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Urokinase plasminogen activator receptor (u-PAR) binds
urokinase plasminogen activator (u-PA) and participates in
plasminogen activation in addition to modulating several cellu-
lar processes such as adhesion, proliferation, and migration.
u-PAR is susceptible to proteolysis by its cognate ligand and
several other proteases. To elucidate the biological significance
of receptor cleavage by u-PA, we engineered and expressed a
two-chain urokinase plasminogen activator (tcu-PA) cleavage-
resistant u-PAR (cr-u-PAR). This mutated receptor was similar
to wild-type u-PAR in binding u-PA and initiating plasmino-
gen activation. However, cr-u-PAR exhibited accelerated
internalization and resurfacing due to direct association with
the endocytic receptor �2-macroglobulin receptor/low den-
sity lipoprotein receptor-related protein in the absence of the
enzyme�inhibitor complex of tcu-PA and plasminogen activa-
tor inhibitor-1 (tcu-PA�PAI-1). cr-u-PAR-expressing cells
had enhanced migration compared with wild-type u-PAR-
expressing cells, and cr-u-PAR was less sensitive to chymo-
trypsin cleavage as compared with wt u-PAR. Our studies
suggest that these mutations in the linker region result in a
rearrangement within the cr-u-PAR structure that makes it
resemble its ligand-bound form. This constitutively active
variant may mimic highly glycosylated cleavage-resistant
u-PAR expressed in certain highly malignant cancer-cells.

Urokinase plasminogen activator receptor (u-PAR),2 is a
cell-surface multifunctional glycosylphosphatidylinositol-an-
chored protein that is heavily and heterogeneously glycosy-
lated, with a molecular mass ranging between 55 and 65 kDa
(1–3). Binding of its primary physiologic ligand, urokinase plas-
minogen activator (u-PA), to u-PAR supports cell-surface plas-
minogen (Pg) activation and promotes cellular processes such
as migration and proliferation (4–8). The region between
domains 1 and 2 (D1 and D2) of the three-domain structure of
u-PAR is sensitive to proteolysis by several proteases, including

its activated ligand two-chain u-PA (tcu-PA), plasmin (Pn), and
chymotrypsin (9–11). This region also contains the chemotac-
tic epitope, 88SRSRY92, which is exposed in the presence of
u-PA either by conformational change to this area or cleavage
of the D1–D2 linker region (12–14). Full-length u-PAR is
required for high affinity binding of its cognate ligand, u-PA
(9, 15).
One role of intact u-PAR is the regulation of the Pg activation

cascade by co-localizing u-PA and Pg on the plasmamembrane
(16, 17). Receptor-bound u-PA is inhibited by its cognate serine
protease inhibitor, plasminogen activator inhibitor-1 (PAI-1).
This receptor-bound complex is cleared from the cell surface by
a specific endocytic receptor, �2-macroglobulin receptor/low
density lipoprotein receptor-related protein (LRP). The rapid
internalization provides an efficient mechanism for immediate
down-regulation of the cell-surface proteolysismediated by the
u-PA�u-PAR complex. Receptor internalization via binding to
tcu-PA�PAI-1 complexes and association with LRP is also
thought to modulate cell migration, because intact u-PAR is
recycled and redistributed on the cell surface, changing its spa-
tial relationships with proteins in the extracellular matrix and
on the cell membrane (18). This is important, because u-PA
binding to u-PAR leads to a conformational change in the
receptor that enhances the affinity between u-PAR and
vitronectin (Vtn) (19) in the matrix. Additionally, bound
tcu-PAmay be down-regulating functions by cleaving off D1 of
a proximal u-PAR at two sites (Arg83 andArg89), generating the
cleaved form of u-PAR (D2D3) that is unable to bind u-PA (9),
internalize tcu-PA�PAI-1 complexes, or efficiently bind Vtn
and other matrix constituents (11), suggesting that the ligand
that strengthens the interaction between u-PAR and thematrix
also has the potential to abolish such activities. Even so, the role
of receptor cleavage on regulation of u-PAR-associated cellular
processes remains poorly understood.
We report here the development and characterization of a

u-PARmutant resistant to proteolysis by tcu-PA, to identify the
importance of regulating receptor activity, especially in roles
where the functions of active and cleaved u-PAR have been
difficult to distinguish. This mutant is different from the previ-
ously generated u-PAR mutant, because this tcu-PA cleavage-
resistant u-PAR (cr-u-PAR) was engineered with substitutions
only in the u-PA cleavage sites (20–22), while avoiding disrup-
tion of residues important for binding to other proteins such as
Vtn (23–25). Cells expressing this cleavage-resistant mutant
compared with the wild-type receptor exhibited identical abil-
ity to promote cell-surface Pg activation but demonstrated
increased internalization of the receptor in the absence of tcu-
PA�PAI-1 complexes, increased receptor recycling, as well as
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tcu-PA-independent heightened cell migration. We hypothe-
size that the faster internalization of cr-u-PAR is related to a
propensity for pre-assembly with LRP. The results suggest
that the cleavage-resistant u-PAR possesses certain functions
associated with the conformationally active liganded u-PAR.
Whether cleavage resistance of this formconfers certain advan-
tages to cells that are similar to those present in heavily glyco-
sylated cleavage-resistant u-PAR in cancer cells remains to be
studied (11, 26, 27).

EXPERIMENTAL PROCEDURES

Materials—Single-chain u-PA was a kind gift from Dr. Jack
Henkin (Abbot Laboratories, Rockford, IL). Active tcu-PA was
generated by incubating single-chain u-PA with Pn-Sepharose
beads, as previously described (16). Pg, Pn, and chymotrypsin
were purchased fromEMDBioscience (SanDiego, CA). Soluble
u-PAR (su-PAR) was a kind gift from Dr. Andrew Mazar
(Attenuon, San Diego, CA). The monoclonal antibody against
the C terminus of LRP, 11H4, and receptor-associated protein
(RAP)were kind gifts fromDr. Dudley Strickland (University of
Maryland,MD). The somatomedin B (SMB) domain of Vtnwas
a kind gift from Dr. Michael Ploug (Finsen Laboratory,
Denmark). Glu-Gly-Arg chloromethyl ketone (CMK) (EMD
Bioscience, San Diego, CA) was used to generate inactive
tcu-PA (CMK�u-PA) (28). CMK�u-PA was iodinated using 125I
(PerkinElmer Life Sciences) and IODO-GEN-coated tubes as
previously described (29). Active wt PAI-1 and the stable
mutant PAI-114–1B (30) were kind gifts from Dr. Daniel Law-
rence (University ofMichigan,AnnArbor,MI). PAI-114–1Bwas
biotinylated using sulfo-NHS-LC-biotin (Pierce) following the
manufacturer’s suggestions. Rabbit�-humanu-PARpolyclonal
antibody was obtained by immunizing rabbits with human su-
PAR. IgG fraction was immunopurified from sera using protein
A-Sepharose beads (31). Antibody selectivity was determined
via Coomassie staining and immunoblotting against human su-
PAR. Pre-immunized serum was used as a control for nonspe-
cific reactivity. For immunoblotting, ECL substrate was from
Pierce, goat �-rabbit HRP and streptavidin-HRP were pur-
chased from Jackson ImmunoResearch (West Grove, PA).
G418 sulfate (Gemini Bio, West Sacramento, CA), Hanks’ bal-
anced saline solution (Invitrogen, Carlsbad, CA), non-enzy-
matic dissociation buffer (Invitrogen), and cycloheximide
(CHX) (Sigma) were of highest quality available. Detergents
Triton X-100 and deoxycholate were from Sigma. Immobilized
Protein G, sulfo-NHS-S-S-LC-biotin, and streptavidin-agarose
beads were from Pierce.
Mutagenesis—Wild-type human u-PAR cDNAwas obtained

by reverse transcription-PCR of mRNA from U937 lymphoma
cells (CRL-1593.2, ATCC, Manassas, VA). Variant u-PAR was
generated using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). Primers for generating cr-u-PAR
mutations, Arg833 Ala and Arg893 Ala, were 5�-GCA ACT
CTG GCG CAG CTG TCA CCT ATT CCG CAA GCC GTT
ACC-3�, and its reverse and complementary primer (IDT Inc.,
Coralville, IA). All cDNA sequences were verified (High-
throughput Sequencing and Genotyping Unit, University of
Illinois-Urbana, IL), and the cDNA were inserted into

pcDNA3.1(�) (Invitrogen) via standard subcloning procedures
using restriction digest.
Transfection of u-PAR Variants—The following cell lines

HEK-293 (293, CRL-1573,) and U937 were purchased from
ATCC. Stable transfection of pcDNA3.1-(�) carrying the wt
u-PAR or cr-u-PAR genes into 293 cells was accomplished
using the SuperFect transfection reagent (Qiagen, Valencia,
CA).
u-PAR Detection and Cleavage Assay—1 � 106 non-trans-

fected 293, 293 wt u-PAR, or 293 cr-u-PAR cells were dissoci-
ated using non-enzymatic dissociation buffer and resuspended
in DMEM with 0.1% BSA (Calbiochem, San Diego, CA). Cells
were acid-washed to remove surface-bound proteins as previ-
ously described (16). Samples were incubated with 100 nM
tcu-PA for 20 h at 37 °C. Cell membrane proteins were solubi-
lized for analysis with radioimmune precipitation assay buffer
(32) with complete protease inhibitor mixture (Roche Applied
Science). 5 �g of cell lysate was subjected to SDS-PAGE, and
equivalent loading of proteins was achieved by quantitating
samples using a BCA assay (Pierce). Samples were immuno-
blotted using polyclonal rabbit �-u-PAR and goat �-rabbit
HRP. In some instances, purified su-PAR and endogenous
u-PAR (5 � 106 3-day PMA-stimulated U937 cells prepared
similarly for PAGE) (33) were used for comparison.
Cell-surface Competition Binding Assay—As previously

described in Manchanda, et al. (16) CMK�u-PA was iodinated
followed by a quenching step using 5mM saturated tyrosine and
6 mM KI solution. 2.5 � 104 cells were harvested overnight in
DMEM, washed, and incubated in serum-free DMEM, 0.1%
BSA, 10mMHepes (pH7.4), and 10�g/mlCHXwith increasing
concentration of 125I-CMK�u-PA for 4 h at 4 °C in the presence
or absence of 100-fold excess unlabeled CMK�u-PA. Cells were
washed, lysed using 0.1 N NaOH and 1% SDS, and analyzed in a
Wallac Wizard Gamma Counter (Ramsey, MN). Samples were
normalized by total protein concentration.
Cell-surface u-PA�u-PAR in Pg Activation and Inhibition by

PAI-1—5� 104 cells were seeded overnight. Cells were washed
with Hanks’ balanced saline solution before the addition of
reaction buffer (DMEM with 0.1% BSA), preincubation with
CMK-tcu-PA, tcu-PA, or chymotrypsin, as shown, and incu-
bated with 10 nM tcu-PA for 30 min at 37 °C. Real-time cell-
surface generation was monitored at 37 °C on a SpectroMax
Gemini XSmicroplate spectrofluorometer (Molecular Devices,
Sunnyvale, CA) essentially as described (7), except using 56 nM
Pg and 600 �M of the Pn substrate, H-D-Ala-Leu-Lys-7-amino-
4-methylcoumarin (Bachem, Torrance, CA) in phosphate-
buffered saline and 0.1% BSA. Excitation and emission wave-
lengths were 360 and 460 nm, respectively. The rates of Pn
generation were determined from parabolic plots of relative
fluorescence unit versus time, fitting to a second-order polyno-
mial, and then conversion to nanomolar Pn by reference to the
amidolytic activity of purified Pn using the same fluorogenic
substrate (34, 35).
Biotinylated Protein Labeling and Internalization Assays—

1.5 � 105 cells were harvested 18 h prior to labeling. tcu-
PA�PAI-1 complex was generated by incubating for 30 min at
37 °C in 0.1 M Tris, pH 7.4, and full inhibition was determined
using the chromogenic substrate, Spectrozyme UK (American
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Diagnostica, Stamford, CT). Cell-surface u-PAR was biotinyl-
ated using 200 �M sulfo-NHS-SS-LC-biotin as previously
described (36). Cells were incubated without or with 10 nM
tcu-PA�PAI-1 complex for 30 min at 4 °C and exposed to
DMEMwith 0.1% BSA prewarmed to 37 °C to initiate internal-
ization.At specified times, cells were treatedwith 100mMdithi-
othreitol for 3 min at 37 °C, to reduce cell-surface biotin label
but not cytoplasmic biotin, followed by lysis in radioimmune
precipitation assay buffer. Biotinylated membrane proteins
were recovered from lysates via affinity-precipitation with
streptavidin-agarose, followed by reduction and denaturation.
10 �l of total cell lysate were reduced to quantify the total
amount of u-PAR found in the samples. Sampleswere subjected
to SDS-PAGE and u-PAR detected using our polyclonal rabbit
�-u-PAR antibody.

Alternatively, 293 cells expressing u-PAR were incubated
with 10 nM of biotinylated PAI-114–1B�tcu-PA complex for 30
min at 4 °C. Cells were exposed to 37 °C to initiate internaliza-
tion.At specified times, cellswere acid-washed followedby lysis
with radioimmune precipitation assay buffer. All samples were
subjected to immunoblotting using streptavidin-HRP. Blots
were analyzed by densitometry using the Kodak 1-D system.
Samples were normalized to background. Control samples
were prepared as described above and incubated with biotinyl-
atedPAI-114–1B�tcu-PAcomplex for 30min at 37 °C except that
500 nM RAP was added to each incubation solution.
Receptor Recycling Assay—5 � 104 u-PAR-expressing cells

were seeded overnight. Cells were incubated with tcu-
PA�PAI-1 complex for 30 min at 4 °C. Unbound complex was
removed, and the cells were incubated at 37 °C. At specified
times, 10 nM tcu-PA was added and the amount of cell-surface
u-PAR was measured via the Pg activation assay as described
above. Cell surface-associated tcu-PA activity was normalized
to the maximal amount of tcu-PA activity in the absence of
tcu-PA�PAI-1 complexes. In sets of control samples, 500 nM
RAPwas added to all incubation solutions for the allotted times.
Co-immunoprecipitation of u-PAR and LRP—Immunopre-

cipitation experiments were performed as previously described
(37). Suspensions of 1 � 106 cells (293 wt u-PAR or cr-u-PAR),
were incubated in DMEM with 0.1% BSA only or with addi-
tional 10 nM tcu-PA�PAI-1 complex for 30 min at 4 °C. Parallel
samples of cells were exposed to buffer or incubated with either
500 nM RAP or 4 �M SMB. LRP-containing complexes were
immunoprecipitated from cell lysates using the �-LRP mono-
clonal antibody, 11H4, and proteinG-conjugated agarose beads
as described by Czekay et al. (37), and co-precipitated u-PAR
was analyzed via immunoblotting as described above. 50 �l of
total cell lysate were analyzed similarly to quantify the total
amount of u-PAR found in the lysates. Blots were analyzed as
described.
Chymotrypsin Cleavage Assay—Suspended 293 wt u-PAR

and cr-u-PAR cells in DMEM, 0.1% BSA, and 100 �g/ml CHX
were incubated with in the absence or presence of 100 nM
CMK�u-PA for 30min at 37 °C, followed by 100 nM chymotryp-
sin at 37 °C for the times shown (13). Cells were then washed
and lysed using radioimmune precipitation assay buffer. 10 �g
of total cellular protein lysate was analyzed via immunoblotting
for u-PAR as described.

Migration Assay—293 cells were resuspended as described
above. 2 � 105 cells were incubated in the presence or absence
of 0.5 nM tcu-PA in serum-free DMEM for 15 min at 37 °C
and then placed on the top portion of Transwell chambers
(Corning, Corning, NY) coated previously with 10 �g/ml
purified Vtn (5). DMEMwith 10% fetal calf serum was added
to the bottom chamber, and the cells were incubated for 2 h
at 37 °C. Migration was quantified using crystal violet stain-
ing as described previously (38). The absorption of the eluted
stain was read at 506 nm on a SpectroMax Plus 384 micro-
plate spectrophotometer.

RESULTS

Generation of u-PAR Resistant to Cleavage by tcu-PA—To
study the effects of receptor cleavage, wemademutations in the
linker region of u-PAR (12, 14, 39, 40) at two sites, Arg83 and
Arg89 (Fig. 1A), which confer tcu-PA cleavage resistance. The
arginine in position 91 was left unchanged, because this residue
is essential for Vtn binding (23, 24). In Fig. 1B, expression of wt
u-PAR and cr-u-PAR were detected by immunoblotting. How-
ever, non-transfected 293 cells lack a band for any u-PAR form
as described by other investigators (41). In samples from cells
expressing wt u-PAR and cr-u-PAR, there is an appearance of a
band at �55 kDa that can be attributed to the intact receptor.
The approximate 40-kDa band in these two u-PAR variants
might be an underglycosylated u-PAR or partially degraded
u-PAR. Cell lysates from PMA-stimulated U937 cells were pos-
itive controls (Fig. 1B). PMA stimulation increased u-PAR
expression and increased glycosylation, leading to a higher
molecular weight than 293-associated u-PAR (42). The expres-
sion of u-PAR in the 293 cells was confirmed by ligand-binding
assays, wherein wt u-PAR was found to be expressed at a wide
range of 0.7–2.2 � 106 receptors per cell among different
clones, whereas cr-u-PAR was expressed at 1.5–5.5 � 106
receptors per cell among clones (Table 1).

FIGURE 1. Domain structure, expression, and cleavage products of u-PAR.
A, a diagram of wt u-PAR (top) shows the three domains designated D1–3 and
a linker region. D3 contains the glycosylphosphatidylinositol anchor. The
linker region contains the chemotactic epitope (59). A schematic of cr-u-PAR
(bottom) shows the two mutated sites as underlined and in lowercase.
B, immunoblotting using polyclonal rabbit �-u-PAR was used to detect total
u-PAR. Samples were 125 ng of purified su-PAR as a positive control (lane 1)
and lysates from non-transfected 293 cells (lane 2), 293 wt u-PAR cells (lane 3),
293 cr-u-PAR cells (lane 4), and 3-day PMA-stimulated U937 cells (lane 5). C, u-
PAR cleavage products post-exposure to tcu-PA. Cells expressing wt u-PAR
(lanes 1–3) or cr-u-PAR (lanes 4 – 6) were incubated in the absence of tcu-PA
for 0 h (lanes 1 and 4) or 20 h (lanes 2 and 5) or in the presence of 100 nM tcu-PA
for 20 h (lanes 3 and 6) followed by lysis, SDS-PAGE, and immunoblotting for
total u-PAR.
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Receptor cleavability was tested by the prolonged incubation
of u-PAR-expressing 293 cells with a high concentration of
tcu-PA (Fig. 1C). Exposure to tcu-PA converted 70% of wt
u-PAR into the cleaved form. In contrast, when treated simi-
larly cr-u-PAR cells show a single predominant band of intact
u-PAR. The overnight incubation alone did not lead to robust
u-PAR cleavage in either cell type. These results suggest that
substitution of Arg83 and Arg89 led to a u-PAR mutant unable
to be proteolyzed by tcu-PA.
Dissociation constants for the binding of radiolabeled

CMK�u-PA to three independent clones of cells expressing
either wt u-PAR or cr-u-PAR ranged between 1.1 and 1.5 nM
(Table 1), in close agreement with previous reports (43–46),
suggesting that the expressed receptors were folded correctly
and were adequately post-translationally modified. Non-trans-
fected 293 cells showed no specific binding of CMK�u-PA in the
ligand concentration range wherein u-PAR-expressing cells
displayed saturable binding (data not shown). Based on the sim-
ilar levels of receptor expression and affinities for u-PA, 293 wt
u-PAR clone 2 and 293 cr-u-PAR clone 4 were chosen for fur-
ther studies.
Effects of u-PAR Variants on Cell-surface Pg Activation—Re-

combinant wt u-PAR and cr-u-PAR were able to support the
initiation of Pg activation in a specific manner (Fig. 2A). Fig. 2A
shows that, although wt u-PAR and cr-u-PAR receptor-ex-
pressing cells bound tcu-PA and activated Pg, CMK�u-PA pre-
treatment prevented this binding and subsequent Pn genera-
tion in both cell types.
u-PAR cleavage should decrease the amount of available

intact wild-type receptors that may bind tcu-PA, slowing Pg

activation. To test this hypothesis, cells expressing wt u-PAR or
cr-u-PARwere treated with tcu-PA or chymotrypsin to remove
D1, followed by u-PA binding and assaying subsequent Pg acti-
vation as described. Fig. 2B shows that incubation of wt u-PAR
cells with either excess tcu-PA or chymotrypsin resulted in a
55% decrease in Pn generation compared with non-treated
cells, in agreement with previous findings (9, 47). In contrast,
the addition of tcu-PA to cr-u-PAR cells led to a 38% increase in
Pg activation over non-treated cells, which we attribute to the
lack of receptor cleavage coupled with higher saturation of
available uncleaved cr-u-PAR sites by the molar excess of tcu-
PA. As with wt u-PAR cells, exposure of cr-u-PAR cells to chy-
motrypsin resulted in a similar 55% decrease in Pn generation
compared with non-treated cells, demonstrating that the chy-
motrypsin cleavage site remains intact. PAI-1 was able to inac-
tivate tcu-PA bound to either u-PAR variant (data not shown).
These data suggest that initiation and inhibition of Pg activa-
tion occur similarly on cells bearing wt u-PAR or cr-u-PAR.
Cells Expressing cr-u-PAR Internalize tcu-PA�PAI-1 Com-

plexes More Rapidly than Those Cells Expressing wt u-PAR—
We examined the effect of u-PAR mutations on the ability of
cells to rapidly endocytose tcu-PA�PAI-1 complexes. Upon
pulse-labeling a pool of cell-surface receptors with biotin and
addition of tcu-PA�PAI-1 complex, we detected u-PAR in the
cytoplasmic fraction. Consistent with previous reports, cyto-
plasmic wt u-PAR increases in a gradual time-dependent man-
ner to amaximum internalized amount in 13min followed by a
gradual decline (Fig. 3A) (48). In contrast, cr-u-PAR bound to
tcu-PA�PAI-1 complex was internalized with an initial peak
that was detected at the first studied time point, followed by a
secondary peak that resembles the endocytic profile of wt
u-PAR, thus showing a shift in time frame. RAP binding to LRP
inhibits endocytosismediated by this cell-surface receptor (49).
Fig. 3A depicts RAP inhibiting LRP-mediated endocytosis of
u-PAR�tcu-PA�PAI-1 complexes to 10% of peak values seen in
the absence of RAP. These data suggest that, although a similar
process maymediate the internalization of both types of recep-
tors, cr-u-PAR undergoes this process at a much faster rate
compared with wt-u-PAR, this process may also regulate the
fraction of cell-surface receptor internalized and is likely lim-

ited by the LRP expression levels
(50–52).
We evaluated the internalization

of wt u-PAR and cr-u-PAR in the
absence of tcu-PA�PAI-1 complexes
to identify if the initial burst of cr-u-
PAR endocytosis was due to a
mutant-specific response toward
tcu-PA�PAI-1 exposure or due to a
new intrinsic property of unligan-
ded cr-u-PAR (Fig. 3B). cr-u-PAR
was rapidly internalized at 3min in a
manner similar to that seen in the
presence of tcu-PA�PAI-1 complex
(Fig. 3A). A secondary internaliza-
tion peak was also present at 33 min
similar to Fig. 3A, consistent with a
basal endocytosis cycle of about 30

FIGURE 2. Cr-u-PAR supports u-PA-dependent Pg activation that cannot be down-regulated by receptor
cleavage. A, specific binding of tcu-PA to u-PAR leads to Pn generation that can be blocked by preincubation
with excess CMK�u-PA. Cells were first incubated with or without 100 nM of CMK�u-PA for 30 min at 37 °C
followed by 10 nM of tcu-PA. Cell-surface u-PA activity was measured via a Pg activation assay as described
under “Experimental Procedures.” B, proteolysis of u-PAR results in a decrease in cell-surface Pn generation.
Cells expressing wt u-PAR (white bars) or cr-u-PAR (black bars) were subjected to limited proteolysis with 10 nM

chymotrypsin or 100 nM tcu-PA, and residual intact u-PAR was detected by incubation with 10 nM of tcu-PA
followed by a Pg activation assay. Data represent the mean and S.D. of three individual replicates.

TABLE 1
Specific binding of CMK-u-PA to 293 cells
Cells were incubated with doses of radiolabeled CMK�u-PA in the presence of
excess unlabeled CMK�u-PA, and cell-associated radiolabeled CMK�u-PA was
measured as described under “Experimental Procedures.” Shown are the mean �
S.E. of three independent experiments.

293 wt u-PAR 293 cr-u-PAR
Clone 2 Clone 11 Clone 13 Clone 4 Clone 7 Clone 8

KD (nM) 1.3 � 0.6 1.1 � 0.4 1.1 � 0.4 1.4 � 0.4 1.5 � 0.3 1.5 � 0.2
Sites/cell (106) 2.0 � 0.2 2.2 � 0.6 0.7 � 0.1 1.5 � 0.1 3.8 � 0.3 5.5 � 0.2
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min. Although wt u-PAR internalization remained under 2% of
total labeled receptor, internalization of cr-u-PAR reached
twice as high (Fig. 3B). These data suggest that the initial rapid
cr-u-PAR internalization event can occur independently of
the binding of tcu-PA�PAI-1 complexes.
To determine if biotinylation of u-PAR affected its internal-

ization profile, we performed a similar experiment utilizing
biotinylated-PAI-114–1B in complex with tcu-PA. Fig. 4 shows
that labeled tcu-PA�PAI-114–1B complex exhibited a similar
endocytosis profile as the biotinylated u-PAR. Importantly, we
found an initial burst of complex internalization similar to the
burst of labeled cr-u-PAR endocytosis in Fig. 3. Additionally,
lower molecular weight biotin-positive species appeared as the
amount of cytoplasmic biotinylated tcu-PA�PAI-1 complex
diminished over time, consistent with lysosomal degradation of
the endocytosed complex (data not shown). RAP inhibited tcu-
PA�PAI-1 complex internalization, indicating involvement of
LRP in this endocytic process.
Cr-u-PAR Recycling Is Increased following Internalization of

u-PAR�tcu-PA�PAI-1 Complexes—u-PAR and LRP internaliza-
tion by cells is subsequently followed by recycling of these
receptors to the cell surface, spatially redistributing the recep-
tors (53). Having observed an initial rapid internalization of
cr-u-PAR, we sought to determine if the endocytosis of tcu-
PA�PAI-1-bound cr-u-PAR is followed by recycling/resurfacing
of unliganded receptor (Fig. 5). Receptor recycling was studied
by saturating cell-surface u-PARwith tcu-PA�PAI-1 complexes,

inducing internalization as described, and detecting resurfaced
unoccupied u-PAR via binding of active tcu-PA in a Pg activa-
tion assay. Fig. 5 shows that cells expressing cr-u-PAR recycle
the receptor faster than their wild-type receptor-expressing
counterparts. Approximately one-half of internalized cr-u-
PAR had reappeared on the cell surface by 15 min after the
induction of endocytosis, whereas internalized wt u-PAR
required nearly twice the time (30 min) to reach a similar level
of resurfacing. For the entire course of the experiments, synthe-
sis of new receptor was prevented by the addition of CHX.
Exposure of cells to RAP before addition of tcu-PA�PAI-1 com-
plexes resulted in marked inhibition of receptor resurfacing,
suggesting that LRP-mediated endocytosis is required for the
appearance of unoccupied receptor on the cell surface and that
unoccupied receptor does not appear via simple dissociation of
the initially formed u-PAR�tcu-PA�PAI-1 complex.
cr-u-PAR Binds LRP in the Absence of tcu-PA�PAI-1 Complex—

LRP associates with u-PAR-bound tcu-PA�PAI-1 complexes
(54). This interaction is primarily between the tcu-PA�PAI-1

FIGURE 3. cr-u-PAR is internalized rapidly compared with wt u-PAR. Cells
expressing wt u-PAR (white bars) and cr-u-PAR (black bars) were briefly sur-
face-labeled with reducible biotin and incubated with 10 nM tcu-PA�PAI-1
complex (A) or buffer (B) at 4 °C. Internalization was initiated by exposure to
37 °C and terminated via cell-surface reduction with dithiothreitol and cell
lysis, with time points representing the duration of incubation at 37 °C plus
the dithiothreitol exposure. 500 nM RAP was added to the control reaction
with every new incubation. Internalized non-reduced u-PAR was isolated and
detected as described. Total u-PAR was detected by subjecting 20 �l of total
cell lysate to SDS-PAGE and immunoblotting. Data represent the amount of
non-reduced u-PAR (internalized) as a percentage of total u-PAR in each sam-
ple, and shown are the means � S.E. of at least three independent replicates.

FIGURE 4. cr-u-PAR promotes biotinylated-PAI-114 –1B�tcu-PA complex
internalization. 293 wt u-PAR (white bars) and cr-u-PAR (black bars) cells
were incubated with 10 nM biotinylated-PAI-114 –1B�tcu-PA complex at 4 °C,
and internalization was initiated at 37 °C and terminated as described earlier.
Cells were acid-washed to remove non-internalized cell-surface-bound
biotinlyated-PAI-I14 –1B�tcu-PA complex. Time points represent the duration of
the 37 °C incubation plus the acid wash. Internalized biotinylated complex
was detected as described with streptavidin-HRP, and the amount of com-
plex internalized by wt u-PAR cells at 3 min was set as baseline. As a control,
RAP (500 nM) was incubated with tcu-PA�PAI-1 with continuous addition of
RAP following incubation for 30 min at 37 °C. Data represent the mean � S.E.
of minimum three independent replicates.

FIGURE 5. Cells expressing cr-u-PAR resurface recently unoccupied recep-
tor faster than wt u-PAR-expressing cells. wt u-PAR (f) and cr-u-PAR (�)-
expressing cells were incubated with pre-assembled tcu-PA�PAI-1 complexes
at 4 °C. Cells were washed and incubated at 37 °C for the times shown, and the
amount of resurfaced unoccupied receptor was assessed via a Pg activation
assay. Pg activating activities at each time point are shown relative to samples
of cells not incubated with tcu-PA�PAI-1 complex, leaving a full complement
of unoccupied u-PAR. As a control, 500 nM RAP was added to each incubation
step. Data represent the means � S.E. of four independent replicates.
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complex and LRP, although a direct u-PAR-LRP interaction
may play a minor role (37). Because cr-u-PAR has an altered
LRP-mediated internalization profile, which occurs even in the
absence of tcu-PA�PAI-1 complex, we determined whether cr-
u-PAR and LRP are closely associated by detecting u-PAR that
was co-immunoprecipitated with the monoclonal anti-LRP
antibody, 11H4. In Fig. 6 (A and B), a trace amount wt u-PAR
was detected using 11H4 in the absence of tcu-PA�PAI-1 com-
plex. In the presence of complex, the amount of immunopre-
cipitated wt u-PARwas enhanced, an effect that was blocked by
RAP (Fig. 6A). In contrast, cr-u-PAR alone co-immunoprecipi-
tated with LRP, an association that was enhanced by the addi-
tion of tcu-PA�PAI-1 complex (Fig. 6, B–D). The amount of
cr-u-PAR precipitated with 11H4 in the absence of tcu-

PA�PAI-1 complex was similar to
the amount of wt u-PAR detected in
the presence of complex.
To disrupt the close association

of unliganded cr-u-PAR to LRP, we
selected molecules that bind specif-
ically to u-PAR or to LRP. The SMB
domain of Vtn directly interacts
with u-PAR in the linker region
N-terminal to our mutated sites,
whereas RAP prevents binding of
several ligands to LRP. Fig. 6D
shows that both SMB and RAP
inhibited the affinity precipitation
of cr-u-PAR by 11H4. Disruption of
the cr-u-PAR-LRP interaction sug-
gests that the receptors can directly
interact or may be bridged by other
unidentified molecules that specifi-
cally bind both receptors.
Chymotrypsin Cleaves cr-u-PAR

at a Different Rate than wt u-PAR—
u-PA bound to u-PAR exposes the
chemotactic epitope situated be-
tween residues 88 and 92 in the
linker region (12, 14, 39). X-ray
crystallographic evidence suggests
this u-PA-dependent conforma-
tional change in the receptor in-
volves the rotation of Tyr87 away
from the bulk solvent, thus decreas-
ing its availability to serve as the P1
residue for the chymotrypsin active
site (14, 40). To investigate if the
linker region of cr-u-PAR is confor-
mationally altered compared with
that ofwt u-PAR, cells expressingwt
u-PAR and cr-u-PAR were exposed
to chymotrypsin in the presence or
absence of CMK�u-PA (Fig. 7). wt
u-PAR alone was rapidly cleaved by
chymotrypsin, with nearly all of the
receptor converted to the D2D3
form by the first time point (1 min)

and no detectable intact receptor remaining after �5 min. The
presence of CMK�u-PA slightly reduced the cleavage of wt
u-PAR. In contrast, cr-u-PAR cleavage by chymotrypsin was
delayed, with intact receptor detectable until �20 min into the
reaction. CMK�u-PA further delayed the cleavage of cr-u-PAR
by chymotrypsin, with roughly half of the intact receptor still
being detected by the final time point (30min). Thus the addition
of CMK�u-PA to cr-u-PAR-expressing cells reduced chymotryp-
sin-associated receptor cleavage to a much greater extent than
seen in similarly treatedwt u-PAR-expressing cells. Fromour pre-
vious assays,weknowthatu-PAcanbindwithhighaffinity toboth
u-PARs (Table 1), indicating that the differential protection of
CMK�u-PA betweenwt u-PAR and cr-u-PAR against chymotryp-
sin is not due to dissimilar u-PA-binding. These data indicate that

FIGURE 6. cr-u-PAR co-immunoprecipitates with LRP in the absence of tcu-PA�PAI-1 complexes. A, cells
expressing wt u-PAR were incubated with buffer (lane 1), 10 nM tcu-PA�PAI-1 (lane 2), 500 nM RAP (lane 3), or 500
nM RAP, and 10 nM tcu-PA�PAI-1 complex (lane 4). u-PAR was affinity-precipitated with the monoclonal �-LRP
antibody, 11H4, and detected using polyclonal �-u-PAR antibody. Nonspecific binding of u-PAR to protein G
beads was minimal. B, cells expressing wt u-PAR (lanes 1 and 2) or cr-u-PAR (lanes 3 and 4) were incubated in the
absence (lanes 1 and 3) or presence (lanes 2 and 4) of 10 nM tcu-PA�PAI-1 complex and u-PAR affinity-precipi-
tated as described under “Experimental Procedures.” The band intensities are shown (C), with data represent-
ing the mean � S.D. of three individual replicates (t test; *, p � 0.03; **, not significant; and ***, p � 0.0005).
D, cr-u-PAR-expressing cells were treated with buffer only (lane 1), 4 �M SMB (lane 2), or 500 nM RAP (lane 3) for
30 min before lysis and immunoprecipitation with �-LRP antibody followed by immunoblotting with �-u-PAR
antibody.
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there is a significant conformational difference between the linker
regions of wt u-PAR and cr-u-PAR thatmay correlate with differ-
ent degrees of receptor behavior, such as receptor internalization
and LRP-association.
cr-u-PAR Expression Enhances Migration in 293 Cells—The

altered endocytosis profile, ligand-free close association with
LRP, and resistance to chymotrypsin-associated cleavage

exhibited by cr-u-PAR indicated
that this form may represent a con-
stitutively active receptor. u-PAR-
expressing cells can undergo
u-PA-dependent migration, and
importantly, this has been previ-
ously shown in 293 cells expressing
recombinant u-PAR (55). We thus
tested whether cells expressing cr-
u-PAR behaved similarly as cells
expressing wt u-PAR in the pres-
ence of such an activating ligand in a
well described u-PA-dependent
process, cellular migration. Fig. 8
depicts a lack of migration for non-
transfected 293 cells on a Vtn-
coated matrix when exposed to
serum or to u-PA. Serum-stimu-
lated wt u-PAR-expressing cells
demonstrated a 2.7-fold increase in
migration over serum-free treat-
ment. This effect was further
enhanced in the presence of 0.5 nM

tcu-PA leading to a 4.5-fold increase in migration. However,
cr-u-PAR-expressing cells showed enhanced migration in the
presence of serum that was similar to u-PA-stimulated migra-
tion (Fig. 8). These effects were not due to changes in random
chemotaxis as cells expressing either u-PAR variant exhibited
little directed migration in the absence of serum or with serum
in both top and bottom chambers (data not shown). Thus,
although tcu-PA is able to enhance wt u-PAR-associated
migration, this additional effect was not seen in cr-u-PAR-ex-
pressing cells, which already migrate strongly in the absence of
ligand. These data further support our hypothesis that cr-u-
PAR is a receptor that may be in an activated state.

DISCUSSION

Models regarding the functions of u-PAR are complex and
involve roles for the unoccupied receptor, u-PA-bound recep-
tor, and tcu-PA-cleaved receptor. Functions of u-PAR in any
one of these states may differ depending on the other receptors
expressed on the same cell, the composition of the cellular envi-
ronment, and the type ofmatrix in contactwith the cell. Further
confounding matters is the fact that the primary physiologic
ligand of u-PAR, u-PA, is also a potent source of cleaved recep-
tor (10, 56). In a simplified model, u-PA binding is proposed to
enhance the association of u-PAR with Vtn (47) and integrins
(19), whereas tcu-PA-dependent release of D1 abolishes affinity
for these two proteins and promotes binding to and signaling
via G-protein-coupled receptors such as formyl peptide recep-
tor like-1 (FPRL-1) (57). Signaling pathways affected by these
different interactions lead to changes in cellularmigration, pro-
liferation, and adhesion, via what may be simultaneous down-
regulation of some pathways, such as those involving integrins,
and up-regulation of others, such as those involving G-protein-
coupled receptors (58). However, in a mixed population of
receptors, the contributions of each state of u-PAR are difficult
to distinguish and have not yet been delineated.

FIGURE 7. Chymotrypsin cleaves cr-u-PAR less efficiently compared with wt u-PAR. Suspension of cells
expressing wt u-PAR (A) or cr-u-PAR (B) were incubated with buffer or 100 nM CMK�u-PA as shown at 37 °C,
followed by additional incubation with 100 nM chymotrypsin at 37 °C for the times shown. 10 �g of total cell
lysate was analyzed by immunoblotting using polyclonal rabbit �-u-PAR. Blots were imaged using the Kodak
1D system. Shown are images representative of four independent replicates.

FIGURE 8. 293 cr-u-PAR-expressing cells promote u-PA-independent
migration. Non-transfected 293 (gray bars)-, 293 wt u-PAR (white bars)-, and 293
cr-u-PAR (black bars)-expressing cells were serum-starved and suspended in
serum-free DMEM. Cells were either pre-treated with serum-free DMEM and
allowed to migrate over Vtn-coated chambers with no serum gradient (no
serum), pre-treated with serum-free DMEM and allowed to migrate toward 10%
fetal calf serum (serum), or pre-treated with 0.5 nM tcu-PA and allowed to migrate
toward 10% fetal calf serum (0.5 nM tcu-PA) for 2 h at 37 °C. Samples were ana-
lyzed as described under “Experimental Procedures.” Data represent the
means � S.D. of at least three individual replicates and were analyzed using a
Student’s t test (*, p � 0.0001 and **, not significant).
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In a previous attempt to address this problem, a cleavage-
resistant u-PAR variant, hcr-u-PAR, was created, in which sev-
eral mutations were made to the cleavage sites in the linker
region for u-PA, plasmin, matrix metalloproteinases, and chy-
motrypsin (20–22). Although cells expressing wt u-PAR were
shown to exhibit u-PA-dependent ERK activation, those
expressing hcr-u-PAR did not, suggesting that cleaved and
intact u-PAR may access alternate signaling pathways (20).
Additionally, disruption of fibroblast tomyofibroblast differen-
tiation by hcr-u-PAR led to the conclusion that u-PAR cleavage
mayplay an important role in cell differentiation (22).However,
because two of five residues in the chemotactic epitope (Arg89
and Arg91) were altered in hcr-u-PAR, including a residue
essential to Vtn binding (Arg91), it is unclear whether the func-
tional differences observed between intact wt u-PAR and hcr-
u-PAR are solely related to cleavability (23–25).
In this study, we engineered a u-PAR mutant, cr-u-PAR,

which is resistant to cleavage by u-PA but alters only one resi-
due, Arg89, in the chemotactic epitope and preserves the ability
of the cells expressing the receptor to interact with a Vtn-rich
matrix to promote migration. Through a systematic character-
ization of cr-u-PAR, we found that the mutant receptor bound
to u-PA and promoted Pg activation indistinguishably from wt
u-PAR, implying that cr-u-PAR is properly folded and oriented
on the cell surface to allow u-PA and cell-surface bound Pg to
interact.We also found evidence of a close association between
cr-u-PAR and LRP, a result that was unanticipated given that
the current paradigm holds that tight interaction of these two
receptors requires the bridging effect of the tcu-PA�PAI-1 com-
plex. Nevertheless, this hypothesis is strongly supported by the
findings that unliganded cr-u-PAR is constitutively endocy-
tosed in an LRP-dependent manner, that cr-u-PAR and LRP
can be affinity co-precipitated from cell lysate, and that this
co-precipitation can be specifically blocked by RAP and SMB.
These data may be explained by direct binding between cr-u-
PAR and LRP, by the two molecules indirectly co-associating
within a larger cell-surface complex, or by the two receptors
being co-localized in the same plasma membrane micro-do-
mains. Although we cannot yet discriminate among these pos-
sibilities, the results suggest an intriguing implication, that cr-
u-PAR may represent a receptor variant that is constitutively
active in the absence of ligand.
Several lines of evidence suggest that cr-u-PAR not only

exhibits cleavage resistance, but also displays properties of an
activated receptor. In several functional aspects, free cr-u-PAR
behaved like ligandedwt u-PAR. The peak amount of wt u-PAR
endocytosed in the presence of tcu-PA�PAI-1 complex is simi-
lar to the peak amount of cr-u-PAR internalized in the absence
of complex. Similarly, the amount of cr-u-PAR that was affini-
ty-precipitated with an anti-LRP antibody in the absence of
tcu-PA�PAI-1 complex was identical to the amount of wt
u-PAR captured in the presence of complex. Furthermore, cells
expressing cr-u-PAR when stimulated with only serum
migrated as much as those expressing wt u-PAR stimulated by
serum and u-PA. It should be noted that, although theremay be
bovine-derived u-PA from the serum included in some of these
experiments, the binding of u-PA to human u-PAR is species-
specific. In particular, regions known tomediate this specificity

do not involve the residues mutated in cr-u-PAR, and a residue
in human u-PA, Trp30, critical to this specificity is not con-
served in bovine u-PA (12). Therefore, it is highly probable that,
without the addition of exogenous human u-PA, cr-u-PAR is
unoccupied yet retains some important functions of the
u-PA-bound wt u-PAR. Additionally, the behavior of cr-u-
PAR as an active receptor is evident in other cellular events
as well, including proliferation and adhesion.3 The mecha-
nism of this activation may involve local changes to the con-
formation of the linker region and chemotactic epitope, as
evidenced by the differential susceptibilities of wt u-PAR and
cr-u-PAR to partial proteolysis in this area by chymotrypsin.
This structural change may in turn affect the inter-domain
relationships in the receptor, subtly altering its global con-
formation as well. Indeed, crystal structures of u-PAR in
complex with various ligands, including an antagonist pep-
tide, the amino-terminal fragment of u-PA, and SMB, dem-
onstrate just such differences in inter-domain distances and
inter-domain loop conformations (12, 14, 39, 40). Although
more biophysical means of characterization are needed to
ascertain whether unliganded cr-u-PAR is conformationally
similar to u-PA-bound wt u-PAR, it is clear that cr-u-PAR is
a functionally activated receptor in the absence of bound
ligand. Other changes in receptor function and their effects
on cell behavior remain to be studied.
The precise role of u-PAR cleavage in cancer biology remains

elusive. Soluble and cell-surface-cleaved u-PAR appear to be
promising markers in the early detection, prognosis, and
response to treatment of cancers of the prostate, ovary, breast,
and bone marrow (25). Because cleaved u-PAR can induce
u-PA-independent cellmigration viaG-protein-coupled recep-
tors (26), receptor cleavage may promote metastasis. However,
in a highly invasive anaplastic thyroid carcinoma, u-PAR glyco-
sylation prevents cleavage (27). Less aggressive forms of thyroid
carcinoma as well as thyroid adenoma that do not possess great
invasive potential express cleavable receptor, suggesting that, in
thyroid cancers, u-PAR cleavage may down-regulate invasive-
ness (27). Thus cr-u-PAR is potentially an important tool in the
dissection of the roles of u-PAR in cancer, and further investi-
gation into its constitutive activitymay shed light on the ligand-
induced conformational activation of the intact wild-type
receptor.
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