij~tm!Iij
exp~tm!

whereI ij (tm) are the NOE intensities for thei and j atoms
(with i Þ j ), tm is the mixing time andWij (tm) are weights

to be used in order to lower the effect of the experimental
error.

For the analysis of the persistence of inter-residue hy-
drogen bonds, we defined an hydrogen bond as being made
if the distance between D (H-donor) and A (H-acceptor)
was less than 3.5 Å and the angle DOH . . . A was less than
60°.

RESULTS AND DISCUSSION

13C-NMR Relaxation Data

The dynamic behaviour of HAt and HAh was deter-
mined by13C relaxation time experiments. The relax-
ation of protonated carbons is dominated by the di-
polar relaxation vector13CO1H. Since the internu-
clear distance can be considered constant at our level
of approximation (rCH 5 1.08 Å), relaxation becomes
modulated only by the reorientational correlation time
tc. Analysis of the correlation time provides insights
into the distribution of motion along the backbone and
the side chains of the molecule.32,33 The tc was cal-
culated by the equation:

R1C 5
1

10

gH
2gC

2\2

rCH
6 F 3tc

1 1 vc
2tc

2 1
tc

1 1 ~vH 2 vc!
2tc

2

1
6tc

1 1 ~vH 1 vc!
2tc

2G
ExperimentalR1 and the respective calculatedtc val-
ues for13C nuclei of HAt are reported in Table I.

The tc values showed homogeneous distribution
along the HAt chain, indicating that there are no
additional motions with same time scale as the iso-
tropic tumbling which dominate the relaxation. Only
the methyl groups had a very low value oftc. This
behavior is due to the contribution of rapid jump
motion. On the contrary, C6 in the GlcNAc residues
have atc very similar to the other carbons of the
backbone (tc 5 1.31 3 10210 s). This value oftc

suggests that free rotation of this group (OCH2OH) is
restricted by formation of a hydrogen bond. Since the
hydroxymethyl group is quite far from the adjacent
GlcA residues, it could be only involved in an intra-
residue H-bond. Similar results were obtained for
HAh. Recent results,34,35 appear to show a higher
mobility of the terminal sugars with respect to the
interior ones, on the basis of the13C–T1 analysis. The
absence of differentiation that we observed between
interior and terminal residues, could be due to the
higher operating magnetic field. In fact, at 600 MHz,
the relaxation parameters are less sensible to the vari-
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ation of motion condition, and this could mask the
already very small differences observed at 300 MHz
by Cowman et al.35 Considering the molecular weight
of HAt and HAh, the average correlation time is
relatively short, indicating that this dominating mo-
tion is mainly due to rotation along the main axis of a
linear molecule. This behavior is confirmed by
13C–T1 experiments performed by Cowman et al.35 on
a series of oligosaccharides with different length, in
which the relaxation time changed very slightly, vary-
ing from 3–40 residues.

Resonance Assignment
1H and 13C assignments for the tetra- and hexasac-
charide were consistent with available data36,37except
for H4 and H5 of a-GlcNAc1, which were assigned to
the resonances at 3.74 and 3.71 ppm, respectively, on
the basis of the intensity of the ROESY cross-peaks
with H1 of the same residue.

Side Group Conformation

Our work was facilitated by the use of oligomers with
GlcNAc as reducing residue. This enabled us to com-

pletely unravel the intraresidue and interresidue (se-
quential) HN interactions and to isolate some impor-
tant sequential cross-peaks of nonlabile protons. Fig-
ure 2 shows the HN region of NOESY spectrum of
HAh in water, recorded at 276 K. From dipolar con-
nectivities of GlcNAcn HN, it was evident that the
intraresidue interactions HN–H1 and HN–H2 were
smaller than the intraresidue HN–H3 and sequential
GlcNAc1 HN–GlcNAc2 H1 for botha andb forms of
GlcNAc1.

It was more difficult to observe differences be-
tween cross peaks for the HN of internal residues
because of superimposed peaks, but it was still pos-
sible to see that intraresidue HN–H2 cross peak was
smaller than corresponding intraresidue HN–H3 and
sequential HN cross-peak, and that the latter two (cou-
ples of superimposed) peaks had the same intensity.

FIGURE 2 Amide protons region of the NOESY spec-
trum of HAh in 90% H2O/10% D2O, recorded at mixing
time of 200 ms,T 5 276 K. Protons with “a” or “b”
subscript are referred to protons ofa and b anomers, re-
spectively.

Table I 13C Experimental Relaxation Rate and
Calculated Correlation Time for a 2 3 1022M
Solution of HAt in D 2O at T 5 298 K

d (ppm)
Carbon

No. Residue R1 (s21) tc (10210 s)

103.493 C1 GlcA-2[a] 1.93 0.96
103.385 C1 GlcA-4 2.02 1.02
100.983 C1 GlcNAc-3 2.67 1.52
95.151 C1 GlcNAc-1[b] 2.14 1.10
91.468 C1 GlcNAc-1[a] 2.92 1.79
83.455 C3 GlcNAc-3 2.39 1.28
82.779 C3 GlcNAc-1[b] 1.93 0.96
76.792 C5 GlcA-2 2.62 1.48
76.123 C5 GlcA-4 1.92 0.95
75.893 C5 GlcNAc-3 1.89 0.93
75.808 C3 GlcA-4 2.40 1.29
74.058 C3 GlcA-2 2.55 1.41
73.125 C2 GlcA-4 2.19 1.13
72.871 C2 GlcA-2 2.32 1.22
72.110 C4 GlcA-4 2.35 1.25
71.702 C5 GlcNAc-1[a] 2.55 1.42
68.945 C4 GlcNAc-3 2.47 1.34
60.947 C6 GlcNAc-3 2.43 1.31
55.982 C2 GlcNAc-1[b] 2.61 1.47
54.637 C2 GlcNAc-3 3.07 1.96
53.350 C2 GlcNAc-1[a] 1.94 0.96
22.907 CH3 GlcNAc-3 0.26 0.12
22.646 CH3 GlcNAc-1[b] 0.22 0.096
22.393 CH3 GlcNAc-1[a] 0.19 0.087
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For analysis of these NOESY data, we considered
the acetamido group in three different environments.
In fact, the HN protons can be found: (a) on the
reducing end of a (GlcA–GlcNAc)n oligomer; (b) on
the internal GlcNAc; (c) at the nonreducing end of a
(GlcNAc–GlcA)n oligomer. In the first case, the HN of
reducing residue do not have the possibility of form-
ing H-bonds (NH–OC) with the carboxylate group of
a GlcA(n21) sugar. In the second one, the internal
GlcNAcs have both the possibilities of interaction
with preceding or subsequent residues. At the nonre-
ducing end, the acetamido group does not experience
any perturbation from GlcA(n11) sugar and HN has a
better chance to link with the carboxylate of the
GlcA(n21) residue.

Analyzing the relative intensities of cross peaks
together with chemical shift andJ-coupling data of
HN protons, we confirmed that the H2OC2ON2OHN

dihedral angle is in anti conformation for all GlcNAc
residues and that there is no direct H-bond between
GlcNAcn HN and the carboxylate group of GlcA(n21).
In fact, HN cross-peak intensities were compatible
with ananti conformation in which the dihedral angle
H2OC2ON2OHN is rotated of about 170°, and this
dihedral angle is consistent with the measuredJ cou-
pling (9.1 Hz). This rotation is unfavorable for the
formation of a direct NHOOC H-bond that should
require a dihedral angle of2140°/2150°. Moreover,
according to Cowman et al.,38 the chemical shift val-
ues of the HN of the reducing end were downfield
shifted by (about) 0.1 ppm with respect to the internal
ones. In this case the absence of an H-bond with the
GlcA(n21) residue should result in an upfield shift of
the proton resonance. On the contrary, in oligomers
with GlcNAc at the nonreducing end, an upfield shift
of HN it is recorded with respect to internal ones. In
this case, we could expect a downfield shift because
the H-bond with the carboxylate should be easier to
form.

To gain information on the global conformation of
the HA it is also important to determine the local
conformation of the carboxylate side group. Its orien-
tation is directly related to the lack of the direct
H-bond with HN across theb(13 4) linkage. Unfor-
tunately, it is not possible to obtain solution informa-
tion about this group by1H-NMR, and information
about its behavior were obtained by indirect evidences
and molecular dynamic simulation (see below).

Glycosidic Links Conformation

The overall conformation of HA oligosaccharides is
defined by thef andc torsion angles of theb(13 3)
and twob(13 4) glycosidic linkages (Figure 1). The

main source of information that NMR spectroscopy
can provide to resolve oligomer conformation is based
on the dipolar interaction between protons resident in
adjacent residues. Since the NOESY spectra were
strongly distorted by COSY-type peaks due to3J
coupling, we used ROESY spectra of HAt and HAh
recorded at several mixing times. ROESY spectra
resulted much less affected by coherence transfer
betweenJ-coupled spins.

Recently, other authors have used residual dipolar
coupling together other NMR data (NOE,J coupling)
for exploring conformation of complex oligosaccha-
rides.39 This valuable method require the preparation
of the molecule in an oriented medium, such as bi-
celles, that potentially could affect the conformation
of highly flexible molecules. In our opinion, the struc-
ture of oligosaccharides in solution, which is strongly
modulated by solvent molecules, could be particularly
sensible to the hydrodynamic interactions that drive
the orientation of the molecules. For this reason, our
study is focused on the goal of gaining the maximum
of accuracy in obtaining1H–1H distances from ROE
data in solution.

The extraction of internuclear distances from
ROESY cross-peak intensities was a crucial point of
the present study. CORMA brilliantly overcame the
problems due to spin diffusion in ribose and deoxyri-
bose sugars, enabling sugar pukering, sugar–base dis-
tances, and sequential connections in nucleic acids to
be determined. With regard to spin topology, the
pyranose ring of oligosaccharides, resembles, to some
extent, the ribose moiety of nucleic acids. For this
reason and to meet the objective of obtaining the
highest accuracy in calculating internuclear distances,
we applied CORMA to HAt and HAh.

To calculate the highest number of cross-peak in-
tensities, we used all the available information from
both tetrasaccharide and hexasaccharide with the fol-
lowing procedure. All quantitative measurements
were obtained from HAt, which had much better
resolved spectra. Then, on the basis of the similarity
between HAt and HAh ROESY spectra, we assumed
for the hexasaccharide the same sequential distances
calculated at theb(13 3) andb(13 4) linkage for
the tetrasaccharide. Semiquantitative distances in-
volving the labile protons of N-acetyl group were
determined by NOESY spectra of HAh in H2O.

Figure 3 shows the region of cross peaks to ano-
meric protons of the ROESY spectrum of the HAt
recorded at mixing time of 150 ms in D2O. Although
the region spans 0.2 ppm along F2, and about 1.0 ppm
along F1, many cross peaks appear well separated.
For some partially overlapping peaks, it was possible
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to calculate individual volumes using the deconvolu-
tion algorithm of SPARKY.

The main information extracted from the ROESY
spectra (Figure 3) regards the sequential cross-peak
present between GlcNAc1 H2 and GlcA2 H1 that is
completely isolated from the bulk of the other peaks.
This interaction was also observable for the other
sequential protons GlcNAc3 H2–GlcA4 H and for the
same sequential connections in HAh (supplementary
material), though for the hexasaccharide we observed
extensive overlapping of the anomeric protons of the
second and third repeating units. Moreover similar,
but less intense sequential connection was observed
between GlcAn H2 and GlcNAc(n11) H1 across the
b(1 3 4) linkage. These cross peaks are not due to
spin diffusion or direct TOCSY artefacts of the
ROESY spectra. In fact, both kinds of cross peaks, in
rotating-frame NOE spectroscopy have the opposite

sign to genuine ROEs.40 The possibility of subtle
effects generating “false” ROE cross peaks by multi-
step transfers was also considered.41 In fact, the Glc-
NAc(n) H2–GlcA(n11) H1 cross peaks could be due to
a dipolar transfer, between H1 and H3 across ab(13
3) linkage, followed by a TOCSY transfer between H3

and H2 of a GlcNAc. To resolve this uncertainty, we
performed several ROESY experiments with different
transmitter offsets. In all these cases, the cross peak
did not vanish even if the intensity was slightly dif-
ferent. This evidence led us to consider these cross
peaks as genuine, with a possible small contribution
of the TOCSY multistep transfer.

Other considerations support this analysis. In fact,
in the ROESY spectra a cross peak between GlcA(n)

H2 and GlcNAc(n21) H3 is absent. In the case of
TOCSY multistep transfer, we should also observe
this false ROE, since this couple of hydrogens has the
almost identical arrangement of the GlcA(n) H1–Glc-
NAc(n21) H2 couple. Moreover, all the GlcA(n) H1–
GlcNAc(n21) H2 distances calculated from x-ray42–44

and NMR7 structures, deposited at the Protein Data
Bank, range from 3.79 to 3.93 Å. As such the distance
should be observable in rotating frame NOE experi-
ments. This finding sheds new light on the conforma-
tional problem of theb(13 3) andb(13 4) (Glc-
NAc(n)–GlcA(n11)–GlcNAc(n12)) glycosidic links,
and was fundamental for the subsequent theoretical
conformational analysis by molecular dynamics cal-
culations.

Other known observable sequential interactions
were between GlcNAcn H3 and GlcAn11 H1, and
between GlcAn H4 and GlcNAcn11 H1 in the ROESY
spectra recorded in D2O, and between GlcNAcn HN

and GlcAn11 H1 and between GlcNAcn HN and Gl-
cAn21 H4 in the NOESY spectra recorded in H2O.
Long-range interactions were absent.

The presence of detectable sequential H2–H1 and
strong H3–H1 cross peaks, suggests that theb(13 3)
andb(13 4) bonds have restricted motions. Indeed,
any rotation around the glycosidic linkages should
drive H2 far from the sequential H1 with the result of
vanishing the already small NOE effects.

ROESY cross peak intensity were used to calculate
geometrical constraints (interproton distances) for the
oligosaccharides using MARDIGRAS10 program. In
Table II are reported upper and lower bounds for the
sequential interactions. Reference distances were ob-
tained from x-ray diffraction data on HA, available
from the Protein Data Bank.42 We considered as fixed
the distances between H1 and H3 and between H1 and
H5 of the same residue. In the crystal these were found
2.6 and 2.4 Å respectively.

FIGURE 3 Anomeric protons region of the ROESY spec-
trum of HAt in D2O recorded at mixing time of 150 ms,T
5 298 K. Protons with “a” or “b” subscript are referred to
protons ofa andb anomers, respectively.
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With regard to cross peaks involving the protons of
a andb forms of the reducing end, we normalized the
integrated volume for an equilibrium ratio of 60%(a)–
40%(b), calculated from the monodimensional spec-
trum recorded in D2O, integratinga-H1 and b-H1

peaks of the reducing residue. NOESY cross peaks of
labile protons observed in water were treated adopting
only upper limits of 4.5 Å. The strong intraresidue
diaxial interactions H1–H3, H1–H5, and H2–H4 con-
firmed the presence of the4C1 conformation for the
sugars.

Molecular Dynamics Calculation

The calculated upper and lower bounds were used in
the restrained molecular dynamics (rMD) simulation

of the hexasaccharide in the presence of three Na1 as
counterions and explicit solvent (H2O).

Figures 4 and 5 show the time course of the 1 ns
MD simulation. Bothf andc dihedral angles in the
b(13 3) andb(13 4) linkage oscillated in a narrow
range and no sudden conformational change was ob-
served. Averaged dihedral angles for the reducing
end, internal and non-reducing end are reported in
Table III. The behaviour off and c angles were
uniform for all the glycosidic links of the chain,
except that for thef(123). In this case, after 500 ps of
simulation, the three rotable bonds slowly assumed
different values. Consequently, the final averaged an-
gles were found to be slightly different, with one of
the nonreducing end being higher than the others.
This behavior drives the sequential distance H1–H2

across the lastb(1 3 3) glycosidic bondage to be
shorter. Significantly, this result is consistent with the
differences of the sequential ROESY cross peaks,
GlcA(n) H1–GlcNAc(n21) H2, for the tetrasaccharide.
In fact, the intensity of the cross peack of GlcA(4)

H1–GlcNAc(3) H2 is slightly higher (25%) than the
corresponding one at the reducing end. This differ-
ence among thef(123) dihedral angles of the chain, is
the sole heterogeneity observed and has not much
significance for the global arrangement of the mole-
cule, but confirms the importance of simulating an
oligomer with more than two repetitive units, to dif-
ferentiate internal and external environments. The
higher values of the angle of the external links are
probably due to a higher degree of freedom for the
terminal sugars. A slightly higher flexibility of termi-
nal residues, is observable from Figure 6 in which the
superposition of 10 snapshots of the 1 ns MD simu-
lation, sampled every 100 ps is shown.

Table II Upper and Lower Bounds Determined by
MARDIGRAS Calculation for Sequential Interproton
Distances

Protons
Lower–Upper Bounds

(Å)

GlcNAc1 H2–GlcA2 H1 2.99–3.33
GlcNAc1 H3–GlcA2 H1 2.64–2.75
GlcA2 H2–GlcNAc3 H1 3.27–3.68
GlcA2 H4–GlcNAc3 H1 2.62–2.96
GlcNAc3 H2–GlcA4 H1 2.87–3.46
GlcNAc3 H3–GlcA4 H1 2.81–2.98
GlcA4 H2–GlcNAc5 H1 3.06–3.54a

GlcA4 H4–GlcNAc5 H1 2.63–3.02a

GlcNAc5 H2–GlcA6 H1 2.94–3.38a

GlcNAc5 H3–GlcA6 H1 2.64–2.75a

GlcNAcn HN–GlcA(n11) H1 , 4.5
GlcNAcn HN–GlcA(n21) H4 , 4.5

a Calculated on the basis of estimated intensities (see text).

FIGURE 4 Trajectories of thec1,3 (left) and f1,3 (right) angles of HAh obtained for the 1 ns
molecular dynamics. Letters A, B, and C indicate GlcNAc1–GlcA2, GlcNAc3–GlcA4, and Glc-
NAc5–GlcA6 glycosidic links respectively. Constraints were turned off after 100 ps.
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All the explored dihedral angles of the glycosidic
bond, was consistent with the experimental NMR
data. The accuracy of the final structure obtained by
MD simulation can be obtained calculating its theo-
retical spectrum by CORMA program.

The fitting of the simulated spectrum with experi-
mental data is evaluated by the crystallographic-type
RNMR factor defined in the Materials and Methods.
Values ofRNMR, calculated for the inter-residue dis-
tances of 100 random snapshot, of the 1 ns MD,
ranged from 0.32 to 0.39. This demonstrated that the
accuracy of the structures obtained from the MD
simulation is good and that the structure has a low
probability to be found in an arrangement that is not
consistent with experimental data. Figure 7a shows
the global conformation of HAh resulting from the
unconstrained full energy minimization of the struc-
ture obtained from the coordinate averaging of 1000
snapshots (recorded every 1000 fs) of the 1 ns mo-
lecular dynamic simulation.

From the structure, it is possible to note that the
molecule assumes an unique shape withc(124) angles
counter rotated in respect toc(123) angles. This kind
of arrangement is in agreement with the conformation
of the internal residues of the HA structure, deter-

mined by Winter et al.,42 using x-ray diffraction. This
structure (Figure 7b) is deposited at the Protein Data
Bank (code 4HYA), as High Humidity, Calcium Salt,
trigonal form. Although other x-ray structures of HA
sodium salt differs from our model in theb(1 3 4)
arrangement, only the 4HYA is reported as highly
hydrated crystal. Since water molecules play a main
role in the conformation of the glycosidic linkage45,46

and calcium ions have only subtle effect on the envi-
ronment of HA oligomers in solution,47 this similarity
have particular significance demonstrating the effec-
tive stability of the proposed conformation. In our
opinion this provide the molecule with a more rigid
structure.

The analysis of the persistence of inter- and intra-
residue H-bonds, and of the behaviour of water mol-
ecules in close contact with the hexasaccharides per-
mits us to understand that conformational motion of
the glycosidic linkage is restricted mainly because the
stability of several sequential H-bonds and water
bridge. In particular the O3(i )–HOO5(i11) bond for
the GlcA(i )–GlcNAc(i11) link and the O4(i )–
HOO5(i11) bond for the GlcNAc(i )–GlcA(i11) link,
were found to have 100% probability to exist through
the 1 ns time course of the simulation. This behavior

FIGURE 5 Trajectories of thec1,4 and f1,4 angles for GlcA2–GlcNAc3 (top) and GlcA4–
GlcNAc5 (bottom) glycosidic links of HAh, obtained from the 1 ns molecular dynamics. Constraints
were turned off after 100 ps.

Table III Average Dihedral Angle for the Glycosidic Bonds of the Hexasaccharide, Obtained From the 1 ns MDa

Residues

GlcNAc(i )–GlcA(i11) (b1-3) GlcA(i )–GlcNAc(i11) (b1-4)

1–2 3–4 5–6 2–3 4–5

c (deg) 31 (11) 14 (11) 42 (12) 54 (7) 51 (7)
f (deg) 45 (11) 51 (8) 52 (12) 221 (10) 218 (11)

a Value in the parentheses is the standard deviation form the mean value.
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is also due to the favorable arrangement of the gly-
cosidic links reveled by NMR data.

Water bridges contribute to restrict the motion
around both the glycosidic bond. Two kinds of water
bridges were found highly probable during the MD,
bridging residues GlcA(i )–GlcNAc(i11) between car-
boxyl group and N-acetyl group (Figure 8). In the first
bridging mode, water links one of the carboxyl oxy-
gen with the amide oxygen; in the second, a tandem of
water molecules links the second carboxyl oxygen
and the HN of amide. The persistence of these bridges
restrict the exchange with bulk water. This fact is

consistent with the result of saturation transfer exper-
iments that we performed (data not shown). This data
showed, in fact, the HN peaks, recorded in H2O sam-
ples, were not completely hidden by saturation of bulk
water peak. This behavior could be explained by
involvement of the HN in the H-bond formation and
the concomitant slow exchange between water mole-
cules in close contact with the HA and bulk water.

The conformation of the side groups that are not
involved in a direct H-bond favoring the linkage
with water molecules. Every carboxyl group makes
a stable link with 4 water molecules and has a stable
shell of 16 water molecules. These findings are
consistent with the reological properties of HA and
the observed difficulty in completely drying HA
samples.

Hydrogen bonds found for the HA are thus directly
connected to the biological features of the polymer,
and the stiffness of the polisaccharide chain as well as
the high degree of hydration, responsible for the vis-
coelastic properties of the polymer, could be ex-
plained in the light of the structural information pro-
vided from our analysis of the two oligomers.

FIGURE 6 Superposition of ten snapshot of the 1 ns MD
simulation sampled every 100 ps. Hydrogens were hidden
for clarity.

FIGURE 7 (A) Global structure of the HAh obtained from coordinate averaging of the 1000
snapshots recorded during the 1 ns MD simulation. (B) X-ray structure of an HA calcium salt
obtained for an high humidity sample. The view are chosen to better compare the arrangement of
internal glycosidic linkage.
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CONCLUSIONS

The NMR analysis of two oligomers of hyaluronic
acid, coupled with molecular dynamic calculations,
gave important information about the global confor-
mation assumed by HA in solution. New experimental
evidences, obtained mainly from ROESY spectra, al-
lowed the calculation of sequential interproton dis-
tances that were used to constrain the structure in the
molecular dynamic simulations. The arrangement of
side groups was important for the definition of the
overall conformation. Acetamido groups were found
in a completelytrans conformation and the plane of
the carboxylate lies parallel to the acetamido plane.
The analysis of NMR data suggested that no direct
interresidue H-bond occurred between the two groups
across ab(1-4) link. The 1 ns unconstrained MD
simulation showed, consistently that carboxylate and
acetamido groups were joined only by stable water
bridges. In addition to water bridges, the interresidue
array of hydrogen bonds produced the lack of motion
around glycosidic bonds, providing the molecule with
the observed stiffness.

Thus, is possible to explain the actual properties of
the polysaccharide in solution, from the structure of
HA oligomers, obtained by NMR and molecular dy-
namic calculation.
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