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Abstract

We developed a method for the analysis of the interaction between hyaluronan (HA) oligosaccharides and hyaluronan-binding pro-
teins (HABPs) using capillary affinity electrophoresis (CAE). The method is based on high-resolution separation of fluorescent-labeled
HA molecules in the presence of hyaluronan-binding proteins at different concentrations by capillary electrophoresis (CE) with laser-induced
fluorescent detection. Hyaluronan-binding protein from bovine nasal cartilage interacts strongly with HA decasaccharide or larger oligosac-
charides. Effect of the molecular size of HA oligomers clearly showed that longer carbohydrate chains than decasaccharide were required
for recognition by HA binging protein. Interestingly, the interaction did not cause retardation of HA oligomers as observed in many binding
reactions such as the interaction between pharmaceuticals and serum albumin, but showed disappearance of the oligomer peak. Although we
cannot explain the accurate mechanism on the interaction, disappearance is probably due to low equilibrium rate between free and conjugate
states. The present technique will be useful to compare the relative binding affinity, and to understand the mechanism on the interaction
between hyaluronan and hyaluronan-binding proteins.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of recognition and modulation of HA molecules by proteins
are a key determinant in understanding the biology of HA.
Hyaluronan (HA) is a linear polysaccharide composed of West et al. reported that a mixture of HA oligomers induced
simple disaccharide units of —-(4GIGA-3GICNA®R)—. HA the angiogenic response of the chick chorioallantoic mem-
has various biological functions such as tissue morphogene-brane and the activity was restricted to HA oligomers with
sis, wound repair, cell migration, tumor invasion, andimmune 4-25 disaccharide unif8]. Xu et al. reported that tetrasac-
recognition[1,2]. These functions are considered to be medi- charide of HA up-regulated heat shock protein 72 (Hsp72)
ated through specific interactions with HA-binding proteins expression, and suppressed cell death in K562 cell, but HA
(HABPs). Therefore, characterization of the molecular basis oligomers having larger sizes did not show such ef#ctOn
the other hand, Termeer et al. investigated the effects of HA
on dendritic cells and found that only small HA oligomers of
Abbreviations: CAE, capillary affinity electrophoresis; HA, hyaluro-  tetra- and hexasaccharides-induced immunophenotypic mat-
nan; HABP, hyaluronan-binding protein; AMAC, 2-aminoacridone; uration of human monocyte-derived dendritic cells, and in-
TA,_ Ttr_is;/?_cn?tat(?;erél;El—TOF l\iIrS,mrr;atrix—assisted laser desorption creased production of cytokines such as B..-INF'O( and
Ion’izgcl)?reslp:nginglgauthoa:.s'sl'esll.):efm? 6 6791 2332x3868; IL-12 [5]. It has been proposed that HA exerts its function
fax: +81 6 6721 2353, by interacting with HA-binding proteins in the extracellular
E-mail addressm-kino@phar.kindai.ac.jp (M. Kinoshita). matrix and HA receptors on the cell surface. At present it is
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not well understood why these functions exhibit correlation derived from bovine nasal cartilage using capillary affinity

with the size of HA. electrophoresis. We also showed an inhibition assay method
Previously, we reported high-resolution separation of HA that provided a more quantitative assessment of HA binding

using capillary electrophoresis (CE) and a buffer containing with HABP than other methods previously reported. Further-

neutral polymer as sieving matrix, and found that smaller more, we discuss the relationship between the sizes of HA

oligosaccharides than octasaccharide migrated in the reverseligomers and the binding properties of HABP.

order of their molecular sizes and larger oligosaccharides mi-

grated in the order of molecular sizes, and the reversal of mi-

gration order of these oligomers exhibited good correlation 2. Materials and methods

with the expression of biological functiof@8]. Furthermore,

we showed that hyaluronidase hydrolyzed larger oligomers 2.1. Materials

than hexamer and the activity was well correlated to migra-

tion profiles of oligomerg7]. These results suggested that 1A samples fromStreptococcus zooepidemicasd pig
formation of a three-dimensional structure of HA oligomer Skin were purchased from Wako Pure Chemicals (Dosho-
regulated the enzyme susceptibility. machi, Osaka, Japan). Hyaluronidase from ovine testes was

To identify and characterize HABP, various methods obtained from Roche diagnosis (Minato-ku, Tokyo, Japan).

have hitherto been established such as the transblot astyaluronic acid-binding protein from bovine nasal carti-

say using $H] labeled HA[8-10], HA-Sepharose column lage was purchased f_rom S_eikagaku Kogyo (Nihon-t_)ashi,
chromatography11], co-precipitation using HA-Sepharose 10KY0, Japan). 2-Aminoacridone (AMAC) was obtained
or cetylpyridinium chloride[12], and enzyme-linked im-  fromMolecular Probes (Eugene, OR, USA). Human I9G, hu-

munosorbent assdg3]. However, these methods often lack Man fibrinogen, and sodium cyanoborohydride (NaBN)
accuracy and need large amounts of proteins and ligandsVere from Sigma—Aldrich Japan (Minato-ku, Tokyo, Japan).
Separation techniques such as affinity chromatography orAll agueous solutions were prepared with water purified

conventional gel electrophoretic techniques require immo- With @ Milli-Q Purification System (Millipore, Bedford, MA,
bilization steps. It should be noticed that there has been noYSA)- A capillary coated with dimethylpolysiloxane (DB-
information on the relationship between the size of HA and 1 capillary) was obtained from GL Science Co. (Shinjuku,
their biological functions. Tokyo, Japan). Polyethyleneglygol 70000 was from Wa}ko.
Among various techniques for binding studies, capillary Al Other reagents were of the highest grade commercially
electrophoresis is a unique one that can be employed todvailable, and used without further purification.
observe the interaction under conditions similar to physi-
ological condition. The technique for studies of molecular

interaction by CE is called “capillary affinity electrophore- Hyaluronan (100 mg) fronS. zooepidemicuwias dis-
sis (CAE)” or “affinity capillary electrophoresis (ACE)". We  ¢gved in 0.15M citrate/HCI (pH 5.3, 10ml), digested
use the term “capillary affinity electrophoresis” for this ap- 5 370¢ overnight with ovine testicular hyaluronidase
proach throughout the present paper according to our previ—(2000 units), and lyophilized to dryness. A portion (1 mg) of
ous report414,15] Capillary affinity electrophoresis is an the lyophilized material was dissolved in 100 mM N&M0s
analytical approach in which the migration patterns of inter- (0.1ml), and the solution was filtered through an ultra-
acting molecules in an electrical field are recorded and “Sedfiltration membrane (10kD cut-off; Millipore) and a por-
to quantify and identify specific binding and estimate binding 5, (10pl) was injected to a YMC-PAC PA5 column

cpnstants{lG,l?} Only minute amounts qf both protgin_and (YMC, Tokyo, Japan) on a Shimadzu 10AD HPLC appara-
ligand molecule are needed for observation of the binding re- ¢« equipped with a UV detector. Separation was performed
action. Because binding occurs in free solution, we can easily |inear gradient elution using (a) 100mM NaPO; to

control all experimental conditions. Recently, we proposed (b) 1000 mM NaHPO; at a flow rate of 1.0 mL/min. The
a method for simultaneous determination of the interactions gradient elution was from 0 to 60% of solvent (b) over

between a mixture of oligosaccharides and a carbohydrate-44 i Fractions containing hyaluronan oligomers consist-
recognizing protein using capillary affinity electrophoresis g of 2_11 disaccharide units were pooled, and lyophilized
[14]. The method is based on the separation of a mixture of 1 4y ness. The lyophilized fractions were purified on a col-
carbohydrate chains in a buffer containing a carbohydrate- |, ,n"o¢ Sephadex G-50 (1 cm100 cm, Pharmacia, Upsala
recognizing protein (i.e. lectin). When a carbohydrate in the g eden) using water as eluent. Fractions containing uronic

mixture in_teracts with a lectin, we can observe the differl- acids examined by the carbazole$0, method[18] were
ent migration as compared to thatin the absence of the lectin..|jected and lyophilized to dryness.

The method allows determining subtle difference in affinities
among complex mixtures of carbohydrate chains. 2.3. Derivatization of HA oligomers with AMAC
In this report, we present a method for the simultaneous
analysis of the interaction between HA oligosaccharides la- HA oligomers were labeled with AMAC according to
beled with fluorescent 2-aminoacridone (AMAC) and HABP the method reported by Lamari et §l9] and Kitagawa et

2.2. Preparation of HA oligosaccharides
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al. [20]. Briefly, the dried sample (50g) of HA oligomer ligand/protein molecule is immobilized on the capillary wall
was dissolved in a mixture (34) of dimethyl sulfoxide and or imprinted in a column or gel. Migration of the molecule
acetic acid (17:3, v/v) containing 100 mM AMAC. A solution  having affinity to the immobilized molecules is delayed com-
(20p.l) of 1 M sodium cyanoborohydride in the same mixture pared with that in case of their abserj2&,22] On the con-

of dimethyl sulfoxide and acetic acid (17:3) was added. The trary, the interaction in the mobile phase takes place when
mixture was kept at 90C for 30 min and diluted with water  both the ligand and the receptor are in free solution. The mi-
(160pl). Because the AMAC reagent is soluble in ethanol, gration time of aligand molecule is dependent on the binding
HA oligomers can be collected after precipitation by addi- and the concentration of the prot¢#8,24] Using this mode
tion of excess alcohol. The reaction mixture was mixed with of interaction, we proposed an approach for screening of post-
5 mL of cold ethanol containing 1.3% potassium acetate, andtranslational modification of carbohydrates in glycoproteins.
kept for 1 h on an ice bath. The alcohol layer containing the Interaction between a mixture of fluorescent-labeled carbo-
excess reagent was removed after centrifugation. The precipi-hydrates and carbohydrate-binding proteins was studied, and
tate of AMAC-labeled HA oligomers was dissolved in 200 affinities to carbohydrate chains were determined simultane-
of water, and a portion was used for the binding studies. ously[14].

Concentration of the labeled oligosaccharide was adjusted

by comparing the fluorescence intensity using a solution of 3.1. |nteraction between a mixture of HA

AMAC-labeled maltose at a fixed concentration as reference pligosaccharides and some HA-binding proteins

compound. (HABPSs)

2.4. MALDI-TOF MS A number of proteins possessing ability to bind HA have
been reported. Aggrecan, a macromolecular aggregating pro-
MALDI-TOF MS was performed on a Voyager DE-PRO  teoglycan, is one of the major structural components of car-
(PE Biosystems, Framingham, MA, USA). A nitrogen laser tilage [25]. Versican and brevican have been also reported
at 337 nm was used to irradiate samples, and an average ofo bind HA [26—-28] These HABPs contain a common do-
100 shots was taken. The instrument was operated in linearmain, termed “Link module”, which is involved in HA bind-
operation using positive polarity. An accelerating voltage of ing [26—-28] Some blood proteins such as fibrinogen, 1gG
22kV was used. A portion (045l) of a sample solutionwas  and IgM have also been shown to possess HA-binding ability
applied to a polished stainless steel target, to which added g29,30] As an initial approach to investigate the interaction
solution (0.5ul) of 2,5-dihydroxybenzoic acid in a mixture  between HA and HABP, we examined the interaction be-
of methanol and water (1:1, v/v). The mixture was dried in tween the mixture of AMAC-labeled HA oligomers (tetrasac-
atmosphere by keeping it at room temperature for severalcahride to the oligomer composed of 22 monosaccharide

hours. units; HA;-—HA22) and HABPs using CAE. The results are
shown inFig. 1
2.5. Capillary affinity electrophoresis In the present study, we used a DB-1 capillary and a run-

_ - . . ) ning buffer containing polyethyleneglycol to suppress protein

Capillary affinity electrophoresis was carried out in the agsorption on the capillary surface. Electroosmotic flow also
similar manner reported previously using a Beckman MDQ pecame negligible when a small amount of polyethylenegly-
glycoprotein systems (Beckman Coulter, MA) equipped with ¢o| was added in the running buffer. When AMAC-labeled
an Ar-laser-induced fluorescence detection sysjteénl5] oligosaccarides were analyzed in the absence of the ligand,
Detection was done by installing a 520-nm emission filter these oligomers were well resolved within 18 mifig. 1a).
with a 488-nm excitation filter. All experiments were carried | this mode of separation, larger oligomers appeared ear-
outwith a DB-1 capillary (60 cm total length, effective length  jier and smaller molecules later based on the charge/mass
50cm, 5Qumi.d.). The detection window was made at 10cm ratio. The present study was performed in the running buffer
from the outlet end of the capillary. Injection of a sample around isoelectric point of each protein 5.9-7.3). There-
solution was performed by the pressure method at 1 psi for fore the mass/charge ratio of protein is very large, and the
10s. Data were collected and analyzed with a 32 Karat Gold electrophoretic velocity of HABP was quite small compared
Software (Beckman). A 0.1 M Tris—acetate (TA) buffer with \yith that of AMAC-labeled HA molecules, and the bind-
or without HA-binding protein was used as an electrolyte, jng reaction was observed as the change in migration of

and filled in the capillary prior to the analysis after washing Ha oligomers. HABPs used in the present study showed
with water and TA buffer without protein for 1 min. All other o types of interactions with HA oligomers. In the pres-

conditions are described in figure legends. ence of HA-binding protein from bovine nasal cartilage,
oligomer peaks except for HAdisappeared at the concentra-
3. Results tion of LM (Fig. 1b). On the other hand, human fibrinogen

showed retardation of migration times of AMAC-labeled HA
CAE can utilize a few modes for determination of molecu- oligomers Fig. 1c). However, human IgG did not show affin-
lar interaction$16]. In the interaction in stationary phase, the ity to HA oligomers at JuM level (Fig. 1d).
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of the well-defined HABPs. Hascall and Heinegard investi-
gated the interaction between high molecular mass prepara-
tions of HA and HABP isolated from the extracts of bovine
nasal cartilage by inhibition studies using HA oligosac-
charides as inhibito[31]. We applied capillary affinity
electrophoresis to simultaneous determination of binding
b characteristics between HA oligosaccharides with HABP
(Fig. 2A).

Peak intensities of large oligosaccharides (>)Aob-
served between 12 and 13 min were gradually decreased with
increase of concentrations of HABP. These oligomer peaks
completely disappeared at 250 nM of HABP. In general, inter-
action is usually observed as peak retardation in CAE. Butwe

Fluorescence intensity at 488 nm

d also observe peak disappearance for the interaction between
a specific carbohydrate and a lectin such as high-mannonse

. . ; 5 oligosaccharides and Concanavalin A (ConA). In the present

1 15 = study, interaction between HA-oligomers and HABP caused
Migration time (min) disappearance of HA oligomer peaks as observed in case

Fig. 1. Capillary affinity electrophoresis of the interaction between AMAC- of the interaction between ConA and hlgh_mannose type

labeled HA oligosaccharides and some HA-binding proteins. (a) AMAC- oligosaccharides. On the contrary, affinities of hex.a EHA
labeled HA oligosaccharides in the absence of HA-binding protein, in the and octa (HA)-saccharides to HABP were not obvious and
presence of (b) HABP, (c) fibrinogen, and (d) IgG. Protein concentrations peak shapes were not changed even at 125 nM concentration
were set to WM. Analytical conditions: capillary, fused silica capillary (Fig. 2A(e)) FinaIIy, these peaks were fused to a broad peak
coated with dimethylpolysiloxane (60 cm, pn i.d., effective length of 54 qacreased at 1000 nM. The affinity of tetrasaccharide to
50 cm); buffer, 0.1 M Tris—acetate (pH 7.5) containing 0.5% polyethyleneg- . .

lycol 70,000; applied voltage, 20 kV; temperature,”25 Fluorescence de- H'A_‘BP V\_/as not obvious at. 1000."!'\":"9' 2B shows the re-
tection was performed with a 520 nm light filter for emission by irradiating lationship between peak intensities of AMAC-labeled HA

with an argon laser-induced 488 nm light. The sample solutions were intro- oligomers and concentrations of HABP. Hexa- and octasac-

duced for 10's by pressure method (1 psi). charides showed obviously lower affinities than those ob-
served for larger oligosaccharides (>t Concentrations

3.2. Effect of molecular size of HA oligomers on the required for complete disappearance of peaks derived from

interaction with HABP from bovine nasal cartilage hexa- and octasaccharides were 1000 and 500 nM, respec-

tively. On the other hand, peaks of larger oligosaccharides
HA having higher molecular masses thar? D& strongly than decasaccharide completely disappeared at lower con-
binds to HABP from bovine nasal cartilage, which is one centrations of 250 nM.
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Fig. 2. Effect of concentrations of HABP on the binding reaction. (A) Capillary affinity electrophoreses were performed without HABP (a) and widt HABP

a concentrations of 15.6 nM (b), 31.2nM (c), 62.5nM (d), 125nM (e), 250 nM (f), 500 nM (h), and 1000 nM (i), respectively. Analytical conditions were the
same as ifrig. 1 (B) Changes of peak intensity of AMAC-HA oligomers were plotted against HABP concentrations using the data in (A). The symbols were:
HA (filled circle, solid line), HAs (filled circle, dashed line), HA(filled square, solid line), Hfy (filled square, dashed line), HA(open circle, solid line),

HA16 (open circle, dashed line), B (open square, solid line), respectively.
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Fig. 3. Interaction between purified HA oligosaccharides and HABP. (a) AMAC-labelegl tb) AMAC-labeled HA, and (c) AMAC-labeled HAy,
respectively. Analytical conditions were the same aSign 1

using purified HA oligosaccharides. The results are shown in
Fig. 3

Decrease in peak intensity of HA octasaccharides be-
gan at 125 nM of HABP, but not completed even at 333 nM
(Fig. 3a). In contrast, binding studies for Haand HAyxgwith
HABP showed obvious decrease of peak intensities at 31.2
and 15.6 nM, respectivelyF{g. 3 and c). These oligomer
peaks completely disappeared at 250 nM. These results were
in good agreement with those observed for the determination
of binding using a mixture of HA oligomer${g. 2Aa)

We also examined the binding characteristics of HABP l

l ;

3.3. Inhibition studies l

Fluorescence intensity at 488 nm

f

T T _¥
10 15 20
Migration time (min)

Competitive binding is one of the common methods to an-
alyze the molecular interaction, and generally available for
comparison of relative intensities of binding among ligands. Fig_4. inhibition of the binding between AMAC-labeled bifand HABP
The method is especially useful for the binding studies us- by unlabeled HAo. Capillary affinity electrophoresis was performed without
ing unlabeled oligosaccharides, because competitive bindingunlabeled HA oligosaccharide as competitor (a) and with HA oligosaccha-
curve yields IGg values, which are the concentrations of 'ide as competitor at a concentrations of @8 (b), 1M (c), 2pM (d),
unlabeled ligands necessary to displace 50% of the Iabeledg1 sméf)’fnd 1QuM (D), respectively. Analytical conditions were the same
ligand from receptor. g

We applied CAE to competitive studies on the binding be-
tween HA-oligomers and HABP. In the initial step, AMAC-
HA2o was analyzed in the presence of HABP atM, the
peak of AMAC-HAxg was not observed{g. 4b).

tions (HAps from pig skin (MW: 100,000) and Héy from
S. zooepidemicydMW: 1,500,000)) are shown iRig. 5.
High MW HA preparations (HAsand HAsz) were good
When unlabeled Hpy (0-100uM) as a competitor was  inhibitors and inhibited binding between HAand HABP
added to the buffer, the peak intensity of AMAC-bAwas at a concentration of M. In contrast, 1Gg values for
gradually recovered with increasing of the concentrations of HA1p and HAyq were 6 and 3uM, respectively. HA was
unlabeled HAp, and completely recovered at a concentra- a poor inhibitor and a concentration of higher than 00
tion of 10uM (Fig. 4c—f). Inhibition studies on unlabeled was required to give 50% inhibition. The jump of bind-
HA oligomers (HA—HA2p) and high MW HA preapara- ing with increasing oligomer sizes was clearly observed
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Fig. 5. Inhibition curves of the binding between AMAC-labeled jdAnd
HABP by unlabeled HA oligosaccharides. AMAC-labeled jdAvas ana-
lyzed in the presence of HABP (M) and unlabeled HA oligosaccharides
at various concentrations. RAfilled circle, solid line), HA (filled circle,
dashed line), HAy (filled square, solid line), Hfs (filled square, dashed
line), HA2o (open circle, solid line), HAsfrom pig skin (open circle, dashed
line), and HAsz from S. zooepidemicu®pen square, solid line).

Table 1
Inhibition of AMAC-HA 0 binding by unlabeled HA oligomers

50% inhibition(M)

Oligomer size

AMAC-HA 2o
8 255
10 605
12 482
14 451
16 380
18 354
20 303
HAps 1.18
HAsz 1.01

for HA oligomers between HAand HAp. These obser-
vations indicate that Hfy is a minimum size for binding
to HABP. Table 1summarizes the 50% inhibition concentra-
tions (1G5p) of AMAC—HA 20 binding to HABP using various
HA oligomers and polymers.
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ance observed in the binding with hyaluronan-binding protein
from bovine nasal cartilage.

Peak intensity of higher oligosaccharides (>tgAwas
gradually decreased at higher concentrations than 15.6 nM
of HABP, and was disappeared above a concentration of
250 nM. Peak disappearance suggested that ligand exchange
rate were quite slow compared with electrophoretic migration
of HA molecules as suggested in our previous p§p&r5]
Studies on size-requirement of HA molecules for the bind-
ing to HABP indicated that octasaccharide or decasaccharide
were minimum size for recognition by HABP. These observa-
tions indicate that binding ability of HA oligomers to HABP
is dependent on their molecular sizes and decasaccharide is
the minimum size for complete recognition by HABP. Fur-
thermore, these results are well correlated with our previous
report concerning the unusual migrations of HA oligomers
[6] by capillary electrophoresis.

To investigate the mechanism underlying the recognition
of HA oligosaccharides of different sizes by HABP, inhibi-
tion studies were performed using fluorescent-labeledHA
sample and HABP. The binding reaction was weakly inhib-
ited by unlabeled HA. On the contrary, binding of H& was
completely inhibited in the presence of oligosaccharide of
HA10-HA2g in the similar concentrations as observed for the
binding of native hyaluronan. Christer et al. reported the bind-
ing reaction between HA oligomers and HABP from bovine
nasal cartilage using analytical ultracentrifugation method
[32]. They also reported that the jump of binding affinity was
clearly observed for HA oligomers between gland HAo.

We would like to emphasize that the present technique can
determine the minimum size for recognition in the strict man-
ner, because a mixture of oligomers can be used, and relative
affinities can be accurately compared.

Inaprevious work, we found that smaller oligosaccharides
than octamer is migrated in the reverse order of their molecu-
lar masses in a buffer containing polymer matrix, when ana-
lyzed by capillary electrophoresis. But larger oligomers than
decasaccharide are migrated in the order of molecular sizes

The 1Gsp values were calculated based on the data obtained[6]. We found that this anomalous migration was well cor-

from Fig. 5 Oligomers between H#&y and HAyy showed

related with reported biological activity of HA oligosaccha-

little difference in IGg values. However, there are ca. three rides, and speculated that this anomalous migration was based
folds increase in the 50% inhibition concentration with HA  on the formation of a fixed conformation such as helix struc-
polymers, compared to those of HA oligomers. These data ture supported by intramolecular hydrogen bonding between
were well comparable to the data reported using analytical carboxylic acid and amide groups in HA molecuj@3]. The

ultracentrifugatiorj32].

4. Discussion

previous studies clearly support the present results obtained
by capillary affinity electrophoresis.

In conclusion, CAE used in this paper provides more pre-
cise assessment of HA binding by HA-binding protein from
bovine nasal cartilage than the methods previously reported,

The present study demonstrates that a technique based osuch as a conventional affinity chromatography and ELISA
capillary affinity electrophoresis is a powerful approach for method. From the view of increasing evidence that the molec-
evaluation of interaction between HABP and AMAC-labeled ular size of HA is critical to control their cellular functions, it
HA oligomers having different sizes as a mixture. We found is important to investigate how HA preparations of different
that the binding between AMAC-labeled HA and HABP was sizes interact with their binding protein family such as CD44,
observed in two different manners: i.e. peak retardation for vercian, neurocan and brevican, that contain a common struc-
observed in the binding with fibrinogen and peak disappear- tural domain of ca. 100 amino acids, termed as a link module
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that is involved in HA bindind34]. The technique used in
the present study will provide a useful approach for compar-
ing the relative binding affinity of HA oligosaccharides with
HA-binding protein.
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