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Abstract

We have investigated the molecular motions of polysaccharides of bovine nasal and pig articular cartilage by
measuring the '*C NMR relaxation times (7, and 7). Both types of cartilage differ significantly towards their
collagen/glycosaminoglycan ratio, leading to different NMR spectra. As chondroitin sulfate is the main constituent
of cartilage, aqueous solutions of related poly- and monosaccharides (N-acetylglucosamine and glucuronic acid) were
also investigated. Although there are only slight differences in 7 relaxation of the mono- and the polysaccharides,
T, decreases about one order of magnitude, when glucuronic acid or N-acetylglucosamine and chondroitin sulfate are
compared. It is concluded that the ring carbons are motion-restricted primarily by the embedment in the rigid
pyranose structure and, thus, additional limitations of mobility do not more show a major effect. Significant
differences were observed between bovine nasal and pig articular cartilage, resulting in a considerable line-broadening
and a lower signal to noise ratio in the spectra of pig articular cartilage. This is most likely caused by the higher
collagen content of articular cartilage in comparison to the polysaccharide-rich bovine nasal cartilage. © 2000
Elsevier Science Ltd. All rights reserved.
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Cartilage cells, the chondrocytes, are few and
far embedded in the extracellular matrix (Fig.
1(a)). Proteoglycan aggregates (Fig. 1(b)) pos-
sess a molecular weight of about 105 kDa and
consist of hyaluronan [4,5] to which proteo-
glycan subunits are noncovalently bound by
means of a special link protein [5].

Each proteoglycan subunit consists of a

1. Introduction

Diseases like rheumatoid arthritis and os-
teoarthritis are a major cause of disability and
early retirement in the industrialized countries
and therefore of great socioeconomic signifi-
cance [1]. Articular cartilage covers the ends

of the bones and acts as a weight bearing, low
friction, wear resistant tissue in synovial joints
[2]. The extracellular matrix of articular carti-
lage (Fig. 1) consists of about 20% collagens
and 6% proteoglycans (per wet weight) [3].
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core protein, to which two different polysac-
charides (keratan sulfate and chondroitin sul-
fate) are attached (Fig. 1(c)) [6]. These
negatively charged glycosaminoglycans are re-
sponsible for the high swelling capacity of
cartilage, while collagen determines the super-
molecular cartilage structure but has only a
minor influence on the osmotic activity [7,8].
It has been shown that mainly the polysaccha-
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ride moiety of cartilage is depleted during the
course of rheumatic diseases, whereas the col-
lagen is by far less affected [9-12].

Although there are many methods by which
glycosaminoglycans can be characterized in
solution, including, e.g., light scattering [13] or
electron microscopy [14], methods suitable for
the characterization of native cartilage are still
lacking. Despite its comparably low sensitiv-
ity, *C NMR spectroscopy is a powerful
method to obtain structural and dynamic in-
formation on polysaccharides [15]. The main
advantage of '*C NMR is its broad range of
chemical shift, which enables the assignment
of resonances even in complex compounds.
This is the most important requirement for the
determination of relaxation times, which
provide a measure of mobility of the individ-
ual functional groups. A large number of re-
laxation studies of different polysaccharides
(T, as well as T,) have been already conducted
[15]. There are very few reports on *C NMR
spectroscopy of glycosaminoglycans [16,17]
and cartilage [18,19]. So far, bovine nasal
cartilage has been exclusively characterized,
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most probably since this cartilage type is rela-
tively homogeneous and available in huge
amounts [18,19]. Additionally, nasal cartilage
contains in comparison with articular cartilage
higher amounts of glycosaminoglycans [3,19],
which are primarily detected by NMR. The
similarity between the NMR spectra of
aqueous glycosaminoglycan solutions and
small cartilage pieces strongly indicates that
polysaccharides possess a tremendous mobil-
ity even in the cartilage matrix [18].
Although enzymatic treatment of cartilage
slices resulted in enhanced spectral resolution
of ¥C NMR spectra, it was estimated that
already about 80% of the polysaccharides of
intact cartilage are mobile enough to con-
tribute to '*C signal intensity [19]. Since these
investigations were carried out using scalar
decoupling only, there was no possibility to
observe the by far less mobile collagen moiety
of cartilage. More recently, however, the ap-
plication of modern solid state NMR tech-
niques in combination with high power
decoupler fields also made the detection of
collagen by means of '*C NMR possible [20].

(b)

Core
Protein

4

Hyaluronic

Link KS/CS
Protein

Fig. 1. Schematic representation of the molecular organization of articular cartilage. (a) Extracellular matrix, (b) proteoglycan
subunit of cartilage, and (c) chemical structures of cartilage polysaccharides. Abbreviations used: HA, hyaluronan; CS,

chondroitin sulfate; and KS, keratan sulfate.



Table 1

T, and T, '3C relaxation times of some selected functional groups of polymers of cartilage and the related monomeric units,
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glucuronic acid (UA) and N-acetylglucosamine (N-Ac) ?

Group/compound

Glucuronic acid

N-acetylglucosamine

Chondroitin sulfate

Hyaluronan

N-acetyl (-CH;)

C-1 (UA) 0.97/0.47 (93.0; o)
1.37/0.52 (96.8; B)

C-1 (N-Ac)

C-2 (UA) 0.94/0.40 (72.3; o)
0.78/0.40 (75.0; B)

C-2 (N-Ac)

C-6 (N-Ac)

COOH 6.70/0.71 (177.4; o)
9.70/0.77 (176.5; B)

C-0 (N-Ac)

2.31/0.59 (23.1; o) ®
2.15/0.51 (23.3; B)

0.91/0.25 (91.9; o)
0.83/0.32 (96.0; B)

0.90/0.25 (55.2; o)
0.71/0.24 (57.8; B)
0.54/0.18 (61.7; o)
0.43/0.20 (61.9; B)

4.11/1.09 (175.5; o)
4.00/0.77 (175.7; B)

1.53/0.09 (23.7)
0.45/0.04 (104.9)
0.43/0.05 (102.1)
0.42/0.04 (73.5)
0.50/0.04 (52.7)
0.31/0.04 (62.2)
2.09/0.04 (175.5)

1.54/0.03 (176.1)

1.82/0.04 (23.7)
0.43/0.03 (104.4)
0.51/0.03 (101.7)
0.54/0.03 (73.8)
0.47/0.03 (56.2)
0.34/0.02 (61.7)
2.30/0.04 (175.2)

2.22/0.05 (176.1)

2 The first values always give the T, whereas the second values denote the corresponding 7, relaxation times. All relaxation

times are given in seconds. Standard errors are about + 5%.

® The values in brackets give the corresponding chemical shift (ppm) and indicate the o or the p anomeric form. In the case of

chondroitin sulfate, only chondroitin-4-sulfate is considered.

There is still a complete lack of *C NMR
investigations on the physiologically more rel-
evant articular cartilage. The analysis of pig
articular cartilage by *C NMR as well as
relaxometry (7,/7, determinations) are the
main topics of the present paper. These data
are additionally compared with high-field '*C
NMR spectra recorded at 150 MHz and relax-
ation times of bovine nasal cartilage and se-
lected glycosaminoglycans.

2. Results

To obtain a better understanding of the
molecular motions of carbohydrates in carti-
lage, T, and T, *C NMR relaxation times of
these isolated monomeric and polymeric car-
bohydrates were determined by the ‘inversion
recovery’ method. The corresponding values
as well as the chemical shifts and the accord-
ing assignments are given in Table 1. Since
there are only minor differences for the car-
bons (C-1-C-5) in the relatively rigid carbohy-
drate rings [15], only selected data are given.

Considering the monosaccharides, there is a
very similar relaxation behavior of all pyra-

nose resonances. As the N-acetyl side chain is
less restricted in its motion, the 7, and 7,
values of the carbonyl and the methyl group
are considerably larger than for all the re-
maining carbon atoms. However, the carboxy-
late group of the glucuronic acid residue
possesses the longest relaxation time, which is
even longer than the corresponding time of
the carbonyl resonance in N-acetylglu-
cosamine. It is most likely that the vicinity of
the "*N-isotope (I = 1) shortens this relaxation
time. Furthermore, the relaxation time of the
C-6 in N-acetylglucosamine is considerably
shorter than for the remaining carbons, due to
the presence of two hydrogens in the
—CH,OH-group. This holds for all carbohy-
drates in this investigation. It is well known
that the number of directly bound hydrogens
strongly influences the relaxation behavior of
the corresponding carbon atom [21].
Relaxation times are decreased in the case
of the polysaccharides due to longer rotational
correlation times of larger molecules. How-
ever, marked differences between the 7, and
T, relaxation times occur. Whereas the 7,
relaxation times of the polysaccharides are
about the half of the values determined for the
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Table 2
Influence of sample water concentration on line-width of some selected carbons of an aqueous solution of chondroitin sulfate

Functional group 13C NMR line-width at half-height (Hz)

2.5% 8% 10% 15% 25%
C=0 17 23 24 29 33
Ring 25 32 32 35 37
—CH,; 18 24 24 33 41

2 All line-widths are given in Hz, whereas the chondroitin sulfate concentration is given in wt.%.

monosaccharides, the 7, values decrease by
far stronger: The T,-relaxation times of the
polymers are more than one order of magni-
tude smaller than 7. Polymeric molecules do
not perform isotropic tumbling anymore, but
rather anisotropic motions that account to
these differences [15]. It has to be mentioned
that our data do not agree with the 7),-data
obtained by Sterk and co-workers [22]. These

(e) b
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C-6

(b)
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Fig. 2. '3C NMR spectra of bovine nasal cartilage (a,b) and
pig articular cartilage (c,d) and chondroitin sulfate (8 wt.% in
D,0; e). Both types of cartilage were allowed to free swelling
in D,O. Spectra (b,d) were recorded under conditions of
HRMAS (see Section 4).

authors found upon the analysis of, e.g.,
hyaluronan solutions 7, values comparable to
our data, but their 7,-values, especially for the
N-acetyl side chains, were by far larger. Al-
though these discrepancies are not yet com-
pletely understood they might arise from
differences in the molecular weights of the
used hyaluronan as these differences cannot
be explained by the different field-strengths of
the used NMR spectrometer.

In Table 2 the influence of the water con-
tent on the line-width of some selected reso-
nances of chondroitin sulfate is shown.
Line-width analysis was performed to obtain
data, which are comparable to the data found
by other scientists [22]. It is evident from
Table 2 that the line-width of the N-acetyl
side chain is more affected by concentrating
the sample than the pyranose resonances. This
once again confirms our hypothesis that the
ring carbons are much more motion-restricted
in the rigid pyranose ring and, thus, additional
restrictions by concentrating the sample do
not more play an important role. Unfortu-
nately, if the water content is reduced to about
50% no more separated carbon resonances can
be obtained even wunder conditions of
HRMAS. Therefore, under these conditions,
solid state NMR with high-power decoupling
must be applied.

Fig. 2 shows the comparison between the
3C NMR spectra of bovine nasal (a,b) and
pig articular cartilage (c,d). Spectra (a) and (c)
were recorded using a standard high-resolu-
tion NMR probe and (b) and (d) were
recorded using MAS conditions (5000 Hz).
For comparison in (e) the *C NMR spectrum
of an aqueous chondroitin sulfate sample (8%
w/w) is also shown. The spectra resemble each
other closely, whereby nasal cartilage (a) gives
(at least without MAS) a by far higher re-
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Table 3

Comparison of 7', and 7, relaxation times of some different, well-resolved resonances of pig articular and bovine nasal cartilage *

Chemical shift (ppm) Assignment Articular, 7 (s) Nasal, 7 (s) Nasal, 7, (ms)
175.6 N-acetyl C=O 1.68 2.11 44
175 carboxylate nr 2.37 39
104.3 GlucUA-1 0.42 0.91 21
101.6 GalNAc-1 0.55 0.81 15
81.1 ring 0.77 0.84 24
77.2 ring 0.53 0.68 19
76.2 ring 0.53 0.56 18
52.7 GalNAc-2 0.82 0.45 27
23.7 N-acetyl -CH;, 1.34 2.20 33

2 T, was determined only in the case of bovine nasal cartilage. Standard errors are about + 5%. nr = not resolved resonance.

solved spectrum than pig articular cartilage
(©).

According to its higher collagen and lower
glycosaminoglycan content, the spectra of pig
articular cartilage exhibit a lower signal to
noise ratio. HRMAS considerably improves
the quality of the *C NMR spectrum of pig
articular cartilage (d), whereas the effect to-
wards the nasal cartilage is less pronounced.
Thus, nasal cartilage is a more homogeneous
tissue than pig articular cartilage and, there-
fore, 1s characterized by a lower line-width.

The close similarity between bovine nasal
cartilage and the chondroitin sulfate spectrum
clearly reflects the fact that cartilage is mainly
composed of chondroitin sulfate [18,19,23],
whereas keratan sulfate and hyaluronan only
play a minor role. Despite the considerable
broadening of lines, relaxation times of carti-
lage are very similar to the values determined
for chondroitin sulfate. In Table 3 the "*C
NMR relaxation times of pig articular carti-
lage and bovine nasal cartilage (both swollen
in an excess of water) are compared. Only the
T, values of pig articular cartilage could be
measured on a single sample without marked
degradation of the sample because the re-
quired measuring times are extremely long in
the case of pig articular cartilage (about 2
days).

In comparison to the relaxation times of
hyaluronan and chondroitin sulfate in
aqueous solution, the relaxation times of both
types of cartilage are in the same order of
magnitude, what indicates that the collagen
moiety does not markedly influence the relax-
ation properties of cartilage glycosaminogly-

cans. Both cartilage resonances exhibit a
rather broad underground, which is not ob-
served in the spectra of pure chondroitin sul-
fate. This is in agreement with Darke and
co-workers [24].

To exclude the possibility that paramagnetic
impurities like ferrous or cuprous ions influ-
ence relaxation in articular cartilage, the influ-
ence of ferrous ions on an aqueous
chondroitin sulfate solution was tested. It is
known that divalent cations are strongly
bound to glycosaminoglycans, whereas there
is no marked interaction with monovalent
ions [25,26]. In Fig. 3 the *C NMR spectra
of an aqueous chondroitin sulfate solution
(8% w/w) are shown with 5 mM EDTA (a),
1 (b), 2 (c) and 5 mM FeCl, (d). Obviously,

(d) e ! L
oo ‘ 1l
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(a) I
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Fig. 3. Influence of paramagnetic ions on the shape of the '*C
NMR spectra of an aqueous 8% chondroitin sulfate solution.
(a) It was recorded in the presence of 5 mM EDTA, whereas
in (b) 1, (¢) 2 and in (d) 5 mM FeCl, was artificially added.
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increasing amounts of ferrous ions lead to a
nearly selective broadening of the charged car-
boxylate group as well as the C=0O resonance
of the N-acetyl side chain, whereas the other
resonances remain nearly unchanged. This is
caused by the charge of the uronic acid group
or the complexing properties of the carbonyl
group of the N-acetyl residue, which enables
both carbonyl groups to interact strongly with
paramagnetic ions.

Additionally, the EDTA experiment (Fig.
3(a)) indicates that previously present impuri-
ties of paramagnetic ions do not contribute to
the line-broadening, since there is no differ-
ence between both chondroitin sulfate spectra
in the presence and in the absence of EDTA.
The carbonyl resonance is clearly detectable in
each cartilage spectrum and, thus, one must
conclude that paramagnetic ions do not influ-
ence the spectral and relaxation properties of
the articular cartilage itself. This might be of
some importance for studying the binding be-
havior of NMR contrast agents within the
cartilage.

3. Discussion

In the present investigation we have
recorded the '*C NMR spectra and measured
the corresponding relaxation times of pig ar-
ticular and bovine nasal cartilage as well as
isolated solutions of important glycosamino-
glycans of cartilage (chondroitin sulfate and
hyaluronan). Although "C NMR spec-
troscopy provides higher-resolved NMR spec-
tra than proton NMR spectroscopy, the
spectra of articular cartilage are strongly dom-
inated by broad resonances. An attempt to
overcome these problems is the application of
the so-called HRMAS—-NMR technique. This
minimizes the line-broadening effects of chem-
ical shift anisotropy and dipolar coupling con-
siderably and, therefore, by far sharper NMR
resonances can be obtained. To our knowl-
edge cartilage has not yet been investigated by
HRMAS and the present paper is the very
first example.

Under standard high-resolution as well as
HRMAS conditions; however, exclusively the
carbohydrate moiety of cartilage contributes

to the '*C NMR resonances [18,19], whereas
the rigid collagen fibrils are broadened by
dipolar couplings beyond the detection limit.

Additionally, our data clearly indicate that
there are only slight differences in the relax-
ation behavior of monosaccharides on the one
hand and polysaccharides on the other hand.
Even the relaxation times of chondroitin sul-
fate within the cartilage agree very well with
the corresponding data in solution. Since re-
laxation times are also often estimated by the
analysis of the line-width of the NMR reso-
nances [22], we have also used this approach
to estimate the influence of the water content
on the shape of the spectra. As expected,
decreasing the water content broadens consid-
erably the resonances of the carbon atoms of
the polysaccharides, whereby the ring atoms
as well as the N-acetyl side-chains are
affected.

From the obtained data, we conclude that
the pyranose carbons of carbohydrates are
motion-restricted primarily by embedding in
the rigid ring structure, whereas additional
limitations of mobility (cartilage polysaccha-
rides in comparison to solution conditions) do
not more show major effects. Additionally to
the 7, relaxation times, 7, relaxation was also
determined. These values are by far shorter
than 7, but again the values for the solution
and for the cartilage are in a comparable
order of magnitude.

As cartilage was obtained from different
sources, we also addressed the question of
what role paramagnetic impurities may play
towards the relaxation behavior. However,
their role must be regarded to be very small
since no major differences were found upon
EDTA treatment. Vice versa, the addition of
ferrous 1ons selectively broadened the car-
bonyl resonances, which assigns them as the
major ion binding sites. This is in good agree-
ment with previous results reported by other
authors [25,26].

Finally, the question of what moiety of
polysaccharides of cartilage is detectable by
NMR is not yet answered. Using proton and
BC NMR spectroscopy, Darke and co-work-
ers [24] found that, e.g., hyaluronan samples
contain, in all cases, components with very
short relaxation times, resulting in consider-



L. Naji et al. / Carbohydrate Research 327 (2000) 439446 445

able line-widths. The concentration of such
components is often underestimated by NMR.

4. Experimental

Chemicals and cartilage samples.— All
chemicals were obtained in the highest com-
mercially available purity and used without
further purification. The sodium salts of
hyaluronan (HA) and chondroitin sulfate
(CS), both from bovine trachea with a molec-
ular weight of about 5 x 10* g/mol, and the
monomers, GIcNAc and GIcUA, as well as
ferrous chloride, EDTA and merthiolate
(ethylmercurithiosalicylate) were purchased
from Fluka Feinchemikalien (Neu-Ulm, Ger-
many). Deuterated water with an isotopic pu-
rity of 99.9% was supplied by Chemotrade,
Leipzig. All carbohydrates were dissolved in
deuterated water to give a final concentration
of 8% (w/w) and were allowed to equilibrate
for 1 day at room temperature. To prevent
growth of microorganisms, the used D,O con-
tained 200 mg/L merthiolate [27].

Bovine nasal and pig articular cartilage
were obtained from a local slaughter house
immediately after slaughter from healthy juve-
nile animals (about 1-year-old). Both types of
cartilage were separated from the surrounding
tissue, and nearly cubic or rectangular pieces
of a size of about 2 mm were cut off. The
cartilage pieces were allowed to swell in an
excess of D,O.

3C NMR spectra.—Carbon NMR spectra
were acquired on a Bruker DRX-600 spec-
trometer, operating at a resonance frequency
of 150.918 MHz for '*C. Spectra were ob-
tained with a 5 mm broadband probe using
proton broadband decoupling of 3.5 kHz, a
spectral width of 200 ppm, a pulse length of 6
us for the 7/2 pulse, and a relaxation delay of
3 s. A line broadening of 10 Hz was applied
prior to Fourier transformation. All measure-
ments were carried out at physiological tem-
perature (310 K) using the deuterated solvent
as a deuterium lock for field stabilization.
Spectra were referenced by the use of TSP
(trimethylsilyl-d,-propionate), where the reso-
nance of the trimethylsilyl group was set to
1.70 ppm [28]. For each polymer spectrum

1024 transients were accumulated, whereas for
the monosaccharides, 16 accumulations were
sufficient to obtain a reasonable signal to
noise ratio. At least 2000 transients were nec-
essary for the different cartilage samples. In
some cases '*C NMR spectra of cartilage were
also acquired with a 4 mm HRMAS probe.
The spin rate was 5000 Hz and the spectra
were acquired at a temperature of 310 K. All
experimental parameters were the same as de-
scribed above for high-resolution NMR
spectroscopy.

T, and T, PC NMR relaxation measure-
ments.— The spin-lattice relaxation times (7))
were measured using the standard inversion
recovery (IR) method (n—7—7/2-acq) [29]. A
repetition time of at least 5 x 7 (of the slow-
est relaxating carbon atom in the sample) was
used. Typically, 10—15 experiments were per-
formed with varying z-values. Signal intensi-
ties were obtained by integration of the peaks
in the NMR spectra. The corresponding relax-
ation times were determined by fitting the
intensities of the spectra to an exponential
decay function according to the following
equation:

M.(7) = M0<1 ) e£>

The quality of the individual fit functions was
assessed by the y? test. y? was in the range of
about 0.001 for all accepted fits.

T, (spin—spin) relaxation time measure-
ments were performed using a standard
CPMG sequence (m/2-m—mn—7-acq) [30],
whereby the echo time was incremented. 7,
was obtained by fitting signal intensities to an
exponential decay:

M, (t)=Be 7

z? was in the range of about 0.001 for all
accepted fits.

In a few cases 7T, was also determined by
the line-width Av, , assuming a Lorentzian line
shape:

b
T,

The standard errors of all given relaxation
times were estimated to be about 4+ 5%. De-

AV1/2 =
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tails of relaxation-time measurements are
given in [28].

As relaxation measurements lasted for
about 55 h, all samples were investigated by
'H NMR spectroscopy subsequent to *C
NMR measurements. No significant differ-
ences were detectable in the spectra compared
with that prior to measurement.
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