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ABSTRACT 

Electrophoretic methods are outlined for the rapid purification and analysis of chondroitin sulphate 
oligosaccharides on a milligram scale. Isomeric impurities however, exist within specific sized oligosac- 
charides. Detailed ‘H and 13C NMR data for the chondroitin sulphate disaccharides A4HexA(1- 
3lGalNAc6SO; and A4HexA(1-3)GalNAoiSO; (prepared from shark chondroitin sulphate) are 
reported. Two-dimensional NMR methods have been employed in the assignment of spectra. Prelimi- 
nary models of these disaccharides are proposed from molecular mechanics conformational searching 
and molecular dynamics procedures. This study provides ‘H and r3C NMR reference data which will be 
useful in the investigation of larger chondroitin sulphate oligosaccharides, such as those prepared by 
the electrophoretic methods mentioned above. 

INTRODUCTION + 

Glycosaminoglycans (GAGS) are ubiquitous components of all connective tissue 
extracellular matrices where they serve a number of functions. The most studied 
aspect of GAG function relates to their space filling properties, particularly in 
cartilaginous tissues. Due to the high charge conferred on these molecules by 
virtue of the carboxylate and sulphate ester groups, GAGS (usually in the form of 
proteoglycans) can generate large Donnan osmotic pressures, which are essential 
for the function of tissues like cartilage. The most abundant class of GAGS is the 
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+ Abbreviations: Glycosaminoglycans, GAGS; AHexA-GalNAc6S/4S, derivatives of 2-acetamido-2-de- 
oxy-3-O-(cY-L-threo-hex-4-enopyranosyluronic acid>D-galactose bearing a sulphate ester group at posi- 
tion 6 or position 4 of the hexosamine residue; COSY, correlated spectroscopy; HMQC, heteronuclear 
multiple quantum coherence; HMBC, heteronuclear multiple bond correlation; MBHSQC, multiple 
bond heteronuclear single quantum coherence; NOESY, nuclear Overhauser enhancement spec- 
troscopy; ROESY, rotating-frame nuclear Overhauser enhancement spectroscopy; CE, capillary elec- 
trophoresis; ABNR, adopted-basis Newton Raphson. 
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chondroitin sulphates’. The basic repeating unit of chondroitin is a disaccharide 
consisting of a glucuronic acid residue linked p(l-3) to an N-acetylgalactosamine 

residue. The polysaccharide is linear and unbranched. Diversity in the structure of 
the chondroitin arises as a result of the degree of sulphation and position of the 
sulphate esters. 

Recent work2 using monoclonal antibodies has demonstrated that chondroitin 

sulphate contains sequences within the chain which are almost certainly related to 
specific sulphation patterns. By analogy with the pentasaccharide anti-thrombin 

binding sequence of heparin3 it has been proposed that such sequences in 
chondroitin sulphate may be responsible for binding molecules (for example, 
growth factors) within the extracellular matrix. Determination of the precise 
nature of these sequences is hampered by the lack of analytical techniques for the 

examination of chondroitin sulphate oligosaccharides. Disaccharides can be deter- 
mined by methods such as HPLC4 and more recently CE’ but determination of 
oligosaccharides containing mixed disaccharide isomers is beyond the realms of 
either technique at present. In order to obtain definitive structural analysis of 
oligosaccharides, we must turn to alternative methodology, in this case ‘H and 13C 
NMR techniques. This paper describes the parallel development of NMR, molecu- 

lar modelling, and purification methods for chondroitin sulphate oligosaccharides 
as a prelude to investigation of structures, which contain the epitopes recognised 

by the monoclonal antibodies mentioned previously. 
In particular, the ‘H and 13C NMR spectra of N-acetylchondrosine [2- 

acetamido-2-deoxy-3-O-(/3-o-glucopyranosyluronic acid)-D-galactose], AHexA- 
GalNAc6S and AHexA-GalNAc4S (see Fig. 1 for structures) have been fully 

assigned with recourse to two-dimensional NMR methods. ‘H NMR spectra were 
analysed using COSY and l- and 2-step relayed-COSY experiment&‘. Alterna- 

tively, 13C NMR spectra were assigned with the aid of the ‘H-detected (i.e., 
inverse) heteronuclear correlation or HMQC experiment6,8,9. The advantages of 

the HMQC experiment over conventional 13C-detected heteronuclear correlation 
techniques are increased sensitivity (ca. eight-fold) and high resolution in the 

proton domain (i.e., ‘H-lH coupling information is discernible). Furthermore the 
‘H-detected long-range heteronuclear correlation (or HIvIBC’~) experiment has 

facilitated the specific assignment of the anomeric protons of the AHexA residue 

4 

,HG2@+!j@H 
H OCH, 

Fig. 1. Structure of the disaccharides AHexA-GalNAcbS (R4 = H, R6 = SO;) and AHexA-GalNAc4S 
(R4 = SO;, R6 = H). 
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in IX and j3 anomers. These e~er~ents have been sunnily applied to 
AHe~-GalNAc4S/6S disaccharide samples available as mixed anomers in l-3 mg 
quantities. 

Molecular mechanics conformational searching and molecular dynamics experi- 
ments can give direct information on tertiary structure not available from any 
empirical source. Dynamic processes and solvent effects can be examined, indicat- 
ing the possible role of charged groups and their function in dete~ining tertiary 
structure. Of particular interest here is the function of the acetamido group and 
sulphate groups which are unique to heteropolymeric GAGS. 

Mute&&.-N-acetylchondrosine [2-acetamido-2-deoxy-3-O-(&D-ghzopyrano- 
syluronic acid2r>-galactose] was prepared from chondrosine (Sigma Chemical Co.), 
2-amino-2-deo~-3-~-~~-D-~ucop~ano~l~oni~ acid)-D-galactose, as the barium 
salt. The unsaturated disaccharides of chon~oitin &and Csulphate, AHexA- 
GalNA&S/6S (l-3 mg mixed anomers), were prepared from shark chondroitin 
sulphate by digestion with chondroitinase ABC and purification by HPLC as 
reported previously’. A&amide, TJZMED, and N,N’-methylenebisacrylamide 
(Electran grade) were purchased from BDH Ltd., Poole, UK. Gel filtration media 
(Sephadex) were obtained from Pharmacia, Milton Keynes, UK. Chondroit~ 
lyases (ABC and AC111 were bought from ICN Flow, High Wycombe, UK. Water 
was HPLC grade and was obtained from FSA laboratory supplies, Loughborough, 
UK. All other reagents, unless otherwise stated, were of analytical grade. 

Depoiyrnerdation of chondroitin sdphate .-Treatment of chondroitin sulphate 
with the hydrolase bovine testicular hyal~onida~ (EC 3.2.1.35) cleaves the 
polysaccharide chains into oligosaccharides of the form [GlcA@I-3)GalNA&31- 
4)],GlcA(/31-3)GalNAc. The position of the sulphates on the galactosamines is 
variable. Using the following reaction conditions it was possible to produce a range 
of oligosaccharides varying in size from hexasaccharide to relatively large oligosac- 
charides (d~osasa~ha~de and larger), each varying in size by a single disaccha- 
ride unit. Chondroitin sulphate A from bovine trachea (Sigma Chemical CO.1 was 
dissolved in 0.1 M sodium acetate-O.15 M NaCl, pH 5.8, to a final concentration of 
10 mg/mL. The solution was depolymerised by the addition of bovine testicular 
hyaluronidase (272 U/mW for 16 h at 37°C. 

Gel e~ectrop~r~~ of ~~~~~ed c~~r~jt~ agate.-Polya~~l~ide gel 
electrophoresis was carried out essentially by the method of Cowman et al.“. 
Polyacrylamide:bisacrylamide (3.1% crosslinking) gels of various concentrations 
(details will be outlined in the optimisation section) were prepared in the following 
buffer: 90 mM tris-90 mM boric acid-2.4 mM EDTA, pH 8.3. Initiation and 
catalysis of the polymerisation reaction was with ammonium persulphate (22.5 mg 
in 30 mL> and 0.1% Iv/v) TEMED. Gels (15 x 15 x 0.2 cm) were cast and run in 
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the tris-boric acid-EDTA buffer outlined previously at 13.33 V/cm. Samples 
were dissolved in tris-boric acid-EDTA running buffer and contained Bromophe- 

no1 Blue and Phenol Red (both 0.001% w/v> as tracker dyes. Sucrose was added to 
a final concentration of 5% (w/v) to facilitate loading. The gel was run until the 
Phenol Red tracking dye had migrated 12 cm, The gel was stained for 45 min with 
0.5% (w/v) Alcian Blue 8GX in 2% (v/v) acetic acid, and then destained with 2% 
(v/v> acetic acid until clear. 

Preparative gel electrophoresis. -1. Optimisation of gel concentration. Optimisa- 

tion was performed according to the manufacturer’s instructions for the BioRad 
model 491 Prep Cell. The optimal gel concentration was 16%, although 20% gels 
were run to allow separation of the smallest oligosaccharides. 

2. Running preparative gels. Gels were cast using the BioRad model 491 Prep 

Cell, according to manufacturers recommendations. The gel composition, running 
buffers, and sample preparation were exactly as outlined in the previous section. 

Gels were typically lo-12 cm in length and were run at ca. 25 V/cm. A typical gel 
run would take ca. 5 h to complete. Fractions (2 min fractions, ca. 2 mL) from the 
preparative gel were collected when the Phenol Red tracker dye had migrated to 
within 3 cm of the end of the gel rod. Collected fractions were assayed using the 

Dimethyl Methylene Blue (DMB) GAG-dye binding assay of Farndaler2 modified 
for microtitre plate analysis. 

Capillary electrophoresis of oligosaccharides. -Essentially, the method used for 
the electrophoresis of oligosaccharides of chondroitin was a modification of a 
previous method used for the determination of chondroitin sulphate disaccharides 
at low pH. The conditions were as follows: 2 min wash in 0.1 M NaOH; 5 min rinse 

with 200 mM orthophosphoric acid, pH 3. Samples, containing in the order of 0.1 
mg/mL, were introduced by vacuum (typically l-2 s, ca. 4-8 nL). Electrophoresis 
was performed with an Applied Biosystems 270A apparatus at 40°C and - 15 kV 

in 200 mM orthophosphoric acid, pH 3. 
Column chromatography.- Oligosaccharides were chromatographed on 

Sephadex G-50 eluted with 20 mM ammonium formate. BioGel P2 eluted with 
distilled water was used for the desalting of small oligosaccharide fractions. 

Analytical methods.-Oligosaccharides were assayed by the DMB assay of 

Famdale12, adapted for microtitre plates. Uranic acid determinations were by the 
method of Bitter and Muir13, again adapted for use in microtitre plates. 

NMR spectroscopy .- Samples were prepared for NMR analysis by repeatedly 
treating with 2H20 (99.8 atom%2H, Aldrich Chemical Co.) with intermediate 
lyophilisation and finally dissolving in 0.5 mL 2H20. Spectra were acquired on a 
Bruker AC-300 spectrometer equipped with a 5 mm dual ‘H and 13C inverse 
probehead. COSY and both I- and 2-step relayed COSY spectra were acquired in 
the magnitude mode using 1K x 256 data matrices which were zero-filled to 
1K X 512 prior to Fourier transformation (Ft). For resolution enhancement in both 
dimensions, the time domain data were multiplied by a nonshifted sine bell 
window function. The mixing time, D2, was set to 30 ms for the l-step relayed 
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COSY experiments and the mixing times, D2 and D3, were both set to 39 ms for 
the 2-step relayed COSY experiments. 

Two-dimensional ‘H-detected ‘H-r3C heteronuclear correlation experiments 
were obtained using the standard Bruker microprogrammes for HMQC14 and 
I-IMBCr’. The HMQC programme employs a BIRD (bilinear rotational decou- 
pling) pulse to suppress signals from protons not directly bonded to i3C, time-pro- 
portional phase incrementation (TPPI) to allow for phase-sensitive handling of the 
data and i3C decoupling during acquisition using the GARP-1 scheme. The 
micropro~~e was m~ified to include a presaturation pulse, which seives to 
greatly reduce the intensity of the residual HO’H peak in ‘H,O solutions. The 
spectral width in the ‘H domain was 840 Hz and 4560 Hz in the i3C domain. Data 
sets (512 x 128) were acquired, which were zero-filled to 512 X 512 prior to Ft. A 
sine bell window function shifted by g/2 was applied in both dimensions before 
Ft, followed by phase correction of the data. 

HMBC experiments were acquired with 4K X 512 data sets, which were zero- 
filled to 4K x lK, followed by application of a 7r/2 shifted sine bell window 
function, prior to Ft. The spectra1 width in the ‘H domain was 900 Hz and 9056 Hz 
in the 13C domain. The time delay (D4), during which the Iong-range coupling 
evolves, was set to 50 ms. 

In a11 experiments, chemical shifts were referenced to external sodium 3-tri- 
methylsilyl[2H41 propionate 

Molecular wodelling.---All modelling experiments were performed on either a 
Silicon Graphics 4D/320 GTX or Indigo R3OOO. QUANTA 3.3 and CHARMm 22 
(with standard parameters)r5 were used throughout. No missing parameters were 
reported. 

Six initial structures based on AHexA-GalNAcLtS, AHexA-GalNAc6S and 
AHexA-GalNAc were built in pairs; a fully protonated form (SO, atom type) and 
an unprotonated form (sulphate and carboxy groups unprotonated, SO, atom type) 
carrying a unit negative charge of -2. These were minimised by adopted-basis 
Newton Raphson (ABNR) to an energy gradient tolerance of 0.001 and an energy 
value tolerance of 0.0. From these starting geometries grid conformational searches 
were executed about the 0-5’-C-l’-O-l’-C-3 (4) and C-l’-0-l’-C-3-C-2 ($1 
angles. Two types of grid confo~ational search were executed. Firstly a ‘torsion- 
aily constrained’ search at 10” intervals with the 4 and $ torsions fixed at each 
increment where side chain interactions were resolved by 1000 steps of ABNR at 
each angular change in starting conformation. Secondly, a fully relaxed search at 
lo” intervals without fixed b, and $ torsions was executed. From each change in 
geometry all torsions were allowed to flex under 1000 steps of ABNR minimisa- 
tion. In both cases the minimised starting geometry was used to generate the new 
confo~ation rather that the last previous confo~ation in the search. This avoids 
the production of many chair states which are often induced by side chain 
interactions in highly strained conformations; once one is produced this can be 
carried unrealistically into the remainder of the conformational search. 
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Verlet16 dynamics simulations were executed on the lowest energy conforma- 
tions of the protonated forms of the structures from the torsionally constrained 
grid searches. A solvent shell of TIP3P17 water molecules and 15 A diameter was 

built around each molecule. A positional harmonic constraint of 0.1 kcal/mol was 
applied to the water molecules to prevent boil off of the water in the dynamics 
runs, particularly during the heating stage. This was set at 8.0 A for AHexA- 

GalNAc4S and AHexA-GalNAc. For AHexA-GalNAc6S which has a more ex- 
tended conformation this value was set to 7.2 A. The SHAKE’* algorithm was 

used throughout all runs. The dynamics simulations were composed of 10 ps of 
heating from 0” to 300°C followed by equilibration for a further 10 ps and 

simulation for 20 ps. In the case of the unsulphated analogue, AHexA-GalNAc, 

the simulation phase was run for 30 ps. The coordinates of all atoms were saved 
every 0.1 ps for analysis. 

RESULTS 

Preparative gel electrophoreds. -Limited depolymerisation of chondroitin sul- 
phate produces a number of oligosaccharides each differing by a single disaccha- 
ride from one another. Fig. 2 shows a typical gel exclusion chromatogram on 

Sephadex G-50 of such a digest. As can be clearly seen there are a number of 
peaks that are partially resolved by this technique, but preparation of single 

I 
PHENOL 

; RED 
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Fig. 2. Sephadex G-50 gel exclusion chromatography of a partially depolymerised chondroitin sulphate 
preparation. Details as outlined in text (column dimensions, 84.5 cm x 4.5 cm’; 5-mL fractions at a flow 
rate of 37.5 mL/h; bar represents 0.01 AU at 206 nm). Oligosaccharides are numbered in terms of 
increasing molecular mass each differing by a single disaccharide unit. The smallest oligosaccharide 
(numbered 1) represents a hexasaccharide. The numbering system used in Figs. 2,4, and 5 is consistent 
for all oligosaccharides. 
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Fig. 3. Capillary electrophoretogram of the chondroitin sulphate preparation chromatographed in Fig. 
2. Details of electrophoresis are as outlined in text. 

oligosaccharides by this technique requires multiple chromatographic steps and it 
is difficult to obtain most of the larger oligosaccharides in a pure form. Capillary 
electrophoresis (Fig. 3) has the resolving potential to separate various oligosaccha- 

rides. For the requirements of a project such as this one, however, it seems 
impossible that one could ever obtain sufficient material (1-2 mg) to perform 

NMR analysis even using parallel capillary bundles, a technique that is receiving 

considerable attention at present. CE represents a rapid, convenient and highly 
sensitive technique for monitoring digestion and purity of prepared oligosaccha- 

rides. A new approach to preparation of oligosaccharides is to adopt polyacryl- 
amide gel electrophoresis. We have adapted a method of analytical electrophoresis 

by Cowman et a1.r’ for the preparation of oligosaccharides depolymerised by the 
action of hydrolases and eliminases. Fig. 4 shows the analytical separation of 
chondroitin sulphate oligosaccharides obtained from preparative electrophoresis. 
It is possible to see the degree of purity of oligosaccharides obtained from a single 

preparative electrophoresis run. Assessed densitometrically, the purity (with re- 
spect to size) appears to be better than 90% (results not shown). This is somewhat 
surprising in view of the degree of overlap in a typical preparative run as shown in 
Fig. 5, but may be principally due to cumulative overlap of consecutive fractions, 
half of which would not be represented in the purified sample. The concentration 
of oligosaccharide in each fraction was determined by the DMB dye binding assay. 

Fractions could be collected and reanalysed by capillary electrophoresis or by 
analytical gel electrophoresis as shown in Fig. 4. 

N&U7 spectroscopy.-‘H and 13C NMR data for the unsulphated reference 
compound, N-acetylchondrosine, are compiled in Table I. ‘H and 13C NMR data 
for the unsaturated chondroitin sulphate disaccharides are compiled in Tables II 
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Fig. 4. Analytical gel electrophoretogram of the chondroitm sulphate preparation chromatographed in 
Fig. 2 (Track D). Tracks designated l-9 represent the fractionated oligosaccharides obtained from 
preparative gel electrophoresis (see Fig. 5). The positions of the individual oligosaccharides in the 
mixture are numbered 1-9 in the right hand column. 

and III. The bulk of the proton resonances in the spectrum of AHexA-GalNAc6S 
occur in the region 3.8-4.4 ppm where there are sixteen overlapping proton 
multiplets. The only proton signals occurring outside this region are the olefinic 

(H-4) proton of the HexA moiety (at 5.88 ppm) and the anomeric protons of each 

I 

II 

0 10 20 30 40 50 60 70 80 90 
FRACTION NUMBER 

Fig. 5. A preparative electrophoretogram of the digests used in Figs. 2-4. Detection of oligosaccharides 
was by the method of Famdaler2. 
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TABLE I 

‘I-I and 13C NMR chemical shiis of ~-a~~lchondrosine 

Residue 

GlcA 

Proton 

H-l’ 
H-2’ 
H-3’ 
H-4’ 
H-5’ 

‘H Chemical shift 

a l-3 

4.56 4.50 
3.33 3.33 
3.45-3.55 3.45-3.55 
3.45-3.55 3.45-3.55 
3.6-28 3.6-3.8 

Carbon 

C-1’ 
C-2’ 
C-3’ 
C-4’ 
c-s 
C-6’ 

13C Chemical shift 

a B 

106.9 106.9 
75.6 75.6 
78.2 77.8 
74.6 74.6 
79.0 79.0 

177 -178 177 -178 

GaINAc H-l 5.21 4.68 
H-2 4.29 3.98 
H-3 4.00 3.82 
H-4 4.24 4.18 
H-5 4.12 4.12 
H-6a 3.6-3.8 3.6-3.8 
H-6b 3.6-3.8 3.6-3.8 
NAc(cH,) 2.025 2.025 

C-l 94.0 98.0 
C-2 51.8 51.8 
c-3 80.2 83.2 
C-4 71.3 70.6 
c-5 73.2 73.2 
C-6 64.1 63.9 
NAc(CH,) 25.1 a 24.9 ’ 
NAdCO) n.d. b n.d. 

n a ,/g3 Assignments are interchangeable. ’ n.d., Not determined. 

residue. Spectral assigmnent was achieved with the aid of a COSY experiment and 
l- and 2-step relayed COSY experiments. Once the anomeric proton (H-l) of a 
residue has been assigned, H-2 can be readily assigned from the COSY spectrum, 
H-3 from the l-step relayed COSY spectrum, and H-4 from the Z-step relayed 
COSY spectrum. This is particularly well demonstrated for the four spin system of 

TABLE II 

‘H NMR chemical shifts of Abed-GalNA~/4S 

Residue Proton ‘H Chemical shift (ppm) 

A HexA-GalNAc6S AHexA-GalNAc4S 

a B a B 

AHexA H-l’ 5.23 5.19 5.29 5.25 
H-2’ 3.79 3.79 3.85 3.85 
H-3’ 4.12 4.12 3.93 3.93 
H-4’ 5.88 5.88 5.96 5.96 

GalNAc H-l 5.22 4.72 5.20 4.76 
H-2 4.29 3.98 4.30 4.14 
H-3 a 3.93 4.30 4s4 
H-4 CJ a 4.67 4.60 
H-5 (1 3.94.0 4.2-4.3 4.2-4.3 
H-6a 4.37 4.37 3.65-3.8 3.65-3.8 
H-6b II * 3.65-3.8 3.65-3.8 
NAda 3) 2.046 2.046 2.072 2.072 

’ Denotes the region 4.10-4.25 ppm. 
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TABLE III 

13C NMR chemical shifts of AHexA-GalNAc6/4S 

Residue Carbon 13C Chemical shift (pprn) 

AHexA-GalNAc6.S 

a P 

AHexA-GalNAc4S 

a P 

AHexA C-l’ 
C-2’ 
C-3’ 
C-4’ 
C-5’ 
C-6’ 

GalNAc C-l 
c-2 
c-3 
c-4 
c-5 
C-6 
NAc(CH 3) 
NAc(C0) 

104.1 104.1 103.1 103.1 
72.4 72.4 71.7 71.7 
68.7 68.7 67.7 67.7 

110.1 110.1 109.8 109.8 
147.3 147.3 n.d. a n.d. 
177.4 177.4 n.d. n.d. 

94.1 
51.7 
79.7 
70.9 b 
71.3 
71.0 b 
25.0 d 

173.9 d 

97.9 
55.2 
82.5 
70.3 = 
75.6 
70.6 c 
24.8 d 

172.2 d 

94.4 98.0 
52.9 56.4 
76.1 78.7 
80.4 79.3 
73.6 77.7 
64.2 d 64.3 d 
25.2 d 25.4 d 

n.d. n.d. 

a n.d., Not determined. b Assignments are interchangeable. c Assignments are interchangeable. d n /fl 
Assignments are interchangeable. 

the HexA residue, in the 2-step relayed COSY of AHexAGalNAc6S (Fig. 6). The 

chemical shifts of H-6a and H-6b of the GalNAc ring have been assigned at 4.37 
ppm and in the region 4.10-4.25 ppm, respectively. These have shifted significantly 

downfield relative to those of H-6a and H-6b in N-acetylchondrosine (3.6-3.8 
ppm). This is consistent with sulphation at C-6 as reported previously for chon- 

droitin sulphate’9~20 and keratan sulphate*l saccharides. Also the N-ace@ methyl 

signal has shifted downfield by + 0.021 ppm. 
The ‘H NMR spectrum of the AHexA-GalNAc4S disaccharide has been as- 

signed in a similar manner. In this case, the most significant downfield shift 

(relative to N-acetylchondrosine) is observed for the chemical shift of H-4 (+ 0.4 
ppm) of the GalNAc ring, indicating sulphation at C-4 of this sugar residue. For 
this sample, a downfield shift of +0.047 ppm is observed for the N-acetyl methy 

signal. 
Assignment of i3C NMR data (and further assignment of ‘H NMR data) for 

both disaccharides was achieved with the aid of two-dimensional ‘H-detected (i.e., 
inverse) heteronuclear correlation experiments. In the case of the AHexA- 
GalNAc6S disaccharide, a conventional 13C spectrum was acquired with a total of 

98304 scans which amounted to 36 h accumulation time. In contrast, the HMQC 
experiment (Fig. 7) containing the additional information, as described in the 
introduction, was acquired overnight. The sulphation position of the GalNAc ring 
is also evident from the i3C data**, a significant downfield shift being observed for 
the chemical shift of the sulphated carbon. In the case of the AHexAGalNAc6S, 
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Fig. 6. 300~MHz &step relayed-CGSY spectrum of AHexA-GalNAc6S. Signals labelled ‘W” refer to 
the HexA residue. 
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70 
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Fig. 7. ‘H-detected 13C-lH heteronuclear correlation (HMQC) spectrum of AHexA-GalNAc6S. 
Signals labelted “U” refer to the HexA residue, while those of the GalNAc residue are designated “G”. 
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TABLE IV 

4, + Angles of the lowest energy conformations of AHexA-GalNAc4.S AHexA-GalNAc6S and 
AHexA-GalNAc using protonated acidic groups from type 1 (fixed torsions) and type 2 (relaxed 
torsions) conformational searches 

Structure 

AHexA-GalNAc6S 
type1 
AHexA-GalNAc6S 
type2 
AHexA - GalNAc4S 
type 1 
AHexA-GalNAc4S 
type2 
AHexA-GalNAc 
type 1 
AHexA-GalNAc 
type 2 

#J Angles 

o-5’-C-l’ 
-o-l’-c-3 

- 150 

- 168 

-80 

- 84.8 

30 

63 

H-l/-C-l’ 
-o-l’-c-3 

-33 

-53 

35 

35.0 

150 

57 

JI Angles 

c-l’-O-l’ 
-C-3-C-2 

180 

178 

50 

54.5 

-170 

- 155 

c-l’-O-l’ 
-C-3-H-3 

-65 

-63 

169 

174 

-52 

-34 

Energy 
(kcal 
mol-‘) 

- 260.5 

- 261.3 

- 185.1 

- 189.5 

- 32.4 

- 48.8 

downfield shifts of + 6.9 and +6.7 ppm are observed for GalNAc C-6 in the cy- 

and P-anomers, respectively. The chemical shift of GalNAc C-5 is also perturbed, 
an upfield shift of - 1.9 ppm being observed for the cx anomer and a downfield 

shift of +2.4 ppm for the /3-anomer. On the other hand, the AHexA-GalNAc4S 
disaccharide exhibits downfield shifts of +9.1 and + 8.7 ppm for GalNAc C-4 in 
(Y- and P-anomers, respectively. In this case, the chemical shift of GalNAc C-3 

shows an upfield shift of - 4.1 ppm for the cw-anomer and -4.5 ppm for the p 
anomer. This observation is consistent with previous data obtained for native 
chondroitin strIphateS. Interestingly, the chemical shift of GalNAc C-5 of the p 
anomer shifts substantially downfield (+ 4.5 ppm), while that of the a anomer 
shifts only slightly ( + 0.4 ppm). 

The HMBC experiment, which defines the long-range (i.e., within a two- or 
three-bond distance) i3C-iH correlations has allowed the specific assignment of 
the anomeric protons of the HexA residue to (Y and p anomers. The observed 

long-range correlations from the LY and p anomeric (H-1) protons of the HexA 
residue to the (Y and P-aglyconic (C-3) carbons of the GalNAc residue (i.e., across 
the glycosidic linkage) have distinguished the chemical shifts of these protons. 

Molecular modelling.-The minimum energy structures of both the type 1 and 
type 2 conformational searches were broadly similar as shown by Tables IV and V. 
Analysis of these data is focused on the protonated searches (Table IV) since as 
the monosaccharide units close upon themselves, the electrostatic interactions in 
the charged portions of the molecule can begin to dominate in the force field. In a 
highly charged unprotonated molecule this is an unrealistic simulation of the 
physical system in aqueous media. 
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TABLE V 

4, (I Angles of the lowest energy conformations of AHexA-GalNAcB, AHexA-GalNAc6S and 
AHexA-GalNAc using unprotonated acidic groups from type 1 (fixed torsions) and type 2 (relaxed 
torsions) conformational searches 

Structure Q Angles 

o-5’-C-l’ 
-o-l’-c-3 

H-1’-C-l’ 
-0-l’ -c-3 

* angles 

c-1’-O-l’ 
-C-3-C-2 

c-1’-O-l’ 
-C-3-H-3 

Energy 
(kcal mol - ‘1 

AHexA-GalNAc6S -40 82 -60 63 -18 

type1 
AHexAvGalNAc6S -34 87 -63 59 - 16 

type2 
AHexA-GalNAc4.S -100 20 50 168 -57 

type1 
AHexA-GalNAcllS -89 30 40 160 -59 
type2 
A HexA-GalNAc -80 -42 180 -61 -24 
type1 
AHexA-GalNAc 45 164 -109 14 -28 

type2 

Initial inspection of the 4, II, plots of these conformational searches shows them 

to have several potential minima. A representative example from the type 1 search 
on AHexA-GalNAc6S is shown in Fig. 8. The range of energy shown here is up to 

100 kcal from the lowest energy structure. If conformations within only 10 kcal of 
the lowest energy structure are considered then small discrete clusters of struc- 
tures emerge. The low energy conformations derived from the 4, 1,5 plots clearly 
do not describe all conformational space, it is not within the scope of a preliminary 
study such as this to cover all possible side-chain geometries. In determining 

Fig. 8. 2D Plot of 4 and I,!J angles (0 to 360”) vs. energy (-250 to - 170 kcal mol-‘) for AHexA- 
GalNAc6S. 
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a 

b 

Fig. 9. Stereoviews of the minimum energy conformations ok (a) AHexA-GalNAc6S, (b) AHexA- 
GalNAc4S, (c) AHexA-GalNAc. Dashed lines indicate hydrogen bonds. 

oligosaccharide conformation it is first necessary to determine likely 4, $ angles 
before embarking on a thorough investigation of side-chain geometry. However, it 

is recognised that 4, I) angles will be influenced by pendant groups so energy 
minimisations were carried out at each incremental change in the torsional angle 
to resolve side-chain interactions during the conformational searches. 

AHexA-GalNAdS. When a 5 kcal cut-off is applied to the type 1 search the 4, 
4 plot shows only a small area of available conformational space centred around 4 
- 159.7”, I/I 170.6”. The key electrostatic interaction stabilising these structures 
appears to be between the S=O oxygen and the 2’ hydroxyl as shown in Fig. 9a. At 

its shortest, the distance between these two groups is - 1.7 A. This interaction is 
also observed in the dynamics experiment, the 2’ hydroxyl and s--O oxygen 
maintaining an intermolecular hydrogen bond throughout the 30 ps simulation 
phase. When a 10 kcal cut-off is applied a further minima centred around a second 
structure (4 60.0”, tj - 140.0”) is seen. The structures in this potential well occur 
as the N-acetylgalactosamine ring wraps further under the glucuronic acid ring and 
a stabilising electrostatic interaction can take place between the S=O oxygen and 
the 3’ hydroxyl proton. This is a slightly longer interaction than that seen with the 
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2’ hydroxyl, being - 2.0 A at its shortest. The type 2 search shows similar results 
to the type 1 search with the lowest energy minima centred at 4 - 154.Y, $ 

- 174.6”. At the 10 kcal cut-off level a further area of low energy structures is 
observed centred at 4 57.0 f 5.0” and + 138.0 f 2.0”. There is an additional 
hydrogen bond interaction not observed in the conformational searches which is 
seen in the dynamics simulations. The C-3-C-2-N-H torsion rotates to allow the 
proton to form a stable 5-membered hydrogen bonded ring with the oxygen of the 

glycosidic linkage. The total energy trace is linear throughout the simulation phase 

of the dynamics run. 
AH&-GuZNAc&.-Both the type 1 and type 2 searches show the 4-sulphated 

analogue to be much more conformationally restricted with only one real area of 

low energy structures being generated. The type 1 search at the 5 and 10 kcal 

cut-off levels shows this to be centred in the region 4 - 90.0 + 18”, + 40.0 f 17”. 
The 10 kcal cut-off shows a further very restricted potential well of 4 170.0”, J, 

140.0 f 10.0”. 
These minima have reasonably close contacts (see Fig. 9b) between the N- 

acetylgalactosamine amide proton and the acid carbonyl on the glucuronic acid 
moiety so providing a stabilising hydrogen bond. The amide proton is also only 2.4 

A from the 5’ oxygen and so, with very little movement in the 4, I) angles, a 
further hydrogen bond type stabilisation may occur. The lowest energy structures 

in the 5 kcal search allow an electrostatic interaction between the S=O oxygen and 
the 3’ hydroxyl group. This is also observed in the dynamics simulations through a 
water molecule hydrogen bonding to the oxygen of the glycosidic linkage to 

complete a twist-boat type 6-membered ring. The amide proton-acid carbonyl 
interaction seen in the conformational searches is also seen in the dynamics 
simulations and, in addition, the amide proton is also seen to hydrogen bond with 
the 5’ oxygen. No radical changes in the 4, I) angles are observed throughout the 

simulation and the total energy during the simulation phase is virtually linear. 
AHe.&GaZNAc.-This is easily the most flexible structure, the type 1 search 

indicating several large potential wells at both cut-off levels. Indeed, at the 10 kcal 
level so much conformational space is covered the only structures which appear to 

be precluded are those which encounter severe steric repulsion through the 

hexuronate and N-acetylgalactosamine rings resting on top of one another. It 
serves then, only to examine the minima at the 5 kcal type 1 search. The largest 

potential well is centred around 4 -35.0 f 25.0” with Ic( at either - 145.0 of: 35.0” 
or - 65.0 + 25.0”. These minima have a facile transition of - 2 kcal to a further 

area of low energy conformations centred at 4 25.0 f X0”, I) - 110.0 + 30.0”. 
Another area of low energy conformers - 2 kcal higher than the lowest energy 
structure is centred at I$ - 110.0 f 30.0”, I,+ 5.0 f 36.0”. The barrier to transition 
between these two structures from the minimum energy conformation, as mea- 
sured in the type 2 search is only - 5 kcal. Since this structure is unsulphated the 
only charged residues on this structure which may provide hydrogen bonded 
and/or electrostatic stabilisation are the amide and acid groups. The lowest 
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energy minimum is stabilised by a hydrogen bond between the amide hydrogen and 
the 5’ oxygen as shown in Fig. 9c. 

DISCUSSION 

Although the structure of chondroitin sulphate% has been known on the basis 

of its component disaccharides since 1955, it is clear from recent work that 
sequence information may be contained within these chains as a result of the 

arrangement of the various sulphated isomers. In related glycosaminoglycans such 
as heparin it has been demonstrated that a specific pentasaccharide is responsible 
for binding to antithrombin3. More recently using monoclonal antibodies, the 
presence of unusual yet presumably specific chondroitin sulphate sequences (which 

are synthesised in response to a variety of biological stimuli21 has been demon- 
strated. First, it was shown that there was a specific spatial and temporal arrange- 
ment of such structures in the developing chick bursa. More significantly perhaps, 
it was demonstrated that cartilage produced these unusual chondroitin sulphate 

structures in response to the development of experimental osteoarthritis25. Their 
function may be related to binding of biologically active molecules such as growth 

factors and cytokines. As a result, there has been considerable interest in deter- 
mining the structure and shape of these epitopes in order to gain a greater 

understanding of the mechanisms which may underpin the development of os- 
teoarthritis. 

Although there has been a great deal of interest in the elucidation of chon- 
droitin sulphate sequence structure, the field has progressed relatively slowly 

because of two major factors. First, there is a lack of useful cleavage and 
derivatisation protocols for such linear heteropolysaccharides. Furthermore, purifi- 

cation of defined oligosaccharide structures has not been possible. In this paper we 
have shown alternative and rapid, high capacity techniques for the purification of 
oligosaccharides of defined length. This does not however solve the problem of 
microheterogeneity. Studies are in progress to address this problem, using ion 
exchange HPLC in conjunction with specific sulphatases and affinity chromatogra- 
phy steps. The success of these techniques is currently being assessed by CE. Such 

techniques have shown initial promise and we are at present preparing milligram 
amounts of oligosaccharides with defined sulphate sequence. We will soon be able 
to apply the experience obtained in the NMR analysis and molecular modelling of 
disaccharides to the definitive structural assignment and three-dimensional shape 
of these oligosaccharides. This will be of great significance in the future when it 
may be necessary to design new antigens for the production of monoclonal 
antibodies which occur in pathological states. Previous NMR investigations of 
chondroitin sulphate have been limited to rH and 13C NMR of native polysaccha- 
ride preparations’9y22y23 (which very often consist of mixtures of isomers and give 
broad signals in ‘H NMR spectra) and one study of ‘H NMR of disaccharidesm. 

13C NMR spectroscopy is advantageous in terms of both the greater chemical shift 
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range and the singlet nature of the signals. Conventional two-dimensional het- 
eronuclear correlation experiments have been employed previously” * m assigning 
r3C spectra, of the polymeric species, the results of which have necessitated some 
reassignments of signals. 

In this study, we report both ‘H- and r3C NMR data for purified chondroitin 
sulphate disaccharides. The spectra have been completely assigned by a combina- 
tion of two-dimensional methods. Although sample quantities of l-3 mg were 
available here, 13C enrichment of oligosaccharides would further increase the 
potential of these experiments. Moreover, we expect to be able to examine 
chondroitin sulphate oligosaceharides of greater length. With increasing chain 
length however, there is an exponential increase in complexity. For example, a 
tetrasaccharide monosulphated on the galactosamine rings has four potential 
structures, a hexasaccharide, eight; an octasaccharide, sixteen; and so on. How- 
ever, the glucuronate may also be sulphated on C-2 (some repox@ have shown 
that on rare occasions the C-3 may also be sulphated) and the galactosamine could 
also be unsulphated or indeed oversulphated at C-4 and C-6, forming the disul- 
phate. Obviously the degree of complexity conferred by these post-translational 
modifications is greatly increased, producing a myriad of potential structures for 
tetrasaccharides and larger oligosaccharides. As has been suggested in the past*’ 
the potential for structural (and functional) diversity in the carbohydrates (in this 
case the glycosaminoglycans) is far greater than that for proteins and may be of 
great significance in the differentiation, development and degeneration of tissues. 

Characterisation of chondroitin sulphate epitopes (in terms of composition, 
sequence and sulphation pattern) is of key importance in determining their 
biological function. The data presented here for these model disaccharides will be 
of use in investigating these larger structures. Also, a strategy for full assignment of 
‘H NMR data is necessary for conformational studies involving generation of 
distance constraints (from NOESY and ROESY experiments) for molecular mod- 
elling routines. Furthermore, assignment of both ‘H and 13C NMR data is a 
prerequisite for measurement of long-range coupling constants across the glyco- 
sidic linkage. The use of NMR in determining distance/angle constraints is 
essential for preparing accurate molecular models since at present crystallographic 
data for these molecules is not available. 

Carbohydrate conformational analysis is often the subject of debate since there 
is still little consensus as to the exact nature of the exoanomeric effect 28 in 
aqueous media 29,30 Although parameters are available in force fields to account . 

for the subtleties of the exoanomeric effect31,32, the force field15 used here, 
CHARMm 22, is in its native form. For AHexA-GalNAc4S and AHexA-GalNAc6S 
the exoanomeric effect predicts that the expected preference of the N-acetylgalac- 
tosamine ring is to be in near synclinal orientation to the plane of the glucuronic 
acid ring oxygen and C-l’ carbon. ‘In a force field unparameterised for the 
exoanomeric effect it cannot be expected that low energy conformers of this type 
will be preferred. The lowest energy conformers found in this study are stabilised 
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by hydrogen bonding and/or electrostatic interactions which tend to be at variance 
with a positive exoanomeric effect. The observed interaction between the ac- 
etamido group and the glucuronic acid moiety in AHexA-GalNAc4S provide a 
particular rigidity to this disaccharide. Although this type of interaction is possible 

in the AHexA-GalNAc6S analogue the major electrostatic stabilising interactions 
are seen through the s--O oxygens-glucuronic acid hydroxyl group, thus inducing a 

different conformational preference in 4, I) space (Tables IV and V). The 
differences observed in these disaccharide conformations will clearly have pro- 

found effects on oligosaccharide conformation. 

Under the regime of these conformational searches the optimised orientations 
of the charged groups which lead to the stabilisation of minimum energy conform- 

ers is by no means complete. For example, it is equally possible in the case of 
AHexA-GalNAc4S that the opposite hydrogen bond donor/acceptor orientation 

of amide and acid moieties from that currently described may occur. Until the 
exoanomeric effect is more clearly understood and force fields adjusted to mimic 
it, then the key interactions which contribute to oligosaccharide conformation 
cannot be fully delineated. It will be interesting to compare these models with 

structures derived from purely empirical techniques. A Karplus-type curve, relating 
the long range ‘H-13C coupling constants c3Jcu) across the glycosidic linkage to 
the torsional angles, # and $ (see Fig. 11, has previously been characterised33*34. 

These 3JcH values may be determined using another ‘H-detected heteronuclear 
experiment, multiple bond heteronuclear single quantum coherence35 (MBHSQC). 
Further studies employing this particular experiment are being carried out and the 
predicted torsional angles related to the results obtained from the molecular 

modelling studies reported here. These experimentally determined values will then 
be incorporated into dynamics procedures on larger chondroitin sulphate oligosac- 
charides. 
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