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Crystal structure and cellular functions
of uPAR dimer
Shujuan Yu1,2, Yaqun Sui1, Jiawei Wang 3, Yongdong Li1, Hanlin Li1, Yingping Cao4, Liqing Chen5,

Longguang Jiang1, Cai Yuan 2,6✉ & Mingdong Huang 1,2✉

Receptor dimerization of urokinase-type plasminogen activator receptor (uPAR) was pre-

viously identified at protein level and on cell surface. Recently, a dimeric form of mouse uPAR

isoform 2 was proposed to induce kidney disease. Here, we report the crystal structure of

human uPAR dimer at 2.96 Å. The structure reveals enormous conformational changes of the

dimer compared to the monomeric structure: D1 of uPAR opens up into a large expanded ring

that captures a β-hairpin loop of a neighboring uPAR to form an expanded β-sheet, leading to

an elongated, highly intertwined dimeric uPAR. Based on the structure, we identify E49P as a

mutation promoting dimer formation. The mutation increases receptor binding to the amino

terminal fragment of its primary ligand uPA, induces the receptor to distribute to the basal

membrane, promotes cell proliferation, and alters cell morphology via β1 integrin signaling.

These results reveal the structural basis for uPAR dimerization, its effect on cellular functions,

and provide a basis to further study this multifunctional receptor.
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Urokinase-type plasminogen activator (uPA) receptor
(uPAR) is a glycoprotein tethered to the cell membrane
via glycosylphosphotidylinositol (GPI) anchor. uPAR

mediates multiple physiological and pathologic processes1,2. In
physiology, uPAR involves in the processes of tissue remodeling,
wound healing, stress and immune response. In pathology, aber-
rant uPAR expression is frequently detected in organ failure3–5,
cellular senescence6, auto-immune and infectious diseases4,7, and
in solid tumors and several hematologic malignancies8,9. Soluble
uPAR (suPAR), the ectodomains of uPAR, becomes a risk factor
in a number of human clinical indications, including chronic and
systemic inflammation10, focal segmental glomerulosclerosis
(FSGS)11,12, acute kidney injury (AKI)13,14, chronic kidney disease
(CKD)15 and diabetes16,17. The pleiotropic functions of uPAR are
in alignment with uPAR capability to interact with an array of
very different partners, including uPA, vitronectin, high molecular
weight kininogen, GPCR, tyrosine kinase receptors, and a number
of integrins18–20. For example, the interaction of uPAR with its
primary ligand uPA21, a protease that efficiently activates
plasminogen22, concentrates uPA proteolytic activity to the peri-
cellular region to trigger degradation of fibrin and extracellular
matrix. uPAR binds to the somatomedin B domain of vitronectin,
integrins and receptor tyrosine kinases, and triggers intracellular
signaling pathways.

Structural studies of uPAR, including suPAR in complex with
its antagonist peptide23 and ligands (uPA21,24 and vitronectin25),
showed that suPAR adopted a compact shape with its three
globular domains (D1-D3) arranged in a triangular way, forming
a central cavity that accommodates the epidermal growth factor
domain of its ligand uPA or antagonist peptide. Another key
ligand, vitronectin, binds at the outer side of the suPAR, near the
boundary of D1 and D225. This overall compact structural
architecture of uPAR is preserved in murine suPAR:uPA
complex26, in ligand-free uPAR in the presence of a unique anti-
uPAR antibody (8B12)27, and in a uPAR mutant (H47C/N259C)
with an engineered disulfide bond linking D1 and D328. Despite
these structural studies, it remains necessary to study how such a
small receptor (283 amino acids) can recognize more than 42
binding partners20.

Recently, a dimeric form of mouse uPAR isoform 2 was
proposed, which contains uPAR D1 and one-half of D2. The over-
expression of this dimer induced kidney disease in mice and acti-
vated glomerular Src kinase via β3 integrin during the development
of kidney disease29. Electron microscopy study of the recombinant
isoform dimer revealed the globular nature of the structure but
showed no molecular details due to limited resolution. uPAR
dimerization was also previously identified at the protein level and
on the cell surface30–32. Although uPAR dimerization is well
defined, the structural basis of uPAR dimerization is unknown.

Here we reconstitute the soluble uPAR (suPAR) dimer in vitro,
and show suPAR dimer has a stronger binding ability to amino
terminal fragment of uPA (ATF) of uPA than monomer. We also
determine the crystal structure of dimeric suPAR, which reveals
the structural basis of uPAR dimerization and its structural flex-
ibility. Based on the crystal structure, we find that the mutation of
hinge residue Glu49 to proline promotes uPAR dimerization on
the cell surface, demonstrating that the reconstituted suPAR dimer
represents the dimer on the cell surface. Based on these results, we
further find that uPAR dimerization promotes cell proliferation
and alters cell morphology via β1 integrin signaling.

Results
Reconstitution of uPAR dimer in vitro. Dimerization of GPI-
anchored uPAR on the cell surface was first reported in 200230

and further confirmed by different groups using various

techniques, including chemical cross linking32, photon-counting
histogram, fluorescence energy transfer33,34, and number and
brightness image analysis31. However, the uPAR dimer has not
been characterized yet. Here, we successfully reconstituted the
uPAR dimer in vitro by using soluble uPAR lacking the GPI
anchor. We found high protein concentration or low pH pro-
moted dimer formation (Fig. 1a and Supplementary Fig. 1a).
Once formed, this dimer was stable and would not dissociate into
monomer even at low concentrations (to 3.5 μg/mL, Supple-
mentary Fig. 1b). The dimer was separated out from the mono-
mer by ion exchange (Fig. 1b). We next characterized the ligand-
binding capability of the dimer. We found that dimeric suPAR
bound to ATF of uPA21, vitronectin, high molecular weight
kininogen, or streptococcal surface dehydrogenase based on a
direct binding assay (Supplementary Fig. 2). These results
demonstrated that dimeric suPAR maintained, to some extent,
the ligand-binding profile of monomeric uPAR. Notably, suPAR
dimer showed a stronger ATF-binding capability based on this
assay. This result was further supported by the quantitatively
surface plasmon resonance (SPR) measurements, where the ATF
flowed through the monomeric or dimeric uPAR captured on an
anti-uPAR-coated solid support, giving a dissociation constant of
1.66 nM and 0.672 nM, for the monomer and dimer, respectively
(Fig. 1c). Full-length single-chain uPA (scuPA) was also found to
bind to the monomer and dimer at comparable affinity (KD of
0.149 and 0.141 nM, respectively, Supplementary Fig. 3). The
quantitative result of SDS-PAGE of suPAR:ATF complex purified
by gel filtration showed that one uPAR dimer bound to two ATF
molecules (Supplementary Fig. 4).

Crystal structure of dimeric suPAR. Crystallographic studies
were carried out to reveal the molecular mechanism for uPAR
dimerization. The crystal structure of dimeric suPAR under
neutral pH shows that the two suPAR molecules intertwine
tightly to each other, mainly through the exchange of the first
four β-strands of the D1 of each protomer (Fig. 2a). The two
suPAR protomers are symmetrically equivalent, linked by a 2-fold
axis, and similar to each other (root mean square difference of
0.63 Å for main chain atoms). Most residues of dimeric suPAR
are well-defined by electron density, including the hinge loop
(Fig. 2b) and the long loop (residues 78–91) between D1 and D2
(Supplementary Fig. 5), which are proteolytic sensitive and often
disordered in monomeric suPAR structures21,23,25. Human uPAR
has five potential N-linked glycosylation sites, of which only four
are observed actually to be glycosylated35,36. Our dimeric suPAR
structure demonstrates that these glycans point away from the
protein surface and are not involved in the domain assembly, and
are fully compatible with previously reported glycosylation
pattern35,36, further validating the current dimeric suPAR struc-
ture. A large segment of the D2 (mainly residues 100–114,
124–146, the first two fingers) is disordered and not visible in the
current structure. While the SDS-PAGE of the crystals confirmed
the presence of the intact full-length and non-covalently dimeric
suPAR (Fig. 2c).

The dimeric suPAR appears as a rod-shaped molecule with a
large groove in the middle, and has a molecular dimension of
40 × 60 × 95 Å (excluding the carbohydrate moieties and missing
residues). There are extensive interactions between these two
suPAR protomers, with approximately 3799.4 Å2 surface area
buried upon dimerization. This buried surface area accounts for
~24% of the total surface of each protomer, and involves
extensive polar interactions (76 hydrogen bonds and 11 salt
bridges, Supplementary Tables 1 and 2) between the two
protomers, especially in swapping D1 domain (Supplementary
Fig. 6). The dimeric suPAR has a distinctly different charge
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distribution on its two opposite faces (Fig. 2d). In one face (left
panel in Fig. 2d), the central groove is highly negatively charged
(colored red), while another face (right panel in Fig. 2d) is lined
by positively charged residues (colored blue).

Comparison of the dimeric and monomeric structures of
suPAR. The structure of dimeric suPAR is very different from
ligand-bound monomeric suPAR. In the dimeric suPAR, the
carboxy segment of uPAR (D3 and C-terminal region of the D2)
has conformations similar to the ligand-bound monomeric
suPAR (with a r.m.s. deviation of 1.2 Å for the Cα atoms of
residues 152–277, Supplementary Fig. 7a). Dramatic differences
are observed in the amino segment of uPAR (D1 and N-terminal
part of D2).

In the uPAR:ATF structure, the D1 adopts a typical three-
fingered fold of LU domain, consisting of a disulfide-bond-rich
palm region21,23 and three fingers containing two β strands per
finger (Fig. 3a). The β strands of these three fingers are adjacent
to each other, and together, form an extended β sheet (Fig. 3a). In
dimeric suPAR, the D1 opens up with a large positional
dislocation of its third finger (strands β1E-β1F) (Fig. 3b). The
β1E dislodges away from the first and the second fingers
perpendicular to the β sheet of D1. This leads to a shift of 18 Å
of the β1E from its original position (Fig. 3c), and a shift of 26 Å
of the carbohydrate moiety at the β1E (residue 52). The β1F

moves away from the β1E, pivoting on the segment of Gly60-
Lys62 (Figs. 2b and 3b). A proteolytic sensitive loop of uPAR,
which is typically disordered in monomeric suPAR, is now
ordered in the dimer structure. This loop, together with the β1F
strand, forms a large expanded ring with a length of 30 residues
(residues 62–92, Fig. 3b). The expanded ring captures a finger
from the neighboring suPAR protomer (the β1C-β1D hairpin,
Fig. 3d) and forms a β sheet. Thus, the D1 is the primary driving
force for the formation of dimeric uPAR, and provides most of
the stabilizing energy (Supplementary Fig. 6).

Another distinguishing feature of the dimeric suPAR, com-
pared to monomeric suPAR, is the disordering of the N-terminal
part of the D2 (residues 101–116, 124–150). In addition, the
disulfide bonds of D2 undergo drastic spatial rearrangement
(Supplementary Fig. 7b). This is quite unusual because the LU
domain of uPAR, named the three-fingered protein fold, contains
four conserved disulfide bonds, and such disulfide bonding
pattern is highly conserved37. This observation demonstrates that
the cysteine-rich three-fingered fold has large conformational
dynamics, despite the presence of multiple disulfide bonds.

Mutations of the hinge residue E49 to proline promoted uPAR
dimerization on cell surface. To validate the uPAR dimer
structure, we generated a panel of uPAR mutants. Our structure
identifies that the β1E converted from a β strand to the hinge loop
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uPAR dimer:ATF 1729025 0.001162 0.672

a

c

d

b

0.25 mg/mL pH 4.6
0.25 mg/mL pH 7.4
16 mg/mL pH 4.6
16 mg/mL pH 7.4

dimer
13.96

monomer
16.09

0
14 16 18

Elution Volume (mL)

A2
80

 (m
Au

)

2

4

8

10

6

12

200 4000
0

25

50

75

100

125

R
es

po
ns

e 
un

it 
(R

U
)

KD=1.66 nM

monomer:ATF

Time (s)

KD=0.672 nM

R
es

po
ns

e 
un

it 
(R

U
)

10

dimer:ATF20

0 200 4000
Time (s)

50

100

0

200

150

100

50

0
50 60 702010 30 400

B (%
)

Elution Volume (mL)

A2
80

 (m
Au

)

peak2

peak1
14 161210 18

peak2
14.01

peak1
15.96

5

10

0

A2
80

 (m
Au

)

Elution Volume (mL)

Fig. 1 Reconstitution of suPAR dimer and its binding to ATF. a Recombinant suPAR formed into dimer at high concentration and low pH. suPAR was
dissolved to 0.25 mg/mL concentration or 16 mg/mL concentration at low pH (pH 4.6) or neutral pH (pH 7.4) for 1 day, and was analyzed on a gel
filtration column. b suPAR was separated into two peaks by ion-exchange chromatography, which was identified as monomer or dimer on gel filtration
chromatography (insert). c Binding kinetics of the ATF, in 3-fold dilution, on suPAR monomer or dimer captured by anti-uPAR immobilized on CM5 chip by
surface plasmon resonance. Sensorgrams recorded for the association (120 s), and dissociation (600 s) phases of the various ATF concentrations are
shown as solid black lines with the corresponding curves fitting to a 1:1 Langmuir binding superimposed as solid red lines. The derived kinetic rate constants
are shown in d. Source data are provided as a Source Data file.
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(Fig. 2b) as the critical structural transition when compared
uPAR dimer with the monomer. In this hinge loop, the residues
47–49, located next to β1D, appear to be the key hinge residues
for uPAR dimer domain swapping. Previous studies on other
domain swapped proteins showed that shortening or substituting
the hinge region may favor one hinge conformation over the
other38,39. We mutated these hinge residues to proline, pheny-
lalanine, or alanine to study their roles for uPAR dimerization.
uPART51C/V70C mutant was also generated to disrupt the
dimerization by restricting the movement of β1F away from β1E.
Another mutant (uPARH47C/N259C) that locked uPAR in the
monomeric conformation identical to suPAR28 was used as a
control. mRuby3, a type of fluorescent protein, was inserted
between the extracellular C-terminal of uPAR and the GPI-
anchoring sequence to study the location and expression level of
uPAR on the cell surface. This form of chimera was previously
reported and did not disrupt the function of uPAR32.

We expressed these mRuby3-fused mutants of uPAR together
with a Flag-tagged wild-type uPAR in 293T cells in order to form
dimeric uPAR, followed by pull-down using anti-Flag beads and
probed with anti-uPAR antibody. We found that Flag-tagged
uPAR had a significantly higher affinity to uPARE49P than to any
other mutants (Supplementary Fig. 8a). We then constructed
stable 293 T cell lines overexpressing mRuby3 fused with the
hinge mutants of uPAR (E49), uPART51C/V70C mutant, or
uPARH47C/N259C mutant by infecting lentivirus. We treated these
uPAR mutants expressed on 293T cells with membrane-
impermeable chemical cross linker BS3, and followed by an
immunoblotting assay using anti-uPAR. The results showed that

the uPARE49P 293T cells contained more dimeric uPAR than
uPARWT 293T cells on the cell surface, while no dimeric uPAR
on the uPARH47C/N259C 293T cells and few on uPART51C/V70C

293T cells were found (Fig. 4a). These results demonstrated that
E49 was critical for the dimer formation, and the E49P appeared
to lock the hinge in a conformation preferred for the dimer. Thus,
we chose uPARWT, uPARE49P and uPARH47C/N259C 293T cells as
the objects for further research.

Next, we detected the uptake of FITC conjugated ATF by the cells
expressing different uPAR mutants. We found that the probe was
uptaken more on uPARE49P 293T cells, either at 1 h or 6 h, than any
other mutants (Fig. 4b, c, and Supplementary Fig. 8b, c), which was
consistent with the in vitro results where dimeric uPAR showed
stronger binding to ATF than monomeric uPAR (Fig. 1c, d).

We examined the cellular distribution of uPAR by imaging 20
layers (total 10 μm) of mRuby3 signal starting from basal
membrane for the mRuby3 fused uPAR and its mutant expressed
on 293T cells by high content imager. We found that uPARWT

was asymmetrically distributed and accumulated more at the
basal membrane. The uPARE49P mutant had more accumulation
on the basal membrane than wild-type uPAR. On the contrary,
the distribution of uPARH47C/N259C was homogeneous over the
whole cells (Fig. 4d and Supplementary Movie 1–3). The
incubation with ATF for 6 h further increased the accumulation
of both uPARWT and uPARE49P on the basal membrane, but did
not affect the distribution of uPARH47C/N259C (Fig. 4d and
Supplementary Movie 4–6). These results are consistent with the
previous report that uPAR dimers accumulated in patches at the
basal membrane33.
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Fig. 2 D1 swapping promotes uPAR dimerization. a Stereo ribbon representations (left two panels) and a perpendicular view (right panel) of dimeric
uPAR, with each protomer colored as green and magenta, respectively. Four N-terminal β-strands (residues 1–48) of one suPAR merges into the other
molecule as the swapped domain. Sugar moieties and disulfide bonds are shown as ball-and-sticks. b The domain 1 strand E (β1E) now becomes a hinge
loop and links the swapped β-strands to the major domain (residues 63–277) of suPAR. The conformation of this hinge loop was verified by the 2Fo-Fc map
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intact full-length and non-covalently dimerized suPAR in the crystals. Source data are provided as a Source Data file. d Electrostatic surface representations
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distinctly different charge distribution. The left panel was in the same orientation as in the right panel of a and showed the predominantly negatively
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uPAR dimer and monomer showed distinct functions on cell
proliferation and cell morphology. We observed clear differ-
ences in cell proliferation and cell morphology among these
uPAR overexpressing cell lines. We next sought to delineate the
roles of uPAR dimer and monomer on those cellular functions.
The 293T cell lines overexpressing uPARE49P or uPARH47C/N259C

mimicked uPAR dimer or monomer, respectively, based on our
structural and functional study.

uPARE49P cells grew faster than uPARWT cells, while the
uPARH47C/N259C cells grew slower than uPARWT cells, based on
imaging on high content imager (Fig. 5a). This result was further
confirmed by using a different assay - CCK-8 assay (Supplemen-
tary Fig. 9). uPARH47C/N259C cells showed similar proliferation
ability as the control mRuby3 cells, while uPARE49P and uPARWT

cells showed faster cell proliferation. Both results demonstrated
that dimerization of uPAR on cell surface promoted cell
proliferation. Morphologically, uPARE49P 293T cells showed
more extensive lamellipodia than uPARWT cells. In contrast,
uPARH47C/N259C cells showed more cell–cell contacts, more
membrane ruffles, and few extensive lamellipodia as well as a
distinctive F-actin cytoskeletal reorganization, when compared to
the uPARWT 293T cells, as observed by fluorescence microscopy
after cell permeabilization and FITC-phalloidin (Actin-Tracker
Green) staining (Fig. 5b).

As a GPI-anchored protein without cytoplasmic effector
domain, uPAR was thought to cooperate with multiple

transmembrane proteins, e.g., integrins, to mediate signal
transduction40,41. Integrin β1, rather than β3 integrin, dominates
in uPAR-overexpressed HEK293 cells42,43. uPAR was also
reported to activate α5β1 integrin and ERK signaling, inducing
in vivo proliferation of some human carcinomas43,44. We
suspected integrin β1 signaling might participate in uPAR
dimerization mediated cell proliferation and morphology change.
To evaluate this hypothesis, we then examined ERK activation
among these cell lines by western blotting. We found that
uPARE49P cells had the strongest ERK1/2 phosphorylation signal,
comparable to MnCl2 activated integrin signal in mRuby3 cells,
while uPARH47C/N259C showed the weakest ERK1/2 phosphor-
ylation signal (Fig. 5c). Moreover, when treated with recombinant
soluble integrin α5β1 to compete for the interaction of
uPAR:integrin, we observed that such treatment rendered both
uPARE49P and uPARWT cells with stronger cell clustering by
increasing cell–cell contacts, and had more membrane ruffles, as
well as fewer lamellipodia, similar to uPARH47C/N259C cells with/
without recombinant soluble integrin α5β1 treatment (Fig. 5d).
These results indicated that the uPAR dimer promoted cell
proliferation and altered cell morphology via β1 integrin
signaling.

Discussion
The presence of uPAR in dimer30 or aggregate45 forms was
observed in the early days. Recently, mouse uPAR isoform 2 was
found to exist in dimeric form and proposed to activate glo-
merular Src kinase via β3 integrin in the development of kidney
disease29. Our current study demonstrated dimerization of uPAR
changed its cell surface distribution, altered cell morphology, and
promoted cell proliferation. Our studies indicated that uPAR
dimer and monomer had distinct functions.

A schematic model of uPAR dimerization on the cell surface
(Fig. 6) was generated, based on the dimeric suPAR structure and
previous biochemical studies46–48. This is to highlight a hallmark
structural feature of this dimeric suPAR structure: its two
fingers (β1E and β1F) of D1 moves away from the rest of the
suPAR, while β1F, along with the long loop between the D1 and
D2, forms an expanded long ring (30 residues, Fig. 3b). This
expanded ring then binds to a β-hairpin finger of another suPAR
(Fig. 3d).

Dimerization is also found in other GPI-anchored proteins to
regulate cellular functions or to modify cellular distribution. For
example, CD59 forms transient homodimers in resting cells,
which develops into the stable cluster (up to 4 molecules) upon
ligand binding, suggesting that transient oligomer as platforms
for transducing extracellular signals49. Dimerization of prion
protein is also shown as an important molecular switch for both
intracellular signaling and inactivation by releasing prion protein
N-terminal domain or shedding50.

Monomeric uPAR exposes a large hydrophobic patch in its
central pocket, which is sequestered in the presence of its ligand
ATF, leading to a stabilized complex21. We proposed that in the
absence of the ligand, uPAR would undergo conformational
changes to sequester its hydrophobic patch from the aqueous
environment51. Such conformational changes are indeed possible
due to the conformational flexibility of uPAR. The current
dimeric suPAR structure shows that the D2 and the third finger
(β1E-β1F) of the D1 are the main sources of structural flexibility.
A study demonstrated the structural flexibility of the third finger
(β1E-β1F) of the D1 based on the hydrogen/deuterium exchange
of suPAR48. The study also showed the D1-D2 boundary could be
quite flexible from SAXS measurements48. In another study, a
monoclonal antibody (Mab IIIF10) that recognized the β1E
strand (residue 52–60) of uPAR could not bind to uPAR on U937
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Fig. 4 Mutations of the hinge residue Glu49 promoted uPAR dimerization on cell surface. a Anti-uPAR immunoblotting of mRuby3-tagged uPAR
mutants stably expressed in 293T cells. The cells were treated with the chemical cross linker BS3, washed, and lysed. Cell lysates were separated and
analyzed by immunoblotting using a polyclonal anti-uPAR antibody (α-uPAR). Source data are provided as a Source Data file. b Microscopic images of
uPAR-mRuby3 expressing 293 T cells treated with FITC-ATF (green) for 1 h and Hoechst (blue) for 10 min before fixation. Scale bars, 200 µm.
c Quantification of ATF-binding ratio of b. ATF-binding ratio was measured by comparing the total intensity of FITC to the summed intensity of mRuby3 in
each well. The summed intensity of FITC and mRuby3 were calculated by Operetta CLS software. Data were representative of three independent
experiments. Data are presented as mean ± SD and the p-values of two-tailed unpaired Student’s t test are indicated. Source data are provided as a Source
Data file. d uPAR dimerization changed uPAR membrane distribution. The uPAR distribution ratio was measured based on the mRuby3 intensity of apical
layers (15 layers) and basal layers (5 layers) divided by the mRuby3 intensity of the whole cell (illustrated on the right) and analyzed by Operetta CLS
software. These 20 layers covered 10 μm total vertical distance from the basal membrane. Source data are provided as a Source Data file.
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Fig. 5 uPAR dimer had a stronger impact than monomer on cell proliferation and cell morphology. a Cell proliferation curve was generated by analyzing
images of DPC (digital phase contrast) for different cell lines as indicated using Operetta CLS software. The DPC channel was recorded every half an hour
for 60 h on HCS in the cell culture condition (37 °C, 5%CO2). Data are presented as mean ± SD. Source data are provided as a Source Data file.
b Microscopic images of the cytoskeleton (green) of uPAR mutants fused with mRuby3 (red) stable cell lines. The cells were treated with Hoechst (blue)
for 10min before fixation and incubated with Actin-Tracker (green) for 1 h after 10-min permeabilization with 1% Triton X-100. Scale bars, 50 µm.
c Immuno-analysis of mRuby3-tagged uPAR mutants stably expressed in 293T cells. The mRuby3 293T cells were treated with 10 mMMnCl2 for 30min as
a positive control. Cell lysates were separated and analyzed by immunoblotting using polyclonal anti-uPAR antibody (α-uPAR), anti-ERK1/2 (α-ERK1/2),
anti-phospho-ERK1/2 (α-p-ERK1/2), and anti-GAPDH (α-GAPDH). Source data are provided as a Source Data file. d Microscopic images of the
cytoskeleton (green) of uPAR mutants fused with mRuby3 (red) stable cell lines treated with integrin for 3 h, then stained as b. Scale bars, 50 µm.
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cells in the presence of a saturated amount of uPA46, but did so in
the absence of ligand (uPA), consistent with the observation that
this strand was buried in the uPAR:uPA complex21. These results
consistently demonstrate that the flexibility of uPAR in the
absence of ligand ATF is mainly due to the third finger (β1E-β1F)
of the D1, and the uPA/ATF ligand stabilizes the conformation of
the D1. It should be pointed out that another uPAR ligand,
vitronectin, is also likely to reduce the flexibility of the third finger
(β1E-β1F) of the D1 and stabilize the uPAR D1 conformation.
This is because vitronectin binds at the β-turn connecting the
β1E-β1F strands as well as the D1–D2 boundary25. The third
finger of D1 also participates in the construction of uPA binding
cavity, and its residues (L55, I63, I66) contribute to the hydro-
phobicity of the binding cavity.

The D1 of uPAR is exceptional as it lacks the third conserved
disulfide bond in the palm region of the three-fingered protein
fold, which is commonly existed in many three-fingered fold
domains, including uPAR D2 and D337,52. The absence of the
restrain imposed by this disulfide bond allows its third finger to
adopt an open conformation and account for the flexibility of the
third finger of the D1. This lack of the third disulfide bond in the
D1 is conserved in uPAR of other species based on sequence
alignment of the uPAR from different species (Supplementary
Fig. 10). The glycosylation patterns of uPAR are also genetically
conserved. The hinge residues 47–49 in human uPAR, which is
important for dimeric formation, are also conserved among dif-
ferent species. Thus, uPAR in other species may also demonstrate
flexibility and may form dimer.

uPAR involves diverse physiological and pathological processes
by interaction with different ligands or co-receptors. The diverse
ligands or co-receptors binding capability may be due to the
multiple conformations and forms of uPAR in vivo. Our current
structure and the previous studies21,25,48 reveal the structural
flexibility of uPAR. This flexible structure allows it to adjust its
conformation upon ligand/co-receptor binding. One obvious
example is uPA-induced conformational change endowed with its
high affinity for vitronectin53. Additionally, the peptide in the so-
called ligand-unloading loop (residue 130–140)28 was reported to
mediate uPAR interaction with integrins, including integrin α5β1,
αVβ354 and αVβ655. The conformation change of the peptide
upon ligand binding may affect its interaction with these integ-
rins. Also, in our current structure, the largely expanded ring of
uPAR can capture one β-hairpin loop of another uPAR to form a
dimer or even oligomer (Fig. 3). Besides forming a dimer, this
large expanded ring can also interact with other molecules con-
taining a β-hairpin to form a hetero-dimer. Besides, there are
various forms of uPAR in vivo. The generation of these uPAR
variants involves shedding suPAR from the cell surface by clea-
vage at the glycolipid anchor, and cleavage of uPAR/suPAR in the
linker between D1 and D2 by uPA and MMPs to generate D1 and

D2D356. These uPAR variants display different functions. Only
the full-length uPAR or suPAR can efficiently bind with uPA, and
promote ECM degradation21,57. The fragment D2D3 of uPAR/
suPAR, but not full-length uPAR/suPAR, could bind to formyl
peptide receptors (FPRs) and function as a chemotactic agent for
promoting the immune response58. uPAR structural diversity and
flexibility determine its fitness to multiligand, which further
specifies its multifunction.

Methods
Materials. Integrin α5β1 protein (CT014-H2508H) was purchased from Sino-
Biological. Urea-treated vitronectin was obtained from Molecular Innovations, MI,
USA. High molecular weight kininogen (HMWK) was obtained from Enzyme
Research. Streptococcal surface dehydrogenase (SDH) was expressed in E.coli BL21
(DE3) strain and purified by Ni-NTA. Anti-uPAR antibody ATN658 was a kind
gift from Dr. Andrew Mazar of Monopar Therapeutics Inc. Plasmid pcDNA3.1-
suPAR-mRuby3-GPI was constructed by Sangon Biotech. Oligo nucleotides were
synthesized by Sunya Biotech (Supplementary Table 3). Horseradish peroxidase-
conjugated antibody to rabbit IgG (S0101) or to mouse IgG (S0100) and anti-
GAPDH (G0100) were purchased from LabLead; anti-phospho-ERK1/2 (p-ERK1/
2) (#4370) was purchased from Cell Signaling Technology; anti-ERK1/2 (T55487)
was from Abmart. Polyclonal rabbit anti-human uPAR antibody was prepared by
Zoonbio biotechnology company using our recombinant soluble uPAR as antigen.

Cell culture. Drosophila S2 cells were purchased from Invitrogen and cultured in
EX-CELL® 420 Serum-Free Medium (Sigma). HEK293T (or 293 T) cells from
ATCC were confirmed to be negative for mycoplasma contamination. 293T cells
were cultured at 37 °C with 5% CO2 in Dulbecco’s Modified Eagle medium
(DMEM) supplemented with 10% FBS (Gibco) and 1X penicillin-streptomycin
(Invitrogen).

Recombinant suPAR expression and the purification. Recombinant suPAR
(residue 1–277) were secreted from Drosophila S2 cells as previously described59.
The secreted protein was captured from the conditioned medium using an ATF
affinity column followed by reversed-phase HPLC using a C4 column on the HPLC
system. The fractions containing the pure protein were lyophilized.

To produce the selenomethionine (SeMet)-substituted suPAR, stable suPAR S2
cells were grown to 2L and reached a concentration of 10–12 × 106 cells/mL in EX-
CELL 420 serum-free medium. The cells were then washed in a methionine-free
medium (Orbigen) and starved in this medium for 4–6 h at 28 °C before 60 μg/mL
selenomethionine (Acros Organics) was added to the culture. The protein
expression was induced with the addition of 500 μM of CuSO4. The culture
medium was harvested 4–5 days after induction. The purification was similar to
that of the native protein. Amino acid analysis showed that 90% of native
methionine in the protein had been substituted by SeMet.

suPAR dimerization. To search for the condition of the uPAR dimer, we dissolved
the powder with buffers under pH 4.6 and pH 7.4 at different concentrations
(0.25 mg/mL, 1 mg/mL, 4 mg/mL and 16 mg/mL). After being incubated at 4 °C for
one day, the samples were analyzed on a gel filtration column (Superdex 200 10/
300) with a buffer of 20 mM Tris pH 7.4, 150 mM KCl, at flow rates of 0.5 mL/
minute. Elution profiles were monitored at 280 nm.

Purification of dimeric suPAR. For suPAR crystallization, the lyophilized powder
was dissolved in buffer under pH 4.6 at a concentration of 30 mg/mL. After being
incubated at 4 °C for two days, the sample was adjusted to pH 8.0 with 1M Tris pH
8.5, followed by purification on a ResourceQ column with a linear gradient of
0.08–0.3 M sodium chloride in 20 mM Tris pH 8.0. The dimeric suPAR was well
separated from the monomer under this chromatographic condition and was
concentrated and stored at −80 °C.

Recombinant ATF expression and the purification. ATF was expressed and
purified as described previously60. Briefly, after initial cultivation, the transformed
Pichia pastoris strain X-33 cells in BMMY medium (1% yeast extract, 2% peptone,
100 mM potassium phosphate, pH 6.0, 1% v/v methanol) were supplemented daily
with methanol (at a final concentration of 1%) over 4 days to induce the expression
of ATF. The supernatants were collected, filtered, diluted with equal volume of
H2O, and applied to fast flow cation exchange column (SPFF) for the capture of
target proteins. The captured protein was eluted by potassium phosphate buffer
containing 0.5 M NaCl, pH 6.5, and further purified on a gel filtration column
Superdex75 HR 10/30 with 20 mM potassium phosphate buffer containing 0.15M
NaCl, pH 6.5. The fraction containing ATF from Superdex75 was collected and
concentrated for further use.

Recombinant scuPA expression and the purification. Recombinant single-chain
uPA was secreted by Drosophila S2 cells and purified by SPFF. The S2 culture

Closed monomer Dimer

uPA/
vitronectin +monomer

Large expanded ringGPI anchor

Open monomer

Fig. 6 A schematic model of uPAR dimerization on the cell surface. The
unbound uPAR is in dynamic equilibrium between the close (left) and open
(middle) conformations. The presence of ligand uPA or vitronectin
stabilizes the close conformation (left). A key feature in the open
conformation is that uPAR forms a large expanded ring (residues 62–92,
colored in magenta). When concentrated on the lipid-raft area of the cell
surface, the large expanded ring can capture one β-hairpin loop of another
uPAR to form a dimer (right panel) or even oligomer.
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supernatant containing scuPA was collected, filtered and applied on SPFF column
equilibrated in 50 mM Bicine buffer pH 8.0 and was eluted with a 0–0.5 M NaCl
gradient. The fraction containing scuPA was concentrated using a Millipore YM-3
membrane and purified using a semi-preparative C8 reverse phase column
(10 × 25 cm) on HPLC, and eluted at a flow rate of 4 mL/min with a linear gradient
of 0–100% B, where solvent A is 100% H2O/0.1% trifluoroacetic acid (TFA) and
solvent B is 100% acetonitrile/0.1%TFA. On HPLC, scuPA was eluted as a single
peak under these conditions with a retention time of ~26 min. Yields were ranged
from 10–20 mg protein per liter of S2 culture supernatant.

Binding assays for suPAR ligands interaction. An anti-uPAR antibody
(ATN658) was mixed with Protein A Dynabeads (Invitrogen) in PBST binding
buffer (PBS plus 0.05% Tween20) at room temperature for 10 min. After being
washed with the binding buffer, the Dynabeads were collected with a magnetic
stand, and excess liquid was removed. The ATN658-coated beads were then mixed
with monomeric or dimeric suPAR at room temperature for 10 min, followed by
the washing of the beads. Different ligands, including ATF, SDH, vitronectin and
HMWK, each at concentrations of 0.5 mg/mL, were then incubated with the beads
for 10 min. After being washed three times with binding buffer, the bound protein
complexes were eluted with an elution buffer (50 mM Glycine pH 2.8), and were
analyzed on a 4–15% SDS precast polyacrylamide gel.

Purification of suPAR:ATF complex. To obtain the dimeric or the monomer
suPAR:ATF complex, suPAR dimer or monomer was mixed with excess ATF.
After incubation at room temperature for 30 min, the mixture was purified on the
gel filtration column (Superdex 200 10/300) with a buffer of 20 mM Tris pH 7.4,
150 mM KCl, at flow rates of 0.5 mL/minute.

Surface plasmon resonance. Direct binding studies were carried out in real-time
on a Biacore T200 instrument (Biacore, Uppsala, Sweden). In all experiments,
10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% (v/v) surfactant P-20 at
pH 7.4 was used as running buffer. uPAR monoclonal antibody, ANT658, was
immobilized on a CM5 sensor chip at two different levels of 10 and 20 μg/mL.
Covalent coupling was performed with N-hydroxy-succinimide/N-ethyl-N-[3-
(diethylamino) propyl]-carbodiimide in 10 mM sodium acetate, pH 4.5, at a flow
rate of 5 μL/min for a target level 10000 RU. To obtain optimal preparations for
binding kinetics valuation, both suPAR monomer and dimer were purified by size-
exclusion chromatography (Superdex75) in Biacore running buffer prior to analysis
to remove any traces of aggregated material. Soluble uPAR monomer or dimer
(350 ng) was then captured onto the sensor chip for 3 min. Serial 3-fold dilutions of
scuPA (0.54–44.4 nM)or ATF (0.14–33.3 nM) were subsequently passed over two
flow cells with immobilized ANT658 captured with either suPAR monomer or
dimer, and one mock coupled flow cell. Association was recorded for 120 s fol-
lowed by a dissociation phase of 600 s at a flow rate of 30 μL/min at 20 °C. After
each run, the sensor chip was regenerated by injection of Glycine2.0. The kinetic
rate constants, Kon and Koff, were derived from these real-time interaction analyses
by fitting the association and dissociation phases to a simple bimolecular inter-
action model using the BIA evaluation software (Biacore).

Crystallization and crystal structural determination. Crystals of dimeric suPAR
were grown at 22 °C by sitting drop vapor diffusion with equal volumes of dimeric
suPAR at 15 mg/mL and a precipitant solution of 1.8–2.2 M ammonium sulfate in
50 mM sodium acetate at pH 4.5–5.2. These crystals appear in rhombic shape. The
crystals for data collection were flash-frozen in liquid nitrogen using a cryo-
solution with the crystallization solution containing 25% glycerol. Data of the
crystals were collected at a wavelength of 0.979 Å, corresponding to the “Se peak”
absorption edge on beamline 22-ID at the Advanced Photon Source of Argonne
National Laboratory, and integrated and scaled using HKL200061. The structure
was solved by single-wavelength anomalous dispersion (SAD) phasing imple-
mented in CRANK62 pipeline within CCP4 program suite63. Selenium atom sites
were identified using SHELXD64, and their positions were refined using BP365. The
correct hand for the phases was identified using SOLOMON66, and density
modification was carried out in PARROT67 before atomic model building in
BUCCANEER68. The partially refined model was iteratively improved by rounds of
manual fitting using COOT69 and refinement using PHENIX refine70. In the final
stages of refinement, TLS refinement was performed. The final model was refined
at 2.91 Å to Rfactor/Rfree of 23.75%/28.97%. Details of the phasing and refinement
statistics are shown in Table S4. In this structure, many residues, including 51–58,
79–152, 228–234 and 251–259, were missed in the model.

To obtain the crystals close to physiological pH, the crystals that grew under
low pH were soaked in the buffer at pH 7.4 for 2 days, and flash-frozen with liquid
nitrogen using a cryo-solution with the soaking solution contained 25% glycerol.
Data of crystal were collected at a wavelength of 0.979 Å on beamline BL17U at
Shanghai Synchrotron Radiation Facility. Diffraction datasets obtained from
socked crystals were processed using the automated data processing pipeline Xia271

with options that run XDS72. The structure was solved with MOLREP using the
low pH structure as template. After refinement at 2.96 Å, the R-factor was 24.79%
and the R-free 29.95%. The data obtained from the crystals soaked at neutral pH
displayed more electron density, allowing to build in more residues into the model.

The change of the pH-induced slight position movement of D1 N-terminal four β-
strands (residue 1–49) (Supplementary Fig. 11), but the overall organization of
uPAR dimer remained the same.

Statistics of the data collection, refinement and model validation are shown in
Supplementary Table 4. The coordinates of the structures have been deposited in
the Protein Data Bank (PDB) with the accession code 7V6 (acid pH) and 7E17
(neutral pH). Structural analyses were carried out using COOT69 and CCP463, and
graphic representations were prepared using PyMol (Schrödinger, Inc.).

Plasmid construction. The pLVX-suPAR-mRuby3 plasmid was constructed by
cloning the coding region from pcDNA3.1-suPAR-mRuby3-GPI into pLVX-IRES-
Puro vector using restriction enzymes EcoRI and XhoI. The pLVX-Flag-uPAR was
constructed by cloning the coding region from cDNA of A549 cells into pLVX-
Flag-IRES-Puro vector using restriction enzymes EcoRI and XhoI, which was
derived from pLVX-IRES-Puro vector. Site-directed mutagenesis was performed by
PCR-based methods. Primers were designed with the desired mutations for
introducing single-site mutation to the residues 47–49 of suPAR on the template
pLVX-suPAR-mRuby3.

Chemical cross-linking assays. Cross linking was performed by incubating
293T cells with 0.5 mM chemical cross-linking agent BS3 in PBS for 30 min at 4 °C.
Un-reacted BS3 was removed by washing the cells with PBS, and the cells lysed as
described below.

Lentivirus packaging and stable cell line construction. Lentivirus was packaged
by co-transfection (FuGENE from Promega) into HEK293T cells with plasmids of
pLVX-suPAR-mRuby3, its mutants or pLVX-mRuby3, VSV-G (Addgene, #8454),
PRRE (Addgene, #12251) and REV (Addgene, #12253). The transfected medium
was changed into fresh DMEM after 8–12 h, and lentivirus-containing super-
natants were collected 48 h later, followed by passing through a 0.45-µm filter and
diluted 1:1 with fresh medium containing 8 µg/mL polybrene, and were then used
directly to infect the target cells (HEK293T) at 70~80% confluence. Selection
antibiotic puromycin (Invitrogen) was added at its killing concentration of 1–2 μg/
mL. Fresh media with antibiotics was added every two days until all the cells were
dead in the killing control.

Immunoprecipitation. 293T cells were transfected for 36 h with the appropriate
plasmids and were lysed in ice-cold lysis buffer (5% glycerol, 50mM Tris-HCl pH 7.4,
150mM NaCl, and 1% Triton X-100, containing 10mM NaF, 2mM Na3VO4, 10 µg/
mL leupeptin and 1 µM PMSF). The cell lysates were subjected to immunoprecipita-
tion with anti-Flag beads (Anti-DYKDDDDK Affinity Beads, Smart Life Sciences), and
were eluted by boiling in 1X SDS loading buffer for 10min. The proteins were detected
by immunoblotting analysis with the appropriate antibodies (identified below).

Immunoblotting analysis. Cells were lysed directly in 2X SDS loading buffer
(diluting from 4X SDS loading buffer containing 250 mM Tris-HCl (pH 6.8), 8%
SDS, 0.2% bromophenol blue, 40% glycerol and 20% β-mercaptoethanol with cell
lysis buffer as shown above), and boiled for 10 min. Proteins were separated by
SDS-PAGE, transferred onto a nitrocellulose membrane and then identified by
immunoblotting analysis with the appropriate primary antibodies as stated below.
Anti-GAPDH (1:3000 dilution), anti-phospho-ERK1/2 (1:1000 dilution), anti-
ERK1/2 (1:10,000 dilution), polyclonal anti-uPAR (1:500 dilution) and horseradish
peroxidase-conjugated antibody to rabbit IgG or to mouse IgG (1:5000 dilution for
each) were used in each blot. The protein bands were visualized with a Meilunbio®
fg super sensitive ECL luminescence reagent (MA0186) according to the manu-
facturer’s instructions.

Cell proliferation assay using CCK-8. The cell count was measured by Cell
Counting Kit-8 (CCK-8) (Meilunbio). Briefly, 500 cells were seeded in a 96-well plate
and cultured till 5 days. After incubation in CO2 incubator for 24 h, 10 μl of CCK-8
solution was added to each well, and the 96-well plate was further incubated at 37 °C
for 1 h. Normal DMEM with CCK-8 was served as the blank control. Meanwhile, the
standard curve for cell count was generated every day. The cell count was calculated
according to the standard line by measuring OD450 on a microplate reader (Spec-
traMax® i3x, Molecular Devices). All doses were carried out in triplicates.

High content imaging analysis. For the ATF-binding assay, cells were pre-treated
with ATF-FITC for 1 h or 6 h and incubated with Hoechst 33342 for 10 min before
fixation and imaging on the Operetta High Content Imaging System (Perkin
Elmer). Images from sixteen fields per well were taken with a ×63/NA1.15 objective
using the laser confocal method on three channels with these settings for each
fluorescent molecule: Hoechst 33342 (exposure: 20 ms, excitation: 350 nm/50 nm,
emission: 455 nm/50 nm), FITC (exposure: 1 s, excitation: 490 nm/20 nm, emis-
sion: 525 nm/36 nm) and mRuby3 (exposure: 1 s excitation: 543 nm/22 nm, emis-
sion: 605 nm/64 nm). Cell images were then analyzed by the Operetta CLS software
using the multi-target analysis. First, cells were identified using the nuclear dye
channel (minimum area 70 μm and sensitivity of 40), and their cytoplasm was
defined by either the mRuby3 channel. Cell counts were measured from the nuclear
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dye. Next, the FITC intensity in the cytoplasmic region was calculated, and divided
by the cytoplasmic mRuby3 intensity, yielding the ATF-binding ratio.

For the uPAR distribution assay, cells were incubated with ATF for 6 h, followed
by incubation with Hoechst 33342 for 10min before fixation. Cell imaging was
performed on the Operetta High Content Imaging System (Perkin Elmer). Sixteen
fields per well were taken with a ×63/NA1.15 objective using the laser confocal method
on two channels with these settings for each fluorescent molecule: Hoechst 33342
(exposure: 20ms, excitation: 350 nm/50 nm, emission: 455 nm/50 nm) and mRuby3
(exposure: 1 s, excitation: 543 nm/22 nm, emission: 605 nm/64 nm). The images of 20
layers on the mRuby3 channel for 10 μm total vertical distance from the basal were
recorded. Cell images were then analyzed by the 3D analysis module of Operetta CLS
software. Object identification was performed using the nuclear dye images (minimum
area 70 μm and sensitivity of 40). Cell counts were measured from the nuclear dye.
The experimental parameters measured from the mRuby3 images included
cytoplasmic mRuby3 intensity. The uPAR distribution ratio was measured by the
mRuby3 intensity of apical layers (15 layers) and basal layers (5 layers) compared to
the mRuby3 intensity of the whole cell. The movies were built by combining images of
the mRuby3 (Red) and Hoechst (Blue) using 3D analysis module.

For the cytoskeleton assay, cells were cultured in CellCarrier-96-well plate
(PerkinElmer) 24 h and fixed with 3.7% paraformaldehyde for 10min, washed with
PBS for 5 min three times, and permeabilized with 1% Triton X-100 in PBS, followed
by blocking with a solution containing 0.1% Triton X-100 and 5% BSA in PBS.
F-actin was stained with Actin-Tracker Green (FITC-labelled phalloidin, Beyotime,
China) in the blocking buffer. After incubation for 1 h at room temperature, the cells
were washed with PBS for 5 min three times, and imaged on the Operetta High
Content Imaging System. Sixteen fields per well were taken with a ×63/NA1.15
objective using the laser confocal method on three channels with these settings for
each fluorescent molecule: Hoechst 33342 (exposure: 20 ms, excitation: 350 nm/
50 nm, emission: 455 nm/50 nm), FITC (exposure: 500ms, excitation: 490 nm/20 nm,
emission: 525 nm/36 nm), and mRuby3 (exposure: 1 s, excitation: 543 nm/22 nm,
emission: 605 nm/64 nm).

For the cell proliferation assay, live-cell imaging was performed on the Operetta
High Content Imaging System (Perkin Elmer). Sixteen or tween five fields per well
were taken with a ×20/0.45 water objective using the noncofocal method on Digital
Phase Contrast channel. Images were recorded every half an hour for 3 days in the
cell culture condition (37°C, 5% CO2) on Perkin Elmer high content imager. Cell
images were then analyzed by the Operetta CLS software using the Cell Division
analysis. Cell proliferation curve was generated with cell counts by analyzing
images of DPC for different cell lines.

Quantification and statistical analysis. All data are representative of at least
three independent experiments. The data are presented as the mean ± SD as
indicated in the legends. The two-tailed unpaired Student’s t test was used to
compare the ATF-binding ratio between groups in ATF-binding assays. A
p-value < 0.05 was considered statistically significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data generated and analyzed in this study are included in the Article and its
Supplementary Information, and are also available from the corresponding authors upon
reasonable request. The X-ray crystallographic coordinates for structures reported in this
study have been deposited in the Protein Data Bank (PDB) under accession codes 7E17
(Structure of dimeric uPAR), 7V63 (Structure of dimeric uPAR at low pH) and 3BT2
(Structure of ligand-bound monomeric uPAR). Source data are provided with this paper.

Received: 11 August 2021; Accepted: 25 January 2022;

References
1. Smith, H. W. & Marshall, C. J. Regulation of cell signalling by uPAR. Nat. Rev.

Mol. Cell Biol. 11, 23–36 (2010).
2. Blasi, F. & Carmeliet, P. uPAR: a versatile signalling orchestrator. Nat. Rev.

Mol. Cell Biol. 3, 932–943 (2002).
3. Rotbain Curovic, V. et al. Soluble urokinase plasminogen activator receptor

predicts cardiovascular events, kidney function decline, and mortality in
patients with type 1 diabetes. Diabetes Care 42, 1112–1119 (2019).

4. Rovina, N. et al. Soluble urokinase plasminogen activator receptor (suPAR) as
an early predictor of severe respiratory failure in patients with COVID-19
pneumonia. Crit. Care 24, 187 (2020).

5. Huang, Q. et al. The clinical value of suPAR in diagnosis and prediction for
patients with chronic obstructive pulmonary disease: a systematic review and
meta-analysis. Ther. Adv. Respir. Dis. 14, 1753466620938546 (2020).

6. Amor, C. et al. Senolytic CAR T cells reverse senescence-associated
pathologies. Nature 583, 127–132 (2020).

7. Desmedt, S., Desmedt, V., Delanghe, J. R., Speeckaert, R. & Speeckaert, M. M.
The intriguing role of soluble urokinase receptor in inflammatory diseases.
Crit. Rev. Clin. Lab Sci. 54, 117–133 (2017).

8. Su, S. C., Lin, C. W., Yang, W. E., Fan, W. L. & Yang, S. F. The urokinase-type
plasminogen activator (uPA) system as a biomarker and therapeutic target in
human malignancies. Expert Opin. Ther. Targets 20, 551–566 (2016).

9. Lund, I. K., Illemann, M., Thurison, T., Christensen, I. J. & Hoyer-Hansen, G.
uPAR as anti-cancer target: evaluation of biomarker potential, histological
localization, and antibody-based therapy. Curr. Drug Targets 12, 1744–1760
(2011).

10. Hamie, L. et al. SuPAR, an emerging biomarker in kidney and inflammatory
diseases. Postgrad. Med. J. 94, 517–524 (2018).

11. Reiser, J., Wei, C. & Tumlin, J. Soluble urokinase receptor and focal segmental
glomerulosclerosis. Curr. Opin. Nephrol. Hypertens. 21, 428–432 (2012).

12. Pereira, L. H. M. et al. Podocin and uPAR are good biomarkers in cases of
Focal and segmental glomerulosclerosis in pediatric renal biopsies. PLoS ONE
14, e0217569 (2019).

13. Hayek, S. S. et al. Soluble urokinase receptor and acute kidney injury. New
Engl. J. Med. 382, 416–426 (2020).

14. Mossanen, J. C. et al. Elevated soluble urokinase plasminogen activator
receptor and proenkephalin serum levels predict the development of acute
kidney injury after cardiac surgery. Int. J. Mol. Sci. https://doi.org/10.3390/
ijms18081662 (2017).

15. Hayek, S. S. et al. Soluble urokinase receptor and chronic kidney disease. New
Engl. J. Med. 373, 1916–1925 (2015).

16. Haugaard, S. B. et al. The immune marker soluble urokinase plasminogen
activator receptor is associated with new-onset diabetes in non-smoking
women and men. Diabet. Med. 29, 479–487 (2012).

17. Guthoff, M. et al. Soluble urokinase receptor (suPAR) predicts
microalbuminuria in patients at risk for type 2 diabetes mellitus. Sci. Rep. 7,
40627 (2017).

18. Ragno, P. The urokinase receptor: a ligand or a receptor? Story of a sociable
molecule. Cell. Mol. Life Sci. 63, 1028–1037 (2006).

19. Yuan, C., Guo, Z., Yu, S., Jiang, L. & Huang, M. Development of inhibitors for
uPAR: blocking the interaction of uPAR with its partners. Drug Discov. Today
https://doi.org/10.1016/j.drudis.2021.01.016 (2021).

20. Eden, G., Archinti, M., Furlan, F., Murphy, R. & Degryse, B. The urokinase
receptor interactome. Curr. Pharm. Des. 17, 1874–1889 (2011).

21. Huai, Q. et al. Structure of human urokinase plasminogen activator in
complex with its receptor. Science 311, 656–659 (2006).

22. Andreasen, P. A., Egelund, R. & Petersen, H. H. The plasminogen activation
system in tumor growth, invasion, and metastasis. Cell Mol. Life Sci. 57, 25–40
(2000).

23. Llinas, P. et al. Crystal structure of the human urokinase plasminogen
activator receptor bound to an antagonist peptide. EMBO J. 24, 1655–1663
(2005).

24. Barinka, C. et al. Structural basis of interaction between urokinase-type
plasminogen activator and its receptor. J. Mol. Biol. 363, 482–495 (2006).

25. Huai, Q. et al. Crystal structures of two human vitronectin, urokinase and
urokinase receptor complexes. Nat. Struct. Mol. Biol. 15, 422–423 (2008).

26. Lin, L., Gardsvoll, H., Huai, Q., Huang, M. & Ploug, M. Structure-based
engineering of species selectivity in the interaction between urokinase and its
receptor: implication for preclinical cancer therapy. J. Biol. Chem. 285,
10982–10992 (2010).

27. Zhao, B. et al. Mapping the topographic epitope landscape on the urokinase
plasminogen activator receptor (uPAR) by surface plasmon resonance and
X-ray crystallography. Data Brief. 5, 107–113 (2015).

28. Xu, X. et al. Crystal structure of the urokinase receptor in a ligand-free form. J.
Mol. Biol. 416, 629–641 (2012).

29. Wei, C. et al. uPAR isoform 2 forms a dimer and induces severe kidney disease
in mice. J. Clin. Invest. 129, 1946–1959 (2019).

30. Sidenius, N., Andolfo, A., Fesce, R. & Blasi, F. Urokinase regulates vitronectin
binding by controlling urokinase receptor oligomerization. J. Biol. Chem. 277,
27982–27990 (2002).

31. Hellriegel, C., Caiolfa, V. R., Corti, V., Sidenius, N. & Zamai, M. Number and
brightness image analysis reveals ATF-induced dimerization kinetics of uPAR
in the cell membrane. FASEB J. 25, 2883–2897 (2011).

32. Cunningham, O. et al. Dimerization controls the lipid raft partitioning of uPAR/
CD87 and regulates its biological functions. EMBO J. 22, 5994–6003 (2003).

33. Caiolfa, V. R. et al. Monomer dimer dynamics and distribution of GPI-
anchored uPAR are determined by cell surface protein assemblies. J. Cell Biol.
179, 1067–1082 (2007).

34. Malengo, G. et al. Fluorescence correlation spectroscopy and photon counting
histogram on membrane proteins: functional dynamics of the
glycosylphosphatidylinositol-anchored urokinase plasminogen activator
receptor. J. Biomed. Opt. 13, 031215 (2008).

35. Ploug, M., Rahbek-Nielsen, H., Nielsen, P. F., Roepstorff, P. & Dano, K.
Glycosylation profile of a recombinant urokinase-type plasminogen activator

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29344-y

10 NATURE COMMUNICATIONS |         (2022) 13:1665 | https://doi.org/10.1038/s41467-022-29344-y | www.nature.com/naturecommunications

http://doi.org/10.2210/pdb7e17/pdb
http://doi.org/10.2210/pdb7v63/pdb
http://doi.org/10.2210/pdb3bt2/pdb
https://doi.org/10.3390/ijms18081662
https://doi.org/10.3390/ijms18081662
https://doi.org/10.1016/j.drudis.2021.01.016
www.nature.com/naturecommunications


receptor expressed in Chinese hamster ovary cells. J. Biol. Chem. 273,
13933–13943 (1998).

36. Gårdsvoll, H., Werner, F., Sondergaard, L., Dano, K. & Ploug, M.
Characterization of low-glycosylated forms of soluble human urokinase
receptor expressed in Drosophila Schneider 2 cells after deletion of
glycosylation-sites. Protein Expr. Purif. 34, 284–295 (2004).

37. Galat, A., Gross, G., Drevet, P., Sato, A. & Menez, A. Conserved structural
determinants in three-fingered protein domains. FEBS J. 275, 3207–3225
(2008).

38. Liu, Y. & Eisenberg, D. 3D domain swapping: as domains continue to swap.
Protein Sci. 11, 1285–1299 (2002).

39. Gronenborn, A. M. Protein acrobatics in pairs - dimerization via domain
swapping. Curr. Opin. Struct. Biol. 19, 39–49 (2009).

40. Wei, Y. et al. Regulation of integrin function by the urokinase receptor. Science
273, 1551–1555 (1996).

41. Wei, Y. et al. Regulation of alpha5beta1 integrin conformation and function
by urokinase receptor binding. J. Cell Biol. 168, 501–511 (2005).

42. Smith, H. W., Marra, P. & Marshall, C. J. uPAR promotes formation of the
p130Cas-Crk complex to activate Rac through DOCK180. J. Cell Biol. 182,
777–790 (2008).

43. Aguirre Ghiso, J. A., Kovalski, K. & Ossowski, L. Tumor dormancy induced by
downregulation of urokinase receptor in human carcinoma involves integrin
and MAPK signaling. J. Cell Biol. 147, 89–104 (1999).

44. Liu, D., Aguirre Ghiso, J., Estrada, Y. & Ossowski, L. EGFR is a transducer of
the urokinase receptor initiated signal that is required for in vivo growth of a
human carcinoma. Cancer Cell 1, 445–457 (2002).

45. Shliom, O. et al. Novel interactions between urokinase and its receptor. J. Biol.
Chem. 275, 24304–24312 (2000).

46. Luther, T. et al. Epitope-mapped monoclonal antibodies as tools for functional
and morphological analyses of the human urokinase receptor in tumor tissue.
Am. J. Pathol. 150, 1231–1244 (1997).

47. Gardsvoll, H. et al. Conformational regulation of urokinase receptor function:
impact of receptor occupancy and epitope-mapped monoclonal antibodies on
lamellipodia induction. J. Biol. Chem. 286, 33544–33556 (2011).

48. Mertens, H. D. et al. A flexible multidomain structure drives the function of
the urokinase-type plasminogen activator receptor (uPAR). J. Biol. Chem. 287,
34304–34315 (2012).

49. Suzuki, K. G. et al. Transient GPI-anchored protein homodimers are units for
raft organization and function. Nat. Chem. Biol. 8, 774–783 (2012).

50. Roucou, X. Regulation of PrP(C) signaling and processing by dimerization.
Front. Cell Dev. Biol. 2, 57 (2014).

51. Yuan, C. & Huang, M. Does the urokinase receptor exist in a latent form? Cell.
Mol. Life Sci. 64, 1033–1037 (2007).

52. Leth, J. M., Mertens, H. D. T., Leth-Espensen, K. Z., Jørgensen, T. J. D. &
Ploug, M. Did evolution create a flexible ligand-binding cavity in the
urokinase receptor through deletion of a plesiotypic disulfide bond? J. Biol.
Chem. 294, 7403–7418 (2019).

53. Zhao, B. et al. Stabilizing a flexible interdomain hinge region harboring the
SMB binding site drives uPAR into its closed conformation. J. Mol. Biol. 427,
1389–1403 (2015).

54. Degryse, B., Resnati, M., Czekay, R. P., Loskutoff, D. J. & Blasi, F. Domain 2 of
the urokinase receptor contains an integrin-interacting epitope with intrinsic
signaling activity: generation of a new integrin inhibitor. J. Biol. Chem. 280,
24792–24803 (2005).

55. Ahn, S. B. et al. Characterisation of the interaction between heterodimeric
alphavbeta6 integrin and urokinase plasminogen activator receptor (uPAR)
using functional proteomics. J. Proteome Res. https://doi.org/10.1021/
pr500849x (2014).

56. Montuori, N. & Ragno, P. Multiple activities of a multifaceted receptor: roles
of cleaved and soluble uPAR. Front. Biosci. (Landmark Ed.) 14, 2494–2503
(2009).

57. Zhou, X. et al. An ELISA method detecting the active form of suPAR. Talanta
160, 205–210 (2016).

58. Montuori, N., Visconte, V., Rossi, G. & Ragno, P. Soluble and cleaved forms of
the urokinase-receptor: degradation products or active molecules? Thromb.
Haemost. 93, 192–198 (2005).

59. Yuan, C., Huai, Q., Bian, C. B. & Huang, M. D. The expression, purification
and crystallization of monomeric soluble human urokinase receptor. Prog.
Biochem. Biophys. 33, 277–281 (2006).

60. Zhao, G. et al. Protein expression and preliminary crystallographic analysis of
amino-terminal fragment of urokinase-type plasminogen activator. Protein
Expr. Purif. 49, 71–77 (2006).

61. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in
oscillation mode. Method Enzymol. 276, 307–326 (1997).

62. Pannu, N. S. et al. Recent advances in the CRANK software suite for experimental
phasing. Acta Crystallogr. Sect. D Biol. Crystallogr. 67, 331–337 (2011).

63. Winn, M. D. et al. Overview of the CCP4 suite and current developments.
Acta Crystallogr. Sect. D Biol. Crystallogr. 67, 235–242 (2011).

64. Schneider, T. R. & Sheldrick, G. M. Substructure solution with SHELXD. Acta
Crystallogr. Sect. D Biol. Crystallogr. 58, 1772–1779 (2002).

65. Pannu, N. S. & Read, R. J. The application of multivariate statistical techniques
improves single-wavelength anomalous diffraction phasing. Acta Crystallogr.
Sect. D Biol. Crystallogr. 60, 22–27 (2004).

66. Abrahams, J. P. & Leslie, A. G. Methods used in the structure determination of
bovine mitochondrial F1 ATPase. Acta Crystallogr. Sect. D Biol. Crystallogr.
52, 30–42 (1996).

67. Cowtan, K. Recent developments in classical density modification. Acta
Crystallogr. Sect. D Biol. Crystallogr. 66, 470–478 (2010).

68. Cowtan, K. The Buccaneer software for automated model building. 1. Tracing
protein chains. Acta Crystallogr. Sect. D Biol. Crystallogr. 62, 1002–1011
(2006).

69. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics.
Acta Crystallogr. Sect. D Biol. Crystallogr. 60, 2126–2132 (2004).

70. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. Sect. D Biol. Crystallogr.
66, 213–221 (2010).

71. Winter, G. xia2: an expert system for macromolecular crystallography data
reduction. J. Appl. Crystallogr. 43, 186–190 (2010).

72. Kabsch, W. Xds. Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 125–132 (2010).

Acknowledgements
Our research work is financially supported by grants from National Key R&D Program of
China (2017YFE0103200 M.H.), Natural Science Foundation of China (31670739M.H.,
22077016M.H., 82070142 L.J.), and Fujian Province (2021Y4008 M.H., 2021G02004 L.J.,
and 2019-WJ-17 M.H.). We thank the Shanghai Synchrotron Radiation Facility beamline
BL17U and the Advanced Photon Source of Argonne National Laboratory beamline 22-
ID for X-ray data collection.

Author contributions
M.H. and C.Y. conceived the project, and S.Y., Y.S., and H. L. performed biological
research. C.Y. and Y.L. performed crystallization experiments, L.C. and L.J. collected and
processed X-ray data, C.Y. and J.W. determined and refined the structures, C.Y. and
M.H. analyzed the structures. Y.C. contributed resources. S.Y., C.Y. and M.H finalized
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-29344-y.

Correspondence and requests for materials should be addressed to Cai Yuan or
Mingdong Huang.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29344-y ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:1665 | https://doi.org/10.1038/s41467-022-29344-y |www.nature.com/naturecommunications 11

https://doi.org/10.1021/pr500849x
https://doi.org/10.1021/pr500849x
https://doi.org/10.1038/s41467-022-29344-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Crystal structure and cellular functions of�uPAR�dimer
	Results
	Reconstitution of uPAR dimer in�vitro
	Crystal structure of dimeric suPAR
	Comparison of the dimeric and monomeric structures of suPAR
	Mutations of the hinge residue E49 to proline promoted uPAR dimerization on cell surface
	uPAR dimer and monomer showed distinct functions on cell proliferation and cell morphology

	Discussion
	Methods
	Materials
	Cell culture
	Recombinant suPAR expression and the purification
	suPAR dimerization
	Purification of dimeric suPAR
	Recombinant ATF expression and the purification
	Recombinant scuPA expression and the purification
	Binding assays for suPAR ligands interaction
	Purification of suPAR:ATF complex
	Surface plasmon resonance
	Crystallization and crystal structural determination
	Plasmid construction
	Chemical cross-linking assays
	Lentivirus packaging and stable cell line construction
	Immunoprecipitation
	Immunoblotting analysis
	Cell proliferation assay using CCK-8
	High content imaging analysis
	Quantification and statistical analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




