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The urokinase-type plasminogen activator receptor (uPAR) is
a glycolipid-anchored membrane protein with an established
role in focalizing uPA-mediated plasminogen activation on cell
surfaces. Distinct from this function, uPAR also modulates cell
adhesion and migration on vitronectin-rich matrices. Although
uPA and vitronectin engage structurally distinct binding sites
on uPAR, they nonetheless cooperate functionally, as uPA bind-
ing potentiates uPAR-dependent induction of lamellipodia on
vitronectin matrices. We now present data advancing the possi-
bility that it is the burial of the B-hairpin in uPA per se into the
hydrophobic ligand binding cavity of uPAR that modulates the
function of this receptor. Based on these data, we now propose a
model in which the inherent interdomain mobility in uPAR
plays a major role in modulating its function. Particularly one
uPAR conformation, which is stabilized by engagement of the
B-hairpin in uPA, favors the proper assembly of an active, com-
pact receptor structure that stimulates lamellipodia induction
on vitronectin. This molecular model has wide implications for
drug development targeting uPAR function.

Timely controlled cell migration is a decisive factor for a
plethora of important biological processes that occur during
development and adulthood. Controlled cell migration is thus
intimately involved in both maintenance and dynamic remod-
eling of tissue architectures during, e.g. wound healing and
mammary gland development (1). These processes are exe-
cuted and tightly regulated via a complicated cross-talk
between specific cell surface receptors (e.g. integrins) and insol-
uble protein components deposited in the extracellular matrix.
The extracellular matrix is nonetheless thought to play a dual
role in regulating cell migration, as it provides both the focal
adhesion sites required for cellular traction and opposes migra-
tion by generating physical barriers (2, 3). Cell migration in
vivo, therefore, requires a coordinated regulation of extracellu-
lar matrix proteolysis, adhesion, and signaling (4). The uroki-
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nase-type plasminogen activator receptor (uUPAR)? may alleg-
edly assist a rendezvous between these functions, as it has the
potential to exert control at all three levels. Besides being
responsible for focalizing uPA-mediated plasminogen activa-
tion on cell surfaces (5-7), uPAR also facilitates adherence to
vitronectin embedded in the extracellular matrix (8 —10), and as
a consequence, it promotes intracellular signaling (4, 11).

The glycolipid-anchored uPAR is a modular glycoprotein
composed of three homologous Ly6/uPAR-type (LU) protein
domain repeats (5, 12). The far majority of proteins belonging
to this domain family contain only a single copy of the LU mod-
ule, as exemplified by the glycolipid-anchored CD59, the extra-
cellular ligand binding domain in the TGF- 3 receptors, and the
diverse group of secreted snake venom a-neurotoxins (13). In
the human genome, five genes are recognized so far to encode
proteins with multiple LU domains, and these are all confined
to a small gene cluster located on chromosome 19q13 (14).
Among these modular proteins, the structure of only uPAR has
presently been solved (7, 15-17), and it reveals that all three LU
domains in this receptor adopt the archetypical three-finger
fold that is found in the snake venom a-neurotoxins. More
importantly, all three LU domains in uPAR cooperate to form a
large hydrophobic ligand binding cavity for uPA. A notable
flexibility in the modular assembly of uPAR is nevertheless dis-
played by these structures dependent on which ligand is actu-
ally buried in this ligand binding cavity (5, 7, 15, 16). The func-
tional binding epitope for vitronectin, another established
uPAR ligand, is also confined to a composite receptor interface,
which in this case is located between uPAR domain I (DI) and
domain II (DII) as determined by alanine-scanning mutagene-
sis (18). This functional epitope aligns excellently with the
receptor surface buried at the interface between the small
N-terminal somatomedin B domain (SMB) of vitronectin and
uPAR as determined by x-ray crystallography (17). Conse-
quently, the interaction with vitronectin could possibly be sen-
sitive to conformational rearrangements of the individual
uPAR modules, which may be elicited by receptor binding to
other ligands, e.g. uPA.

With a view to this proposition, it is noteworthy that ample
evidence exists in the literature from different laboratories to

2The abbreviations used are: uPAR, urokinase-type plasminogen activator
(UPA) receptor; UPAS3°®A, catalytically inactive pro-uPA; ATF, N-terminal
fragment of uPA; GFD, growth factor-like domain; LU domain, Ly6/uPAR-
type like domain; SMB, somatomedin B-like domain of vitronectin; RU, res-
onance units; DI and DII, domains | and I, respectively.
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suggest that uPA binding modulates the interaction between
uPAR and vitronectin both at the biochemical (8, 18, 19) and
the cellular level (9, 10, 20 -25). The molecular basis underlying
this dependence is, however, still controversial, and several
models, including uPAR dimerization (9, 19, 26), direct inter-
actions with integrins (27-29), or other adaptor proteins (30,
31) have been advocated. In the present study, we have revisited
this molecular interplay guided by the structural data obtained
recently on this ternary complex (17, 18), and we now present
independent functional data pointing to a crucial role of the
molecular flexibility in uPAR.

MATERIALS AND METHODS

Chemicals and Reagents—Linear peptides were synthesized
and HPLC-purified as described (32). Thiols of cysteine-con-
taining peptides were air-oxidized in 10% (v/v) DMSO to yield
cyclic disulfide-linked peptides. Proper oxidation was verified
after HPLC purification by the monoisotopic masses resolved
by MALDI-MS (Autoflex TOF/TOF, Bruker Daltonics, Bre-
men, Germany). An inventory of peptides applied in this study
is provided in Table 1.

Purified Protein Preparations—Soluble forms of recombi-
nant human uPAR (residues 1-283) were expressed by stably
transfected Drosophila melanogaster S2 cells (33), and a library
of >300 purified uPAR mutants carrying single-site substitu-
tions was prepared and characterized as described (34). Recom-
binant human pro-uPA%%>** (residues 1-411) without catalytic
activity due to the active-site mutation, pro-uPAAGFD (residues
45-411), and the N-terminal fragment (ATF) of uPA (residues
1-143) were all expressed by D. melanogaster S2 cells and affin-
ity-purified using the immobilized anti-uPA monoclonal anti-
body, clone-6 (34). The growth factor-like domain of human
uPA (GFD'~*®) was a kind gift from S. Rosenberg (35). Purified,
native human vitronectin was purchased from Molecular
Innovations (Novi, MI) or Invitrogen. The somatomedin B
(SMB'™*’) domain of human vitronectin was expressed in
Pichia pastoris and purified as described (36). Monoclonal anti-
uPAR antibodies R2, R3, R4, R5, R8, R9, and R24 were produced
in-house as outlined (37), but R3, R4, and R5 are also commer-
cially available from BioPorto (Gentofte, Denmark). R20 and
R21 were generated by immunizing uPAR-deficient mice with
purified human uPAR, whereas purified murine uPAR was used
for the generation of mR1 (38). VIM-5 was from Acris Antibod-
ies (Herford, Cambridge, UK).

HEK293 Cells Expressing uPAR"" and Selected Mutants—
Stable clones of HEK293 cells expressing comparable levels of
human uPAR™, uPARY??4, and uPARY*"* were established
and characterized by FACS analyses as described (21). These
cells were cultured in minimum Eagle’s medium (Invitrogen)
supplemented with Glutamax I, non-essential amino acids, 10%
(v/v) ECS, 100 units/ml penicillin, 100 ng/ml streptomycin, and
400 ug/ml Geneticin at 37°C in a 5% CO,-humidified
incubator.

Induction and Scoring of Lamellipodia Formation in HEK293
Cells Plated on Vitronectin—Cells were seeded in 24-well cul-
ture plates onto vitronectin-coated glass coverslips. Coating
was accomplished by incubating each coverslip with 70 ul of
vitronectin (5 ug/ml in PBS) for 1 h before blocking with 2%
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(w/v) BSA for 1 h in the same buffer. Subsequently, HEK293
cells (0.5 ml medium containing 5 X 10 cells) were added to
each well and allowed to attach for 24 h under the same culture
conditions as listed in the previous section. The culture
medium was carefully replaced by new medium containing
specified additives, e.g. pro-uPA, GFD, peptide surrogates, or
monoclonal antibodies. After cultivation for another 24 h, the
cells were finally evaluated for lamellipodia formation. Seeding
cell densities was optimized for the individual HEK293 clones
to reach a semiconfluent culture for the nontreated cells at the
end of each experiment.

To facilitate the examination of lamellipodia formation, the
adherent cells were fixed on the coverslips, permeabilized, and
stained with Alexa 488-conjugated phalloidin to visualize actin
filaments (Invitrogen). To this end, coverslips were washed
gently with PBS at 37 °C, and the adherent cells were subse-
quently fixed for 10 min at room temperature in 4% (w/v) para-
formaldehyde in PBS before they were permeabilized in 0.2%
(v/v) Triton X-100 in PBS for 5 min at room temperature.
Finally, the coverslips were recovered from the culture wells
and incubated with Alexa 488-labeled phalloidin (0.4 units/ml
in PBS with 1% (w/v) BSA) by placing them upside-down in
80-ul droplets on Parafilm sheets for 30 min at room tempera-
ture. Extensive washing in PBS was performed after each of the
above incubations. To preserve fluorescence, the coverslips
were washed once in H,O and mounted in ProLong® Gold anti-
fade reagent (Invitrogen).

An unbiased evaluation of the lamellipodia-positive cells was
achieved by recording micrographs of six randomly selected
fields for each experimental condition using a Leica DM4000B
fluorescence microscope equipped with a Leica DFC-480 cam-
era. These fields were subsequently randomized and examined
by four skilled researchers who were unaware of the sample
identities. Each field was then assigned the number 0 (no lamel-
lipodia-positive cells present) or 1 (the field contains at least
one lamellipodia-positive cell) by the individual investigators.
The protrusion index is then defined as the cumulative score
(range 0—24) obtained from all investigators for all fields of the
sample in question as outlined previously (21).

Evaluation of Untransfected Monocytic Cell Lines—The
human monocytic cell lines U937, THP-1, and HL-60 were
obtained from ATCC (codes CRL-1593, TIB-202, and CCL-
240, respectively) and propagated in RPMI 1640 medium with
Glutamax I, 10% (v/v) FCS, 100 units/ml penicillin, and 100
pg/ml streptomycin. These cell lines were seeded on vitronec-
tin-coated coverslips for 24 h as described for HEK293 cells,
except that the medium was supplemented with 100 nm phor-
bol 12-myristate 13-acetate (PMA) with or without 10 nm pro-
uPA3%%4 just before seeding. After this initial stimulation, the
culture medium was carefully replaced with freshly prepared
medium containing 100 nm PMA and various combinations of
10 nM pro-uPAS***A and 100 nm anti-uPAR mAbs. After an
additional incubation for 24 h, cells were processed for micro-
scopic evaluation as described for HEK293 cells.

Rate Constants for the mAb-uPAR interactions Measured by
Surface Plasmon Resonance—All interaction studies were car-
ried out on a Biacore 3000™™ (Biacore, Uppsala, Sweden) using
10 mm HEPES, 150 mm NaCl, 3 mm EDTA, and 0.005% (v/v)
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surfactant P-20 at pH 7.4 as running buffer. Purified mouse
anti-uPAR mAbs (1 pg/ml) were covalently immobilized on a
carboxymethylated dextran matrix (CM5 sensor chip) using
N-hydroxysuccinimide/N-ethyl-N’-[3-(diethylamino)propyl]
carbodiimide, yielding levels of 400-1000 RU-immobilized
mAbs (39). To establish the kinetics for the mAb-uPAR inter-
actions, serial 2-fold dilutions of purified human uPAR (0.4 -
200 nM in running buffer) were analyzed at 20 °C with 50
wl/min flow rates. To certify reproducibility of the analyses, 50
nM uPAR was re-tested at the end of each experiment. A typical
outcome for such an interaction analysis is shown in supple-
mental Fig. S1. The kinetic rate constants, k,, and k_g, were
subsequently derived from these real-time interaction analyses
by fitting the association and dissociation phases to a bimolec-
ular interaction model using the BIAevaluation 4.1 software
(Biacore) as described in detail previously (34). For low affinity
interactions, K, was also estimated by fitting binding isotherms
at equilibrium. After each run, the sensor chip was regenerated
by two consecutive injections of 0.1 M acetic acid in 0.5 m NaCL

Epitope Mapping of Anti-uPAR mAbs—To identify the func-
tional epitopes for various uPAR-specific mAbs, we analyzed
their binding kinetics toward a large number of purified uPAR
mutants carrying defined single-site alanine substitutions (34).
In some cases we analyzed the interaction at 5 °C to minimize
the risk of irreversibly denaturing the less stable mAbs during
the repeat cycles of regeneration. To narrow the number of
uPAR mutants included in this library screen, the overall
domain reactivity of the various mAbs was initially established
by determining their reactivity toward the following isolated
domain constructs of uPAR using Western blotting and/or sur-
face plasmon resonance: uPAR DI'~°%, uPAR DII+DIII®® %3
and uPAR DIII'®>7?*3 (supplemental Table SI).

Determination of IC, Values for Various Antagonists of the
uPA-uPAR Interaction—To determine the IC, values for small
synthetic peptide inhibitors of the uPA-uPAR interaction, we
initially immobilized high levels of pro-uPA%**** on a CM5
sensor chip (>5,000 RU ~ 0.1 pmol/mm?). At such high uPA-
coating densities, the observed rate for uPAR association (v,,,)
is directly proportional to the concentration of the analyte
when only low concentrations of uPAR are tested (<2 nm). The
IC,, values of the peptide antagonist under study were subse-
quently determined by measuring v, . for a fixed uPAR concen-
tration (e.g. 0.5 nm) preincubated with a 3-fold dilution series of
that compound. The residual uPAR activity was calculated
from the dose-response curve analyzed in parallel in the
absence of inhibitor and then fitted to a four-parameter
logistic model. Running and regeneration conditions for the
Biacore3000 instrument were as outlined in the previous
paragraphs.

The IC,, values for competition of the uPA-uPAR interac-
tion by various anti-uPAR mAbs were determined by a time-
resolved immunofluorescence assay. In brief, White Maxisorp
fluoroplates (Nunc, Roskilde, Denmark) were coated with 2
pg/ml catalytically inactive pro-uPA (pro-uPA®****) in 0.5 m
carbonate buffer, pH 9.6. Excess binding sites were blocked by
incubation with SuperBlock™ (Pierce) diluted with 1 volume
of 40 mm phosphate buffer containing 0.3 M NaCl, pH 7.4. The
interaction between immobilized pro-uPA%***4 and mixtures
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containing 2.5 nM uPAR preincubated with a 3-fold dilution
series of the relevant mAbs (range 0.1 nm to 8 uM) was allowed
to proceed for 1 h at room temperature on an orbital shaker.
The uPA-bound uPAR was detected by incubation for 1 h with
0.6 ug/ml Eu" -labeled R2 (a noninhibitory anti-uPAR mAb).
The residual uPAR binding activity in each sample is quantified
relative to a standard curve acquired from a parallel incubation
of a 2-fold dilution of uPAR in buffer (0.04 nm to 5 nM uPAR).
All incubations and dilutions were performed in DELFIA™
assay buffer (50 mm Tris-buffered saline, pH 7.8, containing
0.5% (w/v) BSA, bovine immunoglobulin, 0.04% (v/v) Tween
40, and 20 puM diethylenetriaminepentaacetic acid) except for
dissociation of Eu®>* from its chelator, which was performed in
the final step by incubation in DELFIA™ enhancement solu-
tion. Fluorescence of the free Eu®* was measured by time-re-
solved fluorescence using a Fluostar Optima fluorometer
(PerkinElmer Life Sciences) with excitation set at 340 nm and
reading emission at 615 nm with a 400-us delay and a 400-us
acquisition window. All graphic artwork on protein structures
were generated by PyMol (Schrédinger, Portland, OR).

RESULTS AND DISCUSSION

Receptor Occupancy by uPA Promotes uPAR-mediated
Lamellipodia Formation on Vitronectin—Several independent
studies have shown previously that high expression levels of
uPAR confer increased adherence, motility, and induction of
lamellipodia to cells in a process dependent on their interaction
with matrix-embedded vitronectin (8, 9, 11, 21). In addition, ixn
vitro evidence suggests that complex formation with uPA, its
bona fide high affinity ligand, further potentiates this uPAR-de-
pendent interaction on vitronectin in various cell types (22—
25). To explore this molecular interplay between uPA, mem-
brane-bound uPAR, and immobilized vitronectin in more
detail, we adopted an assay system in which uPAR-induced
morphology changes in stably transfected HEK293 cell lines
expressing comparable levels of selected uPAR mutants are
evaluated by a semiquantitative scoring method (21). In accord-
ance with previous studies (9, 11, 21), we found that stably
transfected HEK293 cells expressing uPAR™" exhibited a pro-
nounced interaction with vitronectin-coated coverslips, caus-
ing flattening of the cell body and extensive formation of lamel-
lipodia (Fig. 1). We could also repeat previous observations (9,
21) showing that cell lines expressing the single-site mutants
UPARY3?A and uPARY*”* were unable to elicit these vitronec-
tin-induced morphology changes (Fig. 1). Despite their similar
impact on cell morphology, these mutations nonetheless target
completely different structural epitopes on uPAR. In the crystal
structure solved for the SMB-uPAR-ATF complex (17), Trp**is
thus buried in the vitronectin binding interface, and its muta-
tion to alanine obviously impairs this interaction significantly,
whereas the affinity for uPA is unaffected (18). In contrast,
Tyr®” is located at the bottom of the hydrophobic uPA binding
cavity and is completely shielded from solvent in the corre-
sponding uPAR-ATF complex (16, 40). The affinity of
UPARY®7# for uPA is accordingly decreased by ~7-fold com-
pared with both uPAR"" and uPARY?** (34, 39), whereas vit-
ronectin binding is unaffected.
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FIGURE 1. Regulation of uPAR-dependent lamellipodia formation on vit-
ronectin by uPA ligation. Panel A shows representative micrographs of
transfected HEK293 cells expressing high levels of either uPAR"!, uPAR"324,
or uPAR>7A that are plated on a reconstituted vitronectin matrix for 24 h in
the presence or absence of 100 nm concentrations of the stated uPA-deriva-
tives. To enhance detection of lamellipodia, cells were fixed, permeabilized,
and stained with Alexa 488-labeled phalloidin before micrographs were
taken in a fluorescence microscope. Note the absence of lamellipodia in
HEK293 cells expressing either uPAR"32 or uPARY*”A and the reappearance
of these structures after the addition of uPA or GFD. Panel B shows an unbi-
ased semiquantitative assessment of the induction of lamellipodia in these
cells using the protocol outlined under “Materials and Methods.”

When we add the catalytically inactive pro-uPA®*** or its

receptor-binding protein modules ATF and GFD to transfected
HEK293 cells seeded on vitronectin-coated coverslips, they all
within 24 h induced lamellipodia irrespective of which of the
two uPAR mutants the cell lines express (Fig. 1). The amount of
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uPA derivatives added was in this case sufficiently high (100 nm)
to ensure a complete receptor saturation, even for the
uPARY?7# mutant (18). High concentrations of uPA lacking the
receptor binding module (AGFD) did not induce lamellipodia
in either uPARY3?A- or uPARY>"*-expressing cell lines (Fig. 1).
Intriguingly, dose-response experiments revealed, however,
that HEK293 cells expressing uPARY>”* required ~10-fold less
pro-uPA or GFD to induce a manifest lamellipodia formation
compared with cells expressing uPARY 3?4 (1 versus 10 nm, Fig.
2). This may at first sight appear counterintuitive, bearing in
mind that the K, for the interaction between pro-uPA and
UPARY*”* is 3.5 nm compared with only 0.5 nm for uPARY324
(34). This paradox is, however, easily reconciled by taking into
account that the uPA-uPAR Y*7* complexes exhibit a vitronec-
tin binding similar to that of uPAR™* complexes, whereas uPA-
uPAR Y324 complexes display an impaired vitronectin binding
due to the mutation of a hotspot residue (Trp>?) for this inter-
action (18). A much lower “threshold density” of uPA-
uPAR Y*”* complexes was, hence, needed on the cell surface to
elicit a manifest lamellipodia induction compared with uPA-
uPARY??* (Fig. 2).

When added at 1 nm, human pro-uPA, but not murine pro-
uPA, induced lamellipodia in the uPARY*"“-transfected
HEK293 cell lines (supplemental Fig. S2), which is concordant
with the well established species selectivity of this interaction
(7). Importantly, this scenario can be reversed by mutating only
two residues in the receptor binding 8-hairpin of the GFD mod-
ule in uPA (supplemental Fig. S2), which causes a switch in the
species selectivity of the uPA-uPAR interaction (7). Combined,
these data thus clearly demonstrate that the capacity of uPA to
induce morphological changes in HEK293 cells expressing two
different uPAR mutants, which cannot per se elicit such
changes in their unoccupied states, is strictly dependent on
ligand binding.

The Small B-Hairpin of GFD Is Sufficient for Efficient Stimu-
lation of uPAR—To explore the minimal structural require-
ments for this promoting activity of uPA in more detail, we
subsequently investigated the impact of two small antagonizing
synthetic peptides, both of which engage the central hydropho-
bic uPA binding cavity of uPAR.

One peptide antagonist (AE234) is designed to mimic the
B-hairpin region of GFD, which is responsible for the tight
receptor binding properties of uPA (41, 42). This compound is
a small 10-mer cyclic peptide, and it inhibited the uPA-uPAR
interaction with an IC,, value of 150 nm (Table 1 and Fig. 3). A
scrambled version of this peptide (AE235) was also synthesized
as a negative control, and it was accordingly shown to have
negligible inhibitory effect on the uPA-uPAR interaction (Fig.
3). When these small synthetic peptides were tested on the
transfected HEK293 cell lines, AE234 did induce lamellipodia
in all uPAR-expressing cell lines. This induction was specific, as
the scrambled control peptide (AE235) was unable to provoke a
similar response, and the control cells transfected with an
empty vector remained devoid of lamellipodia in all experi-
ments (Fig. 44). This in vitro efficacy of AE234 is truly impres-
sive considering we used only 2 um, which is ~10-fold above
the determined IC,, value (Table 1). Importantly, this experi-
ment clearly demonstrates that burial of AE234 into the hydro-
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FIGURE 2. Dose-response curve for GFD and pro-uPA53*¢*-induced lamel-
lipodia in HEK293 cells transfected with uPARY>”# or uPAR"32A, Two sta-
bly transfected HEK293 cell lines were stimulated with different levels of GFD
(V) or pro-uPA%3%°A (@), ranging from 0.05 to 100 nm for 24 h, and protrusion
indices were subsequently evaluated as outlined under “Material and Meth-
ods.” Data shown represent the mean of 6-8 independent experiments for
each concentration of added ligand (bars indicate S.E.). To allow direct com-
parison to ligand occupancy, the protrusion index is depicted as relative
scores. The theoretical saturation curves for uPARY32A and uPARY>”2 (dashed
curves) are calculated based on the K, values previously determined by sur-
face plasmon resonance, 0.5 and 3.5 nm, respectively (34). These graphs reveal
that HEK293 cells expressing uPARY*”A require only ~20% ligand saturation
to accomplish a complete protrusion score (i.e. at 1 nm ligand), whereas cells
expressing uPARY2A require 90-95% ligand saturation (i.e. at 10 nm ligand)
as indicated by arrows. It is also clear from these experiments that GFD is just
as efficient as pro-uPA in stimulating uPAR-dependent protrusions.

TABLE 1

phobic ligand binding cavity of uPAR is enough to restore its
lamellipodia-inducing activity in the otherwise defective
UPARY®?* and uPARY>"* cell lines. As this engagement leaves
only a very limited surface of AE234 exposed to the solvent and
the bound AE234 is located topographically distinct from the
SMB binding site (Fig. 4A4), this experiment clearly argues for an
indirect “allosteric” effect of this peptide antagonist.

To explore this proposition further, we subsequently tested
an unrelated, linear peptide antagonist of uPA binding for its
potential to induce lamellipodia in the uPARY?*** and
uPARY*”* mutant cell lines. This peptide (AE120) is a pseudo-
symmetrical covalent dimer of a 9-mer core peptide (AE105)
discovered by phage-display technology and combinatorial
chemistry (32). As shown in Fig. 3 and Table 1, AE120 inhibited
the uPA-uPAR interaction, with an IC,, value of only 2.7 nm.
Being composed of a combination of natural and non-natural
amino acids, it is particularly resilient to proteolytic degrada-
tion (32). We have previously solved the three-dimensional
structure of uPAR in complex with a derivative of AE105 (15),
and this AE147-uPAR complex revealed that the linear peptide
is indeed buried in the central uPA binding cavity, where its
receptor binding core region adopts an a-helical structure (Fig.
4B). Intriguingly, uPAR adopted slightly different three-dimen-
sional structures dependent on which ligand occupies the cen-
tral ligand binding cavity (compare structures in Figs. 4, A and
B). In complex with AE147, uPAR forms the more open struc-
ture with a relatively wide breach between DI and DIIIL These
structural differences become particularly interesting when the
efficacies of AE234 and AE120 in inducing lamellipodia are
compared. As opposed to uPA, ATF, GFD, and their minimal
peptide surrogate AE234, the linear antagonist AE120 only
induced lamellipodia in uPARY>"*-expressing cells, whereas
cells expressing uPARY?** remained completely devoid of
such membrane protrusions (Fig. 4B). The corresponding
scrambled version (AE151) was negative for lamellipodia
induction in all cell lines. This remarkable difference could con-
sequently have a bearing on the distinct uPAR conformations
that are stabilized by AE234 and AE120, respectively (Fig. 4).
Reassuringly, the smaller core peptides AE105 and AE147, the
latter of which was used to assist crystallization of uPAR (15),
behaved similarly to AE120 in promoting lamellipodia forma-
tion albeit with slightly lower potencies (supplemental Fig. S3).
These results strongly argue for a model in which the “closed

Properties of synthetic peptides and uPA-derived protein ligands for uPAR

Code” Sequence” Molecular mass® IC,,* References
Da M

AE234 NKYESNICW 1274.97 (0.45) 0.15 X 10°° 41,42

AE235 CIYKNWFNCcS 1274.48 (0.05) >10"°

AE105 DXFsrYLWS 1225.50 (0.11) 11 x10°° 32

AE120 (DXFsrYLWSG),-BAK 2745.46 (0.05) 27 %107° 32

AE151 (rWDXSLSFYG),-BAK 2745.51 (0.09) >10"° 32

GFD Residues 1-48 of human uPA 5362.30 (0.04) 0.56 X 10° 48

“ AE234 is equivalent to cyclo[21,29][p-Cys'®-Cys?°]-uPA>'—° (42) and AE235 is a scrambled control.

? The sequences are shown in the single-letter code, where capital letters represent L-amino acids and lower case letters represent p-amino acids. Underlined cysteines (C)
indicate that these thiols are oxidized to create an intramolecular disulfide bond (cyclic peptide). X is B-cyclohexyl-L-alanine, and BA is B-L-alanine.

¢ Molecular masses were determined on a Bruker Autoflex TOF/TOF mass spectrometer using a-cyano-4-hydroxycinnamic acid as desorption matrix except for GFD, which
was analyzed as described (48). The determined monoisotopic masses are shown along with the deviations from the theoretical masses in parentheses.

@ These ICs, values were determined by a surface plasmon resonance-based assay, where their impact on the association rate (v,p,) for 1 nm uPAR to a high density of immo-
bilized pro-uPA (>0.1 pmol/mm?) was measured relative to a serial 2-fold dilution curve for uPAR (Fig. 3). Because of the high affinity of AE120 and GFD, only 0.5 nm

uPAR was used in these competition assays.
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FIGURE 3. Estimation of IC., values for low molecular weight antagonists of
the uPA-uPAR interaction. Panel A shows the linear relationship of the associa-
tion rate of UPAR (Vs 1078 mol/s per mm?) to a high density of immobilized
pro-uPA®3>¢A (5800 RU ~ 0.13 X 10~ "2 mol/mm?) as a function of the analyzed
UPAR concentration (0.5-0.0008 nm). The SDS-PAGE analysis to the left shows the
quality of the purified proteins after reduction and alkylation, whereas the raw
sensorgrams recorded by surface plasmon resonance for the interaction of a
serial 2-fold dilution of uPAR starting at 1 nm are shown to the right. The repro-
ducibility of this data set is illustrated by the repeat analysis of 0.5 nm uPAR at the
end of the experiment (shown in blue). v,,,, was calculated as ARU/s from 280 to
415sand was converted to mol/s assuming that 1 RU ~ 1 pg/mm?. Panel B shows
the competition profile for 0.5 nM UPAR binding to immobilized pro-uPA>3>%* by
a serial 3-fold dilution of the linear peptide antagonist AE120 (300 -0.005 nm). The
efficacy of the obtained inhibition is visualized by the recorded sensorgrams, and
the quality of the data is demonstrated by the repeat analysis of 0.5 nm uPAR
without competitor (blue curve). The green curves in A and B are buffer runs. Panel
C, the residual levels of unoccupied uPAR in the presence of various concentra-
tions of peptide antagonists were subsequently calculated fromrecorded v, (as
exemplified for AE120 in B) and the corresponding standard curves (A). The
resulting inhibition profiles are shown along with their four-parameter logistic
fits for GFD, a cyclic decapeptide derived from the B-hairpin of GFD (AE234) and
its scrambled control (AE235), a linear nonapeptide antagonist (AE105), as well as
a pseudosymmetrical analog (AE120) and its scrambled control (AE151). The
derived IC5, values are shown in Table 1. suPAR, soluble uPAR.
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state” of uPAR, which is stabilized by AE234 and uPA, provides
an optimal conformation for induction of vitronectin-depen-
dent changes in cell morphology, whereas the “intermediate
state” stabilized by AE120 is less efficient.

Mapping Epitopes and Inhibitory Properties of Monoclonal
Anti-uPAR Antibodies—To provide additional independent
research tools enabling further interrogation of this alleged
conformational plasticity of uPAR, we commenced character-
izing the domain reactivity and epitope localization of several
monoclonal anti-uPAR antibodies as well as testing their
impact on uPA and vitronectin binding.

First, the rate constants for the interactions between the indi-
vidual mAbs and human uPAR were measured by surface plas-
mon resonance (Table 2). This revealed that all mAbs tested
were of relatively high affinity, displaying K, values between 20
pm and 10 nMm (Table 2). To document the quality of these data,
the recorded sensorgrams and corresponding fittings of the
kinetic parameters for one of these interactions (R21) are
shown in supplemental Fig. S1. The overall domain reactivity of
these mAbs was subsequently assigned by surface plasmon res-
onance using defined purified domain constructs of uPAR (sup-
plemental Table SI). In Table 2, mAbs with mutually exclusive
binding sites are grouped as defined by pairwise epitope bin-
ning (data not shown). The functional epitopes for each of these
mAbs were finally confined to single-residue resolution by
measuring rate constants for a complete alanine-scanning
mutant library of purified human uPAR (34) by surface plas-
mon resonance. As shown in Table 2, we find that the epitopes
for all seven mAbs reactive with the uPAR DI cluster within
only two immunogenic hotspot bins located at opposite poles of
this LU domain.

The first antigenic epitope bin (site 1) is shared by mAbs R3,
R21, and VIM-5 (Table 2). It is confined to the solvent-exposed
loop 3 in uPAR DI (Leu®' and Lys®?), which joins the B-strands
BIE and BIF. This shared epitope localization is illustrated for
mAbs R21 (Fig. 5) and VIM-5 (supplemental Fig. S4). A com-
mon functional denominator for these site 1-reactive mAbs is
that their interaction with uPAR precludes subsequent binding
of either uPA or vitronectin (Fig. 5, Band C). As judged from the
location of their functional epitopes, this inhibitory effect is
most likely exerted by a direct steric hindrance of the encounter
complex between uPA or SMB and their respective binding
sites on uPAR by the bound mAbs.

Antibodies recognizing the second antigenic epitope bin on
uPAR DI (site 2) display, however, much more complex inhib-
itory profiles. This site, which is shared by mAbs R5, R9, R20,
and mR1 (Table 2), is primarily centered on the small loop
connecting B-strands BIB and BIC in the disulfide-rich core of
this LU domain (i.e. Glu'®, Leu'?, and Asp>?), but contributions
from proximal elements, which are located at the N- and C-ter-
minal regions of uPAR DI (i.e. Arg®> and Asp’*), are in some
cases also evident (Fig. 6 and supplemental Figs. S5 and S6).
Despite that site 2 residues in DI do not overlap with the ligand
binding site for uPA in intact uPAR (16, 34), three of the four
mAbs recognizing this epitope (mR1, R5, and R9) do nonethe-
less inhibit uPA binding, although with unexpectedly high IC;,,
values compared to their respective K, values for the interac-
tion with intact uPAR (Table 2). A closer examination of the
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FIGURE 4. Two different peptide antagonists behave differently as surrogates for stimulation of uPAR-dependent lamellipodia formation. Panel A
shows that 2 um AE234 is capable of inducing robust lamellipodia formation in HEK293 cell lines transfected with uPAR"32* or uPARY*’, A scrambled,
non-binding version of this peptide (AE235) does not induce this phenomenon. AE234 is a cyclic peptide surrogate of the receptor binding B-hairpin in uPA,
where it mimics the region comprising residues 21-30 (shown in black in the model). This region of uPA is almost completely buried in the ATF-uPAR-SMB
complex (17). In this schematic, uPAR is shown in a surface representation (DI, yellow; DII, light blue; DIlI, red), whereas ATF and SMB are shown as ribbon
representations. The position of Leu'® in uPAR is highlighted (blue) to facilitate comparison with data shown in Figs. 5 and 6. Panel B shows that AE120 only is
capable of inducing lamellipodia in HEK293 cells transfected with uPAR™>’#, whereas HEK293 cells expressing uPARY>?* are refractory to this stimulation. Its
scrambled non-binding version (AE151) is inactive in both transfectants. AE120 is a linear peptide antagonist of the uPA-uPAR interaction, and the crystal
structure of uPAR in complex with a truncated analog of AE120 (15) reveals that this antagonist engages the same region as the receptor binding B-hairpin in
UPA (see the model). Nevertheless, it stabilizes a notably more open conformation of uPAR relative to that stabilized by ATF. The SMB is added in this schematic
merely to illustrate the position of the vitronectin-binding epitope on uPAR. The position of Tyr*” in the central ligand binding cavity at the DI-Dll interface is

shown in magenta in both figures.

inhibitory profiles for these particular mAbs at non-equilib-
rium conditions recorded in real time by surface plasmon res-
onance reveals, however, that a ternary mAb-uPAR-ATF com-
plex is in fact transiently formed with both mR1 (Fig. 6B), R5
(supplemental Fig. S5), and R9 (38, 43). Interestingly, concom-
itant binding of either ATF'~'** or GFD*~*® increased the
apparent k. for these mAb-uPAR complexes by 10 —20-fold, as
illustrated in Figs. 6 and supplemental Fig. S5. A similar displac-
ing effect was also observed for the minimal 10-mer peptide
mimetic of the B-hairpin in GFD (i.e. AE234), which destabi-
lized these interactions, causing a 3—5-fold increase in their
apparent kg value (supplemental Fig. S5C). Importantly, the
site 2 epitope bin recognized by these mAbs is non-overlapping
with the binding site for the small receptor binding uPA deriv-
atives. These data are in complete accordance with a model in
which the engagement of the central, hydrophobic cavity in
such aligand binding elicits a slow rearrangement within uPAR.
This rearrangement, in turn, partially distorts the site 2 epitope,

33550 JOURNAL OF BIOLOGICAL CHEMISTRY

thus destabilizing the mAb-uPAR interaction and increasing its
dissociation rate constant.

Disruption of uPAR-sustained Lamellipodia by Epitope-
mapped mAbs—To test the impact of these monoclonal anti-
bodies on uPAR-dependent lamellipodia formation, they were
added to uPAR“‘“-expressing HEK293 cells, which already
tightly adhered to vitronectin-coated coverslips. After a subse-
quent incubation for 24 h with 15 pg/ml (~100 nm) of the
individual mAbs, the protrusion indices were evaluated as
described under “Materials and Methods.” As illustrated in Fig.
7A, mAbs recognizing site 1 in human uPAR DI (i.e. R3, R21,
and VIM-5) efficiently disrupt already formed lamellipodia.
This effect may be anticipated, as all these mAbs efficiently
block the vitronectin binding site in uPAR by sterically hinder-
ing the accessibility of this site. Therefore, each dissociation
event among the multiple uPAR-vitronectin complexes will be
followed by blocking uPAR with mAbs rather than renewed
complex formation with vitronectin. With time, this will lead to
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TABLE 2

Epitope-mapping and kinetic rate constants for selected anti-uPAR mAbs

mAb Domain reactivity” Hotspot residues” kon© Kos® Ky* IC,*
10°m 17! 107*s7! 107 m 10 m

R3 DI, site 1 Glu*?, Leu®, Lys®* 14 *0.6 0.52 = 0.22 0.37 2.4

R21 DI, site 1 Thr®?, Gly®°, Leu®', Lys®? 41*1.0 32%03 0.78 1.2

VIM-5 DI, site 1 Leu®!, Lys®, Ile® 1.9 +05 163 0.8 8.6 0.20 X 10%

R5 DI, site 2 Arg?, Glu'®, Leu'?, Gly*® 3.6*06 10.8 = 0.04 31 0.22 X 10°

R9 DI, site 2 Arg?, Glu'®, Asp™ 14 +09 9.5 = 0.03 7.7 0.20 X 10%

R20 DI, site 2 Glu'®, Leu'?, Asp*?, Asp”™* 29*15 10.7 = 0.03 4.6 >10 X 10°

mR1 DI, site 2 Leu'?, Asp®? 21*02 1.1 +0.07 0.54 0.11 X 10°

R4 DII(DIII) Arg'??, Asp®'*, Gly*"7, Ser*®® 45*13 2804 0.62 >10 X 10°

R8 DII(DIII) Arg'??, Asp®'*, Gly*'7, Ser®®® 65+ 21 24=*03 0.43 >10 X 10°

R2 DIII Asp®’®, Leu*® 32+ 0.6 0.06 = 0.03 0.02 NA°

R24 DIII Asp*”® 6.7 1.9 6.1 = 0.08 1.0 NA°

“ The overall domain reactivity for these mAbs was established by surface plasmon resonance using intact uPAR (1-283), uPAR DI (1-92), uPAR DII+DIII (88 -283), and
uPAR DIII (182-283); see supplemental Table SI. In Table 2, mAbs are clustered in four different bins displaying non-overlapping epitopes between groups but not within

groups, as revealed by pairwise binding.

© Functional hotspot residues in epitopes for these mAbs are defined as the 1—4 residues, where alanine substitutions have the greatest impact on the dissociation rate con-
stants (k,¢) as measured by surface plasmon resonance, as illustrated in Figs. 5 and 6 and supplemental Figs. 4 7.

¢ The kinetic constants for the interaction between intact soluble uPAR (residues 1-283) and the immobilized mAbs (~7 fmol/mm?) were measured at 20 °C at a flow rate of
50 pl/min as specified under “Materials and Methods.” Data for R3 were, however, collected at 5 °C because of the lower inherent protein stability of this mAb. Supplemen-
tal Fig S1 demonstrates the data quality typically acquired for these analyses, as illustrated for the interaction between immobilized R21 and uPAR"* and uPARX®?A,

@ The ICj, values of the uPA-uPAR interaction were determined by a time-resolved immunofluorescence assay, where the binding of 2.5 nm uPAR to immobilized pro-uPA
was detected by Eu®"-labeled R2 as a function of preincubation with a 3-fold dilution series of the respective mAbs.

¢ NA, not applicable, as these mAbs interfere with the detecting Eu®*-labeled R2.

a critical decrease in the number of cell-matrix contacts, thus
leading to disruption of lamellipodia. Unexpectedly, all mAbs
recognizing site 2 in uPAR DI (i.e. R5, R9, R20, and mR1) exert
a similar disruptive effect despite that their epitopes are located
remotely from the vitronectin binding site on uPAR. As these
particular epitopes are sensitive to rearrangements induced by
uPA and AE234 ligation (Fig. 6 and supplemental Fig. S5), it is
conceivable that the corresponding mAbs recognize and trap a
more “open” conformation of uPAR, which is suboptimal for
vitronectin binding. This scenario would thus resemble the one
outlined previously for the linear peptide antagonist AE120. As
a negative control, a number of mAbs recognizing epitopes on
uPAR DIII that do not involve mobile domain interfaces (i.e. R2,
R4, R8, and R24) were tested in parallel, and they did not affect
the uPAR-induced lamellipodia (Fig. 7A and supplemental Fig.
S7).

To extend these studies to include lamellipodia induction by
the ligand-mediated closure of uPAR per se, we tested the inhib-
itory potential of representative mAbs from the different
epitope bins on GFD-induced lamellipodia in HEK293 cells
expressing uPARY??4, When these cells were seeded for 24 h
on vitronectin-coated coverslips in the presence of 20 nm GFD,
they mounted a significant induction of lamellipodia compared
to those seeded in the absence of GFD (Fig. 7B). Subsequent
incubation for an additional 24 h in the presence of 100 nm mAb
and 20 nm GFD shows that mAbs belonging to epitope bins 1 or
2 (R21 and mR1, respectively) efficiently abrogate the GFD-
induced lamellipodia in uPARY?**-expressing HEK293 cells,
whereas mAb R2 is without effect.

Turning to non-transfected cell lines, it has previously been
reported that the anchorage-independent, monocytic cell lines
U937, HL60, and THP-1 differentiate into adherent, macro-
phage-like cells upon cytokine stimulation. Importantly, the
acquisition of the adherent phenotype is allegedly dependent
on up-regulation of both uPA and uPAR, leading to increased
surface densities of the corresponding uPA-uPAR complexes
(44, 45). Accordingly, we chose to stimulate these three mono-
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cytic cell lines with 100 nm PMA before plating them on vit-
ronectin-coated coverslips in the presence or absence of 10 nm
pro-uPA%**** and 100 nm anti-uPAR mAbs representing the
various epitope bins. Unfortunately, we failed to induce a high
frequency of adherent cells displaying distinct lamellipodia by
the combined PMA and uPA treatment, which is opposite to
the scenario we observed for unstimulated uPAR"*-expressing
HEK?293 cells. This self-evidently precludes subsequent quan-
titative studies on the inhibitory potential of the various anti-
uPAR mAbs. Nevertheless, even in the presence of 100 nm R21,
R5 or mR1, we did occasionally observe a few scattered cells
retaining lamellipodia-like structures (supplemental Fig. S8).
This circumstantial finding thus tends to suggest that these few
cells may have acquired an integrin repertoire (o, 35 or o, f35)
proficient in enabling adherence to vitronectin and inducing
lamellipodia independent of an auxiliary contribution from
uPA-uPAR complexes. Further studies are, therefore, clearly
required to define the functional significance of the uPA-uPAR
axis, including the present molecular model, for the migration
of non-transfected cells on vitronectin-rich matrices in vitro
and in vivo.

Conclusions—Based on the experimental data discussed
above, we now propose a model for the molecular interplay of
the uPA-uPAR-vitronectin complexes that addresses the regu-
latory function of uPAR in the induction of lamellipodia on
vitronectin-rich matrices. According to this model, the multi-
domain uPAR reversibly populates discrete conformational
states that differ in their capacity to induce lamellipodia on
vitronectin-coated surfaces (Fig. 8). In the absence of uPA, we
postulate that a sizable fraction of the glycolipid-anchored
uPAR adopts an open conformation on the cell surface, which is
unable to induce lamellipodia. The robust induction we and
others nevertheless consistently observe in the absence of uPA
by cells expressing large amounts of uPAR™ (9, 11, 21) is
according to this model mediated by a small residual fraction of
unoccupied uPAR adopting either an intermediate or closed
conformation (see Fig. 8). One obvious corollary to our propo-
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FIGURE 5. Defining the site 1 epitope bin in uPAR DI. The data shown in panel A for mAb R21 highlight the location of one of two dominating immunogenic
hotspots on Dl in intact uPAR (site 1). The interaction between immobilized mAb R21 and a serial 2-fold dilution series of purified human recombinant uPAR
mutants (range 6-200 nm) was measured by surface plasmon resonance (Biacore 3000™). The determined dissociation rate constants (k) are shown (n = 6)
as a function of the positions in the primary sequence of human uPAR DI'-8” that were mutated individually to alanine (omitting positions occupied by
cysteines). Secondary structure elements of uUPAR Dl are shown in the upper section following a previously established nomenclature (15), whereas the primary
sequence of Dl is shown at the bottom along with the disulfide connectivity and the sequence conservation relative to mouse UPAR (asterisks represent
identical residues). The molecular model shown to the left visualizes the location of the hotspot binding site for R21 (i.e. Thr>°, Gly®°, Leu®’, and Lys®?, colored
blue) relative to the binding sites of the two bona fide ligands using the PDB accession code 3BT1.Bound uPA (represented by ATF) and vitronectin (represented
by SMB) are both shown as ribbon diagrams, whereas uPAR is shown in a surface representation with DI, DIl, and DIl colored yellow, light blue, and red. The
sensorgrams in panel B show that uPAR bound to immobilized R21 is unable to bind 200 nm concentrations of either ATF or GFD (red curves), whereas uPAR
bound to immobilized R2, analyzed in parallel and shown for comparison, displays an uncompromised GFD binding (blue curve). The black curves represent
binary uPAR-R21 and uPAR-R2 complexes. Panel C shows that uPAR bound to immobilized R21 binds neither 200 nm ATF nor the SMB domain of vitronectin
(tested in 2-fold dilution series ranging from 0.1 to 9 um). As a positive control, the corresponding interactions with uPAR immobilized on mAb R2 were
measured in parallel in another flow cell (red curve R2-uPAR and blue curve R2-uPAR-ATF) yielding a K, of 1.8 = 0.2 um for the interaction between SMB and
R2-uPAR (inset).
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FIGURE 6. Defining the site 2 epitope bin in uPAR DI. Data shown for mAb mR1, recognizing the second dominating immunogenic epitope (site 2), are shown
in A. This panel is organized as in Fig. 5 except that the molecular model for ATF-uPAR-SMB is rotated 180° horizontally as illustrated. The hotspot for mR1
binding is shown in blue, and that for the Dlll-reactive mAb R2 is shown in cyan for comparison. The sensorgrams in panel B show that uPAR bound to
immobilized mR1 does indeed bind the uPA derivatives ATF (red curve) and GFD (blue curve) when these are injected at 200 nm. The formed ternary complexes
are, however, relatively more unstable than the binary uPAR-mR1 complex (black curve), leading to a roughly 15-fold increase in the apparent k¢ for ATF-
UPAR-mRT1, 25-fold for GFD-uPAR-mR1, and 3-fold for AE234-uPAR-mR1 (data not shown) during injection of the respective ligands at saturating conditions (B).
The sensorgrams in panel C show that SMB does bind uPAR-mR1complexes, but this occurs with a moderately decreased affinity (K, is 4.4 * 0.5 um) as
compared to that measured for uPAR-R2 complexes measured in parallel (K, is 1.8 £ 0.2 um), as derived from the equilibrium binding isotherms shown in the
inset.

sition is that any perturbation of this equilibrium, shifting it
toward the open uPAR conformation, should in principle atten-
uate lamellipodia induction and vice versa. In the present study
we challenged this scenario by two different modes of action. In
the first, an open conformation of uPAR was allegedly induced

and stabilized by mAbs recognizing site 2 on uPAR DI, and
reassuringly, this binding abrogated the manifest lamellipodia
formation in uPAR"* HEK293 cells (Fig. 7). Introducing muta-
tions that destabilize the interdomain interfaces in the modular
uPAR structure is our second modus operandi for driving this
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FIGURE 7. Effect of various epitope-mapped anti-uPAR monoclonal antibodies on lamellipodia formation. The inhibitory effect of various monoclonal
antibodies on uPAR-induced lamellipodia is shown as bar diagrams. In panel A these mAbs were added at a final concentration of 15 ug/ml (~100 nm) to
uPAR"*-transfected HEK293 cells already firmly adherent to the vitronectin-coated coverslips. Protrusions were scored 24 h after the addition of the respective
mAbs. Identical results were obtained if these mAbs were added during cell seeding (not shown). In panel B, uPAR"*?A-transfected HEK293 cells were primed
to adhere to the vitronectin-coated coverslips by seeding in the presence of 20 nm GFD for 24 h. mAbs representing the different epitope bins (R21, mR1, and
R2) were added at a final concentration of 15 ug/ml (~100 nm) in the presence of 20 nm GFD, and incubation proceeded for an additional 24 h before
protrusions were scored. Each bar represents the mean value of four independent measurements. The micrographs show representative appearances of the
evaluated HEK293 cells.

equilibrium toward a more open uPAR conformation. uPAR, which decreases the surface density of active recep-
Accordingly, we show that uPARY®”* is indeed unable to tors displaying a proper compact conformation for induc-
induce lamellipodia, but importantly, this activity can be tion of lamellipodia.

recovered by merely shifting the equilibrium back toward To dissect the impact of ligand binding on lamellipodia
the intermediate or closed uPAR conformation by ligation induction, we needed to attenuate the “activity” of unoccupied
with AE120 or AE234/GFD, respectively. This model aligns uPAR to avoid the robust base-line stimulation inherent to the
well with data from a previous comprehensive mutagene- high receptor levels provided by the transfected HEK293 cells.
sis study on glycosylphosphatidylinositol-anchored uPAR  This was accomplished by the uPARY?** mutant, which exhib-
expressed in HEK293 cells (9), which showed that individual its a severely compromised vitronectin binding even in the
alanine substitution of several residues located at interdo- uPA-uPARY?*** complex (18). Studies using this particular
main interfaces or in the hydrophobic ligand binding cavity ~uPAR mutant accordingly revealed an obligate requirement for
of uPAR actually impairs lamellipodia induction (e.g. Leu®', the closed conformation to achieve a manifest induction of
Argss, Leu®®, Tyr57, Leu®®, Leu''?, Glu'?°, Leu'?3, Arg145, lamellipodia as ligation with AE120 proved unproductive
and Gly'*®). None of these residues is located at the vitronec-  (intermediate conformation), whereas pro-uPA, ATF, GFD,
tin binding interface in uPAR (16, 18). In our view these and their minimal peptide surrogate AE234 endowed
mutations accordingly act by destabilizing the interdomain  uPARY?>* with a lamellipodia-inducing activity (stabilizing
assembly of the glycosylphosphatidylinositol-anchored the closed conformation).
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FIGURE 8. Conformational switch in uPAR regulating lamellipodia formation. This figure schematically depicts the model we propose for ligand-induced regu-
lation of uPAR-mediated lamellipodia formation on vitronectin-rich matrices. We postulate that there is a considerable inherent conformational flexibility in the
multidomain assembly of the three homologous LU domains in uPAR, enabling the receptor to explore different conformational states. The equilibrium between
these states is sensitive to mutations as well as engagement of different mAbs and ligands as indicated in the figure. The open conformation is inferred from our
functional biochemical data, whereas the intermediate and closed conformations are confirmed by x-ray crystal structures of AE147-uPAR (PDB accession code 1YWH)
and ATF-uPAR (PDB accession code 2FD6), respectively. The location of Tyr*” at the DI-Dll interface is indicated in magenta. Vn, vitronectin.

One obvious ramification of this model is the decisive role
that adequate surface densities of uPAR have on the outcome
for induction of lamellipodia via this pathway. Concordant
with this notion, circumstantial evidence in the literature
reports that up-regulation of uPAR expression by cytokine
treatments induces adherence on vitronectin in certain cell
lines (8, 22, 44). This dependence could also be recapitulated
using clones of a stably transfected murine myeloid 32D cell
line expressing different uPAR levels (25). Along the same
lines, these studies showed that uPA binding would lower
the apparent threshold of uPAR expression that is required
for this induction. Our titration studies on HEK293 cells
expressing uPARY>”* demonstrate that 20% ligand occu-
pancy is required and sufficient for the manifest induction of
lamellipodia in this system (Fig. 2).

Another very important ramification of our molecular model
pertains to drug discovery focusing on small inhibitors of the
uPA-uPAR interaction. Our model raises the major concern
that some small binding antagonists may in fact possess unde-
sirable agonist effects on uPAR-mediated adhesion and migra-
tion on vitronectin-rich matrices. This ambiguity of action is
illustrated by the inductive effects we observe for AE234, which
actually was considered a potential lead compound for pharma-
ceutical intervention of uPA binding (42, 46). Similar concerns
are, however, less relevant for compounds belonging to the
AE105-derived class of inhibitors. Such considerations clearly
have to be scrutinized when designing new uPAR-targeted
intervention modalities (47).

Finally, our model predicts that any hypothetical mutation or
mAb stabilizing the intermediate or closed conformation of

SEPTEMBER 23, 2011 +VOLUME 286-NUMBER 38

uPAR will increase its efficacy in promoting lamellipodia for-
mation in its unoccupied state. We are currently pursuing this
intriguing possibility by a rational protein design aiming at sta-
bilizing the closed conformation of uPAR in the absence of
bound ligand.
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