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ABSTRACT: Clusterin is a highly conserved mammalian glycoprotein which has been predicted to contain
heparin-binding sites. We tested this prediction by studying the interactions between heparin and clusterin
using ELISA and heparin affinity chromatography methodologies. Two forms of biotinylated heparin
were used in ELISA: heparin which had been directly biotinylated with a biotin-N-hydroxysuccinimide
ester and heparin which had been activated using epichlorohydrin and 1,6-diaminohexane prior to
biotinylation. Both gave dose-dependent increases in ELISA signal with increasing concentrations of
biotinylated heparin, with the latter giving signals an order of magnitude greater than the former. There
was a dose-dependent increase in the ELISA signal from bound biotinylated heparin with increasing
concentrations of plate-bound clusterin. The apparent affinity constant for binding of biotinylated heparin
to plate-bound clusterin at pH 6.0 was estimated as 0.06( 0.02 µM. Unlabeled heparin blocked the
binding of biotinylated heparin to clusterin over a concentration range similar to that of the binding of
biotinylated heparin to plate-bound clusterin. The binding of biotinylated heparin to clusterin was
independent of the presence or absence of Ca2+. The binding of biotinylated heparin to plate-bound
clusterin increased with decreasing pH over the range 5.5-8.0 and was characterized by an apparent pKa

of 6.9. Clusterin in human serum bound to heparin-Sepharose at pH 6.0 but not at pH 7.4. Dot-blot
experiments showed that one of the polypeptide chains of clusterin which had been reduced and alkylated
under denaturing conditions bound to heparin-Sepharose. This chain was identified as theR chain from
its N-terminal amino acid sequence.

Clusterin (also known as apolipoprotein J, TRPM-2, SGP-
2, gpIII, and gp80) was first described in 1983 as a secreted
glycoprotein produced by ram Sertoli cells and which was
able to elicit clustering of various cell types (1). The mature
form of secreted clusterin is a disulfide-linked heterodimer
of R andâ polypeptide chains, each≈ 40 kDa, produced by
cleavage of the primary translation product at its arg205-
ser206 bond (2). This form of clusterin is present in most
body fluids including serum, semen, saliva, urine, milk, and
cerebrospinal fluid (1, 3, 4). Recently, an intracellular form
of clusterin, apparently produced by differential translation,
has been identified. This form of clusterin interacts with
the cytoplasmic domains of TGF-â1 receptors and localizes
to the nuclei of epithelial cells following treatment with
TGF-â (5, 6).
The physiological functions of clusterin remain enigmatic.

It has been implicated in a diverse array of physiological
processes, including sperm maturation, regulation of comple-
ment activation, lipid transport, endocrine secretion, tissue
remodeling, and programmed cell death. Currently there is
no consensus as to which of these represent genuine
physiological functions (reviewed in ref7). The range of
biological molecules which have been reported to bind to
clusterin is similarly diverse. These include complement

proteins C7, C8, and C9 (8, 9), apolipoprotein A-I (10),
immunoglobulins (11, 12), Alzheimer’sâ-amyloid peptide
(13), and Streptococcal protein SIC (14).

Analyses of the amino acid sequence of clusterin have
shown that clusterin homologues in different mammals have
substantial sequence similarity. For example, there is 75%
sequence identity between the human and murine forms of
the protein (15, 16). Sequence analyses have also led to
predictions of a number of structural and functional properties
of clusterin. These include predictions that clusterin is
N-glycosylated, that it is a nucleotide-binding protein, that
it contains amphipathicR-helices, and that it is a heparin-
binding protein (2, 17, 18). Only the first two of these
predictions have been tested experimentally; studies of the
expression of clusterin by HepG2 cells have shown that it is
N-glycosylated (19) and the observation that clusterin does
not bind to AMP-Sepharose implies that it is not a
nucleotide-binding protein (20).

The heparin-binding motifs proposed by Cardin and
Weintraub (21), XBBXBX and XBBBXXBX, where B is
either arg or lys and X is any amino acid, were used to predict
four potential heparin-binding domains in clusterin (2). Two
of these are in theR chain (residues 45-60 and 190-196),
and two are in theâ chain (residues 402-408 and 420-
427). More recent analyses have shown that some heparin-
binding proteins do not contain the Cardin and Weintraub
motifs in their heparin-binding sites (22, and references
therein). Using molecular graphics techniques the spatial
distribution of basic amino acid residues were compared
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within peptides with known heparin-binding activity. This
led to the proposal that two basic residues about 20 Å apart
may define the heparin-binding motif ofR-helical peptides
(22). The predicted heparin-binding site between residues
45 and 60 of theR chain of clusterin satisfies this motif,
because the PredictProtein neural network (23) predicts that
this region of clusterin forms anR-helix within which arg46
and lys59 would be approximately 20 Å apart.
Below we report experimental tests of the prediction that

clusterin is a heparin-binding protein. We show that human
clusterin binds heparin with a sub-micromolar affinity
constant. The binding of heparin to clusterin is independent
of the presence or absence of divalent cations but increases
markedly at acidic pH. TheR chain of clusterin was found
to retain heparin-binding activity after being reduced and
alkylated under denaturing conditions.

EXPERIMENTAL PROCEDURES

Proteins and Antibodies. Clusterin-specific MAbs G7
(IgG1, κ) and 41D (IgG1,κ) have already been described
(24, 25). Rabbit IgG was prepared as in ref26. Clusterin
was prepared from human serum by G7 immunoaffinity
chromatography using a method based on ref12. Normal
human serum was filtered through a glass-fiber filter, made
10 mM in EDTA and 0.5 mM in phenylmethylsulfonylfluo-
ride, and then passed over a MAb G7-Sepharose column
equilibrated in 0.01 M phosphate, 0.15 M NaCl, 3 mM NaN3,
pH 7.4 (PBS). Unbound protein was eluted with PBS, and
the column was then washed with 1% (w/v) Triton X-100
in PBS to remove clusterin-bound lipoprotein and lipids.
Bound clusterin was then eluted with 2 M guanidine HCl,
10 mM Tris, pH 7.4, and thereafter it was extensively
dialyzed against PBS. Contaminating IgG was removed
from these preparations by Protein G-Sepharose affinity
chromatography. Bovine serum albumin (BSA), heat-
denatured casein, and hen egg white lysozyme were all from
Sigma-Aldrich, Castle Hill NSW, Australia.
Preparation of Biotinylated Heparin. Porcine heparin

(Grade 1-A, sodium salt,Mr 1× 104g/mol) was from Sigma-
Aldrich. Native heparin was biotinylated by the method of
ref 27; heparin at 4 mg/mL in azide-free PBS was mixed
with biotin-X-NHS (Calbiochem, San Diego) from a 10 mg/
mL solution in DMSO to give a 1:10 w/w ratio of biotin-
X-NHS to heparin. After a 1 h incubation at room
temperature the solution was dialyzed against PBS and stored
at 4 °C until use.
When heparin was biotinylated using the method shown

in Figure 1 it was first dissolved to 10 mM in 2 M NaOH.
Samples (2 mL) were made 30 mM in NaBH4 (from a 0.3
M stock) and 1.9 M in epichlorohydrin, and the solution was
made up to 10 mL with 2 M NaOH. This solution was
incubated at room temperature for 24 h and then dialyzed
against water. 1,6-Diaminohexane was then added to 0.1
M (from a 0.5 M stock in 0.1 M NaHCO3, pH 8.5), and
after a further 24 h incubation at room temperature the
solution was dialyzed against 0.1 M NaHCO3, pH 8.5.
Biotin-X-NHS from a 10 mg/mL solution in DMSO was
added to give a 1:1 (w/w) ratio to heparin. After a 3 h
incubation at 37°C the solution was dialyzed against water
and freeze-dried, and the biotinylated heparin (b-heparin) was
stored at 4°C until use.

The amino group content of heparin samples was deter-
mined using a method based on ref28. Heparin in 0.1 M
NaHCO3, pH 8.5, was made 0.12 mM in trinitrobenzene-
sulfonate (Sigma) and incubated in the dark for 3 h atroom
temperature. The absorbances of the solutions at 367 nm
were measured, and the amino content of the samples was
calculated assuming an extinction coefficient for trinitro-
phenyl-amino adducts of 1.1× 104 M-1 cm-1 (28). The
absorbance arising from spontaneous hydrolysis of trini-
trobenzenesulfonate was corrected for using samples from
which heparin was omitted.
ELISA Methods. Aliquots (50µL) of clusterin (typically

20 µg/mL in 0.1 M NaHCO3, pH 9.5) were applied to
polystyrene ELISA trays (Disposable Products, Adelaide,
Australia) and allowed to adsorb for 1 h at 37°C. The wells
were then blocked with 100µL aliquots of azide-free PBS
containing 1% (w/v) heat-denatured casein and 0.04% (w/
v) thymol (HDC) for 30 min at 37°C. b-heparin in 50 mM
MES, 100 mM NaCl, 1% (w/v) BSA, 3 mM NaN3, pH 6.0
(MES buffer) was next applied to the trays in 50µL aliquots
and incubated for 1 h at 37 °C. Bound b-heparin was
detected using 50µL aliquots of horseradish peroxidase-
conjugated streptavidin (Boehringer-Mannheim Australia
P/L, Castle Hill, Australia) diluted 1:2000 in azide-free MES
buffer containing 0.04% (w/v) thymol with a 1 hincubation
at 37°C. The ELISA trays were washed 10 times with water
between each of the above steps. The substrate solution used
was 100µL aliquots of 2.5 mg/mLo-phenylenediamine
dihydrochloride in 0.05 M citrate, 0.1 M phosphate, pH 5,
containing 0.03% (v/v) H2O2. The reaction was stopped
using 50µL aliquots of 2 M H2SO4, and the absorbance of
the product formed was measured at 490 nm using a BioRad
Model 450 plate reader.
Samples of diluted human serum that had been fractionated

over heparin-Sepharose as below were analyzed for clusterin
by ELISA. Aliquots were applied to ELISA trays as above
at dilutions where there was a linear relationship between
sample dilution and ELISA signal. The wells were blocked
with HDC as above, and then bound clusterin was detected
using tissue culture supernatant from G7 hybridoma cells as
the source of primary antibody. Bound G7 antibody was
detected using horseradish peroxidase-conjugated sheep anti-

FIGURE1: Reaction scheme for preparation of biotinylated heparin.
Step (1), reaction of heparin with epichlorohydrin, yielding pro-
pylepoxyheparin; step (2), reaction of propylepoxyheparin with 1,6-
diaminohexane, yielding activated heparin; step (3), reaction of
activated heparin with biotin-X-NHS, yielding b-heparin.
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mouse Ig antibody (Silenus Laboratories, Melbourne, Aus-
tralia) diluted 1:2000 in HDC.

Immunoblotting Methods. In Western blotting procedures,
clusterin which had been resolved on 10% SDS-PAGE gels
under either reducing or nonreducing conditions was elec-
trophoretically transferred to nitrocellulose (Gelman Sciences,
Ann Arbor) using a Hoefer TE Series electrophoresis unit
and 25 mM Tris, 192 mM glycine, 20% (v/v) methanol as
transfer buffer. The nitrocellulose was then blocked by a 1
h incubation in HDC, and bound clusterin was detected using
41D hybridoma tissue culture supernatant as the primary
antibody source and horseradish peroxidase-conjugated sheep
anti-mouse Ig antibody diluted 1:2000 in HDC as the
secondary antibody. The blots were developed using a
substrate solution containing 1 volume 30 mg/mL 4-chloro-
1-naphthol in methanol: 5 volumes azide-free PBS: 1µL/
ml 30% (w/v) hydrogen peroxide. In some experiments
bound primary antibody was detected using125I-labeled sheep
anti-mouse Ig antibody. In these cases the bound secondary
antibody was visualized using a Molecular Dynamics phos-
phorimager and ImageQuant software. In dot-blot proce-
dures, 10µL aliquots of reduced and alkylated clusterin at
concentrations between 1 and 10µg/mL in 0.1 M NaHCO3,
pH 9.5, were applied to nitrocellulose and allowed to adsorb
for 15 min at room temperature. The nitrocellulose was then
blocked and probed using MAb 41D and horseradish
peroxidase-conjugated sheep anti-mouse Ig antibody as
described above.

Heparin-Sepharose Affinity Chromatography of Human
Serum. Samples of human serum (0.2 mL) were diluted to
2 mL with either PBS or protein-free MES buffer. The
samples were then applied to a 10 mL column of heparin-
Sepharose (AMRAD Pharmacia Biotech, Melbourne, Aus-
tralia) equilibrated with either PBS or MES buffer. Unbound
protein was eluted with the equilibration buffer; the absor-
bance at 280 nm of the eluate was measured using an LKB
Uvicord S column monitor. When the absorbance reached
baseline, bound protein was eluted with 10 mM phosphate,
2 M NaCl, 3 mM NaN3, pH 7.4. Aliquots of the pools of
unbound and bound protein were diluted into PBS and
analyzed for clusterin by ELISA and immunoblotting as
described above.

Binding of Reduced and Alkylated Clusterin to Heparin-
Sepharose. Clusterin was reduced and alkylated using a
method based on ref29. Clusterin (1 mg) in PBS was made
6 M in guanidine HCl and incubated at 80°C for 10 min.
The solution was then made 10 mM in 2-mercaptoethanol
and incubated at 80°C for 15 min. It was then made 20
mM in iodoacetamide, incubated for a further 1 h at 80°C,
and then dialyzed against 10 mM phosphate, pH 6.5.
Cleavage of the interchain disulfide bonds of clusterin was
confirmed by SDS-PAGE. The reduced and alkylated
clusterin was then applied to a heparin-Sepharose column,
equilibrated in 10 mM phosphate, pH 6.5; the absorbance
of the eluate was monitored as above. Unbound material
was eluted with the same buffer, and then bound material
was eluted with 10 mM phosphate, 1 M NaCl, pH 6.5. The
bound fraction was concentrated by ultrafiltration and then
subjected to six cycles of N-terminal sequencing. This was
done by the Australian Proteome Analysis Facility (Mac-
quarie University, Sydney) on a Hewlett-Packard G1000A

Protein Sequencer using the standard protocol for that
instrument.
Data Analysis. Where appropriate, data were subjected

to nonlinear regression analysis using KaleidaGraph Version
3.0.5, Synergy Software, Reading, PA).

RESULTS

DeVelopment of a NoVel Method for Biotinylation of
Heparin. In preliminary experiments, heparin which had
been biotinylated by the method of ref27was used in ELISA
studies of the heparin-binding properties of clusterin. In this
method, native heparin is treated with a biotin-N-hydroxy-
succinimide ester; we found that biotinylated heparin (b-
heparin) made in this way gave weak and variable signals
in ELISA, regardless of whether clusterin or chicken
lysozyme [an authentic heparin-binding protein (27)] was
used as the target protein. We reasoned that this may have
reflected the fact that the reaction chemistry of the method
of ref 27 involves a reaction between the biotin-N-hydroxy-
succinimide ester and free amino groups on heparin; typically
most of the amino groups of the glucosamine residues of
heparin are either acetylated or sulfated and are therefore
unavailable for reaction with biotin-N-hydroxysuccinimide
esters. Thus, the poor results of our preliminary experiments
may have been a consequence of low levels of biotinylation
of the heparin used.
Hence we developed a method, shown schematically in

Figure 1, for increasing the number of free amino groups
on heparin prior to biotinylation. In this method, epoxy
groups are first introduced into heparin using epichlorohy-
drin. Heparin that has been activated in this way is then
allowed to react with 1,6-diaminohexane, generating an
amino derivative which can then be biotinylated using a
biotin-N-hydroxysuccinimide ester. In a series of trial
experiments, the effects of varying both the concentrations
of epichlorohydrin and 1,6-diaminohexane as well as the
effects of different reaction buffers and reaction times on
biotinylation of heparin were studied, leading to the protocol
for biotinylation of heparin described in Experimental
Procedures. We confirmed that this procedure led to an
increase in the amino group content of heparin using the
trinitrobenzene sulfonate assay described in Experimental
Procedures; native heparin had 0.7( 0.2 amino groups/mol
while heparin which had been treated with epichlorohydrin
and 1,6-diaminohexane had 15( 1 amino groups/mol
(means( standard deviations of triplicate determinations).
A comparison of the ELISA reactivities of b-heparin made

in this way and b-heparin made by the method of ref27,
using clusterin as the target protein, is shown in Figure 2A.
There were dose-dependent increases in the ELISA signal
with heparin concentration for both types of b-heparin.
However, it is apparent that, when present at saturating levels,
b-heparin made using the scheme shown in Figure 1 gives
an approximately 10-fold greater ELISA signal than heparin
made as in ref27. This observation, combined with the
estimates of the amino group content of native heparin and
heparin derivatized as in Figure 1, suggests that the poor
ELISA signals obtained using b-heparin made as in ref27
were a consequence of low levels of biotinylation of heparin.
The observation that there was negligible binding of b-
heparin made using the scheme shown in Figure 1 to rabbit
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IgG (Figure 2A) suggests that the increased signals obtained
using this form of b-heparin did not reflect nonspecific
binding to clusterin.
The data shown in Figure 2A imply that clusterin is a

heparin-binding protein. To confirm this, we examined the
relationship between the concentration of clusterin used to
coat the ELISA trays and the ELISA signal arising from
bound b-heparin. When this was done, the data in Figure
2B were obtained. The observation that there were dose-
dependent increases in the ELISA signal from bound
b-heparin with increasing concentrations of clusterin shows
that clusterin is a heparin-binding protein.
Before embarking on a quantitative analysis of the heparin-

binding properties of clusterin, we sought to obtain evidence
that heparin biotinylated as in Figure 1 did not have
compromised protein-binding activity. We did this by first
determining the dose-dependence of the binding of b-heparin
to lysozyme (Figure 3, solid symbols). These data were

analyzed assuming that the binding of b-heparin to lysozyme
is a noncooperative process. Equation 1 describes the
dependence of the ELISA signal on the concentration of
b-heparin for this case:

whereA, Amax, [b-heparin],K, and NS represent, respectively,
the absorbance obtained in ELISA, the absorbance at
saturating levels of b-heparin, the concentration of b-heparin,
the apparent dissociation constant for lysozyme-b-heparin
complexes, and the contribution to the measured absorbance
from nonspecifically bound b-heparin. Nonlinear regression
of this equation onto the solid symbol data set shown in
Figure 3 gave an estimate forK of 0.043( 0.005µM. This
is in good agreement with the value (0.04µM) obtained by
ref 27 in their study of the binding of b-heparin to lysozyme.
As an additional test of the protein-binding activity of the

b-heparin, we used native heparin to inhibit the binding of
b-heparin to lysozyme in competition experiments (Figure
3, open symbols). These data were analyzed using eq 2:

where [heparin] andKi are the concentrations of native
heparin and the apparent dissociation constant for lysozyme-
native heparin complexes, respectively, with the other
symbols being as in eq 1. Nonlinear regression of eq 2 onto
the open symbols in Figure 3 gave an estimate forKi of 0.11
( 0.02µM. The finding that this value was similar to the
dissociation constant for b-heparin suggests that biotinylation
of heparin as in Figure 1 does not compromise its protein-
binding activity.
QuantitatiVe Analysis of the Binding of b-Heparin to

Clusterin in ELISA. To assess the apparent affinity of
heparin for clusterin, experiments of the type shown in Figure
3 were carried out using clusterin as the target protein. In
the first series of experiments, the dependence of the ELISA

FIGURE 2: Binding of b-heparin to clusterin. (A) Comparison of
different types of b-heparin. Clusterin (6µg/mL in 0.1 M NaHCO3,
pH 9.5) was used to coat an ELISA tray, which was then blocked
with HDC as described in Experimental Procedures. The binding
of b-heparin made either by the method of Zou et al. (9) or heparin
which had been activated as in Figure 1 (0) was then measured as
in Experimental Procedures. The binding of heparin which had been
activated as in Figure 1 to rabbit IgG, applied to an ELISA tray at
25µg/mL (b) was measured in the same way. The data shown are
means( standard deviations of triplicate determinations; in some
cases, the error bars are smaller than the data symbols. (B)
Dependence of b-heparin binding on clusterin concentration.
Clusterin at the indicated concentrations in 0.1 M NaHCO3, pH
9.5, was used to coat an ELISA tray. The binding of b-heparin
(0.3 µM) which had been activated as in Figure 1 was then
measured as in Experimental Procedures. The data shown are means
( standard deviations of triplicate determinations.

FIGURE 3: Binding of b-heparin to lysozyme. Lysozyme (20µg/
mL in 0.1 M NaHCO3, pH 9.5) was used to coat ELISA trays. The
binding of b-heparin at the indicated concentrations (9) was then
measured, and in a separate experiment, the effects of unlabeled
heparin at the indicated concentrations (0) on the binding of
b-heparin (0.3µM) were determined, using the methods in
Experimental Procedures in both cases. The data shown are means
( standard deviations of triplicate determinations; in some cases
the error bars are smaller than the data symbols.

A)
Amax[b-heparin]

K + [b-heparin]
+ NS (1)

A)
Amax

(1+ [heparin]/Ki)
+ NS (2)
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signal from bound b-heparin on the input concentration of
b-heparin was established. The results of these (Figure 4,
closed squares) show that the binding of b-heparin to
clusterin was a saturable phenomenon. Nonlinear regression
of eq 1 onto the b-heparin-clusterin binding data gave an
estimate for the apparent dissociation constant for clusterin-
b-heparin complexes of 0.061( 0.009µM. Analysis of four
independent experiments of this type gave a mean value ((
standard deviation) for the apparent dissociation constant of
0.06( 0.02 µM. Native heparin inhibited the binding of
b-heparin to clusterin in a dose-dependent manner (Figure
4, open squares). Nonlinear regression of eq 2 onto these
data gave an estimate for the apparent dissociation constant
for clusterin-heparin complexes of 0.25( 0.06µM.
Dependence of the Binding of Heparin to Clusterin on

Ca2+ and pH. The binding of heparin to a number of
proteins has been shown to be modulated by calcium ions
or other divalent cations. For example, the hemopexin-like
domain of human gelatinase A binds to heparin in the
presence of Ca2+ (30). The binding of heparin to human
serum amyloid P component is highly Ca2+-specific, in that
no binding was observed in the presence of either Ba2+ or
Mg2+ (31). In contrast, heparin has been shown to bind to
human fibrinogen independently of the presence or absence
of divalent cations (32). However, when the binding of
b-heparin to clusterin was measured in the presence of either
1 mM CaCl2 or 1 mM EDTA (Figure 5), no significant
difference in the apparent affinity of heparin for clusterin
was seen; nonlinear regression of eq 1 onto each of the data
sets in Figure 5 gave estimates forK of 0.065( 0.019µM
and 0.091( 0.010µM for the CaCl2 and EDTA data sets,
respectively.

In contrast, the binding of heparin to clusterin was found
to vary with pH, being maximal under mildly acidic
conditions (Figure 6). These data were analyzed assuming
that the variation in the binding of heparin was a consequence
of the ionization of a single residue on clusterin. This is
described by eq 3:

whereAlow, Ahigh, andK represent the limiting absorbance at
low pH, the limiting absorbance at high pH, and the
dissociation constant for the ionizable residue, respectively.
Nonlinear regression of eq 3 onto the data in Figure 6 gave
an estimate forK of (1.3( 0.4)× 10-7 M, corresponding
to a pKa of 6.9.
The conclusion that clusterin binds preferentially to heparin

under mildly acidic conditions was corroborated by the
results of affinity purification of clusterin from dilute human
serum using heparin-Sepharose (Figure 7). ELISA analysis
of the clusterin in dilute human serum which had been passed
over heparin-Sepharose equilibrated with PBS, pH 7.4,
showed that only trace amounts of clusterin were retained
by this affinity matrix (Figure 7A, open bars). Conversely,
when dilute serum was adjusted to pH 6.0 and then passed
over heparin-Sepharose equilibrated with MES buffer, pH

FIGURE 4: Concentration dependence of the binding of b-heparin
to clusterin. Clusterin (20µg/mL in 0.1 M NaHCO3, pH 9.5) was
used to coat ELISA trays. The binding of b-heparin at the indicated
concentrations (9) was then measured (absorbances shown on left
ordinate). In a separate experiment, the effects of unlabeled heparin
at the indicated concentrations (0) on the binding of b-heparin (0.3
µM) were determined (absorbances shown on right ordinate), using
the methods in Experimental Procedures in both cases. The data
shown are means( standard deviations of triplicate determinations.

FIGURE 5: Dependence of the binding of b-heparin to clusterin on
divalent cations. Clusterin (20µg/mL in 0.1 M NaHCO3, pH 9.5)
was used to coat ELISA trays. The binding of b-heparin at the
indicated concentrations was measured in the presence of either 1
mM CaCl2 (9) or 1 mM EDTA (0) using the methods in
Experimental Procedures in both cases. The data shown are means
( standard deviations of triplicate determinations.

FIGURE 6: Dependence of the binding of b-heparin to clusterin on
pH. Clusterin (20µg/mL in 0.1 M NaHCO3, pH 9.5) was used to
coat an ELISA tray. The binding of b-heparin (0.3µM in 25 mM
MES, 5 mM phosphate, 0.125 M NaCl, 10 mg/mL BSA, adjusted
to the indicated pH values) was then measured; bound b-heparin
was detected using horseradish peroxidase-conjugated streptavidin
diluted 1:2000 into the above buffer at appropriate pH. The data
shown are means( standard deviations of triplicate determinations.

A)
Alow[H

+] + AhighK

[H+] + K
(3)
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6.0, the bulk of the clusterin was retained by the column
and could be eluted with PBS containing 2 M NaCl (Figure
7A, closed bars). When we analyzed aliquots of the wash-
through and bound fractions for clusterin by immunoblotting
(Figure 7B), the results confirmed the conclusions drawn
from the ELISA analyses. Clusterin (at its expected size of
approximately 80 kDa) was detectable only in the wash-
through fraction of heparin-Sepharose columns which had
been equilibrated at pH 7.4 (Figure 7B, lane 4). Conversely,
clusterin was only detectable in the bound fraction of
heparin-Sepharose columns which had been equilibrated at
pH 6.0 (Figure 7B, lane 1).
Binding of Reduced and Alkylated Clusterin to Heparin-

Sepharose. The data presented above show that clusterin
can bind to heparin under nondenaturing conditions. The
heparin binding site(s) of clusterin could be composed either
of amino acid residues which are contiguous in the sequence
of the protein (sequential heparin-binding sites) or of residues
which are distant in the sequence of the protein, but which
are brought into physical proximity by the three-dimensional

structure of native clusterin (conformational heparin-binding
sites). In an attempt to assess whether clusterin contains
sequential rather than conformational heparin-binding sites,
samples of clusterin which had been reduced and alkylated
under denaturing conditions were subjected to affinity
chromatography over heparin-Sepharose. When this was
done it was found that, as judged by the absorbance at 280
nm of the eluate, approximately half of the reduced and
alkylated clusterin was present in the break-through fraction,
while the remainder bound to the column and could be eluted
with 0.01 M phosphate, 0.5 M NaCl, pH 7.4. Analyses of
the break-though and bound material by dot-blots, using
MAb 41D as the detection antibody, showed that this MAb
reacted with the unfractionated reduced and alkylated clus-
terin and with the bound material but not with the break-
through fraction (Figure 8). As we have established that
MAb 41D detects only one of the polypeptide chains of
clusterin in Western blotting experiments after the protein
has been subjected to SDS-PAGE under reducing conditions
(data not shown), the data shown in Figure 8 imply that one
of the polypeptide chains of clusterin contains a heparin-
binding site which is retained after the protein has been
reduced and alkylated under denaturing conditions. To
identify this chain, samples of the material which bound to
heparin-Sepharose were subjected to six cycles of N-
terminal sequencing. Only one amino acid was detected at
each cycle, and the sequence obtained was glu-gln-thr-val-
ser-glu. This sequence is identical to that of the first six
residues of theR chain of processed human clusterin (2, 15,
33). These data therefore imply that theR chain of clusterin

FIGURE 7: Fractionation of human serum on heparin-Sepharose
at pH 7.4 and 6.5. (A) ELISA analysis. Samples of diluted human
serum were fractionated on heparin-Sepharose at either pH 7.4
(open bars) or 6.0 (closed bars) as described in Experimental
Procedures. The clusterin content of the wash-through and bound
fractions (both diluted 1:400) was assessed by ELISA, as described
in Experimental Procedures. The data shown are means( standard
deviations of triplicate deteminations. B. Immunoblotting analysis.
Aliquots of the bound and unbound material were subjected to
SDS-PAGE under nonreducing conditions, transferred to nitrocel-
lulose and then probed for clusterin using MAb 41D and125I-labeled
sheep anti-mouse Ig antibody as described in Experimental
Procedures. The samples were as follows: lane 1, bound fraction,
pH 6.0; lane 2, wash-through fraction, pH 6.0; lane 3, bound
fraction, pH 7.4; lane 4, wash-through fraction, pH 7.4. The
migration positions of molecular weight standards are indicated by
arrows.

FIGURE 8: Dot-blot analysis of reduced and alkylated clusterin
fractionated on heparin-Sepharose. Aliquots (10µL) of reduced
and alkylated clusterin at the indicated concentrations inµg/mL
were applied to nitrocellulose which was then probed with MAb
41D as described in Experimental Procedures. The samples were
as follows: (A) reduced and alkylated clusterin prior to fractionation
on heparin-Sepharose, (B) the fraction which did not bind to the
column, and (C) the fraction which bound to the column.
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contains a heparin-binding site which is retained after the
protein has been reduced and alkylated under denaturing
conditions.

DISCUSSION

There are four novel aspects of the data presented above:
development of a new method for biotinylation of heparin,
use of heparin which had been biotinylated in this way to
demonstrate that clusterin is a heparin-binding protein,
demonstration by ELISA and affinity chromatography that
clusterin binds preferentially to heparin at low pH, and
demonstration that theR chain of clusterin contains a heparin-
binding site which is retained following reduction and
alkylation of the interchain disulfide bonds of clusterin.
A number of different strategies have been used to prepare

b-heparin. In some cases (e.g.,27, 34) native heparin was
biotinylated using amino group-reactive reagents. In our
hands (Figure 2A), b-heparin made in this way gave
relatively poor signals in ELISA, presumably as a conse-
quence of the limited number of amino groups in native
heparin available for biotinylation. This potential problem
has been recognized by other workers, who have derivatized
heparin to increase its amino group content prior to bioti-
nylation. For example, heparin has been activated with
cyanogen bromide and then reacted it with 1,6-diaminohex-
ane prior to biotinylation (35). Biotinylated heparin made
in this way was used successfully in studies of the heparin-
binding properties of tenascin-C (36). This strategy is similar
to that used in this work, although the fact that epichloro-
hydrin is less toxic than cyanogen bromide may be an
advantage of our approach. A different approach was used
by Stearns et al. (37) who introduced amino groups into
heparin using 3-bromopropylamine hydrobromide. They
found that (depending on the target protein) there was up to
an order of magnitude gain in sensitivity in dot-blot assays
using b-heparin made from derivatized heparin compared to
native heparin.
Although we have only used the procedure outlined in

Figure 1 to prepare biotinylated heparin, in principle it could
be used to prepare other labeled forms of proteoglycans. For
example, treatment of proteoglycans which had been de-
rivatized as in Figure 1 with fluorescein isothiocyanate could
be used to prepare fluorescent derivatives for use in flow
cytometry or histochemistry experiments.
Our analysis of the binding of heparin to clusterin shows

that it is characterized by an apparent affinity constant of
0.06( 0.02 µM (Figure 4). This value is comparable to
that (0.02 µM) reported for the binding of heparin to
antithrombin (38) and falls in the midrange of reported
affinity constants for heparin-protein interactions. These
values range from 0.3 nM for heparin binding to the
Alzheimer’s disease amyloid precursor protein (39) to 4µM
for binding of heparin to low-density lipoproteins (40).
Although we have shown that theR chain of clusterin
contains a sequential heparin binding site (Figure 8) we
cannot yet rule out the possibility that the predictedâ chain
heparin binding sites of clusterin (residues 402-408 and
420-427) contribute to its heparin-binding activity but are
dependent on the conformational integrity of the protein,
being lost following reduction and alkylation of the interchain
disulfide bonds of clusterin under denaturing conditions.

The physiological significance of the ability of clusterin
to bind heparin is not known. Increased clusterin expression
is associated with a number of models of tissue damage or
re-modeling, including regression of the rat prostate follow-
ing androgen ablation, nephrotoxic or hydrostatic pressure
kidney damage, neurodegenerative conditions, and myocar-
dial infarction (reviewed in ref41). This has led to the
suggestion that clusterin may serve as a scavenger for
potentially deleterious hydrophobic molecules released at
such sites (42). It is known that mast cells, the primary
cellular source of heparin, can be chemotactically recruited
to sites of tissue damage or repair, where they release
heparin-containing granules (reviewed in ref43). We
speculate that the ability of clusterin to bind to heparin
released at such sites may serve to increase the local clusterin
concentration and/or to modulate the ability of clusterin to
remove hydrophobic molecules and other cellular debris.
There is a precedent for this hypothesis; the binding of
heparin to basic fibroblast growth factor-2 is known to
potentiate its binding to cognate receptors (e.g., ref44).

Our finding that the binding of clusterin to heparin is
enhanced at mildly acidic pH (Figures 6, 7) may be an
example of a general phenomenon for clusterin-binding
ligands. It has been reported that the binding of IgG,
complement protein C9, and theâ-amyloid peptide of
Alzheimer’s disease to clusterin are all enhanced at pH 6.0
compared to 7.5.2 As heparin, IgG, C9, andâ-amyloid
peptide are structurally disparate molecules, it is unlikely
that their ability to bind preferentially to clusterin at low pH
reflects pH-induced structural changes in their clusterin-
binding sites. A more plausible explanation may be that
there are pH-induced changes in the structure of clusterin
which lead to an enhancement of its ability to bind these
ligands.3 The preferential binding of clusterin to heparin
under mildly acidic conditions may also be relevant to the
above speculative hypothesis for the physiological impor-
tance of this interaction. Local acidosis may occur at sites
of tissue damage or inflammation, with the pH at such sites
falling to as low as 6 (45, 46). In some cases the local
acidosis may be prolonged; a local pH of 6.09( 0.19 was
recorded in damaged rat brain tissue 7 h after experimental
occlusion of the middle cerebral artery (46). It is thus
possible that local acidosis at sites of tissue damage may
persist long enough to allow augmentation of the clusterin-
heparin interaction, hence facilitating the putative scavenger
function of clusterin.
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