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The urokinase-type plasminogen activator receptor
(uPAR/CD87) is a glycosylphosphatidylinositol-
anchored membrane protein with multiple functions
in extracellular proteolysis, cell adhesion, cell migra-
tion and proliferation. We now report that cell surface
uPAR dimerizes and that dimeric uPAR partitions
preferentially to detergent-resistant lipid rafts.
Dimerization of uPAR did not require raft partition-
ing as the lowering of membrane cholesterol failed to
reduce dimerization and as a transmembrane uPAR
chimera, which does not partition to lipid rafts, also
dimerized ef®ciently. While uPA bound to uPAR
independently of its membrane localization and
dimerization status, uPA-induced uPAR cleavage was
strongly accelerated in lipid rafts. In contrast to uPA,
the binding of Vn occurred preferentially to raft-
associated dimeric uPAR and was completely blocked
by cholesterol depletion.
Keywords: dimerization/GPI/lipid rafts/uPAR/Vn

Introduction

In tissues, extracellular proteolysis is controlled by the
production of plasmin which is generated by plasminogen
activators, mainly urokinase (uPA, Johnsen et al., 1998).
This protease binds with high af®nity to a glycosyl-
phosphatidylinositol-anchored membrane receptor, uPAR/
CD87 (Ploug et al., 1991). Besides its direct and well
described role in extracellular proteolysis, uPAR has
important functions in cell adhesion, migration and
proliferation (reviewed in Blasi and Carmeliet, 2002).
The functions of uPAR in the latter processes are all
dependent upon its interaction with other membrane
proteins including members of the integrin family (Wei
et al., 1996), chemotactic receptors (Resnati et al., 2002),
receptor tyrosine kinases like the epidermal growth factor
receptor (Liu et al., 2002), as well as with proteins present
in the extracellular matrix including vitronectin (Vn,
Waltz and Chapman, 1994). Although the many inter-
actions entertained by uPAR are well documented, little is
known about the molecular mechanisms involved, how the

speci®city of these contacts is attained and what are the
resulting functional consequences.

Dimerization is the mechanism responsible for acti-
vation of most, if not all, transmembrane receptors (for
review see Schlessinger, 2000). For these receptors,
dimerization follows ligand binding and leads to the
activation of protein kinase activity. Receptors attached to
the membrane by a GPI-anchor cluster in particular
detergent-resistant membrane microdomains known as
lipid rafts, where they may make contact with various
signalling molecules (reviewed in Simons and Toomre,
2000). The intrinsic dimerization of GPI-anchored mem-
brane receptors, and the possible biological signi®cance,
has not been described to date. It has been hypothesized
that oligomerization of GPI-anchored proteins may regu-
late their association with lipid raft membrane domains
(Simons and Toomre, 2000). We recently demonstrated
that dimerization is an intrinsic property of a soluble uPAR
(suPAR) molecule, and that it plays a key role in suPAR
interaction with Vn (Sidenius et al., 2002). Dimerization
of uPAR may therefore not only determine its association
with other proteins, but also direct these interactions to
discrete membrane domains.

In this paper we demonstrate that cell surface uPAR
partitions to different membrane domains depending on its
state of dimerization. In addition, we show that the
differential membrane partitioning of uPAR is function-
ally relevant in directing molecular interactions and
biological processes to discrete membrane domains.

Results

uPAR partitions to biochemically distinct
membrane domains
To analyze the partitioning of uPAR to lipid rafts we
subjected detergent lysates of uPAR-transfected human
embryo kidney 293 cells (293/uPAR) to sucrose density
gradient centrifugation analysis (¯otation) and assayed the
fractions for the presence of uPAR by western blotting
(Figure 1A). When cell extracts were prepared at 4°C in
lysis buffer containing 1% Triton X-100, uPAR was found
both in the bottom of the gradient which contains the
soluble non-raft membranes, as well as in the top fractions
containing the detergent-resistant lipid rafts. Other mem-
brane proteins, including the transferrin receptor (TfR) and
b1-integrin (Figure 1A) were recovered exclusively in the
non-raft membrane fraction under identical conditions.

The association of uPAR with lipid rafts was membrane
cholesterol dependent, as pre-treatment of the cells with
methyl-b-cyclodextrin (CD) caused a signi®cant reduction
in the fraction of uPAR associated with rafts (Figure 1A).
Structurally, the partitioning of uPAR to rafts was
dependent upon the presence of the GPI-anchor, as a
recombinant uPAR molecule anchored to the membrane
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by the transmembrane domain from the EGF receptor
(uPAR-TM) failed to partition to rafts (Figure 1B). To
determine if the raft association of uPAR at 4°C was
paralleled by a similar raft association at 37°C (Drevot
et al., 2002; Braccia et al., 2003), we repeated the ¯otation
experiments using 1% Brij-58 at 37°C (Figure 1C). Under
these conditions a fraction of uPAR, quantitatively com-
parable to that observed using Triton X-100 (1%) at 4°C,
was recovered in the raft fractions. No uPAR-TM, b1-
integrin or TfR was detected in the raft fraction when cells
were lysed with Brij-58 at 37°C (data not shown).

The detergent solubility of molecules has been shown to
change during biosynthesis and we therefore addressed the
possibility that the two populations of uPAR might
represent molecules at different stages of the biosynthetic
pathway. To this end, we repeated the ¯otation experi-
ments on cells whose surface-exposed proteins were
speci®cally labelled using the membrane impermeable
biotinylation reagent sulfo-NHS-biotin prior to cell lysis

(Brij-58, 1% at 37°C) and ¯otation (data not shown). In
these experiments, the distribution of biotinylated uPAR
between raft and non-raft fractions was very similar,
demonstrating that both populations of uPAR represent
mature cell surface-exposed uPAR.

Cell surface dimerization of uPAR
We have recently shown that a soluble form of uPAR
lacking the GPI-anchor undergoes functional dimerization
in vitro (Sidenius et al., 2002) and so we wanted to
investigate the possible occurrence of dimeric uPAR in
living cells. To this end, intact 293/uPAR cells were
treated with the membrane-impermeable chemical cross
linker BS3 and the cell lysates analyzed for the presence of
uPAR-adducts by immunoblotting (Figure 2A). In these
experiments the treatment with BS3 prior to cell lysis gave
rise to a single prominent uPAR-adduct with an apparent
molecular weight of ~90 kDa, compatible with a uPAR
dimer.

To directly con®rm that the ~90 kDa adduct represented
a uPAR dimer, a preparative cross-linking experiment was
performed and the lysate was puri®ed on an anti-uPAR
af®nity column (see Supplementary data, available at
The EMBO Journal Online). Silver staining of slab gels
containing the puri®ed material (Figure 2B) revealed the
presence of two major bands corresponding to monomeric
uPAR and the uPAR-adduct also observed in immuno-
blotting. The latter band was excised, subjected to in-gel
trypsin digestion and the generated peptides were analyzed
by MALDI-TOF mass spectrometry (see Supplementary
data). Database searches on the obtained peptide map
revealed that the adduct, as expected, contained uPAR
(Probability = 1.0, 36% coverage). The peptide map did
not show a signi®cant match to any other known protein
(Probability < 3.4 3 10±6). Based on the molecular weight
of the complex and the absence of any other identi®able
protein, we conclude that the adduct represents a uPAR
dimer.

To obtain independent evidence for the dimerization of
cellular uPAR we generated an epitope-tagged uPAR
suitable for use in co-immunoprecipitation experiments.
The octameric FLAG-epitope was inserted into uPAR
between its third domain and the GPI-anchoring signal
(see Supplementary data). Besides exposing an epitope for
the monoclonal anti-FLAG antibody M2, this small
insertion results in the destruction of the binding epitope
for the monoclonal anti-uPAR antibody R2 (Figure 2C,
upper panel, lanes 2 and 5; Sidenius et al., 2002; data not
shown). We transfected 293 cells with wild-type and
FLAG-tagged receptors individually, or with a combin-
ation of the two receptors, and selected stable clones
expressing comparable levels of the two receptors. To
analyze the predicted uPAR/uPAR-FLAG interaction,
lysates were immunoprecipitated with the anti-FLAG
antibody M2 and analyzed by immunoblotting using the
R2 antibody. Indeed, co-immunoprecipitation of uPAR
and uPAR-FLAG was observed in lysates prepared from
cells transfected with both receptors (Figure 2C, lane 6,
upper panel). Control immunoprecipitations with a mono-
clonal antibody which recognizes both forms of the
receptor (R4, Figure 2C, lanes 1±3), and re-probing of
the blots with a polyclonal anti-uPAR antibody (Figure 2C,
lower panel), demonstrate the speci®city of the M2

Fig. 1. uPAR partitions to two biochemically distinct membrane
domains. (A) Western blot analysis of uPAR membrane localization.
293/uPAR cells were lysed in buffer containing 1% Triton X-100 and
subjected to sucrose density gradient ultracentrifugation (see Materials
and methods). Equal volumes of the resulting fractions (10 ml) were
probed for uPAR using a polyclonal anti-uPAR antibody in
immunoblotting. The same fractions were also probed with polyclonal
antibodies to b1-integrin and the transferrin receptor, respectively.
293/uPAR cells were ®rst treated with CD (10 mM, 1 h, 37°C) and
then subjected to ¯otation analysis as described above. (B) 293/uPAR-
TM-expressing cells were subjected to the same analysis. (C) 293/
uPAR cells were detergent lysed in buffer containing 1% Brij-58 at
37°C and subjected to ¯otation analysis (see Materials and methods).
The data presented are representative of several independent
experiments.
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antibody, the non-reactivity of the R2 antibody with
uPAR-FLAG and the comparable expression levels of the
two receptors in the different cell clones.

Dimeric uPAR partitions preferentially to lipid rafts
A dimeric GPI-anchored protein may be considered a
single protein unit with two GPI-anchors and we therefore

next addressed the possibility that uPAR dimerization is
responsible for its differential lipid raft partitioning. To
this end we performed ¯otation analysis on cells which had
been subjected to chemical cross linking prior to cell lysis
at 4°C in Triton X-100 buffer and analyzed the fractions
for the presence of different dimeric forms of uPAR by
western blotting (Figure 3). In contrast to non cross-linked
uPAR, which was found to be predominantly detergent
soluble as shown in Figure 1A, the cross-linked dimeric
uPAR displayed an inverse distribution, with the majority
being associated with the lipid rafts (Figure 3A, upper
panel). When the same experiment was performed on CD-
treated cells, the shift towards detergent solubility of
dimeric uPAR was reduced as compared with monomeric
uPAR, indicative of a stronger interaction of the dimeric
molecule with rafts. Similar results were obtained using an
independent 293 clone expressing >10-fold less uPAR
receptor, excluding the possibility that uPAR dimerization
and the differential raft partitioning is an artefact of high
level expression (results not shown). The reciprocal
detergent solubility of monomeric and dimeric uPAR
was even more dramatic when the lysis was performed
using Brij-58 at 37°C (Figure 3B). In this case, the most
abundant form of uPAR in the raft fractions was the dimer,
possibly suggesting that the association of monomeric
uPAR with rafts may, at least partially, be an artefact
caused by detergent solubilization at 4°C. Control experi-
ments in which the cross linking was performed on the
individual fractions obtained after the ¯otation demon-
strated that both monomeric and dimeric uPAR displayed
a distribution in the gradients identical to that observed
when the cross linking was performed on intact cells (data
not shown). Additional evidence for the preferential raft
partitioning of dimeric uPAR was obtained by co-
immunoprecipitation analysis of fractions obtained from
¯otation experiments on 293 cells transfected with both
wild-type and FLAG-tagged uPAR (Figure 3C). In these
experiments, the majority of co-immunoprecipitated
uPAR was found in the raft fractions even though the
majority of receptor was located in the non-raft fraction.

Dimerization of uPAR is independent of its
association with lipid rafts
The preferential partitioning of dimeric uPAR to lipid rafts
prompts the question of whether uPAR dimerization
causes raft association, or if the association of monomeric
uPAR with rafts causes dimerization. It has been shown
that clustering of GPI-anchored proteins in lipid rafts is
cholesterol dependent (Friedrichson and Kurzchalia,
1998), and we therefore assessed the effect of CD on
chemical uPAR/uPAR cross linking (Figure 4A) and co-
immunoprecipitation (Figure 4B). In this analysis, CD
failed to inhibit subsequent chemical cross linking or co-
immunoprecipitation of uPAR, demonstrating that uPAR
dimers remain stable even after raft disruption. To address
the possibility that an initial lipid raft association may have
caused the uPAR dimer formation, we repeated the
chemical cross linking experiments on cells expressing
the transmembrane anchored uPAR (Figure 4C). However,
even though this receptor fails to partition to rafts
(Figure 1B), the chemical cross linking consistently
resulted in the appearance of an adduct with the size
expected for a uPAR-TM dimer.

Fig. 2. Dimeric cell surface uPAR revealed by chemical cross linking
and co-immunoprecipitation. (A) Western blot analysis of uPAR
dimerization by chemical cross linking. 293/uPAR cells were treated
with the chemical cross linker BS3 as indicated below the panel,
washed and lysed. Equal amounts of total protein were separated by
SDS±PAGE and analyzed by immunoblotting using a polyclonal
anti-uPAR antibody. Similar data were observed in several
experiments. (B) Af®nity puri®cation of cross-linked uPAR. Lysates
obtained from large-scale cross linking experiments carried out on
293/uPAR cells were loaded onto an anti-uPAR antibody af®nity
column. After washing, bound protein was eluted, concentrated and
separated by SDS±PAGE. The slab gel was silver stained and the band
corresponding to the uPAR adduct (marked by an asterisk) excised,
subjected to trypsin digestion and analyzed by mass spectrometry (see
Supplementary data). (C) Lysates from 293 cells expressing either
wild-type uPAR (WT), FLAG-tagged uPAR (FLAG) or both
(WT+FLAG) were immunoprecipitated with an anti-uPAR antibody
(R4) which recognizes both wild-type and FLAG-tagged uPAR, or with
an anti-FLAG antibody (M2) which recognizes only the FLAG-tagged
receptor. The immunoprecipitated material was fractionated by
SDS±PAGE and analyzed by immunblotting using an anti-uPAR
antibody (R2) which recognizes only wild-type uPAR (upper panel).
To ensure that appropriate immunoprecipitation had been achieved, the
blots were also probed with a polyclonal uPAR antibody which
recognizes all forms of the receptor (a-uPAR-PC, lower panel). Similar
results were obtained in at least three independent experiments.
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Binding of uPA to uPAR is independent of receptor
dimerization and raft association
A major function of uPAR is to promote pericellular
plasminogen activation through the high-af®nity binding
of the plasminogen activator uPA to the cell surface, and
we therefore determined the capacity of uPAR to direct the
binding of uPA to the two different membrane compart-
ments. To this end, we subjected 293/uPAR cells incu-
bated with 125I-uPA to ¯otation analysis and assayed the
resulting fractions for the presence of radiolabel by
g-counting (Figure 5A). In these experiments, the distri-
bution of 125I-uPA between the raft and non-raft fractions
was similar to that of the receptor itself, with approxi-
mately one quarter of the 125I-uPA being found associated
with the lipid rafts. This suggests that uPA binds to uPAR

with a similar af®nity, independently of where the receptor
is located in the membrane. In control experiments in
which the cells had been incubated with 125I-labeled
receptor associated protein (RAP), very few counts were
found associated with the raft fractions. This is consistent
with the fact that RAP binds with high af®nity to members
of the LDL-related receptor family, which partition
exclusively to the detergent-soluble membrane fraction
(Marynen et al., 1984). To verify that the 125I-uPA
recovered in the different fractions was indeed associated
with uPAR, we subjected the pooled raft and non-raft
fractions to immunoprecipitation using an a-uPAR or a
control antibody and assayed the precipitates by g-
counting (Figure 5B).

The symmetrical distribution of uPAR and uPAR-
associated uPA suggests that uPA interacts with both
monomeric and dimeric uPAR. To test this possibility
directly, the fractions obtained after ¯otation of cross-
linked 293/uPAR cells (see Figure 3A) were subjected to
pull-down analysis using biotinylated uPA, and assayed
for uPAR by immunoblotting (Figure 5C). In this analysis,
uPA was found to interact with both monomeric and
dimeric uPAR, independently of whether these forms of
the receptor were located in the raft or non-raft membrane
fractions. Cholesterol depletion resulted in a shift of the
material pulled down towards the non-raft fractions but did
not signi®cantly alter the forms, or quantity, of uPAR that
was immunoprecipitated.

Fig. 3. Dimerization regulates uPAR partitioning to lipid rafts.
(A) Differential raft partitioning of monomeric and dimeric uPAR.
293/uPAR cells were incubated in the presence (lower panel) or
absence (upper panel) of CD (10 mM, 1 h, 37°C), treated with BS3

(0.5 mM, 30 min, 4°C), and analyzed by ¯otation and immunoblotting.
(B) Flotation analysis of BS3-treated 293/uPAR cells lysed at 37°C in
buffer containing 1% Brij-58. (C) Differential raft-partitioning of
dimeric uPAR analyzed by co-immunoprecipitation. Flotation analysis
was carried out on lysates of 293 cells expressing both wild-type and
FLAG-tagged uPAR. Raft fractions (2, 3 and 4) and non-raft fractions
(6, 7 and 8) were pooled and subjected to co-immunoprecipitation
analysis as described in the legend to Figure 2C. The total uPAR
present in each membrane compartment was visualized by immuno-
blotting with a polyclonal anti-uPAR antibody. Prior to immunoprecipi-
tation, all fractions were equalized for detergent and sucrose
concentration. The results presented are representative of two (C) or
more (A and B) independent experiments.

Fig. 4. Dimerization of uPAR does not require its association with lipid
rafts. (A) The effect of CD treatment on chemical cross linking.
293/uPAR cells were cholesterol depleted using CD and treated with
BS3 as indicated below the panel, and the cell lysates analyzed by
western blotting. (B) The effect of CD treatment on uPAR co-immuno-
precipitation. 293 cells transfected with a combination of uPAR-WT
and uPAR-FLAG were treated with CD as indicated and analyzed by
co-immunoprecipitation as described in the legend to Figure 2C.
(C) Chemical cross linking of uPAR-TM. 293/uPAR-TM cells were
treated with chemical cross linker as indicated and cell lysates analyzed
by western blotting as above.
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uPA-catalyzed uPAR cleavage is accelerated in
lipid rafts
An important consequence of uPA binding to its receptor
is the subsequent cleavage of uPAR between domains 1
and 2 to produce the GPI-linked anchored uPAR fragment
D2D3 (Hùyer-Hansen et al., 1992). To investigate if uPAR
cleavage was affected by receptor localization and/or
dimerization, we carried out time-course experiments of

uPA-induced cleavage of cell surface uPAR (Figure 6).
After incubation with uPA, cells were lysed and subjected
to ¯otation analysis. As shown in Figure 6A, at t = 0 most
uPAR is intact with the amount of D2D3 present
subsequently increasing with the time of incubation with
uPA. Intact uPAR and D2D3 were observed in both
detergent-resistant as well as soluble fractions. To measure
the rate of uPAR cleavage more accurately, the fractions
corresponding to detergent-soluble and detergent-resistant
membranes were pooled and analyzed by western blotting
after deglycosylation (Figure 6B), and the blots quanti®ed
by densitometry (Figure 6C). The rate of uPAR cleavage
in the lipid raft compartment was clearly much more rapid
(half-life ~10 min) when compared with non-raft mem-
branes (half-life >1 h). In addition, uPAR cleavage was
more complete in the rafts with no, or little, full-length
uPAR remaining after 1 h in comparison with the almost
50% remaining in the detergent-soluble membrane com-
partments. The uPAR cleavage was strictly dependent
upon the uPA/uPAR interaction, as the inclusion of a
100-fold excess of non-catalytic growth factor-like
domain of uPA completely inhibited cleavage (data not
shown). To address the possibility that uPAR cleavage
affects uPAR dimerization, we performed co-immuno-
precipitation experiment on cells exposed to uPA for
different lengths of time (Figure 6D). In these experi-
ments, the degree of uPAR cleavage was paralleled by a
reduction in uPAR±uPAR interactions, since the amounts
of R2-detected uPAR in M2 immunoprecipitates de-
creased with time (Figure 6D).

Dimerization directs the selective binding of the
extracellular matrix protein Vn to uPAR in lipid
rafts
We recently showed that dimerization of soluble uPAR is
a prerequisite for its high-af®nity interaction with the
extracellular matrix protein Vn (Sidenius et al., 2002). As
dimeric uPAR partitions preferentially to lipid rafts, we
predicted that uPAR-dependent cell-surface Vn binding
would occur selectively to the raft fraction. To address this
possibility, we incubated 293/uPAR cells with 125I-labeled
Vn, subjected detergent lysates to ¯otation analysis and
analyzed the fractions for the presence of 125I-Vn as
described above (Figure 7A). In these experiments,
approximately one third of the 125I-Vn was recovered
associated with the rafts, and the remainder in the fractions
corresponding to the detergent-soluble material.
Transfected uPAR is not the only binding site for Vn on
293 cells, as this cell line has been shown to express Vn-
binding members of the integrin family (Bodary and
McLean, 1990). To determine the amount of Vn specif-
ically associated with uPAR in the different membrane
fractions, we performed anti-uPAR immunoprecipitations
and analyzed the precipitates by g-counting (Figure 7B). In
these experiments, 125I-Vn was found to associate much
more ef®ciently with the uPAR present in rafts as
compared with uPAR located in the non-raft membrane
fractions (Figure 7B). To determine if the selective high-
af®nity binding of Vn to raft-associated uPAR was caused
by the particular lipid environment and/or uPAR dimer-
ization, fractions obtained after ¯otation of cross-linked
293/uPAR cells were subjected to pull-down analysis
using a biotinylated recombinant Vn protein. This con-

Fig. 5. Lipid raft- and dimerization-independent binding of uPA to
uPAR. (A) 293/uPAR cells were incubated with 125I-labeled uPA (1 nM,
®lled bars) or RAP (3 nM, open bars). After removal of unbound
reagents the cells were lysed in Triton X-100 buffer and subjected to
¯otation analysis. Fractions were collected and the radioactivity was
determined by g-counting. The level of radioactivity in each fraction is
shown as percentage of the sum of radioactivity in all fractions. The
data represents the mean 6SD of two independent binding/¯otation
experiments. The percentage of total radioactivity associated with the
raft and non-raft fractions is indicated below each graph. (B) To
determine the amount of 125I-labeled uPA speci®cally associated with
uPAR, raft and non-raft fractions were pooled and subjected to
immunoprecipitation using a polyclonal antibody against uPAR
(a-uPAR) or an irrelevant antibody (control). After washing, precipi-
tated radioactivity was determined by g-counting. (C) 293/uPAR cells
were treated with BS3 (upper panel) or CD and BS3 (lower panel), as
described previously, and subsequently to ¯otation analysis. Fractions
were immunoprecipitated with biotinylated uPA and analysed by
SDS±PAGE and immunoblotting using an anti-uPAR antibody.
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struct contained the 97 N-terminal residues of mature Vn,
which encompasses the entire somatomedin B domain
which has been shown to be responsible for the interaction
with uPAR (Okumura et al., 2002). This protein was used
instead of intact Vn because it is more easily biotinylated,
and less prone to aggregation and loss due to absorption.
Control experiments demonstrated that the Vn(1±97)
protein interacts with soluble uPAR in a dimerization-
dependent manner exactly as previously described for
intact Vn (data not shown; Sidenius et al., 2002). In this
analysis (Figure 7C), Vn(1±97) was found to preferentially
precipitate dimeric uPAR, and predominantly from the raft
fractions, supporting the notion that Vn interacts prefer-
entially with dimeric uPAR. When the cells had been
cholesterol depleted prior to cross linking and ¯otation, the
Vn(1±97) did not precipitate any uPAR, suggesting that
not only dimerization but also the lipid environment is
crucial for the uPAR/Vn interaction. To determine if the
reduced Vn(1±97) binding observed biochemically was
paralleled by a reduction in cell adhesion (see
Supplementary data for methods) we performed adhesion
assays on 293/uPAR cells which had been treated with CD
to disrupt cholesterol-dependent microdomains
(Figure 7D). In these experiments, a signi®cant reduction
(P = 0.027, Student's paired t-test) in cellular adhesion to
Vn was observed after CD treatment. The reduction
appeared to be speci®c for Vn, as integrin-mediated
adhesion to ®bronectin was unaltered by CD treatment.
Control experiments using anti-uPAR antibodies demon-

strated that the adhesion to Vn was uPAR dependent (data
not shown).

Discussion

Using chemical cross linking and co-immunoprecipitation
we show that uPAR exists both in monomeric and dimeric
form on the cell surface. Do these techniques allow us to
estimate the fraction of uPAR that exists as a dimer? Cross
linking may overestimate dimerization as the amount of
cross-linked uPAR formed re¯ects not only the presence
of stable uPAR dimers but also stochastic encounters
between these molecules during treatment. In fact, chol-
esterol depletion fractionally increases the amount of
uPAR that is cross linked. This possibly re¯ects an
increase in stochastic encounters caused by the increased
mobility of the receptors in the membrane. However, cross
linking may also underestimate the extent of dimerization,
as a fraction of uPAR may be dimeric, yet not react
constructively with the cross linker to form stable dimers
detectable by our methods. Co-immunoprecipitation is not
prone to the artefacts observed due to stochastic encoun-
ters and is neither affected by cholesterol depletion.
However, the degree of dimerization as estimated by co-
immunoprecipitation is affected by differences in the
levels of expression of the two receptors, the relative
ef®ciency of the antibodies used in immunoprecipitation,
as well as association/dissociation events that routinely
occur during the precipitation procedure. Nevertheless,

Fig. 6. uPA-mediated uPAR cleavage is accelerated in lipid rafts. (A) 293/uPAR cells were treated for various times (0, 1, 5, 15, 60 and 120 min) at
37°C with 3 nM uPA in DMEM supplemented with 0.1% BSA. After the incubation, cells were moved to ice, washed in ice-cold PBS, lysed in Triton
X-100 containing buffer, and subjected to ¯otation analysis as described above. uPAR and cleaved uPAR (D2D3) were identi®ed by immunoblotting
analysis using a polyclonal anti-uPAR antibody. (B) Flotation fractions corresponding to the raft and non-raft material were pooled, aliquots were
reduced and deglycosylated, fractionated by SDS±PAGE and immunoblotted with a polyclonal anti-uPAR antibody. (C) The intensity of the bands
corresponding to full-length uPAR in (B) was quanti®ed by densitometry and plotted as a percentage of the intensity observed in cells not exposed to
uPA (0 min). The data represents the mean value of two independent experiments. (D) Lysates of 293/uPAR cells exposed to uPA (3 nM) for different
lengths of time were immunoprecipitated with M2 and blotted with R2 to reveal the co-immunoprecipitated uPAR, or with a polyclonal anti-uPAR
antibody to reveal total uPAR.
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both techniques yield congruent results, namely that a
minor fraction of uPAR (10±30%) is present at the cell
surface in dimeric form.

Detergent solubility is a widely accepted technique that
is routinely used in the analysis of membrane raft proteins.
However, recent studies have clearly underscored the
important limitations and pitfalls of this technique (Schuck
et al., 2003). The current study is based on the assumption
that the two pools of uPAR obtained by detergent
fractionation correspond to two biochemically and bio-
logically different membrane domains also present in the
intact living cell. Much evidence supports this assumption.
The cholesterol dependence of the association of uPAR
with the detergent-resistant membrane fraction directly
demonstrates that this fraction of uPAR is indeed associ-
ated with a cholesterol-dependent type of membrane

domain, i.e. lipid rafts. A recent proteomic study, based on
cholesterol depletion, has clearly identi®ed uPAR as a
`true' raft protein (Foster et al., 2003). In our experiments
most of uPAR is recovered in the fractions containing the
detergent-soluble membranes. Although we generically
term this material as ¢non-raft¢ it is important to note that it
cannot be ruled out that these receptors are also associated
with a type of lipid raft less resistant to detergent
extraction. Indeed, the co-existence of different types of
lipid rafts in the same cell membrane has been documented
both in mammalian cells (Gomez-Mouton et al., 2001) and
in yeast (Bagnat and Simons, 2002). Most importantly, the
data presented demonstrate that the two populations of
uPAR separated by detergent solubility actually represent
functionally distinct membrane domains before the deter-
gent extraction. The chemical cross linking is performed

Fig. 7. Dimeric uPAR directs the selective binding of Vn to lipid rafts. (A) 293/uPAR cells incubated with 125I-labeled Vn were lysed and subjected to
¯otation analysis. The resulting fractions were assayed for radioactivity. The level of radioactivity in each fraction is shown as a percentage of the
sum of radioactivity in all fractions. The data represents the mean 6SD of two independent binding/¯otation experiments. The percentage of total
radioactivity associated with the raft and non-raft fractions is indicated. (B) To determine the amount of 125I-labeled Vn speci®cally associated with
uPAR, the raft and non-raft fractions were pooled and subjected to immunoprecipitation using a polyclonal antibody against uPAR (a-uPAR) or an
irrelevant antibody (ct. Ab). After washing, the radioactivity bound to the beads was determined by g-counting. (C) Cells treated with BS3 (upper
panel) or CD followed by BS3 (lower panel) were lysed, subjected to ¯otation analysis and aliquots of the resulting fractions were immunoprecipitated
with biotinylated Vn(1±97). uPAR was visualized using an anti-uPAR polyclonal antibody. (D) Adhesion of 293/uPAR cells to Vn- or Fn-coated wells
was allowed to proceed for 30 min at 37°C, with or without pre-treatment of cells with 10 mM CD for 1 h at 37°C (see Materials and methods).
Adherent cells were quanti®ed after ®xing by staining with crystal violet. The data represent the mean 6SD of three independent experiments, each
carried out in quadruplicate.
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before cell lysis, yet the uPAR dimerization pattern is very
different between the raft and non-raft fractions. The
radioactively labelled Vn binding is performed before cell
lysis, yet binding is largely con®ned to the raft fraction.
The cleavage of uPAR by uPA is performed on intact cells,
yet the cleavage kinetics are much faster in the raft
fraction.

Our data clearly demonstrate that monomeric and
dimeric uPAR are differentially distributed between the
two types of membrane domain. Nevertheless, the distri-
bution of the two forms of uPAR between the two
membrane domains appears to be incomplete, as we
observe both monomeric uPAR in the lipid raft fractions
and dimeric uPAR in the non-raft fractions. However,
several observations suggest that the differential partition-
ing in vivo may be more pronounced. First, a fraction of
the dimeric uPAR associated with the detergent soluble
membranes may derive from solubilized lipid rafts.
Secondly, some of the monomeric uPAR found in lipid
rafts may be dimeric uPAR which has escaped construct-
ive cross linking. Thirdly, the differential partitioning is
more pronounced when the cell lysis is performed at
physiological temperature. It has previously been sug-
gested that dimerization and oligomerization of membrane
proteins may have a fundamental regulatory function in
their association with lipid rafts (Simons and Toomre,
2000). Indeed, the induced clustering of different mem-
brane proteins has been shown to enhance their partition-
ing to lipid rafts (Harder et al., 1998; Janes et al., 1999;
Abrami et al., 2003). To our knowledge, however, our data
represent the ®rst demonstration that dimerization, the
elementary form of oligomerization, is suf®cient to
determine receptor association with lipid rafts.

Binding experiments show that the differential mem-
brane distribution of uPAR is paralleled by a similar
distribution of binding sites for uPA, implying a
dimerization- and lipid-environment-independent inter-
action between these two molecules. Pull-down experi-
ments con®rm this idea, as uPA is found to interact with
both monomeric and dimeric uPAR, independently of
membrane localization. The weak reduction in the binding
of uPA to dimeric uPAR, as compared with the monomeric
receptor, may possibly re¯ect minor differences in the
af®nity between uPA and the two forms of uPAR, but may
also be caused by steric hindrance introduced in the
presence of the cross linker. Cholesterol depletion causes a
shift of the uPA binding sites towards the non-raft
membrane fraction but does not signi®cantly alter the
amount, or type, of uPAR precipitated. Although the data
demonstrates that uPA interacts equally well with uPAR
independently of where in the membrane the receptor is
located, they do not allow us to extrapolate that
plasminogen activation, a major function of the uPA/
uPAR interaction, will also display the same distribution.
In fact, plasminogen activation requires the concomitant
binding of both uPA and plasminogen to the cell surface
(Ellis et al., 1991) and probably to the same membrane
domain. Studies speci®cally addressing the role of raft
association in uPAR's function as a plasminogen activator
are currently under way.

Binding of uPA to cell surface uPAR causes cleavage of
the receptor in the linker region connecting domains 1 and
2 (Hùyer-Hansen et al., 1992) and we now show that this

cleavage is strongly accelerated in lipid rafts. At least two
possible explanations may account for this observation.
First, both the substrate (uPAR) and the enzyme (uPA) are
presumed to be present at a higher density in lipid rafts as
compared with the rest of the cell membrane, thereby
favouring the cleavage reaction. Secondly, it is possible
that the conformation of dimeric uPAR is more prone to
cleavage by uPA. Our data do not allow us to distinguish
between these two possibilities with certainty. Raft
disruption by cholesterol treatment only marginally affects
the overall cleavage rate of uPAR (data not shown),
suggesting that it is dimerization rather than the lipid
environment which is responsible for the acceleration of
uPAR cleavage. However, even if the acceleration of raft
uPAR cleavage was completely lipid environment depend-
ent, the overall change in cleavage rate would be marginal
as only a minor fraction of uPAR is located in lipid rafts.
Speci®c inhibitors of uPAR dimerization will be required
to directly investigate the possible role of dimerization in
the acceleration of uPAR cleavage.

The functional importance of the rapid uPAR cleavage
in lipid rafts has yet to be determined. Our data clearly
demonstrate that uPAR cleavage is likely to regulate
uPAR dimerization, and by extension also uPAR's lipid
raft association. However, the generated D2D3 fragments
remain raft associated, at least throughout the timescale of
our experiments. This residual af®nity of cleaved uPAR
for lipid rafts may possibly be explained by a residual
weak dimerization and/or a slow diffusion rate out of these
membrane domains. Cleavage of uPAR may cause a rapid
location-speci®c loss of uPA, as the D2D3 fragments have
a 1000-fold lower af®nity for uPA (Ploug et al., 1994) and
Vn binding activity. This may not only limit local
plasminogen activation and hence extracellular proteolysis
but may also destroy uPAR-Vn interactions which require
intact uPAR (Hùyer-Hansen et al., 1997; Sidenius and
Blasi, 2000). Beside its effects on uPA and Vn binding,
uPAR cleavage generates the potent chemotactic uPAR
fragment, D2D3 (Resnati et al., 2002). The cleavage of
uPAR in lipid rafts therefore rapidly generates a high local
concentration of D2D3 in a membrane domain known to
be enriched in many signalling molecules necessary to
initiate cell migration, including G-protein coupled
receptors and their downstream signalling molecules
(Foster et al., 2003). That the raft association of uPAR is
important for its function in signal transduction is indeed
supported by recent studies showing that in neutrophils
uPAR clustering is required for uPA-dependent increase in
Ca2+ ¯ux, and that cholesterol depletion blocks subsequent
uPA-induced Ca2+ ¯ux (Sitrin et al., 2003).

In contrast to uPA, which binds uPAR independently of
its membrane localization and dimerization state, we
clearly demonstrate that Vn binds preferentially to
dimeric, raft-associated, uPAR. Although cholesterol
depletion has little or no effect on the extent of uPAR
dimerization, the treatment completely blocks the uPAR/
Vn interaction in pull-down experiments. Even if the
inhibition of the uPAR/Vn interaction by cholesterol
depletion correlates with the disruption of lipid rafts,
detailed analysis of the data suggests that it is not the
disruption of the lipid raft per se that blocks the uPAR/Vn
interaction. First, cholesterol depletion only causes a
partial disruption of lipid rafts, as indicated by the shift of
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uPAR towards the non-raft fractions, yet it causes a
complete inhibition of the uPAR/Vn interaction as evalu-
ated by pull-down assays. Secondly, even in untreated
cells a minor fraction of dimeric receptor recovered in the
non-raft membrane fractions is pulled down by Vn(1±97).
After cholesterol treatment, the same fractions contain
more dimeric uPAR, yet none of it can be pulled down by
Vn. Thirdly, some dimeric uPAR is recovered in the raft
membrane fractions even after cholesterol depletion, yet
this uPAR cannot be pulled down by Vn. Besides
demonstrating a direct role of the lipid environment in
the uPAR/Vn interaction, these experiments strongly
suggest that it is not the integrity of the lipid rafts (as
evaluated by buoyancy) that determines if the uPAR dimer
is in a Vn-binding conformation or not, but rather the lipid
microenvironment more closely associated with the
receptor. Consistently with the Vn(1±97) pull-down
assays, cholesterol depletion is associated with a signi®-
cant reduction in cell adhesion to immobilized Vn,
although the inhibition in this case is incomplete. The
partial inhibition of adhesion may possibly be explained
by cholesterol repopulation of the cell membrane during
the adhesion assay, but this possibility was not addressed
experimentally.

It is evident from our data that dimerization controls
uPAR interaction with different proteins and membrane
domains, but how is uPAR dimerization itself regulated?
We have previously shown that soluble uPAR dimerizes
in vitro, but only in the presence of uPA (Sidenius et al.,
2002). However, unlike suPAR, dimerization of cell
surface uPAR apparently does not require uPA as it is
observed in 293/uPAR cells which produce no uPA. One
possible explanation is that the high level of uPAR
expressed by 293/uPAR cells uncouples the ligand
dependence. However, we also observe ef®cient uPAR
dimerization in 293/uPAR clones expressing signi®cantly
reduced levels of receptor (data not shown). A second
possibility is that the interaction between uPAR and
another protein(s), apart from uPA, controls dimerization.
One obvious candidate is Vn, as this protein interacts
preferentially with dimeric uPAR and is present in high
quantities in the serum-containing media used to culture
the 293 cells. A third possibility is that membrane-
anchored uPAR has a conformation favouring dimeriza-
tion and similar to that otherwise provided by the presence
of the ligand. Indeed, it has recently been shown that
soluble and GPI-anchored uPAR have different conform-
ations (Hùyer-Hansen et al., 2001; Andolfo et al., 2002).

Materials and methods

Materials
Cell culture media and supplements were purchased from Gibco-BRL and
plastic ware was from Costar. Methyl-b-cyclodextrin, M2 antibody and
general laboratory chemicals were from Sigma-Aldrich. Secondary
antibodies and radiolabel were from Amersham Pharmacia Biotech.
PVDF membranes used in western blotting were from Millipore. Triton
X-100, disuccinimidyl suberate (DSS), bis-sulfodisuccinimidyl suberate
(BS3), Iodogen, chemoluminescent substrate and Streptavidin beads were
from Pierce. Urea-puri®ed Vn was obtained from Promega and clinical
grade uPA from Crinos (Italy). Vn, uPA and RAP were iodinated
according to the Iodogen procedure as previously described (Behrendt
et al., 1991). The R2, R4 and polyclonal anti-uPAR antibodies were
kindly provided by Dr Gunilla Hùyer-Hansen (Finsen Laboratory,

Copenhagen). The Trx-VN1-97wt vector was kindly provided by David
Loskutoff (Scripps Research Institute, CA).

Cell culture, cholesterol depletion, chemical cross linking
and binding assays
293 cells were cultured in Dulbecco's Modi®ed Eagle Medium (DMEM)
supplemented with penicillin (100 U/ml), streptomycin (100 U/ml),
glutamine (5 mM) and 10% fetal bovine serum (FBS) at 37°C in 5% CO2.
Transfections were performed using Fugene 6 according to the
manufacturer's instructions (Roche) and stable transfectants were
selected in 0.8 mg/ml G418. Individual cell clones were characterized
by western blotting using antibodies R2 and/or M2 and maintained in
0.2 mg/ml G418. Cholesterol depletion was performed on semi-con¯uent
cell layers (10 cm dishes) washed twice with serum-free DMEM (0.1%
BSA) and incubated in DMEM (0.1% BSA), containing 10 mM CD for 1 h
at 37°C. Cells were washed twice with ice-cold PBS and lysed directly or
subjected to chemical cross linking. Cross linking was performed by
incubating cells with 0.5 mM BS3 in PBS for 30 min at 4°C. Un-reacted
BS3 was removed by washing the cells with PBS, and the cells lysed as
described below. For binding assays, semi-con¯uent cells (5 cm dishes)
were washed twice in binding buffer (DMEM containing 0.1% BSA and
25 mM HEPES pH 7.5) and incubated with 125I-labeled uPA, Vn or RAP
for 90 min at 4°C. Unbound reagents were removed by washing four
times with binding buffer and the cells lysed as described below.

Cell lysis, ¯otation analysis, immunoprecipitation and
immunoblotting
For immunoblotting and co-immunoprecipitation experiments cells were
lysed in RIPA buffer [0.1% sodium dodecyl sulfate (SDS), 1% Triton X-
100, 1% deoxycholate, 0.15 M NaCl and 0.1 M Tris±HCl pH 7.6)
containing a cocktail of protease inhibitors (Complete, Roche). After
10 min on ice, lysates were collected by scraping, sonicated for 15 s (0.3 s
bursts), centrifuged at 13 000 r.p.m. for 15 min at 4°C and the supernatant
recovered. Total protein concentrations were determined using the DC
Protein Assay (Bio-Rad) with BSA as standard. For immunoprecipitation
experiments using R2 and M2 antibodies, lysates were pre-cleared using
Protein A±Sepharose beads (Amersham Pharmacia Biotech) and the
supernatant transferred to another aliquot of beads to which the relevant
antibody had been pre-bound for 2 h at 4°C. Following immunoprecipita-
tion overnight, the beads were washed three times in RIPA buffer and the
adsorbed material eluted by boiling in non-reducing sample buffer.
Proteins were separated by SDS±PAGE, transferred to PVDF membranes
(Millipore) and probed with antibodies as detailed in the ®gure legends.
Immune complexes were visualized by incubation with peroxidase-
conjugated secondary antibodies and chemiluminescent detection. For
sucrose density gradient analysis of detergent extracts (¯otation), semi-
con¯uent cell layers (10 cm dishes) were washed twice with ice-cold PBS
and lysed for 30 min on ice in 1 ml of buffer A (25 mM Tris±HCl pH 7.5,
0.15 M NaCl) containing 1% Triton X-100 and a cocktail of protease
inhibitors. Lysates were collected by scraping, transferred to 12 ml ultra
centrifugation tubes (Beckman Instruments Inc.) and mixed carefully
with 1 ml of 80% sucrose in buffer A. The lysates were overlaid with a
step gradient of sucrose (4 ml 30%, 2 ml 5% and 4 ml 0%) prepared in
buffer A and centrifuged at 39 000 r.p.m. for 16 h using a SW41Ti rotor in
a Beckman L7-55 ultracentrifuge at 4°C. After centrifugation, the top 4 ml
of buffer A were removed and the remaining 8 ml were harvested as 1 ml
fractions (1±8). Equal volumes (10 ml) of each fraction were analyzed
directly by western blotting or pooled as the `rafts' fraction (2, 3 and 4)
and the `non-raft' fraction (6, 7 and 8) and analyzed by immunoprecipita-
tion. For immunoprecipitation with R2 and M2, 0.5 ml of the pooled raft
and non-raft fractions were added to 0.5 ml of RIPA buffer and
immunoprecipitated as described above. For immunoprecipitations using
uPA and Vn(1±97), biotinylated proteins (3 mg/sample) were pre-coupled
to streptavidin beads for 2 h at 4°C, beads were washed twice with RIPA
and aliquots of fractions from ¯otation assays were added [using 0.2 ml of
lysate for uPA immunoprecipitation and 0.5 ml for that with Vn(1±97)]
and made up to a ®nal volume of 1 ml with RIPA. Immunoprecipitation
and analysis was then carried out as described above. To avoid possible
artefacts caused by the different concentration of sucrose and Triton X-
100 present in the different fractions, sucrose and Triton X-100 was added
to the individual fractions to normalize for these compounds. Complete
cell lysis and the separative power of the sucrose gradients was ensured
by parallel analysis of cells which had been cholesterol depleted and/or
cells expressing the detergent soluble receptor uPAR-TM plated at the
same density.
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Supplementary data
Supplementary data are available at The EMBO Journal Online.
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