
Abstract. Linear non-sulfated hyaluronan (HA) does not
bind complement proteins yet inhibits their hemolytic
function. We have previously induced the complement
inhibitory function of HA by heat treatment. However,
heated HA readily loses its anti-complementary activity
probably due to instantaneous interchain re-association.
Here, HA solutions were heated and then freeze-dried.
Compared to native HA, heated/freeze-dried HA stably
restricted serum complement-mediated hemolysis via the
classical pathway, in which serum C1 hemolytic function and
C3 activation were blocked. Also, treated HA had a
significantly increased binding of component C1q, C1r, C1s,
C2, C5, C9, P, D and H. Further, when HA was gel-
fractionated by electrophoresis and then freeze-dried, its anti-
complementary activity was stably induced. Both native and
heated/freeze-dried HA stimulated ERK phosphorylation in
prostate DU145 cells. However, treated HA suppressed the
expression of tumor suppressors WOX1 and WOX2.
Together, HA with an altered conformation stabilizes its
inhibition and binding of complement proteins. It may
recognize cell surface receptors differently from native HA,
thereby differentially regulating the expression of cellular
proteins.

Introduction

Hyaluronan (HA), or hyaluronic acid, is a connective tissue
glycosaminoglycan (GAG), which provides physical

protection and transport of nutrients to articular cartilage and
supports cellular differentiation (1,2). However, it acts as an
enhancer of tumor invasion (3). HA participates in the
initiation and progression of inflammation at both the cellular
and extracellular levels (2,4-6). 

The HA polymer is composed of repeating disaccharide
units of ß-glucuronic acid and N-acetyl-ß-D-glucosamine. In
solution, high molecular size HA expands its domain 103-104

times the volume of the polymer chain itself, and constitutes an
ordered matrix conformation from a 4-fold left-handed
helical structure (7-9). Large size macromolecules can be
excluded from the matrix (10,11). Interchain hydrogen
bondings appear to contribute mainly to the ordered
conformation.

It is generally agreed that naturally occurring poly-
sulfated, GAGs, such as heparin, restrict complement
activation via both the classical and alternative pathways
more effectively than linear GAGs during inflammation
(12-20). The potency of GAGs in inhibiting complement
activation depends upon their extent and positions of
polysulfation. Non-sulfated HA, even at high concentrations
(1-5 mg/ml), could not restrict complement activation (19,20).

We have shown that alteration of HA conformation
with heat transiently induces its inhibition on complement
activation of the classical pathway (19,20). For example, HA
in solution was heated at 100˚C for 5-30 min, followed by
snapfreezing and thawing promptly prior to interacting with
serum complement. This led to a dramatic augmentation of
HA inhibition of complement hemolytic function (19,20).
However, the induced activity was readily lost when the
heated HA was slowly cooled, or the heated/snapfrozen HA
was slowly thawed before interacting with the serum
complement. Presumably, the transient interchain decoupling
of the HA polymer allows exposure of polyanionic charges
for binding with complement proteins. This inhibitory
activity is reversible and re-inducible (19,20).

In this study, we determined that HA, when subjected to
heat treatment and freeze-drying, stabilized its anti-
complementary activity by selectively interacting with
complement C1q, C1r, C1s, C2, C5, C9, factor P, D and H.
These proteins are in the initial and end phases of complement
activation of both the classical and alternative pathways. We

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  19:  173-179,  2007 173

Conformationally altered hyaluronan restricts complement
classical pathway activation by binding to C1q, C1r, C1s, C2, C5

and C9, and suppresses WOX1 expression in prostate DU145 cells

QUNYING HONG1,  EMORY KUO1,  LORI SCHULTZ1,  ROBERT J. BOACKLE2 and NAN-SHAN CHANG1,2

1Guthrie Research Institute, Laboratory of Molecular Immunology, 1 Guthrie Square, Sayre, PA 18840; 
2Section of Oral Biology, Department of Stomatology, Medical University of South Carolina, 

School of Dental Medicine, Charleston, SC 29425, USA

Received July 21, 2006;  Accepted September 12, 2006

_________________________________________

Correspondence to: Dr Nan-Shan Chang, Guthrie Research
Institute, Laboratory of Molecular Immunology, 1 Guthrie Square,
Sayre, PA 18840, USA
E-mail: nschang13827@yahoo.com

Key words: hyaluronan, complement, hemolysis, binding, WOX1,
WWOX, DU145

173-179  7/12/06  14:45  Page 173



examined the effect of these HA preparations on the
phosphorylation of extracellular signal-regulated kinase
(ERK) (21) and on the expression of WW domain-containing
oxido-reductase WOX1 (also named WWOX or FOR) and
WOX2 (22-24; reviews), in prostate DU145 cells. The
conformational alteration of HA related with heat treatment
and freeze-drying, along with its effect on cell functions, are
discussed.

Materials and methods

HA preparations. Six hundred μl of 3 mg/ml HA (molecular
weight 105-106; Sigma-Aldrich) in distilled water was heated
for 20 min at 100˚C, and then either slowly cooled (sc) at
room temperature for 30 min or quickly frozen (qf) in an
acetone-dry ice bath prior to freeze-drying (fd). Unheated HA
samples were considered as ‘native’ controls. Several HA
preparations were as follows: i) HAn, native HA; ii) HAnfd,
HA subjected to freeze-drying; iii) HAscfd, HA heat-treated
followed by slow cooling and freeze-drying, and 4) HAqffd,
HA heat-treated followed by quick freezing and freeze-
drying. Similar HA preparations were made using medical
grade Healon (highly purified and high molecular size), a
kind gift from Dr G. Armand of the Glycomed Research,
Hastings-on-Hudson, New York.

Kinetic complement hemolytic tests. Complement hemolytic
assay of the classical pathway was performed as described
(19,20). Aliquots of the above HA preparations (600 μg/ml)
were mixed with an equal volume of diluted normal human
serum (NHS; 1/30-1/120 dilutions in a metal-gelatin-veronal
GVB++ buffer), incubated at 37˚C for 10 min, and then added
to prewarmed (37˚C) EA cells (2x107 cells/ml of sheep
erythrocytes coated with antibodies and suspended in
GVB++). Continuous measurement of complement-mediated
hemolysis was performed at 37˚C using a kinetic spectro-
photometer and a thermal 96-well microplate scanner (Tecan
Rainbow/Thermo), and inhibition of hemolysis by HA was
calculated as described (19,20).

In addition, the freeze-dried HA polymers were directly
mixed with neat serum and diluted to a final concentration of
3 mg/ml HA and 1/3 dilution of the serum. The HA/serum
ratio was similar to that in the synovial fluid (25). These
mixtures were incubated at 37˚C for 2 h with constant rotation
for dissolving the HA polymers in the serum. The mixtures
were further diluted (1/30-1/120 final dilutions) and incubated
with prewarmed EA cells for determining the kinetics of EA
lysis as described above.

The effect of HA preparations on the hemolytic activity
of serum C1 was also examined (19,20). Briefly, the above
HA/serum mixtures were diluted to 1/6000-1/24000, to such
an extent that the serum C1 became a rate-limiting factor for
the lysis of EA cells coated with excess amounts of C4, C2
and C3-C9 (19,20). The diluted serum/HA mixtures were
prewarmed at 37˚C for 10 min, followed by stepwise additions
and incubations with excess amounts of EAC4, C2 and C3-
C9, and the kinetics of HA-mediated inhibition of C1
hemolytic function was measured. In controls, serum alone
was diluted to the same extent prior to testing the serum C1
hemolytic function.

Determination of C3 activation. We examined whether HA
preparations prevented or induced serum C3 activation.
Aliquots of NHS were 1/5 diluted (in the GVB++ buffer) in
the presence or absence of heat-aggregated human IgG (1 mg/
ml) to activate the complement, followed by adding 600 μg/
ml of HAn, HAnfd, HAscfd, HAqffd, or buffer only. The mixtures
were incubated for 1 h at 37˚C and processed for crossed-
immunoelectrophoresis using anti-C3 antibodies (Calbiochem/
EMD Biosciences). The extent of C3 activation or
conversion was calculated (19,20). 

Binding of complement components by HA preparations. HA
preparations (25-400 ng) were dot-blotted onto a Zeta-probe
nylon membrane using a dot-blot apparatus (BioRad). The
membrane was saturated with 5% non-fat dried milk to
block non-specific binding sites, and added to 2 ml of
1/100 diluted NHS (in EDTA-containing VBS buffer to
prevent C1 activation) for incubation at 4˚C for 2 h. Following
washing of the membrane (3 times) with phosphate-buffered
saline (PBS; 10 min each), specific antibodies were added.
These antibodies were anti-C1q, C1r, C1s, C2, C4, C3, C5,
C6, C7, C8, C9, B, D, P, H, C1 inhibitor, S-protein
(vitronectin) (Calbiochem/EMD Biosciences), and serum
histidine/proline-rich glycoprotein (HPRG) (26), respectively.
The membrane bound IgG antibodies were detected by the
binding of [125I]-protein A (Amersham Biosciences/GE
Healthcare).

In additional experiments, HA preparations were coated
overnight onto 96-well ELISA microtiter plates (1 μg/well;
Corning), followed by washing the plates with PBS, blocking
non-specific binding sites with albumin (1 mg/ml), and adding
aliquots of 1/100 diluted NHS to the wells for incubation at
4˚C for 30 min. The extent of equal binding of HA to the
microtiter plates was determined by staining HA with Alcian
blue, and by ELISA using a monoclonal antibody against
human trophoblast protein (MCA227; Serotech), which is
known to recognize HA (27). Binding of serum complement
components by the coated HA preparations was determined
by standard ELISA, using the above-mentioned antibodies.

HA preparative polyacrylamide gel electrophoresis. Native
HA samples (3 mg) were fractionated according to their
molecular sizes by electrophoresis in a 10% non-SDS
preparative polyacrylamide gel. The majority of HA molecules
were distributed at the upper portion of the entire gel as
detected by the Schiff's reagent or Alcian blue (Sigma). The
HA containing portion was sliced equally into an upper and a
lower half according to the molecular sizes of HA, designated
gel 1 and gel 2, and the HA molecules were then electro-
eluted from these gels using a BioRad electroelutor. The
isolated HA samples from gel 1 and 2 were subjected to
treatments with heat, snapfrozen and/or freeze-dried as
described above. These HA preparations were tested for
their inhibition of complement-mediated EA hemolysis
(19,20). 

Hyaluronidase digestion of HA. Where indicated, HA
preparations were treated with bovine testicular hyaluronidase
(20 units/ml, Sigma) at various times at room temperature,
followed by heat treatment (100˚C, 2 min) to inactivate
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hyaluronidase. The digested HA preparations were then
tested for their activities on the restriction of the hemolytic
functions of both whole serum complement and the
functionally purified C1 (19,20). 

HA stimulates ERK phosphorylation in prostate DU 145
cells. Human prostate DU145 cells were cultured overnight
in 100-mm Petri dishes (Corning), and then treated with the
above mentioned HA preparations (50 μg/ml) for 1 h at
37˚C culture. Phosphorylation and expression of ERK were
examined by Western blotting. Antibody against ERK was

from BD Transduction Laboratory, and antibody against
phosphorylated-ERK (p-ERK) from Santa Cruz Laboratories.
Antibodies against WOX1 and WOX2 were made in rabbits
as described (28,29).

Results

Heat-treated/freeze-dried HA inhibits complement activation.
We previously demonstrated that HA anti-complementary
activity could be induced when HA solutions were heated at
100˚C for 5-30 min, followed by snapfreezing and thawing
just prior to interaction with the serum complement (19,20).
Without snapfreezing and prompt thawing, no induced anti-
complementary activity was observed. Here, we showed that
the heat-induced HA anti-complementary activity was
stabilized by freeze-drying. HA solutions were preheated at
100˚C for 20 min, followed by slow cooling and freeze-
drying (HAscfd), or by quick freezing and freeze-drying
(HAqffd). Aliquots of these HA preparations were incubated
with diluted NHS for 10 min at 37˚C, which resulted in ~45%
inhibition of serum complement-mediated hemolysis of EA
cells (sheep erythrocytes coated with antibodies; Fig. 1A). In
contrast, unheated or native HA solutions with or without
freeze-drying (HAn or HAnfd) failed to inhibit serum
complement-mediated hemolysis (only 5%). Notably, there
was no significant difference between HAscfd and HAqffd in the
inhibition of complement function (p>0.5, Student's t-tests).
Similarly, heated HA solutions, when subjected to slow
cooling (HAsc), also failed to restrict complement-mediated
EA hemolysis (<10%). The inhibitory effect on EA hemolysis
by HAscfd and HAqffd was not due to C3 consumption or
activation by these HA preparations, as determined by C3
crossed-immunoelectrophoresis (Fig. 2). These observations
were reproduced using medical grade or highly purified
Healon (data not shown), indicating the specific effects of
HA on the complement, rather than on protein contamination
in the HA from Sigma.

Also, the freeze-dried HA polymers, with or without heat
treatment, were directly dissolved in 1/3 diluted serum for 2 h
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Figure 1. Heat-treated/freeze-dried HA inhibits complement hemolytic
function. (A) HA samples were prepared as described in Materials and
methods. Diluted human serum was incubated with the indicated HA
preparations for 10 min at 37˚C, followed by the addition of prewarmed EA
cells (sheep erythrocytes coated with antibodies).  Each result represents an
average and standard deviation of 5 experiments (n=5). Heated/freeze-dried
HA inhibited complement hemolytic function. HAn, native HA; HAnfd,
native HA in solution subjected to freeze-drying; HAscfd, HA heat-treated
followed by slow cooling and freeze-drying; and HAqffd, HA heat-treated
followed by quick freezing and freeze-drying. Final dilutions: serum, 1/90;
HA, 200 μg/ml. Similar results were obtained when other dilutions of serum
were used to interact with the HA preparations (data not shown). (B) Dried
HA polymers, including HAn, HAnfd, HAscfd and HAqffd, were directly
dissolved in serum by incubation for 2 h at 37˚C (HA, 3 mg/ml; serum, 1/3
diluted). The HA/serum mixtures or diluted serum alone were further diluted
to 1/90 for testing the hemolytic activity of the serum complement (against
EA cells). The final concentration of HA was 100 μg/ml. Similarly, these
HA/serum mixtures or serum alone were diluted up to 1/6000 for examining
the rate-limiting serum C1 hemolytic function in the presence of EA cells
coated with excess amounts of C4, C2, C3, and C5-C9 (19,20). The final
HA concentration was 1.5 μg/ml. Again, heated/freeze-dried HA inhibited
C1-initiated activation of the complement cascade for hemolysis.

Figure 2. Heated/freeze-dried HA preparations inhibit serum C3 activation.
Determination of human serum C3 activation or conversion by HA
preparations, in the presence or absence of aggregated IgG (Agg. IgG), was
performed as described in Materials and methods. Aggregated IgG was used
to activate serum C3. Buffer alone was used in the negative control. Data
shown are an average from 2 experiments.
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at 37˚C. Both HA scfd and HAqffd inhibited the serum
complement-mediated EA hemolysis more effectively than
that of HAn or HAnfd (p<0.01; Student's t-tests) (Fig. 1B).
Similarly, the HA/serum mixtures were further diluted to
1/6000 for titrating serum C1 hemolytic activity. The results
also showed that both HAscfd and HAqffd exerted greater
inhibitions on serum C1 than did HAn or HAnfd (Fig. 1B; data
not shown for HAn).

In parallel with the above observations, aggregated IgG
mediated 75% activation of serum C3, whereas this
activation was reduced ~20% by the presence of HAscfd or
HAqffd (Fig. 2).

Again, the above observed effects were not due to
potential protein contamination in the HA preparations (from
Sigma). Digestion of HA preparations with hyaluronidase
readily abolished the stabilized anti-complementary activity
e.g. from 80-90% of C1 inhibition from serum or purified C1
by HAscfd or HAqffd, down to <10% in a time- or dose-
dependent manner. 

Gel-fractionated/freeze-dried HA inhibits complement
hemolytic function. Gel fractionation by electrophoretic force
is likely to induce interchain decoupling of the HA polymer
similar to the effect of heat. HA in solution (3 mg) was
electrophoresed in a polyacrylamide gel, followed by
electroelution. These eluted HA preparations could not
inhibit serum complement hemolytic function (Table I).
However, these HA preparations were then freeze-dried
and shown to have a significantly increased inhibition on
complement-mediated EA hemolysis (Table I). Alternatively,
these eluted HA fractions were heated, slowly cooled or
quickly frozen, and then freeze-dried. These procedures
yielded a similar extent of inhibition of hemolysis (Table I).
That is, gel fractionation and freeze-drying are sufficient to
induce an anti-complementary effect in HA.

Selective binding of complement proteins by heated/freeze-
dried HA preparations. We determined whether heated/
freeze-dried HA has an increased binding affinity for
complement proteins, thereby blocking their hemolytic
function. Various amounts of HAnfd and HAqffd were
immobilized onto a nylon membrane, followed by incubation
with diluted human serum. Western blot analysis showed that
HAqffd had a significant increase (>150%) in the binding of
serum C1q, C1r and C1s, compared to that of HAnfd (Fig. 3A).
Similarly, a fixed amount of HA preparations was immobilized.
There were significant increases (>300%) in the binding of
serum C1r, C1s, C2, C5 and C9 by HAscfd and HAqffd,
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Figure 3. Binding of serum complement proteins by conformationally altered HA. (A) HAnfd and HAqffd samples (25-400 ng) were immobilized onto a nylon
membrane and incubated with 1/100 diluted normal human serum, followed by processing immunostaining using antibodies against C1q, C1r and C1s (see
Materials and methods). (B) Similarly, binding of serum complement proteins to immobilized HA preparations, including HAn, HAnfd, HAscfd and HAqffd (100 ng),
was performed. Antibodies used were anti-C1r, C1s, C2, C3, C5, and C9.

Table I. Inhibition of complement hemolysis by gel-
fractionated/freeze-dried HA.a

–––––––––––––––––––––––––––––––––––––––––––––––––
% Inhibition of serum complement hemolytic activity
–––––––––––––––––––––––––––––––––––––––––––

Gel 1 Gel 2
––––––––––––––––––––––––––––––––––––––––––––––––––––––
HAe 11.3 12.7
HAefd 56.2 59.1
HAescfd 61.5 59.6
HAeqffd 59.8 57.7
–––––––––––––––––––––––––––––––––––––––––––––––––
aNative HA in solution was electrophoresed in a non-SDS
polyacrylamide gel.  The HA-containing portion was sliced equally into
an upper and a lower half, namely gel 1 and gel 2, followed by
electroelution. The eluted HA (HAe) samples were then i) freeze-dried
(HAefd), ii) heated, slow-cooled and freeze-dried (HAescfd), or iii)
heated, snapfrozen and freeze-dried (HAeqffd). Aliquots of the HA
preparations were mixed with equal volumes of diluted serum and
incubated for 10 min at 37˚C prior to the addition of prewarmed EA
cells. Final concentrations: HA preparations, 100 μg/ml; serum, 1/90
diluted. The data represent an average of two experiments.
––––––––––––––––––––––––––––––––––––––––––––––––––––––
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compared to HAn and HAnfd (Fig. 3B). These HA preparations
did not bind C3 (Fig. 3B). In these experiments, NHS was
diluted in the presence of EDTA to prevent complement
activation.

We further confirmed the above observations by ELISA.
Compared to buffer controls, HAn had <10% increases in the
binding of complement proteins (thus regarded as zero or
background). By normalizing to HAn, both HAscfd and HAqffd

had significant increases in the binding of serum complement
C1q, C1r, C1s, C2, C5, C9, D, P, and H (Table II) (p<0.01,
n=8, Student's t-tests). However, there were no significant
increases in the binding of complement C4, C3, C6, C7, C8, B,
C1 inhibitor, S-protein and histidine/proline-rich glycoprotein
by HAscfd and HAqffd, compared to the control HAn binding
(p>0.1, n=8). Similarly, HAnfd had little or no increases in the
binding of complement proteins.

Positive coating of HA preparations to nylon membranes
and ELISA microtiter plates was confirmed by Alcian blue
staining. Also, we utilized a monoclonal antibody in ELISA.
This antibody recognizes a human trophoblast protein and
HA (27). Our data showed that relatively constant amounts
of HA preparations were coated onto the nylon membranes
and ELISA microtiter plates (data not shown).

Heated/freeze-dried HA increases ERK phosphorylation but
suppresses the expression of WOX1 and WOX2 in prostate
DU145 cells. Cancer invasion is frequently associated
with upregulation of HA and hyaluronidases (3,30,31).
Conformational alteration of HA is likely to occur under
cancer-related inflammation in vivo (3,30,31). HA induces
activation of the MEK-ERK signaling cascade via the
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Table II. Binding of serum complement components by HA preparations.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
% Binding HAn HAnfd HAscfd HAqffd

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
C1q 0.0±2.6 -3.9±10.4 68.8±5.2 74.0±15.6
C1r 0.0±11.9 4.5±2.4 34.8±1.9 44.1±8.5
C1s 0.0±6.3 -8.9±6.3 17.9±5.4 26.8±7.1
C2 0.0±9.2 -1.3±6.1 30.1±7.9 37.8±11.9
C4 0.0±5.6 -5.4±5.4 -2.7±5.2 -3.6±4.7
C3 0.0±5.6 -5.5±3.7 5.5±10.2 10.7±5.4
C5 0.0±7.5 -4.1±8.4 19.3±6.6 18.2±4.0
C6 0.0±4.3 2.2±9.7 13.0±7.6 16.8±9.2
C7 0.0±12.0 -1.8±7.8 5.5±4.6 11.1±4.1
C8 0.0±3.1 -12.5±9.4 3.1±7.0 7.0±4.7
C9 0.0±7.2 -2.8±8.9 25.0±8.1 30.6±6.9
P 0.0±6.2 -1.5±9.7 53.6±5.6 69.8±9.5
B 0.0±3.9 -1.7±3.8 -2.6±5.6 -0.4±3.6 
H 0.0±9.1 1.3±6.5 16.3±2.2 22.4±6.0
D 0.0±11.1 -1.0±4.8 22.1±6.9 24.3±9.1
C1 inhibitor 0.0±11.4 5.0±7.0 11.4±4.4 8.9±4.4 
S-protein 0.0±0.5 0.1±0.7 -0.2±10.4 0.3±0.2
HPRGb 0.0±1.1 0.1±1.4 4.0±6.5 -0.2±1.3
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aBinding of serum complement components to HA preparations was performed as described in Materials and methods. By normalizing to
HAn (regarded as a background binding), both HAscfd and HAqffd had significant increases in the binding of serum complement C1q, C1r,
C1s, C2, C5, C9, D, P, and H (p<0.01, n=8, Student's t-tests). No significant increases in the binding of C4, C3, C6, C7, C8, B, C1 inhibitor,
S-protein and HPRG to HAscfd and HAqffd were observed compared to the HAn controls (p>0.5, n=8, Student's t-tests). Moreover, there were

no significant differences in the binding of complement proteins between HAn and HAnfd (p>0.5, n=8, Student's t-test). bHPRG: Histidine/
proline-rich glycoprotein, also known as histidine-rich glycoprotein (26).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 4. Regulation of ERK phosphorylation and WOX1 and WOX2
expression by HA preparations. Human prostate DU145 cells were cultured
overnight in Petri dishes and then treated with buffer or HA preparations,
including HAn, HAnfd and HAqffd (50 μg/ml) for 1 h at 37˚C. These HA
preparations equally increased ERK phosphorylation, whereas HAnfd and
HAqffd suppressed the expression of candidate tumor suppressors WOX1
(46 kDa; wild-type) and WOX2 (41 kDa; truncated) (27-29). These HA
preparations had no effect on tumor suppressor p53 (data not shown). A set
of representative data is shown from 3 experiments.
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receptor for HA-mediated motility (RHAMM) (21). We
examined whether there was an altered ERK phos-
phorylation in human prostate DU145 cells in response to
conformationally altered HA. All the tested HA preparations,
including HAn, HAnfd and HAqffd, equally increased ERK
phosphorylation during 1 h of exposure (Fig. 4A). In contrast,
HAnfd and HAqffd suppressed the expression of candidate
tumor suppressors WOX1 (46 kDa; wild-type) and WOX2
(41 kDa; truncated) (28,29). These HA preparations had no
effect on tumor suppressor p53 (data not shown). Similar
results were observed during a prolonged exposure of 16-24 h,
or in a dose-related experiment.

Discussion

In agreement with our previous observations (19,20), the HA
anti-complementary activity can be induced by altering its
conformation in solutions. By freeze-drying heated HA
solutions, we stabilized the HA anti-complementary activity,
as evidenced by a significant increase in the inhibition of
serum complement hemolytic function. This inhibition was
due to prevention of serum C1 activation by the heated/
freeze-dried HA preparations. Indeed, these treated HA
preparations blocked aggregated IgG-induced serum C3
activation. Binding studies showed that these HA
preparations, i.e. HAscfd and HAqffd, bound C1q, C1r, C1s, C2,
C5 and C9 of the classical pathway, indicating their
restriction of complement activation via interacting with
these complement proteins. Moreover, inhibition of serum
C1 hemolytic function by these HA preparations suggests that
C1 activation is restricted and the assembly of C4b2a and
subsequent C3 activation is blocked.

A plausible explanation for the stabilized HA anti-
complementary activity is that freeze-drying causes partial
depolymerization of HA long chains (32), which occurs as a
result of generation of free radicals during lyophilization or
freeze-drying. The depolymerized HA short segments when
re-coupled with HA long chains may disrupt the intact HA
network (33-36), thereby generating a disordered HA
conformation. Consequently, complement proteins become
readily restricted by HA via binding to its accessible poly-
anionic charges within the disrupted matrix.

To simulate heat-induced chain decoupling, we
fractionated the HA polymer by electrophoresis in poly-
acrylamide gels. The gel-fractionated HA was weakly anti-
complementary, and its activity was greatly augmented upon
freeze-drying, even without heating. Again, these observations
substantiate our notion that during electrophoresis and freeze-
drying, HA undergoes chain-decoupling and partial
depolymerization, which are essential for the generation of
an enhanced anti-complementary activity.

We assessed the effect of HA preparations on ERK
activation in metastatic prostate DU145 cells. HA activates
the MEK-ERK signaling cascade via cell surface RHAMM
(21). Both native and heated/freeze-dried HA preparations
induced ERK phosphorylation, suggesting that all the HA
samples bind RHAMM. However, the treated HA suppressed
the expression of proapoptotic WOX1 and WOX2. This
suppression is probably due to the recognition of additional
types of cell surface receptors by the conformationally altered

HA, thereby altering cellular protein expression.
Hyaluronidases are known to induce the expression of
WOX1 (22-24,37,38), and are expected to counteract with
HA for this induction.

Heated/freeze-dried HA selectively interacts with several
but not all the complement proteins. HAscfd and HAqffd

effectively bind C1q, C1r, C1s, C2, C5, C9, P, D and H,
whereas they have no apparent binding interactions with C3,
C4, B, S-protein (vitronectin) and histidine/proline-rich
glycoprotein. In contrast, heparin interacts with C1q, C2, C4,
C4-binding protein, C1 inhibitor, B, D, H, P, C6, C8, and C9
(39). The differential reactivity with complement proteins
between heparin and the conformationally altered HA is
mainly due to their differences in the extent of sulfation. The
structural motifs in the above complement proteins, which are
recognized by the conformationally altered HA are unknown
and remain to be elucidated. 

Native HA molecules bind to a structural motif in the
HA-binding proteins, such as RHAMM, CD44 and link
proteins (40). This motif contains a sequence of B(X7)B,
where B is either arginine or lysine, and X7 is a stretch of
seven amino acids containing no acidic residue and at least
one basic amino acid. We have analyzed the sequences of
mouse C1q A, B, C chains and human factor P; however, no
such structural motif has been found in these proteins. These
observations indicate that both native and conformationally
altered HA bind to different structural motifs in proteins.

To extensively disrupt the ordered HA conformation, HA
was subjected to depolymerization by hyaluronidase. The
results showed that there was a significant decrease in the C1
functional restriction by the depolymerized HA. Apparently,
hyaluronidase extensively depolymerized HA down to small
oligosaccharide units, which is different from that of the
degrading effect of freeze-drying. Since the short HA oligo-
saccharides have poor regulatory activity against the
complement, it is suggested that the restriction of C1 by HA
requires a certain extent of polymerization of HA disaccharide
units in order to bind and fold around C1 molecules.

In summary, we have shown in this study that HA anti-
complementary activity can be stabilized by heat treatment
and freeze-drying. This treated HA may have therapeutic
values in suppressing complement-induced inflammatory
diseases. We believe that an anti-inflammatory module in HA
does exist, and that further design is required to maximize its
function in controlling complement function and cell growth
and death. 
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