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ABSTRACT 

“C-N.m.r. spectra of chondroitin 4- and &sulphates, chondroitin, P-D- 

glucuronate, and &D-glucose 6-sulphate were measured in the presence of ytter- 
hium(IJ1) in deuterium oxide. The structure of the ytterbium-polysaccharide com- 
pounds in solution was found to be similar to that reported for calcium chondroitin 
4-sulphate in a stretched film. In the glucuronate complex, Yb(II1) coordinates to 
the carboxylatc group. For P-D-gluCOSe 6-sulphate, the ytterbium-induced shifts 
are too small to allow the structure to be determined. 

INTRODUCTION 

The glycosaminoglucuronan chondroitin sulphate (ChS) is a major con- 
stituent of cartilage. The importance of this polyelectrolyte in providing sites for 
the deposition of calcium ions during calcification has long been postulated’,‘. Re- 
ccntly, Winter and co-workers3.4 used X-ray diffraction of stretched films to deter- 
mine the structure of calcium chondroitin 4-sulphatc and sodium chondroitin 4-s& 
phate. 

In order to obtain a better insight into the binding of calcium and other metal 
ions to polysaccharides in solution, we have investigated polyelectrolyte catalysis 

by chondroitin sulphate5, the binding of metal ions to ChS systems in alkaline 
mediab. and the partial molar volumes of ChS systems’. We now report on the 
binding of ytterbium to chondroitin 4-sulphate (Ch-4s). chondroitin B-sulphate 
(Ch-6S), and chondroitin (Ch) in solution, using ‘“C-n.m.r. spectroscopy. For pur- 

poses of comparison, P-D-ghcuronate and P-D-gluCOSe Gsulphate have also been 

studied. 

*Binding of Metal Ions to Polysacchandes, Part IV. 
**To whom corrrspundrnce should be addressed. 
‘Present addresc: Department of Chemical Technology, Umverszty of Amsterdam. Plantage Muidcr- 
gracht 30. 1018TV Amsterdam, The Netherlands. 
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I.anthanide ions havr frequently been used as probes for iwstcric calcium 

ions” “. Rcccntly. ‘“C-n.m.r. spectra of I,-glucuronates and u-galacturonates in the 

prcscnce of lanthanide ion\ have been reported”‘. 

EXPERIMENT'AI 

Mutrrial.~. - Ytterbium and prascndymium nit&c, curopiunl perchlorate. 

/I-u-glucose h-sulphate, and deuterium oxide (99.8% D) were commercial mate- 

rials. All other materials have already been dcscrihcd’ 

Chemical shifts were measured relative to that ofintcmal 0.Oi~ I .I-dioxane. 

“C{‘H)-N.m.r. spectra of C‘hS systems in the prcwncc ofCu(l1). Ni(ll), or Ca(II) 

were recorded at 22 6.3 MHz with a Rrukcr WH-90 spectt-ometer. 

Outline of /nethr,d. --- ‘3C‘-N.m.r. spectl-a” of Cl1-4s. Ch-6S. and Ch \~cre 

subsequently assigned completely by Hamer and Perlin”‘. ‘The assignments have 

been revised by Rocick <‘l ol. I’, using 50.32-MIIz spectra. I’he spectrum ot o-o- 

glucuronatc, which was assigned by Irumi”‘, together with that ot D-glucose” wcrc 

used to assign the chemical shifts uf /S-D-glucose h-sulphatc. ‘The \hitth induced by 

paramagnctic lanthanidc reagents are usually expressed as the sum 01 separate cow 

tributiona of contact \hilts uxl pseudo-contact shifts”: the contact \hif!< for- Yb’+ 

are very c,mall’“. 

The poSition of the Yh ” wn with respect to that of the ligand carbon atoms 

[i] was dctcrmined by tittlng Eq. I L7.‘x to the values of the lanth~tnidc-it,ducetl shift 

(1.i.s.) which is given by the slope ot &S, as a function of the ratio [Yb’. ];[I~], This 

ratio wa? taken as GO. IS. Eq. I presupposes axial symmctl-y, which was checked In 

the usual way”. Comparing Eu’* and Yb” Ions. OUI- experiments indicate-d that 

this condition is met, except [or the nuclei which give thi: largest shifts. Thehe 

atoms arc close to the lnnthanide ion; theretore. for ELI” ’ , the contacl contribution 

cannot bc completely neglected’“. We also tried to into-educe I’r’ ’ for comparison, 

but, cvcn with 4% of Pr’- added. a precipitate was formed. For (he littmg proce- 

dure. the computer program LISCA”’ on the hasi\ of a least--squarea cuterion (the 

R function of Wilcott CI N/.“‘, which IS analogous to the crystallographic R” value 

ot Hamilton”) was uszd. With lhts program. in addition to ~hc position of the 

lanthanidc ion and the magnetic axis, the an& of the rotatable bonds can also be 

fitted. 



METAI,-PDLYSACCIIAKIDC BINDING 3 

The 1.i.s. values for the carbon atoms of the different ligands are listed in 
Table I, where U indicates the carbon atoms in the glucuronate moiety, and A 
those in the 2-amino-2-deoxygalactose (sulphate) moiety, as shown in Fig. 1. For 
Ch-hS, 1.i.s. values of C-4,hA could not be determined. The chemical shifts of these 
carbon atoms are identical and are not resolved by the Yb”+ ion. The chemical shift 
of C-4A in Ch-4S almost coincides with that of C-SU, and therefore this 1.i.s. value 
could not he accurately established. The present 1.i.s. values confirm the revision 
by Bociek et al. I3 of the assignment of the ChS n.m.r. spectra by Hamer and Per- 
tin”. Bociek ef al. ” mentioned that the assignment of C-4U and C-3A in Ch may 
be reversed. Because a larger 1.i.s. value is expected for C-4U, this appears to be 
the case. Thus, we concluded that the peak at SO.5 p.p.m. belongs to C-4U, and 
that at 81.1)p.p.m. toC-3A. 

Fig. 1. Structure of ytterbium Ch-4S in solution, from “C-n.m.r. data: U, glucuronatl- rcslduc; A. 3. 
amloo-2-deoxygalactose 4.sulphate resxdue; U’, CO, group of a glucuronate residue of an antiparallel 
chain rn the same umt-cell: u”. CO: group of a glucuronate residue of the parallel cham in an ad,acent 
unit-cell. 
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From the 1.i.s. values in Table 1. it is clear that one or more glucuronate rings 
are coordinated to Yb’+ It proved nnpossible to vary the rotatable hands between 
the rings in the tit, and therefore thcsc angles were fixed in the fitting procedure. 
using the X-ray atomic positions’.‘. 

C‘lzondroitin I-sulphate. ~ An X-ray diffraction investigation” of a strctchcd 
film of calcium chondroitin 4-sulphate rcvcalcd a two-fold screw structure (with 90” 
between the rings; R” 0.216) The structure of sodium Ch-4S, determined similar-ly. 
was lound to be three-fold4 (with 60” hctwccn the rings; R” iJ.398). In each struc- 

ture. there were two antiparallel chains in a unit cell. 
Initially, we used the positions of the carbon atoms in either calcium or 

sodium Ch-4S to solve the structure of ytterbium Ch-JS in solution. Firstly. the 
two-fold structure of calcium Ch-4S was tried. in which two monodentate carboxy- 
late groups and one sulphate group are coordinated to <:a’+. One of the carboxy- 
late groups belongs to a parallel chain of an adjacent unit-cell. If the shifts induced 
by Yb(III) originate from one glucuronatc residue. the IWO nelghbouring 3- 
acetarnido-Z-deoxygalactosc sulphate residues. and thr parallel glucuronate rc- 
sidue in an adjacent unit-cell. an environment almost identical with that around 
calcium in calcium CtwlS is found. The R value is (I.lhl, and the x. y. and z coordi- 
natcs of the atoms are listed in Table II. The structure is shown In Fig. 1. The mini- 
mal distances of Yb’+ to oxygen atoms that are available for coordinalion (z.c.. be- 
twcen 200 and 300 pm) are given in ‘Table TIT. 
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AtOm 

Uronate moiery 
C-6 
C-5 
c-4 
c-3 
C-2 
C-l 
o-s 
O-I 
O-2 
O-3 
O-4 
O-6’ 
O-6 
H-l 
H-2 
FI-3 
H-4 
H-5 

Amino sugar moiety 
C-l 
c-2 
C-3 
c-4 
C-S 
C-6 
AcC- I 
AK-2 
N-2 
s-4 
o-s 
O-l 
O-3 
o-4 
O-6 
AcO-I 

S-O’ 
S-o” 
S-0”’ 

H-l 
H-2 
H-3 
H-i 
H-S 
H-6’ 
H-6” 
N-H 
Me-H’ 

X(Pd 

~1.6 
-25.6 

8.2 
-6.83 
72.0 
33.6 
56.3 

117.1 
48.8 
4n.4 

-79.5 
~98.6 
112.3 

-72.8 
179.7 

-113.1 
111.7 

-131.7 

54.0 
86.1 
73.6 

157.7 
123.9 
212.3 

42.6 
~61.0 

-5.2 
383.8 
141.6 

79.5 
117.1 
296.5 
142.2 
157 0 

476.4 
296.2 
458.1 

-50.2 
188.5 

-31.8 
137.0 

19.6 
248.S 
298.2 

-95.0 
-149.4 

yfpmi 

268.7 402.4 
12x.s 3.50.6 

21.2 453.6 
-117.3 392.0 
~ 126.2 262.3 

- 12.6 168.5 
112.5 233.8 

-17.1 57.6 
250.7 197.4 

-216.2 483.7 

314.8 

3.5.8 

~21.4 

320.5 

- 120.8 
-137.1 

34.9 
120.3 

45.1 
-33.8 

54.8 
180.7 
249.2 
368.8 

-268.2 
-37X.0 
- 150.0 

218.4 
157.7 

-35.8 
-17.1 
148.2 
471.2 

-282.8 

122.0 
267.7 
329 2 

80 0 
-73.5 

82 8 
250 0 
284 0 
410.8 
337.5 

-1424 
~343.2 

379.1 

565.1 

141.9 
284.3 

461.6 

371.x 
488.3 
322.6 

-307.0 
-180.7 

-57.R 
--74.6 

-206.6 
~234.6 
~118.4 
-114.8 
-171.2 

41.” 
-315.8 
-416.9 

57.6 
-73.2 

-305.0 
~78 6 

97.2 
145.5 

~15.9 
-303.1 
-187.1 

-43.2 
8.2 

-204.3 
- 139.6 
-295.8 
~201.2 

-s9.4 
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‘l’he unit cell contains another chain, antiparallel to the first. Hindlng to theie 

two chains within the same unit-ccl1 wa\ ako invcstigalcd. In doing thk. Yb’+ was 

positioned close to the carhosylate groups of the two chain’: (paralkl and antiparal- 

lel) of the next unit-cell. If one Yh ‘+ inducts shift:, i,f the rignak fi>r the carhotl 

atoms of one li ring and two A rings in any four chain< in two adJacenr unit-cells. 

then Yb” should be placed between the carboxylate goups of the four II rings. 

However, this coordination gives a much higher R value (0.293). 

All other possibilities tried in the two-fold structure (varying from one II ring 

and one A ring tu four U rings and eight A rings) gave R value’: >I).3 OI- no $0111. 

lion at all. Also, ;L negative result was obtained when the three-fold structucc mas 

Iried. Variation of the angle between the saccharidc units, in addition to the posi- 

lion ol Yb’ + and the magnetic axis, did not give B solution. pl-ohahly bccnusc the 

1.i.a. values of tht: carbon atoms in the 2-amino-l-dcr)xypalact~~~~ (\ulphatc) IC- 

Glues are very small. It is concluded that the structure shown in Fig. I give\ the 

best agreement with the ytterbium-induced shift\. 

C‘hondroitin fLwlphatr. -- Gael it n!. ’ mentioned that calcium C‘h-hS has a 

three-fold conformation. Recause the atomic cuordinatcs were not given. the 

atomic positions of the threefold structure: of sodium (‘h-554 were usedJ. Agun all 

possihilitics. ranging from one U ring and one A ring to four II rings and eight A 

rings. were tried. No accqxahle solution was found. It is possible that the di~tancc 

bctwcen the chain> in calcium Ch-hS differs from that in sodium Ch-4s. 

With the coordinaka of the two-fold structure ot calcium (‘h-S. a coordina- 
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tion similar to that of ytterbium Ch-4S was found, with an R value of 0.218. The 
atomic positions used were identical to those (Table II) used for ytterbium Ch-4S, 
except for those of the sulphate group; the coordinates of this group have not been 
reported. The atomic positions for Yb’+ m ytterbium Ch-6S are x, 372.7; y, 320.4; 
and z, 338.2 pm. The minimal distances of Yb”* to oxygen atoms that are available 
for coordination are given in Table III. 

Chondroifiin. ~ No X-ray diffraction study of Ch has been reported. Chon- 
droitin differs from hyaluronate only in the 2-acctamido-2-deoxyhexosc moiety, 
which is o-galucto in the former and D-ghro in the latter. Winter ei al.*‘, using X- 
ray diffraction, found a three-fold structure for calcium hyaluronate with CO,- 
Ca*+-m 0,C bridges between antiparallel chains. In contrast. our measurements do 
not indicate this type of coordination. As in the case of Ch-6S, no three-fold struc- 
ture could be fitted. A two-fold structure, similar to that found for ytterbium Ch- 
4S, gives an R value of 0.126 and shows coordination to one oxygen atom of each 
carboxylate group of two parallel glucuronatc residues in adjacent unit-cells. The 

Fig. 2. Structure of ytterbium p-u-glucuronate in solution, from ‘3C-n.m.r. data; a 1 : I complex is as- 
sumed. 
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atomic positions wed wcrr identical to those (Table II) used for ytterbium Ch-4S 

and Ch-hS without the sulphatr group. The atomic positions for Yh’ ’ in ytterbium 
Ch are x, 3bO.Y: y. 37Y.X; and z, 3 2 I .7 pm. The minimal d~st~nccs of W?” to oxy- 

gen atoms that are availablc for coordination are given in Table III. All other pas- 
sihilities tried for the ~wt>~fold structure gnvc R values ~0.25 or no wlutic>n at all. 

just as for Ch4S and Ch-6. 
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late group is involved in coordination, because by far the largest shift is induced for 
C-6. 

I~urni’~ concluded from Z&MHz, ‘%J-n.m.r. measurements that the carboxy- 
late oxygcns in j;(-D-glucuronate may be solely responsible for the binding of Eu’+, 
Pr’+, and Nd+ ions. He assumed a 1 : 1 I.&-gh~uronate ratio. From his spectra 
and the values given by Golding and Halton*’ and by Bleaney eb al.” for intensity 
factors of contact shifts and pseudo-contact shifts. respectively, induced by Yb”+. 
it can be calculated that Izumi should find a larger induced-shift for C-S than for C- 
6. This discrepancy with our mcasurcmcnts may be caused by the lower resolution 
of his spectra. 

P-D-Glucose h-&~hrrlr. ~ The positions of the atoms in p-D-gluCOSe ~-WI- 
phate were determined as described for B-D-glucuronatc. For &D-glucose 6-sul- 
phate, the ytterbium-induced shifts are so small that the structure of a ytterbium 
compound (if it exists) could not be determined with any accuracy. The best R 
value found in the fitting procedure was 0.46. 

13C-N.m.r. spectra of the chondroitin sulphate systems with copper, nickel, 

and calcium ions. - Because our primary interest lies in the binding of CaZ+ and 
transition metal ions to chondroitin sulphate systems, spectra in the presence of 
these metal ions were also recorded. Under the influence of Cazf, the shifts of the 
polyions do not change within the detection limits of the 22.63-MHz equipment; 
Cu’+ and Ni’+ shifted and broadened almost all of the signals, but the carboxylate 
signal was mostly broadened. These data indicate that these metal ions bind to the 
carboxylate group. 

DISCUSSION 

Various structures have been established by X-ray diffraction for the sodium 
salts of glycosaminoglucuronans, depending on pH and ionic strength”. Tanaka’s 
found a three-fold structure for calcium Ch-4s. Gael et al.’ mentioned that addition 
of small proportions of Ca’+ to sodium chondroitin sulphate systems effects a con- 
formational change. For instance, Ch-4S changes from a three-fold to a two-fold 
structure. Our measurements indicate a two-fold structure for solutions of ytter- 
bium chondroitin sulphate, similar to that reported for calcium Ch-4S in a stretched 
film’ (with the restriction that only two-fold and three-fold structures were tried). 
In Table ITT, the coordinating oxygen donor-atoms (at a distance to Yb3+ between 
200 and 300 pm) arc given. It is possible that the sulphate group in Ch-4S is only 
accidentally directed to Yb’+, because the position of this group is not established 
by LISCA. The sulphate group in ChS will also be involved in electrostatic interac- 
tion with the cations. In Ch, Yb’+ coordinates in an identical way, strongly indicat- 
ing that the carboxylate group plays the most important role in the coordination of 
metal ions to chondroitin sulphate systems. This view is supporfed by the fact that 
the carbon atom of the carboxylate group shows the largest shift induced by Yb’+. 
The weak interaction of Yb3+ with o-glucose 6-sulphate further supports this con- 
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elusion. In the ytterbium glucurtrnatc complex, Yb” binds to the cwhnxylatc 

group, but the exact coordination cannot be estahlishrd. If a I : 1 1%’ ‘-plucur~~natc 
ratio is assumed, our measurements also indicate coordinatmn of Lhr ring oxygen. 

but the distances of some carbon atoms to Yh3’ arc unrealistically amall (Fig 3) 

If a symmetrical coordination of two glucuronate eons IS awrmed. ~only ihe carbox 

ylatc groups coordinate (Fig. 3). 

There have bern few studies of the structuw of glycosamic~o~luc~~r-~~n~~n~ in 

solution. Gus ~1 ul. ‘I mcntmned that the realIts of an n.m.r. study of ;i solution of 

hyaluronatc can best he mtcrpreted in terms of a partly ordercci. partly d&ordered 

system; they resected double-hchx formation. Howewr. Chakraharll I’/ rri. “‘, from 

viscosity data and c.d. spectra of hyaluronate in solut~m. ~ugpe~t~ci d structure 

similar to that found In a stretched lilm. Morris rt al.‘” also m~nttoncd that the 

principal mode of alginatc gel formation of <‘a’ ’ (the cgp-box model) exists in the 

condensed ctatc BS well :s in solution. The same phenomenon tar (‘h(S) systems is 

indicated by the present study. 

Our linding that the three polyiona invr\tigated cootdin;~c in neat-ly the wmc 

way agrers with the findings of ctarlicr spcctroacoprc investigationsh l‘hc al:llxlit~ 

constants for the copper complexes of Ch-4S and C’h-hS arc comparable. ,tnd cl~ffcr 

from that of Ch because of an elrctroctatic contrlhution 01 the wlphate group”. 

Also. the small difference between Ch-4S and Ch 11, the ICM of water on cnpper(ll) 

bonding, as found from density measurements’. I\ m agreement with thls model 

Recently. Benttie and Kelsu” found the (weak) binding of calcuirn to gluc~t~~l 111 hc 

diff’txent from that of lanihanide ions. Ilowever. out mc’~~su~cmcnt~ mclic;itc that 

the coordination of Ca” and Yb” is comparable. I’his may be due LU the l’xt that. 

in our studies. the binding hetwcen the metal ions cmd the (charged) hgands IS 

much stronger. 
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