
C
h

H
L

a

A
R
R
A
A

K
H
B
P
C
E

1

p
c
i
i
m
G
L
s
c
I
l
e
a
�
r
t
2
o
i
c

U
T

0
d

Carbohydrate Polymers 82 (2010) 887–894

Contents lists available at ScienceDirect

Carbohydrate Polymers

journa l homepage: www.e lsev ier .com/ locate /carbpol

hain length effects on electrostatic interactions between
yaluronan fragments and albumin

élène Lenormand, Brigitte Deschrevel, Jean-Claude Vincent ∗

aboratoire “Polymères, Biopolymères, Surfaces”, FRE 3101 CNRS, Université de Rouen, 76821 Mont-Saint-Aignan cedex, France

r t i c l e i n f o

rticle history:
eceived 29 March 2010
eceived in revised form 26 May 2010
ccepted 7 June 2010

a b s t r a c t

We have shown that hyaluronan (HA) and bovine serum albumin (BSA) are able to form electrostatic
HA–BSA complexes at pH 4, whatever the length of the HA chain over the very large domain ranging
from 103 to 106 g mol−1. Only the solubility of the HA–BSA complex depends on the HA chain length.
The complex formation is optimum for HA chains of 50,000 g mol−1. The stoichiometry is equal to 36
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HA disaccharides per BSA molecule whatever the length of the HA chain may be. This suggests that the
structure of the complex greatly depends on the HA chain length: a BSA molecule surrounded by several
HA fragments for small HA chain length, and an HA molecule imprisoning several BSA molecules for high
HA chain length. The HA chain length can thus control accessibility of the protein surface and eventually
enzyme activity.
hain length effect
lectrostatic interactions

. Introduction

Hyaluronan (HA) is a high-molar-mass polysaccharide com-
osed of d-glucuronic acid-�(1,3)-N-acetyl-d-glucosamine disac-
haride units linked together through �(1,4) glycosidic bonds. It
s present in the extra cellular matrix (ECM) of connective, grow-
ng and tumour tissues where it is involved in cellular adhesion,

obility and differentiation (Catterall, 1995; Delpech et al., 1997;
irish & Kemparaju, 2007; Kennedy, Phillips, & Williams, 2002;
aurent, 1987; Rooney, Kumar, Ponting, & Wang, 1995). HA is the
ubstrate of hyaluronidase (HAase). Three types of HAases exist,
lassified according to their cleavage mechanism (Meyer, 1971).
n the human body, HAase is found in various organs (testis, skin,
iver, kidney, uterus, etc.) and body fluids (plasma, sperm, urine,
tc.). The testicular type HAases, which include human HAases
nd bovine testicular HAase, hydrolyse the glycosidic bonds in the
(1,4) position to produce HA of various chain lengths. It has been

ecently demonstrated that functions of HA strongly depend on
he chain size (David-Raoudi et al., 2008; Stern, Asari, & Sugahara,

006) and it appears that HA fragments and native HA may have
pposite roles. For example, HA fragments of 2.5 × 105 g mol−1

nduce the expression of genes involved in the inflammation pro-
ess in macrophages (McKee et al., 1996, 1997) and in carcinoma
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cells (Fitzgerald, Bowie, Skeffington, & O’Neill, 2000), whilst native
HA has an anti-inflammatory effect (Delmage, Powars, Jaynes, &
Allerton, 1986; McBride & Bard, 1979). As generally, short HA
oligosaccharides (4–25 disaccharides) have an angiogenic action
(Rooney et al., 1995; West, Hampson, Arnold, & Kumar, 1985; West
& Kumar, 1989) contrary to long HA chains (Deed et al., 1997), the
ratio between high molecular weight HA and low molecular weight
HA plays a role in cancer development (Mio & Stern, 2002; Stern,
2008). This ratio is at least partly controlled by the action of HAase
(Cameron, 1966; Delpech et al., 1997; Mio & Stern, 2002).

In vitro, the action of HAase also depends on the HA chain
length (Deschrevel, Tranchepain, & Vincent, 2008; Tranchepain,
Deschrevel, & Vincent, 2005). We have studied the kinetics of
native HA hydrolysis catalyzed by HAase (Astériou, Vincent,
Tranchepain, & Deschrevel, 2006; Deschrevel, Lenormand, et al.,
2008; Lenormand, Deschrevel, & Vincent, 2007, 2010; Lenormand,
Tranchepain, Deschrevel, & Vincent, 2009; Vincent, Asteriou, &
Deschrevel, 2003) using bovine testicular HAase as a model. By tak-
ing into account the shape of the numerous kinetic curves obtained
under various experimental conditions, we have established that,
whatever the experimental conditions, the experimental points
of the HA hydrolysis kinetics can be perfectly fitted with a bi-
exponential model. This has suggested that two different sets of
kinetic parameters exist, according to the HA chain length (Vincent

et al., 2003). We have thus studied the influence of the HA chain
length on the kinetics of the HA hydrolysis catalyzed by bovine
testicular HAase. For that purpose, and also in order to study the
effect of HA chain length on biological processes (David-Raoudi
et al., 2008), we have developed a method based on a kinetically

dx.doi.org/10.1016/j.carbpol.2010.06.011
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ontrolled HA enzymatic hydrolysis to obtain HA fragments of the
esired size with low polydispersity (Tranchepain et al., 2006). For
he present study, 10-mg scale HA fragments with a molar mass
anging from 8 × 102 to 2.5 × 105 g mol−1 have been produced, puri-
ed by low pressure chromatography and characterised in molar
ass by mass spectrometry and/or SEC-MALLS (size exclusion

hromatography-multi-angle laser light scattering) chromatogra-
hy (Tranchepain et al., 2006). The spectrophotometric method
escribed by Reissig, Strominger, and Leloir (1955) and modified
y Astériou et al. (2001), allowing the measurement of the molar
oncentration of N-acetyl-d-glucosamine reducing ends, has been
sed to follow the hydrolysis kinetics. Our studies (Deschrevel,
ranchepain, et al., 2008) have shown that HA6 gives the lowest
ydrolysis rate and that it is the worst substrate for the HAase-
atalyzed hydrolysis. For short HA chain lengths, ranging from HA6
o HA16 (log(Mn) between 3 and 3.5), the increase in the initial
ydrolysis rate is mainly due to the strong decrease in Km associated
ith the increase in Vm resulting from better interactions between

he oligosaccharide and the enzyme. Nevertheless, the hydrolysis
ate remains low because of the possible transglycosylation action
ode of HAase. For middle HA fragments ranging from HA16 to
A300 (log(Mn) between 3.5 and 4.8), the initial hydrolysis rate is
igher and its increase is related to a strong increase in Vm asso-
iated with a lower increase in Km. The initial hydrolysis rate is
aximum for HA300. For long HA fragments ranging from HA300 to
A5000 (log(Mn) between 4.8 and 6), the slight decrease in the initial
ydrolysis rate is produced by a decrease in Vm associated with an

ncrease in Km. Finally, two populations of HA fragments may be dis-
inguished with respect to their hydrolysis rate: short HA oligosac-
harides with a low hydrolysis rate and a mono-exponential kinetic
hape (Deschrevel, Tranchepain, et al., 2008) resulting from trans-
lycosylation and low stability of the enzyme–substrate complex
Vincent et al., 2003), and high HA chain length with a high hydrol-
sis rate and a bi-exponential kinetic shape resulting from high
tability of the enzyme–substrate complex.

HAase activity is also controlled by the presence of non-
atalytic proteins (Deschrevel, Lenormand, et al., 2008; Lenormand,
eschrevel, Tranchepain, & Vincent, 2008; Lenormand et al.,
009; Vincent & Lenormand, 2009) because of the electrostatic
A–protein complex formation and it is now of importance to learn
ore about the effect of the HA chain length on the HA–protein

omplex formation. The attractive forces between proteins and
olysaccharides are essentially electrostatic with a possible con-
ribution of hydrophobic and hydrogen interactions. When the
lectrostatic interactions are strong enough, they lead to the forma-
ion of complexes or coacervates which have been used for protein
urification (Dubin, Gao, & Mattison, 1994) and immobilisation of
ctive molecules (Kokufuta, 1992). Most of the experimental and
heoretical work on protein–polysaccharide complexes has been
eviewed by Cooper, Dubin, Kayimazer, and Turksen (2005) and
chmitt, Sanchez, Desobry-Banon, and Hardy (1998). The pertinent
arameters controlling this type of complex include the concentra-
ions of the biopolymers and their ratio (Xia & Dubin, 1994), the

olar mass of the biopolymers (Wang, Kimura, Dubin, & Jaeger,
000), but overall ionic strength (Burgess, 1990; Moss, Van Damme,
urphy, & Preston, 1997), pH (Burgess & Singh, 1993; Dubin et

l., 1994) and temperature (Harding et al., 1993). Among these
arameters, ionic strength is likely the most pertinent one to con-
rm or not the electrostatic nature of the interactions (Moss et
l., 1997; Xu, Yamanaka, Sato, Miyama, & Yonese, 2000) which
re strongest at very low, but not zero, ionic strength (Burgess,

990) and decrease when ionic strength is increased by progres-
ive screening of the charges borne by the biopolymers. Two main
lasses can be distinguished for the electrostatic complexes: (i)
eutral insoluble complexes at the phase separation when the
et positive charge of one of the biomacromolecules exactly com-
Polymers 82 (2010) 887–894

pensates the net negative charge of the other, and (ii) charged
complexes which are maintained in suspension by solvatation and
can produce turbidity, when an excess of charge exists. Taglienti
et al. (2006) have recently shown that interactions of HA polymers
with proteins are based on surface polar interactions. Electrostatic
complexes between native HA and proteins have been reviewed by
Lenormand et al. (2008). Very interesting contributions have been
brought by Xu et al. (2000) and Grymonpré, Staggemeier, Dubin,
and Mattison (2001): Xu et al. have studied mixtures of native HA
and BSA and showed both the electrostatic nature of the interac-
tions between the two molecules and the strong influence of pH
on the solubility of the HA–BSA complex. Grymonpré et al. focused
particularly on the effects of both pH and ionic strength on the
existence and solubility of the HA–BSA complexes.

There have been several reports showing that BSA enhances
HAase activity (Gacesa, Savitsky, Dodgson, & Olavesen, 1981;
Gold, 1980; Maingonnat et al., 1999). We have studied the
enhancement–suppression of HAase activity by proteins and have
shown that at low ionic strength and pH 4, HA and HAase, in addi-
tion to forming enzyme–substrate type complexes for the catalytic
reaction, can form non-specific electrostatic complexes because HA
is negative and HAase is positive (Deschrevel, Lenormand, et al.,
2008; Lenormand et al., 2008). Although enzyme–substrate type
complexes are stabilized by hydrogen bonds, electrostatic and Van
der Waals interactions (Day & Sheehan, 2001), non-specific com-
plexes are mainly stabilized by electrostatic interactions. It has
also been shown that HAase is no longer catalytically active when
complexed with HA only via electrostatic interactions (Astériou et
al., 2006; Deschrevel, Lenormand, et al., 2008; Lenormand et al.,
2007). HA–BSA complexes are able to compete with and dissociate
HA–HAase complexes and thus are able to enhance HAase activity.
This action is maximum at low ionic strength, but also occurs at
physiological ionic strength (Lenormand et al., 2008).

Since then, we have studied in detail both the HA–BSA com-
plexes with respect to the biomacromolecule concentrations at pH
4 (Lenormand et al., 2009) and their action on HAase activity with
respect to pH (Lenormand et al., 2010) at low ionic strength. What-
ever the parameter, pH or biomacromolecule concentrations, we
have shown that three types of electrostatic complex can be dis-
tinguished depending on the charge of the complex. (i) Neutral
insoluble complexes are obtained when the negative charge of HA
is exactly compensated by the net positive charge of BSA. Insoluble
complexes sediment by themselves, (ii) solubilized slightly charged
complexes, when a small excess of charge exists; they produce tur-
bidity and centrifugation causes their sedimentation in the pellet
and (iii) solubilized highly charged complexes, when a great excess
of charge exists; they may produce turbidity but centrifugation
does not cause their sedimentation (Lenormand et al., 2009). There-
fore, the typical scheme for HA–BSA complex formation, drawn as
a function of any parameter, is characterised by the phase sep-
aration corresponding to insoluble complexes, surrounded by (i)
the slightly charged complex region where complexes can be iso-
lated in the centrifugation pellet, and then (ii) the highly charged
complex region where complexes remain in the centrifugation
supernatant. Calculations from experimental data have shown that
insoluble complexes have an average charge excess lower than
5%, whilst centrifugation-driven sedimenting complexes have an
average charge excess of about 10% and supernatant complexes
have a higher charge excess reaching 30%. Because of the extraor-
dinary importance of HA oligosaccharides (Stern et al., 2006) and
the recent development of their industrial production, this raises

the question of whether HA oligosaccharides are able to form
complexes with BSA, preventing or reversing the formation of
HA–HAase complexes and thus enhancing the HAase activity.

The present study of the interactions between HA oligosaccha-
rides and BSA is particularly interesting since numerous proteins
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hat “specifically” interact with HA, the so-called hyaladherins,
equire only a small number of saccharides for recognition and
inding. For example, hyaluronectin (HN) (Bertrand & Delpech,
985), aggrecan core protein and link protein (Lapčík, Lapčík, De
medt, Demeester, & Chabreček, 1998) need only a decasaccha-
ide (approximately 2000 g mol−1). That means that the binding
etween HA and these proteins does not occur when HA is shorter
han a decasaccharide. Underhill (1992) showed that a hexasaccha-
ide is long enough to bind to the CD44 cell receptor, but according
o Tammi et al. (1998), HA bound to CD44 is displaced by HA10 and
ot by HA6. Indeed, as shown by Lesley, Hascall, Tammi, and Hyman
2000), the complex involving HA10 and CD44 is more stable than
hat involving HA6. A distinction should thus be made between the

inimum chain length able to bind specifically to a protein (hyal-
dherin or HAase) and the chain length required to form a stable
on-specific and efficient HA–protein complex. Other fundamen-
al studies concerning the interactions between the G1-domain
f versican and HA oligosaccharides have shown that this bind-
ng is cooperative (Seyfried, Day, & Almond, 2006) leading to the
ll-or-none model characterised by the simultaneous presence of
ully complexed and free HA oligosaccharides. In a previous paper
Deschrevel, Tranchepain, et al., 2008) concerning the hydrolysis
f oligosaccharides catalyzed by HAase, we have reported a large
ncrease in the stability of the catalytic HA–HAase complex for HA
hains ranging from HA6 to HA16, and in the rate constant for the
ormation of the complex for HA chains up to HA40, with a lower
ncrease for HA chains between HA40 and HA100. The ability for
A chains longer than HA16 to form stable enzyme–substrate com-
lexes, i.e. the ability to establish enough weak interactions with
he enzyme, may be related to the fact that, unlike shorter size
hains, these chains are long enough to be able to self-associate,
hus forming dimer type structures by intermolecular interactions
Turner, Lin, & Cowman, 1988). Indeed, these results suggest that a

inimum HA chain length is necessary for stable HA-HA as well as
A–protein associations to exist.

In fact, the electrostatic HA–BSA complex formation is charac-
eristic of polyelectrolyte–polyelectrolyte interactions. What is the

inimum HA chain length allowing complex formation with pro-
eins and what is the nature of these complexes? The aim of this
aper is to characterise the HA–protein, and especially the HA–BSA,
omplexes as a function of the HA chain length in order to learn
ore about the influence of the HA chain length on the HAase action

n cancer. We do not examine the role of ionic strength in this paper
nd we only use low ionic strength conditions, which enhance elec-
rostatic interactions. However, previous experiments (Lenormand
t al., 2008) have shown that electrostatic complexes also exist at
igher ionic strength. In order to more easily refer to our previous
esults with native HA, the present study is performed at pH 4 and
ow ionic strength.

. Experimental

.1. Materials

BSA (A 3675, lot 78H1399) and sodium HA from human
mbilical cord (H 1876, lot 127H0482) were obtained from
igma. The molar mass of native HA was close to 106 g mol−1.
ore precisely, the number-average molar mass (Mn) of HA was

.967 × 106 g mol−1 and its polydispersity index (Ip), which repre-
ents its degree of homogeneity, was 1.45. The HA fragments were

btained according to Tranchepain et al. (2006). The Ip value of all
he produced HA fragments was smaller than 1.25, except for the
ragment of 211,300 g mol−1 for which Ip was 1.45.

The molar mass of BSA was 69 × 103 g mol−1. HA and BSA were
sed without any further purification. The chemicals used in the
Polymers 82 (2010) 887–894 889

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 an 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
mixtures was performed with a MiniSpain Plus centrifuge
from Eppendorf. Measurements of hydrodynamic diameters of
HA–protein complexes were carried out using a Zeta Sizer (Nano
ZS) from Malvern Instruments equipped with a laser source
(� = 632 nm). This apparatus was able to measure diameters of sus-
pended particles ranging from 1 nm to 1 �m. Diameters of insoluble
particles were not available.

2.2. Methods

2.2.1. Uronic acid assay
The HA fragment solution (weighed at 2 g L−1) was prepared

in Milli-Q water and assayed by the method described by Dische
(1947) and modified by Bitter and Muir (1962). The method was
extensively described in previous papers (Astériou et al., 2001;
Vincent et al., 2003) and calibrated by using sodium glucuronate
(Sigma G 8645).

2.2.2. Turbidity measurements
The solutions of HA fragments and BSA prepared in Milli-Q water

were first adjusted to pH 4. The HA/BSA mixture was prepared by
diluting adequate volumes of HA and BSA solutions in Milli-Q water
so that the final concentrations were 0.2 g L−1 for HA and 1 g L−1 for
BSA. The mixture was placed in the reactor maintained at 37 ◦C.
Turbidity variation in time was measured at 400 nm in a spec-
trophotometer thermostated (37 ◦C) sample cell with a magnetic
stirrer.

2.2.3. Analysis of the HA–protein complexes
The HA/BSA mixtures prepared in a tube were incubated at 37 ◦C

under magnetic stirring for 30 min. 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 solu-
tions 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 disso-
lution. The concentrations of BSA and HA in the obtained solution
were then measured using the same methods as above.

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

at pH 4. The mixture was introduced into an appropriate plas-
tic 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 func-
tion of the diameter of the particles responsible for that scattering
(Mattison & Kaszuba, 2004).

3. Results
3.1. Existence of the HA–BSA complexes

As for native HA (Lenormand et al., 2008), a series of experi-
ments with HA fragments was performed at pH 4 because at this
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80,000, 211,000 and 1,000,000 g mol−1 (native HA). The HA–BSA
complex formation was followed for 20 min by turbidity measure-
ments at 400 nm, pH 4 and 37 ◦C; the HA fragment concentration
was 0.2 g L−1 and the BSA concentration was 1 g L−1. Fig. 3 shows
ig. 1. Analysis of the composition of the electrostatic complexes formed between B
f mixtures composed of HA at 0.2 g L−1 and BSA at different concentrations rang
erformed with different HA chain lengths: 2400 g mol−1 (�), 6800 g mol−1 (�), 910

H value, according to the pI value of BSA, estimated at 5.2 (Xu et
l., 2000) and the pKa value of HA, equal to 2.9 (Cleland, Wang, &
etweiler, 1982), the net positive charge of BSA allows the estab-

ishment of electrostatic interactions with HA whose net charge is
egative. HA/BSA mixtures, with a 0.2 g L−1 HA fragment concentra-
ion and different BSA concentrations ([BSA]0) ranging from 0.25 to
g L−1, were prepared in Eppendorf tubes and incubated for 30 min
t 37 ◦C. The HA samples were native HA and HA oligosaccharides of
ifferent molecular weights, 17,000, 9100, 6800 and 2400 g mol−1.
fter centrifugation for 20 min at 10,000 rpm, the HA and BSA con-
entrations were measured in the pellet as described in Section
.2. Fig. 1 shows the part of the BSA and HA concentrations present

n the pellet as a function of the total BSA concentration [BSA]0.
his part corresponds to the neutral insoluble complexes plus the
edimentable slightly charged HA–BSA complexes. Fig. 1 shows
hat HA of 2400 g mol−1 molar mass did not form any sedimented
omplexes with low BSA concentrations (lower than 2 g L−1). Con-
ersely, the other HA oligosaccharides and the native HA formed
edimentable complexes with BSA. The HA and BSA contents
f these complexes increased when the total BSA concentration
BSA]0 was increased up to approximately 1.25 g L−1. Then, the HA
nd BSA contents of the complexes decreased when the total BSA
oncentration was increased. The decrease was more pronounced
or short HA oligosaccharides than for long HA oligosaccharides,
nd there was no decrease for native HA. That means that short
A oligosaccharides formed complexes with BSA only at low BSA
oncentrations. High BSA concentrations inhibited the HA–BSA
omplex formation. The optimal BSA concentration was between 1
nd 1.5 g L−1. This raises the question of whether HA oligosaccha-
ides and BSA are able to form soluble complexes.

Fig. 2 shows the absorbance at 400 nm measured in the super-
atants. As solubility of HA was higher than 10 g L−1 and that of BSA
igher than 20 g L−1, the presence of turbidity demonstrated the
xistence of HA–BSA coacervates. For all the HA fragments, turbid-
ty was nil for [BSA]0 ranging from 1 to 1.5 g L−1; this corresponded
o the maximum in sedimented HA–BSA complexes (Fig. 1). These
onditions were close to those of the phase separation and all the
A–BSA complexes remained in the pellet; there was no soluble
omplexes. For the HA fragments of 9100 and 17,000 g mol−1 molar
ass, turbidity was high both at lower [BSA]0, between 0 and

g L−1, and at higher [BSA]0, between 1.5 and 4 g L−1. This signifies

hat soluble highly charged HA–BSA complexes were formed over
hese two domains. For the HA fragments of 2400 and 6800 g mol−1

olar mass, turbidity only existed for [BSA]0 higher than
.5 g L−1.
d HA fragments. Distribution of BSA (a) and HA (b) in the pellet after centrifugation
m 0 to 4 g L−1, at pH 4 and low ionic strength (no added salt). Experiments were
ol−1 (�), 17,000 g mol−1 (�) and 106 g mol−1 (�).

3.2. Kinetics of the HA–BSA complex formation

The optimal [BSA]0 concentration for the formation of HA–BSA
complexes was close to 1 g L−1 when the HA concentration was
equal to 0.2 g L−1. In order to examine the influence of HA chain
length on the HA–BSA complex formation, a production of HA
fragments of different chain lengths was performed according to
the method developed by Tranchepain et al. (2006). The number-
average molar mass (Mn) of the produced HA fragments were:
1200, 2400, 2700, 3900, 8400, 14,400, 20,000, 37,300, 53,000,
Fig. 2. Analysis of the composition of the HA–BSA complexes formed between BSA
and HA fragments. Absorbance at 400 nm of the supernatant after centrifugation
of mixtures composed of HA at 0.2 g L−1 and BSA at different concentrations rang-
ing from 0 to 4 g L−1, at pH 4 and low ionic strength (no added salt). Experiments
were performed with different HA chain lengths: 2400 g mol−1 (�), 6800 g mol−1

(�), 9100 g mol−1 (�) and 17,000 g mol−1 (�).
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Fig. 3. Formation kinetics of the complexes formed between BSA and HA fragments.
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ime course of the absorbance at 400 nm of mixtures composed of HA at 0.2 g L−1

nd BSA at 1 g L−1, at pH 4 and low ionic strength (no added salt). Experiments were
erformed with different HA chain lengths ranging from 1200 to 106 g mol−1.

hat turbidity remained extremely low for the four smallest
A fragments, suggesting either the absence of complexes or

he presence of very small complexes. In fact, analysis of these
olutions by using a Zeta Sizer showed that particles were formed
nd their diameter was ranging from 5 to 9 nm and increasing
ith the HA chain length (Fig. 4). This suggests that small soluble
A–BSA complexes were formed. For HA chain length higher than
900 g mol−1 molar mass, kinetics showed a very fast increase in
bsorbance, followed by a slow decrease. This corresponds to the
hase separation phenomenon: complex formation, aggregation
f neutral complexes in large particles that fell down at the bottom

f the tube, thus decreasing turbidity. Nevertheless, the fact that
urbidity remained at a high level after 20 min showed that two
ypes of complex were produced: a first type of HA–BSA complexes
as neutral and sedimented and a second type was charged and

emained in suspension causing turbidity.

ig. 5. Analysis of the composition of the electrostatic complexes formed between BSA a
ength (logarithmic scale) for the pellet (�), for the supernatant (�) and for the insoluble c
t 1 g L−1, at pH 4 and low ionic strength (no added salt).
Fig. 4. Light scattering intensity of the HA–BSA complexes as a function of the par-
ticle diameter for different HA chain lengths: 1200 g mol−1 (�), 2400 g mol−1 (�),
2700 g mol−1 (�) and 3900 g mol−1 (�).

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

As insoluble HA–BSA complexes remained at the bottom of
the tubes, we analysed the composition of the liquid phase. The
liquid phases of the previous mixtures were centrifuged and anal-
ysed for their HA and BSA content, according to Section 2.2. The
assays allowed us to determine the HA and BSA concentrations
in the supernatant and in the pellet. Fig. 5 shows the distribu-
tion 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 the HA chain length. In addition to these curves, the [BSA]i and
[HA]i, corresponding to the BSA and HA concentrations implicated

in the insoluble complexes, were simply deduced by subtracting
the concentrations corresponding to BSA and HA in the super-
natant and in the pellet from the total BSA and HA concentrations.
For HA chain lengths higher than 37,000 g mol−1 (log(Mn) > 4.5),

nd HA fragments. Distribution of BSA (a) and HA (b) as a function of the HA chain
omplexes (�) after centrifugation of mixtures composed of HA at 0.2 g L−1 and BSA
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Fig. 6. Stoichiometry of the HA–BSA complexes expressed as the number of BSA
molecules per HA molecule as a function of the HA chain length (logarithmic scale)
for the pellet (including both slightly charged sedimentable and neutral insoluble
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has also shown that a stoichiometry of 38 HA disaccharides per
omplexes) after centrifugation of mixtures composed of HA at 0.2 g L−1 and BSA at
g L−1, at pH 4 and low ionic strength (no added salt). The insert shows the same
ata in linear scale.

he major part of HA and BSA formed insoluble HA–BSA parti-
les; between 4000 and 37,000 g mol−1 (log(Mn) ranged from 3.6
o 4.5), the insoluble and sedimentable slightly charged complexes
ere simultaneously predominant; for HA chain lengths smaller

han 4000 g mol−1 (log(Mn) < 3.6), the HA–BSA complexes were sol-
ble. For very long HA chain length, higher than 211,000 g mol−1,
edimentable slightly charged complexes were again present.

.4. Stoichiometry of the HA–BSA complexes

Data presented in Fig. 5 were used to calculate the stoichiometry
in the insoluble HA–BSA complexes. � was defined as the number

f BSA molecules per HA molecule:

= NBSA

NHA
= [BSA]i/MBSA

[HA]i/Mn HA

Fig. 6 shows the stoichiometry � as a function of the HA chain
ength in logarithmic scale (curve a), and in linear scale for the insert
curve b). Curve a shows that stoichiometry � increased when the
A chain length was increased. Curve b (limited to 81,000 g mol−1)

hows a linear relationship between the number of BSA molecules
er HA molecule and the molecular weight of the HA molecule. It
eans that the quantity of BSA, forming a complex with an HA
olecule, was proportional to the molecular weight of that HA
olecule, whatever the HA molecular weight. It was thus inter-

sting to determine which HA chain length corresponded to one
SA molecule: the answer was 14,600 g mol−1. In other words, 36
isaccharide units were complexed by one BSA molecule, what-
ver the molecular weight of the HA molecule. This stoichiometry
as already been determined in systems containing native HA

t 0.2 g L−1 and different BSA concentrations (Lenormand et al.,
008). The stoichiometry of the insoluble complexes was 38 dis-
ccharides per BSA molecule, thus very similar to that determined
ere.
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4. Discussion and conclusion

The most interesting conclusion of this study is that, at least
at pH 4, HA and BSA are able to form electrostatic HA–BSA com-
plexes whatever the length of the HA chain over the very large
domain ranging from 103 to 106 g mol−1 (log(Mn) between 3 and
6). Even short HA oligosaccharides are able to form electrostatic
complexes with BSA. Only the nature of the HA–BSA complexes
depends on the HA chain length: highly charged soluble complexes
for HA molar mass lower than 4000 g mol−1, slightly charged sedi-
mentable complexes for HA molar mass ranged between 4000 and
37,000 g mol−1, neutral insoluble complexes for HA molar mass
higher than 15,000 g mol−1, with an optimum for 50,000 g mol−1.
For HA molar mass higher than 200,000 g mol−1, slightly charged
sedimentable and insoluble complexes are simultaneously present.
The fact that HA–protein complexes are present over this large
range of HA size is not, by itself, supporting the idea of using it for
modulating HAase activity, since HA of different size might have
opposite roles (see Section 1). However, solubility of HA–protein
complexes, which is different and depends on the HA size may
be involved in producing these different roles. As for example,
HA–protein complexes are more soluble and weaker at low HA size
than at high HA size. This likely leads to a modulation of HAase
activity by proteins, lower at low HA sizes than at high HA sizes.

The present study has been conducted under given experimen-
tal conditions, in particular, pH and concentrations of HA and BSA.
Previous experiments performed with native HA, i.e. with a molec-
ular weight close to 106 g mol−1, have shown that the nature of the
HA–BSA complexes is dependent on the HA and BSA concentra-
tions (Lenormand et al., 2008) and/or pH (Lenormand et al., 2010).
It is likely that this double dependence also exists for complexes
formed with HA fragments and the limits may be different from
those previously found. For example, soluble complexes may exist
at pH higher than 4, instead of insoluble complexes. Ionic strength is
also a key parameter for the HA–BSA complex formation. The elec-
trostatic interactions between HA and BSA are weaker when the
ionic strength is increased. However, we have demonstrated the
enhancement of the HAase activity by BSA, and thus the existence
of the HA–HAase and HA–BSA complexes at pH 4 and physiological
ionic strength (Lenormand et al., 2008).

HA–protein complexes have been used long ago in HAase assays
based on the co-precipitation of long HA chains with proteins, as
especially albumin, at acidic pH. When HA is hydrolysed by HAase,
the precipitate disappears at a rate related to the HAase concentra-
tion. However, this Mucin Clot Prevention was only a qualitative
method (Robertson, Ropes, & Bauer, 1940). An improvement of this
method based on turbidimetry (Dorfman & Ott, 1948) was used dur-
ing a long time to quantitatively assay HAase. The limit for turbidity
was close to 7000 g mol−1.

The second important conclusion concerns stoichiometry which
is equal to 36 HA disaccharides per BSA molecule for the complexes
isolated in the pellet under the experimental conditions used, i.e.
pH 4 and HA and BSA concentrations fixed to 0.2 and 1 g L−1, respec-
tively. A previous study with native HA (Lenormand et al., 2008) has
shown that complex stoichiometry ranged from 78 to 38 HA dis-
accharides per BSA molecule when 0 to 1 g L−1 of BSA were added
to 0.2 g L−1 of native HA at pH 4. Calculations based on the charges
borne by the two macromolecules, HA and BSA, have shown that
the separation phase corresponding to the exact equality of positive
and negative charges occurs for a stoichiometry of 44 HA disac-
charides per BSA molecule. This study (Lenormand et al., 2008)
BSA molecule corresponds to the slightly charged sedimentable
HA–BSA complexes; this also corresponds to an HA molecule sat-
urated with BSA molecules. The stoichiometry measured here was
very close to that value. Another important result is that the stoi-
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Fig. 7. Models for the different types of complex formed between HA and BSA as
a function of the HA chain length: one BSA molecule surrounded by several HA
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ragments for small HA chain length; one HA molecule imprisoning several BSA
olecules for high HA chain length; and one BSA molecule surrounded by one HA

ragment for intermediate HA chain length.

hiometry, expressed as the number of HA disaccharides per BSA
olecule in the complexes, remains constant whatever the HA

hain length. This fact is very questionable since short HA fragments
ave not the same tri-dimensional structure as long HA molecules
nd can no longer be considered as polyelectrolytes. It is surpris-
ng that, at least concerning the charge equivalence, they behave
xactly as polyelectrolytes. It is interesting to note that Courel et al.
2002) observed a similar chain length-dependence when studying
he interactions between HA and hyaluronectin (HN), but the ratio
etween the quantity of HN complexed with HA and the HA chain

ength decreased between HA40 and HA100.
The fact that the stoichiometry is constant whatever the HA

hain length suggests that HA–BSA complexes may have differ-
nt structures depending on the HA chain length. This constitutes
he third conclusion of our study. For small HA chain length, the
omplex could be a spherical BSA molecule surrounded by sev-
ral HA fragments in interaction with the positive charges borne
y the BSA molecule. For high HA chain length, the complex could
e an HA molecule imprisoning several spherical BSA molecules;
he HA molecule being more compact when associated with pro-
eins than the free HA molecule. There is an intermediate HA chain
ength for which one BSA molecule would be associated with one
A molecule. Because of the flexibility of the HA molecule, its
ersistence length and the size of the BSA molecule, it is possi-
le to imagine a model where the HA molecule is around the BSA
olecule (Fig. 7). It means that the HA chain length can control

he accessibility of the protein surface and eventually the enzyme
ctivity if the protein is an enzyme. This may contribute to the fact
hat HA molecules of different chain lengths may have different
oles.

The studies performed with native HA have also shown that
he electrostatic interactions leading to the HA–BSA complex for-

ation are non-specific and can induce competition between
roteins to form complexes with HA. The most interesting case
oncerns HAase, which is the natural enzyme for HA metabolism.
Aase hydrolyses HA into oligosaccharides by forming a catalytic
nzyme–substrate complex. Moreover, it can form electrostatic
on-catalytic complexes with HA (Astériou et al., 2006; Deschrevel,
enormand, et al., 2008; Lenormand et al., 2009, 2010; Vincent
t al., 2003), but loses its catalytic activity when complexed to
A (Astériou et al., 2006; Deschrevel, Lenormand, et al., 2008).
his produces an atypical kinetic behaviour, mainly characterised
y an inhibition of the enzyme action at high substrate concen-
rations (Astériou et al., 2006; Lenormand et al., 2007; Vincent

Lenormand, 2009). The present study suggests that, as BSA,
Aase should be able to form electrostatic complexes with HA frag-

ents, whatever the HA chain length. As the structure of the HA

ragment–BSA complexes greatly depends on the HA chain length,
his raises the question of whether the HA fragment–HAase com-
lexes are inactive or not. In the case of positive answer, which
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minimum HA chain length does make the HAase inactive. In this
case, it is likely that BSA could prevent or reverse the HA–HAase
complexes and enhance HAase activity, as for native HA. All of this
could be important for the action of HAase in the ECM, in partic-
ular in the ECM of cancer cells, where long HA chains and short
HA chains are present together and could be involved in inflam-
mation processes and angiogenesis. This perspective may be quite
far because present experimental conditions are different from the
physiological conditions in the ECM. However, previous results
with native HA have already shown that this type of electrostatic
HA–protein complexes exist either at physiological ionic strength
(Lenormand et al., 2008) or at physiological pH (Lenormand et al.,
2010).
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