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Abstract

Heparin and heparan sulfates are regulators of cellular events including adhesion, proliferation and migration. In
particular, the antiproliferative effect of heparin on smooth muscle cell (SMC) growth is well described. However, its
mechanism of action remains unclear. Numerous results suggest an endocytosis mediated by a still unknown heparin receptor
on vascular SMCs. In order to identify a putative heparin receptor on SMCs that could be involved in heparin signalling,
affinity chromatography supports were developed. In this paper, we describe high-performance liquid affinity chromatog-
raphy (HPLAC) supports obtained from silica beads coated with dextran polymer substituted by a calculated amount of
diethylaminoethyl functions. With a polysaccharide dextran layer, this type of support can be grafted with specific ligands,
such as heparin, using conventional coupling methods. In a previous work, we demonstrated, using butanedioldiglycidyl
ether, that silica stationary phases coupled to heparin could be used for the fast elution and good peak resolution of
heparin-binding proteins. In the present work, an affinity chromatographic fraction of SMC membrane extracts was analyzed
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—-PAGE) and six heparin-binding proteins from
dodecyl octaethyleneglycol monoether-solubilized SMCs were observed. Their M, values were between 40 and 70 kDa, with
three major protein bands at 66, 45 and 41 kDa. These results indicate the usefulness of the chromatographic method for
purifying heparin binding proteins from SMC membrane. [ 1998 Elsevier Science BV.
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1. Introduction

Vascular smooth muscle cells (VSMCs) play a
major role in the pathophysiology of vascular walls
[1]. Smooth muscle cell (SMC) proliferation is one
of the key events in atherosclerosis. Nowadays, it is
known that migration and growth of VSMCs are
inhibited by heparin and endothelial heparan sulfate
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proteoglycans [2,3]. Although it is described that
heparin is an antiproliferative agent for VSMCs in
vitro [2,4,5] and after vascular injury [6,7], the
molecular mechanism involved in this effect has not
yet been elucidated. Heparin binding sites have been
reported with different affinities for a variety of cell
types in the vascular system, such as, monocytes [8],
macrophages [9,10], VSMCs [11-13] and vascular
endothelia cells [14,15], but also in epithelia cells
[16], hepatocytes [17,18], Chinese hamster ovary
cells [19] and granulosa cells [20]. However, specific
cell surface heparin-binding sites were only found in
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VSMCs [11,12] with high affinity (K,=10"° M) and
10° specific heparin-binding sites/cell. The effects of
heparin on VSMCs are postulated to be receptor-
mediated [11,12]. It is thus interesting to characterize
the cell-surface heparin-binding proteins from SMCs.
Lankes et a. [21] described a 78 kDa heparin-
binding protein from bovine uteri, which was
thought to be involved in the inhibition of VSMC
proliferation. A possible role of this protein as a
receptor for heparin has been suggested. Putative
heparin receptors have also been described in other
cells. For instance, anaysis of surface-iodinated
monocytoid cell line (U937) lysates by heparin
affinity chromatography revealed a major, 120 kDa,
cell surface heparin-binding protein that could be the
receptor [8]. Binding sites recognized by heparin
have been characterized on the cell surface of mouse
uterine epithelial cells by Wilson et al. [16]. Heparin-
binding proteins of 14, 18.5 and 31 kDa have been
identified in human uterine epithelia cells after
binding and elution from heparin—agarose and sepa-
ration by SDS-PAGE [22]. More recently, Patton et
a. [23] isolated a 45-kDa heparin binding poly-
peptide in porcine aortic endothelia cells. These
proteins bind to heparin—Sepharose affinity columns.
The importance of the interaction between heparin in
solution and membrane proteins of different cellular
types is clearly evidenced. However, the specificity
of these interactions for the immobilized polysac-
charide has till to be demonstrated. In a previous
work [24], our results indicated that proteins ex-
tracted from cell membranes have affinity for heparin
immobilized on a high-performance liquid affinity
chromatography (HPLAC) support. We demonstrated
that heparin silica-based stationary phases exhibit
good separation properties for cellular proteins. Cell
extracts were solubilized by different detergents
(Triton X-100, octylglucoside and C,,E;). We found
that C,,E,, a dodecyloctaethyleneglycol monoether
solubilizing agent for membrane proteins [25], was
of interest for both the SMC membrane solubiliza-
tion and chromatographic elution steps.

In the present study, SDS-PAGE analysis of
affinity-purified C,,Eg-solubilized SMC membrane
proteins revealed approximately six heparin-binding
proteins with molecular masses ranging from 40 to
70 kDa.

2. Experimental
2.1. Materials

The HPLC apparatus is a Merck-Hitachi 655A-12
gradient system from Merck-Clevenot (Nogent sur
Marne, France) with a Rheodyne 7161 injection
valve, connected to a UV absorbance detector
(Model 111D, Gilson) and an integrator (D-2000
GPC Integrator, Merck).

Silica beads were kindly provided by Biosepra
(Villeneuve la Garenne, France) and had a diameter
of 25-60 p.m and a porosity of approximately 3000
A (specific surface of the beads 15 m?/g). Dextran
T40 (37200 g/mol) and standard proteins were
purchased from Pharmacia Biotech (Orsay, France).
2-Chloro-N,N-diethylaminoethane (DEAE) was from
Janssen Chemica (Pantin, France). Phosphate buf-
fered saline (PBS) without calcium and magnesium
was from Gibco (Cergy Pontoise, France). Heparin
H410 was provided by the Institut Sanofi Recherche
(Gentilly, France). Formadehyde was from Carlo
Erba (Nanterre, France), 1,4-butanedioldiglycidyl
ether (BDGE), dodecyloctaethyleneglycol monoether
(C,,Eg), benzamidine, N,N,N’,N’-tetramethylene-
diamine (TEMED), EDTA, Coomassie brilliant blue
R250 and silver nitrate were purchased from Sigma
(St. Quentin Falavier, France). Acrylamide,
bisacrylamide, bromophenol blue, Tris base, glycine
and phenylmethanesulfonyl fluoride (PMSF) were
obtained from Fluka (St. Quentin Fallavier, France).
Ammonium peroxodisulfate and SDS were obtained
from Interchim (Montlucon, France).

2.2 Cdl culture

The isolation of smooth muscle cells from
Sprague-Dawley rat aorta explants has been de-
scribed previously [26,27]. Cells were grown at 37°C
with 5% CO, in Modified Eagle Medium (MEM,
Gibco, Cergy Pontoise, France) supplemented with
2% L-glutamine and 10% fetal bovine serum (Gibco)
in 75 cm” culture flasks.

2.3 Detergent-solubilized smooth muscle cells

SMC membranes were extracted according to the
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method of Clairbois et al. [24]. Briefly, SMCs (10X
10° cells/ 75 cm? flask) were scraped from the tissue
culture flask in ice-cold PBS, pH 7.4, containing 3
mM EDTA, 4 mM benzamidine and proteases
inhibitors (leupeptin, pepstatin A, aprotinin) and
transferred to a conical tube. After centrifugation
(500 g, 5 min, 4°C), cell pellets were resuspended in
ice-cold bidistilled water containing the protease
inhibitors and stored at —80°C until required. After
one cycle of freezing—thawing and centrifugation
(3000 g, 10 min, 4°C), the pellet was resuspended in
0.01 ml/10° cells of solubilization buffer [PBS—
0.5%(w/v) C,,Eg] for 30 min at 4°C with gentle
stirring. Then, the membrane suspension was cen-
trifuged (800 g, 15 min, 4°C) and stored at —80°C.

2.4. Yynthesis of a SD-BDGE-heparin
chromatographic support

Preparation of the SID—BDGE-heparin support
was carried out in two steps. Firstly, porous silica
beads were coated with a hydrophilic and cationic
DEAE-dextran layer (SiD). Secondly, the biospe-
cific ligand was immobilized by a conventional
coupling agent (BDGE). The reaction is performed
in two successive steps.

First step: to minimize the nonspecific interactions
between the silica support and proteins, silanol
groups on native silica beads were neutralized by a
positively charged modified dextran. Synthesis of
DEAE-dextran was achieved by a controlled re-
action of the hydrochloride, 2-chloro-N,N-diethyl-
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aminoethane hydrochloride, with the native polymer
in akaline medium at 55°C for 30 min. The per-
centage of DEAE groups on dextran was calculated
by elemental analysis of nitrogen. The coating of
silica beads was performed by impregnation and
crosslinking of DEAE—dextran [24,28,29]. Briefly, a
10% agueous solution of DEAE-dextran polymer
(under akaline conditions) was adsorbed onto silica
beads by gentle impregnation; then, the adsorbed
polymer was crosslinked by a 0.3% (v/v) diethyl
ether solution of BDGE. The amount of crosslinked
polymer (DEAE-dextran) on the silica phase was
determined by elemental analysis of carbon.

Second step: the immobilization of heparin on the
coated support (or SiD) was performed as previously
described [24] using BDGE as a coupling agent (Fig.
1). After washing, the amount of immobilized
heparin (5+=1 mg per gram of SiD support) was
determined by elemental analysis.

2.5. Chromatographic elution

All eluents were prepared from bidistilled water
that had been degassed and filtered through 0.22 um
Millipore filters prior to chromatography.

The stainless steel column (12.5x0.4 cm 1.D.) was
packed with 1 g of SID—-BDGE-heparin support
using the slurry method. The stationary phase was
equilibrated with C,,E; buffer (PBS-0.1% (w/Vv)
C.,Eg, pH 7.4).

All extracts were subjected to HPLAC separation
using detergent concentrations that were approxi-
mately ten times above the critical micellar con-

HEPARIN

R=H or SO5
R'=H or SO3” or COCH3
* C5 Epimerization

Fig. 1. Structure of the SSD—BDGE-heparin support.
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centration (CMC), to avoid the aggregation of
membrane proteins. Cell membrane extracts were
loaded on the column at a flow-rate of 0.5 ml/min.
The elution was performed either by using a linear
sodium chloride gradient from 0.15t0 2 M in C,E,
aqueous buffer or by using a direct step of 2 M
NaCl. Chromatographic fractions were collected
every minute (fraction collector Model 203, Gilson).
The effluent was analyzed by an on-line UV ab-
sorbance detector (Model 111B, Gilson) at 280 nm.

2.6. ldentification of proteins by SDS-PAGE

Proteins were desorbed from the heparinized
support with NaCl as described above and separated
according to their molecular masses by reducing
SDS-PAGE. Electrophoresis was performed accord-
ing to the method of Laemmli [30]. Bromophenol
blue was used as the tracking dye. Protein samples
(from 4 to 20 pg in 100-150 wl), prepared under
reducing conditions, were electrophoresed on a 7.5%
SDS—polyacrylamide gel. All fractions in the chro-
matographic peak were pooled, dialyzed against
PBS, mixed with SDS sample buffer and loaded on
the gel, without heating. We did not observe any
change in the migration of proteins when samples
were not boiled before loading on the gel (data not
show). A constant current of 35 mA was applied
until the bromophenol blue tracking dye front exited
from the bottom of the gel. After electrophoresis, the
gel was first stained with Coomassie brilliant blue
and then using the silver staining procedure: Gels
were soaked immediately after electrophoresis in an
aqueous solution containing 50% (v/v) methanal,
10% (v/v) acetic acid and 0.25% (w/v) Coomassie
brilliant blue R250 for 20 min, and destained in 5%
ethanol, 7.5% acetic acid overnight. Gels were
stained using silver nitrate according to the method
of Wray et a. [31], which can detect proteins at the
nanogram level. This staining method is reported to
be 50-100 times more sensitive than the Coomassie
brilliant blue method.

The molecular masses of the different protein
bands were estimated using several standard proteins
with molecular masses ranging from 53 to 212 kDa
[myosin (212 kDa), a2-macroglobulin (170 kDa),
B-galactosidase (116 kDa), transferrin (76 kDa),
glutamate dehydrogenase (53 kD3)].

2.7. Protein content assay

Protein content was determined by the hicin-
choninic acid (BCA) method [32] using bovine
serum albumin as the protein standard (Micro BCA
protein assay reagent kit, Interchim, France). The
protein concentration for each sample was deter-
mined using a calibration curve obtained at 570 nm.

3. Resaults and discussion

We have prepared porous silica supports coated
with a hydrophilic dextran layer. This coated poly-
mer was crosslinked, activated and derivatized by
heparin (Fig. 1). The affinity support was used to
characterize membrane proteins of rat aorta SMCs.
Cells were washed and solubilized using 0.5% (w/v)
C,,Eg. After centrifugation to remove any insoluble
materials, cell lysates were applied to the heparin
affinity column.

3.1. Identification of heparin-binding proteins

The preliminary experiments in high-performance
affinity chromatography on the heparin coated sup-
port (SD—BDGE—heparin) were performed with a
C,,Eg-based chromatographic buffer (PBS, 0.1%
C,,Eg, pH 7.4) to prevent aggregation and precipi-
tation of membrane proteins. A 100-ul volume of
C,,Eg-solubilized extract (approximately 3.6 mg/ml)
was loaded onto the column and the bound proteins
were eluted with a linear NaCl gradient (0.15-2 M).
As an example, we report in Fig. 2A a typica
chromatogram with desorbed proteins obtained using
alinear 10 min NaCl gradient. The proteins eluted as
asingle peak, F1 (Peak F1; ~2 ml) at 2 M NaCl. The
F1 fraction desorbed at 2 M NaCl was pooled,
dialyzed, concentrated and analyzed by SDS-PAGE
followed by silver staining [31]. The electrophoretic
pattern of fraction F1 is presented in Fig. 2B.
Proteins present in the starting extract of detergent-
solubilized SMC plasma membranes are shown in
Fig. 2B, lane 1. After purification by HPLAC, the
proteins can be resolved into approximately six
discrete bands (lane 2). The molecular masses of the
different protein bands were estimated by SDS
electrophoresis. There were three major bands, with
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Fig. 2. (A) Typical elution using alinear salt gradient of 100 ! of C,,E, extract on SID-BDGE-heparin. Elution conditions: Flow-rate, 0.5
ml/min; column, 12.5X0.4 cm |.D. Adsorption buffer: PBS, 0.1% (w/v) C,,Eg, 0.15 M NaCl, pH 7.4. Desorption buffer: PBS, 0.1% (w/v)
C,,Eg, 2 M NaCl, pH 7.4. (B) SDS-PAGE profile of proteins. Lane 1,VSMC plasma membranes extracted with 0.5% (w/v) C,,E,. Lane 2,
proteins purified from a SID—-BDGE—heparin column. Separation of proteins by 7.5% SDS—PAGE under reducing conditions. Proteins were
visualized by the silver staining procedure according to Wray et al. [31]. Molecular masses of the proteins were determined using known
molecular mass marker proteins. Arrows indicated the position of the molecular mass standards, myosin (212 kDa), a2-macroglobulin (170
kDa), B-galactosidase (116 kDa), transferrin (76 kDa) and glutamate dehydrogenase (53 kDa).

estimated molecular masses of 66, 45 and 41 kDa. It
is interesting to note that Patton et al. [23] recently
described the presence of a 45-kDa protein on
endothelial cell membranes that binds to a heparin
sepharose support. Similarly, epithelial membrane
heparin binding proteins were also reported [22] with
a M, values of 31 and 18.5 kDa for the two major
protein bands, and 45 kDa for a less abundant
protein. However, the analogy for the different cell
types remains to be studied.

3.2, Chromatographic parameters

The elution temperature, flow-rate, desorption
conditions (competing agent, salinity), amount of
protein injected and the nature of the elution buffer
are important parameters in chromatography. The
separation conditions between the heparin ligand and

the binding proteins were studied. The first step was
to study the effect of ionic strength on protein
desorption using elution buffers with NaCl con-
centrations varying from 0.5 to 2 M. Corresponding
elution profiles are reported in Fig. 3A-D. The
resolution of desorbed proteins increased with ionic
strength. At 1 M NaCl, the retained proteins are
desorbed in a single peak (Fig. 3B). At 1.5and 2 M
NaCl, the retained proteins were desorbed in two
peaks with good chromatographic resolution (Fig.
3C,D).

Variation of the kinetics of the NaCl gradient was
then studied. Using a rapid 10 min linear gradient
(Fig. 2A), proteins were desorbed in a single peak at
the end of the process, i.e. at 2 M NaCl. Longer salt
gradients were used (Fig. 4A-D) to improve the
quality of chromatographic resolution. When the
slope of the gradient decreased, proteins were de-
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Fig. 3. Elution of 90 pl of C,,E, extract on SID-BDGE-heparin using different steps of salt elution. (A) 0.5 M NaCl, (B) 1 M NaCl, (C)
1.5 M NaCl and (D) 2 M NaCl. Elution conditions: Column, 12.5X0.4 cm |.D.; flow-rate, 0.5 ml/min. Adsorption buffer: PBS, 0.1% (w/v)
C,,E,, 0.15 M NaCl, pH 7.4. Desorption buffer: PBS, 0.1% (w/v) C,,E,, 0.5-2 M NaCl, pH 7.4.

sorbed in a single peak with a shoulder or in two or
even three peaks. In particular, the molarities at
which desorption occurred were 0.88 and 1.07 M
NaCl with a 20-min gradient (Fig. 4A), 0.7 and 0.95
M for a 30-min gradient (Fig. 4B), and 0.52 and 0.84
M NaCl for a 40-min gradient (Fig. 4C). The third
peak, at 1.4 M NaCl in Fig. 4D, was obtained using a
different desorption protocol. Variation of the slope
of the gradient alowed different peak resolution.
This indicated that the kinetic parameters play an
important role in the elution of these proteins on our

HPLAC stationary phase. Future experiments will be
devoted to studying the nature of the proteins
obtained in the different peaks and to compare them
with those obtained with different cell types.

4, Conclusion

Heparin plays an important and complex role in
blood vessel biology. It interacts with monocytes and
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Fig. 4. Elution of 90 l of C,,E, extract on SID—-BDGE-heparin using different linear salt gradients. (A) 20 min, (B) 30 min, (C) 40 min,
(D) 10 min from 0.15 to 0.6 M NaCl, a step at 0.6 M NaCl followed by a 20-min gradient from 0.6 to 2 M NaCl. Elution conditions:
Column, 12.5X0.4 cm |.D.; flow-rate, 0.5 ml/min Adsorption buffer: PBS, 0.1% (w/v) C,,E5, 0.15 M NaCl, pH 7.4. Desorption buffer:

PBS, 0.1% (W/v) C,,E,, 2 M NaCl, pH 7.4.

macrophages as well as endothelial cells and smooth
muscle cells. The identification of a putative receptor
in smooth muscle cells is essential to the understand-
ing of heparin signaling. In this study, membrane
extracts from rat aorta vascular SMCs were solubil-
ized with polyoxyethylenic detergents (C,,Eg) and
subjected to heparin affinity chromatography. SDS—
PAGE of high-performance liquid heparin affinity
chromatography of SMC lysates revealed proteins
with three magjor bands, at 66, 45 and 41 kDa

Ongoing studies will indicate if one or any of them
could represent a specific heparin receptor with
antiproliferative activity on SMC growth.
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