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a b s t r a c t

Hyaluronan (HA) hydrolysis catalysed by hyaluronidase (HAase) is enhanced when bovine serum albumin
(BSA) is present and competes with HAase to form electrostatic complexes with HA. At 1 g L−1 HA and
BSA concentrations, BSA is able to form three types of complexes with HA depending on pH ranging from
2.5 to 6: insoluble neutral complexes at low pH values, sedimentable slightly charged complexes at pH
near 4 and soluble highly charged complexes at pH near 5. The BSA content, charge and solubility of the
eywords:
yaluronan
yaluronidase
ovine serum albumin
ysozyme

HA–BSA complexes increase when pH is increased up to the pI of BSA. The normalised charge excess does
not exceed 20% for the sedimentable complexes and 40% for the soluble complexes. It has been shown
that the sedimentable slightly charged HA–BSA complexes are the most efficient to compete with HAase
and release it. All the HA–BSA complexes are hydrolysable by HAase. The HA–BSA binding site shows
that one BSA molecule is associated with 85–170 HA carboxyl groups, depending on pH. Similar results

sozym
olysaccharide–protein complex
H effect

have been obtained for ly

. Introduction

Hyaluronan (HA) is a linear high-molar-mass polysaccha-
ide composed of repeating d-glucuronic acid-�(1,3)-N-acetyl-d-
lucosamine disaccharide units linked together through �(1,4)
lycosidic bonds. Since its discovery in the vitreous humor by
eyer in 1936, it has been well established that HA is widely dis-

ributed in the extra-cellular matrix (ECM) of vertebrate tissues
here it is involved in cellular adhesion, mobility, proliferation

nd differentiation (Catterall, 1995; Delpech et al., 1997; Girish
Kemparaju, 2007; Kennedy, Phillips, & Williams, 2002; Laurent,

987; Rooney, Kumar, Ponting, & Wang, 1995). HA is the substrate
f hyaluronidase (HAase). HAases are present in mammals, insects,
arasites and bacteria (Csóka, Frost, & Stern, 1997) and catalyse the
leavage of HA into oligosaccharides. Recently, it has been demon-
trated that properties and functions of HA strongly depend on the
hain size (David-Raoudi et al., 2008; Deschrevel, Tranchepain, &
incent, 2008; Stern, Asari, & Sugahara, 2006) and that HA frag-
ents and native HA may have opposite roles, especially in regards
o angiogenesis (Deed et al., 1997; West & Kumar, 1989; West,
ampson, Arnold, & Kumar, 1985). It is now established that the
ction of HAase plays a role in cancer development (Lokeshwar,
okeshwar, Pham, & Block, 1996; Mio & Stern, 2002; Rooney et al.,

∗ Corresponding author. Tel.: +33 2 35 14 67 42; fax: +33 2 35 14 67 04.
E-mail address: jean-claude.vincent@univ-rouen.fr (J.-C. Vincent).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.02.007
e over an extended pH domain, including the neutrality.
© 2011 Elsevier Ltd. All rights reserved.

1995; Stern, 2008). More generally, the action of HAases is very
important because their presence in the ECM often results in the
degradation of the polysaccharide, altering its structure and con-
sequently its function. Understanding the interactions between
polysaccharides and proteins, or polysaccharides and enzymes, are
thus of fundamental importance. Crystal structure and molecular
modeling of such specific assemblies (with short oligosaccharides)
have recently been reviewed (Imberty, Lortat-Jacob, & Perez, 2007),
offering very important progresses in that field.

At pH 4, HA and HAase can form non-specific electrostatic
HA–protein complexes (Deschrevel, Lenormand, et al., 2008;
Lenormand, Deschrevel, Tranchepain, & Vincent, 2008) because HA
is negative and HAase is positive. Moreover, it has been shown
that HAase is no longer catalytically active when electrostatically
complexed with HA (Astériou, Vincent, Tranchepain, & Deschrevel,
2006; Deschrevel, Lenormand, et al., 2008; Lenormand, Deschrevel,
& Vincent, 2007). In fact, various proteins, like bovine serum albu-
min (BSA) or lysozyme (LYS), can also form electrostatic complexes
with HA (Gacesa, Savitsky, Dodgson, & Olavesen, 1981; Moss, Van
Damme, Murphy, & Preston, 1997; Xu, Yamanaka, Sato, Miyama,
& Yonese, 2000). Moreover, Gold (1982) observed that BSA is able
to activate both human liver HAase and bovine testicular HAase at
pH 4. Maingonnat et al. (1999) showed that BSA and other proteins

such as hyaluronectin, hemoglobin and immunoglobulins are able
to enhance HAase activity. However, the enhancement depends on
the protein concentration. It is thus very important to understand
how proteins, simultaneously present in the tissue, may modulate
the HAase action.

dx.doi.org/10.1016/j.carbpol.2011.02.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jean-claude.vincent@univ-rouen.fr
dx.doi.org/10.1016/j.carbpol.2011.02.007
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We have shown that BSA is able to form complexes with HA at
H 4 and is able to compete with HAase when the two proteins
re simultaneously present (Deschrevel, Lenormand, et al., 2008;
enormand et al., 2008). At pH 4, we have shown that HAase activ-
ty depends on the BSA concentration in a very atypical manner. BSA
an enhance or suppress HAase activity. At low concentrations, BSA
orms complexes with HA and prevents the complexation of HAase.
t high concentrations, BSA forms dense complexes with HA hin-
ering a great number of hydrolysable sites on the HA molecule.
t pH 5.25, the action of BSA is similar but less efficient than at pH
(Lenormand, Tranchepain, Deschrevel, & Vincent, 2009) because,
H being close to the isoelectric pH (pI) of BSA (pI = 5.2 (Xu et al.,
000)), the number of positive charges borne by the BSA molecule
nd required to form electrostatic complexes with the polyanionic
A molecule is low.

The question of the BSA ability to form electrostatic complexes
ith HA under physiological pH conditions is of importance for

he HAase modulation in the ECM, and we are now engaged
n a detailed study of the HAase activity as a function of pH
Lenormand, Deschrevel, & Vincent, 2010a). In fact, HA forms
wo types of complex with HAase: the first one is the classi-
al catalytic enzyme–substrate complex which involves hydrogen
onds, electrostatic and Van der Waals interactions in a precise
D arrangement and the second one is the non-specific com-
lex that HA is able to form with a great variety of proteins,
uch as BSA, LYS, and HAase (Deschrevel, Lenormand, et al., 2008;
enormand et al., 2007, 2008) through electrostatic interactions.
he actual pH-dependence is thus the result of the two follow-
ng pH-dependences: the intrinsic pH-dependence of the enzyme
ction and the pH-dependence of the formation of the non-specific
lectrostatic HA–protein complexes (Lenormand et al., 2010a). The
nhancement of the HAase activity in the presence of non-catalytic
roteins thus requires two conditions: (i) the protein has to be
ble to form a complex with HA and (ii) this complex has to be
ore stable than the electrostatic complex formed between HA

nd HAase.
We have shown (Lenormand et al., 2010a) that BSA is able to

ontrol the enhancement/suppression of the HAase activity at pH
alues ranging from 3.5 to 5.25. For an HA concentration of 1 g L−1

nd an HAase concentration of 0.5 g L−1, the optimal BSA concen-
ration varies from 0.6 to 2 g L−1 according to pH. At pH higher than
.5, BSA can still form complexes with HA, but the release of HAase
equires more BSA molecules, corresponding to BSA concentrations
igher than 4 g L−1. The fact that BSA can enhance the HAase activ-

ty on a pH domain ranging from 3.5 to 5.25 means that: (i) BSA is
ble to compete with HAase to form complexes with HA, (ii) HAase
s able to form complexes with HA over this pH domain, and (iii)
Aase is catalytically active over this pH domain when BSA limits

ts complexation with HA. All of this have been considered in a the-
retical model (Vincent & Lenormand, 2009) which clearly explains
he functioning of the HA–HAase–BSA system. Nevertheless, BSA is
ot able to enhance HAase activity at physiological pH. We have
hown (Lenormand et al., 2010a) that LYS, which has a pI value
igher than that of BSA, is able to enhance HAase activity at physi-
logical pH. That means that HA–HAase complexes can be formed at
hysiological pH. It should thus be important to study the HA–BSA,
A–LYS and HA–HAase complexes as a function of pH, in order to

ee which type of complex is concerned.
Most of the work on protein–polyelectrolyte complexes is

eviewed by Schmitt, Sanchez, Desobry-Banon, and Hardy (1998),
ooper, Dubin, Kayimazer, and Turksen (2005) and Imberty et al.

2007). Two main classes can be distinguished for the electrostatic
omplexes: (i) neutral insoluble complexes at the phase separa-
ion when the net positive charge of one of the biomacromolecules
xactly compensates the net negative charge of the other, and (ii)
harged complexes, when an excess of charge exists, which are
ate Polymers 85 (2011) 303–311

maintained in suspension by solvatation and can produce turbid-
ity. Numerous studies have been devoted to the complexes formed
between HA and proteins (for details, see Lenormand et al., 2010a).
Xu et al. (2000) studied HA/BSA mixtures and showed the electro-
static nature of the interactions between the two molecules and the
strong influence of pH on solubility of the HA–BSA complex. They
determined the stoichiometry, viscosity and size of the HA–BSA
complexes at pH near 5 and proposed an interesting model for
HA–BSA complex formation showing the change from a worm-like
structure to spherical particules by intra-polymer then interpoly-
mer interactions when BSA concentration is increased. Grymonpré,
Staggemeier, Dubin, and Mattison (2001) studied the effects of both
pH and ionic strength on the existence and solubility of the HA–BSA
complexes. They showed that the electrostatic HA–BSA complexes
can be formed even at a pH higher than the pI of the protein thanks
to the presence of charge patches.

Other papers reported pH effects on complexes formed between
another anionic polysaccharide (heparin) and BSA, between
another protein (silk fibroin) and HA (Malay, Bayraktar, & Batigün,
2007), or between a cationic polyelectrolyte and BSA (Kaibara,
Okazaki, Bohidar, & Dubin, 2000; Mattison, Dubin, & Brittain, 1998).
In our group, we have studied the HA–BSA complexes formed at pH
4 and low ionic strength (Lenormand et al., 2008). We have deter-
mined the conditions for existence, the nature, the stoichiometry
and the size of the complexes, with respect to the BSA over HA
ratio. We have shown that HA and BSA can form three types of
electrostatic complexes: highly charged soluble complexes, slightly
charged sedimentable complexes and neutral insoluble complexes
at the phase separation.

Existence and nature of HA–BSA complexes being related to
the charge borne by the two macromolecules, they are pH depen-
dent. In complement to the important work of Grymonpré et al.
(2001) and Xu et al. (2000), and to our own work (Deschrevel,
Lenormand, et al., 2008; Lenormand et al., 2008, 2009, 2010a), the
present paper deals with the detailed study of the HA–protein (BSA
or LYS) complexes as a function of pH and presents their nature, sol-
ubility, stoichiometry, size and composition, in order to establish a
relationship between the HAase activity (Lenormand et al., 2010a)
and the existence of the electrostatic nonspecific HA–protein com-
plexes. In addition, one of the objectives of the paper is to determine
among these complexes, which type is the most efficient to com-
pete with the HA–HAase complex and to release HAase?

2. Experimental

2.1. Materials

Bovine testicular HAase (H 3884, lot 38H7026), BSA (A 3675,
lot 78H1399), LYS (L 6876, lot 051K7028) and sodium hyaluronate
from human umbilical cord (H 1876, lot 127H0482) were obtained
from Sigma. The molar mass of HA was close to 1 MDa. More
precisely, the number-average molar mass (Mn) of HA was
0.967 × 106 g mol−1 and its polydispersity index, which represents
its degree of homogeneity, was 1.45. The molar mass of BSA
was 69,000 g mol−1. HA, BSA, LYS and HAase were used without
any further purification. The chemicals used in the assays were:
sodium tetraborate (Prolabo 27 727-297), sulfuric acid (Sigma
S 1526), carbazole (Sigma C 5132), boric acid (Sigma B 7660),
p-dimethylaminobenzaldehyde (DMAB) (Sigma D 8904), glacial
acetic acid (Sigma A 6283).
Absorbance was measured using a Uvikon 860 KONTRON spec-
trophotometer equipped with a temperature-controlled chamber
and connected to a computer. pH adjustments were carried out
using a Metrohm 632 pH-meter equipped with a Radiometer
Analytical XC161 pH electrode. Centrifugation of the HA–protein
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ixtures was performed with a MiniSpain Plus centrifuge
rom Eppendorf. Measurements of hydrodynamic diameters of
A–protein complexes were carried out using a Zeta Sizer (Nano
S) from Malvern Instruments equipped with a laser source
� = 632 nm). This apparatus was able to measure diameters of sus-
ended particles ranging from 1 nm to 1 �m. Diameters of insoluble
articles were not available.

.2. Methods

.2.1. Uronic acid assay
The HA mother solution (weighed at 10 g L−1) was prepared

n Milli-Q water and assayed by the method described by Dische
1947) and modified by Bitter and Muir (1962). The experimental
rocedure using carbazole was extensively described in our previ-
us papers (Astériou et al., 2001; Vincent, Asteriou, & Deschrevel,
003). Sodium d-glucuronate was used for calibration. All the HA
ssays were performed using this method which is suitable for both
reely soluble HA and complexed HA after the dissociation of the
lectrostatic complex at pH near 12.

.2.2. N-acetyl-d-glucosamine reducing end assay
Measurement of the concentration of N-acetyl-d-glucosamine

educing ends enabled the determination of the HA chain con-
entration. It was performed according to the method described
y Reissig, Strominger, and Leloir (1955). Because of the presence
f proteins in the samples, turbidity and colour were simultane-
usly present and we used the improvement of the Reissig method
escribed by Astériou et al. (2001). The experimental procedure
sing DMAB is detailed in our previous papers (Astériou et al.,
001; Vincent et al., 2003). N-acetyl-d-glucosamine was used for
alibration.

.2.3. Kinetics of the HA hydrolysis
An adequate volume of the HA mother solution was placed in

reactor, diluted to the desired concentration with milli-Q water,
djusted to the desired pH with HCl (or KOH), stirred and main-
ained at 37 ◦C. If necessary, before pH adjustment, an appropriate
olume of a concentrated BSA solution (10 g L−1) was added. After
min, the reaction was started by adding an adequate volume of
concentrated HAase solution (10 g L−1 in milli-Q water). At each

ime point, a 200 �L aliquot of the reaction mixture was removed
rom the reactor and assayed by using the N-acetyl-d-glucosamine
educing end assay. For each kinetics, the hydrolysis reaction was
ollowed for 3 h and the concentration of the HA reducing ends
as plotted against time. The method thus gave the time evolu-

ion of the HA chain concentration; the slope of the tangent to that
urve directly represented the reaction rate. The kinetic curve was
hen fitted by the bi-exponential model developed in Vincent et al.
2003) and the initial reaction rate was calculated as being equal to
he value of the first derivative of that function at time zero.

.2.4. Turbidity measurements
The solutions of HA and BSA prepared in Milli-Q water were first

djusted to a pH value higher than 8 in order to limit complexation
hen mixed. The HA/BSA mixture was prepared by diluting ade-

uate volumes of HA and BSA solutions in Milli-Q water so that the
nal concentrations were 1 g L−1 for both HA and BSA. The mixture
as placed in the reactor maintained at 37 ◦C. Then pH was pro-

ressively decreased and turbidity variation in time was measured
t 400 nm in a spectrophotometer thermostated (37 ◦C) sample cell

ith a magnetic stirrer.

.2.5. Analysis of the HA–protein complexes
The HA/BSA mixture prepared in a reactor was incubated at 37 ◦C

nder magnetic stirring for 30 min. As long as pH was decreased,
ate Polymers 85 (2011) 303–311 305

aliquots of 1 mL were removed, transferred to Eppendorf cones
and centrifuged at 10,000 rpm for 20 min. The supernatant was
removed and placed in a quartz cuvette in order to measure the BSA
concentration at 280 nm by using the calibration curve previously
established with BSA solutions of known concentrations. A 200 �L
aliquot of the supernatant was then analysed using the uronic acid
assay method in order to measure its HA content. Then, 1 mL of
water containing 20 �L of KOH 2 mol L−1 was added to the pellet
to obtain its complete dissolution. The concentrations of BSA and
HA in the obtained solution were then measured using the same
methods as above.

2.2.6. Measurement of the HA–protein complexes’ size
Size measurements were performed with the HA/BSA mixtures

at four pH values. The mixture was introduced into an appro-
priate plastic cuvette of 1 cm pathlength and placed in the Zeta
Sizer. Three runs were performed per experiment. Results were
expressed in percentage of light intensity scattered by the solution
as a function of the diameter of the particles responsible for this
scattering (Mattison & Kaszuba, 2004).

3. Results

In all the experiments, no salt was added in the solution. The
ionic strength was thus very low and only due to the presence of
the counterions of the biopolymers and pH adjustments. It was of
the order of magnitude of 10−3 mol L−1 and thus very different from
the physiological level. For sake of simplicity, the term “low ionic
strength” was used throughout the text.

3.1. Existence of the HA–BSA complexes

Existence of electrostatic complexes formed between HA and
BSA was first studied using spectrophotometric measurements.
The HA/BSA mixture, at 1 g L−1 HA concentration and 1 g L−1 BSA
concentration, was first adjusted to pH 10, then pH was slowly
decreased and the turbidity of the mixture was measured as a
function of pH. In that experiment, pH was the only adjustable
parameter and the system was theoretically monitored by the
charges of the two biomacromolecules. The pKa of HA being equal
to 2.9 (Cleland, Wang, & Detweiler, 1982) and the pI of BSA being
equal to 5.2 (Wang, Gao, & Dubin, 1996; Xu et al., 2000), the the-
oretical pH domain for complexation is between 2.9 and 5.2, in
a first approximation. Fig. 1 shows the turbidity of the HA/BSA
mixture at 400 nm as a function of pH. Turbidity existed at pH val-
ues between 2.3 and 6.5 and was maximum between 3.3 and 4.
According to Xu et al. (2000) and Lenormand et al. (2010a), five
pH domains were identified: (i) from pH 8 to 6.5, absorbance was
nil corresponding to soluble and individual HA and BSA molecules,
(ii) from pH 6.5 to 5.2, absorbance increased slightly correspond-
ing to soluble highly charged HA–BSA complexes, (iii) from pH
5.2 to 3.9, absorbance increased strongly corresponding to sed-
imentable slightly charged HA–BSA complexes, (iv) from pH 3.9
to 3.3, absorbance was constant at a high level corresponding to
a maximum of sedimentable HA–BSA complexes, and (v) at pH
lower than 3.3, absorbance decreased because of the phase sepa-
ration of the HA–BSA complexes and of the apparition of insoluble
complexes.

Because HA solubility was higher than 10 g L−1 and BSA solubil-
ity was higher than 20 g L−1, the presence of turbidity showed the
existence of HA–BSA coacervates. Indeed, the light scattered by the

HA–BSA coacervates (or complexes) whose solubility depends on
the charge excess at the surface of the complex and the existence
of the electrostatic HA–BSA complexes were related to the charges
brought by the two macromolecules. At high pH values, HA was
negatively charged; when pH was close to 3.9 (i.e. pKa of HA + 1),



306 H. Lenormand, J.-C. Vincent / Carbohydrate Polymers 85 (2011) 303–311

F
1
d

H
t
w
p
n
s
4
p
t

3

g
f
t
p
u
o
c
a
t
i
a

F
e

Table 1
pK values of the ionisable amino acids.

Amino acid pK

Arg R 12.48
Asp D 3.9
ig. 1. Absorbance at 400 nm of mixtures composed of HA at 1 g L−1 and BSA at
g L−1, at low ionic strength and at different pH values ranging from 2.3 to 7.5. Five
omains were distiguished.

A started to decrease its negative charge; when pH was lower
han 1.9 (i.e. pKa of HA – 1), HA was neutral. For BSA, the scheme
as similar: at high pH values, BSA was negatively charged; when
H was close to 6.2 (i.e. pI of BSA + 1), BSA started to decrease its
et negative charge; when pH was close to 5.2 (i.e. pI of BSA), BSA
tarted to increase its net positive charge; when pH was lower than
.2 (i.e. pI of BSA – 1), BSA was positively charged. The theoretical
H domain for HA–BSA complexes can thus be extended from 1.9
o 6.2.

.2. The theoretical charge of the two macromolecules

As HA is alternately composed of glucuronic acid and N-acetyl-
lucosamine, one carboxyl group, with a defined pKa value, exists
or each disaccharide unit, and thus one molar fraction of nega-
ive charge exists per mole of disaccharide unit depending on the
H value. The molar mass of the sodium salt of the disaccharide
nit being equal to 401 g mol−1, there is a 1/401th molar fraction
f negative charge per gram of sodium HA. The variations of the

harge state of HA, expressed in milli-equivalents per gram of HA,
s a function of pH, are given in Fig. 2. For BSA, we may assume
hat as for any soluble protein, its tri-dimensional conformation
n water is a globular molecule with almost all the charged amino
cids located at the surface of the molecule, in contact with the

ig. 2. pH-dependence of the charge state of the two biomacromolecules. Milli-
quivalents brought per gram of HA and BSA as a function of pH.
Glu Q 4.07
His H 6.04
Lys K 10.54

aqueous solvent. Thanks to the high level of sequence homology
between BSA and Human serum albumin (HSA), the 3D structure
of HSA and according to Lenormand et al. (2008) and Grymonpré
et al. (2001), we may assume such a conformation for BSA in water
and calculate the number of mole of positive and negative charges
brought per gram of BSA as a function of pH. The number, ni, of
each ionisable amino acid (i.e. aspartate (D), glutamate (Q), arginine
(R), histidine (H) and lysine (K)) was calculated from the primary
sequence of BSA. By assuming that the pKa of any ionisable amino
acid remains constant and independent of its neighbourhood, the
charge brought by each ionisable amino acid can be estimated by
multiplying the number of this ionisable amino acid by its charge
fraction, calculated from its pKa (Table 1) and the pH of the HA/BSA
mixture, according to Eqs. (1) and (2). The net charge of the protein
is finally estimated by algebraically summing all the partial charges
of the amino acid residues and by adding the charges brought by
the two end amino acids.

negative charge fraction of BSA =
∑

i=d,q

ni × 1

1 + 10pKi−pH
(1)

positive charge fraction of BSA =
∑

i=r,h,k

ni × 1

1 + 10pH−pKi
(2)

Even if this procedure requires several assumptions which are not
rigorously true, we think that it is the only one which allows a
quantitative estimation over a large pH domain. Fig. 2 shows the
theoretical charges of the two macromolecules as a function of pH.

3.3. Content of the HA–BSA complexes as a function of pH

An HA/BSA mixture with 1 g L−1 HA concentration and 1 g L−1

BSA concentration was placed in a reactor maintained at 37 ◦C
under magnetic stirring. The pH was progressively lowered and
1 mL aliquots of the mixture were removed over time and analysed.
After centrifugation of the liquid phase, the HA and BSA assays gave
the HA and BSA concentrations in the supernatant and in the pel-
let for each pH value, as described in the Section 2. Fig. 3 shows
the distribution of the BSA and HA concentrations between the
supernatant, [BSA]s and [HA]s, and the pellet, [BSA]p and [HA]p, as
a function of pH. In addition to these curves, the [BSA]i and [HA]i,
corresponding to the parts of the total concentrations of BSA and
HA implicated in the insoluble complexes, were simply deduced
by subtracting the concentrations corresponding to BSA and HA
in the supernatant and in the pellet from the total BSA and HA
concentrations.

Three pH domains were distiguished: (i) From pH 6 to 5.3, the
HA and BSA contents did not change; most of the HA and BSA were
in the supernatant and only a little amount of each biomolecule
was present in the pellet; no insoluble complexes were present, (ii)
from pH 5.3 to 3.2, [BSA]p and [HA]p strongly increased from values
close to zero to values close to the total HA and BSA concentra-

tions; in parallel, [BSA]s and [HA]s decreased down to values close
to zero and [BSA]i and [HA]i remained nil; this characterised an
exchange between soluble HA–BSA complexes and sedimentable
HA–BSA complexes, (iii) from pH 3.2 to 2.3, [BSA]s and [HA]s

remainded very low, [BSA]p and [HA]p slightly decreased and
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ig. 3. Analysis of the composition of the HA–BSA complexes as a function of pH. Dis
nd BSA at 1 g L−1, at low ionic strength: in the pellet (�), in the supernatant (�), an

BSA]i and [HA]i slightly increased; this characterised an exchange
etween sedimentable HA–BSA complexes and insoluble HA–BSA
omplexes.

When BSA was assayed in the supernatant, the UV–Visible
pectra showed that turbidity was still present signifying that sol-
bilized HA–BSA complexes were present in the supernatant. Fig. 4
hows the absorbance of the supernatant at 400 nm as a function of
H. In order to quantify these soluble complexes, the supernatant
as submitted to filtration through 0.45 �m PTFE filters. [BSA]sf

nd [HA]sf were the BSA and HA concentrations recovered in the
ltrates and the difference between [BSA]s and [HA]s on one hand,
nd [BSA]sf and [HA]sf on the other hand, gave [BSA]s–sf and [HA]s–sf,
he BSA and HA concentrations retained on the filters, i.e. involved
n the soluble HA–BSA complexes larger than 450 nm. Fig. 5 shows
hat HA–BSA complexes were formed up to pH 6; these complexes
ontained a very small quantity of HA associated to many BSA
olecules which were very slightly positively charged around pH 5

r even, slightly negatively charged and containing positive patches
round pH 6 (Mattison et al., 1998; Park, Muhoberac, Dubin, & Xia,
992). Fig. 5 (part a) clearly shows the exchange between the sol-

ble highly charged HA–BSA complexes which were preponderant
t pH lower than 5 and the very soluble highly charged HA–BSA
omplexes and/or individual molecules which were preponderant
t pH higher than 5.

ig. 4. Absorbance at 400 nm of the supernatant after centrifugation of mixtures
omposed of HA at 1 g L−1 and BSA at 1 g L−1, at low ionic strength and at different
H values ranging from 2.3 to 6.
ion of BSA (a) and HA (b) after centrifugation of mixtures composed of HA at 1 g L−1

he insoluble HA–BSA complexes (�).

3.4. Size of the HA–BSA complexes as a function of pH

Fig. 6 represents the superimposition of the turbidity and of
the HA and BSA contents of the different types of HA–BSA com-
plexes. The turbidity due to the sedimentable HA–BSA complexes
was obtained by subtracting the turbidity of the supernatant from
that of the HA/BSA mixture. The figure shows that the sedimentable
slightly charged complexes had a higher contribution to the tur-
bidity than the soluble highly charged complexes. It is known that
large particles scatter much more light than small particles. The
highest contribution to the turbidity of the slightly charged com-
plexes is thus due to: (i) the highly charged HA–BSA complexes
were smaller than the slightly charged complexes, and/or (ii) the
slightly charged complexes were much more numerous than the
highly charged complexes. Size measurements using a zeta sizer
(Fig. 7) confirmed that the diameter of the predominant popula-
tion of the HA–BSA complexes decreased when pH was increased,
ranging from 200 nm at pH 3 to 10 nm at pH 5 and only a few
nanometers at pH 6. It means that size of the HA–BSA complexes
decreased when the charge of the complexes increased. This is
in agreement with our previous observations (Lenormand et al.,
2008).

3.5. Stoichiometry of the HA–BSA complexes as a function of pH

Stoichiometry of the HA–BSA complexes can be calculated from
their HA and BSA contents shown in Figs. 1 and 5. Fig. 8 represents
the BSA over HA mass stoichiometry of the different HA–BSA com-
plexes. For each type of complex, the stoichiometry increased when
pH was increased. For the slightly charged complexes (p indice), it
increased from 0.9 at pH 2.3 to 1.7 at pH close to 4.5; for the highly
charged complexes (s–sf indice), it increased from 1 at pH 3.7 to
1.7 at pH 4.8. For each type of complex, the mass stoichiometry
increased when pH reached a value close to 5, because complex-
ation required more and more BSA molecules as the net positive
charge of BSA decreased near its pI. Roughly, Fig. 8 shows that the
mass stoichiometry of the complexes remained between 1 and 2.

The HA and BSA contents shown in Figs. 1 and 5 can also be
analysed in terms of charge excess. The net charge of the HA–BSA
complexes was normalised with respect to the total charge of the
complexes. Fig. 9 shows the normalised charge of the HA–BSA com-

plexes as a function of pH. For the slightly charged complexes
(p indice), the normalised charge excess was around 20%, for the
highly charged complexes (s–sf indice) it remained under 40%; for
the soluble complexes or individual molecules (sf indice), it reached
100% at pH lower than 4.2.
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Fig. 5. Analysis of the composition of the HA–BSA complexes as a function of pH. Distribution of BSA (a) and HA (b) after centrifugation of mixtures composed of HA at 1 g L−1

and BSA at 1 g L−1 at low ionic strength, and filtration of the supernatant: in the supernatant (�, s indice), in the filtrate (�, sf indice) and in the complexes retained on the
filter (�, s-sf indice).

Fig. 6. Superimposition of the HA and BSA contents of the complexes formed
between HA and BSA after centrifugation of mixtures composed of HA at 1 g L−1

and BSA at 1 g L−1 at low ionic strength, and the turbidity of the HA/BSA mixtures,
as a function of pH.

Fig. 7. Diameter of the HA–BSA complexes as a function of pH. Diameters of the
particles present in the mixtures composed of HA at 1 g L−1 and BSA at 1 g L−1, at
low ionic strength and at different pH values ranging from 3 to 6.

Fig. 8. Stoichiometry of the HA–BSA complexes expressed in mass ratio. BSA over
HA mass ratio of the complexes formed in mixtures composed of HA at 1 g L−1 and
BSA at 1 g L−1, at low ionic strength and at different pH values ranging from 2.3 to 6.
Ratios were calculated from the results in the pellet (�), for the filtrated supernatant
(�) and for the complexes retained on the filter (�).

Fig. 9. Stoichiometry of the HA–BSA complexes expressed in normalised charge
excess. BSA over HA mass ratio of the complexes formed in mixtures composed of
HA at 1 g L−1 and BSA at 1 g L−1, at low ionic strength and at different pH values
ranging from 2.3 to 6. Ratios were calculated from the results in the pellet (�), for
the filtrated supernatant (�) and for the complexes retained on the filter (�).
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Fig. 11. Superimposition of the HA and LYS contents of the complexes formed
between HA and LYS after centrifugation of mixtures composed of HA at 1 g L−1
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.6. Size of the binding site

A value of the mass stoechiometric ratio between 1 and 2 means
hat 0.967 g of HA was bound to 1–2 g of BSA, i.e. 10−6 moles of HA
ere bound to 15 10−6 to 30 10−6 moles of BSA. This corresponds to

5–30 BSA molecules per HA molecule of 1 MDa containing approx-
mately 2500 disaccharide units of 401 g mol−1. One BSA molecule

as thus associated with 170–85 carboxyl groups when pH was
ncreased from 2.3 to 4.5. This constitutes the size of the HA-BSA
inding site. When pH was increased up to a value close to the pI
f BSA, the positive charge of BSA decreased and the number of
SA molecules bound to one HA molecule increased. The number
f carboxyl groups involved in the binding site thus decreased.

.7. Relation between the HA–BSA complexes and the HAase
ctivity as a function of pH

When HA and HAase were present together in the reaction
edium, HA formed two types of complexes with HAase: the first

ne was the classical catalytic enzyme–substrate complex and the
econd one was the electrostatic non-catalytic and non-specific
A–protein complex (Lenormand et al., 2010a). HA was able to

orm the latter type of complex with a great variety of proteins,
uch as BSA, LYS and HAase. When HA, HAase and BSA were simul-
aneously present, BSA competed with HAase to form complexes
ith HA, resulting to the release of HAase which recovers its activ-

ty. The question is: which type of HA–BSA complex is the most
fficient to compete with HAase? Fig. 10 shows the amplification
actor of the HAase activity due to the addition of BSA at 1 g L−1 in
he reaction medium (data were extracted from (Lenormand et al.,
010a)). We also represented in that figure the HA and BSA concen-
rations recovered in the two types of complexes, the slightly and
he highly charged complexes, as a function of pH. Fig. 10 shows that
he presence of sedimentable slightly charged HA–BSA complexes
nd the amplification of the HAase activity were closely related.
t is thus clear that only the slightly charged HA–BSA complexes

ere able to release HAase and to induce an increase in the HAase
ctivity over the 3.75–5.2 pH domain. However, at pH below 3.75,

he HA–BSA complexes were not able to restore the HAase activ-
ty. It is likely that the HA–BSA complexes were able to release the
Aase molecules from the HA–HAase complexes, but HAase was
uch less active at these low pH values because of its conforma-

ig. 10. Superimposition of the HA and BSA contents of the complexes formed
etween HA and BSA after centrifugation of mixtures composed of HA at 1 g L−1

nd BSA at 1 g L−1 at low ionic strength, and the amplification of the HAase activity
ue to BSA (HAase activity with 1 g L−1 BSA divided by HAase activity without BSA),
s a function of pH.
and LYS at 1 g L−1 at low ionic strength as a function of pH. The figure also shows
the mass stoichiometric ratio and the amplification of the HAase activity due to LYS
(HAase activity with 1 g L−1 LYS divided by HAase activity without LYS) as a function
of pH.

tion. It means that (i) BSA has to form slightly charged complexes
with HA to be able to positively compete with HAase and thus to
release HAase from complexes, and (ii) the slightly charged HA–BSA
complexes were hydrolysable by HAase.

3.8. Relation between the HA–LYS complexes and the HAase
activity as a function of pH

In our previous paper (Lenormand et al., 2010a), two proteins,
BSA and LYS, were used to modulate the HAase activity. BSA and LYS
are thus two enhancer proteins for HAase. When LYS was added in
an HA/HAase system, it competed with HAase to form complexes
with HA resulting in the release of HAase which recovered its activ-
ity. Although BSA was able to enhance the HAase activity from pH
3 to pH 5.25, LYS was able to reveal and enhance the HAase activity
up to pH 9 (Lenormand et al., 2010a). As for BSA, we investigated
the HA–LYS complexes in order to determine the different types of
complexes and which type of HA–LYS complex is the most efficient
to compete with HAase? The three types of complexes also exist for
LYS: insoluble neutral complexes at pH lower than 3, sedimentable
slightly charged complexes at pH from 3 to 10 and soluble highly
charged complexes at pH higher than 5. Fig. 11 shows the ampli-
fication factor of the HAase activity due to the addition of LYS at
1 g L−1 in the reaction medium (data extracted from Lenormand
et al., 2010a). The figure also shows the HA and LYS concentrations
found in the sedimentable slightly charged complexes and the LYS
over HA mass stoichiometric ratio, as a function of pH. As for BSA,
the amplification factor of the HAase activity was high as long as the
sedimentable HA–LYS complex concentrations were significant. It
means that these sedimentable complexes, with a quite constant
LYS over HA mass stoichiometric ratio equal to 4, prevents HAase
to form electrostatic complexes with HA over the large pH domain
ranging from 4 to 9, thus including pH 7.

4. Discussion and conclusion

−1
At 1 g L HA and BSA concentrations and low ionic strength, BSA
is able, depending on pH, to form three types of electrostatic com-
plexes with HA: insoluble neutral complexes at pH values lower
than 3.2, sedimentable slightly charged complexes at pH near 4
and decreasing from pH 3.2 to 5.3 and soluble highly charged
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omplexes at pH near 4.5 and increasing from pH 3.2 to 5.3. The
A–BSA complexes are more charged and soluble when pH is

ncreased up to 5.2, i.e. the pI of BSA, because the BSA content of
he complexes increases when pH is increased. The wide region
f the HA–BSA complex existence shows that the phase separa-
ion is more broad than the precise electroneutrality domain. This
spect has been studied in detail by Cousin, Gummel, Clemens,
rillo, and Boué (2010) in the electrostatic complexes. Very inter-
sting studies have also shown that the charge ratio and the size
f the polysaccharide chain influence the multiple scale struc-
ure of the polyelectrolyte–protein complexes (Cousin, Gummel,
ng, & Boué, 2005; Turgeon, Schmitt, & Sanchez, 2007). The BSA
ver HA mass stoichiometric ratio of the insoluble or sedimentable
A–BSA complexes remains between 1 and 2; it means that 15–30
SA molecules form a complex with one HA molecule of number-
verage molar mass of 0.967 × 106 g mol−1. It also means that
ne BSA molecule is associated with 85–170 HA carboxyl groups,
epending on pH. This constitutes the size of the HA–BSA binding
ite. Sedimentable HA–BSA complexes are slightly charged com-
lexes for which the normalised charge excess does not exceed
0%, while it reaches 40% for the soluble highly charged complexes.
here is only a very few studies concerning the stoichiometry and
he binding site of the HA–protein complexes reported in the litera-
ure. Xu et al. have determined that one BSA molecule is associated
ith 15 HA carboxyl groups for soluble negatively charged com-
lexes at pH between 5.1 and 5.6 (Xu et al., 2000). This corresponds
o experiments performed at BSA over HA ratio and pH much higher
han we used. Their pH value is also higher than the pI of BSA. It
s thus expected that the number of carboxyl groups associated to
ne BSA molecule is much lower than in our case. Moreover, their
esults were obtained by a different method, i.e. the measurement
f the Na+ ions released from sodium HA during the formation of
he HA–BSA coacervate. The very small number of carboxyl groups
ssociated to one BSA molecule even suggests that multi-layer
A–BSA complexes may be formed with an excess of BSA (BSA–BSA

nteractions) and an excess of negative charges. Using a LYS over HA
atio equal to 2.5, Van Damme, Moss, Murphy, and Preston (1994)
howed that one LYS molecule, which is five times smaller than
SA links to 14 HA carboxyl groups at pH 7.5. Our values are thus
onsistent with the literature.

The second result of this study concerns the HA/HAase/BSA sys-
em and the relationship between the complex that HA is able to
orm with BSA and the amplification of the HAase activity result-
ng from this complex formation. Under these conditions, HAase is
atalytically active and thus not involved in complexes with HA;
A forms complexes with BSA only (Lenormand et al., 2009). We
ave shown that the sedimentable slightly charged HA–BSA com-
lexes are the most efficient complexes for competing with the
omplexes formed between HA and HAase. Our results also con-
rm that the slightly charged HA–BSA complexes are hydrolysable
y HAase. In fact, enhancement of HAase activity depends on two
henomena: (i) the release of HAase which is favoured when the
lectrostatic interactions between HA and BSA are maximum, i.e.
hen the HA–BSA complexes are slightly charged or neutral, and

ii) the accessibility of the hydrolysable sites on the HA molecule
hich is minimalized when the neutral HA–BSA complexes aggre-

ate. Under these conditions, the best compromise seems to be
he sedimentable slightly charged complexes for enhancing HAase
ctivity.

Results obtained with LYS are similar to those obtained with
SA. The same three types of complexes exist and LYS is able to

odulate the HAase activity over a large pH domain ranging from
to 9. For LYS also, the sedimentable slightly charged complexes,

.e. the slightly soluble complexes, are the most efficient for com-
eting with the complexes formed between HA and HAase. The
resent study thus highlights the functioning of HAase in the pres-
ate Polymers 85 (2011) 303–311

ence of proteins as a function of pH (Lenormand et al., 2010a).
Several other proteins, such as immunoglobulins, hyaluronectin
(Maingonnat et al., 1999), are enhancer proteins for HAase and it is
likely that the main results concerning BSA or LYS are valid for these
proteins. The role of BSA or LYS in these experiments can also be
assimilated to the protective role of proteins, including BSA, added
to prevent enzyme denaturation or loss of enzyme onto the non-
specific binding sites of plastic and glassware surfaces, although
hydrophobic interactions are mainly concerned in that case. On the
biological point of view, BSA has been essentially considered as a
model for HSA. As HSA and LYS are present in the ECM of numer-
ous tissues together with HAase or other enzymes, the present
study brings a better understanding of a possible enzyme regulation
mechanism. More generally, our study may constitute an approach
for investigating the role of proteins and other polyelectrolytes in
the regulation of enzyme systems in the ECM.

In biology, HAases are very interesting enzymes because
they must have activity both inside and outside the cell. The
HA degradation is mostly enzymatic and occurs in a step-
wise fashion leading to discrete sizes of HA fragments (Stern,
2008, www.glycoforum.gr.jp/). Hyal-2 which is the GPI-anchored
enzyme outside the cell cleaves HA to 20 kDa limit fragments,
although Hyal-1 degrades these fragments to short oligosaccha-
rides inside the cell lysosomes. There are a lot of differences
between the two enzyme systems: (i) pH is very acidic in lyso-
somes and close to neutrality outside the cell, although H+ pumps
associated with CD44 may significantly acidify the micro-domains
of ECM close to the membrane (Bourguignon, Singleton, Diedrich,
Stern, & Gilad, 2004), (ii) the molecular folding of the HA molecule
which is size-dependent, (iii) the complex formation between HA
and non-specific proteins which is also size-dependent with a max-
imum for 10–50 kDa (Lenormand, Deschrevel, & Vincent, 2010b),
pH-dependent, protein-dependent (Lenormand et al., 2010a) and
leads to free active enzyme, and (iv) the substrate of HAase which is
likely the HA molecule bound to the proteins which is thus protein-
dependent. Consequently, (i) activity and regulation of HAase seem
to be actual and largely independent inside and outside the cell,
and (ii) the binding properties of HA with proteins and/or hyalad-
herins could be at the origin of the predominant HA sizes inside
and outside the cell.

To better understand the HA/HAase/protein system, we need to
know more about the formation of the non-specific electrostatic
HA–HAase complexes as a function of pH. However, an additional
difficulty appears because HAase has a double role: It is a protein
able to form electrostatic complexes with HA at pH below its pI
value, and it is an enzyme able to hydrolyse HA, and thus to change
the conformation and the size of the polysaccharidic ligand. In order
to avoid the hydrolysis of the HA molecule by HAase during the
study of the electrostatic HA–HAase complexes, the experiments
will be performed at a temperature lower than 37 ◦C to reduce the
enzyme activity. Results will be published in Part III of this series.
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