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1. ABSTRACT 
 

The urokinase-type plasminogen activator 
receptor (uPAR or CD87) is a glycolipid-anchored 
membrane glycoprotein, which is responsible for focalizing 
plasminogen activation to the cell surface through its high-
affinity binding to the serine protease uPA. This tight 
interaction (KD less than 1 nM) is accomplished by an 
unusually large and hydrophobic binding cavity in uPAR 
that is created by a unique interdomain assembly involving 
all three homologous domains of the receptor. These 
domains belong to the Ly-6/uPAR (LU) protein domain 
family, which is defined by a consensus sequence 
predominantly based on disulfide connectivities, and they 
adopt a characteristic three-finger fold. Interestingly, the 
gene for uPAR is localized in a cluster of 6 homologous 
genes encoding proteins with multiple LU-domains.  The 
structural biology of uPAR will be reviewed with special 
emphasis on its multidomain composition and the 
interaction with its natural protein ligands, i.e. the serine 
protease uPA and the matrix protein vitronectin.  

 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Localized activation of the abundant zymogen 
plasminogen, which is present at 2 micromolar in 
plasma, represents one of the important steps in vascular 
fibrinolysis as well as in proteolytic degradation of the 
extracellular matrix. Besides degrading fibrin and other 
matrix constituents such as fibronectin, vitronectin and 
laminin, the active, broadspectrum serine protease, 
plasmin, can also indirectly affect collagen turnover by 
activating certain matrix metalloproteases (MMPs). The 
combined activities of these proteases display an 
adequate proteolytic repertoire, enabling degradation of 
most protein constituents in the extracellular matrix 
barriers. Extracellular proteolysis is believed to be 
involved in several important physiological processes 
maintaining normal tissue homeostasis such as wound 
healing, involution of post-lactational breast tissue 
and bone morphogenesis, but also during pathological 
conditions such as cancer invasion and metastasis (1-
3). 
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Figure 1. Cartoon of the involvement of uPAR in uPA-mediated plasminogen activation and in adhesion to the extracellular 
matrix. Membrane-tethered uPAR binds uPA (light blue) with high-affinity, thus restricting it to the vicinity of the cell 
membrane. Plasminogen (green) binds abundant, low-affinity lysine binding sites on the membrane. In this manner, the cell 
surface serves as a template to enhance the reciprocal zymogen activation of prouPA and plasminogen. Activation of 
plasminogen initiates degradation of the extracellular matrix directly or indirectly by activating certain pro-MMPs. uPAR also 
binds matrix-embedded vitronectin (orange), facilitating the subsequent matrix engagement of integrins (pink). These 
interactions allow cells to adhere to and migrate on vitronectin surfaces in vitro. Little is known about the interplay between 
uPAR and the integrins at the molecular level, and it is uncertain if the formation of a ternary complex between uPAR, integrin 
and vitronectin is required to elicit adhesion and migration on a vitronectin-containing extracellular matrix in vivo. 

 
Activation of plasminogen is primarily mediated 

by two serine proteases with narrow substrate specificities, 
the urokinase-type plasminogen activator (uPA) and the 
tissue-type plasminogen activator (tPA), although other 
physiologically relevant plasminogen activators may exist 
(4). The efficiency of uPA-mediated plasminogen 
activation is greatly enhanced by the specific binding of 
uPA to its high-affinity receptor on the cell surface (5). 
Mechanistically, this urokinase-type plasminogen activator 
receptor (uPAR) is believed to enhance plasminogen 
activation by tethering prouPA to the membrane, where it 
encounters a local “high concentration” of membrane-
associated plasminogen (Figure 1). Both plasmin and active 
two-chain uPA can mutually activate each others’ inactive 
zymogen forms. This phenomenon is termed reciprocal 
zymogen activation and enables the positive feedback 
amplification that is inherent to the system - as illustrated in 
Figure 1. When the membrane acts as a template 
assembling these two zymogens, their low endogenous 
activity may be sufficient to initiate the activation of this 
cascade (6). Besides plasminogen, other proteases such as 
cathepsin B (7), matriptase (8, 9) and hepsin (10) are 
capable of activating prouPA in vitro and they may 
represent additional candidates for the initiation of the 
reciprocal zymogen activation. The activities of plasmin 
and two-chain uPA are both kept in check by their 
respective serpins, alpha2-antiplasmin and plasminogen 
activator inhibitor-1, PAI-1.  

 
Membrane associations of prouPA and 

plasminogen are thus important events in the regulation of 
plasminogen activation. First, as the activation of both 
proteases is facilitated by the abovementioned template 
effect, this system favours a focused generation of the 

proteolytic activity in the immediate vicinity of the cell 
surface. Second, this focalization is further augmented by 
the selectivity of the serpin alpha2-antiplasmin. The 
efficient and fast inhibition of plasmin by alpha2-
antiplasmin requires access to both the active site of the 
protease domain and the low-affinity lysine binding sites 
present in the plasmin kringle domains. As the membrane 
association of plasmin actually occupies these low-affinity 
lysine binding sites, the surface-bound plasmin becomes 
refractory to the inhibitory effects of alpha2-antiplasmin (11). 

 
In addition to its primary involvement in the 

regulation of extracellular proteolysis, several other non-
proteolytic functions have been reported for uPA and uPAR 
in cell adhesion and migration – for recent reviews see (12, 
13). The main topic of the present review is focused on the 
protein structure of uPAR as well as various aspects of 
structure-function relationships in the interaction between 
uPAR and its bona fide ligands, uPA and vitronectin. 
  
 3. PRIMARY STRUCTURE OF uPAR 
 
 Until now, orthologous cDNA sequences 
encoding urokinase receptors from 10 different mammals 
have been published, 5 primates and 5 non-primates (14-
19). These translate into 322-336 residues precursor 
proteins, which are further truncated into 274-283 residues 
long mature receptors after removal of N- and C-terminal 
signal sequences, which ensure proper secretion and 
glycolipid anchoring, respectively. Additional 
posttranslational modifications of uPAR include processing 
of 3-7 potential N-linked glycosylation sites, attachment of 
a C-terminal glycolipid-anchor and formation of 14 
disulfide bonds. The fully processed uPAR is thus a 
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Figure 2. Schematic cartoon of the GPI-anchored uPAR. The carboxyl group of Gly283 in uPAR is via an amide bond covalently 
linked to a glycosylphosphatidylinositol moiety, which tethers uPAR to the outer leaflet of the cell membrane (20) The uPAR 
protein is shown as a ribbon diagram (DI yellow, DII blue and DIII red) with N-linked carbohydrates represented by the two 
innermost N-acetyl-glucosamine moieties and shown as white sticks. The minimal core unit of a GPI-anchor is shown to scale 
and its terminal ethanolamine (Etn) is joined to Gly283 of uPAR. The C-terminal linker region of uPAR (residues 275-283) is 
arbitrarily added as an extended strand in this cartoon as it is not defined by electron densities in any of the crystal structures 
solved (43-45). NMR and molecular dynamics studies of a GPI-anchor embedded in micelles demonstrate that the carbohydrate 
moiety is largely extended and capable of undergoing oscillatory motions (26), suggesting that the GPI-anchor forms a flexible 
linker allowing uPAR a considerable motional freedom relative to the membrane. Specific shedding of GPI-anchored uPAR from 
the cell surface can be accomplished by the action of specific phospholipases (i.e. PI-PLC and PI-PLD) or by specific proteases 
e.g. Asp-N (36) demonstrating the accessibility of this linker peptide.   
 
cysteine-rich glycoprotein of moderate size, which contains 
no protein part exposed to the cytoplasm.  
 
  3.1. Membrane attachment of uPAR via a glycolipid-
anchor 

Examination of the cDNA-derived sequence for 
human uPAR revealed the presence of a stretch of 
moderately hydrophobic residues at the C-terminus. 
Originally, this was interpreted as the putative 
transmembrane segment accounting for the membrane 
attachment of uPAR (14). However, additional biochemical 

studies demonstrated that this peptide sequence actually 
serves as a signal sequence, targeting uPAR for 
posttranslational modification with a 
glycosylphosphatidylinositol (GPI) anchor. In this 
process, the moderately hydrophobic part of the C-
terminus of uPAR is removed (20), and the newly 
formed C-terminus is linked to a preformed GPI-anchor, 
thereby tethering uPAR directly to the outer leaflet of 
the lipid bilayer (20) – as shown schematically in Figure 
2. The exact attachment site of the GPI-anchor was 
revealed by amino acid composition analysis of the 
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purified protein isolated from U937 cells (20) and later 
confirmed by site-directed mutagenesis (21). Although 
Gly283 was identified as the most probable attachment 
site in uPAR, it was nevertheless demonstrated that 
neighbouring residues could be exploited as attachment 
sites as well (21). In human uPAR, both Ser282 and 
Gly283 comply with the consensus sequence established 
for GPI-attachment (22, 23), which provides an 
explanation for the promiscuity observed by site-
directed mutagenesis for the actual GPI-anchoring site 
in human uPAR (21).  

 
Membrane anchoring via glycolipids has a 

number of functional and structural implications for this 
group of membrane proteins as compared to the traditional 
attachment via transmembrane alpha-helices or beta-barrels. A 
study based on fluorescence resonance energy transfer between 
a GPI-anchored protein and a reconstituted membrane showed 
that the GPI-anchor allows the protein to come into close 
contact with the membrane (24). Accordingly, studies by 
nuclear magnetic resonance on the structure and dynamics of 
the glycan moiety of the GPI-anchor, both as a free entity and 
embedded into lipid micelles, reveal the GPI-anchor to be 
largely extended and undergoing oscillatory movements 
relative to the membrane (25, 26). The general picture 
emerging from these studies is that the GPI-anchor 
provides a flexible linker endowing the attached protein 
with a considerable amount of spatial freedom relative to 
the membrane. This flexibility could be functionally 
important for uPAR as it would enable the receptor to adopt 
favourable orientations relative to its interaction with uPA and 
its matrix-embedded ligand, vitronectin.  

 
The GPI-anchorage also has several important 

functional implications for uPAR that are directly related to 
the dynamic partitioning and lateral mobility of uPAR in 
the plasma membrane. First, since uPAR is devoid of a 
cytoplasmic domain, and as a consequence does not 
penetrate the plasma membrane, it is a priori unable to 
elicit transmembrane signalling without recruitment of 
other proteins. Some insights into a possible mechanism 
behind signalling by GPI-anchored proteins in general have 
recently emerged from studies by single-molecule tracking 
of the GPI-anchored CD59, which showed that ligand-
induced clustering caused a transient confinement of CD59 
into a relative immobile membrane microenvironment (27). 
Importantly, this temporal arrest in lateral mobility of the 
CD59 clusters coincided with the recruitment of signalling 
molecules from the Src-kinase family and their intracellular 
interaction partners. These membrane confinements 
showed a strict requirement for the glycolipid-anchoring of 
CD59 (27). Second, the lack of a transmembrane segment 
confers GPI-anchored proteins with a higher lateral 
mobility in the absence of interactions with extracellular 
proteins (28). In line with this observation, it was proposed 
that the ligand-free uPAR possessed a high lateral mobility, 
which could be reduced by uPA binding (29). Third, a very 
important consequence of being GPI-anchored relates to 
the differential partitioning of these membrane proteins into 
specialized microdomains of the cell membrane. Generally, 
GPI-linked proteins seem to be predominantly sequestered 
in certain detergent-resistant and cholesterol/sphingolipid-

enriched microcompartments of the membrane known as 
lipid rafts (30). This distribution was also found to hold 
true for uPAR (31, 32). One important functional 
implication of this unique membrane compartmentalization 
of uPAR is related to the availability and local abundance 
of potential interaction partners. In compliance with this 
consideration, it was demonstrated that the glycolipid-
anchored uPAR preferentially interacts with soluble 
vitronectin if uPAR is sequestered in lipid rafts, as judged 
by immunoprecipitation experiments (33). The elevated 
local concentration of uPAR arising as a consequence of 
such selective partitioning and sequestering in the relative 
immobile environment of lipid rafts may thus provide 
uPAR molecules with an apparent “functional 
multivalency”. Similarly, the prevalence of uPA-mediated 
cleavage of uPAR is also higher if the uPA-uPAR 
complexes cluster in lipid rafts (33).  
 
3.1.1.  Paroxysmal nocturnal hemoglobinuria  

A unique consequence of being GPI-anchored in 
a pathological perspective is the deficient expression of 
uPAR on the cell surfaces of peripheral blood cells that are 
derived from bone marrow stem cells affected by the 
haematological disorder paroxysmal nocturnal 
haemoglobinuria, PNH (34). The common genetic defects 
causing this disease are acquired somatic mutations 
affecting the X-linked PIG-A gene, which encodes a 
subunit of the N-acetyl-glucosamine phosphatidylinositol 
transferase involved in the first step in the biosynthesis of 
GPI-anchors (35). Consequently, leukocytes affected by 
PNH secrete a soluble form of uPAR lacking the entire 
GPI-anchor and the C-terminal signal sequence, but 
maintaining its high affinity for uPA binding (36).  
  
3.2. Glycosylation pattern of human uPAR 

When analyzed by SDS-PAGE under reducing 
conditions, human uPAR appears as a single, broad band 
with a mobility corresponding to a molecular weight of 50-
60 kDa, which can be reduced to approximately 35 kDa by 
N-glycanase treatment (37-39). This demonstrates that 
human uPAR is comprised of a single polypeptide chain 
containing a high level of heterogeneous N-linked 
glycosylation. Accordingly, sequence analysis reveals that 
human uPAR contains 5 potential N-linked glycosylation 
sites located on Asn52, Asn162, Asn172, Asn200 and Asn233. 
Studies on recombinant soluble uPAR expressed by 
Chinese hamster ovary (CHO) cells demonstrate that 
carbohydrate can in fact only be recovered on the first four 
glycosylation sites (40). The impaired glycosylation of 
Asn233 is probably related to its position close to the C-
terminus, which in model systems is sufficient to abrogate 
glycosylation (41). A recombinant form of uPAR 
harbouring only short biantennary carbohydrates can be 
produced in S2 cells from Drosophila melanogaster (42). 
The uPA binding kinetics of this recombinant form is 
comparable to that of uPAR expressed in CHO cells, as 
determined by surface plasmon resonance (42). The 
homogeneous glycosylation of S2 cell-produced uPAR is 
highly advantageous for structural studies, as sample 
heterogeneity generally impedes crystallization. Thus, all 
crystal structures solved so far for human uPAR have used 
recombinant protein produced by S2 cells (43-45), and in 
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Figure 3. Domain structure of human uPAR. The upper panel shows an internal sequence alignment of the three homologous 
domains in human uPAR using Clustal W. Interdomain linker regions are omitted for clarity, and the DI is represented by 
residues 1-78, DII by residues 93-178 and DIII by residues 192-273. Positions of introns in the uPAR gene (PLAUR) dividing the 
coding regions for the individual domains into separate exon sets are shown as arrowheads. The experimentally assigned 
disulfide connectivity is shown by yellow lines (43, 49). In the lower panel, the individual domains of uPAR are shown as 
cartoon representations using the structure of uPAR solved in complex with a peptide antagonist by X-ray crystallography (pdb: 
1YWH). The following colour coding is used: beta-sheets (cyan), alpha-helices (red) and disulfide bonds (yellow). The location 
of the C-terminal GPI-attachment is indicated and the positions equivalent to the lacking consensus disulfide bond in uPAR DI 
are specified (Thr51 and Val70). 

 
two cases, selected glycosylation sites have even been 
silenced by site-directed mutagenesis (43, 45). Removal of 
the carbohydrate at Asn52 either by site-directed 
mutagenesis or by enzymatic deglycosylation causes a 
moderate effect on the affinity of uPAR towards uPA (40, 
42, 46, 47). Accordingly, the accessibility of the 
carbohydrate moiety on Asn52 for enzymatic 
deglycosylation is reduced when uPAR is bound to uPA 
(40). All other glycosylation sites can be removed without 
affecting the affinity towards uPA (42). Nonetheless, a 
combined removal of all glycosylation sites in human 
uPAR severely compromises the expression yields, 
possibly related to a reduced solubility of the product (42).  
 
4. TERTIARY STRUCTURE OF uPAR 
 
4.1. Domain structure 

Shortly after the sequencing of its isolated cDNA, 
it was noticed that uPAR was devoid of an intracellular 
protein part and that the extracellular part was comprised of 
3 repeats of a single, approximately 90 residues long, 
sequence motif (20, 48). The overall sequence identity 

between these repeated elements is relatively modest (14 to 
28% sequence identity). Nevertheless, the nature of the 
repeated motif prompted the proposal that uPAR consists of 
3 homologous domains separated by two approximately 15 
residues long linker regions. The consensus sequence 
defined by these repeated motifs is primarily based on a 
conserved pattern of cysteines and a C-terminal invariant 
asparagine; see sequence alignment in Figure 3, upper 
panel. Importantly, the experimental assignment of the 
cysteine connectivity in the first of these putative uPAR 
domains revealed that the established disulfide bonds were 
all contained within this domain I (residues 1-87) and that 
this domain concordantly can be released from the rest of 
the molecule by limited proteolysis under non-denaturing 
and non-reducing conditions (49). The linker region 
connecting uPAR domains I and II is highly susceptible to 
cleavage in vitro by chymotrypsin (48) as well as by a 
number of physiologically relevant proteases in vitro or in 
vivo such as uPA (50-52), MMP-12 (53), the type-II 
transmembrane human airway trypsin-like protease (54), 
tissue kallikrein 4 (55), neutrophil elastase and cathepsin G 
(56). The remarkable susceptibility of this region to 
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cleavage by almost any protease with trypsin-like 
specificity suggests that the linker is fully accessible, and 
presumably unstructured, as would be expected for a true 
interdomain linker region. Nonetheless, it is noteworthy 
that uPA, the natural high-affinity protease ligand for 
uPAR, also cleaves this linker region despite the fact that 
this protease has a very restricted substrate specificity, and 
only few known physiological substrates have been 
identified. In agreement, the linker between uPAR domains 
I and II does indeed contain a uPA cleavage site 
(NSGR83AV) that is almost identical to the preferred P3-
P2’ subsite specificity of uPA (SGRSA) as determined 
experimentally (57). Cleavage of uPAR in this linker 
region severely compromises both uPA binding (58) and 
vitronectin binding (51, 59), thus demonstrating that 
maintenance of the multidomain receptor status is required 
for both these interactions. The proteolytic cleavage of 
uPAR could therefore provide a possible regulatory 
mechanism to attenuate cell surface-associated 
plasminogen activation. Although this cleavage as 
mentioned above abrogates the uPAR-uPA and uPAR-
vitronectin interactions, it has been hypothesized that the 
cleaved receptor might obtain new functionalities. Multiple 
studies have thus reported that the remaining uPAR 
domains II+III fragment contains a chemotactic neoepitope, 
which allegedly assigns a function to this fragment in cell 
migration and stem cell mobilization (60-62). This 
interesting topic is, however, considered outside the scope 
of this review, and the reader is therefore referred to recent 
comprehensive reviews for further information (13, 63).  
 
4.1.1. LU-domain fold 

Database searches revealed that uPAR is 
homologous to the GPI-anchored single domain proteins of 
the Ly-6 antigen family and the secreted elapid snake 
venom alpha-neurotoxins (64). This protein domain family 
was subsequently named the Ly-6/uPAR (LU) family1. 
Members of this family comprise both secreted, GPI-
anchored as well as transmembrane type-I proteins (65). 
The three-dimensional structures have been solved for 
several of the single domain members, and they all 
confirmed the existence of a conserved fold for the LU-
domains. This structure, known as the three-finger fold, is 
dominated by three loops forming a large 5 to 6-stranded 
anti-parallel beta-sheet (Figure 4). A nomenclature for the 
secondary structure elements has been assigned for the 
three-finger fold, where the beta-strands are named 
sequentially betaA, betaB etc. (66), and this nomenclature 
has been further expanded to cover proteins containing 
multiple LU-domains, by including the individual domain 
number from the N-terminus, e.g. betaIA, betaIB etc. (43). 
All four conserved disulfide bonds are found in the 
globular base of the LU-domains from which the fingers 
(i.e. loops) protrude. While the globular core and the beta-
strands generally are preserved amongst the family 
members, more variability is allowed at the tip of the 
protruding loops. This translates into considerable 
heterogeneity in loop length, structure and ability to 
accommodate non-consensus disulfide bonds, as 
exemplified by the additional extra pair of cysteines present 
in loop 1 of all uPAR domains (Figure 3) and in loop 2 of 
certain long snake venom alpha-neurotoxins such as alpha- 

and kappa-bungarotoxin (Figure 4, upper panel). Introns in 
genes are often found in regions encoding surface-exposed 
and variable loop structures (67), and in the case of uPAR, 
these positions are accordingly localized at the tips of loop 
2 in all of its three LU-domains (Figure 3). The third loop 
of the three-finger fold also appears quite versatile as it 
may adopt a beta-hairpin formed by betaE and betaF, 
which is required for the multidomain assembly of uPAR 
(i.e. DI and DII - Figure 3) and for the homodimerization of 
kappa-bungarotoxin (68), a mixed secondary structure 
comprising either alphaE and betaF (e.g. uPAR DIII and 
CD59), or a random coil-E and betaF as observed in the 
majority of snake venom alpha-neurotoxins (Figure 4).  

 
The identification of the LU-domains in uPAR was 
originally based on a conserved set of 5 disulfide bonds and 
a single conserved asparagine (48). It was, however, 
recognized that the majority of snake venom alpha-
neurotoxins only contained 8 cysteines, which led to a 
revision of the consensus cysteine spacing for the prototype 
LU-domains (65). The non-consensus disulfide bond that 
has been found in many mammalian LU-domains is linking 
the beta-strands betaA and betaB in loop 1, and is present 
in all three uPAR domains (Figure 3), CD59 (69) and in a 
few weak alpha-neurotoxins such as bucandin and 
denmotoxin A (70, 71). For CD59, this disulfide bond 
could be deleted by site-directed mutagenesis without 
affecting the expression or function of the protein (72), and 
the corresponding disulfide bond in uPAR DI can also be 
removed without affecting uPA binding (our unpublished 
results). These observations therefore suggest that this 
particular non-conserved disulfide bond may not be strictly 
required for proper folding of the LU-domain. Many long 
chain alpha-neurotoxins contain an additional disulfide in 
the second loop, e.g. alpha- and kappa-bungarotoxins 
(Figure 4, upper panel). This additional bond was found to 
be important for the specific function, but not for the 
overall structure of these toxins (73, 74), suggesting that 
this particular disulfide bond represents a functional 
adaptation rather than a structural requirement for the 
stability of the domain fold.   
 
4.2. The uPAR-like gene cluster 
 Examination of the gene structures of human 
and mouse uPAR reveals that each of the three homologous 
uPAR domains are encoded by a separate exon set flanked 
by phase-1 introns, suggesting that the multidomain 
structure of uPAR arose by duplication of an ancestral 
single domain gene (49, 65, 75, 76). Further data-mining of 
open reading frames within 2 Mb of the PLAUR gene 
encoding human uPAR on the human chromosome 
19q13 identified several GPI-linked proteins containing 
at least 2 LU modules (Figure 5). This new gene cluster 
contains all hitherto recognized multidomain members of 
the LU-protein domain family (i.e. uPAR, C4.4A, PRV-1 
and TEX101) as well as two new candidate proteins 
(PRO4356 and GPQH2552). A few proteins having a two-
domain LU-signature have been identified in other species, 
e.g. the GPI-anchored Robo-1 in rats (77) and the secreted 
gamma-inhibitors of phospholipase A2 found in snake 
plasma (78, 79), but none of these have a human ortholog 
in the present uPAR-like gene cluster. 
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Figure 4. Consensus sequence and three-finger fold for LU-domains. Sequence alignments for a few representative members of 
the Ly-6/uPAR family are shown in the upper panel. These include secreted snake venom alpha-neurotoxins (alpha-
bungarotoxin, toxin alpha and bucandin), the GPI-anchored complement regulatory protein CD59 and the extracellular ligand-
binding domain of bone morphogenetic protein receptor type-1A (BMPRIA) belonging to the membrane type-1 TGF-beta 
receptor family. The four consensus disulfide bonds (yellow) and the invariant asparagines (red) defining the LU-domains are 
highlighted along with secondary structure elements. Individual non-conserved disulfide bonds are shown in white. The 
prototype three-finger fold for the LU-domains is shown in the lower panel as typified by the ribbon diagram representations for 
toxin alpha using the 1NEA coordinates. Consensus disulfide bonds are shown as yellow sticks, the conserved asparagine at the 
C-terminus is shown as a red stick and the beta-sheet nomenclature is indicated.  
 
 Unfortunately, none of the multidomain 
proteins we have identified so far in this uPAR-like gene 
cluster are as well characterized as uPAR from a structural 
point of view. C4.4A was originally identified as an antigen 
being upregulated in vitro in metastasizing pancreatic 
tumour cell lines (80). The association of C4.4A to 
progression of human cancer is illustrated by its expression 
in skin melanomas (81), esophagus cancer (82), and in 
particular by its strong correlation to poor survival in 
pulmonary non-small cell adenocarcinomas (83). Although 
the biochemical function of C4.4A is yet unknown, it is not 

an alternative receptor for uPA (84). No function has as yet 
been ascribed to the other multidomain members, but PRV-
1 (CD177) is a biomarker for the benign haematological 
disease polycythemia rubra vera (85), and TEX101 has 
been found to be expressed in germ cells in murine gonads 
(86).  
 
 Intriguingly, the N-terminal LU-domains of all 
these multidomain proteins represent a notable exception to 
the conserved disulfide pattern in the LU-domain fold, as 
they all lack the disulfide between cysteines 5 and 6, which 
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Figure 5. Presence of a uPAR-like gene cluster on human chromosome 19q13 encoding GPI-anchored proteins with multiple 
LU-domains. Upper panel shows a schematic representation of the 2Mb long region on human chromosome 19q13 that harbours 
at least 6 genes predicted to encode different GPI-anchored proteins containing more than one LU-domain. The predicted domain 
organization of these 6 multidomain proteins is shown schematically in the lower panel. Residues belonging to the LU consensus 
sequence are shown in the single letter code with conserved cysteine residues in yellow and the invariant asparagine in red. Also 
shown are non-consensus cysteines and the putative processing site for GPI-anchoring in white. Distances between cysteines are 
represented by dots, but longer distances are represented by the numbers shown in brackets. It is noteworthy that all intron 
boundaries are invariably found in regions encoding either the interdomain linker regions or the tip of loop 2 in the individual 
LU-domains, as indicated by white arrowheads.  
 
is found at the base of loop 3 (Figure 5). The equivalent 
disulfide bonds in the single LU-domain proteins CD59 and 
kappa-bungarotoxin are essential for their correct folding 
(72, 73). Although the apparent correlation between the 
lack of this particular disulfide bond and the repetition of 
the LU-domain within these multidomain proteins could 
merely reflect their evolutionary relatedness, it may, 

however, also reflect a structural aspect of the multidomain 
assembly in these proteins (as discussed later). 

 
4.3. Three-dimensional structure of human uPAR  

Despite a huge research effort, the first 
experimentally determined X-ray structure of uPAR was 
not published until 2005 (43). The structure was solved for
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Figure 6. Crystal structure of uPAR. Panel A shows a ribbon diagram of the structure of human uPAR. The three domains of 
uPAR cooperate to form one continuous 13-stranded bent beta-sheet. uPAR domains DI (yellow), DII (blue) and DIII (red) are 
shown in ribbon diagrams with the proximal two N-acetyl-glucosamine moieties (white sticks) that were defined by the electron 
density (pdb:1YWH). In this structure, Asn233 is exceptionally exploited for glycosylation as the structure was solved for a 
Asn200→Gln uPAR mutant with an altered processing of its potential glycosylation sites (42, 43). The asterisk marks the twined 
interaction of the beta-strand betaIID with betaIE and betaIIC. Panel B shows the equivalent surface representation of uPAR 
using the following colour coding: carbon and hydrogen (gray), oxygen (red), nitrogen (blue) and sulphur (yellow). The distinct 
and coherent grey pocket, which in this illustration is circumscribed by a white hatched line, represents the hydrophobic binding 
cavity in uPAR with a high density of exposed aliphatic groups. Panel C is a close-up of the hinge region between DI and DII, 
which is centred on the split interaction of the bent betaIID with betaIE and betaIIC. The position of Gly146 is highlighted. Panel 
D illustrates the uPAR-bound peptide antagonist AE147 having the sequence K-S-D-Cha-F-s-k-Y-L-W-S-S-K. The receptor is 
shown in a surface representation in wheat, whereas the peptide antagonist is represented by a ribbon diagram with side chains 
important for uPAR binding as white sticks. The antagonist peptide contacts part of a hydrophobic patch and sequesters it from 
the solvent. 

 
a complex between a soluble version of human uPAR 
expressed in S2 cells and a high-affinity linear peptide 
antagonist of uPA binding developed by combinatorial 
chemistry (87). Reassuringly, this crystal structure 
confirmed and further substantiated the proposition 
advanced 11 years before (64) that uPAR consists of three 
homologous LU-domains each adopting the expected three-
finger fold (Figure 3). In this structure, uPAR domains I 
and II each possess six beta-strands, whereas domain III 
only has 5, as an alpha-helix occupies the one side of loop 3 
in this domain (alphaIIIE). The assembly of the multidomain 
structure of uPAR is accomplished by extensive beta-strand 
interactions between the individual domains, creating a large 
continuous 13-strand antiparallel beta-sheet, which bends into 

a croissant-like topology (Figure 6A and B). In particular, the 
unusual bending of the betaIID strand, which is centered on 
Gly146, enables a shared interaction with beta-strands in 
both DI (betaIE) and DII (betaIIC), as illustrated in Figure 
6C. An equivalently organized interface is also created 
between uPAR DII and DIII by the engagement of the 
analogous beta-strands, i.e. a bent betaIIE and betaIIID. 
The first loops in DII and DIII do not participate in the 
formation of the large central beta-sheet, as their beta-
strands form two separate sheets (betaIIA-betaIIB and 
betaIIIA-betaIIIB). Nevertheless, more than 1000 Å2 of 
the total DI-DII interface is provided by residues 94-
115, located in the small detached beta-sheet formed by 
betaIIA and betaIIB.  
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As mentioned previously, the N-terminal uPAR 
DI lacks a particular disulfide bond that links cysteines 5-6 
in the consensus for the LU-domain and which is 
considered indispensable for the correct folding of the 
single domain proteins (72, 73). As illustrated in Figure 3B, 
the Calpha atoms of Thr51 and Val70, which occupy the 
positions equivalent to those of the missing consensus 
cysteines, are only 6 Å apart, which is within the range that 
can be accommodated by a disulfide bond. Although the 
side chain of Thr51 is rotated away from uPAR DI towards 
DII, it nevertheless seems plausible that the molecular 
architecture of uPAR would actually allow this disulfide to 
be formed. It is, however, noteworthy that introduction of 
this disulfide bond might significantly influence the 
dynamics of the interactions between DI and DII, since it 
would be located at the base of the third finger linking 
betaIE and betaIF. This loop provides the main interface 
with domain II, where betaIE in particular engages the bent 
betaIID joining the central beta-sheets of these two 
domains (43). 

 
The croissant-like overall folding topology of the 

multidomain uPAR creates an “asymmetric” globular 
structure, where the convex outer surface of the large 
central beta-sheet harbours the five potential N-linked 
glycosylation sites (shown as white sticks in Figure 6A). 
Intriguingly, the concave side of the central beta-sheet 
forms a relatively large and conspicuous cavity, which is 
approximately 19 Å deep and involves elements from all 3 
LU-domains (Figure 6B). The bottom of this cavity is lined 
with a hydrophobic surface dominated by exposed aliphatic 
side chains residing in DI and DII, i.e Ile28, Val29, Leu31, 
Leu38, Leu40, Leu55, Leu66, Leu123, Val125, Leu144, Leu150 
and Leu168 (Figure 6B). The antagonist peptide, which was 
instrumental for solving the initial crystal structure of 
uPAR (43), is efficiently embedded in the central cavity, 
where it buries approximately 2000 Å2 of the solvent 
accessible receptor surface (Figure 6D). The pronounced 
hydrophobicity of this receptor-ligand interface is likely to 
contribute significantly to the subnanomolar affinity and in 
particular the low off-rates determined for the AE105-
uPAR complex, which is comparable to that of the cognate 
protein ligand, uPA (87, 88). Further substantiating the 
importance of this cavity in uPAR is the early observation 
that the extrinsic fluorophore 8-anilino-1-naphthalene 
sulfonate (ANS) binds a hydrophobic, surface-exposed site 
on uPAR, which is only available in the intact, unoccupied 
receptor (58). The unique topology of the ligand-binding 
cavity in uPAR combined with certain structural 
similarities between the bound peptide and the receptor-
binding module of uPA allowed the modelling of a uPAR-
GFD complex in which the hydrophobic receptor cavity is 
occupied by the beta-hairpin of GFD (43). The overall 
topology of this model was later confirmed when the 
structure of the ATF-uPAR complex was solved by X-ray 
crystallography (44, 45), as discussed in section 5.1.2. 
From the overall topology of the uPAR-peptide complex, it 
is doubtful whether this structure is indeed identical to that 
of the unoccupied receptor, as the entropic costs of 
maintaining such a large solvent-exposed, hydrophobic 
binding site is considerable (Figure 6B). It has accordingly 
been speculated that unoccupied uPAR undergoes some 

kind of rearrangement to shield the vacant ligand-binding 
cavity (89). Some residual surface exposure of this cavity is 
nevertheless maintained in the ligand-free receptor, as 
assessed by the ANS fluorescence properties of purified 
recombinant uPAR (58) and by the observation that Tyr57 
in the cavity is readily modified by tetranitromethane in the 
unoccupied receptor (90).    

 
5. STRUCTURAL BASIS FOR LIGAND BINDING TO 
uPAR 

 
A relatively large number of potential biological 

ligands for uPAR have been identified using a plethora of 
different detection methods. Besides the bona fide high-
affinity protease ligand uPA, which provided the name for 
uPAR, several other possible interaction partners have been 
reported. These include such functionally diverse proteins 
as: vitronectin (91, 92), the integrins alpha5beta1, 
alphaMbeta2, alpha3beta1 and alphavbeta3 (93-97), the 
endocytic collagen receptor uPARAP/Endo180 (98), the 
activated extrinsic coagulation factor kininogen HKa (99) 
and the G-coupled FPRL1 receptor (62). The present 
review will, however, mainly focus on structural aspects of 
uPA and vitronectin binding to uPAR as these two 
interactions are the only ones that have been characterized 
in detail at the molecular level.   

  
5.1. The uPA-uPAR interaction 

The interaction between uPAR and uPA or its 
zymogen prouPA is relatively tight with a KD of 0.2-1 nM 
(100), and this interaction is now thoroughly characterized 
both functionally and structurally. The overall topology of 
the bimolecular complex allows receptor-bound prouPA to 
be activated by plasmin, albeit this occurs with a slightly 
lower efficiency when comparing preformed soluble 
uPAR-prouPA complexes with free prouPA (101). 
Importantly, these studies also demonstrate that the 
zymogenicity of prouPA is not altered as a consequence of 
uPAR binding (101), and uPAR does therefore not function 
as a cofactor for prouPA in strict molecular terms as do 
streptokinase and staphylokinase for plasminogen 
activation (102). In the following section, the structure of 
uPA will be briefly reviewed with special emphasis on its 
interaction with uPAR.  

 
5.1.1. Structure of uPA   

The modular serine protease uPA is secreted as a 
411 residues long single-chain zymogen (prouPA), which 
can be activated by e.g. plasmin to a two-chain active 
protease by a single specific cleavage after Lys158. The 
modular N-terminal region of uPA is composed of two 
structural domains, i.e. the N-terminal growth factor-like 
domain (GFD, residues 1-48) and a kringle domain 
(residues 49-131), followed by a connective peptide 
(residues 132-158) harbouring the activation site. For 
historical reasons, the modular part of uPA is denoted the 
amino terminal fragment (ATF) as this fragment can be 
generated spontaneously in purified prouPA preparations 
by various protease impurities (103). The C-terminal serine 
protease domain of uPA (residues 159-411) adopts the 
archetypical trypsin-like fold (104), where the interface 
between two symmetrical 6-stranded beta-barrels harbours 
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Figure 7. Structures of the serine protease domain and ATF of uPA. Panel A depicts the crystal structure of the catalytic domain 
of uPA (pdb: 1LMW) as a ribbon diagram with disulfide bonds shown as yellow sticks (104). Residues of the catalytic triad are 
illustrated by sticks. Panel B shows the solution structure of ATF in a ribbon diagram representation (pdb: 1URK). The side 
chains that have been determined to be important for binding to uPAR are highlighted, i.e. Tyr24, Phe25, Ile28 and Trp30 in GFD. 

 
the catalytic triad (Asp102, His205 and Ser356), as shown in 
Figure 7A. Extensive structure-activity relationship studies 
have been performed to optimize the interaction between 
small organochemicals or peptide-based antagonists and the 
substrate recognition subsites in uPA (105, 106). 

 
The main determinants for the interaction 

between uPAR and uPA reside in the N-terminal GFD, 
which maintains a high-affinity interaction with uPAR as 
an independent module (100, 107). Studies by chemical 
protection, site-directed mutagenesis and synthetic peptides 
reveal that the central beta-hairpin and in particular Lys23, 
Tyr24, Phe25, Ile28 and Trp30 in GFD are involved in the 
interaction with uPAR (65, 90, 107-110). No experimental 
structure of two-chain uPA or prouPA has been reported, 
but the structures of the isolated serine protease domain 
(104) and ATF have been solved (45, 111), as illustrated in 
Figure 7A & B. Biophysical studies performed on intact 
uPA by NMR and differential scanning calorimetry suggest 
that the GFD and kringle domains have a high degree of 
motional freedom relative to the serine protease domain 
and that these domains denature independently (112-114). 
Accordingly, the solution structure of ATF shows few 
interactions between the kringle domain and GFD (111). 
This proposition was further consolidated by studies on the 
NMR relaxation properties of the molecule, demonstrating 
that the domains tumble independently (115). Surprisingly, 
the crystal structures subsequently solved for free ATF as 
well as for ATF in complex with uPAR both revealed an 
unexpected interaction between GFD and the kringle 
through a distinct hydrophobic interface (44, 45). What is 
the significance of this apparent inconsistency? A closer 
examination of the original data used to solve the solution 
structure of ATF indicated the existence of a transient 

interdomain interaction, since three long range interactions 
were recorded between Ile44 in GFD and Tyr101 in the 
kringle (111), and these residues are indeed located at the 
domain interface identified by the crystal structures of ATF 
(44, 45). The inconsistency between the reported NMR and 
X-ray structures for ATF can therefore be rationalized by 
the proposition that both states of ATF are populated in 
solution, but crystallization locks the domains into the least 
dynamic of their states, where the kringle domain and the 
growth factor domain interact through a hydrophobic 
interface.  

 
5.1.2. Structure of ATF-uPAR 

The structure of uPAR in complex with ATF was 
reported in 2006 by two independent groups, thus 
providing valuable insights into the molecular basis for the 
high affinity of the ATF-uPAR interaction (44, 45). The 
complex was initially crystallized in the presence of a Fab 
fragment from a monoclonal anti-uPAR antibody having its 
epitope localized on uPAR DIII (116). The structure solved 
for this ATF-uPAR-Fab complex was subsequently 
recapitulated by an independent study on a bimolecular 
ATF-uPAR complex (45). In accordance with initial 
modeling studies (43, 117), the crystal structures solved for 
the ATF-uPAR complexes clearly show that the beta-
hairpin of GFD inserts deeply into the central cavity of the 
receptor, where it engages and completely shields the 
hydrophobic surface lining of the cavity (Figure 8A). A 
total of 1171 Å2 of solvent-accessible surface area in uPAR 
is buried at the interface upon complex formation (44). The 
ATF-uPAR interface defined by the crystal structure 
harbours most of the residues previously identified as being 
functionally important for the thermodynamics of the 
interaction by site-directed mutagenesis, i.e. Lys23, Tyr24, 
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Figure 8. Structure of ATF-uPAR complex. The crystal structure solved for the ATF-uPAR complex is shown in panel A as a 
ribbon diagram representation (pdb: 2FD6) (44). The position of Asp140 is indicated by the asterisk, and the color coding for the 
individual uPAR domains is identical to the one used in Figure 6. A surface representation of uPAR with the bound GFD as a 
ribbon diagram is shown in panel B. Residues in uPAR contributing to the energetics of the complex formation are shown in red 
(change larger than 1 kcal/mol) and orange (change between 0.5 and 1 kcal/mol), as assessed by alanine scanning mutagenesis 
(117). Again the position of Asp140 in the loop connecting betaIIC and betaIID is identified by an asterisk. Superimpositions of 
the structures solved for the two different uPAR complexes are shown in panels C & D, where the ribbon diagram representing 
the peptide complex is shown in transparent dark grey.  The structures were superimposed on DII in panel C and on DI in panel 
D. The closure of the breach between DI and DIII is illustrated in panel C with the established interdomain contacts highlighted 
by the hydrogen bonding between the relevant amino acids shown as dashed lines. The repositioning of Asp140 is shown in panel 
D.  

 
Phe25, Ile28 and Trp30 in uPA (108), Arg25, Thr27, Leu40, 
Lys50, Arg53, Leu55, Tyr57 and Leu66 in uPAR DI, and 
Val125, Thr127, Asp140, Asp141, Leu150, Pro151 and Leu168 in 
uPAR DII, as illustrated in Figure 8B (46, 117).   

 
 As opposed to the intimate engagement of 

GFD in receptor binding, the crystal structures also reveal 
that the kringle domain of uPA only loosely docks against 
uPAR DI outside the central cavity, where His87 in the 
kringle forms van der Waals contact with Asp11 in uPAR 
(44). Neither this interaction nor the intramolecular 
interaction between the kringle and GFD modules 
described previously seem, however, to contribute 
significantly to the kinetics of the ATF-uPAR interaction, 
as only moderate changes in the kinetic rate constants could 
be revealed for the binding of GFD and ATF to uPARwt or 
uPARD11A by surface plasmon resonance (100, 117). 

Nonetheless, one report seems to argue for an undefined 
“stabilizing” role of the kringle domain in the uPA-uPAR 
interaction (118). The spatial proximity between the kringle 
domain in uPA and uPAR DI is actually exploited by the 
widely used chemical cross-linking assay for detection of 
uPAR using 125I-labelled ATF and amine reactive, 
homobifunctional cross-linkers (37-39, 47, 48, 117). 
Studies on the impact of individually replacing all lysine 
residues present in either uPAR or ATF by alanine 
demonstrate that the specific target sites of these chemical 
cross-linkers are Lys43 in uPAR and Lys98 in uPA (117). 
The distance of 10.8 Å between the corresponding target 
episilon-amino groups in the ATF-uPAR is well within the 
range of the employed cross-linkers. The failure of 
detecting the orthologous murine complexes by this method 
is accounted for by the replacement of this particular Lys43 
by arginine in mouse uPAR (117).  
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Intriguingly, the crystal structures solved for 
uPAR complexes with either the peptide antagonist or ATF 
display notable differences, which could have a bearing on 
the dynamic assembly of the multidomain receptor. 
Superimposition of the two structures reveals that the open 
croissant-like topology of uPAR in the peptide complex is 
transformed into a more closed and condensed structure in 
the ATF-uPAR complex (44). This is in part accomplished 
by an approximately 20 degree rotation of DI towards 
DII+DIII in the ATF-uPAR complex. As a consequence, 
the breach observed between uPAR DI and DIII in the 
peptide complex undergoes a closure in the ATF complex, 
and new interdomain contacts are now being established 
between the side chains of Lys50 and Arg53 in DI to Asp254 
in DIII as well as between His47 in DI and Asn259 in DIII 
(Figure 8C). The magnitude of this movement is illustrated 
by the difference in the Nepsilon2-Odelta1 distances between 
His47 and Asn259 in the two complexes, which is 2.9 Å in 
the ATF complex (44) compared to 12.1 Å in the peptide 
complex (43). Another noteworthy difference between 
these structures is the repositioning of Asp140 situated in the 
loop between betaIIC and betaIID, which moves 
approximately 10 Å towards the entrance of the central 
binding cavity in the ATF complex (Figures 8B & 8D). 
Here, Asp140 forms a hydrogen bond to Ser21 in GFD, and 
the loop closes the occupied ligand-binding cavity like a lid 
(44). The functional importance of this particular residue is 
implicated by the huge impact on koff recorded for the 
prouPA-uPARD140A complex by surface plasmon resonance 
(117).  

 
 
A thorough kinetic study on the prouPA-uPAR 

interaction using a library of purified single-site alanine 
mutants of uPAR has provided a valuable functional 
correlation to the solved crystal structures (117). First and 
foremost, this study identified those residues in the binding 
cavity (i.e. structural epitope) that actually provide a 
thermodynamic contribution to uPA binding (i.e. functional 
epitope), which is illustrated in Figure 8B. As a valuable 
spin-off from these experiments, the alanine scanning 
mutagenesis also provides some information on the 
interdomain stability in uPAR. Analysis of uPA binding to 
these single-site uPAR mutants identified several receptor 
residues that are sensitive to alanine replacements, but do 
not contact uPA directly in the crystal structure. These 
residues probably have an indirect effect on the topology of 
the binding cavity by stabilizing the multidomain structure 
of uPAR. In line with this argument, residues buried at the 
interface between uPAR DI and DII are often particularly 
sensitive to alanine mutations, e.g. those located in the 
beta-hairpin formed by betaIIA and betaIIB (i.e. Ser97, 
Asp102, Ser104 and Leu113) or in the aforementioned bent 
betaIID strand (i.e. His143, Leu144, Arg145, Gly146 and 
Gly148). Maintenance of high-affinity uPA binding is 
therefore tightly linked to the correct assembly of the 
interface between DI and DII. Examination of the 
corresponding interface between uPAR DII and DIII 
reveals that this interaction is much more resilient to single-
site mutagenesis, suggesting that uPA binding is less 
dependent on subtle changes in the relative orientation of 
these two domains. This proposition is in accordance with 

the observation that none of the residues in uPAR DIII have 
a significant impact on the kinetics of the prouPA-uPAR 
interaction when mutated individually to alanine (117).    

 
5.2. The vitronectin-uPAR interaction 

The extracellular matrix glycoprotein vitronectin 
represents another well-characterized protein ligand for 
uPAR. The first indication for a functional relationship 
between these two proteins came from the observation that 
cytokine-stimulated human myeloid cells up-regulate 
uPAR and adhere to serum-coated surfaces in a uPA-
dependent manner (119). It was subsequently demonstrated 
that uPAR interacts directly with the matrix form of 
vitronectin, independent of any integrin involvement as the 
adherence persists in the presence of EDTA and RGD 
peptides (91, 92). Importantly, it was further demonstrated 
both in cell adhesion assays and in purified systems that the 
uPAR-vitronectin interaction is regulated by the receptor 
occupancy with prouPA (59, 91, 120-123). Maintenance of 
the multidomain structure of uPAR is hence a prerequisite 
for its interaction with vitronectin, as outlined previously 
for uPA binding (51). From a functional point of view, 
several studies using uPAR-transfected cell lines have 
demonstrated that the uPAR-vitronectin interaction elicits 
pronounced alterations in cell morphology and activation of 
signal pathways leading to increased cell adhesion and 
migration (124, 125). In primary human microvascular 
endothelial cells, this interaction is also of functional 
significance, as uPAR and prouPA co-localize at focal 
adhesion sites in a vitronectin-dependent process (126). 

 
5.2.1. Structure of the SMB domain of vitronectin 

 Vitronectin is a 75 kDa adhesive glycoprotein, 
which is found as an abundant soluble protein in plasma (5 
micromolar) as well as a sequestered form in the 
extracellular matrix, where it provides a functional 
interactive surface. This extended matrix form of 
vitronectin binds a number of different ligands including 
integrins, PAI-1, uPAR, uPA, plasminogen and heparin 
(127). The single-chain vitronectin is composed of an NH2-
terminal somatomedin B domain (SMB, residues 1-44), 
followed by a long connecting peptide (CP, residues 45-
131) harbouring the integrin binding signature Arg-Gly-
Asp47 and finally two hemopexin-like domains (HP, 
residues 131-459), as shown schematically in Figure 9A. 
So far, no experimental high-resolution structure for intact 
vitronectin has been solved, but modelling studies have 
been attempted using low resolution data from small-angle 
X-ray scattering and computational threading, which 
portray vitronectin as a 110 Å elongated peanut-shaped 
molecule (128). Although the small NH2-terminal SMB 
domain has been studied extensively as an isolated 
fragment, a significant ambiguity nevertheless exists in the 
literature regarding its disulfide pairing (129-133) and its 
three-dimensional structure (134-137). This controversy 
appears, however, now to be resolved by comparing the 
function and stability of plasma vitronectin-derived SMB 
with that of chemically synthesized SMB variants with 
predefined disulfide connectivities (132) using hydrogen-
deuterium exchange and NMR (135). These studies 
corroborate the original disulfide connectivity and protein 
structure of SMB that were derived by X-ray 
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Figure 9. Model of the SMB-uPAR-ATF complex.  The domain organization of human full-length vitronectin is illustrated 
schematically in panel A by the bar, where the positions of epitopes for selected ligands are roughly indicated. HP is hemopexin 
and CP is connecting peptide. Panel B shows the solution structure of SMB (pdb: 2JQ8) as a ribbon diagram. The 4 disulfide 
bonds are shown as yellow sticks.  Residues involved in PAI-1 and uPAR binding are shown as white sticks, and they form a 
small surface-exposed hydrophobic cluster. The molecular interface between PAI-1 (in grey) and SMB is shown in panel C as a 
ribbon diagram with essential amino acids shown as sticks (pdb: 1OC0). The distinct ionic interaction between Arg101 in PAI-1 
and Asp22 in SMB is highlighted. A manual docking model of the SMB-uPAR-ATF complex based on the identification of the 
complementary functional epitopes in SMB and uPAR is shown in panel D (122) using the pdb coordinates 2FD6 and 1OC0. 
This model suggests the absence of a direct interaction between the kringle of uPA and SMB in the ternary complex. 

 
crystallography for an SMB-PAI-1 complex (137). SMB 
folds into a roughly globular module with little secondary 

structure, but having a tightly disulfide crosslinked core 
(Figures 9B and 9C).    
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A non-exhaustive alanine scanning mutagenesis 
of the SMB domain identified the functional epitope for the 
SMB-uPAR interaction, and it includes residues Phe13, 
Asp22, Leu24, Tyr27 and Tyr28 (122, 138). These residues 
form a compact, hydrophobic epitope on the surface of the 
unbound SMB domain, as shown in Figure 9B. 
Intriguingly, the same residues have been found to be 
important for PAI-1 binding (138), and the structure 
solved for the SMB-PAI-1 complex reveals that these 
residues are indeed located at the intermolecular 
interface (137). A noticeable property of this interface is the 
ionic bond formed between Asp22 in SMB and Arg101 in PAI-
1, where the methylene groups of Arg101 are shielded by the 
aromatic side chains of Phe13 and Tyr28 in SMB.  In 
accordance with the significant overlap of the functional 
epitopes on SMB for uPAR and PAI-1 binding, it has been 
demonstrated that PAI-1 efficiently competes uPAR binding to 
vitronectin (51, 139). Along the same lines, it has been 
demonstrated that PAI-1 also inhibits integrin-mediated cell 
adhesion by binding to the SMB domain and thereby sterically 
constraining the accessibility to the adjacent RGD motif (140). 

 
5.2.2. Model of the ATF-uPAR-SMB 

So far, no crystal structures for the ATF-uPAR-
SMB complex has been reported. As alluded to above, the 
binding epitope for uPAR on vitronectin resides primarily on 
the SMB domain, and the involved residues have been 
identified by site-directed mutagenesis and are highlighted in 
Figure 9B (122, 138, 141). The corresponding binding 
interface for vitronectin on human uPAR was identified by 
exhaustive site-directed mutagenesis interrogating 244 
individual positions in the receptor for their importance in 
vitronectin binding of preformed prouPA-uPAR complexes 
(122). Only 5 out of the 244 positions tested in uPAR were 
defined as contributing significantly to the thermodynamics 
of the prouPA-uPAR-vitronectin interaction, and 
reassuringly, they all cluster in a coherent, surface-exposed 
site located outside the interface occupied by ATF, i.e. 
Trp30, Arg58 and Ile63 in DI, as well as Arg91 and Tyr92 in 
the linker region connecting DI and DII. The composite 
nature of this binding site provides a straightforward 
explanation for the sensitivity of vitronectin binding to 
cleavage of the linker region between uPAR DI and DII 
(51). Equilibrium binding studies by surface plasmon 
resonance emphasize the importance of these residues in 
the interaction with the isolated SMB domain as well, 
suggesting that this site primarily interacts with SMB. 
Identification of the two complementary functional 
epitopes in the uPAR-SMB complex thus enables a 
tentative positioning of the SMB domain onto the crystal 
structure of the uPAR-ATF complex, as illustrated in 
Figure 9D (122). Such preliminary docking experiments 
suggest that a direct interaction between Arg91 in uPAR and 
Asp22 in the SMB domain is indeed possible and that the 
intermolecular interface may to some extent resemble that 
of the SMB-PAI-1 complex. Nonetheless, it should be 
emphasized that the affinity of the two interactions are 
vastly different as the KD for PAI-1 is 0.3 nM (141), 
compared to 1.9 x 103 nM for uPAR (122). 

 
It has been reported by several groups that the 

interaction between uPAR and vitronectin to a large extent 

is controlled by the receptor occupancy with prouPA (91, 
122, 123). Full-length uPA and ATF, but not GFD, were 
found to enhance the affinity of uPAR for immobilized 
vitronectin using purified components, suggesting a 
possible role of the kringle domain of uPA in this 
interaction. Inspection of our docking model for the 
trimolecular ATF-uPAR-SMB complex does not, however, 
support the proposal of an additional contribution to the 
affinity by a direct interaction between the bound SMB 
and the kringle domain of uPA (Figure 9D). 
Accordingly, we find that the affinity for the SMB 
domain alone is indeed increased 4-5 fold by saturation 
of uPAR with either prouPA or ATF, but surprisingly, 
GFD binding mounts an identical increase in the affinity 
for SMB (122), which is clearly different to the effects 
observed in the solid-phase binding assay using full-
length immobilized vitronectin (122, 123). It could 
therefore be speculated that prouPA and ATF may 
contain an additional binding site for vitronectin that is 
located outside the SMB domain. Such a secondary 
interaction has been reported previously, but has not 
been substantiated beyond the initial report (142).  
 
6. CONCLUSIONS AND FUTURE PERSPECTIVES 
 
With the access to the crystal structures solved for uPAR in 
complex with ATF and a linear peptide antagonist, the 
molecular basis for the interaction between uPAR and its 
potential protein ligands can be explored with much more 
confidence. In particular, the often inconsistent data 
obtained previously from diverse functional studies on 
specified uPAR mutants can now be evaluated in a much 
more rigorous structural context. One of the central 
structural issues that still remains to be solved is the 
structure of the unoccupied uPAR to delineate how this 
receptor thermodynamically can accommodate such a 
large and empty hydrophobic binding cavity. Another 
important aspect is the structure of the prouPA-uPAR 
complex with special emphasis on the position of the 
activation site of uPA relative to the receptor. With a 
view to the numerous potential binding partners 
proposed for uPAR, it will also be important to obtain 
more consistent structural data on these interactions to 
allow their rational manipulation in a well-defined 
functional and structural setting. Such knowledge will be 
essential for the rational development of specific drug 
candidates targeting uPAR during cancer patient 
management.   
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