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It is a well known fact that neutrophil-derived hypochlorous acid plays an important role
in cartilage destruction during rheumatoid arthritis. It has been shown by 'H NMR spectro-
scopy in a previous paper (Schiller et al. (1994), Biol. Chem. Hoppe-Seyler 375, 167—-172) that
sodium hypochlorite affects primarily the N-acetyl side chains of polymeric carbohydrates of
cartilage like chondroitinsulphate and hyaluronic acid. An instable intermediate, likely to be
a chloramine, is involved in these processes. The present paper deals with the application of
carbon NMR spectroscopy for the study of these degradation processes, because carbon
NMR gives the opportunity to detect changes on the single sugar ring carbons. Although it
was not possible to prove the involvement of an intermediate, because of its fast hydrolysis,
we were able to show that the reaction between sodium hypochlorite and N-acetylglucos-
amine affects mainly the side chain, accompanied by the formation of acetate. The application
of a large excess of sodium hypochlorite leads to a breakdown of the carbohydrate ring
under the formation of formiate.

Introduction model experiments (Baker er al., 1988; Kowanko
et al., 1989). Whereas a loss of viscosity of hyal-
uronic acid solutions is observed with small
amounts of hypochlorous acid, higher concentra-
tions lead to a breakdown of the polymer chains
(Baker et al., 1988).

Because primary reactions of HOCI/CIO® on

Rheumatic diseases are characterized by a mas-
sive damage of components of the extracellular
matrix and an enhancement of the number of
polymorphonuclear leukocytes (PMNs) in the in-
flamed joint (Zvaifler, 1973; Brown, 1988). These

cells are able to release the enzyme myeloper-
oxidase (MPO, E. €. 1.11,1.7), which catalyses the C2rpobydrate polymers have been unknown, we
investigated its action on different monomers and

f ti f h hl id f hyd
e e s A polymers using '"H NMR (nuclear magnetic reso-

peroxide and chloride anions (Thomas, 1979;

Albrich et al.. 19813 nance) spectroscopy (Schiller et al., 1994). It was
e eta ) found that N-acetyl side chains in N-acetylglu-
H,O, + CI~ — HOCI + HO". cosamine, N-acetylgalactosamine, chondroitinsul-

Neutrophil derived hypochlorous acid seems to phate and hyalurpnic acid are the main target for
be involved in cartilage degradation during rheu- hypochlorous acid. They are depleted to acetate
matoid arthritis. Elevated activities of myeloper- Via the formation of an unstable intermediate,
oxidase in synovial fluids from patients with rheu-  Which is probably a chlorinated product of the N-
matoid arthritis were observed (Edwards et al., acetyl side chain (Schiller er al., 1994). A break-
1988; Nurcombe ef al., 1991). Moreover, neutro- down of polymer chains of hyaluronic acid and a
phils from synovial fluids of patient material were disruption of single sugar .rings }’Vith formation of
characterized by enhanced values in native chemi- formiate occured only using hlgher amounts of
luminescence (Arnhold et al., 1994). hypoF:h.lorous. aci‘d in these exXperments.

An action of hypochlorous acid on polymeric This investigation gave only insufficient answers

components of cartilage has been examined in about th_e relation between N-acet)./l side chain
degradation, the breakdown of the ring structure,

and the oxidation of functional groups of the sugar
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for the detection of changes at single positions of
the ring system is used in the present investigation.
Recently degradation processes of polymeric com-
ponents and synovial fluids induced by hyaluroni-
dase from bovine testes were studied by use of '*C
NMR (Albert et al., 1993). We present *C NMR
data indicating that only two main processes occur
upon the action of HOCI/CIO® on carbohydrate
polymers, the degradation of N-acetyl side chains
and the breakdown of the single sugar rings.

Material and Methods
Chemicals

All chemicals (NaCl, Na,HPO, and KH,PO,)
for buffer preparation and the starting materials
(glucose, glucuronic acid, N-acetylglucosamine, N-
acetylgalactosamine, heparin from pig intestine,
chondroitinsulphate from bovine nasal trachea
and hyaluronic acid from human umbilicial cords)
were purchased from Fluka Feinchemikalien
GmbH, Neu-Ulm (Germany). They were used
without further purification. The purity of these
polymeric components was tested by size exclu-
sion chromatography. All polymers used for this
study were chromatographically pure and did not
show impurities of other glycosaminoglycans.

Incubation conditions

Sodium hypochlorite (as source for hypochlo-
rous acid) from Sigma Chemie (Deisenhofen)
was commercially available. A stock solution of
NaOCIl was prepared in water. Its concentration
was determined spectrophotometrically imme-
diately prior to use at pH 12 (€90nm = 350 m~!
cm~!) (Morris, 1966). Solutions of polymeric and
monomeric components were freshly prepared in
50 mmol/l phosphate buffer, 0.14 mol/l NaCl, pH
7.4 and incubated with the corresponding concen-
trations of NaOCI at 37 °C for different times. The
incubation conditions are indicated in each figure.
For UV-determinations a Hitachi U-2000 photo-
meter was used.

Concentrations of polymers were related to the
sum of the molecular weights of their correspond-
ing repeating units (e.g. for hyaluronic acid the
molecular mass of glucuronic acid and N-acetyl-
glucosamine).

NMR-measurements

Proton NMR measurements were conducted on
a Bruker AMX-300 spectrometer operating at
300.13 MHz for 'H. All spectra were recorded at
ambient temperature (293 K). Typically 0.40 ml of
the corresponding incubation solution was placed
in a S mm diameter NMR tube and 50 ul of D,O
was added to provide a field frequency lock. The
intense water signal and the broad resonances
arising from polymeric carbohydrates were sup-
pressed by a combination of the Hahn spin-echo
sequence (Bell et al., 1987) and the application of
continuous secondary irradiation at the water res-
onance frequency. The Hahn spin-echo sequence
[90°-t-180°-t-collect] was usually repeated 128
times with T = 60 ms and a total delay between
two pulses of 5 seconds to allow full spin-lattice
(T7) relaxation of the protons in the sample. All
spectra were recorded with a spectral width of
4000 Hz, according to approximately 13 ppm. A
line-broadening of 0.5 Hz was used to improve the
signal to noise ratio of the spectra. Chemical shifts
were referenced to internal sodium 3-(trimethyl-
silyl)-propane-1-sulphonate in a final concentra-
tion of 500 wmol/l.

3C NMR spectra at 75.47 MHz were obtained
on the same spectrometer as described above.
Spectra were recorded with a flip angle of 45° (90°
flip angle 4us) with a pulse repetition time of 2 s
(SW 15600Hz/16 K). Usually 16 K transients were
accumulated under WALTZ-16 decoupling over-
night. All free induction decays were processed
with a 10 Hz line-broadening.

Results
Monomer degradation

Chemical components, containing one or more
sugar rings are relatively complex substances, be-
cause they contain many different carbon atoms,
each of them only slightly different from the oth-
ers (Yamada ef al., 1992). N-acetylglucosamine (N-
acetylgalactosamine shows an analogous behavi-
our) exists in three different forms in aqueous
solution. Two ring forms (“anomers™) and an
open-chain form with a free aldehyde group. Be-
cause the aldehyde form is energetically unfavour-
able (Bunn et al.. 1981), signals of both anomeric
forms predominate in 'H and '*C NMR spectra
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of N-acetylglucosamine. Examples of 'H and *C
NMR spectra of solutions of N-acetylglucosamine
are given in Fig. 1.

Protons (a) of the methyl group of the N-acetyl
side chain give an intense singlet at 2.04 ppm,
whereas protons of C(1)-H of both anomeric
forms of N-acetylglucosamine show two well re-
solved doublets at 5.188 ppm [3J('H'H) = 3.4 Hz]
for the a(cis)-form and at 4.698 ppm [*J('H'H) =
8.4 Hz] for the P(trans)-form (Livant et al., 1992).
All other C—H protons yield coupled resonances
between about 3.3 and 3.9 ppm. Protons from
O-H and N-H are invisible in the spectrum be-
cause of their fast exchange with water molecules
(Scott er al., 1984).

A completely different spectrum is found for an
aqueous solution of N-acetylglucosamine using
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Fig. 1. Comparative NMR spectra of an aqueous solu-
tion of N-acetylglucosamine (50 mmol/l). The reso-
nances appearing in the proton NMR (a) and in the car-
bon NMR (b) are indicated in the figures.

carbon NMR. Resonances from carbon atoms are
much better separated from each other (1b). The
two resonances at 24.9 and 24.7 ppm at the right
end of the spectrum are assigned to the carbon
atom of the methyl group of the N-acetyl side
chain. The ratio of intensities of these two lines
is about 2:3, confirming that the a-anomeric form
(shifted to higher field compared to the (-form)
of N-acetylglucosamine is preferred compared to
the f-anomeric form under our experimental con-
ditions (pH 7.4; 298 K). The resonances of the car-
bonyl group of the N-acetyl side chain at 177.5
and 177.3 ppm show an analogous behaviour. The
signals of the remaining carbon atoms of the sugar
ring are distributed over a relatively wide range of
chemical shifts from about 57 ppm to 98 ppm. The
resonances at lower field (97.6 and 93.5 ppm) cor-
respond to the C-1 atom (containing anomeric
protons) and the resonances at higher field (62.9
and 62.7 ppm) to the C-6 atom of N-acetylglu-
cosamine. The remaining eight resonances are
assigned to the remaining ring carbons in Fig. 1
(Kalinowski er al., 1984).

Upon the action of the powerful oxidizing rea-
gent hypochlorous acid characteristic changes in
the '3C NMR spectrum of N-acetylglucosamine
occur, highly depending on the NaOCI concentra-
tion (Fig. 2).
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Fig. 2. 13C NMR spectra of a solution of N-acetylglu-
cosamine (50 mmol/l) treated for four hours with dif-
ferent amounts of sodium hypochlorite. The following
molar ratios of NaOCl to N-acetylglucosamine were
used: 1:5 (a), 1:1 (b), 5:1 (c). Incubations were performed
for 4 hours at 37 °C.
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If low concentrations of sodium hypochlorite
are used (e.g. in a 1:5 molar ratio between
hypochlorous acid and N-acetylglucosamine in
Fig. 2a) reaction products do not occur in the
spectrum. This is in good agreement to the results
obtained by proton NMR spectroscopy (Schiller
et al., 1994), where only very low amounts of ace-
tate at 1.90 ppm could be detected under identical
experimental conditions. Probably, these low con-
centrations of acetate cannot be observed because
of the very low sensitivity of carbon NMR spec-
troscopy in comparison to proton NMR.

At higher NaOCI concentrations (1:1 molar
ratio, 2b) three new resonances appear at 174.8,
163.3 and 27.2 ppm, whereas all other signals are
slightly diminished. These resonances originate
from formiate (163.3 ppm) and the methyl carbon
of acetate (27.2 ppm). The C=0 signal of acetate is
not visible in the spectrum because of the strongly
diminshed 7 values of quaternary carbon atoms
and perhaps because of a diminished nuclear
Overhauser enhancement. Acetate results from
degradation of N-acetyl side chains of N-acetylglu-
cosamine (Schiller er al., 1994), whereas formiate
is the final product of the breakdown of the carbo-
hydrate ring system (Beyer et al., 1984).

The acetate to formiate ratio is a measure of the
contribution of side chain and ring degradation in
N-acetylglucosamine. At a molar ratio of 1:1 be-
tween hypochlorous acid and N-acetylglucosamine
the degradation of the N-acetyl side chain domi-
nates over the ring breakdown. Although both res-
onances differ only slightly in their intensities the
acetate concentration is higher than the formiate
one, because both substances differ considerably
in their 7}-behaviour. At equal concentrations for-
miate yields a more intense resonance than acetate
(data not shown). Moreover, the complete oxida-
tion of the sugar ring would result in five mole-
cules of formiate.

The remaining signal at 174.8 ppm is not unam-
biguously fully assigned. It might result from an
unstable intermediate of N-acetyl side chain deg-
radation, which was recently found by '"H NMR
spectroscopy (Schiller er al., 1994). This conclusion
is supported by the fact, that this signal vanishes
if very high sodium hypochlorite concentrations
are used.

Increasing the NaOCI concentration to a molar
excess of 5:1 (2¢) strongly reduced signals of the

starting material are observed. whereas the reso-
nances arising from acetate and formiate gain
higher intensity. Using a very large excess of
NaOCI (10:1) the signals from acetate and for-
miate dominate in the spectrum, showing that the
sugar rings are completely destroyed (data not
shown).

These experiments do not give indications for
the oxidation of the —CH,OH group of N-acetyl-
glucosamine by hypochlorous acid. If glucose is
treated with NaOCI the formation of glucuronic
acid is accompanied by characteristic changes in
the >C-NMR spectrum (Fig. 3). Although 12 reso-
nances are expected for the a- and }-anomomeric
forms of glucose, only 10 resonances can be ob-
served in the spectrum. Unfortunately, the reso-
nances for the C-4 and C-6 carbon atom cannot
be separated under our experimental conditions
(Kalinowski et al., 1984). A complete loss of the
resonance at 64.2 ppm for the carbon atom of the
CH,OH group occurs after treatment of glucose
with NaOCl. At the same time two new reso-
nances at 179.8 and 179.5 ppm for the quaternary

C=
®) |
|
|
|
(a)
180 160 140 120 100 80 60
(ppm)
Suon  C-1:97.1933
o, C2:75631
. ) C3:773744
ol Cai712
" C5:77.372.9
H OH  (C.6:624

Fig. 3. 3C NMR spectra of a solution of pure glucose
(50 mmol/l) (a) and after treatment with sodium hypo-
chlorite in a molar ratio 1:1 (b) for four hours at 37 °C.
Resonances for glucose are assigned to the correspond-
ing formula [in ppm].
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carbon of the carboxylate group appear. All other
resonances are only slightly shifted (indicating that
the ring system is inaffected). Such changes do not
occur upon treatment of N-acetylglucosamine
with NaOCI.

Polymer degradation

Sulphated glycosaminoglycans are important
components of cartilage (Hardingham, 1990).
Therefore we have also studied the degradation of
these polymers.

Unfortunately, polymeric components are char-
acterized by shortened transverse relaxation times
in comparison to smaller oligomer units (Groot-
veld et al., 1991). This property is the reason for
the different behaviour of the 'H NMR spectra of
chondroitinsulphate and hyaluronic acid. Whereas
a proton NMR spectrum with well resolved reso-
nances for the N-acetyl side chain can be obtained
from a solution of chondroitinsulphate, an aque-
ous solution of hyaluronic acid does not show any
resonances neither in the proton (Schiller er al.,
1994) nor in the carbon NMR spectrum. This fact
may be caused by the different molecular weights
of these two carbohydrate polymers. Chondroitin-
sulphate has a molecular weight not higher than
50 kDa but the molecular weight of hyaluronic
acid is higher than 1000 kDa, which results in very
short 7, values and low solubility in water. These
constraints in mind we focused our interest on
chondroitinsulphate to study the influence of so-
dium hypochlorite on polymeric components of
cartilage.

The spectrum of pure chondroitinsulphate looks
similiar to the spectrum of N-acetylglucosamine or
N-acetylgalactosamine (data not shown). However
the signal to noise ratio is not as well under these
experimental conditions, because only a part of
the carbon atoms is mobile enough to be detected
by NMR spectroscopy. There are again three well
separated regions. At high field two resonances
occur at 26.2 and 25.4 ppm for the methyl group
of the N-acetyl side chain. This splitting is not
caused by anomeric forms as observed for N-ace-
tylglucosamine (this is not possible, if the single
sugar rings build a polymer chain) but results from
a mixture of chondroitin-4- and chondroitin-6-sul-
phate (Torchia ez al., 1977). At low field there are
two resonances at 177.8 and 177.3 ppm, according

to the quaternary carbon of the carbonyl group
present in the N-acetyl side chain of the polymer.
The C—H groups from the sugar rings show reso-
nances between about 110 ppm and 50 ppm.
Using the same concentrations for the NaOCI
treatment as with N-acetylglucosamine similar
changes take place (Fig. 4). Already at a chondroi-
tinsulphate to NaOCI ratio of 5:1 there are small
traces of acetate at 27.2 ppm present in the
spectrum, but not at all formiate (Parkes et al.,
1991). This behaviour shows, that a degradation of
the N-acetyl side chains takes place at low concen-
trations of NaOCI (a). Increasing the concentra-
tion of NaOCI to a 1:1 molar ratio (b) the reso-
nances from the starting material are markedly
diminished under an enhancement of the concen-
tration of acetate. Using a very high excess of
NaOClI (c) the resulting spectrum is nearly the
same as obtained with N-acetylglucosamine, show-
ing two clear resonances for formiate and acetate.
From the experiments the question arises, to
what extent different kinds of monomeric and
polymeric carbohydrates are affected by sodium
hypochlorite. To answer this question carbohy-
drate solutions were incubated over a period of
one hour with 10~3 mol/l NaOCI. The consump-
tion of hypochlorous acid was monitored by the
decrease of the absorbance at 290 nm. The carbo-
hydrate concentration was 10~3 mol/l for mono-
meric substances. It was related to monomeric
(“repeating”) units for polymeric substances. The

(c) Formiate | Acetate
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N-acetyl

C-H groups
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Fig. 4. 3C NMR spectra of a solution of chondroitinsul-
phate (50 mmol/l = 33.3 g/l) treated for four hours with
different amounts of sodium hypochlorite. The following
molar ratios of NaOCI to monomer units were used over
an incubation period of 4 hours: 1:5 (a), 1:1 (b) and 5:1

(c).
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results are given in Fig. 5. It is possible to dif-
ferentiate between different classes of compo-
nents. Whereas glucose and glucuronic acid show
only a very small consumption for NaOCI (about
5% during 1 hour), N-acetylglucosamine and N-
acetylgalactosamine react more vigorously with
NaOCI under these experimental conditions. They
consume about 80% of the offered NaOCI. If solu-
tions of polymers are compared with each other,
a rather complicated behaviour is found. Whereas
heparin shows only low reactivity against sodium
hypochlorite, chondroitinsulphate is much more
affected; hyaluronic acid shows a reactivity be-
tween heparin and chondroitinsulphate. This
might be explained by the different degree of sul-
phatation in these polymers and their different
molecular weights. Thus, heparin shows low reac-
tivity, because it is the most sulphated polymer
(containing two sulphate groups per repeating
unit) conferring a very high negative charge den-
sity. The repulsion of the negatively charged CIO®
reduces its concentration at the polymer surface.
Hyaluronic acid does not contain any -SOj -
groups but it has a very high molecular weight,
leading to a low mobility of the chain, which
decreases the probability that a NaOCI molecule
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Fig. 5. A comparison of the reactivities of different
monomeric and polymeric carbohydrates present in car-
tilage towards sodium hypochlorite. The carbohydrate
concentration was 1073 mol/l for monomeric substances.
It was related to monomeric units for polymeric sub-
stances. At the beginning (t = 0 min) NaOCI was added
in a 1:1 molar ratio. The decrease in NaOCI concentra-
tion was related to the starting value (100%) and re-
corded over an incubation period of one hour.

hits a polymer chain. Although chondroitinsul-
phate contains one sulphate group per repeating
unit it might react more vigorously than hyaluro-
nic acid due to its lower molecular weight, which
favours the reaction.

Discussion

Results of the present and previous paper
(Schiller et al.. 1994) indicate that HOCI/CIO®
causes two main processes in degradation of
monomeric and polymeric carbohydrates. At low
concentrations of HOCI the N-acetyl side chains
are predominately changed. They are depleted to
acetate as the final product. An instable interme-
diate appears which is likely a chloramine of the
N-acetyl groups. Here the 'H NMR provides more
informations to follow these reactions compared
to '3C NMR because of its higher sensitivity. The
intermediate is either invisible or overlaps with
other resonances in the carbon NMR spectra or it
is completely depleted after the incubation period
of 4 hours. A new resonance at 174.8 ppm could
not be assigned. It can result from the quaternary
carbon atom neighbouring to the —N(Cl)-group.

Higher amounts of HOCI/CIO® lead to a com-
plete breakdown of sugar rings with formiate as
final product. Any evidence for a selective oxida-
tion of functional groups at the C-1 and C-6 atom
of sugar rings in N-acetylglucosamine, N-acetyl-
galactosamine and chondroitinsulphate could not
be found. This result is in contrast to the action of
HOCI/CIO® on glucose. Here, a preferential oxi-
dation of glucose to glucuronic acid occurs.

Our data from '*C NMR show that formiate ap-
pears simultaneously to the disappearance of all
resonances of the six carbon atoms of sugar rings
in both, monomers and chondroitinsulphate.

Fig. 6 summarizes all pathways discussed in deg-
radation of N-acetylglucosamine by hypochlorous
acid. Pathway 1 (ring oxidation) and 4 (chlorina-
tion of N-acetyl side chains) are consistent with
our NMR data.

The second pathway (2) concerns the possible
oxidation of the —CH,OH group in monomers in-
vestigated and polymeric units of carbohydrates.
I3C-NMR data did not indicate this pathway. In
contrast to this, glucose is converted to glucuronic
acid by HOCI/CIO®. Whereas the -CH,OH
group is presumably protected by the secondary
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Fig. 6. Scheme of the different reaction pathways of N-acetylglucosamine with sodium hypochlorite. The different
reaction sites and reaction products are emphasized in the figure.

structure in polysaccharides (Scott et al., 1983) the
absence of this pathway is not understood in N-
acetylglucosamine.

A hydrolysis (3) of N-acetyl side chains of N-
acetylglucosamine upon the action of sodium hy-
pochlorite is also incompatible with results of 'H-
and PC-NMR spectroscopy. Either glucosamine
and acetate or glucose and acetylamide should be
expected.

Therefore, polysaccharides were degraded by
HOCI/CIO® mainly on their N-acetyl side chains.
A progredient destruction of cartilage components
occurs in inflamed joints in rheumatoid arthritis.
An accumulation of large amounts of neutrophils
(Zvaifler, 1973; Brown, 1988) was provided ele-
vated values for myeloperoxidase activities (Ed-
wards et al., 1988; Nurcombe et al., 1991) and
increased amounts of acetate (Grootveld et al.,
1991; Parkes et al., 1991) are other characteristic

features of synovial fluids of patients with rheuma-
toid arthritis. In own experiments up to 2.3 units
myeloperoxidase have been detected in 1 ml cell-
free synovial fluids of such patients (Sonntag et al.,
1994) as determined by oxidation of guaiacol to
tetrahydroguaiacol (Klebanoff et al, 1984). By
them one unit MPO was determined as utilization
of 1 umol H,O, per minute. Over long periods
sufficient high amounts of hypochlorous acid can
be produced in inflamed joints.
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