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Abstract A synthetic peptide, which was shown to bind extracellular matrix heparan sulfate chains with a high
degree of affinity and specificity [Colburn et al. (1996): Arch Biochem Biophys 325:129–138], has now been found to
promote the transfer and the deposition of endothelial cell surface proteoglycans in the extracellular matrix. The peptide
also induces preferential binding of extracellular matrix heparan sulfate proteoglycans, which have been added to the
supernatant growth medium, and the requirement for its presence is stringent in that only a negligible amount of
proteoglycans are bound to the cell layer in the absence of the peptide. In addition, antibodies directed against the
peptide detect the accumulation of the peptide in the matrix compartment where the peptide is found associated with
the proteoglycans transferred from the cell surface.
The sequence of events induced by the peptide appears to be an extension of a naturally occurring process since

proteoglycans with properties similar to those of the species ordinarily present in the extracellular matrix have been
observed to transfer from the cell surface to the matrix during a pulse-chase experiment. We suggest that formation of the
complex peptide-proteoglycan with consequent displacement of the proteoglycan from its anchorage on the cell,
initiates the process of transfer of the heparan sulfate-bound peptide from the cell surface to the extracellular matrix.
J. Cell. Biochem. 65:574–590. r 1997 Wiley-Liss, Inc.
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The purpose in initiating this series of experi-
ments was to obtain some insights into the
process that results in the deposition of proteo-
glycans in the extracellular matrix. A difficulty
we previously encountered in performing experi-
ments aimed at elucidating the requirements
for the insertion of proteoglycans in the matrix
(such as, for instance, the relevance of the struc-
tural properties of the chains), is that the addi-
tion to the culture medium of proteoglycans or
glycosaminoglycan chains obtained from differ-
ent cellular compartments, including those de-
rived from the extracellular matrix, constantly
results in the fixation of very little amount of
proteoglycan or glycosaminoglycans to the ma-
trix of cultured endothelial cells. Of interest, in
the light of these observations, was the report
that a proteoglycan species that is normally

present in basement membranes is also found
in the conditioned medium of cultured aortic
endothelial cells [Saku and Furthmayr, 1989].
We assumed that the accumulation of this pro-
teoglycan in the culture medium originates
mostly froma species released from the endothe-
lial cell surface and hypothesized that this
phenomenon may be the consequence of an
alteration of the normal transfer process of
proteoglycans to the extracellular matrix.
Heparan sulfate moieties extracted from the

extracellular matrix of cultured aortic endothe-
lial cells bind, with a high level of specificity
[Colburn et al., 1996], a synthetic peptide pat-
terned upon the amino acid sequence of the
carboxyl terminal region of a N-glycansulfated,
endothelial cell protein, which acts as an inhibi-
tor of the coagulation pathway activated by
tissue factor. Two forms of the inhibitor are
found in the culture medium: a more abundant
45 kDa species [Colburn and Buonassisi, 1988]
missing a sequence of about 25 amino acids at
the carboxyl terminus (truncated form) and the
intact 47 kDa form, present in low concentra-
tion, that binds more tightly to the heparin-
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Sepharose column; the 45 kDa form is derived
from the 47 kDa molecule by proteolytic cleav-
age [Colburn et al., 1991]. We hypothesized
that, because of its high affinity for the gly-
cosaminoglycan chains, the peptide could be
used to probe the endothelial cell surface for the
presence of proteoglycans bound to the cell
through their polysaccharide chains. The ad-
ministration of the peptide would, then, cause
the displacement of these proteoglycans from
their binding on the cell and given its high
specificity for the glycosaminoglycan chains of
the matrix [Colburn et al., 1996], the peptide
could be of use in revealing the presence on the
endothelial cell surface of proteoglycans, which
are in transit to the extracellular matrix.
In the course of this work, we have detected

the presence on the endothelial cell surface of
heparan sulfate proteoglycans whose rate of
transfer to the extracellular matrix sharply in-
creases in the presence of the synthetic peptide.
In addition, in the presence of the peptide, the
accumulation of proteoglycans, which is usu-
ally observed in the culture medium of control
cells, is drastically reduced. Because the deposi-
tion of these proteoglycans in the matrix is an
event that is observed also in the absence of the
peptide (e.g., the peptide simply augments the
rate of transfer of these species) we hypothesize
that the role of the peptide is to overcome a
rate-limiting step represented by the availabil-
ity of a protein that, by forming a complex with
the proteoglycans through their glycosaminogly-
can chains, promotes the release of these mol-
ecules from their anchorage to the cell surface
and their deposition in the extracellularmatrix.

METHODS
Cell Culture

Culture conditions for the endothelial cell
line derived from rabbit aorta [Buonassisi and
Venter, 1976] were as originally described: the
cells were grown as a monolayer in 35-mm
tissue culture dishes (Falcon, Lincoln Park, NJ)
in F-12 basal medium (Gibco, Grand Island,
NY) supplemented with 10% fetal bovine se-
rum (Cultilab, Campinas, Brazil) in a humidi-
fied, 2.5% CO2 atmosphere at 37°C. Three- to
six-week postconfluent cultures were used.

Synthetic Peptide

The amino acid sequence (KTKRKKKKQPV-
KITYVETFVKK-COOH) of the synthetic pep-

tide [Colburn et al., 1996] is based on the car-
boxyl terminal region (amino acids 278 through
299) of a rabbit lipoprotein-associated coagula-
tion inhibitor (LACI) [Wesselschmidt et al.,
1990]. This inhibitor and the coagulation inhibi-
tor synthesized by cultured rabbit endothelial
cell [Colburn and Buonassisi, 1988; Colburn et
al., 1991] are now considered to be the same
molecule [Warn-Cramer et al., 1991] under the
name of tissue factor pathway inhibitor (TFPI).
The peptide was synthesized in the laboratory
of Dr. John Crabb, W. Alton Jones Cell Science
Center (Lake Placid, NY).

Cell Labeling and Differential Extraction
of the Cell Layer

To study the flow of proteoglycans between
cellular compartments (in the absence or in the
presence of the peptide) without the excessive
background given by labeling conditions ap-
proximating the steady state, short labeling
times were employed and therefore the data
obtained cannot be taken as an indication of the
relative proportions of different proteoglycans
observed at the steady state. The cells were
labeled for 1 to 2 h with 200 µCi of [35S]sulfate
(carrier-free, Instituto de Energia Nuclear, São
Paulo, Brazil) per ml of serum-free, F-12 basal
medium in the absence or presence of 30 µM
peptide. At the end of the incubation, the plates
were transferred to ice, the medium was re-
moved, and the cells were washed 3 times with
2ml of ice-cold phosphate buffered saline (PBS).
Differential extraction of the cell layer with
0.5% Triton X-100 (cell surface proteoglycans),
and with 2% sodium dodecyl sulfate (SDS) (ex-
tracellularmatrix proteoglycans)was performed
as reported [Colburn et al., 1994]. This sequen-
tial extraction gives results that are reproduc-
ible and also consistent with our knowledge of
the organization of the cell layer: the [35S]sul-
fate-labeled fibronectin [Colburn et al., 1987]
synthesized by these cells, a cell product that is
considered to be mainly an extracellular matrix
protein in normal cells, is found largely in the
SDS (matrix) extract; on the other hand, most
of the N-glycansulfated proteins, which are
characteristic of this cell type [Colburn et al.,
1987; Heifetz and Allen, 1982] and are thought
to be principally located on the cell surface
[Raub et al., 1994], are extracted with Triton
X-100. The volume used for the extraction of
the material present in each cellular compart-
ment was 1 ml/tissue culture dish except where
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noted in the figure legends. Fifty microliters of
the samples were analyzed by SDS polyacryl-
amide gel electrophoresis (SDS-PAGE) under
reducing conditions. The extracts from differ-
ent cell compartments were also fractionated
by ion exchange chromatography; for these ex-
periments, urea was used to solubilize the ma-
trix (urea, 8.0 M; Triton X-100, 0.25%; NaCl,
0.125 M; Tris-HCl, 0.05 M, pH 7.5) instead of
SDS [Colburn et al., 1994]. In some experi-
ments, poly-L-lysine (Sigma, MW 3120, St.
Louis, MO) or protamine (Sigma) were used,
instead of the peptide, at the concentration of
50 µM and 50 µg/ml, respectively.

Pulse-Chase Labeling

Pulse-chase experiments were performed to
follow the transfer of proteoglycans from the
cell surface to extracellular matrix. Cells were
pulse-labeled for 1 h and the incorporated radio-
activity chased for 4 h, in the presence or ab-
sence of 30 µM peptide, under conditions that
effectively inhibited further incorporation of
[35S]sulfate [Colburn et al., 1994]. At various
time points, the culture medium was removed,
the cells washed, and the cell surface and extra-
cellular matrix extracts were obtained. The
amount of radioactivity incorporated into pro-
tein-bound carbohydrates was determined by
adding a 50 µl aliquot to 10 ml of 7% trichloro-
acetic acid (TCA) in ice. After a 10-min period,
the solution was passed through a wetted cellu-
lose filter disk (Millipore, Bedford, MA, GSWP,
25mm, 0.22 µm pore size). Vacuumwas applied
and the filters washed twice with 10 ml of 7%
TCA. The amount of radioactivity bound to the
filter was determined by liquid scintillation
spectrometry. Free glycosaminoglycan chains
are neither precipitated by TCA nor do they
bind to the filter disks.

Gel Filtration and Ion Exchange Chromatography

Ion exchange chromatography was used to
separate proteoglycans present in different cell
compartments at the end of 1 h pulse with
radioactive sulfate. Seven 35-mmplates of post-
confluent culture were used per set. To remove
unincorporated [35S]sulfate and to exchange
buffer prior to application to the ion exchange
column, the medium and Triton X-100 extract
were passed through a Sephadex G-50 column,
1.5 3 18 cm, equilibrated with urea buffer. The
fractions eluted with the void volume were
pooled and applied to a DEAE-Sepharose (Phar-

macia, Piscataway, NJ) column (3 ml of packed
gel) equilibrated with urea buffer. The extracel-
lular matrix extract was centrifuged and the
supernatant applied to the ion exchange col-
umn; the precipitate, which contained a negli-
gible amount of radioactivity, was discarded.
The column was washed with 20ml urea buffer.
Different proteoglycans were separated with a
convex gradient of NaCl (0.125 to 0.5 M, 40 ml
total volume) in urea buffer followed by step-
wise concentrations of NaCl of 0.5 and 1.0 M
(10 ml each). The flow rate was 15 ml/h and the
fraction volume 1 ml. Under these conditions,
the radioactive material is separated into three
peaks: the first (peak I) is composed of sulfated
glycoproteins, the other peaks (II and III) con-
tain the proteoglycans. The radioactivity recov-
ered from the various DEAE column runs was
calculated by adding the amount of radioactiv-
ity found in the by-pass and wash fractions to
the total amount eluted from the column and
dividing this sum by the amount of radioactiv-
ity applied to the column. These values were
obtained by determining the amount of radioac-
tivity present in 50-µl aliquots of the samples
by liquid scintillation spectrometry and adjust-
ing for total sample volume. The recovery from
the various DEAE columns ranged from 98–
109%.

Identification of Glycosaminoglycan Moieties
With Enzymatic Treatment

Two hundred microliters of [35S]sulfate-la-
beled species contained in the DEAE peak frac-
tions II and III were dialyzed against PBS at
4°C for 1.5 h in amicrodialysis chamber (Pierce,
Rockford, IL) using an 8,000 molecular weight
cut-off dialysis membrane, which had been pre-
viously exposed for 2 h to 10% fetal bovine
serum in PBS. After dialysis, 40 µl of sample
were added to 20 µl enzyme solution (heparitin-
ase I [Nader et al., 1990] and chondroitinase
ABC [Yamagata et al., 1968]: 0.1 U in 0.05 M
ethylenediamine acetate buffer [EDA], pH 7.0;
Proteinase K [Sigma]: 1 mg/ml in 0.02 M Tris-
HCl buffer, pH 7.5). Twenty microliters of 0.05
MEDAbuffer was added to the control samples.
The samples were incubated overnight at 30°C.
Thirty microliters of 3 3 sample buffer (Tris-
HCl, 0.19 M, pH 6.8; beta-mercaptoethanol,
2.14 M; SDS, 8%; glycerol, 30%) were added to
each sample and the samples were placed in a
boiling-water bath for 5 min prior to addition of
bromophenol blue and application to the poly-
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acrylamide gel. After electrophoresis, the gel
was fixed and stained with Coomassie blue
R250 in 50% methanol and 10% acetic acid,
destained, and dried to visualize the position of
the molecular weight markers (Sigma). Radio-
active compounds were visualized by autoradi-
ography using SB-5 X-ray film (Kodak, Roches-
ter, NY).

Heparin-Sepharose Column Chromatography

Heparin-Sepharose chromatography [Col-
burn and Buonassisi, 1988] was used for the
separation of the truncated (45 kDa) form from
the intact (47 kDa) form of the inhibitor present
in the endothelial cell culture medium. The two
forms of the inhibitor were identified by deter-
mining their inhibitory activity on trypsin us-
ing SDS-polyacrylamide gel electrophoresis or,
in the case of the intact form, also with antibod-
ies raised against the synthetic peptide (see
below). In addition, the column fractions were
assayed for their inhibitory activity on acti-
vated factor X and in a thromboplastin assay as
previously described [Colburn et al., 1991].

Electrophoresis on Polyacrylamide
and Agarose Gel

Submerged agarose gel (for the separation of
heparan sulfate and chondroitin sulfate chains)
was performed at pH 8.6 [Colburn et al., 1994];
fixation, staining, and quantitation of the radio-
active band were as described [Nader et al.,
1984]. Reduced, SDS polyacrylamide gel electro-
phoresis for the separation of proteoglycans
was as published [Castillo et al., 1987].
For the detection of protease inhibitory activ-

ity, electrophoresis was performed under non-
reducing conditions on SDS-polyacrylamide gel
slabs containing porcine gelatin as the sub-
strate [Hanspal et al., 1983] at a concentration
of 1.5 mg/ml acrylamide solution. Aliquots of
fractions from the heparin-Sepharose column
were applied to the gel and after the resolution
of the sample proteins, the species endowed
with inhibitory activity were detected using
bovine trypsin at a concentration of 2 mg/100
ml 10 mMTris-HCl, pH 7.5, for 2 h at 37°C. The
bands of inhibition were revealed by staining
the undegraded gelatin with Coomassie blue.
Prior to the incubation with trypsin, the gel
was washed for 1 h with 2% Triton X-100 in 10
mM Tris-HCl, pH 7.5. Prestained molecular
weightmarker were used to estimatemolecular
mass.

Binding of Exogenous Glycosaminoglycans
and Proteoglycans to Cell Cultures

[35S]Sulfate-labeled proteoglycans or hepa-
ran sulfate glycosaminoglycan chains (isolated
from either the cell surface or the extracellular
matrix of labeled endothelial cell cultures) in
F-12 basal medium were added to unlabeled
post-confluent cell cultures in the presence and
the absence of 30 µM peptide. At the end of the
incubation (4 h), the radioactivity remaining in
the medium was determined by liquid scintilla-
tion spectrometry. Purified [35S]sulfate-labeled
heparan sulfate glycosaminoglycan chains were
isolated from 48 h labeled endothelial cell cul-
tures as previously described [Colburn et al.,
1996]. The amount of radioactivity added/plate
of [35S]sulfate-labeled heparan sulfate chains
derived from the cell surface and extracellular
matrix was 24,000 and 48,000 cpm, respec-
tively. [35S]Sulfate-labeled proteoglycans were
obtained from cell cultures that had been la-
beled for 72 h with 100 µCi of [35S]sulfate/ml of
F-12 basal medium supplemented with 10%
fetal bovine serum. The preparations were en-
riched for heparan sulfate proteoglycans by
DEAE column chromatography followed by mi-
crodialysis prior to application to the cells. More
than 90% of the radioactivity was incorporated
into heparan sulfate proteoglycans, the remain-
der into chondroitin sulfate proteoglycans. The
amount of radioactivity added per plate of la-
beled proteoglycan extracted from the cell sur-
face and from thematrix was 74,000 and 24,500
cpm, respectively. Percentage of radioactivity re-
moved from the medium was calculated: ([cpm at
zero time-cpmat 4 h]/cpmat zero time)3 100%.

Release of Cell Surface Proteoglycans
by Different Agents at Low Temperature

Four-week post-confluent endothelial cul-
tures in 35-mm culture dishes were pulse-
labeled for 2 h with 300 µCi [35S]sulfate per ml
of F-12 nutrientmedium. The disheswere trans-
ferred to ice, themedium removed, and the cells
washed three times with ice-cold PBS. One
milliliter ice-cold F-12 basal medium (supple-
mented with 0.8 mM MgSO4 and additions as
indicated) was added per plate for 15 min with
gentle agitation. The incubation fluid (superna-
tant) was removed and the cell layer was differ-
entially extracted in 1 ml extraction buffers for
each cellular compartment. Three volumes of
ethanol were added to 300 µl aliquots of the
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various samples after addition of carrier com-
pounds (25 µg chondroitin 6-sulfate, 50 µg bo-
vine pancreas heparan sulfate, 1 µl fetal bovine
serum).After precipitation at 220°C overnight,
the samples were centrifuged at 12,500g for 15
min. The pellets were dissolved in 100 µl Tris-
HCl (0.02M, pH 7.5) containing Proteinase K (1
mg/ml). The proteins were digested by incuba-
tion overnight at 37°C. Twenty-five microliter
aliquots were applied to an agarose gel slab and
the glycosaminoglycans were separated by elec-
trophoresis using Tris-borate-EDTAbuffer [Col-
burn et al., 1994]. The gels were then fixed, dried,
standard compounds visualized by staining and
the radioactive species by autoradiography. Radio-
active species were removed from the gel by cut-
ting and the amount of radioactivity was quanti-
tated by liquid scintillation spectrometry.

Peptide Binding by Endothelial Cell Cultures

For the experiments aimed at determining
the cellular location of the synthetic peptide
accumulation, the cells were exposed to a pep-
tide concentration of 30 µM for 1 h at 37°C. The
cell layer was then differentially extracted, a 40
µl aliquot of the samples resolved by SDS-
PAGE under reducing conditions, electroblot-
ted onto nitrocellulose, and the membrane
treated with antibodies. The antibodies were
raised in chickens against the synthetic peptide
immobilized on agarose beads; the antiserum
was freeze-dried and redissolved in PBS at a
concentration of 25 mg/ml w/v. Following elec-
trotransfer to a nitrocellulose membrane, the
membranes were blocked by incubation for 2 h
at room temperature in 0.5% non-fat dry milk,
0.2% gelatin in PBS; exposed to antibody 1:1,000
dilution in buffer (0.25% non-fat dry milk; 0.1%
gelatin; 0.05%Tween 20, in PBS) for 2 h; washed
in PBS for 5 min three times; exposed to the
2nd antibody (horseradish peroxidase conju-
gated rabbit anti-chicken IgG, 1:500 dilution in
the above antibody buffer) for 1 h washed, and
finally the peroxidase activity was developed
using 2 mg 3,38 diaminobenzidine in 50 ml PBS
containing 0.06% hydrogen peroxide and 0.03%
cobalt chloride. This methodology is not quanti-
tative since a portion of the peptide passes
through the membrane during electrotransfer
due to its small size. This was evidenced by
detection of the peptide by the antibody on both
sides of the nitrocellulose membrane.
To show that the antibodies directed against

the synthetic peptide recognize the intact, 47

kDa form of the inhibitor, fractions from the
heparin-Sepharose column containing the in-
tact or the truncated form of the inhibitor were
used. The procedures used for electrophoresis,
electrotransfer, and visualization with anti-
body were the same as those for the detection of
the peptide.

Affinity Cross-Linking

The peptide was biotinylated by adding 100
µl peptide (10 mM) to 50 µl DMSO containing 1
mg biotinamide caproateN-hydroxysuccinimide
(Sigma).After vortexing, the sample was placed
on ice for 45 min followed by addition of 350 µl
20 mM Tris-HCl, pH 7.4, and 500 µl 1 M lysine.
For the affinity cross-linking experiments,

cell cultures were incubated in the presence or
absence of 1 mM peptide conjugated with biotin
in F-12 medium for 15 min at 37°C. At the end
of the incubation, the following procedure was
performed (on ice, except where indicated): the
culture medium was removed, the cells washed
3 timeswith PBS followed by exposure to freshly
prepared disuccinimidyl suberate (Sigma, 0.1
M in DMSO, 10 µl per ml of PBS per culture
dish) for 15 min with rocking. The cross-linker
was removed, the cells washed with PBS fol-
lowed by a 2-min incubation with 20 mM Tris-
HCl, pH 7.4. The cultures were washed with
PBS and sequentially extracted with 0.5% Tri-
ton X-100 and 20 mM ammonium hydroxide as
indicated earlier. The matrix preparations left
in the culture dish after the Triton X-100 and
ammonium hydroxide extractions were washed
3 times with PBS followed by addition of 1 ml
0.1 M ethylenediamine acetate buffer, pH 7.0 6
heparitinase I. After 1.5 h incubation at 37°C, the
solution was removed, the matrices washed with
PBS as above, followed by solubilization with 1
ml 2% SDS. Thematrix samples were subjected
to PAGE under reducing conditions. The posi-
tion of the cross-linked peptide was detected,
after electroblotting the resolved proteins onto
PVDF membrane, by incubation with avidin-
conjugated horseradish peroxidase and develop-
ment of peroxidase activity as indicated above.

RESULTS AND DISCUSSION
Addition of the Synthetic Peptide to the Culture
Medium Causes a Redistribution of Heparan
Sulfate Proteoglycans Between the Various

Cellular Compartments

The exposure of endothelial cell cultures to
the peptide brings about a reduction in the
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amount of sulfated proteoglycans on the cell
surface (Fig. 1A, compare lanes 3 and 4). The
decrease, seen as a ‘‘clearing’’ of the proteogly-
can shadows in the autoradiogram, affects par-
ticularly the uppermost part of the gel where
the high molecular weight species migrate.
Careful scrutiny of the autoradiography also
suggests that the amount of proteoglycans in
the medium of peptide-treated cells is lower
than that found in the medium of control cells
and that the extracellular matrix is the cellular
compartment where an increase has taken
place. Proteoglycans are recognized in the auto-
radiography as diffuse shadows partially cov-
ered and obscured by numerous, well-defined
bands that represent the N-glycansulfated pro-
teins characteristic of cultured vascular endo-
thelial cells whether primary cultures derived
from human umbilical vein [Heifetz and Allen,
1982] or an established line derived from rabbit
aorta [Colburn et al., 1987]. The distribution of
these glycoproteins appears unaffected by the
exposure to the peptide. Densitometric scan-
ning of the autoradiogram (Fig. 1B) shows that
the area under the broader peaks (proteogly-
cans) is in fact decreased in the medium and
surface compartments and increased in thema-
trix of peptide-treated cells. The sharper peaks
(N-glycansulfated proteins) do not seem af-
fected; this is more easily assessable in the lower
part of the autoradiogram where the interference
due to the high background absorbancy of the
proteoglycan isabsentandthepeaksbecomesuper-
imposable. The N-glycansulfated species are pre-
dominantly cell membrane components with the
exception of fibronectin (also an N-glycansul-
fated protein in this cell type [Colburn et al.,
1987), which is predominantly an extracellular
matrix component scarcely represented on the
cell membrane (compare lane 3 with lane 5 of
Fig. 1A) but present in the conditioned medium
(Fig. 1, lane 1). These observations indicate
that among the sulfated species synthesized by
cultured endothelial cells only proteoglycans
are affected by the exposure to the peptide and
provide an internal control of the validity of the
method for the differential extraction of the cell
layer, which we have used to separate cell sur-
face proteoglycans from those of the matrix.
Thus, this initial experiment provides a clear
suggestion that the exposure to the synthetic
peptide may cause a reduction in the amount of
proteoglycans on the cell surface (and in the

amount of those released from the cell surface
into the culture medium), which is paralleled
by an increase in the extracellular matrix.
We analyzed the kinetics of transfer of proteo-

glycans from other cellular compartments to
the extracellular matrix by quantitating the
amount of [35S]sulfate incorporated into macro-
molecular form at different times during the
period of ‘‘chase’’ following 1 h pulse (Fig. 2).
Since, as shown in Figure 1, the N-glycansul-
fated proteins are not affected, this procedure
will only measure the variations, in different
cellular compartments, of the amount of the
[35S]sulfate-labeled glycosaminoglycan moi-
eties of the proteoglycans. Note that the re-
duced (by about 75% at the end of the chase)
accumulation of proteoglycans in the culture
medium (Fig. 2A) and the depletion of the cell
surface compartment (Fig. 2B), which are ob-
served in cell cultures exposed to the peptide,
are accounted for by a corresponding increase
in the extracellular matrix (Fig. 2C). In fact,
analysis of the data obtained during the period
of chase supports the conclusion that the pep-
tide only promotes a redistribution of the pro-
teoglycans between cellular compartments
without influencing appreciably the rate of deg-
radation of these molecules since the sum of the
amounts of [35S]sulfate-labeled proteoglycans
found in different cell compartments is equal to
that of control cells (Fig. 2D). Also, after 1 h lag,
the fall of the incorporated radioactivity is loga-
rithmic (Fig. 2D). This is due in large part to
the fast turnover rate of the cell surface species.
The modest decrease that is observed during
the chase period in the extracellular matrix of
the peptide-treated cells is likely to be due to
the fast turnover rate of the fastest moving
proteoglycan (Fig. 1A, lane 6) as will be dis-
cussed below. Also, note (Table I) that neither
polylysine nor protamine (a protein that owes
its basicity to the presence of clusters of four to
five arginine residues along the polypeptide
chain) shows an activity comparable to that of
the peptide (whose structure contains a cluster
of basic amino acids) in promoting proteoglycan
deposition in the extracellular matrix: only the
peptide acts in a consistent manner by lowering
the level of [35S]sulfate-labeled species in the
medium and on the cell surface while increas-
ing the amount of these molecules in the extra-
cellularmatrix. These resultsmake it less likely
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that the activity of the peptide is purely the
result of a charge effect.

Peptide Treatment Seems to Affect
Only the Distribution of Proteoglycans

To follow the transfer of different proteogly-
cans from the cell surface to the extracellular
matrix, the cells were labeled with [35S]sulfate
for 1 h and the [35S]sulfate-labeled proteogly-
can material subjected to ion exchange chroma-

tography. Ion exchange chromatography also
separates the numerous N-glycansulfated pro-
teins, which would interfere with the visualiza-
tion of the proteoglycans in the autoradiogram
of a polyacrylamide gel slab. The results ob-
tained by this chromatographic procedure con-
firm the redistribution in the amounts of proteo-
glycans between different cellular compartments
that occurs in the presence of the peptide,
namely, the reduction of these molecules on the

Fig. 1. Electrophoretic analysis of the [35S]sulfate-labeled spe-
cies obtained from different compartments of cells exposed to
the peptide. A: Endothelial cell cultures were labeled for 2 h in
the absence or the presence of 30 µM peptide. The cell layer
was then differentially extracted to separate the [35S]sulfate-
labeled proteoglycans of the cell surface from those of the
extracellular matrix. Aliquots of the extracts were analyzed by

SDS-polyacrylamide gel electrophoresis under reducing condi-
tions. After electrophoresis, the gel was stained, dried, and the
radioactive compounds were visualized by autoradiography.
Shaded bars on the right side of the figure indicate the position
of different proteoglycans. Arrow indicates [35S]sulfate-labeled
fibronectin. B: Densitometric scanning of the autoradiogram
shown in A.
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Fig. 2. Kinetics of transfer of proteoglycans to the extracellular
matrix in the presence of the peptide. Cultured endothelial cells
were pulse-labeled for 1 h and then the incorporated radioactiv-
ity chased for 4 h in the presence or absence of the peptide.
Conditions for the chase were as indicated in Methods. At the
times indicated, differential extraction of the cell layer was

performed as in the experiment shown in Figure 1. The incorpo-
rated radioactivity present in various cellular compartments was
determined by precipitation with 7% TCA. The data in D were
calculated by summing the amount of radioactivity found in the
three compartments. Control cells,W; peptide-treated cells,X.

TABLE I. Activity of Different Compounds on the Distribution of [35S]Sulfate-Labeled Molecules
Synthesized by Endothelial Cell Cultures*

Addition

Percent TCA precipitable radioactivity per compartment

Medium Surface Matrix

Control 15.5 (8,433 6 458) 56.5 (30,812 6 474) 28.0 (15,287 6 721)
Peptide (50 µM) 10.9 (5,534 6 255) 48.2 (24,432 6 342) 40.8 (20,695 6 661)
Polylysine (50 µM) 13.6 (6,826 6 218) 64.4 (32,214 6 344) 22.0 (11,014 6 697)
Protamine (50 µg/ml) 14.5 (6,764 6 62) 64.7 (29,987 6 398) 20.7 (9,585 6 324)

*The experiment was performed as in Figure 1 with the additions stated in the table being present during the entire
incubation period (2 h). At the end of the incubation, cell fractions were obtained and the amount of trichloroacetic acid (TCA)
precipitable radioactivity was determined on 50-µl aliquots as stated in Methods. The total amount of radioactivity recovered
was calculated by adding the amount present in the three compartments. The percent TCA precipitable radioactivity per
compartment was calculated by dividing the amount present in each compartment by the total amount recovered. The
number was then multiplied by 100. The data in parenthesis represents the mean 6 standard deviation (n 5 3) of the actual
cpm present in 50-µl aliquots as determined by liquid scintillation spectrophotometry.
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cell surface and their increase in the extracellu-
lar matrix. With respect to the chromato-
graphic profile of the material extracted from
the cell surface (Fig. 3A), note that the decrease
affects mostly the second and to a minor extent
the third peak (both containing proteoglycans,
see heading below) while the amount of [35S]sul-
fate-labeled material eluted with the first peak
(N-glycansulfated proteins) is not affected. The
analysis of the matrix extract clearly reveals
the increase in proteoglycan content of the sec-
ond (main) peak and in an even greater propor-
tion, compared to the control, the increase of

the third (minor) peak, the one eluted at higher
salt molarity (Fig. 3B). The experiment de-
picted in Fig. 3C confirms the reduction of the
amount of proteoglycans (peaks II and III) in
the supernatant medium of cells exposed to the
peptide. Together with the results of the kinetic
experiments shown in Figure 2, this experi-
ment provides assurance that the increased
level of proteoglycans in the extracellular ma-
trix of peptide-treated cells also derives from
deposition of species that, in control cells, accu-
mulate in the culture medium for the duration
of the experiment after their release from the

Fig. 3. DEAE chromatography of material obtained from cells
pulse-labeled for 1 h with [35S]sulfate. At the end of 1-h pulse
with [35S]sulfate, the cells were differentially extracted and the
labeled proteoglycans present in various cellular compartments
separated by ion-exchange chromatography. Samples from con-
trol cultures, –U–; samples from peptide-treated culture, –V–;
NaCl molarity, . Roman numerals indicate the positions of

the three main peaks. The amount of radioactivity eluted from
the ion exchange columns of control samples were: 2,313,240
cpm, cell surface extract; 1,510,520 cpm, matrix extract; and
580,660 cpm, medium; from the DEAE columns of samples
from peptide-treated cultures the amounts were: 1,847,180
cpm, cell surface; 2,209,260 cpm, matrix extract; and 335,620
cpm, medium.
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endothelial cell surface. Further, analysis of the
data obtained at the end of the 1-h pulse (the
experiment shown in Fig. 3) supports the conclu-
sion that the peptide treatment does not affect
the rate of synthesis of the proteoglycans but
only their distribution since there is no differ-
ence between control and experimental cells
with respect to the total amount of [35S]sulfate-
labeled proteoglycans that can be extracted from
thevarious cellular compartments.The increase of
[35S]sulfate-labeled proteoglycans in the matrix of
peptide-treated cells is about 50% over control
cells. Half of this amount is contributed by the cell
surface compartment but this amount repre-
sents only 20–25% of the heparan sulfate proteo-
glycans normally present on the cell.

Analysis of the Proteoglycans Transferred
to the Extracellular Matrix in the Presence

of the Peptide

After ion exchange chromatography, the pro-
teoglycan species that transfer from the cell
surface to the extracellular matrix and those
already present in the matrix were analyzed by
polyacrylamide gel electrophoresis and charac-
terized on the basis of the sensitivity of their
glycosaminoglycan chains to treatment with
different degradative enzymes (Fig. 4). This
analysis reveals that at the end of the 1-h
labeling period, three proteoglycans bearing
heparan sulfate chains can be detected in the
cell surface compartment (compare lanes 1 and
3 of Fig. 4A); these species are eluted with
DEAE peak II, a chromatographic fraction that
seems to contain only heparan sulfate proteogly-
cans. The fastest moving (partially obscured by
two overlapping, sharper bands, presumably
N-glycansulfated proteins), which extends be-
low 205 kDa molecular weight marker and pos-
sibly includes more than one proteoglycan, be-
comesmore visible after longer labeling periods:
compare lane 1 of Figure 4A (1-h labeling) with
lane 3 of Figure 1A (2-h labeling period); and at
the steady state or when the cells are subjected
to particular stimuli such as endotoxin [Col-
burn et al., 1994] it becomes by far the predomi-
nant heparan sulfate proteoglycan species of
the cell membrane. This heparan sulfate proteo-
glycan is likely to be the cellular counterpart of
the one previously isolated in our laboratory
from the conditioned medium of this endothe-
lial cell line and characterized as a relatively
small proteoglycan (Mr 5 100 kDa), bearing two
to three heparan sulfate chains, no oligosaccha-

rides, and a protein core with a molecular mass
of 22 kDa; this conditioned medium proteogly-
can exhibited an N-terminus amino acid se-
quence of 25 residues [Castillo et al., 1987]
identical to that of amphiglycan [David et al.,
1992], a member of the syndecan family: synde-
can-4 [Elenius and Jalkanen, 1994].
With respect to the relative proportions of the

various species of heparan sulfate proteogly-
cans, at the end of 1-h pulse one sees in the
extracellular matrix the reverse of what is ob-
served in the cell surface compartment: in the
matrix compartment, the two slower moving
proteoglycan species represent more than 80%
of the total radioactivity incorporated. The core
protein of the slowest-moving proteoglycan (des-
ignated as HS1 in Fig. 4C) exhibits a molecular
mass of ,450 kDa after enzymatic deglycosyla-
tion with heparitinase I; after treatment with
this enzyme, the core protein runs as a sharp
band, above the electrophoretic position of the
other two intact heparan sulfate proteoglycans,
HS2 and HS3 (not shown), suggesting a limited
number of heparan sulfate moieties. This pro-
teoglycan has properties similar to those of the
species that was reported to be present in the
conditioned medium of cultured aortic endothe-
lial cells as well as in various basement mem-
branes, namely, a proteoglycan composed of a
large core protein bearing 2 to 3 heparan sul-
fate chains [Saku and Furthmayr, 1989], now
known as perlecan [Noonan et al., 1991]. No
attempt to characterize the other high molecu-
lar weight heparan sulfate proteoglycan desig-
nated as HS2 (Fig. 4A and C) has been made.
The remainder of the incorporated radioactiv-
ity extracted from the extracellular matrix is
found in a fastermoving heparan sulfate proteo-
glycan species (HS3) migrating between the
205 and the 116 kDa markers (Fig. 4C).
A relatively minor fraction of both high and

lowmolecularweight heparan sulfate proteogly-
cans extracted either from the cell surface or
the extracellular matrix elute from the ion ex-
change column with peak III at higher salt
molarity than the bulk of the heparan sulfate
proteoglycans, which are eluted with peak II
(Fig. 4B and D). The significance of this chro-
matographic behavior is not known.Also, treat-
ment with proteolytic enzymemodifies the elec-
trophoretic migration of the [35S]sulfate-labeled
compounds derived from both the cell surface
and the extracellularmatrix (Fig. 4, lanes 7 and
8). This result demonstrates that the gly-
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Fig. 4. Polyacrylamide gel electrophoresis analysis of the [35S]sulfate-labeled material present in the various peaks
eluted from the DEAE column. [35S]Sulfate-labeled species present in the various peaks eluted from the DEAE-
Sepharose column were analyzed by polyacrylamide gel electrophoresis before and after treatment with enzymes. C,
samples obtained from untreated cultures; P, samples obtained from peptide-treated cultures. Enzyme: C, no enzyme
added; HT-I, heparitinase I; ABC, chondroitinase ABC; PK, Proteinase K. Bars on the right side of the figure indicate
the position of different proteoglycans: HS, heparan sulfate; CS, chondroitin sulfate.



cosaminoglycan chains are bound to a protein
core.
In summary, the process of redistribution of

the heparan sulfate proteoglycans between cel-
lular compartments, induced by the peptide,
results in the reduction of the level of these
molecules in the cell surface compartment that
affects the high molecular weight heparan sul-
fate species (HS1 and HS2, Fig. 4) which mi-
grate above the 205 kDa marker and a faster
moving species (HS3) migrating between 205
and 116 kDa. The level of these species corre-
spondingly increases in the matrix; however,
relative to the control cells, the highest in-
crease in thematrix is that involving the proteo-
glycan designated as HS3 in Figure 4. It should
be noted that this proteoglycan can be easily
visualized in the matrix compartment at the
end of the 1-h pulse, but in a long-term labeling
period, it amounts only to 10% of the total
heparan sulfate proteoglycans present in the
matrix; together, these data suggest a short
half-life in thematrix for this proteoglycan. The
experimental results shown so far are also con-
sistent with the notion that the peptide binds to
the cell surface proteoglycans and promotes
their deposition in the extracellular matrix; in
the absence of the peptide, part of these proteo-
glycans would accumulate in the culture me-
dium. Another suggestion compatible with the
results of the experiments shown in the preced-
ing sections is that the administration of the
synthetic peptide only increases the rate of a
normally occurring transfer process. The valid-
ity of this interpretation, namely that the trans-
fer of proteoglycans from the cell surface to the
matrix is an extension of a physiological pro-
cess, and not an artifactual event induced by
the administration of the peptide, is strength-
ened by the demonstration (Fig. 4C, lanes 1 and
2) that species with the characteristics of the
heparan sulfate proteoglycans whose transfer
is enhanced by the peptide are ordinarily pre-
sent in the extracellular matrix.
The cell surface compartment also contains

two proteoglycans, eluted with DEAE peak III
and designated as CS1 and CS2, whose gly-
cosaminoglycan chains are sensitive to chon-
droitinase ABC (Fig. 4B, compare lane 1 with
lane 5). This result is in agreement with earlier
reports on the presence of chondroitin sulfate
chains in cultured aortic endothelial cells of
rabbit [Buonassisi, 1973; Buonassisi and Col-
burn, 1980] or bovine derivation [Humphries et

al., 1986]. Unlike the cell surface, the matrix
does not seem to contain an appreciable amount
of chondroitin sulfate (Fig. 4D, compare lane 1
with lane 5) and it is only in the presence of the
peptide that both of these proteoglycan species
are clearly visible in the matrix (Fig. 4D, com-
pare lane 2 with lane 6). These are likely to be
proteoglycans released into the medium since,
unlike the proteoglycans bearing heparan sul-
fate chains, the level of these proteoglycans in
the cell surface compartment is not affected by
exposure of the cells to the peptide (compare
lane 1 with lane 2 in Fig. 4B). Thus, the 20 to
30% decrease in the amount of radioactivity
present in peak III (Fig. 3A, cell surface extract
prepared from cells exposed to the peptide) is
likely to be caused by the removal by the pep-
tide of the cell surface heparan sulfate proteo-
glycans present in this peak; the chondroitin
sulfate is left essentially unchanged. This is
because in peptide-treated cells the TritonX-100
extract reflects essentially what is left on the
cell surface (e.g., the proteoglycans, which are
not removed by the peptide) while what is seen
in the matrix of peptide-exposed cells is the
result of two concomitant processes: the proteo-
glycans removed from the surface and those
that instead of accumulating in the medium as
a result of the continuous release, are deposited
in the extracellular matrix. Note that in test
tube assays [Colburn et al., 1996] it can be
shown that the peptide has a higher affinity for
heparan sulfate than for chondroitin sulfate.
This selectivity is not as apparent under the
conditions of the experiments presented here
since chondroitin sulfate proteoglycans, pre-
sent in the medium, seem to be interacting to a
certain extent with the peptide and as a conse-
quence are found in the extracellular matrix of
peptide-exposed cells (Fig. 4D). The fact that no
appreciable amounts of chondroitin sulfate pro-
teoglycans are removed from the cell surface by
the peptide may mean that the link between
these proteoglycans and the endothelial cell
surface is different from that of the proteogly-
cans bearing heparan sulfate moieties, namely,
it is not an association that can be displaced by
the peptide.

Proteoglycans Added to the Culture Medium
Bind to the Cell Layer Only in the Presence

of the Peptide

The experiment shown in Figure 5 provides
evidence that the availability of the peptide is a
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stringent requirement for the deposition of the
proteoglycans since in its absence no significant
amount of [35S]sulfate-labeled heparan sulfate,
added to the culture medium, binds to the cell
layer. This is observed for both free chains and
intact proteoglycans, implying that the interac-
tion of the peptide with the proteoglycan takes
place through the glycosaminoglycan moieties
of the latter. Also note that the matrix gly-
cosaminoglycans bind in higher amount to the
cell layer than the glycosaminoglycan chains
from the cell surface, confirming the binding
specificity previously reported [Colburn et al.,
1996]. The experiment represented in Figure 5
also shows that the binding specificity of the
intact proteoglycan is the same as that of the
isolated carbohydrate chains, namely, the ma-
trix proteoglycans bind preferentially. This con-
firms that the proteoglycans bind through the

carbohydrate moieties and implies that, in this
case, the binding specificities of the proteogly-
canmay be governed by the structural peculiari-
ties of the chains. The essential role of the
glycosaminoglycan moieties in the binding of
the peptide to the proteoglycan suggests the

Fig. 5. Binding to the cell layer of free glycosaminoglycan
chains and proteoglycans added to the culturemedium. [35S]Sul-
fate-labeled proteoglycans or heparan sulfate glycosaminogly-
can chains (isolated from either the cell surface or matrix of
labeled endothelial cell cultures) in F-12 basal medium were
added to unlabeled post-confluent cell cultures in the presence
and the absence of peptide. At the end of the incubation, the
amount of radioactivity remaining in the medium was deter-
mined. The bars represent the average of duplicate determina-
tions; error bars represent the standard deviation. Source: Cell,
material isolated from the Triton X-100 extract of labeled cul-
tures; Matrix, material isolated from the SDS extract of labeled
cultures. Type: GAG, [35S]sulfate-labeled heparan sulfate gly-
cosaminoglycan chains; Proteoglycan, [35S]sulfate-labeled hepa-
ran sulfate proteoglycans.

Fig. 6. Polyacrylamide gel electrophoresis of cell surface pro-
teoglycans removed at low temperature by different agents.
Endothelial cell cultures were labeled for 2 h with [35S]sulfate
and then transferred to ice. The radioactive medium was re-
moved and the cells were treated with different agents as
indicated in Table I and in Methods. Aliquots of the [35S]sulfate-
labeled material contained in the supernatant medium after 15
min of treatment were analyzed by SDS-polyacrylamide gel
electrophoresis under reducing conditions. NaCl, supernatant
from cells treated with 1.5M sodium chloride; Control, superna-
tant from control cells treated with F-12 basal medium only;
Peptide, supernatant from peptide-treated cells (50 µM); Hepa-
rin, supernatant from cells treated with heparin (100 µg/ml).
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speculation that any impairment to the forma-
tion of the complex proteoglycan-peptide caused,
for instance, by alterations of the structural
integrity of the chains, could result in a de-
creased deposition of the proteoglycan in the
extracellular matrix. Although the experiment
shown in Figure 5 demonstrates that in the
presence of the peptide a large fraction of the
exogenous glycosaminoglycans or proteogly-
cans added to the culture medium are fixed by
the cell layer, this result does not necessarily
imply that the route normally followed by the
proteoglycans, which are in transit to the extra-
cellular matrix, is through the medium.

Peptide-Promoted Transfer of Proteoglycans
From the Cell Surface and Their Insertion

in the Extracellular Matrix Are Not
Prevented by Low Temperature

Previous ligand-binding experiments had
shown that the peptide interacts with the hepa-
ran sulfate chains obtained from the extracellu-
lar matrix of cultured endothelial cells with
high affinity and specificity [Colburn et al.,
1996]. This suggested that some of the proteo-
glycan species involved in the process of trans-
fer from the cell compartment to the extracellu-
lar matrix may be bound to the cell surface
through their glycosaminoglycan moieties and
that the formation of the complex gly-
cosaminoglycan/peptide results in the displace-
ment of the proteoglycan from its anchorage to
the cell. This type of association should be dis-
rupted by high salt molarities. Treatment with
high NaCl concentrations of the cell layer at
low temperature does in fact remove the high
molecular weight heparan sulfate proteogly-
cans (Fig. 6, lane 1) and the species removed
are the same as those displaced by the peptide

(Fig. 1, lane 4; these species are designated as
HS1 andHS2 in Fig. 4A).An important observa-
tion gathered from these experiments is that,
whereas the proteoglycans removed by high
salt are found in the wash fluid, those removed
by the peptide cannot be shown in the superna-
tant (Fig. 6, lane 3) because they have been
deposited in the extracellular matrix in an
amount close to that removed from the cell
surface by high salt (Table II). Under the condi-
tions used in this series of experiments, we do
not detect, in the 1.5 M NaCl supernatant, any
appreciable amount of HS3, the electrophoreti-
cally fast moving heparan sulfate proteoglycan
found in the cell surface extracts (Fig. 4A),
which, as noted above, may be considered a
member of the syndecan family. Also, heparin
causes the release of only a modest amount of
proteoglycans (Fig. 6, lane 4). This is not too
surprising in the light of the results of previous
peptide-binding experiments that demonstrate
that heparin is not as effective as a competitor
against endothelial cell heparan sulfate as hepa-
ran sulfate from other organs [Colburn et al.,
1996]. These results and the fact that the trans-
fer of the proteoglycans to the extracellular
matrix induced by the peptide can take place in
the cold (Table II), contribute additional evi-
dence that, in the case of the high molecular
weight proteoglycans, the peptide may act by
displacing these species fromtheirglycosaminogly-
can-mediated binding to the cell surface.

Synthetic Peptide Added to the Culture
Medium Is Found Associated With the

Proteoglycans Transferred to and Deposited
in the Extracellular Matrix

Using antibodies directed against the syn-
thetic peptide we were able to demonstrate that

TABLE II. Peptide-Promoted Displacement and Transfer of Proteoglycans at Low Temperature*

Counts per minute radioactivity/area

Supernatant Cell surface Matrix

Heparan
sulfate

Chondroitin
sulfate

Heparan
sulfate

Chondroitin
sulfate

Heparan
sulfate

Chondroitin
sulfate

Control 121 6 21 14 6 3 9,499 6 125 5,638 6 322 8,564 6 33 851 6 61
NaCl (1.5 M) 1,165 6 48 208 6 4 8,944 6 66 5,677 6 65 8,685 6 103 959 6 16
Peptide (50 µM) 14 6 5 0 8,369 6 158 5,657 6 76 10,097 6 48 1,112 6 9

*Pulse-labeled (2 h) endothelial cell cultures were transferred to ice and subjected to treatment with different agents for 15
min. Glycosaminoglycans obtained from different cell compartments and the supernatant were separated by agarose gel
electrophoresis. The gels were processed for autoradiography, the area occupied by the [35S]sulfate-labeled glycosaminogly-
cans excised, and the radioactivity quantitated by liquid scintillation counting. Data are expressed as the mean 6 the
standard error from triplicate electrophoretic analyses.
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Fig. 7. Binding of the synthetic peptide to the matrix proteogly-
cans. A: Peptide accumulation in the matrix. Cultured endothe-
lial cells incubated in the absence or presence of peptide were
differentially extracted, aliquots of the extracts applied to a
SDS-polyacrylamide gel, and the proteins resolved by electro-
phoresis under reducing conditions. After transfer to a nitrocel-
lulose membrane, the membrane was treated with antibodies
directed against the synthetic peptide. Only the lower portion of
the blot is shown and the electrophoretic position of bromophe-
nol blue (dye front) is indicated by an arrow. M, extracellular
matrix extract; A, ammonium hydroxide extract; C, cell surface
extract. The ammonium hydroxide wash is ordinarily performed
prior to the extraction of the extracellular matrix [Colburn et al.,
1994]. B: Removal of the bound peptide from the matrix by
digestion with heparitinase I. Endothelial cell cultures were
incubated with biotinylated peptide for 15 min. The cells were
then washed and exposed to cross-linker for 15 min. After the

incubation with cross-linker, extracellular matrices were ob-
tained and exposed to heparitinase I. Following enzyme diges-
tion, the matrix preparations were extracted with SDS and
resolved by SDS-polyacrylamide electrophoresis. The biotinyl-
ated proteins were transferred to a PVDF membrane and de-
tected using avidin-conjugated horseradish peroxidase. Arrows
indicate the position of protein bands that reacted with avidin in
the absence of the biotinylated peptide. C: Aliquots of fractions
from the heparin-Sepharose column chromatography of endo-
thelial cell culture medium were resolved by SDS-PAGE under
reducing conditions and electroblotted to a nitrocellulose mem-
brane. The membrane was exposed to antibodies to the syn-
thetic peptide. In a separate experiment, aliquots of the heparin-
Sepharose column fractions were resolved by SDS-PAGE under
non-reducing conditions and tested for protease inhibitory activ-
ity as indicated in Methods.
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the increased deposition of the proteoglycans in
the extracellular matrix is paralleled by the
accumulation of the peptide (Fig. 7A) and that
the peptide is closely associated with the ma-
trix proteoglycans (Fig. 7B). As expected from
the experiments shown in the two previous
sections, this association is maintained in the
matrix by the glycosaminoglycan chains since
degradation with heparitinase I results in the
decrease of the amount of peptide interacting
with the proteoglycans in the matrix: the action
of the enzyme is evidenced by the ‘‘clearing’’
observed in the upper portion of lane 3 in Fig-
ure 7B. Note that the antibodies directed
against the synthetic peptide recognize the in-
tact (47 kDa) form of the parental protein but
do not visualize the truncated (45 kDa) form
(Fig. 7C). Both forms, however, are detected in
the preparationwhen tested for protease inhibi-
tory activity (Fig. 7C).
With respect to the possible physiological im-

plications of the experimental results obtained
with the peptide, we speculate that the accumu-
lation in the extracellular matrix of the syn-
thetic peptide and its association with the ma-
trix proteoglycans may suggest that the
extracellularmatrix is the place of storage [as it
has been proposed for other proteins: Vlo-
davsky et al., 1987; Raines and Ross, 1992] for
the endothelial cell coagulation inhibitor. Alter-
natively, the peptide sequence may be suffi-
ciently similar to that of the protein that nor-
mally interacts with the proteoglycans and
participates in the transfer and deposition of
these species in the extracellular matrix. In
either case (e.g., whether the synthetic peptide
mimics the action of the endothelial cell inhibi-
tor from which it was derived or that of an
entirely new protein), a possible interpretation
of the experiments performed with the peptide
is that the first step in the process that leads to
the deposition of the proteoglycan in the extra-
cellular matrix is the binding of the protein,
participating in the transfer process, to the
proteoglycan through the heparan sulfate
chains of the latter. The first consequence of the
formation of the complex proteoglycan/protein
would then be the displacement of the proteogly-
can from its anchorage to the cell surface; this
would be followed by the deposition of the com-
plex in the extracellular matrix, the presence of
the bound protein being a stringent require-
ment for initiating the insertion of the proteogly-
can in the extracellular matrix. Although in the

interpretation of the data emphasis has been
placed on the proteoglycan as the molecule be-
ing transferred, on the basis of the reports cited
above it may be argued that the formation of
the complex protein-proteoglycan could be con-
sidered as the first step in the mechanism of
transfer of biological effectors from the cell sur-
face to their place of storage in the extracellular
matrix.
The action of the synthetic peptide on the

proteoglycans released in the culture medium
(an action that results in the fixation of the
proteoglycans to the cell layer) requires further
comment. The release of proteoglycans into the
supernatant medium of cultured cells (shed-
ding) has been interpreted as being part of the
mechanism of turnover of integral membrane
heparan sulfate proteoglycans [Yanagishita,
1992] and has been attributed to proteolytic
cleavage of the protein core of the syndecans at
the junction of the transmembrane and extracel-
lular domains [Bernfield et al., 1992]. It may be
hypothesized that, in endothelial cell cultures,
shedding is the result of two processes: the
release of syndecan-4 by enzymatic cleavage of
the core protein near the membrane junction
and the release of the peripheral proteoglycan
(presumably perlecan), which is bound to the
cell surface through its glycosaminoglycan moi-
eties. Under the culture conditions ordinarily
used, these molecules accumulate steadily into
the conditioned medium of the endothelial cell
line where both the heavy molecular weight
(predominantly matrix) and the lower molecu-
lar weight (predominantly cell surface) proteo-
glycans are found. Because in the presence of
the peptide the level of proteoglycans in the
supernatant medium is greatly reduced and is
paralleled by an increased deposition of the
peptide and the proteoglycan in the extracellu-
lar matrix, the accumulation of proteoglycans
in the medium of cultured endothelial cells (a
phenomenon that does not seem to be taking
place in vivo since only trace amounts of hepa-
ran sulfate are found in the blood stream) may
be hypothesized to be an alteration, caused by
the decreased availability of a protein ligand, of
a process that ordinarily would result in the
deposition of the complex in the extracellular
matrix.
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