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ABSTRACT Lipid heterogeneities, such as lipid rafts, are widely considered to be important for the sequestering of membrane
proteins in plasma membranes, thereby influencing membrane protein functionality. However, the underlying mechanisms
of such sequestration processes remain elusive, in part, due to the small size and often transient nature of these functional
membrane heterogeneities in cellular membranes. To overcome these challenges, here we report the sequestration behavior
of urokinase receptor (uPAR), a glycosylphosphatidylinositol-anchored protein, in a planar model membrane platform with
raft-mimicking lipid mixtures of well-defined compositions using a powerful optical imaging platform consisting of confocal
spectroscopy XY-scans, photon counting histogram, and fluorescence correlation spectroscopy analyses. This methodology
provides parallel information about receptor sequestration, oligomerization state, and lateral mobility with single molecule sensi-
tivity. Most notably, our experiments demonstrate that moderate changes in uPAR sequestration are not only associated with
modifications in uPAR dimerization levels, but may also be linked to ligand-mediated allosteric changes of these membrane
receptors. Our data show that these modifications in uPAR sequestration can be induced by exposure to specific ligands (uro-
kinase plasminogen activator, vitronectin), but not via adjustment of the cholesterol level in the planar model membrane system.
Good agreement of our key findings with published results on cell membranes confirms the validity of our model membrane
approach. We hypothesize that the observed mechanism of receptor translocation in the presence of raft-mimicking lipid
mixtures is also applicable to other glycosylphosphatidylinositol-anchored proteins.
INTRODUCTION
The heterogeneous distribution of lipids in the plasma mem-
brane is increasingly recognized as an important regulatory
factor that influences membrane protein distribution and
functionality (1,2). Lipid rafts, which are enriched in choles-
terol (CHOL) and sphingolipids, represent one prominent
type of lipid heterogeneity (3,4). Raft microdomains have
been associated with multiple cellular activities, including
signaling (5), pathogenesis (6), and regulation of cell adhe-
sion, cell morphology, and angiogenesis (7). Their func-
tional importance has been largely linked to the ability to
sequester membrane proteins of different raft affinity (8).
Membrane protein raft affinity has been in part attributed
to several molecular motifs, such as protein acylation and
glycosylphosphatidylinositol (GPI) anchors (3).

Raft-mediated receptor clustering and associated change
in receptor function represent potentially important roles
for raft domains in cellular membranes (9). For example,
Paladino et al. (10) reported that oligomerization of apically
sorted GPI-anchored proteins (GPI-AP) during their trans-
port to the plasma membrane of Madin-Darby canine kidney
(MDCK) cells is associated with lipid rafts. These authors
observed that CHOL depletion not only impaired raft affin-
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ity and apical sorting, but also protein oligomerization of
GPI-APs in the Golgi. Similarly, Kusumi and co-workers
(11) attributed the stabilization of GPI-AP homodimers in
the plasma membrane of CHO-K1 cells to raft-lipid interac-
tions forming GPI-AP homodimer rafts. Their interpretation
was largely based on the observation that GPI-anchored
GFP showed longer dimer lifetimes than GFP counterparts
with a transmembrane (TM) anchor. Ligand-induced re-
ceptor oligomerization plays a key role in multiple TM
signaling processes (12). Lipid rafts are considered to be
important in the redistribution of membrane proteins in
response to ligand-induced changes in the membrane pro-
tein oligomerization state. For example, raft partitioning
of urokinase plasminogen activator receptor (uPAR) in hu-
man embryonic kidney 293 cells was reported to be linked
to alterations of the receptor dimerization state upon ligand
binding (13). Here, urokinase plasminogen activator (uPA)
binding was found to reduce dimerization and raft parti-
tioning of this GPI-anchored membrane receptor, whereas
enhanced uPAR dimerization and raft partitioning was
observed upon vitronectin (VN) addition. Of importance,
ligand-mediated alterations in receptor dimerization and
raft partitioning are not only limited to GPI-APs. A similar
mechanism was recently proposed for G-protein-coupled re-
ceptors (GPCRs) on the basis of computational results (14).
Despite these supporting results, there is still uncertainty
about the functional relationship between raft domains and
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receptor oligomerization and function. This uncertainty is
not only due to a lack of knowledge about the role of poten-
tial ligand-induced allosteric changes of receptor conforma-
tion on raft affinity, but should also be attributed to the small
size and transient nature of such membrane domains in the
plasma membrane (15,16). As a consequence, optical visu-
alization of stable raft domains in cell membranes typically
requires the use of cross-linking agents, such as cross-link-
ing antibodies or GM1-cholera toxin B. Not surprisingly,
Lingwood and Simons (17) recently pointed out parallels
to Heisenberg’s uncertainty principle: by introducing a
cross-linker, the observer influences the object of study.
Another potential problem related to the characterization
of raft domains and raft-associated molecular processes in
cells is that traditional biochemical techniques, such as anal-
ysis of detergent-resistant membrane fractions and CHOL
depletion, are prone to artifacts (18,19).

Therefore, model membrane studies have emerged as a
complementary platform, in which properties of raft-like
domains can be studied in well-defined membrane environ-
ments. Raft-mimicking model membrane mixtures may
result in stable lipid-lipid phase separations into stable
CHOL-rich liquid-ordered (lo) and CHOL-deficient liquid-
disordered (ld) domains, which depending on composition
may range from submicron to several microns in size
(20,21). Previously, the model membrane approach was suc-
cessfully employed to explore the distribution of membrane
proteins in the absence and presence of cross-linking agents
in lipid mixtures with coexisting lo and ld domains (22–25).
One particular strength of model membrane experiments
lies in the ability to explore the sequestration of membrane
proteins in the presence of stable, optically visible domains
in the absence of artificial cross-linking agents. Recently,
our group built on this concept and developed an experi-
mental platform that allows the analysis of membrane
protein sequestration and oligomerization in planar poly-
mer-tethered lipid bilayers with single molecule sensitivity.
Such membrane architectures are well suited for the inves-
FIGURE 1 Schematic of a polymer-tethered lipid bilayer with functionally

equilibrium. The role of specific ligands (uPA and VN) in uPAR dimerization

coexisting lo and ld domains.
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tigation of membrane proteins in well-defined lipid envi-
ronments (26–28). By applying this powerful experimental
platform, we showed that native ligands alter integrin
sequestration but not oligomerization in raft-mimicking
lipid mixtures (29). In another study, this experimental strat-
egy was pursued to demonstrate that bilayer asymmetry
(i.e., presence of lo-ld phase separations exclusively in the
top leaflet of the bilayer versus bilayer-spanning lo-ld phase
separations) influences integrin sequestration in such lipid
mixtures as well (30). Most notably, in the latter work,
avb3 and a5b1 integrins (in the absence of ligands) were
found to have a preference for the lo phase in the asymmetric
bilayer, but exhibit an ld phase affinity in their symmetric
counterparts.

In the current work, we employ a comparable experi-
mental model membrane strategy to investigate the fasci-
nating functional relationship between raft domains and
receptor oligomerization, and the effect of native ligands
on this relationship. Specifically, the sequestration and
oligomerization behavior of uPAR is examined in a planar
polymer-tethered lipid bilayer containing coexisting
bilayer-spanning lo and ld phase separations (Fig. 1). This
GPI-AP, which consists of three domains (numbered from
the N-terminus, domains D1, D2, and D3), represents a
key component of the urokinase plasminogen activation
system (31,32). Our experiments show that uPAR has a
pronounced affinity for lo lipid regions and exhibits a sub-
stantial dimer population. Addition of uPA not only causes
the efficient suppression of uPAR dimers, but also results
in reduced lo affinity. In contrast, addition of VN promo-
tes uPAR dimerization and causes enhanced affinity for
CHOL-enriched lipid domains. Complementary experi-
ments on binary lipid-CHOL mixtures furthermore demon-
strate that uPAR dimerization levels are largely independent
of CHOL content in the bilayer. Our results are significant
because they agree with previous findings about the role
of uPA and VN in uPAR dimerization and raft affinity in
plasma membranes, thus validating our model membrane
incorporated uPAR. This GPI-AP is characterized by a monomer-dimer

and sequestering is investigated in a raft-mimicking lipid mixture forming
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approach (13). Moreover, the current work provides valu-
able insight into the roles of native ligands and lipid compo-
sition in receptor sequestration in biological membranes.
MATERIALS AND METHODS

Materials

The phospholipids 1,2-dioleoyl-sn-glycro-3-phosphocholine (DOPC) and

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), as well as CHOL

were obtained from Avanti Polar Lipids (Alabaster, AL). The lipopolymer

1,2-dioctadecyl-sn-glycero-3-N-poly(2-methyl-2-oxazoline) 50 (diC18M50)

was synthesized as reported previously (33). The dye-labeled phospholi-

pids N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadec-anoyl-sn-glyc-

ero-3-phosphoethanolamine, triethylammonium salt (NBD-DHPE) and

N-(6-tetramethylrhodamine-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glyc-

ero-3-phosphoethanolamine (TRITC-DHPE) were purchased from Invi-

trogen (Carlsbad, CA). Purified recombinant Homo sapiens uPAR with

C-terminal MYC/DDK tag and Anti-DDK monoclonal antibody were pur-

chased from OriGene Technologies (Rockville, MD). Anti-uPAR (N-termi-

nal) antibody, was purchased from Proteintech (Chicago, IL). Recombinant

Human uPA and human purified VN were obtained from Millipore (Biller-

ica, MA). Rhodamine-6-G applied as standard fluorescent markers was pur-

chased from Sigma-Aldrich (St. Louis, MO). To facilitate optical imaging

experiments, antibodies were labeled using Alexa 555, 488, or 594 labeling

kits (Invitrogen). The surfactant n-octyl-b-glycopyranoside (OG) was pur-

chased from Fisher BioReagents (Fairlawn, NJ). Chloroform (HPLC grade;

Fisher Scientific, Pittsburgh, PA) was employed as spreading solvent of

lipid monolayers at the air-water interface. Milli-Q water (pH 5.5, 18

MU-cm resistivity) applied as a subphase material in the Langmuir-Blodg-

ett trough was taken from a Milli-Q system (Millipore). Glass coverslips

used as solid support of polymer tethered lipid bilayer systems were baked

and cleaned as previously described (27,34).
Construction of polymer-tethered phospholipid
bilayers

Polymer-tethered phospholipid bilayers were constructed via subsequent

Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) monolayer transfers

as previously described (35). Before each monolayer transfer, chloroform

solutions of lipopolymer/lipid and lipid mixtures were spread at the air-wa-

ter interface of an LB trough with dipper (Labcon, Darlington, UK). Each

monolayer was compressed to a film pressure of 30 mN/m and equilibrated

for ~40 min. LB transfers were accomplished via the dipper of the LB

trough. LS transfers were pursued by gently pushing the coverglass with

the LB monolayer though the LS monolayer at the air-water interface

and by placing the LB/LS bilayer substrate onto a depression slide in the

Milli-Q subphase. Next, all solid-supported LB/LS bilayers were trans-

ferred to a petri dish and Milli-Q was replaced with phosphate buffered sa-

line (PBS) (Fisher Scientific, 10� concentrations, diluted in Milli-Q) for

protein reconstitution. Specifically, two types of bilayer systems were con-

structed, a binary DOPC-CHOL mixed bilayer of different CHOL content

(0, 5, 15, 25, and 35 mol % CHOL) and a ternary DOPC/DPPC/CHOL

mixed bilayer with equal amounts of DOPC/DPPC and 28, 33 mol %

CHOL, separately. To lift up the bilayer from the underlying glass substrate,

both types of bilayer systems contain 5 mol % of the lipopolymer diC18M50

in their LB monolayer.
Reconstitution of uPAR into bilayers and labeling
with Alexa555-tagged antibodies

The reconstitution of uPAR into the planar polymer-tethered lipid bilayer

was conducted by adapting the modified Rigaud technique applied to integ-
rins previously (29,30). Specifically, 1.3 � 10�11 mol uPAR and 250 mM

OG were added together to the preassembled bilayer system and allowed

to incubate for 2 h. This surfactant concentration in the presence of the

bilayer sample corresponds to ~0.002 cmc. Next, OG was removed from

the bilayer via a single layer of SM-2 Bio-Beads (Bio-Rad, Hercules,

CA) (incubation time: 10 min) followed by Bio-Bead removal and exten-

sive rinsing with PBS. To allow the fluorescence detection of functionally

reconstituted uPAR, 2 � 10�11 mol of Alexa-555 labeled anti-DDK mono-

clonal antibody (MAb) was added to the uPAR-containing bilayer sample

and allowed to incubate for 2 h. Before imaging, excess (unbound) MAbs

were removed by thorough rinsing with PBS. Epifluorescence (EPI) micro-

graphs were acquired, which confirmed the homogeneous distribution of

MAb-labeled uPAR in DOPC and DOPC þ 35 mol % CHOL bilayers

(Fig. S1 in the Supporting Material). To explore the role of native ligands

on uPAR dimerization and sequestration, uPA or VN were added with an

equimolar ratio relative to uPAR and kept overnight to allow specific bind-

ing to the bilayer-incorporated uPAR. Again, before imaging, excess un-

bound ligands were removed by rinsing with PBS. Imaging data were

acquired from the same bilayer substrate to compare differences before

and after ligand binding. To verify specific MAb-receptor binding, control

experiments were conducted, where Alexa-555 labeled anti-DDK MAbs

were added to the bilayer system without uPAR. This control assay was

also applied in the presence of uPA or VN to exclude the possibility of

non-specific binding of ligands. As described in more detail in the Sup-

porting Material section, separate control experiments on different con-

centrations of TRITC-DHPE and uPAR (labeled with Alexa-555 labeled

anti-DDK MAbs) (Fig. S2) showed that the functional reconstitution of

uPAR in the bilayer was achieved with 86 5 6% efficiency and that anti-

body-mediated uPAR cross-linking is rather insignificant.
Microscopy techniques

A Confocor 2 microscopy system (Carl Zeiss, Jena, Germany) equipped

with an Axiovert 200M (Carl Zeiss, Oberkochen, Germany), a Zeiss

C-Apochromat objective (water immersion, 40 � NA ¼ 1.2), and a Zeiss

AxioCam MRm monochrome digital camera was employed to investigate

uPAR dimerization levels and sequestration in polymer-tethered lipid

bilayer samples. As reported previously, the microscopy system allows

EPI microscopy, confocal fluorescence intensity detection, fluorescence

correlation spectroscopy (FCS), and photon counting histogram analysis

(PCH) (29,30). EPI analysis was conducted to confirm the integrity of the

polymer-tethered lipid bilayer and the existence of coexisting lo and ld lipid

phases in ternary raft-mimicking lipid mixtures. Confocal spectroscopy XY

(CS-XY) scans of bilayer regions were pursued via the piezo stage of the

microscope (maximum scan size: 10 mm � 10 mm; step size: 0.5 mm),

thus obtaining parallel information about the distributions of Alexa 555

MAb-tagged uPAR and NBD-DHPE in the same bilayer regions. Here,

Alexa 555 detection was facilitated using a 1.0-mW HeNe laser (543 nm)

with a 560–615-nm emission filter (Alexa 555 channel), whereas NBD

analysis was achieved using the 488 nm line of a 30-mW Argon laser

with 505–530 nm emission filter (NBD channel). To correct for back-

ground, control experiments were performed through the Alexa 555 chan-

nel, in which the bilayer contained NBD-DHPE, but lacked Alexa 555

MAb-tagged uPAR.
Data analysis

The characterization of uPAR dimerization levels and sequestration in raft-

mimicking lipid mixtures was achieved by adapting analysis procedures

recently reported for integrins in comparable membrane systems (29). In

short, FCS autocorrelation analysis was conducted to determine the average

brightness and lateral mobility of Alexa 555-labeled MAbs in solution and

bound to bilayer-reconstituted uPAR. In the latter case, the confocal spot

was kept at a fixed bilayer position and the photon counts through the Alexa

555 channel were collected over 50 s. In these experiments, the correct
Biophysical Journal 107(9) 2101–2111
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confocal position was identified by maximizing the photon-count rate of

probe molecule of interest. In light of the uncertainties about the geometry

of the confocal spot (knowledge about confocal shape is required for accu-

rate acquisition of diffusion coefficients via FCS), diffusion coefficients of

bilayer-incorporated probe molecules were determined by using a TRITC-

DHPE standard, for which the FCS diffusion time could be compared to a

diffusion coefficient determined using wide-field single molecule fluores-

cence microscopy (30). Raw data of photon counts at a fixed bilayer posi-

tion over time were also used for PCH analysis. The PCH method was used

to acquire the average brightness and number of uPAR monomers (ε, Navg)

and dimers (εdimer(¼2ε), Navgdimer) in binary DOPC-CHOL mixtures and lo
and ld lipid phases of ternary DOPC/DPPC/CHOL mixtures thereby adapt-

ing methods reported previously (29,36). The dimerization level can be

quantified in terms of the mole fraction of dimers, xdimer. The PCH method

was previously tested using fluorescent dyes and CdSe/ZnS quantum dots in

solution and bound to lipids in a planar lipid bilayer (29). The surface func-

tionalization of such quantum dots and their specific linkage to lipid bila-

yers has been described elsewhere (37). As described in more detail in

the Supporting Material section, particle brightness and sample-specific

background are first determined in separate control experiments to allow

an accurate determination of xdimer using the PCH method. With the sam-

ple-specific brightness and background values being determined experi-

mentally, the numbers of monomers and dimers are the only variable

parameters in the PCH model fit analysis. The impact of changing xdimer
values on the shape of PCH curves is illustrated in Fig. S3.

In addition to the described FCS and PCH characterization, confocal XY

scans (CS-XY) were applied to determine the NBD-DHPE and Alexa 555

MAb-tagged uPAR distributions in the same bilayer regions of different

composition bilayers. Each raw data set was corrected for NBD-DHPE

bleed through the Alexa 555 channel, which is ~6% of the total background.

Nonspecifically bound Alexa-555 MAbs represent another potential source

of background. This background contribution was determined in separate

control CS-XY scan experiments on bilayer samples, in which comparable

amounts of Alexa 555-tagged MAbs were added to uPAR-free bilayers of

identical lipid composition (compared to uPAR-containing bilayers) and,

following an incubation time of 2 h, unbound antibodies were removed

by rinsing with PBS. With this additional background information in place,

the overall signal/background (through the Alexa 555 channel) for Alexa

555 MAb-tagged uPAR in the bilayer in the presence of NBD-DHPE was

identified to be ~4:1. As reported before, the receptor distribution in the

bilayer in the presence of coexisting lo and ld lipid phases can be quantified

in terms of the parameter Eraft, which is defined as

Eraft ¼ Ilo � Id
Ilo þ Id

; (1)

where Ilo and Ild describe the background-corrected average signal inten-

sities of the membrane protein probe molecule in the lo and ld phases,
respectively (29). To guarantee reproducibility, all Eraft values provided
of uPAR dimerization analysis in the Supporting Material section). Each xdimer h

bars represent corresponding standard deviations. ANOVA test for each presented
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are based on at least three different bilayer samples with at least five spots

(12 � 12 mm2) being analyzed from each bilayer. The statistical signifi-

cance of all presented data (lateral diffusion coefficients, xdimer, Eraft,

uPAR cleavage assay) was verified by comparing independent data sets us-

ing T- and/or ANOVA-tests.
RESULTS AND DISCUSSION

VN and uPA influence uPAR dimerization levels
qualitatively differently

Protein dimerization level is considered as an important fac-
tor determining raft association of membrane proteins in
cellular membranes, thereby influencing crucial cellular
processes, such as membrane protein sorting and raft-medi-
ated signaling. However, the characterization of this impor-
tant functional relationship remains challenging, due to the
small size and often transient nature of raft domains in
cellular membranes. To overcome these experimental chal-
lenges, we therefore explored the relationship between
the receptor dimerization level and raft affinity using the
GPI-AP uPAR reconstituted into a polymer-tethered lipid
bilayer of well-defined lipid compositions. Specifically,
uPAR (labeled with Alexa-555 labeled anti-DDK MAb)
was initially incorporated into a polymer-tethered DOPC
bilayer (inner monolayer also contains 5 mol % diC18M50)
and its dimerization behavior was analyzed using the PCH
method following the procedures described in the Materials
and Methods section. Specifically, PCH analysis of bilayer-
reconstituted uPAR was conducted in the absence of any
ligands, as well as in the presence of uPA and VN, respec-
tively. Fig. 2 illustrates PCH data þ fitting curves (left)
and resulting xdimer values (right). Typically, uPAR was
visualized using an Alexa-555-tagged anti-DDK (FLAG)
MAb, which binds to the DDK tag near the C-terminal re-
gion, close to the GPI anchor, of the genetically modified
uPAR (domain D3 in Fig. 1). As illustrated in Fig. 2, in
the absence of any ligands, the obtained value of xdimer ¼
0.42 suggests substantial populations of both uPAR mono-
mers and dimers. Remarkably, uPA addition almost
completely suppresses uPAR dimer formation. In contrast,
in the presence of VN (without uPA), receptor dimerization
FIGURE 2 PCH data and fitting curves (left) and

determined fraction of dimers, xdimer, of uPAR,

uPARþ uPA, and uPARþVN (right) in a polymer

tethered DOPC bilayer. Typical CS-XY scan data

of uPAR in such a bilayer environment, which

lack any large-scale phase separations, are pro-

vided as an inset together with the PCH data

(Box size 4 � 4 mm2). The xdimer data (ANOVA

test: p < 0.01) suggest qualitatively different

behavior of uPA and VN on uPAR dimerization

levels. Note that, due to sample-specific differences

in brightness and background, PCH curves of dif-

ferent xdimer may look similar (detailed description

istogram bar is based on 30 individual PCH readings from 6 bilayers. Error

xdimer value was conducted with 3 data sets of 10 PCH readings per data set.



FIGURE 3 Time evolution of confocal photon count rate in solution,

above the planar polymer-tethered lipid bilayer with incorporated uPAR.

Experiments were conducted on uPAR (without ligands), uPAR þ uPA,

and uPAR þ VN. The statistically significant (ANOVA test: p < 0.05) in-

crease of fluorescence count rate in the presence of uPA supports a mech-

anism of uPA-mediated cleavage of the D1 domain of uPAR. Fluorescence

intensity data were collected from 5 bilayer samples and 10 readings per

bilayer were recorded at each individual time spot (standard deviations indi-

cated by error bars). ANOVA test was conducted with 5 data sets of 10 fluo-

rescence readings per data set.
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levels increase relative to the ligand-free case. The data in
Fig. 2 are significant because they illustrate that uPAR
dimerization critically depends on the type of ligand expo-
sure. To confirm our PCH data, we next analyzed the lateral
mobility of uPAR in a polymer-tethered DOPC bilayer for
the same types of ligand exposure conditions using FCS
autocorrelation analysis. FCS autocorrelation curves from
these experiments are provided in Fig. S4. This method
was pursued because the lateral diffusion of membrane pro-
teins in a planar solid-supported model membrane, as em-
ployed herein, represents an alternative parameter that
sensitively reflects changes in receptor oligomerization state
in the membrane (38). Indeed, the observed trend in the
identified diffusion coefficients (t-test: p < 0.01) of D ¼
1.37 5 0.26 mm2/s (no ligand), D ¼ 1.65 5 0.52 mm2/s
(uPA added), and D ¼ 1.02 5 0.34 mm2/s (VN added) co-
incides with the findings from the PCH analysis in Fig. 2.
Each listed diffusion coefficient is based on 40 FCS autocor-
relation analysis readings from 10 different bilayer samples
(provided error values represent corresponding standard de-
viations). VN addition leads to the lowest lateral mobility,
which can be rationalized in terms of the highest level of
uPAR dimerization. In contrast, presence of uPA results in
the highest uPAR lateral mobility associated with the lowest
level of uPAR dimerization. As expected, in the absence of
ligands, intermediate uPAR dimerization levels lead to inter-
mediate uPAR diffusion coefficients. Interestingly, the
lateral mobility of uPAR þ uPA is almost indistinguishable
with the corresponding value of TRITC-DHPE of D ¼ 1.68
5 0.20 mm2/s obtained in a comparable lipid composition,
thus suggesting predominant uPAR monomer formation in
the presence of uPA (30). Notably, the described PCH and
FCS data are in very good qualitative agreement with corre-
sponding results of uPAR behavior in human embryonic
kidney 293 cells reported previously (13). In these cellular
studies, VN addition also resulted in enhanced uPAR dimer
formation, whereas uPA and uPA-PAI-I addition, respec-
tively, caused the breakup of uPAR dimers into monomers.
It should be pointed out that previous reports about uPAR
dimerization levels without ligands have been somewhat
inconsistent ranging from predominantly monomeric to
almost completely dimerized states (39,40). Currently, the
underlying molecular mechanisms of uPAR dimerization
remain unclear. However, the structures of soluble form
uPAR (suPAR)-VN suPAR-VN and suPAR-uPA complexes
have been resolved (41). These studies show that both uPA
and VN interact with the D1 and D2 domains of uPAR,
albeit at opposite sides of the receptor. Interestingly,
ligand-induced changes in the receptor oligomerization
state have also been reported on several other membrane
proteins including integral and lipid-anchored proteins
(42–44). In these cases, contact between ligands and recep-
tor is often associated with the formation of connecting
structures, such as dimerization loops (43) or disulfide
bonds (45), which promote receptor dimerization/oligomer-
ization. Dimerization levels of GPI-anchored proteins may
also be influenced by multiple ligands (44).

As reported by earlier coimmunoprecipitation experi-
ments exhibiting reduction of uPAR-uPAR interactions
with increasing uPAR cleavage (13), the observed uPA-
mediated suppression of uPAR dimerization may be caused,
at least in part, by uPA-induced cleavage of the D1 domain
of the uPAR receptor. N-terminal sequencing of cleaved and
uncleaved uPAR from monocyte-like cells previously
showed that uPA causes the removal of the D1 domain under
physiological conditions by cleaving two specific sites at the
D1-D2 linking region (46–48). Remarkably, soluble uPAR,
which lacks the GPI anchor, was found to be less prone to
uPA-mediated cleavage of the D1 domain than uPAR with
the GPI anchor (49). To probe the proteolytic activity of
uPA on the urokinase receptor in the lipid bilayer, we con-
ducted a set of experiments using an alternate antibody for
uPAR, one that interacts with the N-terminus at the D1
domain. For these experiments, the N-terminal antibody
was conjugated to Alexa 555 and the fluorescence intensity
was monitored through the Alexa-555 channel of the Confo-
cor FCS system in solution, above the uPAR-containing
bilayer, over time. This fluorescence-based assay was cho-
sen because of its unparalleled single molecule sensitivity,
which is warranted in light of the very low protein concen-
trations (~1.0 � 10�11 mol) in the bilayer sample. Tradi-
tional methods, such as Western blotting, were found to
be not sensitive enough. Fig. 3 illustrates results from these
experiments. Specifically, uPAR tagged with anti-uPAR
MAb (targets N-terminus, domain D1) was investigated un-
der three different conditions 1), uPAR þ uPA; 2), uPAR
(without ligands); and 3), uPAR þ VN. Fig. 3 shows that
Biophysical Journal 107(9) 2101–2111
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an increase of the fluorescence intensity in solution over
time can only be observed in the case of anti-uPAR (N-ter-
minal) antibody þ uPA. To further understand these results,
uPAR was also labeled with the anti-DDK MAb that binds
to the DDK tag between D3 domain and GPI anchor, uPA
was added and the intensity in solution above the bilayer
was monitored. In this circumstance, no increase in fluores-
cence intensity was observed (data not shown). Together,
these two results support a mechanism in which uPA in-
duces a cleavage within the extracellular part of the uroki-
nase receptor. The lack of fluorescence intensity increase
in the presence of Alexa-555 labeled anti-uPAR (N-termi-
nal) antibodyþVN demonstrates, furthermore, the different
influence of uPA and VN on uPAR cleavage, which is
consistent with corresponding cellular studies (31,46,48).
Unfortunately, the N-terminal anti-uPAR antibody showed
significant non-specific adsorption on the bilayer surface,
which prevented a more quantitative analysis of cleaved
and uncleaved uPAR in the bilayer using PCH analysis
(data not shown). Nevertheless, the findings in Figs. 2 and
3 are significant because they illustrate a tantalizing rela-
tionship between ligand-dependent dimerization and cleav-
age of uPAR, which is in good agreement with previous
results on this receptor in a plasma membrane environment
(46,47). Another notable result is that uPA-initiated cleav-
age of bilayer-reconstituted uPAR can be accomplished
without the presence of adjuvant proteins, cofactors, or
even CHOL, because these experiments were conducted
on model DOPC bilayers in PBS solution. Our results in
Fig. 3 are plausible in light of earlier reports regarding
uPA-mediated uPAR cleavage in plasma membranes, which
identified the linking region between D1 and D2 as the
cleavage site for uPA (48–50). Specifically, uPA-induced
cleavage was determined to occur between Arg83 and
Ala84 and between Arg89 and Ser90, in the D1-D2 linking re-
gion of the uPAR receptor (49).
CHOL content does not affect uPAR dimerization

GPI-APs are well known to be apically sorted in several
polarized epithelial cells (51,52). Initially, it has been pro-
posed that the GPI anchor acts as an apical sorting motif
because GPI-APs are associated with lipid rafts (3,51).
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Later, this biophysical sorting concept was questioned by
the finding that GPI-APs are sorted to both the apical and
basolateral membrane regions of Fisher rat thyroid and
MDCK cells (53,54). Interestingly, Paladino et al. pre-
viously reported that only apical GPI-APs are able to oligo-
merize and that the presence of CHOL is a key requirement
for GPI-AP oligomerization to occur (10,55). These authors
therefore proposed oligomerization of GPI-APs as a pos-
sible apical sorting mechanism, in which enhanced oli-
gomerization of GPI-AP enhances their affinity for lipid
rafts. An important question related to such a proposed
mechanism is whether receptor oligomerization is depen-
dent on CHOL content in the membrane. Currently, the pic-
ture about the relationship between membrane protein
clustering and CHOL content is rather complex, as several
contributing factors should be considered including protein
localization and protein species. For example, Ras oligo-
merization shows distinct CHOL-dependencies in different
parts of the cell membrane (56). On the other hand, deple-
tion of plasma membrane CHOL was found to affect the mi-
cro-clustering of several GPI-APs, such as GH-DAF and
FR-GPI (57). Considering this complexity, our model mem-
brane system provides an attractive experimental platform
to explore the influence of CHOL on protein oligomeriza-
tion states.

Specifically, we systematically varied the CHOL content
in binary DOPC-CHOL mixtures from 0 to 35 mol %
CHOL and investigated the uPAR dimerization levels using
PCH analysis. Experiments on such binary mixtures were
chosen because they lack large-scale lipid-lipid phase sepa-
rations. Representative PCH-data and model fits for uPAR
in binary DOPC-CHOL mixtures are shown in Fig. S5. As
Fig. 4 shows, uPAR dimerization levels (expressed in terms
of xdimer) obtained from the PCH analysis are slightly lower
in the absence of CHOL, but remain largely unchanged over
the whole range of CHOL molar concentrations investi-
gated. Of importance, the qualitatively different impact of
uPA and VN on uPAR dimerization observed in a poly-
mer-tethered DOPC bilayer (Fig. 2) remains conserved in
different binary DOPC-CHOL mixtures (Fig. 4). Together
these data imply that the impact of the GPI anchor and its
interaction with the local model membrane environment
do not play a substantial role in the uPAR dimerization
FIGURE 4 Fraction of dimers, xdimer, of uPAR,

uPAR þ uPA, and uPAR þ VN in different binary

DOPC-CHOL mixtures. The statistically signifi-

cant xdimer data (ANOVA test: p < 0.01) show

that uPA suppresses uPAR dimerization (left),

whereas VN has the opposite effect (right). In

both cases, changes in CHOL molar concentration

have no notable impact on the dimerization levels

of uPAR. Presented xdimer values are based on a to-

tal of 60 individual PCH readings from 6 bilayers.

Error bars represent corresponding standard devia-

tions. ANOVA test was conducted with 3 data sets

of 10 PCH readings per data set.



Urokinase Receptor Sequestration 2107
process. Notably, these model membrane findings are in
good agreement with corresponding results on uPAR in
cell membranes, which showed that lowering of membrane
CHOL does not alter uPAR dimerization and that raftopho-
bic TM uPAR chimera dimerize with similar efficiency than
their GPI-anchored counterparts (13). Furthermore, dimer-
ization was also observed on suPAR, which lack the GPI-
anchor (39). In other words, the good qualitative agreement
between model and cell membrane data not only corrobo-
rates our model membrane approach, but also illustrates
that the local membrane environment (i.e., composition,
lipid packing density, etc.) does not directly influence
uPAR dimerization levels regardless of the complexity of
the membrane composition.
Influence of native ligands on uPAR
sequestration and dimerization in ternary raft-
mimicking lipid mixtures

To explore the mechanisms that drive GPI-AP association
with lipid rafts, we next explored the sequestering and olig-
omerization behavior of uPAR in a polymer-tethered lipid
bilayer in the presence of coexisting lo and ld domains. As
described in the Materials and Methods section, in this
model membrane, raft-mimicking lipid-lipid phase separa-
tions are achieved by using ternary DOPC/DPPC/CHOL
lipid mixtures of 33/33/33 and 36/36/28, which are charac-
terized by equimolar DOPC-DPPC concentrations and
different CHOL content of 28 and 33 mol % CHOL. The
bottom leaflet (LB monolayer) of the bilayer systems also
contains 5 mol % diC18M50 to lift up the bilayer from the
underlying glass substrate. In each imaging experiment,
~10�3 mol % uPAR are incorporated into the bilayer system
(procedure of uPAR incorporation into the lipid bilayer
described in the Materials and Methods section). To conduct
fluorescence detection experiments, the lo-ld lipid-lipid
phase separation was visualized using NBD-DHPE (prefers
FIGURE 5 Representative CS-XY scans (raw data) of uPAR distribution in a

CHOL, left) before (A, C, E, andG) and upon addition of the ligands uPA (B andD

the NBD channel (top row: A, B, E, and F) and the corresponding uPAR distributio

that the presented CS-XY scans have different scaling. Fig. 5, I and J, represent

uPARþVN in ternary mixtures with 33mol % CHOL (I) and 28mol %CHOL (J)

coexisting lo and ld domains. Box size 10� 10mm2. Eraft data for each ligand exp

Error bars represent corresponding standard deviations. t-test was conducted wit
lo), whereas uPAR labeling was typically accomplished us-
ing Alexa-555 tagged anti-DDK MAbs.

Fig. 5 presents results of the uPAR sequestration in ter-
nary DOPC/DPPC/CHOL lipid mixtures acquired through
the NBD (lipid distribution) and Alexa-555 channels
(uPAR distribution) of the confocal fluorescence detection
system. As shown in the representative CS-XY scans of
the 33/33/33 DOPC/DPPC/CHOL lipid mixture (A–H),
uPAR sequestration was investigated without ligands (A,
C, E, and G) and after either addition of uPA or VN (B
and D (uPA); F and H (VN)). The CS-XY data in Fig. 5
show that the lo-ld lipid-lipid phase separations are well re-
flected by the corresponding uPAR distributions regardless
of the presence or absence of uPA or VN. Moreover, com-
parison of NBD and Alexa-555 channel data in Fig. 5, A–H,
shows that uPAR (without ligands), uPAR þ uPA, and
uPAR þ VN all have an affinity for lo lipid regions of
the bilayer. This lo phase affinity is expected because
uPAR is a GPI-AP, a typical raft marker. Notably, the raf-
tophilic behavior of GPI-APs is not only well documented
by experiments on cellular membranes (58), but also
confirmed in previous model membrane studies with coex-
isting lo-ld lipid phase separations (59,60). Fig. 5 I shows
Eraft data of uPAR distribution (without ligands, as well
as with uPA or VN) in the 33/33/33 DOPC/DPPC/CHOL
lipid mixture. The Eraft parameter has been recently intro-
duced to quantify the sequestering behavior of integrins
in a comparable membrane system by finding the normal-
ized preference of a protein or lipid for lo domains versus
ld domains (29). As already qualitatively shown in the
CS-XY scans of uPAR distribution in Fig. 5, C, D, G,
and H, the Eraft data in Fig. 5 I are all positive, thus indi-
cating the preferred affinity for the lo region of the bilayer
sample. More importantly, Fig. 5 I also shows that uPA and
VN influences the uPAR sequestration within coexisting lo
and ld lipid phase regions in a qualitatively different way.
Addition of uPA causes the reduction of Eraft, whereas
polymer-tethered lipid bilayer with coexisting lo and ld domains (33 mol %

) and VN (F andH). The lo and ld lipid phase separation is visualized through

n is monitored by the Alexa-555 channel (bottom row: C,D,G, andH). Note

Eraft values (t-test: p < 0.01) of uPAR (without ligands), uPAR þ uPA, and

as determined using CS-XYanalysis in a polymer-tethered lipid bilayer with

osure state in Fig. 5, I and J, are based on 4 bilayers (5 readings per bilayer).

h two data sets consisting of 10 Eraft readings per data set.
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FIGURE 6 Influence of uPA and VN on xdimer of uPAR in a polymer-teth-

ered lipid bilayer with coexisting lo and ld domains containing 28 mol %

(left) and 33 mol % CHOL (right). In agreement with findings on binary

phospholipid-CHOL mixtures (Fig. 4), both ligands alter xdimer (ANOVA

test: p< 0.01) in a qualitatively different manner. No measurable difference

in uPAR dimerization is observed in lo versus ld domains regardless of the

absence or presence of ligands. Furthermore, in the ternary systems (as in

the binary systems) the CHOL level does not influence the dimerization

level in either the presence or absence of ligands. Determined xdimer values

are based on 30 individual PCH readings from 6 bilayers. Error bars show

corresponding standard deviations. ANOVA test was conducted with 3 data

sets of 10 PCH readings per data set.

2108 Ge et al.
VN leads to a measurable increase in this parameter rela-
tive to the ligand-free case.

Fig. 5 J shows the results of the corresponding Eraft anal-
ysis of uPAR sequestration obtained from the ternary 36/36/
28 DOPC/DPPC/CHOL lipid mixture. Comparison of Figs.
5, I and J, reveals several interesting results. Most notably,
the overall footprint of the Eraft data is very similar for
ternary lipid mixtures with 28 and 33 mol % CHOL. In
both cases, Eraft values obtained for uPAR, uPAR þ uPA,
and uPAR þVN are all positive, thereby following the order
in terms of magnitude of: uPAR þ uPA < uPAR < uPAR þ
VN. Even absolute Eraft values of both ternary lipid mixtures
are comparable for a given ligand exposure state. The data
in Fig. 5 J are important because they confirm the distinct
impact of uPA and VN on uPAR sequestration behavior
shown in Fig. 5 I. The results in Fig. 5, I and J, which indi-
cate significant translocations of uPAR either out of (uPA) or
into (VN) raft-mimicking lo phase regions of the bilayer, are
intriguing in light of the observed impact of uPA and VN on
uPAR dimerization in DOPC and DOPC-CHOL mixtures
(Figs. 2 and 4). Together these data suggest a link between
ligand-mediated regulation of uPAR dimerization and
sequestration in the raft-mimicking lipid mixture.

To explore the possibility of such a link, we next pursued
domain-specific PCH analysis of the laterally mobile uPAR
receptors in the polymer-tethered lipid bilayer with coexist-
ing lo and ld lipid regions. Again, ternary raft-mimicking
lipid mixtures were investigated, which contain an equi-
molar ratio of DOPC and DPPC, as well as CHOL molar
concentrations of 28 and 33 mol %, respectively. Repre-
sentative PCH-data and model fits for uPAR in ternary
DOPC/DPPC/CHOL mixtures are provided in Fig. S6.
Fig. 6 presents the xdimer data from these PCH experiments.
In excellent agreement with our findings in DOPC and
DOPC-CHOL mixtures (Figs. 2 and 4), Fig. 6 shows again
that uPA and VN influence the uPAR dimerization level in a
qualitatively different manner. Although uPAR dimerization
is substantially reduced by uPA, it is measurably enhanced
in the presence of VN. These results agree well with a pre-
vious cellular study, which also shows that uPA reduces
uPAR dimerization and raft partitioning, whereas uPAR
dimerization and raft partitioning increase upon VN addi-
tion (13). Interestingly, Fig. 6 also shows that there is no
measurable difference between xdimer values in lo and ld re-
gions for a corresponding ligand exposure state (uPAR,
uPAR þ uPA, uPAR þ VN) regardless of the CHOL molar
concentration used. Although this result is consistent with
our results on binary DOPC-CHOL mixtures in that xdimer
values are largely independent of CHOL molar concentra-
tion, it does not support a mechanism, in which receptor
sequestration is entirely regulated by the receptor dimeriza-
tion level. Instead, the Eraft and xdimer data in Figs. 5 and 6,
respectively, suggest that other contributing factors may be
involved in the regulation of uPAR sequestration in coexist-
ing lo-ld domains.
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One potential factor of uPAR sequestration regulation
could be linked to ligand-specific allosteric changes of
membrane receptors affecting receptor-bilayer interactions.
For example, using avb3 and a5b1 integrins in correspond-
ing model membrane systems, we showed that addition of
native ligands VN (avb3) and fibronectin (a5b1) leads to
substantial integrin translocations from ld to lo phase re-
gions of the bilayer, which can be attributed to ligand-
induced allosteric changes of these membrane receptors
(29). Because such allosteric changes are known to not
only affect the extracellular part of integrins, but also their
TM and cytosolic regions (61,62), the observed ligand-
mediated integrin translocations to lo regions could be
rationalized in terms of different hydrophobic matching
conditions. Similarly, the affinity of the multispan TM pro-
tein perfringolysin O for ordered lipid environments has
been interpreted in terms of hydrophobic matching argu-
ments (63). In the case of GPI-APs, such as uPAR, relevant
allosteric changes affecting receptor sequestration should
be limited to the protein’s extracellular region. Indeed,
ligand-induced conformational changes of the extracellular
region of uPAR have been reported previously (31,63).
Interestingly, the weak dependence of CHOL concentration
on uPAR dimerization and sequestration also suggests that
the role of the GPI anchor in receptor sequestration
changes is rather limited. Although, the observed lo-phase
preference of uPAR with or without ligands depicted in
Fig. 5 supports the notion that the GPI-anchor represents
the intrinsic molecular motif that determines the raft affin-
ity of GPI-APs.
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In light of our findings, we should point out that experi-
ments on ternary raft-mimicking model membrane mixtures
consisting of monounsaturated lipids, saturated lipids, and
CHOL may be limited in their ability to test the hypothesis
that the dimerization level of GPI-APs can be seen as a
membrane protein sorting principle in the presence of raft
domains in cellular membranes. The main reason for
caution is that, unlike their counterparts in cellular mem-
branes, lo and ld domains in model ternary lipid mixtures
are characterized by surprisingly similar lipid compositions
(i.e., significant amounts of monounsaturated lipids and
CHOL can be found in both lo and ld domains) (64,65).
Consequently, differences in lipid packing between both lo
and ld regions, a parameter affecting protein sequestration,
is expected to be less significant (relative to raft and nonraft
regions in cellular membranes). In other words, our ex-
periments cannot completely exclude the possibility that
changes in receptor dimerization represent a key mecha-
nism that regulates sequestration of GPI-APs in cellular
membranes.
CONCLUSION

The current study shows that raft-mimicking model mem-
brane mixtures in combination with single molecule-sensi-
tive detection techniques represent an attractive tool to
explore the influence of native ligands on sequestration
and dimerization in biological membranes. A particular
strength of such a model membrane approach is that raft-
associated processes of membrane proteins can be investi-
gated without artificial cross-linking agents, which may
impair experimental findings. Specifically, our experimental
strategy was applied to explore the influence of native li-
gands (uPA, VN) on dimerization level and sequestering
behavior of uPAR, a GPI-anchored membrane protein.
Most notably, our work shows that VN and uPA not only
have a distinct influence on uPAR dimerization levels in
the bilayer, but also impact uPAR sequestration in the pres-
ence of coexisting lo and ld domains in a ligand-specific way.
This finding is in good agreement with previous results
about the role of ligands in uPAR dimerization and seques-
tration in cellular membranes, which validates our model
membrane approach (13,66). The described model mem-
brane experiments also show that variations of CHOL
content do not have a comparable influence on uPAR dimer-
ization. The latter finding suggests that the GPI anchor and
the local lipid environment, regardless of complexity, are
less significant in the regulation of uPAR dimerization
than the extracellular region of this GPI-AP. The current
study illustrates that model membrane experiments can
play an important role in supporting cell membrane experi-
ments by confirming membrane-associated molecular pro-
cesses under less complex conditions. At the same time,
our PCH experiments of uPAR in ternary raft-mimicking
lipid mixtures also exhibit that the model membrane strat-
egy may be limited in its ability to make accurate quan-
titative predictions about the sequestration of receptor
monomers and dimers in complex plasma membrane envi-
ronments. Despite these limitations, this study is significant
because it illustrates the potentially important role of native
ligands in the regulation of membrane protein sequestration
in the presence of lipid rafts. In that sense, our results may
contribute to a better understanding about the differential
effects of ligands in the assembly of protein signaling com-
plexes in such functional domains.
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