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ABSTRACT: The conformational dynamics of low molecular weight hyaluronan (HA) polymer and
oligosaccharides have been assayed by *C NMR T; relaxation time measurements. For polymeric HA in
aqueous solution, the average relaxation time for ring carbons was not significantly affected by changing
the ionic strength or by changing counterion type. The average relaxation time of HA was found to be
similar to that for chondroitin 4-sulfate or chondroitin 6-sulfate in aqueous solution. As has been observed
previously for other polysaccharides, the segmental motions of HA chains studied at room temperature
in aqueous solution appear to be dominated by viscous damping of the chain motions. Within a chain
structure, there are variations in observed T; that correspond to differences in relative mobility. The
hydroxymethyl substituent group shows a difference in relaxation rate relative to the ring to which it is
attached, depending on the ring configuration (glucose vs galactose). These differences correlate with
relative rotational isomerization rates measured by ultrasonic relaxation. In short HA chains, the
nonreducing and reducing terminal residues show much greater mobility than penultimate residues,
and these are in turn more mobile than interior residues. In contrast, the more rigid hydrogen-bonded
conformation of an HA tetrasaccharide in dimethyl sulfoxide solution shows less position-dependent
variation in T;. These data are in accord with the dynamic nature of conformation-stabilizing hydrogen

bonds for HA chains in aqueous solution.

Introduction

Hyaluronan (HA) is a linear polysaccharide with the
repeating disaccharide structure® poly[(1—3)-3-D-
GIcNAc—(1—4)--b-GlIcA]. It has widespread occurrence
in the extracellular matrix of animal tissues. It is a
major contributor to the biomechanical properties of
tissues, helps control tissue hydration and water trans-
port, and participates in a number of physiologically
important processes via interactions with extracellular
and cell-surface proteins.2 The rheological properties of
HA solutions are of special interest with respect to the
functions of liquid connective tissues such as the eye
vitreus and joint synovial fluid®# and have been ex-
ploited for the development of viscoelastic products for
biomedical applications.® Thus, it is important to un-
derstand those aspects of HA structure which determine
its contribution to the physical properties of its solu-
tions.

Three characteristics of HA play major roles in
determining its hydrodynamic properties in neutral
physiological salt solution. The first of these is its
naturally high molecular weight, which averages about
6 million in the normal vitreus or synovial fluid.®
Statistical models for long polymer chains in dilute
solution show that the molecular volume will be ex-
tremely large, with a correspondingly large volume of
solvent contained within the polymeric domain. For HA,
the hydrodynamic volume of the polymer coil increases
as the molecular weight raised to the 1.8 power. The
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second important characteristic is the large size of the
smallest independent unit of motion (conformer), which
is the sugar ring. This limits the inherent flexibility of
the chain. Finally, HA behaves hydrodynamically as if
it has some slight additional stiffening influence. The
plausible sources of such stiffening include steric re-
strictions to rotation about the glycosidic linkages
between sugars,” dynamic formation and breakup of
hydrogen bonds across one or both glycosidic linkages,®-14
and intra- or intermolecular self-association.>16 It is
possible that all of the above contribute to the chain
expansion to some extent. The resulting structure of HA
in dilute aqueous solution, as detected by its hydrody-
namic properties, is well described as a slightly stiffened
(wormlike) random coil.17=20 Such a description repre-
sents an ensemble average of instantaneous conforma-
tions for many molecules or, equivalently, a time
average of accessible conformations for a given molecule.
We have undertaken the present study to shed light on
the relative time frame of motions at various positions
in short and long HA chains, in several solvent condi-
tions affecting hydrogen bonding and/or self-association.

Our experimental approach to the investigation of HA
mobility is measurement of the NMR relaxation times
of the carbon (*3C) atoms in the backbone. For proto-
nated carbons, the spin—lattice relaxation time, Ty,
depends predominantly on dipolar interaction between
the carbon and its attached hydrogens. That interaction
depends on the motional dynamics of the molecule. Only
that fraction of motions occurring at the 13C Larmor
frequency and its linear combinations with the H
Larmor frequency contribute to relaxation. For polysac-
charides studied by high field NMR, T; values are thus
strongly related to the fraction of local motions on the
nanosecond time scale, corresponding to segmental
motions of a few sugars in the chain, and by other
hindered motions, such as hydroxymethyl group rota-
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tional isomerization.2=23 Thus, T; is intrinsically a
measure of local stiffness, such as might be conferred
by hydrogen bonding.

Because our experiments cover only one field strength
and are obtained at a single temperature, we are unable
to subject our T, data to quantitative analysis to obtain
distributions of correlation times. Such an approach is
beyond the scope of the present investigation, but is
addressed by the work of Cavalieri et al.?* in this issue.
Instead, we will use the relaxation data as an indication
of relative motional frequencies of components within
a given structure, as a function of structural and
environmental variations.

Materials and Methods

Hyaluronan (HA) from human umbilical cord was obtained
from Sigma Chemical Co. It was purified?® to remove contami-
nating chondroitin sulfates by passage through a column of
DEAE—Sephacel in 0.3 M NaCl. A low-polydispersity, low
molecular weight HA polymer sample was prepared by enzy-
matic digestion with bovine testicular hyaluronidase (hyalu-
ronate 4-glycanohydrolase, E.C. 3.2.1.35, specific activity
23 613 units/mg, from Cooper Biomedical) and chromatographi-
cally fractionated as described elsewhere.?® The weight-average
molecular weight was determined by polyacrylamide gel
electrophoresis?® and determined to be 1.6 x 10%, corresponding
to an average chain length of 40 disaccharides. Monodisperse
HA oligosaccharides containing two, three, four, or seven
disaccharide repeats were prepared by testicular hyalu-
ronidase digestion of the purified umbilical cord HA, followed
by chromatographic fractionation as described earlier.1°

Chondroitin 4-sulfate (Ch 4-S) and chondroitin 6-sulfate (Ch
6-S) were obtained from Seikagaku Kogyo Co., Ltd., and used
without further purification.

For NMR studies, samples were dissolved at a concentration
of 4—15 mg/mL and studied in 5 mm NMR tubes. Unless
otherwise noted, the solvent was 4/1 H,O/D,0 buffered with
20 mM sodium phosphate, pH 7, containing 0.15 M NacCl.
Other aqueous solvents were as above but with 0.15 M NacCl
replaced with 0.15 M KCI, 0.05 M CacCls, or pure H;O. For
HA tetrasaccharide, DMSO-ds was used as a comparison
solvent.

NMR spectra were collected at 22 °C on a General Electric
GN-300 wide bore spectrometer operating at 75.57 MHz for
13C, as previously described.'>® Pulsed broad-band proton
decoupling was used. Observed resonances were assigned
according to the schemes reported previously for HA oligosac-
charides in water or DMSO.® For T, relaxation time measure-
ments, the fast inversion recovery technique®’ was employed,
with 8—10 delay times and a sequence delay of at least three
times the maximum T;. Approximately 30 000 scans were
collected for each delay time, in 15 interleaved sets of 2000
scans for each of the delay time values. The GE software was
used to extract the relaxation times using a three-parameter
fit to the recovery kinetics. The standard deviation in T;
reported by the GE software for any given curve was typically
2—8% of the T, value. Averages of relaxation times for carbons
within the sugar rings are reported here as mean =+ standard
deviation.

Results and Discussion

Comparison of HA with Other Polysaccha-
rides: Ring Carbon T; Averages. A preparation of
enzymatically degraded HA with low polydispersity and
a weight-average molecular weight of 1.6 x 10* (con-
taining 40 disaccharides) was dissolved and studied in
a buffered aqueous solution of 0.15 M NaCl at 22 °C.
The T, relaxation times for all protonated carbons in
HA were measured at 75 MHz. Individual resonance
assignments were given previously.?13 The carbons of
a given sugar ring show similar T; values, but there
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Table 1. Comparison of 13C NMR Spin—Lattice
Relaxation Times (NT;) for HA and Chondroitin Sulfates
NT; (ms)
sample salt added glcA2  hexNAc2P hexNAcPC6

HA (n=40) 0.15M NaCl 230+20 220+ 10 220
none 230+ 20 240+10 250

0.15 M KCI 240 +10 250 + 20 250

0.05 M CaCl, 240+ 10 230410 240
Ch4-s 0.15M NaCl 240+ 10 2304+20° 370+20
Ch 6-S 0.15M NaCl 240420 240 &+ 104

a Average of T; values (mean + standard deviation) for carbons
1—-4 of ring, except where noted. Measured at 75 MHz in 4/1 H,O/
D,0 containing 0.02 M sodium phosphate, pH 7, containing salts
as indicated. P HexNAc = GIcNAc in HA; HexNAc = GalNAc in
Ch 4-S and Ch 6-S. ¢ C1, C2, C3 only. 4 C2, C3 only

were greater uncertainties in the values for C5 than for
other ring carbons, so that the relaxation behavior of
the ring was best described by an average of the values
for carbons 1—4. Table 1 shows the average T;s for the
GlcA residues and GIcNAc residues to be closely similar
to each other, with average relaxation times of 230 and
220 ms, respectively. This result is in accord with the
value of approximately 140 ms measured at 50 MHz by
Hofmann et al.?8 for a lower molecular weight (5 x 103)
HA. To investigate the possibility of subtle differences
in the mobility of the two different linkages in HA, the
relaxation of carbons directly participating in the gly-
cosidic linkages were examined. Both carbons of the
1—4 linkage have T;s of 210 ms; the C1 and C3 of the
1—3 linkage have T;s of 230 and 220 ms, respectively.
The differences are not great enough to be significant.

HA was also examined in aqueous solutions of differ-
ent ionic content (Table 1). The relaxation times were
not significantly different in either KCI or CaCl, solu-
tion, at the same ionic strength as the NaCl solution,
and in salt-free solution. This result is also in agreement
with previous studies on HA of very low molecular
weight.?8 Because the expansion of the polyelectrolyte
chain is sensitive to the ionic strength,2°=31 and the
extent of dynamic self-association is sensitive to the
ionic strength and counterion type,1516:32 it appears that
the T, relaxation time does not provide information on
those processes.

The relaxation times for carbons of the sulfated
glycosaminoglycans chondroitin 4-sulfate (Ch4-S) and
chondroitin 6-sulfate (Ch6-S) were similarly studied in
physiological NaCl solution. The ring carbon T; averages
were not significantly different in these polysaccharides
from that for the HA sample (Table 1). Published reports
for other polysaccharides studied at temperatures below
about 35 °C, including heparin epoxide,3® amylose,3*
dextran,3* glycogen,®® pullulan,®® and cellulose triac-
etate3” show remarkable similarity, after consideration
of field strength differences. It has been suggested that
the inability to quantitatively correlate differences in
glycosidic linkage conformational freedom with differ-
ences in T; is a function of the domination by viscous
damping effects of the solvent on segmental motions of
the polysaccharide.?134 In studies performed at higher
temperatures, the increased motional freedom of the
polymer allows greater distinction between polymers
according to their inherent flexibility.

Comparison of HA with Other Polysaccha-
rides: Hydroxymethyl Group. The NT; for the
carbon of the exocyclic hydroxymethyl group (220 ms)
on the GIcNAc residue of HA in 0.15 m NaCl is closely
similar to the average T; for the ring carbons (220 ms)
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(Table 1). The same observation holds for HA in several
other salt conditions (Table 1). In other polysaccharides
containing glucose or glucose derivatives, the hydroxy-
methyl carbon also has the same or a slightly larger NT;
than the ring to which it is attached.33:34.36.38-40 Mono-
meric glucose and oligosaccharides containing glucose
show the same effect.#142 In contrast, galactose and
galactose-containing oligosaccharides and polysaccha-
rides exhibit significantly longer relaxation times for the
hydroxymethyl carbon than the ring carbons.*1=43 We
have further examined this relationship for the galac-
tosamine residues of Ch 4-S and find the hydroxymethyl
group carbon to have an NT; of 370 ms, which is
significantly longer than the average for the ring
carbons (230 ms) (Table 1). The same comparison could
not be made for Ch 6-S, because of overlap of the
GalNAc C6 resonance with the GalNAc C4 resonance
and the effect of sulfation on the group in question.

The difference in relaxation behavior of the hydroxy-
methyl carbon in glucose vs galactose has been sug-
gested*! to reflect formation of an intramolecular hy-
drogen bond to the ring oxygen, via a water bridge, in
glucose. Thus, its motions would be tied to the ring
motion. This proposal has not been supported by
experimental evidence for that hydrogen bond in aque-
ous solution.

A much better case can be made that the rotational
isomerism of the hydroxymethyl group, which adopts
two predominate conformers (the GG and GT rotamers)
in solution for glucose, and three (GG, GT, and TG) for
galactose,**> is reflected in a new contribution to the
relaxation rate.21.3%40 Relevant to this hypothesis, the
kinetics of the hydroxymethyl group rotation in glucose
and/or galactose have recently been investigated by
ultrasonic absorption spectrometry,*647 modeling,*> and
NMR relaxation studies.?1:3%40 For glucose, there is an
ultrasonic absorption process at a frequency of about
80 MHz, corresponding to a time constant of 2 ns
(usually referred to as the ultrasonic relaxation time,
but not to be confused with the NMR relaxation time),
assigned to the interconversion of the GG and GT
rotamers. The experimental“® activation energy for this
process was 19.2 kJ mol~1, in good agreement with the
calculated*® value of 18.8 kJ mol~1. A closely similar
activation energy of 14—18 kJ mol~! was obtained by
NMR for three different glucans in DMSO solution,
based on the temperature dependence of the correlation
time calculated from the NT; data, using the restricted-
amplitude internal diffusion model for motion of the
hydroxymethyl group.3%4% Thus, the relaxation of the
hydroxymethyl group is now well understood in glucose
or its polymers.

For galactose, ultrasonics detects two lower-amplitude
processes, tentatively assigned to the hydroxymethyl
group rotation: one at about 30 MHz (5.5 ns ultrasonic
relaxation time), probably corresponding to the GG <
GT interconversion, and one at about 250 MHz (0.6 ns
ultrasonic relaxation time), probably corresponding to
the GT < TG interconversion. The fast ultrasonic
relaxation of the second process means a short correla-
tion time will be associated with the components of the
motion of the hydroxymethyl group, and should result
in a longer NMR relaxation time NT; for C6 in galactose
and the galactosamine-containing Ch 4-S. This is in
good agreement with our observations and shows that
the difference between HA and Ch 4-S is simply based
on the different rotameric populations favored for their
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Table 2. Effect of Chain Length and Residue Position on
Carbon NT; for HA Oligosaccharides and Polymer,
(GIcA—GIcNAC)

NT; (ms)°
carbon? n=2 n=3 n=4 n=7 n =40
Alip 284 226 210 244 208
Al 300 249
Al 227 256 154
A2ip 257 209 252 236 223
A2y 289
A2 267 300 303
A3; 181 197 232 217
A3, 270 255 232 289
A3y 296 350
A3tq 288 233 226
Ad; 208 206 218 220
Adp 5.t 291 253 245
AS5ip s 304 282 247 235 233
Abyy 360 228 205
ABipta 296 282 226 229 218
Abig 278 306
ul; 209 196 210 225
Ulpst 319 276 269
Ulpg 273 258
U2ip 296 236 227 225 250
U2; 345 293 308
USip 288 222 199 238 239
U3t 304 282 247
U4; 223 226 218 209
U4, 288 233 226
U4 360 298 260
uU5; 218 225 225 248
U5, 272 233 225
U5¢ 366 309 313

a Sugar residue designations refer to the general structure U;—
Ap—(Ui—Adn-2—Up—Agste, Where U = GIcA and A = GIcNAc.
b Measured at 75 MHz in 4/1 H,0/D,0 containing 0.15 M NacCl,
0.02 M sodium phosphate, pH 7. All values are approximately +
10 ms.

respective hexosamines. Thus, the NMR relaxation and
ultrasonic absorption data both reflect the same process.

Relative Conformational Dynamics of Sugar
Residues within Short HA Chains in Physiological
NacCl Solution. In an earlier study,*® we showed that
it is possible to differentiate the chemical shifts of many
carbons of sugar residues at the nonreducing and
reducing ends of HA oligosaccharides from penultimate
and more interior residues. Thus, an oligosaccharide
created by enzymatic cleavage at glucosaminidic link-
ages would have the general structure GIcA(t)—GIcNAc-
(p)—(GIcA(i)—GIcNAC(i))n—2—GlIcA(p) —GIcNAC(t, tg). Here
t means terminal residue, p means penultimate residue,
and i means interior residue. The number of repeating
disaccharides in the oligosaccharide is n. In the present
work, we have measured relaxation times for all of the
observed resonances for protonated carbons, and as-
signed them to the appropriate structural unit(s) ac-
cording to our previous scheme. The T; results are given
in Table 2 for HA oligosaccharides in physiological NaCl
solution. It can be seen that carbons in terminal
residues can usually be differentiated from those in
penultimate or interior residues, whereas the latter two
groups more often give overlapping and indistinguish-
able resonances.

If the ring average T values are calculated for each
type of sugar residue in an oligosaccharide using C1—
C4 resonances, there is a U-shaped pattern of dif-
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Figure 1. Dependence of sugar ring average 3C NMR T; on
HA oligosaccharide chain length and residue position. Chains
are tethered to the right axis by their reducing ends: (H)
tetrasaccharide, f anomer; (O) tetrasaccharide, o anomer; (A)
hexasaccharide, f anomer; (A) hexasaccharide, o anomer; (®)
octasaccharide, o anomer.

Table 3. Effect of Chain Length and Residue Position on
Average Ring Carbon T; for HA Oligosaccharides and
Polymer, (GIcA—GIcNAc),

T1 (ms)ab
n U Ap U; Ai Up (B,0) A (B,0)
2 330 280 300, 290 290, 270
3 290 240 220 210 240, 240 280, 260
4 280 240 210 220 230, ND¢ ND¢, 230
7 220 230
40 230 220

a Average of T1 values for carbons 1—4 of ring. Measured at 75
MHz in 4/1 H,0/D,0 containing 0.15 M NacCl, 0.02 M sodium
phosphate, pH 7. All values are +10—20 ms. P Sugar residue
designations refer to the general structure Ui—Ap—(Ui—Ajn—2—
Up—Atgs.ta, Where U = GIcA and A = GIcNAc. ¢ ND = not deter-
mined

ferential mobility across the chain, as seen in Figure 1
and reported in Table 3. The nonreducing terminal GIcA
generally has the highest average T;. The T for the
anomer of the reducing terminal GIcNAc is equal to, or
somewhat lower than, that of the nonreducing terminal
GIcA. Penultimate residues and interior residues have
progressively lower T;s as the distances from the ends
increase. Thus, both ends of the oligosaccharide chain
are more mobile than the more interior residues. This
result is similar to that for cellulose triacetate oligosac-
charides.?” In contrast, milk oligosaccharides*® and
maltose and isomaltose oligosaccharides344° have sig-
nificantly higher T; values at the reducing end than at
the nonreducing end. The observation of greatest mobil-
ity at the ends of short chains is in accord with
predictions for oligosaccharides analyzed using the
ORZLD (optimized Rouse—Zimm local dynamics) frame-
work.23

The o anomer of the reducing end residue has a lower
average T; than the f anomer. This observation is
common in other oligosaccharides and has been pro-
posed to arise from the anisotropic motions of the chain,
for which the equatorially oriented C—H at the C1
position of the a anomer lies close to the major axis of
rotation, and C1 is thus more efficiently relaxed in the
o anomer.*?

The T; of an interior residue in a hexasaccharide is
already approximately the same as that of the corre-
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Table 4. Effect of Chain Length on Interior Linkage
Carbon T; for HA Oligosaccharides and Polymer,
(GIcA—GIcNAC)

T1 (ms)b
linkage carbon? n=3 n=4 n=7 n=40
1—3 Ul 209 196 210 225
A3; 181 196 232 217
average 195 197 221 221
1—4 Alip 226 210 244 208
U4; 223 226 218 209
average 225 218 231 209

a Sugar residue designations refer to the general structure U;—
Ap—(Ui—A)n-2—Up—Agta, Where U = GIcA and A = GIcNAc.
b Measured at 75 MHz in 4/1 H,0/D,0 containing 0.15 M NacCl,
0.02 M sodium phosphate, pH 7. All values are approximately +10
ms.

sponding sugar in a longer HA polymer. In comparison,
the critical length of an oligomer for which the interior
sugars have the same characteristic T; as that of
polymer in other polysaccharides varies from approxi-
mately 7 for cellulose triacetate,” to 8—10 for maltose
and isomaltose,3*4° to 12—15 for pullulan.®® Thus, HA
appears most similar to the relatively rigid polymer
cellulose triacetate in this regard.

One possible complicating factor in determining the
critical length of an HA oligosaccharide which can
behave like polymer arises from the manner in which
T, depends on correlation time. The minimum T3 occurs
when the motions of the sugar ring are at the Larmor
frequency. For HA in aqueous solution, analyzed at 75
MHZz, this point may be reached in the hexasaccharide
interior. (Motions of the end residues of the short
oligosaccharides lie on the high-frequency side of the
minimum, and T decreases with motional slowing due
to increased chain length.) Interior residues in HA
oligosaccharides and polymer may have somewhat
slower motions, with little or only slight change in T;.
As an illustration of this effect, we compared the T;s
for specific carbons of the two glycosidic linkages in HA,
as a function of chain length. Table 4 gives the results.
The carbons of the interior 1—3 link in a hexasaccharide
average a T; of 195 ms, whereas the same linkage in
an HA polymer segment has an average T; of 221 ms.
The T, appears to increase with chain length for interior
sugars in structures longer than hexasaccharide. The
1—4 linkage shows a different picture. The average T;
for this linkage in a hexasaccharide is higher than that
for HA polymer. Over the same size range of HA
oligosaccharides, Cavalieri et al.?* have found the T;
measured at 100 MHz to increase with chain length.
They also found the heteronuclear NOE (nuclear Over-
hauser enhancement) measured at 100 MHz to be
decreasing as chain length increases, indicating slowing
motions. Thus, in short HA oligosaccharides, the mo-
tional frequencies appear to lie near the minimum in a
T vs correlation time plot for both 75 and 100 MHz.

Relative Conformational Dynamics of Sugar
Residues in Short HA Chains. DMSO Solution. The
influence of a rigidly hydrogen-bonded conformation on
dynamics in HA has been investigated for the HA
tetrasaccharide. In DMSO, HA adopts a structure with
stable intramolecular hydrogen bonds across both gly-
cosidic linkages.** In H,0, the intramolecular hydrogen
bonding is more dynamic, being in competition with
hydrogen bonding to the solvent. Because the rigid
structure adopted by HA in DMSO is poorly soluble, we
have studied only the very low molecular weight tet-
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Table 5. Effect of Solvent on Average Ring Carbon T; for
HA Tetrasaccharide, (GIcA—GIcNACc);

T1 (ms)2b
solvent Ut Ap Up (B,0) At (6,00)
H,O/salt 330 280 300, 290 290, 270
DMSO 180 170 ND,¢ 160 ND,¢ 150

a Average of Ty values for carbons 1—4 of ring. Measured at 75
MHz in either 4/1 H,O/D,0 containing 0.15 M NacCl, 0.02 M
sodium phosphate, pH 7, or de-DMSO. All values are + 10—20
ms. P Sugar residue designations refer to the general structure Uy—
Ap—(Ui—A)n-2—Up—Agta, Where U = GIcA and A = GIcNAc. °ND
= not determined

rasaccharide in that solvent. We had previously reported
the assignments of all carbon resonances for the HA
tetrasaccharide in DMSO.13 Table 5 gives the relaxation
data for the HA tetrasaccharide in DMSO and in H»0O,
reported as the ring carbon averages across the chain.
In DMSO, the variation in average T, across the chain
is small, with a trend toward decreasing from the
nonreducing end. In H,O, the variation in T, across the
chain is more marked, with more significant differences
between terminal and more interior sugars. This sug-
gests a greater uniformity in dynamics at various
positions along the chain for HA tetrasaccharide in
DMSO than in H,0.

It is also clear that the absolute values of T; are lower
in DMSO than in H,0. Similar observations have been
reported for dextran and amylose,*%%° where it reflects
in part the greater viscosity of DMSO than H,O. In the
HA tetrasaccharide, the difference in hydrogen bonding
in DMSO may also alter the distribution of correlation
times, and lead to a more efficient relaxation process.
These conclusions are tentative, and will require quan-
titative analysis to confirm.

Summary

The conformational dynamics of hyaluronan (HA)
have been assayed by 13C NMR T; relaxation time
measurements. For HA in aqueous solution, the average
relaxation time for ring carbons was not significantly
affected by changing the ionic strength due to added
salts (from 0 to 0.15) or by changing counterion type
(sodium vs potassium vs calcium). Thus, changes in coil
expansion due to electrostatic repulsion, or alteration
in the tendency for self-association, are not reflected in
significant changes in T;. The behavior of HA was also
not significantly different from that for chondroitin
4-sulfate or chondroitin 6-sulfate in aqueous solution.
These results are in accord with the concept that the
overall conformational dynamics of polysaccharide chains
studied at room temperature in aqueous solution are
dominated by viscous damping of the chain motions.

Within a chain structure, there are variations in
observed T, that correspond to differences in relative
mobility. The hydroxymethyl substituent group shows
a difference in relaxation rate relative to the ring to
which it is attached, depending on the ring configuration
(glucose vs galactose). These differences correlate with
relative rotational isomerization rates measured by
ultrasonic relaxation.

In short HA chains, the nonreducing and reducing
terminal residues show much greater mobility than
penultimate residues, and these are in turn more mobile
than interior residues. In contrast, the more rigid
hydrogen-bonded conformation of an HA tetrasaccharide
in dimethyl sulfoxide solution shows less position-
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dependent variation in T;. These data suggest the more
dynamic nature of conformation-stabilizing hydrogen
bonds for HA chains in aqueous solution.
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