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SUMMARY 

A high-performance liquid chromatograptic method of analysing hyaluronic 
acid and oligosaccharides produced by bovine testes hjaluronidase is presented. 
Using silica gel packed columns and an aqueous mobile phase, it is possible to sepa- 
rate the mono-, di-, tetra- and hexasaccharides from higher oligosaccharides and 
hyalurotic acid and to foilow the enzymatic conversion of polysaccharides to oligo- 
saccharides. The analysis is performed within 30 min and only 20 ~1 of sample (con- 
taining 20-60 pg of saccharides) are needed. 

The glycosaminoglycan hyaluronic acid (HA) is a linear naturally occurring 
polysaccbaside having the nzpeating structure -O-8-D-glycopyranuroi-onosy~-(1 --f 3)- 
O-(2-acetamidct-2&soxy-@-glycopyranosyl)-(l 34)-, known as N-acetylhyalobi- 
uranic acid. 

Enzymatic digestion of HA can be performed by exu-glycanohydrolases such 
as B-N-acetylglucosaminidase (EC. 3.2.1.30) and @-gluruconidase (EC. 3.2-l-31), 
cutting off monomer units from the end of the HA molecule, OF by en&?-glycano- 
hydrolases (E-C. 3.2.35), cIeaving the f + 3 bond leaving a reducing glucuronic acid 

end group, OF cleav?ag the 1 --f 4 bond leaving a reducing glucosamine end group. 
Bovine testes hytiuronidase is of the iatter type, being an en&-@-N-acetylgluco- 
saminidase. 

FOF investigating the action of merent hydrolases on %IA, several techniques 
have been used e.g., end group analysis, gel filtration and electrophorcsis, paper 
chromatography, radial diffusion, viscometric and turbidimetic measurements. 

In this paper we describe the application of high-pezformance liquid chro- 
matography (HPLC) to the well known enzymatic digestion of HA with bovine testes 
hyaluronidase. 
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Hfgk-performance liquid drrmnutography 
A lOlOB liquid chcomatograph from Hewlett-Packard (BGblingen, G.F.K.) 

ws used with a difherential refractometer (LD Refiacto Monitor; Laboratory Data 
Control, Riviera Beach, Fla., U.S.A.) as detector. The detectos response was recorded 
on a Hewiett-Packard 3380A integrator. Injections were made with a Rheodyne 
Model 7210 injector (Rheodyne, Berkeley, Calif., .U.S.A.) with a 20+1 loop. 

Separation was petioxmed on a $3ondagel E linear column, followed in series 
by tvvo ~Porasil GPC 60 A columns (Waters Assoc., Milford, Mass., U.S.A.). Each 
had dimensions of column 300 X 4 nun I-D- The pBondage1 column had a nominal 
mokzcular weight separation range of 2OOO-2,6OO,ooO, the ~Porasil cohunri a range 
of lOO-10,000. The mobile phase was 20 mM sodium acetate buffer (pII 4.0) con- 
mining 1.5 mg/l of HA. The cohnun compartment was heated to 4W, and a flow-rate 
of 0.40 m&tin was used. The pressure drop over the three columns was about 

- 6j kp/Cm+. Injections were made with a RIO-~1 SGE syringe (SGE, North Melbourne, 
- Austdii). - 

Enzymatic Liigestion 
XA as the potassium salt obtained from human umbilical cord (Grade I; 

Sigma, ‘St. Louis, MO., U.S.A.) was dissolved in 20 mM sodium acetate buffer 
(pII 4-O) at concentrations of 1.5-4.0 m&l, and this solution was used as a substrate 
for the digestion with chromatographically purified bovine testes hyaluronidase 
(Sigma). The enzyme was supplied in vials containing IS,OQQ NF units, which was 
dissolved in the acetate bulfer to give an activity of 4CKKl NF units/ml. Digestion was 
started by the addition of 25 NF units of enzyme per milligram of HA. Similar additions 
of enzyme were repeated after 24,48 and 72 h to give a total of 100 NF units added 
per milligram of HA. 

Samples from the incubation mixture were drawn at diierent times, the enzyme- 
activity being stopped by boiling in a water bath for 5 min, and stored at 4”_ 

Pre~ara;ion of low-molecular-weigh oligosaccharides 
The 120-h digestion product was separated on a Scphadex G-25 Superfine 

(Pharmacia, Uppsala, Sweden) column (935 x 26 mm I.D.), equilibrated and eluted 
with 10% (v/v) of ethanol in 0.2 M sodium chloride solution according to Flodin et al.‘. 
A constant flow of 10 ml/h was maintained with a peristaltic pump (P3; Pharmacia). 
The efhuent was continuously monitored with a differential refractometer (LDC), and 
5-ml fractions were collected. 

The fractions containing oligosaccharides were pooled and desalted on 
Sephadex G-25 Superfine columns (80 x 30 mm I.D.) with 10% (v/v) of ethanol in 
water as the eluent, The desalted fi-actions were lyophihzed and redissolved in water. 

Determination of reducing N-acety~ghcosamiize 
During digestion with bovine testes hyaluronidase, reducing N-acetylgluco- 

samine end groups are i&rated, and their analysis was performed according to 
Reissig et al-’ with modifications. To 250 ~1 of sample, 50 ~1 of 1 M sodium hydroxide 
solution and 60 ~1 of 0.8 M dipotassium tetraborate solution were added in sccw- 
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capped t&es to give a final pH of 9.1. The capped tubes were heated for 3 mm at 
100)” in a heating block (ET 3; Grant, Cambridge, Great Britain)_ After cooling, 
1.8 ml of DMAB reagent (5 g oFp-dimethylaminobenzahiehyde dissolved in 5 ml of 
concentrated hydrochloric acid and 50 ml of glacial acetic acid, and diluted with 
9 volumes of glacial acetic acid just before use) was added. After incubation for 
20 min in a water-bath at 37”, the extinctions at 543 nm were measured in an LKB 
2074 spectrophotometer (LKB, Bromma, Sweden), 0.250 m&f N-acetylglucosamine 
beiig used as a standard. 

Determination of total glucuronic acid 
The analysis was performed according to Bitter and Mu?. To 250 ;a1 of sample 

was added 1.5 ml of a 0.05 M solution of dipotassium tetraborate in concentrated 
sulphnric acid, carefully avoiding an increase in temperature above ambient. The 
capped tubes were heated for 10 mm at 100” in a heating block (Grant). After cooling, 
50 ~1 of a 0.25% (w/v) solution of carbazole iu ethanol were added, followed by 
heating for L5 mm at loo”. The tubes were cooled to ambient temperature and the 
extinctions at 514 nm were measured in the LKJ3 2074 spectrophotometer. A mixture 
of 0.100 mM glucuronic acid and 0.100 m&J N-azetylglucosamine was used as a stan- 
dard. 

Determination of total N-acetylglucosaznine 
The analysis was performed according to Blix’ with modifications. The sample 

(750 ~1) was hydrolysed with 750 ~1 of concentrated hydrochloric acid in sealed glass 
ampoules for 3 h at 100” in a heating block (Grant). The mixture was cooled and 
transferred into 15-ml vials with about 0.5 ml of water, quickly frozen in acetone- 
carbon dioxide and lyophilized (Hetosicc; Heto, Birkerod, Denmark). The residue 
was dissolved in 1504) ~1 of water and 500 pl of this solution were added to 500 pl of 
acetylacetone reagent [lo ml of 0.2 M dipotassium tetraborate (pH 9.1), 220 ~1 of 
5 M sodium hydroxide solution and 200 pl of acetylacetone] in a capped tube. After 
30 min at 100” in a heating block (Grant), the tubes were cooled with ice and 200 ~1 
were added to 1ooO~l of DMAB reagent (see Determination of reducing N-acetyyl- 
glucosmnine) in LKB cuvettes. Colour development took place at 50” for 45 min in 
an LKB incubator, followed by measurement of extinctions in the LKB 2074 spectro- 
photometer at 543 nm. As a standard, a mixture of 0.5 mM N-acetylglucosamine and 
0.5 n&f glucuronic acid, treated in the same way as the samples, was used. 

Paper chromatography 
Descending paper chromatography was performed according to Partridge’. 

The solvent used was 1-butanol-acetic acid-water (44:16:40). Volumes of 20 ~1 of 
sample- containing 1O-W pg of oligosaccharides were applied on Whatman No. 1 
paper. The strips (180 x 420 mm) were irrigated for 40 h at room temperature. The 
formation of chromogen took place in a box containing satnratcd water vapour at 
105” for 10 min. Afar spraying with DMAB reagent, the reducing N-acetylgluco- 
samine-containing compounds gave a red colour. 

Detennri2ariCR of exe-glycanohyc&ohzses 
/?-N-Acetylglucosamini dase and /I-glucuronidase activity was assayed accord- 
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ing to K.hax and Anand and Brat eb d.‘. The assays were mod&d for petiormanee 
on an ABA-100 analyser (Abbott, Pasadena, Calif., U.S.A.) using a 415/$50 nm Gher 
set at 37” and pnitrophend substrates @o&-Light, Colnbrook, Great Britain), 

A 4 mg/ml solution of umbilical cord HA was incubated with bovine testes 
hyaluronidase as described under Materials and Methods. No @-glucuronidase or 

- N-acetylglucosamuzl ‘dase activity could be measured in the enzyme preparation. After 
kubation for 120 h ffie mixture was chromatographed on the Sephadex column. Part 
of the elution profde is shown in Fig. I - The e&rent was coutinuously motitored by 
the refractometer and 5-ml fractions were analysed for reducing N-acetyIglucosamine 
content. 

Fig. 1. Separation of oEgosc&xkles on Sepbatkzx G-25 Superfine from the enzymsic digestion of 
HA. The peak with a maximum at about 250 ml of ef3uent was shown to coni& hexasaccharide and 
the pe& at 285 ml was showu to wntzin mainly tetrasacstide. 

The fractions eluted from 245 to 265 ml were pooled lpool (a) j, and also the 
fkactious elated from 280 to 300 ml [pool @)I. Each of the two pools was desalted, 
lyophihzed and redissolved in 2 ml of water. 

Pool (a) was found to give a total N-acetylglucosamine to ghmurouic acid 
ratio of 1.04 and a total N-acetylglucosamine to reduciug N-acetylglucosamine ratio 
of 2.95. Paperchromatography revealed a single spot with a mobility relative to N- 
acetylglucosamine of 0.41. 

Pool (b) gave a total N-acetylglucosamine to gh~curonic acid ratio of 1 .OQ and 
a total N-acetylgluco samine to reducing N-acetylglucosde ratio of 1.77. Paper 
chromatography showed a heavily coloured spot with a dative mobility of 0.58, and 
a less coloured spot with a mobility of 0.77 relative to N-ace~lghrcosamine. 

We conclude that pool (a) consisted of hexasacc haride and pool (b) of a 
ruixw of tetrsx&side and a small amount of disaccharide. 

Fig. 2 shows the EfPLC separation of a mixture of standards of approximately 
2.5 mg/ml of each of the constituents of umbilical cord HA (elution tkne 13.79 min), 
hexasaccharide from pool (a) (17.84 minj, tetrasacchtide from pool @) (18.95 min), 
disaccharide from pool @) (20.52 min), gh~~~onic acid (21.90 min) and N-acetyl- 
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Fa. 2. HPLC of a mixture of six compounds. The refmaometer response SIIOWS that HA is eluted 
at 13.79, hexasaccharide at 17.84, tetrasaccbaride at 18.95, disaccharide at ~2Q.52, gIucvronic acid at 
21.30 and NacetylgIu~e at 25.66 min. 

glucosamine (25.66 min). The void volume of the c&mm system was about 3 x 1.8 
ml, con-espouding to an elution time of 13.5 min (0.40 ml/min) and a total volume of 
3 x 3.4ml, corresponding to 25.5 min, according to specik&ions from Waters 
Assoc. 

In another experiment, a I.6 mg/ml solution of HA was digested with bovine 
testes hyduronidase. The HA had been desiccated over silica gel, and when analysed 
an N-acetyl~ucosamine to glucuronic acid ratio of 1.02 and a glucuronic acid content 
of 3.0 mM (theoretical value of pure potassium salt of HA, 3.8 mM) were found. 
Fig. 3 shows the recorder traces obtained in the HPLC analysis of the digest. After 
120 h HA is degraded mainly to hexasaccharides and tetrasaccharides with only 
minor amounts of higher-molecular-weight oligosaccbarides. Paper chromatography 
of the 120-h digestion product showed the same result. 

8 10 12 tk 16 18 2U 22 24 
Efution time hin) 

Fs 3. EiPLC of six samples (Z-W) dranx~ at different times from enzymatic digestion of Efk Data 
on the samples are gives in Table L : 

Table 1 shows the time course of *t&e same digestion. Samples drawn from the 
incubation mixture at the times indicated were analysed for released end groups, and 
from these results the average mokcuh chin length could be calculated as the ratio 
of end groups to toti monosaccharides. Using a molecular weight of 379 for the 
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repeating structure (N-acetylhyalobiuronic acid minus one molecule of water), the 
number-average molecular weights could be calculated. 

DISCUSSION 

Separation of the hyaluronic acid compounds in the system described is 
achieved by size exclusion in the three silica gel packed columns. Addition of trace 
amounts of HA to the mobile phase gave a better recovery and prevented adsorption 
to the columns. The PBondagel column has a packing material of varying porosity 
(l25-1000 A) with an ether-mod&d hydrophilic surface of the silica gel. The pP0ra.d 
columns have a narrow pore size range around 60 A and a non-bonded surface. The 
packing material is not completely inert, however. The negatively charged HA and 
oligosaccharides seem to be partly excluded from the pores, e.g., N-acetylglucosamine 
is elu-kd significantly later than ghrcuronic acid. Similarly, the Dextran T series 
(Pharmacia) is eluted much later than the glucuronic acid containing anions of the 
same molecular weight: Dextran T 10 (mol. wt. 10,080) at 18.7 min, Dextran T 20 
(mol. wt. 20,000) at 17.8 min. Consequently, for our purpose the dextrans cannot be 
used as standards for molecular weight determinations. 

The chosen column combination favours the separation of lower ohgo- 
saccharides. Fractionation must occur with elution times in the range 13.50 min (void 
volume) to 25.50 min (total volume) at a flow rate of 0.40 ml/mm, but in this range 
the hexasaccharide already appears at 17.80 min, leaving the range 13.50-17.80 min 
to fractionation of higher oligosaccharidcs and polysaccharides. Umbilical cord HA 
is considered to have a very high molecular weight. Assuming (1) a molecular weight 
of several millions, corresponding to the peak of sample 1 in Fig. 3, and a molecuk 
weight of 1150 corresponding to hexasaccharide in sample VI (17.56 min), and (2) gel 
filtration with a linear relationship between elution time and log (molecular weight), 
we would 8nd weight-average molecular weights of the peaks.in samples H-V up to 
ten times higher than the calculated number-average molecular weights shown in 
Table I. This means that the HA is degraded into a very poEydispeme mixture by the 
bovine testes hyah~onidase, which fits well with the broad peaks in Fig. 3. 

HA of other origin, such as pig shin (Se&q&u, Tokyo, Japan), vitreous 
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humour (EGA-Chemie, Steinheim/Albuch, G.F.R.) and bacteria (a gi& from Dr. E. 
Kjems, St&ens Se ruminstitut, Copenhqen, Denmark), were also chromatographed; 
they were all eluted slightly later than the umbilical cord HA, and the peaks were 
narrower. Other charged glycmaminoglycanes such as the chomlroitin sulphates and 
their disaccharide constituents (Seikagaku) wese readily chromatographed under the 
same conditions. 

The columns were stzxble for several months, but could be regenerated if 
necessary with 3 oA (w/v) of unx in the mobile phase. 

We conclude that the proposed HPLC method for the characterization of HA 
and the enzymatic digestion products is advantageous because of the small sample 
volume, the speed of separation and the possibiity of using a mobile phase with tie 
same compoti=ion as the medium used for the enzynmtic reztion. 
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