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• The hyaluronan/hyaluronidase system
is a reaction–complexation coupling.

• The substrate-dependence combines
Michaelis–Menten and binding equa-
tions.

• For the first time, the Kd value of the
system at low ionic strength is deter-
mined.
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Hyaluronan (HA) is catalytically hydrolyzed by hyaluronidase (HAase). Depending on pH, HA is able to form a
non-productive electrostatic complex with HAase in addition to the classical enzyme–substrate complex.
Experiments have shown the strong inhibition of the HA hydrolysis catalyzed by HAase when performed
at high HA over HAase concentration ratio and low ionic strength. The substrate-dependence thus shows a
non-classic inhibition of HAase at high substrate concentrations due to the sequestration of HAase by HA
in the electrostatic complex. The modeling of the HA/HAase system is characteristic of a reaction–complexation
coupling and it is very difficult to study reaction or binding, separately. Here, we have established the equa-
tion controlling the global system and shown that the substrate-dependence of such a system is a direct
combination of a pure Michaelis–Menten equation associated with the reaction and a hyperbolic curve as-
sociated with the binding. At low substrate concentrations, the hyperbola, representing the relative part of
HAase not sequestered by HA, can be assimilated to a straight line. We have established the relationship be-
tween the slope of that straight line and the dissociation constant of the electrostatic HA–HAase complex.
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Fitting the theoretical equation to the experimental data allowed us to determine, for the first time, the Kd

value of the non-productive HA–HAase complex at low ionic strength.
© 2013 Published by Elsevier B.V.
1. Introduction

Interactions between two biomacromolecules occur according
to two main classes of mechanisms: non-compatibility between
the two biomacromolecules leading to thermodynamic segregation,
or electrostatic interactions leading to complex coacervation [1].
Enzymes belong to the protein family and thus are polyelectrolytes
either negatively or positively charged, depending on pH. Such en-
zymes can form electrostatic complexes with oppositely charged
polyelectrolytes. Protein–polyelectrolyte coacervates [1,2] have es-
sentially been used in micro-encapsulation [3] and protein purifica-
tion [4,5]. Polysaccharides constitute an important class of biological
polyelectrolytes and are most often negatively charged. Moreover,
proteins and polysaccharides have an important role in organization
and functioning of living cells and it is likely that coacervation is in-
volved in the regulation of enzyme activities in the extracellular ma-
trix (ECM) which contains high concentrations of both charged
polysaccharides and proteins.

Hyaluronidase (HAase) is one of these enzymes. It is involved in sev-
eral fundamental biological phenomena, such as fertilization and cancer
[6]. Its natural substrate is hyaluronan (HA)which is hydrolyzed into HA
oligosaccharides. HA is a linear high-molar-mass polysaccharide com-
posed of D-glucuronic acid-β(1,3)-N-acetyl-D-glucosamine disaccharide
units linked together through β(1,4) glycosidic bonds. It is thus a nega-
tively charged polysaccharide. HA is a major constituent of the ECM of
vertebrates and is involved inmany biological processes, such as cellular
adhesion, mobility and differentiation processes [6–11]. Moreover, its
properties are a function of its chain length. As HA oligosaccharides
(4 to 25 disaccharides) have an angiogenic action [11–13] contrary to
native HA [14], the balance between high molecular weight HA and
low molecular weight HA plays a role in cancer development [15,16].

In vitro, at neutral or acidic pH and low ionic strength, HA is able
to form electrostatic complexes with positively charged proteins
such as bovine serum albumin (BSA) [17–22] or lysozyme (LYS)
[21–24], but also with HAase [18,20,21,25]. In a pure HA/HAase
mixture, we have shown that: i) when HAase is in excess, all the HA
molecules are complexed by HAase and are still hydrolyzable by the
excess of HAase (free HAase), and ii) when HA is in excess, all the
HAase molecules are complexed by HA and are no longer able to cat-
alyze the HA hydrolysis. This produces an inhibition of the HA hydro-
lysis reaction by high substrate concentrations, because of the
complete sequestration of the enzyme at high HA concentrations
[26]. This constitutes a non-classic inhibition by excess of substrate
according to a mechanism very different from the classic one used
in enzymology: there is no specific inhibitory site on the enzyme
surface and the classical kinetic equations with competitive or
uncompetitive mechanisms are not valid. Morever, this inhibition
can be reversed by adding other proteins able to form electrostatic
complexes with HA. Maingonnat and al. [27] have shown that not
only BSA, but also immunoglobulins, hyaluronectin and hemoglobin
are able to enhance the HAase activity at pH 4. We have shown that
BSA and LYS are able to modulate the HAase activity over a wide pH
domain ranging from pH 3 to pH 9 [21]. We have also shown that
the increase in HAase activity is not an activation of the enzyme,
but rather the abolishment of the HAase inhibition due to the electro-
static complex formed between HA and HAase. There is a competition
between proteins and HAase in forming the electrostatic complex
with HA. This process is non-specific in the sense that it involves var-
ious proteins and non-specific electrostatic interactions. Neverthe-
less, it depends on the protein because the increase in HAase
activity requires a positive competition between the protein and
HAase to form the complex. In other words, the dissociation constant
of the electrostatic HA–protein complex has to be lower than the
dissociation constant of the electrostatic HA–HAase complex. This
has been modeled [26] and we have shown that the present condi-
tion, together with the two previously stated assumptions (the
HAase molecules sequestered by HA are not catalytically active, and
the HA molecules complexed with HAase are still potentially hydro-
lyzable) are sufficient to obtain the different behaviors observed
with the HA–HAase–protein system.

As HA is a very important ECM component, it interacts with nu-
merous cell receptors, and its affinity for these proteins has been
studied. The dissociation constant for the CD44–HA association has
been estimated to 5 · 10−6 M by Skelton et al. [28]. The binding con-
stant for the HA sulfate–fibroblast growth factor association has been
estimated at 1.36 · 108 M−1 by Freeman et al. [29]. However, the na-
ture of the interactions involved in the binding is not always clearly
defined. For example, what is the significance of a specific binding?
Is an optimal electrostatic binding, a specific binding? In some other
cases, the electrostatic nature of the binding is more evident, for ex-
ample because of the effect of the ionic strength on the binding. The
binding of HA on hepatocytes has been estimated at 10−7 M by
Frost et al. [30], this binding decreasing when the ionic strength is in-
creased and increasing when the ionic strength is decreased. Only a few
dissociation constants of pure electrostatic complexes formed between
HA and various proteins are known. The only known constant concerns
HA–LYS complexes which has been estimated at 10−7–10−8 M by Van
Damme et al. [23]. LYS is an enzyme, but HA is not a substrate of LYS
and the binding is non-productive. The problem ismuchmore complicat-
ed with HAase which is the natural enzyme degrading HA. It means that
in the case of HAase, two complexes exist, the non-productive electro-
static HA–HAase complex and the specific catalytic HA–HAase complex
based on electrostatic, hydrophobic and Van der Waals interactions. It
means that mixing HA with HAase at a temperature close to 37 °C
induces the HA hydrolysis reaction which modifies the HA molecule.
The system is thus continuously changing and it is not possible to observe
the binding phenomenon at this temperature by avoiding the reaction
phenomenon. The determination of the dissociation constant of the
electrostatic HA–HAase complex is thus very difficult. Two possibilities
are offered to us: i) performing the binding measurements at low
temperature to slow down the reaction, but the constant is not represen-
tative of the temperature of the catalytic action, or ii) estimating the bind-
ing parameters from the hydrolysis kinetics which is modified by the
binding-reaction coupling.

In the present paper, we demonstrate that we can use the global
substrate-dependence of the HA–HAase system at 37 °C to determine
the values of the Michaelis–Menten constants of HAase and the disso-
ciation constant of the electrostatic HA–HAase complex.

2. Theory

2.1. The kinetic equation

From the kinetic point of view, the classical behavior of an enzyme
reaction has been described by the Michaelis–Menten model in 1913.
The initial reaction rate, Vi, is proportional to the total enzyme con-
centration and is a hyperbolic function of the substrate concentration:

Vi ¼ k� E½ �t � S½ �= Km þ S½ �ð Þ ð1Þ



Fig. 1. Superimposition of the in silico substrate-dependences of the HAase activity calcu-
lated according to Eq. (11): HAase activity plotted as a function of the HA concentration
for different values of the binding dissociation constant Kd: curve a (10−1 mol.L−1), b
(10−2 mol.L−1), c (10−3 mol.L−1), d (10−4 mol.L−1), e (10−5 mol.L−1), f (10−6 mol.L−1),
g (10−7 mol.L−1), h (10−8 mol.L−1), i (10−9 mol.L−1). Computational conditions were:
Vm = 10−2 mol.L−1.s−1, Km = 10−3 mol.L−1 and [HA]0 ranging from 0 to 5 g. L−1.

65H. Lenormand et al. / Biophysical Chemistry 175–176 (2013) 63–70
where k is the limiting rate constant, Km the Michaelis constant, [S]
the substrate concentration and [E]t the total concentration of the ac-
tive enzyme catalyzing the reaction.

In the presence of a charged polymeric substrate such as HA,
depending on the ionic strength, electrostatic interactions exist be-
tween HA and HAase, and HA–HAase complexes are formed. It has
been shown [20,31] that i) this complex is a potential substrate for
the free soluble HAase and ii) the complexed HAase is not catalytical-
ly active. At high ionic strength, the electric charges borne by the two
macromolecules, HA and HAase, are screened by the numerous small
ions in solution and almost all the enzyme molecules are free and
active. Conversely, at low ionic strength, HA–HAase electrostatic com-
plexes are formed in which one HAase molecule interacts with an HA
fragment of n disaccharides, HAn. At pH 4 and without any added salt,
n equals 57 [25].

Because a) the kinetics of the HA hydrolysis catalyzed by HAase is
a first order kinetics [31], the kinetics does not show any induction
period [31], and c) the exchange between HAase and a competitive
protein (BSA) in the formation of the electrostatic complex is instan-
taneous [19], we may consider that the HA/HAase binding is a rapid
equilibrium which can be described by the following equations:

HAn þHAasea⇄HAn−HAase ð2Þ

where HAasea is the free and active HAase and HAn–HAase the com-
plex composed of an HA fragment and a non active bound HAase mol-
ecule. The complex is characterized by its dissociation constant Kd:

Kd ¼ HAn½ �: HAasea½ �= HAn−HAase½ � ð3Þ

and the mass conservation laws give:

HAasea½ � þ HAn−HAase½ � ¼ HAase½ �0 ð4Þ

HAn½ � þ HAn−HAase½ � ¼ HAn½ �0 ð5Þ

where [HAn]0 is the total concentration of HA fragments containing n
carboxyl groups (i.e. containing n disaccharides of 401 g.mol−1 M
mass) and [HAase]0 the total HAase concentration, the molar mass
of HAase being 57,000 g.mol−1. [HAn–HAase] is the concentration of
the bound HAase, [HAasea] is the concentration of the free and active
enzyme. The total concentrations are given by:

HAn½ �0 ¼ HA½ �0 in g:L−1
� �

= 401� nð Þ ð6Þ

HAase½ �0 ¼ HAase½ �0 in g:L−1
� �

=57000 ð7Þ

where [HA]0 is the total hyaluronan concentration.
Solving the equation system (Eqs. (3), (4), (5)) leads to the second

degree equation [32]:

HAasea½ �2 þ HAasea½ � HAn½ �0 þ Kd– HAase½ �0
� �

–Kd HAase½ �0 ¼ 0 ð8Þ

which has two solutions of opposite sign; the positive solution thus
gives the concentration of the free and active HAase. As only the
free HAase molecules are active, this concentration corresponds to
the total concentration of the active HAase, i.e. [E]t in Eq. (1):

HAasea½ � ¼ − HAn½ �0 þ Kd– HAase½ �0
� �þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HAn½ �0 þ Kd– HAase½ �0

� �2 þ 4Kd � HAase½ �0
q� �

=2:

ð9Þ

The initial hydrolysis rate is thus given by the expression:

Vi ¼ k� HAasea½ � � HAβ

h i
0
= Km þ HAb½ �0
� � ð10Þ
where [HAβ]0 is the initial substrate concentration, equal to the con-
centration of the potentially cleavable β(1,4) bonds of HA [31]:
[HAβ]0 = n × [HAn]0.

2.2. The substrate-dependence of HAase and its two contributions

Vi can also be expressed as:

Vi ¼
HAasea½ �
HAase½ �0

� Vm � HAβ

h i
0
= Km þ HAβ

h i
0

� �
ð11Þ

where Vm = k × [HAase]0, according to the classic enzyme kinetic
laws. Vm × [HAβ]0 / (Km + [HAβ]0) is thus the reaction contribution,
i.e. the Michaelis–Menten contribution to the hydrolysis rate and
[HAasea]/[HAase]0 the binding contribution, i.e. the contribution of
the electrostatic HA–HAase complex formation.

The variations of Vi with respect to [HAβ]0 are called the substrate-
dependence of the HA hydrolysis catalyzed by HAase. Our description
suggests that the substrate-dependence of the HAase activity, when
HAase forms electrostatic complexes with its substrate HA, can be
described by Eq. (11) in which [HAasea] is calculated by Eq. (9).

The theoretical substrate-dependences of theHAase activitywere cal-
culated from these two equations, by using two arbitrary fixed constants,
Vm and Km (Vm = 10−2 mol.L−1.s−1 and Km = 10−3 mol.L−1) and
different values of the HA–HAase complex dissociation constant Kd rang-
ing from 10−1 to 10−9 mol.L−1. Fig. 1 shows the different substrate-
dependence curves obtained in the presence of binding for the different
Kd values (curves a to i). It shows that the inhibitory effect of high
substrate concentrations increases when the dissociation constant Kd is
decreased. This corresponds to an increase in the bound part of HAase.
Conversely, the inhibitory effect of high substrate concentrations de-
creases when the dissociation constant Kd is increased. A Kd constant
equal to or lower than 10−7 mol.L−1 leads to a highly complexed system.
Conversely, a Kd constant equal to or higher than 10−3 mol.L−1 leads to a
non complexed system.

In addition, Eq. (11) allows us to calculate the two contributions to
the global substrate-dependence: i) the reaction contribution does
not depend on Kd and is represented by a unique curve whatever
the Kd value (Fig. 2), this is the Michaelis–Menten curve (curve M)
and ii) the binding contribution to the global substrate-dependence



Fig. 2. Superimposition of the in silico reaction contribution to the global substrate-
dependence (last terms of Eq. (11)) plotted as a function of the HA concentration for
different values of the binding dissociation constant Kd: curve a (10−1 mol.L−1), b
(10−2 mol.L−1), c (10−3 mol.L−1), d (10−4 mol.L−1), e (10−5 mol.L−1), f (10−6 mol.L−1),
g (10−7 mol.L−1), h (10−8 mol.L−1), i (10−9 mol.L−1). Computational conditions were
those used in Fig. 1. The curve does not depend on Kd. It is unique and corresponds to the
Michaelis–Menten curve M.

Fig. 4. The in silico slope of the binding contribution measured in Fig. 3 at low HA con-
centrations as a function of the value of the binding dissociation constant Kd in a Log–
Log representation.
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which depends on the Kd values used in the calculations. Fig. 3 shows
those binding contributions obtained for different Kd values (curves a
to i). The major observation is that the binding contribution draws a
straight line as a function of theHA concentrationwhen the dissociation
constant Kd is low (Kd b 10−7 M, curves g to i). When the dissociation
constant is increased, the binding contribution draws a hyperbolic
curve which can be approximated by a straight line at low HA concen-
trations. In all cases, the slope of the straight line depends on the Kd

values.
The theoretical binding contributions plotted in Fig. 3 for different

Kd values were then analyzed by measuring their slope in the region
of low substrate concentrations (noted s). Fig. 4 represents the slope
Fig. 3. Superimposition of the in silico binding contribution to the global substrate-
dependence (first term of Eq. (11)) plotted as a function of the HA concentration for
different values of the binding dissociation constant Kd: curve a (10−1 mol.L−1), b
(10−2 mol.L−1), c (10−3 mol.L−1), d (10−4 mol.L−1), e (10−5 mol.L−1), f (10−6 mol.L−1),
g (10−7 mol.L−1), h (10−8 mol.L−1), i (10−9 mol.L−1). Computational conditions were
those used in Fig. 1. At lowHA concentrations, the slope of the binding contribution depends
on Kd.
of the binding contribution obtained at low HA concentrations as a
function of the dissociation constant Kd (in a Log–Log representa-
tion). The first conclusion is that, at low HA concentrations, the
substrate-dependence of the HAase activity is definitely a direct com-
bination of a Michaelis–Menten type curve with a straight line char-
acterized by a slope which depends on the Kd value.

A more careful examination of the binding contribution curve
should thus give quantitative information about the HAase complex-
ation, such as the dissociation constant of the complex. Considering
that i) the [HAasea]/[HAase]0 ratio equals 1 when the HA concentra-
tion is null, and ii) the slope s of the [HAasea]/[HAase]0 = f([HAβ]0)
curve depends on the Kd value, it would be interesting to mathemat-
ically express the [HAasea]/[HAase]0 ratio as a function of the Kd

value, at low HA concentrations. The calculations, detailed in the
Annex 1, lead to:

HAasea½ �= HAase½ �0 ¼ 1− HAn½ �0= Kd þ HAase½ �0
� � ð12Þ

the slope s of the binding contribution can thus be expressed by:

s ¼ −1=n= Kd þ HAase½ �0
� � ð13Þ

and the global substrate dependence by:

Vi ¼ 1–s=n� HAβ

h i
0
� Vm � HAβ

h i
0
= Km þ HAβ

h i
0

� �h i
: ð14Þ

The Kd value was then calculated from Eq. (13):

Kd ¼ −1=ns− HAase½ �0: ð15Þ

The first parts of the substrate-dependence curves (Fig. 1) were
fitted to Eq. (14) by using the curve-fit program integrated in the
SigmaPlot 2 software in order to estimate Vm, Km and s. The Kd values
were then calculated from Eq. (15). This constitutes the “straight line
fitting method”. Fig. 5 represents the calculated Kd values plotted as a
function of the theoretical Kd values previously introduced in the
model. We may observe an actual relationship between these two
values; this suggests that the value of the dissociation constant of
the HA–HAase complex is actually accessible by this procedure. How-
ever, a close relationship only exists when the Kd values are higher
than 10−4 mol.L−1. This is due to the relative level of [HAase]0 with
respect to Kd in Eq. (13). When Kd is much lower than [HAase]0, the

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. The Kd values estimated by fitting the initial reaction rates of Fig. 1 to Eq. (14), by
using the “straight line fitting method” are plotted as a function of the Kd values intro-
duced in the in silico model.

Fig. 6. Theoretical analysis of the experimental substrate-dependence of the HAase ac-
tivity by using the “straight line fitting method”. The dark circles (●) represent the ex-
perimental initial rates plotted against the HA concentration. The reaction and binding
parameters were then estimated by fitting the first part of the substrate-dependence to
Eq. (14), by using the “straight line fitting method”. Three estimations were performed
by considering the nine (a), then the seven (b) and finally the six (c) first experimental
points. The estimated values of Vm, Km and Kd are summarized in Table 1. These values
were introduced in Eqs. (11) and (9) to rebuild the global substrate-dependence
curves: curve a for nine points, curve b for seven points and curve c for six points.
The experimental conditions used were: 106 g.mol−1 native HA substrate, 4 g.L−1

HAase concentration, 37 °C, pH 5.

67H. Lenormand et al. / Biophysical Chemistry 175–176 (2013) 63–70
slope is controlled by [HAase]0 and Kd cannot be precisely determined
by the procedure. It is thus necessary to use the non-simplified
equation system characterized by Eq. (11) in which [HAase]a is
given by Eq. (9). This constitutes the “global fitting method” which
allows the direct estimation of Vm, Km and Kd.

3. Application to the experimental determination of the Kd value
of the HA–HAase complex from the HAase substrate-dependence

3.1. Experimental procedures

Three types of HAase are distinguished according to their reaction
mechanism [33]: glucuronidase, N-acetyl-glucosaminidase and bacte-
rial lyase. Human HAases belong to the N-acetylglucosaminidase type
and cleave HA at the β(1,4) glycosidic bond. Bovine testicular HAase
(BTHAase) is also of the N-acetylglucosaminidase type [33] and can
be considered as a model for the human HAases. BTHAase with a spe-
cific activity of 990 units/mg was obtained from Sigma (H 3884, lot
76 K8025, Mw = 57,000 g). pI of BTHAase is between 5.3 and 6
[25]. Sodium hyaluronate from human umbilical cord with an esti-
mated average molecular mass of 0.967 · 106 g.mol−1 was pur-
chased from Sigma (H 1876, lot 127H0482). HA and BTHAase were
used without any further purification. The HA mother solution
(weighed as 10 g.L−1) was prepared in milli-Q water and stored at
−20 °C. Since the activity of frozen BTHAase solutions did not remain
constant, solutions freshly prepared by dissolving HAase in water
buffer were used.

An aliquot of the HA mother solution was placed in a reactor, di-
luted to the desired concentration with Milli-Q water, adjusted to
the desired pH with HCl (or KOH), stirred and maintained at 37 °C.
After 2 min, the reaction was started by adding an adequate volume
of a concentrated pH-adjusted HAase solution (10 g.L−1). At each
time point, an aliquot of the mixture was removed to the reactor
and assayed by using the N-acetyl-D-glucosamine reducing ends
assay. For each kinetics, the hydrolysis reaction was followed for 3 h
and the concentration of the HA reducing ends was plotted against
time. Measurement of the concentration of N-acetyl-D-glucosamine
reducing ends enabled the determination of the HA chain concentra-
tion. It was performed according to the method described by Reissig
et al. [34]. Because of the presence of proteins in the samples, turbid-
ity and color were simultaneously present and we used the improve-
ment of the Reissig method described in our previous papers [31,35].
The kinetic curve was obtained by plotting that concentration as a
function of time, and the initial reaction rate was then determined
by measuring the slope of that curve at time zero. This procedure
was repeated for different initial HA concentrations varying from 0
to 0.012 mol.L−1. Finally, the substrate-dependence of BTHAase was
obtained by plotting the initial hydrolysis rate as a function of the dif-
ferent initial substrate concentrations.

The substrate-dependence of BTHAasewas experimentally obtained
[36] with native HA, at 37 °C, pH 5 and very low ionic strength (no
added salt) for an BTHAase concentration of 4 g.L−1 (Fig. 6). This situa-
tion clearly enhances the electrostatic interactions between BTHAase
and its substrate [20,31,32].
3.2. Determination of the Kd value of the HA–BTHAase complex

In a first step, we used the “straight line fitting method”. The first
part of the substrate-dependence, i.e. the initial hydrolysis rate as a
function of the initial β(1,4) site concentration ([HAβ]0), was fitted to
Eq. (14) by using the “Curve fit program” integrated in the SigmaPlot
2 software. The Curve fit program allowed us to determine the estimat-
ed values for Vm, Km and s. Kd was then calculated by using Eq. (15). The
fittingwas performed by considering the first nine experimental points.
The estimated values were then introduced in Eqs. (11) and (9) to re-
build the global substrate-dependence curve. It clearly appears that
the curve obtained (curve a) does not agree with the experimental
points. Themain problemwas that these first nine points did not exact-
ly correspond to the conditions defined in our hypotheses, i.e., an
[HAasea]/[HAase]0 ratio close to 1. Diminishing the number of experi-
mental points taken into account should thus improve this correspon-
dence. Two additional fittings were thus performed by considering
seven (curve b), then six (curve c), experimental points. Results are
shown in Table 1. The conclusion is that i) the agreement with the
experimental curve increases, ii) the estimated values of Vm and Km in-
creased, and iii) the estimated values of Kd decreased,when the number
of experimental points was decreased.

image of Fig.�5
image of Fig.�6


Table 1
Theoretical analysis of the experimental substrate-dependence of the HAase activity
with 106 g.mol−1 HA substrate at low ionic strength, 37 °C and pH 5. The HAase con-
centration was 4 g.L−1. The table gives the calculated reaction and binding parameters
Vm, Km and Kd. In the first column, the nine first experimental points of Fig. 6 were
fitted to Eq. (14) by using the “straight line fitting method “. The “Curve fit program”

integrated in the SigmaPlot 2 software was used. The fitting gave the estimated the
values for Vm, Km and the slope s. Kd was then calculated by using Eq. (15). In the sec-
ond column, the seven first experimental points were considered, and in the third col-
umn, only the first six experimental points were considered. The last column gives the
values estimated by using the “global fitting program”.

Straight line fitting
with 9 experimental
points

Straight line fitting
with 7 experimental
points

Straight line fitting
with 6 experimental
points

Global
fitting

Vm 47.7 55.9 65.9 67.2
Km 7.1e−4 9.2e−4 1.1e−3 1.1e−3
Kd 9.3e−5 6.3e−5 3.7e−5 2.1e−5
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In a second step, we used the “global fitting program”. The global
substrate-dependence was fitted to Eq. (11), completed by Eq. (9), by
using the “Curve fit program” integrated in the SigmaPlot 2 software.
In this case, the Curve fit program allowed us to directly determine
the estimated values for Vm, Km and Kd. Results were added in Table 1.
The fitting according to the “global fitting program” is now excellent
(Fig. 7). The two contributions can now be easily distinguished, calcu-
lated according to Eq. (11) and plotted (Fig. 7). Table 1 clearly shows
that the two fitting methods are in agreement with each other and
that the estimated values obtained by the “straight line fitting method”
tend to the estimated values obtained by the “global fitting method”
when the number of experimental points considered by the first meth-
od was decreased.

The conclusion is that a good estimation of the different parameters
controlling the experimental HA/BTHAase system was obtained: Vm =
67 mol.L−1.s−1, Km = 1.15 10−3 mol.L−1 and Kd = 2.2 10−5 mol.L−1.
Fig. 7. Theoretical analysis of the experimental substrate-dependence of the HAase ac-
tivity by using the “global fitting method”. The dark circles (●) represent the experi-
mental initial rates plotted against the HA concentration. The reaction and binding
parameters were estimated by fitting the substrate-dependence to Eqs. (11) and (9),
by using the “global fitting method”. The estimated values of Vm, Km and Kd were
then used to rebuild the global modeled substrate-dependence curve (full line a)
according to Eq. (11), together with its reaction (dashed line b) and binding (dashed
line c) contributions. The experimental conditions used were: 106 g.mol−1 native HA
substrate, 4 g.L−1 HAase concentration, 37 °C, pH 5.
4. Discussion and conclusion

The modeling of the HA/HAase system is characteristic of a
complexation–reaction coupling where the reaction kinetics is con-
trolled by the binding phenomenon and it is thus very difficult to
study reaction and binding, separately. We have modeled the global
system [26,32] and have shown here that the substrate-dependence
of such a system is a direct combination of a pure Michaelis–Menten
equation associated with the reaction and a hyperbola associated with
the binding. The hyperbola associated with the binding represents the
relative part of HAase which is not electrostatically sequestered by
HA. We have also shown that the binding contribution can be related
to the dissociation constant of the electrostatic HA–HAase complex.

In a second step, we have shown that the binding contribution can
be modeled by a straight line at low HA concentrations and have
established the relationship between the slope of the straight line
and the dissociation constant Kd of the electrostatic HA–HAase
complex. The application of this relationship to mathematically
constructed substrate-dependences leads to a good estimation of
the pre-defined dissociation constants of the electrostatic HA–HAase
complex. This validates the fitting method using Eq. (14), called
“straight line fitting method”. Nevertheless, the estimation of the Kd

constant is possible only when the enzyme concentration is lower
than Kd. Moreover, obtaining such a simple relationship has required
simplifications requiring a reasonable set of data at low HA con-
centrations. This may cause difficulties for experimental substrate-
dependence curves which may have a too restricted number of experi-
mental points to determine the Kd constant. In the general case, the
“global fitting method” using Eq. (11) will thus be used to determine
the Kd constant. The two fitting methods used the curve-fit program
integrated in the SigmaPlot 2 software which is based on the
Levenberg–Marquardt algorithm [37]. The Levenberg–Marquardt algo-
rithm is derived from theGauss–Newton algorithm. It is one of themost
efficient algorithms used to solve nonlinear fitting. It is thus able to
solve our problem in the general case. Nevertheless, the iterative meth-
od used here allows us to more clearly distinguish between the two
components of the kinetics, binding and reaction, and to offer a graph-
ical interpretation of the complex system.

The method was applied to the determination of the Kd value of
the HA/HAase electrostatic complex from the analysis of the experi-
mental substrate-dependence of the HA hydrolysis catalyzed by
HAase. In a first step, the “straight line fitting method” has been
used. The first part of the substrate-dependence has been fitted to
Eq. (14). The fitting was performed by considering the nine first ex-
perimental points. Then, the estimated values were used to rebuild
the global substrate-dependence curve. It clearly appeared that the
agreement between the curve obtained and the experimental points
was not very good. Two other fittings were thus performed with
less experimental points, leading to an increase in the Vm and Km

values and a decrease in the Kd value. Diminishing the number of ex-
perimental points taken into account also increases the agreement
between the rebuilt substrate-dependence curve and the experimen-
tal points. In a second step the “global fitting method” was applied to
determine the Vm, Km and Kd parameters. The values estimated by the
“straight line fittingmethod” seem to tend toward the values estimated
by the “global fittingmethod”when the number of experimental points
is diminished. The Kd was thus estimated at 2.2·10−5 mol.L−1, Vm to
67 mol.L−1.s−1 and Km to 1.15 10−3 mol.L−1.

The Kd value is consistent with the other Kd values determined for
the binding of HA with proteins such as CD44 [28], LYS [23] or fibro-
blast growth factor [29] which vary from 10−8 to 10−6 mol.L−1. Nev-
ertheless, the definition of the equilibrium constants found in the
literature remains often unclear: is the binding of one molecule of
HA with several molecules of protein concerned, or is the binding of
one molecule of protein with one fragment of the HA molecule? In
the present study, we have clearly considered the latter definition.

image of Fig.�7
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To our knowledge, this is the first determination of the dissociation
constant of the non-catalytic and non-productive electrostatic com-
plex formed between an enzyme and its polyelectrolytic substrate.

Moreover, we have shown that the inhibition of HAase activity at pH
4 (optimal pH) can be prevented or reversed by addition of proteins
able to form similar complexes with HA and so, able to compete with
HAase in forming electrostatic complexes with HA. BSA and LYS belong
to that class of proteins because their pI is higher than 5 and they are
positively charged at pH 4. Addition of such proteins produces the en-
hancement or the suppression of the HAase activity depending on
their concentrations [18–20]. The fact that LYS can enhance HAase ac-
tivity over a wide pH domain (from3 to 9)means that LYS can positive-
ly compete with HAase to form complexes with HA [21]. That means
that the dissociation constant of the HA–HAase complex should be
higher than the dissociation constant of the HA–LYS complex [21]. The
dissociation constant of the HA–LYS complex being equal to 10−7–

10−8 M [23], the value obtained here for the HA–HAase complex by
using the present model is consistent with our conclusion.

The number of 57 HA carboxyl groups assumed to be involved in the
binding of HAwith one BTHAasemolecule is consistentwith the n value
determined by VanDammeet al. [23] for theHA–LYS complexwhohave
reported that 117molecules of LYS are bound to one HAmolecule at pH
close to 5. This means that 18 HA carboxyl groups are involved in the
binding per LYS molecule which is 4 times smaller than BTHAase (Mw

of LYS = 14,400 g.mol−1, and Mw of BTHAase = 57,000 g.mol−1).
However, this only constitutes an approximation because the amino-
acid compositions of BTHAase and LYS are different. The primary struc-
tures of several HAases are now known [38]: stonefish HAase, S. horrida
fish HAase, human HAase, mouse HAase, viper HAase, frog HAase,
Eastern and Western honey bee HAases. The BTHAase structure does
not appear in the protein data bank, but the structure of PH-20 which
is the soluble part of BTHAase is known [25]. Data show that PH-20 con-
tains 34 lysine residues, 17 arginine and 6 histidine which are positively
charged at pH 5 andmainly located at the surface of the BTHAase mole-
cule [25]. At pH 5, all the positive charges (57) can thus be involved in
the binding with 57 carboxyl groups of the HA molecule.

This paper thus shows that it is possible to graphically distinguish
between the two phenomena, complexation and reaction, coupled in
the functioning of the HA/BTHAase system. This system is an enzymat-
ically catalyzed hydrolysis of a substrate able to electrostatically seques-
trate the enzyme under an inactive form. A similar behavior has been
recently observed with bee HAase [39]. This may not be specific to the
HA/BTHAase system, but is quite frequent in biology where a great
number of polyelectrolytic substrates are metabolized by enzymes in
some biological compartments, such as cartilage, where the ionic
strength can be much lower than the classic value of 0.15 mol.L−1

[23]. Polysaccharide/enzyme systems and DNA (or RNA)/enzyme sys-
tems may be concerned and it is fundamental to understand that the
electrostatic binding between the two biomacromolecules, and espe-
cially the order of magnitude of the Kd constant, can highly control
the catalyzed reactions, especially in the ECM where high concentra-
tions of enzymes and polysaccharides exist.
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Annex 1

From Eq. (3) and by considering that [HAasea]/[HAase]0 is close to
1, we may assimilate [HAasea] to [HAase]0 in products but not in
additions, and write:

HAn½ � ¼ Kd � HAn−HAase½ �= HAase½ �0 ðA1Þ
thanks to Eqs. (4) and (5), we may write:

HAn−HAase½ � ¼ HAn½ �0−Kd � HAn−HAase½ �= HAase½ �0 ðA2Þ

and thus:

HAn½ �0 ¼ HAn−HAase½ � þ Kd � HAn−HAase½ �= HAase½ �0 ðA3Þ

HAn½ �0 ¼ HAn−HAase½ � � 1þ Kd= HAase½ �0
� � ðA4Þ

HAn½ �0 ¼ HAn−HAase½ � � HAase½ �0 þ Kd
� �

= HAase½ �0Þ ðA5Þ

HAn½ �0 � HAase½ �0 ¼ HAn−HAase½ � � HAase½ �0 þ Kd
� � ðA6Þ

HAn−HAase½ � ¼ HAn½ �0 � HAase½ �0= HAase½ �0 þ Kd
� � ðA7Þ

replacing [HAasea] by its value in Eq. (4), the binding contribution can
thus be expressed by:

HAasea½ �= HAase½ �0 ¼ HAase0½ �− HAn−HAase½ �ð Þ= HAase½ �0 ðA8Þ

HAasea½ �= HAase½ �0 ¼ 1− HAn−HAase½ �= HAase½ �0 ðA9Þ

replacing [HAn–HAase] by its value in Eq. (A7) gives

HAasea½ �= HAase½ �0 ¼ 1− HAn½ �0= Kd þ HAase½ �0
� � ðA10Þ

as [HAβ]0 = n × [HAn]0, we may write:

HAasea½ �= HAase½ �0 ¼ 1− HAb½ �0 � 1=nð Þ= Kd þ HAase½ �0
� � ðA11Þ

the slope s of the binding contribution can thus be expressed by:

s ¼ −1=n= Kd þ HAase½ �0
� �

: ðA12Þ
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