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Abstract
The urokinase receptor (uPAR) can recognize several ligands. The structural basis for this multiple
ligand recognition by uPAR is unknown. This study reports the crystal structures of uPAR in complex
with both urokinase (uPA) and vitronectin and reveal that uPA occupies the central cavity of the
receptor, whereas vitronectin binds at the outer side of the receptor. These results provide a structural
understanding of one receptor binding to two ligands.

Many cell-surface receptors can recognize several ligands. uPAR is one such receptor. uPAR
binds to uPA at high affinity and is also capable of interacting with other ligands, including
the matrix vitronectin, integrins and G protein–coupled receptor1. This ability to interact with
multiple ligands localizes plasminogen activation to the pericellular region, confers an adhesive
property to the vitronectin matrix and facilitates uPAR's role in signal transduction;
subsequently, uPAR has been implicated in many cellular functions and diverse
pathophysiological processes1.

Structures of complexes between soluble uPAR (residues 1−277; suPAR), which lacks the
glycophosphatidylinositol moiety, and uPAR antagonists2 or the N-terminal fragment of uPA
(residues 1−143; ATF)3 have been determined, showing that three domains in uPAR are packed
closely and form a unique central cavity that recognizes the growth factor domain of uPA
(residues 1−44; GFD). uPAR binds simultaneously to uPA and the somatomedin B domain
(residues 1−44; SMB) of vitronectin4,5. However, the structural basis of multiple ligand
recognition by uPAR is unknown.

We determined the crystal structures of the ternary complex of human suPAR–ATF–SMB at
2.8Å and the crystal structure of suPAR–ATF–SMB bound to an anti-uPAR antibody at 2.5Å
(Fig. 1, Supplementary Fig. 1, Supplementary Table 1 and Supplementary Methods online).
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These structures show that the GFD of uPA occupies the central cavity of the receptor, whereas
SMB binds to the outer side (the D1 domain and the D1-D2 linker region). SMB and GFD are
located on opposite sides of the D1 β-sheet of the receptor, and there is no direct contact between
SMB and ATF.

The superimposition of these two suPAR–ATF–SMB structures shows that the kringle domain
of uPA (residues 45−143) undergoes a 13.81 rotation. The remainder of the suPAR–ATF–
SMB structures are similar to each other and to our previous suPAR–ATF structure3,
suggesting that SMB binding does not perturb the structure of the suPAR–uPA interface.

On the other hand, receptor occupancy by uPA does affect the binding of SMB to uPAR. In
the absence of uPA, the suPAR–vitronectin binding affinity was reduced by four-fold6 or
more7. uPAR oligomerization was proposed to explain this uPA effect on vitronectin binding
to uPAR7. However, it is possible that uPA has a role in stabilizing the active conformation
of uPAR, and this may explain the effect of uPA on SMB binding. In the absence of uPA,
uPAR may adopt a different conformation8 and thus affect the binding of SMB to uPAR.
Determination of the ligand-free structure of uPAR will allow further evaluation of the
structural basis of this ligand interplay.

Figure 2a shows the uPAR–SMB interface. uPAR residues Arg91, Trp32, Arg116, Arg30,
Ile63, Gln114, Arg58, Ser88, Ser56 and Ser65 (ranked according to their contact areas,
Supplementary Table 2 online) contact with SMB residues Tyr27, Tyr28, Leu24, Phe13,
Ser26, Asp22, Q29, Glu23, Ser30 and Glu20. This interface consists of an arginine-recognition
area and a hydrophobic binding area. The arginine-recognition area includes an open pocket
on SMB (residues Phe13, Tyr28 and Asp22) that binds uPAR Arg91 (Fig. 2b). Tyr27 and
Tyr28 of SMB insert into a large cavity on uPAR's surface (Fig. 2b). The phenyl ring of SMB
Tyr28 contacts with uPAR residues Ile63 and Trp32, mainly through hydrophobic interactions.
Taken together, the uPAR–SMB interface shows a high degree of shape and charge
complementarity.

The vitronectin binding surface of uPAR was mapped using a single-site alanine-scanning
point mutant library of either purified suPAR6 or full-length uPAR expressed on HEK293
cells9. In both studies, uPAR residues Try32, Arg58, Ile63, Arg91 and Tyr92 were identified
as key residues for SMB binding in the presence of uPA. On the SMB side, Gly12, Asp22,
Leu34, Tyr27, Tyr28, Asp34 and each cysteine residue forming disulfide bonds were identified
as key residues for PAI-1 binding. These results are consistent with the current structural model.

Besides uPAR, the SMB of vitronectin also binds to a very different protein, plasminogen
activation inhibitor 1 (PAI1)10. Despite the great differences between these two receptors, the
SMB uses the same set of residues for receptor recognition. Furthermore, many of these key
SMB residues (Phe13, Asp22 and Tyr27, and Leu24) adopt identical conformations, regardless
of which receptor they are binding to. The only major differences between these two SMBs
are the different side chain conformation of Tyr28 and the use of additional residues (Thr10
and Glu23) for PAI1 binding. Thus, it seems that the SMB of vitronectin uses a structurally
conserved set of residues to recognize a diverging pattern on receptors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Recognition of both the uPA N-terminal fragment (ATF) and the vitronectin SMB domain by
uPAR. Stereoview of superimposed crystal structures of the uPAR–ATF–SMB complex and
the uPAR–ATF–SMB-antibody complex are shown (the antibody is omitted for clarity). The
carbohydrate moieties of uPAR are shown in sticks. The three domains of uPAR are colored
differently.
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Figure 2.
Details of the uPAR–SMB interface. (a) Interaction of the vitronectin SMB domain with uPAR
D1 (orange) and D2 domains (magenta) in stereoview. Selected contacting residues in ball-
and-stick representation; hydrogen bonds are shown in dashed lines. (b) Residues Phe13, Tyr28
and Asp22 of vitronectin (in ribbon and transparent surface representation) form an open pocket
to bind Arg91 of uPAR (in ribbon and stick). Tyr27 and Tyr28 of the SMB domain insert into
a large cavity of uPAR, showing shape complementarity of this interface.
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