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Abstract

A gel permeation chromatography (GPC) system for the analysis of hyaluronan was set up and calibrated by
means of the universal calibration method. Using GPC, a kinetic assay of the action of hyaluronidase on
hyaluronan has been developed. Applying Michaelis—Menten theory and the direct linear plot we have estimated
the kinetic constants of the enzyme. By evaluating the decrease of the various molecular mass averages during the
enzymatic reactions, we have given a demonstration of the at random degradation of hyaluronan by hyaluronidase

in the initial stage of the reaction.

1. Introduction

Hyaluronan (HA) is a negatively charged
high-molecular-mass polysaccharide. It is a linear
polymer built from repeated disaccharide units
with the ... [p-glucuronic acid (1-B-3)N-acetyl-
p-glucosamine (1-B8-4)], ... structure [1]. It is
ubiquitously distributed in the extracellular space
of higher animals, especially in soft connective
tissues [1]. Recently some of the physiological
and biological functions of HA have been re-
viewed [1]. Hyaluronidase (HYASE)
(hyaluronate-4-glycanohydrolase, EC 3.2.1.35)
hydrolyzes the B-N-acetyl-hexosaminic bonds in
HA and also in chondroitin-4- and -6-sulphate
and their desulfated derivates, to yield even-
numbered oligosaccharides with glucuronic acid
residues at the non-reducing end [2]. Hy-
aluronidases possess important biological func-
tions: they are suspected to be responsible for
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the pathogenesis of several bacteria [3] and other
infectious species [4]; they may contribute to the
acceleration of the absorption and diffusion of
venoms [5]; HYASE is present in the sper-
matozoa of many mammalian species and it is
assumed to play a major role in fertilization
[6,7]. Clinically the enzyme is used in the chemo-
therapy to enhance the antineoplastic activity of
cytostatics [8,9] and in the treatment of acute
myocardial infarction [10,11]. The inhibitors of
HYASE are investigated as potential anti-allergic
compounds [12,13] and as potential non-hormon-
al contraceptive agents [14]. In view of the
importance of the enzyme and its inhibitors, an
accurate kinetic assay is required to study the
enzyme or the compounds with a potential
inhibitory capacity. Quantitative assays of the
activity of HYASE are performed by time-de-
pendent total intensity light scattering [15], vis-
cosimetry [16,17], turbidimetry [18], spectropho-
tometry of complexes between HA and dyes [19]
or spectrophotometry of the liberated hex-
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osaminic endgroups [20]. Turbidimetry, vis-
cosimetry and spectrophotometry of complexes
express the rate of reaction and the activity of
the enzyme on an empirical base (decrease of
turbidity, viscosity or binding capacity of a HA-
solution). The change in physico-chemical prop-
erties of HA can hardly be related to the number
of bonds broken [17]. Using light scattering or
spectrophotometry of the endgroups, the rate of
reaction and the activity of the enzyme can be
expressed as the number of bonds cleaved per
unit of time. This is the only objective way to
express the activity of an enzyme degrading a
polymeric substrate.

In this work we present a sensitive kinetic
assay using gel permeation chromatography
(GPC). Statistical descriptions of the at random
degradation of a polymer sample yielded, in the
initial stage of the reaction, a linear relationship
between the reciprocal value of the number
average molecular mass (M) and the time of
reaction [21]. The slope of this relationship
provides the rate of reaction, which can be
expressed as the number of bonds broken per
unit of time. Determining the rate of reaction at
different concentrations of HA allowed us to
calculate the kinetic parameters of the enzyme.
Including the calculation of the other molecular
mass averages (MMA), such as mass MMA
(M,), viscosity MMA (M,), z-MMA (M,) and
z+1-MMA (M_,,), we have compared our
experimental findings to some theoretical consid-
erations regarding the at random degradation of
a polymer.

2. Experimental
2.1. Materials

HA (sodium salt, extracted from rooster
comb) was kindly provided by Diosynth (Oss,
Netherlands). The testicular hyaluronidase (EC
3.2.1.35) used was the international reference
standard provided by the FIP (Ghent, Belgium),
containing 330 I.U./mg. Poly(ethylene oxide)
TSK standards and pullulan SHODEX P-82
standards with narrow molecular mass distribu-

tions (M, /M, <1.1) and gaeak molecular masses
in the range of 5.8-10°-8.85-10° were pur-
chased from Waters/Millipore (Brussels, Bel-
gium). All other chemicals used were of ana-
lytical grade. Enzymatic digestions were per-
formed in a sodium phosphate buffer (pH 6.4)
containing 140 mM NaCl, 16 mM NaH,PO, and
7 mM Na,HPO, at 37°C.

2.2. Gel permeation chromatography

Ultrahydrogel 1000, 2000 and DNA columns
(300 x 7.8 mm I.D.; pore sizes 1000 A, 2000 A
and 4000 A, respectively) (Waters/Millipore,
Brussels, Belgium) were connected in series to a
gel permeation chromatography system (Waters/
Millipore, Brussels, Belgium), consisting of a
Model 510 pump, a R410 differential refractome-
ter, a U6K injector and was controlled by a
System Interface Module. The chromatograms
were processed by the Waters Baseline 810
chromatography and data station. The mobile
phase was 0.5 M NaCl (pH 6.3) at 0.6 ml/min
and the analyses were performed at 25°C. Sam-
ple concentrations were 0.3 mg/ml for HA and
0.5 mg polymer/ml for the GPC standards. For
each run 300 wl were injected. Ultrahydrogel
consists of a cross-linked methacrylate gel pack-
ing which is stable in a pH range of 2-12. All
samples were dissolved in or diluted with the
eluent.

3. Results and discussion
3.1. Calibration

The columns were calibrated using the univer-
sal calibration method. This is based on the fact
that the retention volume of a polymer is de-
termined by its hydrodynamic volume (HV)
rather than its molecular mass [22]. The hydro-
dynamic volume of a polymer is given by the
product of its intrinsic viscosity [n] and its
molecular mass M,. These properties are related
to each other by the Mark—Houwink equation:

[n}=kM? M
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where k and a are constants depending on the
nature of the polymer, the temperature and the
solvent. Thus HV is given by:

HV = [n]M, = kM2 ™! @

As poly(ethylene oxide) (PEO) and pullulan
are neutra] polymers the values of their Mark—
Houwink constants do not change significantly
when working with water or in eluents with an
elevated ionic strength [23]. The values used for
the calibration are those determined in water at
25°C. For PEO, M, >40000, k¥ and a are
0.01192 and 0.76 respectively [24], for PEO,
M_<40000, k and a are 0.156 and 0.50 respec-
tively [24] and for pullulan k£ and « are 0.0191
and 0.67 respectively [25]. Mixtures of standards
were analysed several times. The logarithm of
the HV of each GPC standard was plotted
against its average retention time (7,) and
through these points a third degree polynomial
curve was constructed. The equation of this
curve was used as the calibration line, relating
log(HV) to T,, and is presented in Fig. 1.

3.2. Calculation of the MM A

Linear relationships between log([n]) and
log(M,) of HA have been reported under several
conditions and over a broad range of molecular
masses leading to several sets of Mark—Houwink
constants of HA [26-28]. The values of the
Mark—Houwink constants of HA, in 0.5 M NaCl
and at 25°C, are k =0.0318 and « =0.777 [29].
Absolute molecular masses for HA were calcu-
lated using this set of Mark—Houwink constants
and the calibration line. Three samples (1-3) of
HA were analysed three times. The molecular
mass distribution (MMD) and the MMA were
calculated. The results of the reproducibility of
the calculation of the MMA are presented in
Table 1.

3.3. Stability of HA solutions
HA dissolved in buffer (0.30 mg/ml) was

stored at 4°C for two weeks. Samples were
analysed on the day of preparation and during
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Fig. 1. Universal calibration graph using poly(ethylene oxide) (O) and pullulan (M) standards, describing the relationship
between the logarithm of the hydrodynamic volume (HV) of the polymers and the time of retention. HV is the product of the
intrinsic viscosity ([n]) and the molecular mass (M,) of a polymer. A third degree polynomial was constructed through the
datapoints. Performed on Ultrahydrogel 1000/2000/DNA columns at 25°C with RI-detection. Eluent 0.5 M NaCl at 0.6 ml/min.
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Reproducibility of the determination of the molecular mass averages of hyaluronan samples (n = 3)

Sample M, M, M, M, M,

1 357 000 695 000 663 000 980 000 1220500
+16 500 +23 500 +24 000 +23 500 +40 500

2 379 500 673 000 644 000 945 000 1208 000
+31 000 +14 000 +12 500 +21 500 +24 000

3 351000 707 500 676 500 973 500 1185 000
+16 000 +19 500 +20000 +16 000 +27000

Analysed on Ultrahydrogel 1000/2000/DNA columns at 25°C with Rl-detection; eluent 0.5 M NaCl at 0.6 ml/min. A 300-ul

sample containing 0.3 mg hyauronan/ml was injected.

storage [M, ;. =500500+11500 (n=4)]. A
second solution (0.95 mg/ml) was placed in a
water bath at 37°C for 24 h. Samples were taken,
diluted with eluent to 0.30 mg/ml and analysed
[M, 37.c = 512500 = 11000 (n =4)]. The results
indicated that in both experiments no degra-
dation had occurred. Solutions of HA can be
stored at 4°C for several days and need not to be
analysed the day of preparation. At 37°C no
spontaneous hydrolysis could be detected.
Knowing the variation in calculating the MMA
of a sample (Table 1), we concluded that any
significant decrease of e.g. M during an en-
zymatic reaction would be due to the action of
the enzyme.

3.4. Preliminary experiments

A critical point of any Kkinetic assay is the
concentration of enzyme used. To apply Mich-
aelis—Menten theory, the initial rate of the
reaction needs to be determined. Moreover the
theoretical considerations describing the at ran-
dom degradation can only be applied in the
initial stage of the reaction [21]. The first deriva-
tive of the 1/M_ function at time ¢ =0 provides
the initial rate of the reaction. The concentration
of the enzyme should not be too high, otherwise
HA would be degraded too fast and one would
study the action of HYASE on oligomeric sub-
strates. Evaluating the action of HYASE on a
polymeric substrate is a better approach to the in
vivo situation. Moreover, the lower the con-
centration of the enzyme, the higher the sen-
sitivity of the assay. Solutions of HA were placed

in a water bath at 37°C. HYASE was dissolved in
buffer prior to use. Reactions were initiated by
adding different amounts of HYASE to the
solutions. The concentration of HA was 1.5 mg/
ml and the concentrations of HYASE tested
were: 15 pg/ml, 7.5 pg/ml, 1 ug/ml and 0.3
pg/ml. A 400-p1 volume of eluent was kept cool
in an ice-bath. At different times after the
addition of the enzyme, samples (100 wl) were
taken from the reactton mixtures, diluted to a
final concentration of 0.30 mg HA/ml with the
400-u] eluent and analysed immediately. M of
the initial sample was 469°500. The decrease of
M, in these conditions is presented in Table 2.
The results from Table 2 indicate that the use of
a concentration of 7.5 or 15 ug HYASE /ml leads
to a very rapid decrease of M. Using 0.3 ug
HYASE/ml the degradation proceeds more
slowly, leading to a significant decrease of M
after 100 min. From these results we decided to
continue our investigations using 1 ug HYASE/
ml (0.33 [.U./ml).

3.5. Development of a practical assay

We have set up a practical way of working in
which we are able to take a sample from the
reaction mixture, to inactivate the enzyme and to
store the sample until analysis without any fur-
ther degradation. To a solution of HA, HYASE
was added so that the concentrations were 1.5
mg/ml and 1 pg/ml for HA and HYASE respec-
tively. Two hours after starting the reaction, the
mixture was divided and poured in five plastic
vessels which were kept in an ice-bath (samples
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Table 2

Decrease of the number average molecular mass of hy-
aluronan by hyaluronidase at different concentrations of
hyaluronidase

Concentration Reaction time M,
of hyaluronidase (min)
(pg/ml)
15 110 20 500
7.5 60 42100
300 22700
1 60 261500
150 185 500
280 155500
0.3 110 406 500
180 331500
320 298 500

Reactions were performed in a sodium phosphate -buffer
(pH=6.4) at 37°C; (M,),_, = 469 500. GPC-analyses were
performed as described in Table 1.

A-E). From sample A 100 wpl were taken,
diluted with 400 w1 eluent and analysed immedi-
ately. All samples were frozen and stored at
—20°C. Several days after freezing, a sample was
thawn, 100 ul were taken, diluted and analysed.
M, of the sample prior to digestion was 428 000.
Table 3 shows M, of the samples stored at
—20°C. After 11 days, two samples (A and D)
were thawn and stored further at room tempera-
ture. Samples were taken and treated as before.
The results are presented in Table 3. With the
results from Table 3 and knowing the normal
variations of our calculations we concluded that
the results of the analyses of the samples per-
formed within days or weeks after sampling, did
not differ from the results of the sample which
was analysed immediately. After storing at
—20°C and consecutive thawing the samples still
reflect the MMD of HA as it was at the time of
sampling. Freezing the samples irreversibly
inactivates the enzyme, as the samples did not
show further degradation upon thawing and
storing at room temperature. A solution of
HYASE stored at 4°C for several days, still
showed signs of activity when replaced at room
temperature. Similar effects, concerning purified

Table 3
M, of enzymatic digested hyaluronan solutions stored at
-20°C

Sample Period at —20°C (days) M,

A 0 232 500
A 1 227000
B 4 230500
C 5 242 000
D 6 247 500
E 7 259 000
A 11 235000
B 26 242500

M, of enzymatic digested samples A and D stored at room
temperature, after 11 days at —20°C

Period at room temperature M,
A 18h 242 500
15 days 240 500
B 4 days 232500
19 days 230 500

Enzymatic digestion of hyaluronan by hyaluronidase was
performed. After 120 min, the mixture was divided into 5
samples (A-E) and stored at —20°C. The number average
molecular mass (M, ) was calculated immediately and several
days after storing at —20°C. Analyses were performed as
described in Table 1.

samples of hyaluronidase from snake venoms,
were reported before [30]. Activity could be
retained by adding bovine serum albumin to the
solutions. Other reports owed this deactivation
due to adsorption of the enzyme onto glass [31].
Activity was retained by adding detergent or
high concentrations of salt. As our samples were
stored in plastic vessels, we believe that during
the process of freezing the enzyme is irreversibly
denaturated and cannot restore its conformation
when thawn.

3.6. Linearity of the assay

Mixtures containing 1.5 mg HA/ml and 1.4,
1.2,0.8 or 0.6 ng HYASE/ml were kept at 37°C.
At different times after starting the enzymatic
reaction, samples (100 ul) were taken and di-
luted with 400 w1 ice-chilled eluent. The samples
were frozen and stored at —20°C. Within two
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weeks these samples were thawn and analysed
immediately. From the GPC analyses the MMA
were obtained and 1/M, was plotted against the
time of reaction. Straight lines were obtained
(correlation coefficients >0.99) and the slopes
of these, the rate of reaction (k,) expressed as
the number of moles of bonds broken per unit of
time and per unit of weight HA present, were
plotted against the concentration of HYASE (F)
present in the mixtures. The rate of reaction was
proportional to the concentration of enzyme
present in the mixtures, within the range (0.0-
1.4 pg HYASE/ml) tested (k,= —4.7-107"* +
1.1-107"2 E; r=0.99).

3.7. Kinetic assay

After establishing and evaluating our practical
way of working we have performed some kinetic
assays to determine the kinetic constants of the
enzyme acting on HA. Samples containing dif-
ferent amounts of HA were placed in a water-
bath at 37°C. HYASE was added so that the final
concentration was 1 pg/ml. At different times,
samples (100 ul) were taken, diluted to 0.3
mg/ml with ice-chilled eluent and stored at
—20°C. Within two weeks the samples were
analysed and the MMA calculated. The initial
rate of the reaction, v, (katal/ml), was obtained
from:

vo = [d(c/M,)/dt],-, 3)

where c is the concentration of HA (g/ml) and ¢
is the time of reaction (s). The unit of ‘katal’ is
the catalytic amount which catalyzes as many
reaction cycles per second as there are carbon
atoms in 0.012 kg of the pure nuclide *C. Using
the direct linear plot [32], the constants of the
Michaelis-Menten equation (K, and V.. ) were
estimated. The Michaelis—Menten equation is
given by [33]:
VmaxS

0= RS ©
where S is the concentration of substrate (mg
HA/ml) present. V,, is the maximum rate
(katal/ml) of the reaction. K, is the Michaelis—

Menten constant and is the concentration of
substrate (mg/ml) at which the rate of reaction is
half the maximum rate. In Fig. 2, ¢/M_, is plotted
against the time of reaction for different con-
centrations of HA. Fig. 3 shows a direct linear
plot used to estimate K_ and V.. The observed
results (n = 3) were found to be K, =0.44 +0.04
mg/ml and V,,, =1.8-107"2 £0.3-107"* katals/
ml or 1.8-107° +0.3-10° katals/mg of an en-
zyme with an activity of 330 1.U./mg. The
observed value of K can be compared with
other values obtained under different conditions
[15]. However, since K, is expressed in mg/ml,
it is very probable that the value might depend
on the substrate used.

3.8. Other molecular mass averages

From the GPC analyses additional information
regarding the MMD of HA during the enzymatic
degradation could be obtained. Therefore we
have investigated the decrease of the other
MMA as a function of the time of reaction. Fig.
4 provides an example of the increase of
1/MMA during an enzymatic reaction. Linear
relationships were obtained and the extrapola-
tions to t = 0 are compared with the values of the
MMA of the original sample in Table 4. Others
have reported partial deactivation of the en-
zyme, due to adsorption onto glass or other
mechanisms, within minutes after initiating the
reaction [15]. We could not detect any unusual
behaviour as our plots of ¢/M, against the time
of reaction were linear until the last point of
sampling (Fig. 2). Moreover the extrapolations
to time zero corresponded well with the MMA
values of the initial sample (Table 4). As the
reciprocal values of the MMA provided linear
relationships when plotted against the time of
reaction, linear regressions were performed and
following equations were set up:

1 1
M, ~ (M), Tkt ®)
! =—1——+ k.t (6)
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Fig. 2. Decrease of ¢/M, during the digestion of hyaluronan by hyaluronidase; c is the concentration of hyaluronan present in the
mixture (O) 0.0005 g/ml; (@) 0.001 g/ml; (OJ) 0.0015 g/ml; (M) 0.002 g/ml; (A) 0.0025 g/ml). M_ is the number average

molecular mass. The concentration of hyaluronidase was 1 ug/ml (0.33 I.U./ml). Reactions were performed in a sodium
phosphate buffer (pH 6.4) at 37°C.
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Fig. 3. Direct linear plot [32] used to estimate the kinetic constants of hyaluronidase acting on hyaluronan.
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1 1
=kt 7
Mv (Mv)t=0 v ( )
1 1
S = Tkt 8
Mz (Mz)t*O 8 ( )
Table 4

Comparison of the molecular mass averages of the hy-
aluronan solution prior to digestion and the molecular mass
averages obtained after extrapolation to time =0 following
enzymatic digestion

Extrapolation (n = 6) Initial sample (n = 3)

M, 391 000 = 14 500 396 000 = 17 500
M, 728 000 * 22 000 728 000 + 35 000
M, 698 000 + 21 500 697 000 = 34 500
M, 992 500 + 35 000 1 000 500 + 32 500
M 1217 000 £ 56 500 1232 500 + 23 500

z+1

Reactions performed in a sodium phosphate buffer (pH =
6.4) at 37°C. The reciprocal value of the molecular mass
averages were plotted against the time of reaction and the
intercept of the linear regressions were estimated as the
molecular mass averages of the initial sample and were
compared with the values obtained after analyzing the initial
sample. Analyses were performed as described in Table 1.

1t
MZ+1 (MZ+l)t:0

kot ®)
where k is the rate of reaction and &, &, k,
and k,,, are all values related to this rate of
reaction. From all the enzymatic reactions per-
formed during the kinetic assay, these values
were calculated and plotted against the values of
k., (Figs. 5-8). According to statistical descrip-
tions of the at random degradation of a polydis-
perse sample, k, should equal k,/2 in the initial
stage of the reaction [21]. The correlation we
have found experimentally (Fig. 5) is in agree-
ment with theory (compare 0.497 <»(.5). Other
theoretical descriptions predicted that the at
random degradation of a polymer sample will
lead to a MMD with following characteristics
[34]:
1 1 1

Mn_iMw—gMz_zMz+l (10)

If this holds true then should &, = 0.333 &k and
k,., =0.25 k. Our experimental results seem to
confirm these findings (Fig. 7: 0.311 < 0.333;
Fig. 8: 0.230 < 0.25). The differences could be
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Fig. 4. Linear relationships between the time of reaction and the reciprocal values of molecular mass averages (MMA) during.the
degradation of hyaluronan by hyaluronidase. (O) M, (number average M,); (O) M, (viscosity average M,); (@) M, (weight
average M,); (W) M, (z-average M,); (A) M, (z + 1-average M,).
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Fig. 5. Correlation between the slopes from eqs. 5 and 6 (n = 19). Slope = 0.497 + 0.013; intercept = 1.115 + 0.801; standard

error = 1.496; correlation coefficient = 0.995.
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Fig. 7. Correlation between the slopes from eqgs. 5 and 8 (n =19). Slope = 0.311 + (.010; intercept = 1.329 + 0.638; standard
error = 1.191; correlation coefficient = 0.992.
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due to a less accurate calculation of the higher
molecular mass averages. Similarly the correla-
tion between M, and M, after an at random
degradation was predicted to be [35]:

M, =M Q2+a)] Ve (11)

where « is the exponent of the Mark—Houwink
equation and I is the gamma function, given by
[36]:

o

I'(n)= f e *x"'dx (12)

0

Using tabulated values of the gamma function
[36] and a =0.777 we calculated k, to be equal
to 0.527 k. Experimentally we obtained a corre-
lation of 0.529 (Fig. 6). These findings are a
clear proof that the mechanism of the action of
hyaluronidase on HA, in the early stage of
reaction, is at random. Degradations of polymers
which did not involve the at random mechanism
were shown not to obey the equations mentioned
before [21]. These theoretical considerations of
the at random degradation have been employed
to describe the kinetics of hyaluronidase, but a
clear proof has never been given, although the
necessity for doing so was stated before [37].
Other investigations on the mechanism of the
action of hyaluronidase often involved the com-
plete digestion of HA and the analysis of the
thus formed oligosaccharides [38] or was
concerned about the transglycosylation action of
hyaluronidase on oligomeric substrates [39].

4. Conclusions

This work has shown that GPC is a powerful
tool to investigate the action of a degrading
agent on a polymeric sample. The kinetic assay
we have developed provides information about
the rate and the mechanism of the degradation.
We have demonstrated that hyaluronan is de-
graded by hyaluronidase in an at random way.
Our findings provide a firm basis to investigate
other kinetic assays of hyaluronidase (e.g. vis-

cosimetry) and to study the action of potential
inhibitors of hyaluronidase.
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