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Anomalous migration of hyaluronic acid
oligomers in capillary electrophoresis:
Correlation to susceptibility to hyaluronidase

During high-resolution capillary electrophoresis analysis in an electrolyte solution con-
taining a neutral polymer, small oligomers of regularly arranged acidic polysaccharides
such as hyaluronic acid and N-acetylneuraminic acid polymers showed reversal of the
migration order. This anomalous migration was well correlated with their reported bio-
logical activity. In the present study, we analyzed hyaluronidase action on the purified
hyaluronic acid oligomers using capillary electrophoresis and found that hydrolytic and
transglycosylation actions by hyaluronidase were dependent on the molecular sizes of
hyaluronic acid oligomers, and well correlated to their migration profiles. Furthermore,
fluorescent polarization technique was employed for understanding the relationship
between molecular size of hyaluronic acid oligomers and their electromigrations.
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1 Introduction

Hyaluronic acid (HA) is composed of simple repeating
units of a disaccharide, (-4GlcA�1–3GlcNAc�1-)n. Al-
though HA has an extremely regularly arranged structure,
it plays important biological roles such as in cell prolifera-
tion, cell recognition, and cell locomotion [1]. West et al.
[2] reported that a mixture of HA oligomers obtained on
digestion of HA with hyaluronidase induced the angio-
genic response of the chick chorioallantoic membrane
and that the activity was restricted to HA oligomers with
4–25 disaccharide units. It is not well understood why
these functions exhibit correlation with the size (i.e.,
degree of polymerization) of HA. Hyaluronidase from ani-
mal testis hydrolyzes HA molecules in an endo-manner
to produce oligomers. Highsmith et al. [3] reported that
the active site of this enzyme occupied a large area, and
that the enzyme could interact simultaneously with at
least five disaccharide units of an oligosaccharide using
five subsites [3]. On the other hand, Takagaki et al. [4]
reported that HA oligomers were hydrolyzed sequentially
to disaccharides from the nonreducing terminal, and they
used hyaluronidase for the biochemical synthesis of new
glycosaminoglycan oligomers using its transglycosylation
activity. Park et al. [5] also reported that Streptomyces

hyaluronate lyase hydrolyzed larger oligomers than octa-
mer and predicted the production of HA oligomers by
computer simulation [5]. All these groups reported that
HA oligomers having at least eight or ten monosaccharide
residues were required for the enzyme susceptibility.

Capillary electrophoresis is one of the versatile techni-
ques for the analysis of oligomers of acidic oligosaccha-
rides such as �2,8-linked N-acetylneuraminic acid (NeuAc)
and HA oligomers [6, 7]. When HA oligomers or NeuAc oli-
gomers migrate in a buffer containing a polymer matrix
formed through dissolution of a linear neutral polymer,
such as polyethylene glycol, the oligomer molecules
migrate and pass through the matrix. Theoretically, smaller
molecules should pass through the matrix more easily and
faster, and therefore are observed at earlier migration
times. In contrast, larger molecules are observed at later
migration times. During optimization of capillary electro-
phoresis of HA oligomers and polymers, we found that
smaller oligomers than the octamer migrated in the reverse
order of their molecular masses and that larger oligomers
migrated in the order of their molecular masses. We
reported that their reversal of the migration order exhibited
good correlation with the expression of the oligomers’ bio-
logical functions [7]. Similar migration reversal of HA oligo-
mers was also observed in electrophoresis using polyacry-
lamide gel, although the mechanism on the migration
reversal was unknown [8].

Fluorescence polarization (FP) is a useful technique for
the measurement of molecular interaction in solution [9].
When a polarized light is irradiated to the solution con-
taining small molecules labeled with a fluorescent group,
the planes into which light is emitted can be very different
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from the plane used for excitation, because the molecules
rotate and tumble rapidly. This means that the fluorescent
light is much depolarized. On the other hand, the fluores-
cent light is less depolarized for larger molecules because
the molecular movement becomes restricted. Thus, com-
parison of fluorescence polarization values obtained from
the series of fluorescent-labeled oligosaccharides com-
posed of the same repeating unit will be an evidence for
their molecular movement, i.e., molecular size. Further-
more, when a fluorescent-labeled molecule having a
small molecular mass is bound to a large molecule, such
as an enzyme, which exhibits slow rotation and tumbling,
the motion of the fluorescent tag attached to the small
molecule becomes restricted. The difference between
these two states (i.e., the extent of depolarization) is a
function of the binding. Therefore, studies involving FP
on the binding between HA oligomers and hyaluronidase
afford kinetic data on the molecular interaction, and also
provide information on the relationship between the oligo-
mer size and binding properties (i.e., biological activity).

2 Materials and methods

2.1 Materials

Samples of HA (from Streptococcus zooepidemicus and
pig skin) were purchased from Wako Pure Chemicals
(Dosho-machi, Osaka, Japan). Hyaluronidase (from ovine
testes) was purchased from Boehringer Mannheim (Tokyo,
Japan) and further purified according to the method
of Borders and Raftery [10]. Samples of HA oligomers
were prepared according to the method described pre-
viously [7]. 3-Aminobenzoic acid (3-AB) was purchased
from Tokyo Kasei Kogyo Co. (Tokyo, Japan) and recrystal-
lized from methanol-hexane. Sodium cyanoborohydride
(NaBH3CN) was obtained from Sigma-Aldrich Japan
(Tokyo). All aqueous solutions were prepared in water
purified with a Milli-Q Purification System (Millipore, Bed-
ford, MA, USA). Sephadex LH-20 was obtained from
Pharmacia (Uppsala, Sweden). A fused-silica capillary
column (50 �m ID) and one (100 �m ID) coated with
dimethylpolysiloxane (DB-1 capillary) were obtained from
GL Science Co. (Nishi-Shinjuku, Shinjuku, Tokyo). The
polyethylene glycol 70 000 (PEG70000) preparation was
from Wako. Other reagents and chemicals were of the
highest grade commercially available.

2.2 Derivatization of HA oligomers with 3-AB

Derivatization of HA oligomers with 3-AB was performed
according to the method as reported previously [11]. A
dried sample of an HA oligomer (500 �g) was dissolved

in 50 �L of 0.7 M 3-AB in a mixture of dimethylsulfoxide-
acetic acid (7:3 v/v). A solution (50 �L) of 1 M NaBH3CN
in the same solvent was added to the mixture, follow-
ed by incubation at 50�C for 2 h. The reaction mixture
was adsorbed on a filter paper (1 cm�1 cm) after cool-
ing, and then the paper was washed with acetonitrile
(0.5 ml�2) to remove the reaction solvent and excess
reagent. The labeled carbohydrates adsorbed on the filter
paper were eluted with water (1 mL�3 times). The eluate
was concentrated to dryness, and the residue was dis-
solved in 100 �L of 50% aqueous methanol and then
applied on a small column of Sephadex LH-20 (fine grade,
1.0 cm�30 cm) pre-equilibrated with the same solvent.
The early eluting fluorescent fractions were collected,
with monitoring of the fluorescence at 405 nm with irra-
diation at 305 nm, and then evaporated to dryness under
reduced pressure below 30�C.

2.3 Capillary electrophoresis

Capillary electrophoresis was performed with a P/ACE
5010 capillary electrophoresis system (Beckman, Fuller-
ton, CA). A detection window was made at 7 cm from
the outlet of the capillary column by carefully removing
the polyimide coating with a razor, and the transparent
portion was fixed to the detector block. Detection was
performed in the on-line mode with UV absorption at
200 nm. The compositions and pH values of the electro-
lytes are given in the figure captions. Injections were con-
ducted automatically by the pressure method (10 s) or in
the electrokinetic mode at 5 kV for 10 s from the cathodic
end. Data were collected and analyzed with standard
System Gold software (Version 8.0) on an IBM PC.

2.4 Digestion of HA and its oligomers
with hyaluronidase

An aqueous solution of HA oligomers (100 �M, 10 �L) and
hyaluronidase (10 �M, about 5 units, 10 �L) was mixed in
30 mM citrate buffer (pH 5.3, 20 �L). The concentration of
hyaluronidase was calculated from the molecular mass
(55 000 Da) of hyaluronidase. The mixture was incubated
at 4�C or 37�C. After a specified interval, the mixture was
placed in a boiling water bath for 3 min, and then centri-
fuged at 6000 g for 10 min. The supernatant was directly
introduced into the capillary column.

2.5 Measurement of FP

FP was measured in a quartz cuvette (cell volume, 300 �L)
with a fluorescence spectrophotometer F4010 equipp-
ed with a FP apparatus (Hitachi Ltd., Tokyo, Japan). The
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excitation and emission wavelengths were set at 305 nm
and 405 nm, respectively. FP of the solutions of HA oligo-
mers labeled with 3-AB (500 �M, 200 �L) was measured
in 30 mM citrate buffer (pH 5.3). FP was calculated in the
following equation and expressed as mP [12].

mP � I� � I�
I� � I�

1000 (1)

where I� is the fluorescent intensity in the vertical phase
and I� is the fluorescent intensity in the horizontal phase.
Interaction of HA oligomers and hyaluronidase was ob-
served as follows. Initially, FP (mPmin) of an oligomer
solution was observed. Into this solution, an enzyme solu-
tion (10 �L) at a different concentration (C) in the same
buffer was added. The solution was mixed by pipetting
and the FP was measured after 2 min (mPobs). All proce-
dures were performed at 4�C to reduce enzyme hydrolysis
of the oligomers. From the data obtained, the relationship
between the fluorescence polarization and the concentra-
tions of hyaluronidase was plotted. The bound HA oligo-
mer was obtained with the following equation.

[Bound] = [c] (mPobs – mPmin)/(mPmax – mPmin) (2)

where mPmax is the FP values at the equilibrium state
with a high concentration of hyaluronidase. Graph-Pad
PRIZM (Ver 3.0; San Diego, CA) was used for the analysis
of binding assays (nonlinear regression analysis using
a hyperbolic equation) and Scatchard analysis (linear
regression). In the calculation, 55 000 Da was used as
the molecular mass of hyaluronidase.

3 Results

3.1 Digestion of HA with hyaluronidase

In the study on the course of reaction between hyaluroni-
dase and HA, we employed capillary electrophoresis with
a combination of a chemically modified fused-silica capil-
lary and an electrolyte solution containing a neutral poly-
mer. When a sample of HA from pig skin (average mole-
cular mass, 60 000–80 000 Da) was digested with hyalu-
ronidase at 37�C, a mixture of HA oligomers of low
molecular masses appeared rapidly, as shown in Fig. 1.
Even after 10 min of the reaction, polymer species were
no longer observed, but small oligomers were abundant
(Fig. 1b). After 2 h, only small oligomers appeared earlier
than 15 min, as observed in Fig. 1d. On the other hand,
when an exo-type enzyme acts on a polymer sample, for
example in the case of digestion of colominic acid (a mix-
ture of NeuAc polymers) with neuraminidase from Arthro-
bacter ureafacience, the broad peak of the starting poly-
mers gradually appears earlier with a longer digestion
period (data not shown).

Figure 1. Time course of enzyme digestion of hyaluronic
acid with testicular hyaluronidase. HA from pig skin
(200 �g) in 30 mM citrate buffer (pH 5.3, 100 �L) was
incubated with hyaluronidase (10 units) at 37�C. (a) 0 min;
(b) 10 min; (c) 30 min; (d) 60 min; (e) 120 min. Analytical
conditions: DB-1 capillary column (27 cm, 100 �m ID,
effective length, 20 cm); buffer, 50 mM Tris-borate buf-
fer (pH 8.3) containing PEG 70 000 at 8% concentra-
tion; applied voltage, –6 kV; detection, UV absorption at
200 nm. The sample solution was introduced for 10 s
by means of the pressure method.

3.2 Effect of the polymer concentration on
the migration profiles of HA oligomers
on capillary electrophoresis with
Tris-borate buffer containing PEG70000
as the electrolyte

In the capillary electrophoresis of protein samples, a
linear relationship is generally observed between the
logarithm of the mobility of a protein and the gel concen-
tration, according to the following equation [13].

ln � = ln �0 – KrT (3)

where � is the electrophoretic mobility, T (% w/v) the con-
centration of the sieving matrix, �0 the mobility in a free
solution (i.e., at zero concentration of the sieving matrix),
and Kr the retardation coefficient. Kr is also a function of
the protein size and polymer matrix, as expressed by the
following equation.
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Figure 2. Effect of the gel concentration in the running
buffer on the migration of HA oligomers on capillary
electrophoresis. (a) Electropherograms of HA oligomers
with different concentrations of PEG70000. (b) Relation-
ship between the mobility of HA oligomers and the gel
concentration. Analytical conditions were the same as in
Fig. 1 except for gel concentrations.

Kr = ��’(r + R)210–16 (4)

where �’ is the fiber length of the matrix (cm/g), r the fiber
radius (nm), and R the protein’s radius (nm). By plotting of
logarithmic data for mobility (�) against different gel con-
centrations (T), we can easily obtain Kr from the slope

according to Eq. (3). From Eq. (4), it is obvious that the
square root of Kr is proportional to the radius of the
analyte (see Section 4). If a linear relationship is estab-
lished in Eq. (3), a constant, �0, will be obtained for sam-
ples having different molecular masses by extrapolation
to zero concentration of the sieving matrix. Figure 2a
shows the results of migration profiles of HA oligomers
at different gel concentrations. Figure 2b presents the
relationship between the gel concentration and mobility
of HA oligomers.

The tetramer showed obviously anomalous migration
(arrows in Fig. 2a, and bold line in Fig. 2b). Other oligo-
mers larger than the hexamer exhibited similar �0 values
(1.6 � 0.05�10–4 cm2V–1s–1), which were obtained by
extrapolation of the curves. This suggests that oligomers
larger than the hexamer pass through the matrix in a
similar mechanism. The anomalous migration of the tetra-
mer is not involved in this mechanism, as observed for
the migration of larger oligomers, and a different mechan-
ism seems predominant.

3.3 Effect of temperature on the enzyme
reaction in digestion of HA oligomers

We observed the enzyme reaction using purified HA
oligomers as substrates with hyaluronidase at 4�C and
37�C, respectively. The results are shown in Fig. 3. These
analyses were performed using a nonmodified silica
capillary in the buffer at basic conditions. Therefore,
separations based on simple zone electrophoresis were
performed. Addition of SDS improved the resolution of
peaks. Figure 3a shows that all HA oligomers employed
in the present study were nearly homogeneous. The pro-
ducts obtained from each oligomer digested with hyalu-
ronidase at 4�C for 1 h are presented in Fig. 3b. The tetra-
mer and hexamer were not digested at this temperature.
The octamer gave small amounts of tetramer and hex-
amer. But the dimer was not present as a product in the
electropherogram. Interestingly, some larger oligomers
(decamer, dodecamer and tetradecamer), as indicated
by an arrow (see Fig. 3b), were observed, although they
were not abundant. These large oligomers were formed
by the enzyme through transglycosylation reaction [3].

In the digestion of the decamer, production of larger oligo-
mers than the starting oligomer was more obvious than
that observed in the digestion of the octamer. Oligomers,
at least up to 26-mer, were detected in the electrophero-
gram. However, when the reaction was continued for 12 h
(Fig. 3c), the transglycosylation reaction became incon-
spicuous, and peaks due to the hexamer and tetramer
were predominant in the digestion of the octamer and
decamer. The tetramer and hexamer were not hydrolyzed
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Figure 3. Effect of the tempera-
ture on the enzyme reaction in
the digestion of HA oligomers
with hyaluronidase. (a) Each oli-
gomer was examined before
the enzyme reaction. (b) The
enzyme reaction was perform-
ed at 4�C for 1 h; (c) at 4�C for
12 h; (d) at 37�C for 1 h. The
numbers with the peaks indicate
the size of the HA oligomers
(i.e., degree of polymerization).
Analytical conditions: fused-sil-
ica capillary (40 cm, 50 �m ID,
effective length, 47 cm); buffer,
50 mM sodium tetraborate (pH
9.3) containing sodium dodecyl
sulfate at 100 mM concentration;
applied voltage, +20 kV; opera-
tion temperature, 30�C; detec-
tion, UV absorption at 200 nm.
The sample solution was intro-
duced by means of the pressure
method for 5 s.

even after 12 h at 4�C. Figure 3d shows the products
obtained from each oligomer digested at 37�C for 1 h.
The tetramer was not digested even at this temperature.
Digestion of the hexamer at 37�C caused partial hydro-
lysis and a small amount of the tetramer was observed
as a product. However, the dimer peak was also negligi-
ble. Similar results were obtained in both digestions of
octamer and decamer, hexamer and tetramer being pro-
duced as the major products. The larger oligomers pro-
duced through the transglycosylation reaction observed
at 4�C (see Fig. 3b) were not observed at this temperature.

3.4 Binding between 3-AB HA oligomers
and hyaluronidase

In FP analysis, small molecules are usually labeled with
fluorophores, and used as ligands [14], because they
show obvious fluorescence depolarization. In the present
study, HA oligomers were labeled with 3-AB [11]. These
HA oligomers labeled with 3-AB (3-AB HA oligomers)
showed similar behavior in enzyme reactions to that
observed in the digestion of free HA oligomers, although
the reaction speed became slower (data not shown). The
FP technique requires two measurement steps: (i) mea-
surement of depolarization of the ligand solution alone,
and then (ii) measurement of that of the ligand-enzyme
mixture. Fluorescence depolarization of the ligand solu-
tion is a relative measure of the molecular motion (i.e.,

molecular masses). The difference in FP before and after
binding reactions indicates changes in molecular masses
by the formation of the conjugates, and is a function of the
molecular interaction.

Because the rate of the enzyme reaction between HA
oligomers and hyaluronidase was slow at 4�C, we could
measure the binding between hyaluronidase and 3-AB
HA oligomers at this temperature according to the proce-
dure reported previously [9]. The results using 20 �M con-
centrations of oligomers are shown in Table 1.

FP values of the oligosaccharide solution gradually
increased with the increase of the molecular mass of oli-
gomers used (see the column “Before binding”). On the
contrary, those of the conjugates between oligomers and
hyaluronidase showed almost the same FP values (see
the column “after binding”). Increase of FP values of
larger oligomers (the data in “before analysis” in the table)
indicates that the apparent molecular shape becomes
larger as their increase of molecular masses. It should be
noted that the FP of the tetramer molecule is the smallest.
Binding of each oligomer with hyaluronidase is shown in
Fig. 4 and the binding parameters obtained by Scatchard
analysis are summarized in Table 2.

Interestingly, tetramer and hexamer showed obvious
binding to hyaluronidase, although these oligomers were
not cleaved with hyaluronidase at 4�C (see Fig. 2).
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Table 1. Binding reaction between hyaluronic acid oligo-
mers and hyaluronidase

Oligomer Fluorescence polarization (mP)

Before
binding
(oligomer
solution)

After binding
(oligomer +
hyaluronidas)

Difference

Tetramer 51 103 52
Hexamer 55 104 49
Octamer 58 102 44
Decamer 64 104 40

Oligomers were used after fluorescent labeling with 3-AB.
The measurement was performed using 20 �M concentra-
tion of the oligomer at 4�C. The data were the mean of five
measurements.

Table 2. Binding paramters for 3-AB HA oligomers and
hyaluronidase

Oligomer (R) Affinity constant (M–1)
Ka

Correlation
coefficient

Tetramer 4.9�105 0.977
Hexamer 3.7�105 0.896
Octamer 4.4�105 0.920
Decamer 4.8�105 0.922

Oligomers were used after fluorescent labeling with 3-AB.
Other conditions were the same as in Table 1.

Furthermore, all Ka values observed for tetramer, hex-
amer, octamer and decamer showed similar values (ca.
4–5�105 M–1).

4 Discussion

On the digestion of HA with hyaluronidase (Fig. 1), a large
broad peak of HA at 0-time digestion observed at ca.
34 min rapidly disappeared, and significant amounts of
small oligomers appeared. This means that the molecular
mass of HA was rapidly decreased by the enzyme. After
120 min, only small oligomers were observed from 10 to
13 min in the electropherogram. Because hyaluronidase
is an endo-type hydrolytic enzyme, it can recognize inter-
nal portions of polysaccharide chains randomly, and pro-
duces small oligosaccharides rapidly [5]. Finally, hexamer
and tetramer were produced as the major products [6].
This strongly indicates that hyaluronidase recognizes
and cleaves larger oligomers than the octamer.

Figure 4. Binding between 3-AB HA oligomers and
hyaluronidase. (a) 3-AB HA tetramer; (b) 3-AB HA hex-
amer; (c) 3-AB HA octamer; and (d) 3-AB HA decamer.

For capillary electrophoresis using a chemically modified
capillary in Tris-borate buffer containing PEG70000, we
found that HA oligomers showed interesting migration
profiles [7]. Small oligomers migrate in the reverse order
of their molecular masses. On the other hand, large oligo-
mers migrate in the order of their molecular masses. This
anomalous migration was not dependent on the gel
concentrations, although the resolution among oligomer
peaks changed with them (Fig. 2). The relationship be-
tween the electrophoretic mobility and gel concentration
in the analysis of HA oligomers is shown in Fig. 2b. The
curve for the tetramer (bold lines) showed a quite different
line. As indicated in Section 3, the retardation coefficient,
Kr, is a function of molecular size of the sample, and can
be calculated from the slope of each curve using Eq. (4).
The relationship between Kr and molecular mass of the
sample is expressed by converting Eq. (4) as follows:

Kr1/2 = R(�l’)1/210–8 + r(�l’)1/210–8 (5)

This equation indicates that the square root of Kr is pro-
portional to the molecular size expressed as the radius (R)
at a fixed gel concentration, where l’ and r are considered
to be constant. The relationship between the molecular
mass of oligomers and square root of Kr (Kr1/2) is shown
in Fig. 5. The tetramer showed an extraordinarily large Kr1/2

value. Hexamer, octamer and decamer had approxi-
mately the same Kr1/2 values. The inner units of larger
oligomers gradually form a fixed structure such as helix
form supported by the intramolecular hydrogen bonding
between carboxylic acid and amide groups, as accepted
for HA oligomers by Scott et al. [15], and for NeuAc oligo-
mers by Evans et al. [16]. These changes in conformation
may become obvious with an increase in molecular size
and contribute to the susceptibility to hyaluronidase. As
shown in Fig. 5, oligomers larger than the dodecamer
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Figure 5. Relationship between the square root of the
retardation coefficient and the molecular mass of hyaluro-
nic acid oligomer. The numbers in the graph indicate the
degree of polymerization of HA oligomers. The panel
in the figure is an expanded version for the hexamer to
32-mer.

showed a relatively regular increase in the Kr1/2 value. This
implies that these oligomers have similar conformations
and show similar molecular motions, and begin to exert a
particular biological function based on their molecular
size.

Unfortunately, there are no appropriate models for simu-
lating electrophoresis of polyelectrolyte oligomer mole-
cules. All the electrophoretic data presented in this paper
were obtained in the presence of a neutral polymer as the
molecular sieving material. We interpret the data accord-
ing to the Ogston model [13]. However, the theory is
based on the model where the analytes are assumed to
be solid spheres and the gel matrices as solid rods
oriented randomly. Although the Ogston model is not
appropriate for the simulation of oligosaccharides, the
electrophoretic behavior analyzed by this model will be a
guide to establish a new theory that will be applicable to
the electrophoresis of polyelectrolyte oligomers. Interest-
ingly, these considerations mentioned above were com-
patible with FP observation of HA oligomer solutions as
shown in Table 1. Tetramer solution showed the smallest
FP value, and increase in molecular masses resulted in
larger FP values. These data indicate that tetramer mole-
cules move and tumble most rapidly. This rapid motion of
the molecule results in a larger migration time in capillary
electrophoresis due to increased collisions with gel fiber
in the electrolyte.

Several groups have reported that hyaluronidase has
both hydrolytic and transglycosylation abilities and two
different mechanisms have been proposed for the
enzyme reaction. Highsmith et al. [3] indicated that the

enzyme’s active site consists of five subsites for hyaluro-
biouronate residues. Takagaki et al. [4] reported that the
hexamer or larger oligomers having D-glucuronic acid at
the nonreducing terminal were hydrolyzed sequentially to
disaccharides from the non-reducing terminal, and that
these disaccharides were then transferred to other hexa-
saccharides.

To investigate the mechanism underlying the recognition
and hydrolysis/transglycosylation of HA oligomers by
hyaluronidase based on their electrophoretic behaviors,
the enzyme reaction was performed using purified HA oli-
gomers as substrates (Fig. 3). When the tetramer was
incubated with hyaluronidase at 4�C or 37�C, it was not
hydrolyzed at all at either temperature. On digestion of
hexamer, the tetramer was the only product at 37�C, and
no product was observed at 4�C. Larger oligomers than
octamer gave hexamer and tetramer at both tempera-
tures. Dimer was not observed on the digestion of these
large oligomers either. On the digestion of larger oligo-
mers than hexamer at 4�C for 1 h, larger oligomers than
the starting oligomer were observed in the electrophero-
gram. These oligomers were produced by the enzyme
through transglycosylation [3]. These results indicated
that transglycosylation was more prominent at low tem-
perature and that hydrolysis predominantly occurred at
higher temperature. Binding between HA oligomers and
hyaluronidase showed no distinct differences among the
oligomers, when examined by means of the fluorescence
polarization technique. Interestingly, it should be noted
that the tetramer showed affinity (Ka 4.9�105 M–1) to the
enzyme, although it was not cleaved by the enzyme.
Other oligomers also showed similar affinity to the
enzyme.

These binding characteristics of the oligomers to hyaluro-
nidase can be explained by assuming that the enzyme
has the following characteristics: (i) hyaluronidase has
separate recognition and hydrolytic-active sites; (ii) the
oligomer must cover both the recognition site and the
hydrolytic site for susceptibility to hydrolysis/transglyco-
sylation by the enzyme; (iii) the recognition site includes
a site responsible for transglycosylation. We propose the
model for the enzyme fulfilling these criteria shown in
Fig. 6.

This enzyme has separate recognition and cleavage sites,
and these sites partially overlap. The recognition site has
two subsites (S1 and S2). One subsite (S1) recognizes an
HA oligomer that has at least two dimer units (i.e., tetra-
mer). The other subsite (S2) recognizes an HA oligomer
that has at least three dimer units (i.e., hexamer). The brid-
ging position between the two sites (S1 and S2) is respon-
sible for transglycosylation (downward arrow). The cleav-
age site (upward arrow) covers S2 and a part of S1. When
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Figure 6. Proposed mechanism for the hyaluronidase
reaction.

the hexamer is incubated with hyaluronidase, two hex-
amer molecules occupy both subsites, as shown in Fig. 6,
and the two molecules are linked in a head-tail manner
through transglycosylation. The chain length of the dode-
camer thus formed is now enough for hydrolysis at the
cleavage site, and is cleaved into an octamer and a tetra-
mer. The octamer thus formed is now recognized by the
cleavage site more easily than the hexamer, and hydro-
lyzed into two tetramer molecules. This is the reason why
the octamer was not observed in the digestion of the
hexamer (Fig. 3).

Although we anticipated that the rapid molecular motion
of small oligomers might hamper the recognition by the
enzyme, the molecular motion is not important in the
recognition by the enzyme as exemplified by fluores-
cence polarization studies (Table 2). Capillary electro-
phoresis demonstrates that formation of three-dimen-
sional conformation of internal carbohydrate chains may
regulate the enzyme susceptibility and possibly other
biological functions. However, small molecules cannot
form a fixed conformation due to their rapid motion and
incomplete hydrogen bonding.
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