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Crystallization of soluble urokinase receptor

(suPAR) in complex with urokinase amino-terminal

fragment (1-143)

Urokinase-type plasminogen activator (urokinase, uPA) and its receptor, uPAR,
have been implicated in cell adhesion, migration, tissue remodelling and
tumour-cell invasion. uPAR has three domains and is anchored to membranes
by a glycosyl-phosphatidylinositol (GPI) anchor. Recombinant uPAR without
its GPI anchor, soluble uPAR (suPAR), tends to oligomerize, making it difficult
to crystallize. The amino-terminal fragment (ATF) of uPA is the major receptor-
binding determinant in suPAR and binds to suPAR with nanomolar affinity,
indistinguishable from membrane-bound uPAR. It is shown that uPA is capable
of dissociating the oligomerization of suPAR and the crystallization of the
suPAR-ATF complex is reported here. The resulting crystals diffract to 3.1 A
using a synchrotron X-ray source.

1. Introduction

Urokinase-type plasminogen activator (uPA) and its cellular receptor
(uPAR) have received extensive study as one of the two primary
endogenous systems that mediate plasminogen activation. More
recently, a broader role for uPA/uPAR in cell adhesion, migration,
tissue remodelling and signal transduction has been suggested
(Chapman, 1997 Preissner et al., 1999; Andreasen et al., 2000). These
proposed functions of uPA/uPAR have led to intense interest in
understanding its contribution to physiologic (wound repair, angio-
genesis) and diverse pathophysiologic (e.g. inflammation, tumour
metastasis) processes involving cell migration.

The capability of uPAR to interact with an array of extracellular
molecules is the basis of its biological functions. uPAR (CD87) (Sitrin
et al., 1994; Vassalli er al., 1985; Stoppelli et al., 1985) is a hetero-
geneously glycosylated single-chain membrane-associated protein
that can be expressed on the surface of leukocytes, endothelial and
vascular smooth muscle cells, fibroblasts, trophoblasts and various
types of tumour cells (Vassalli et al., 1991). uPAR is anchored to the
plasma membrane of cells by a glycosylphosphatidylinositol (GPI)
moiety that is added concurrently with the post-translational removal
of the COOH-terminal signal sequence at Gly283 (Ploug et al., 1991;
Moller et al., 1992). uPAR localizes and promotes the proteolytic
activities of uPA on the surface of cells (Ellis et al., 1989; Stephens et
al., 1989; Duval-Jobe & Parmely, 1994). In addition to converting
plasminogen to plasmin, uPA is capable of cleaving fibronectin,
hepatocyte growth factor and other substrates that may be implicated
in cell adhesion and migration. Plasmin generated by uPA itself has
broad proteolytic specificity and is capable of directly degrading
several extracellular matrix proteins and activating the matrix
metalloproteases (MMPs) type IV collegenase and stromolysin-1
from their zymogen forms (pro-MMPs). At a subnanomolar affinity,
uPAR binds to the somatostatin B domain of vitronectin (Wei et al.,
1994), an adhesive matrix protein that contains the Arg-Gly-Asp
(RGD) adhesion domain and serves as a ligand for several integrin
receptors. uPAR itself is also capable of binding directly to 81, 82 and
B3 containing integrin heterodimers (Magdolen et al., 1996; Butcher
& Picker, 1996; Chavakis er al., 2001; Tarui et al., 2001).

uPAR binds uPA with a K4 of 0.28 nM (Ploug et al., 1998) to form a
stable complex with a slow off-rate (Roldan et al., 1990; Cubellis et al.,
1986; Barnathan et al., 1990). The amino-terminal fragment (ATF) of
uPA (amino acids 1-143) binds to uPAR with an affinity (K, of
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0.28 nM; Ploug et al., 1998) comparable to full-length uPA. Alanine-
scanning mutagenesis has identified residues Asn22, Asn27, His29
and Trp30 in the €2 loop of the growth-factor domain of uPA as being
required for the binding to uPAR (Hoyer-Hansen er al, 1992;
Magdolen et al., 1996; Ploug et al., 1998; Quax et al., 1998).

It has been hypothesized that the mature uPAR folds into three
domains, each containing 81-87 residues (Ploug & Ellis, 1994). The
structure of uPAR and the arrangement of the three domains are
unknown. Soluble uPAR variants (suPAR), consisting of residues
1-277 without the GPI anchor, have been identified under physio-
logical conditions and in higher concentrations in pathological
conditions such as in patients with malignancy (Pappot et al., 1997,
Chavakis et al, 2001) or paroxysmal nocturnal haemoglobinuria
(Ronne et al., 1995; Gao et al., 2002). suPAR binds exogenous uPA
with a K4 in the subnanomolar range, indistinguishable from the
natural GPI-anchored full-length uPAR (Ploug & Ellis, 1994), which
indicates that suPAR is an appropriate candidate for the study of
uPA—-uPAR interactions in vitro.

uPAR was observed to dimerize in detergent-resistant lipid rafts on
cell surface (Cunningham et al., 2003). Recombinant suPAR also
tends to form an oligomer in aqueous solution at the concentrations
required for protein crystallization, posing great difficulties in
studying its crystal structure. Our studies indicate that the addition of
urokinase largely dissociates the suPAR oligomer, leading to the
formation of uPA-suPAR complexes in a 1:1 ratio (Shliom ez al.,
2000). Regulation of uPAR oligomerization by uPA was further
observed in vivo at the cellular level (Sidenius et al, 2002). Thus,
ligand binding to suPAR appears to be a reasonable approach to
obtaining homogeneous preparation of suPAR, potentially allowing
the study of its crystal structure in a biologically relevant confor-
mation. Here, we report the crystallization of the ATF-suPAR
complex and the preliminary crystallographic characterization of the
crystals.

2. Experimental
2.1. Expression of suPAR

c¢DNA encoding soluble human uPAR (amino acids 1-277) was
generated by PCR using vector pPGEM-uPAR (provided by F. Blasi,
Milan) as the template. The fragments were digested with Bg/II and
Xhol and directionally subcloned into the expression vector (pMT/
BiP/V5, Invitrogen) to yield pMT/BiP/V5-suPAR. Recombinant
wild-type suPAR was expressed using the Drosophila Schneider S2
cells (DES system, Invitrogen) according to the manufacturer’s
recommendations. For preparative expression, S2 cell-culture super-

Figure 1
Crystals of suPAR-ATF complex from different crystallization conditions: () 1.575 M ammonium sulfate, (b)
1.3 M sodium phosphate.

(b)

natants were filtered and the media loaded onto a DEAE-Sephadex
column equilibrated with 10 mM phosphate buffer pH 7.0. The
column was then eluted with a gradient of 0-0.5 M NaCl in 10 mM
phosphate buffer pH 7.0 and the suPAR-containing fractions were
identified by Western blotting. Fractions containing monomeric
suPAR were pooled, concentrated and further purified using C8
RP-HPLC. Crude suPAR (20 mg total protein) was loaded in a
volume of 2 ml onto a semi-preparative (10 x 25 cm) C8 column and
eluted at a flow rate of 4 ml min~" with a linear gradient of 0-100%
solvent B, where solvent A was 100% H,0/0.1% trifluoroacetic acid
(TFA) and solvent B was 100% acetonitrile/0.1%TFA. suPAR eluted
as a single broad peak under these conditions with a retention time of
approximately 24 min. SDS-PAGE analysis of suPAR demonstrated
a single major peak at 43 kDa under reducing conditions. Yields were
typically 15-20 mg per litre of S2 cell-culture supernatant.

2.2. Expression of urokinase amino-terminal fragment 1-143

Recombinant ATF was also expressed in the Drosophila S2 system
as a secreted protein, similar to the preparation of suPAR.
Preparative amounts of ATF were purified using SP-Sephadex in
50 mM bicine buffer pH 8.0 with a 0-0.5 M NaCl gradient. Fractions
containing ATF, identified by Western blotting using a polyclonal
antibody against urokinase (kindly provided by American Diag-
nostica), were concentrated using a Millipore YM-3 membrane and
purified using C8 RP-HPLC. Crude ATF was loaded in a 2 ml volume
onto a semi-preparative (10 x 25 cm) C8 column and eluted at a flow
rate of 4 ml min~' with a linear gradient of 0-100% solvent B, where
solvent A was 100% H,0/0.1% TFA and solvent B was 100% acet-
onitrile/0.1%TFA. ATF eluted as a single broad peak under these
conditions. Yields ranged from 10 to 20 mg protein per litre of S2
culture supernatant. The protein was characterized by SDS-PAGE
under reducing and non-reducing conditions.

2.3. Preparation of complexes of suPAR with ATF and its
crystallization

The complex was formed by incubating ATF with suPAR in a 2:1
molar ratio at room temperature in 50 mM HEPES and 100 mM
NaCl pH 7.4 and was purified using a Superdex75 gel-filtration
column and concentrated to about 5 mg ml~" for crystallization trials.
Crystals of the complex were grown in a sitting-drop setup with a
precipitant condition of either (i) 1.575 M ammonium sulfate, 0.1 M
HEPES pH 7.5 (Fig. la) or (ii) 1.3 M sodium phosphate, 0.1 M
HEPES pH 7.5 (Fig. 1b). In ammonium sulfate, crystals typically
appeared from the crystallization drop in about a week, while in
phosphate crystals took about a month to grow. For X-ray diffraction
data collection, the crystal was briefly (<1 s)
dipped into a mother-liquor solution
containing 25% ethylene glycol and imme-
diately frozen to 113 K in a liquid-nitrogen
stream prior to data collection. X-ray
diffraction data were collected either with
synchrotron X-ray sources or with an in-
house 5 kW Cu X-ray power source focused
with an Osmic confocal mirror to 0.2 x
0.2 mm and were recorded on a MAR300
image plate.

3. Results and discussion

Urokinase receptor (uPAR) interacts not
only with its ligand, urokinase, but also with
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several other cellular proteins, including vitronectin, integrins (Wei et
al., 1996), LRP (Czekay et al., 2001) and uPAR-associated protein
(uPARAP; Sheikh et al., 2000; Behrendt et al., 2000), and has been
implicated in several biological processes, such as cell adhesion,
migration, tissue remodelling, arteriosclerosis and tumour-cell inva-
sion. However, the crystal structure of uPAR and the structural basis
of its interactions with uPA and extracellular molecules remain
unknown. Here, we report the crystallization of soluble uPAR in
complex with the amino-terminal fragment (ATF) of uPA, the uPAR-
binding domain of uPA. The crystals can be formed at physiological
pH either with ammonium sulfate or sodium phosphate as precipi-
tants. The SDS-PAGE of the washed suPAR-ATF crystal (Fig. 2) is
similar to that of the starting materials, indicating the existence of
both suPAR and ATF inside the crystal.

The crystals diffracted to 3.5 A at room temperature (297 K) with
an in-house X-ray source. Freezing the crystal at low temperature
(100 K) in order to increase its lifetime in the synchrotron X-ray
beam turned out to be difficult: the crystals cracked or broke in the
majority of common cryoprotectant solutions. After an extensive
search, it was found the crystals can be flash-frozen without cracking
if soaked into the mother liquor containing 25% ethylene glycol only
very briefly (<1s) and then placed immediately into the liquid-

Mw
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600
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80
183 e

suPAR

ATF

Figure 2

Reducing SDS--PAGE (8-25%) shows that the crystals contain both suPAR and
ATF (lane 1) and are more homogeneous than the starting material (lane 2). Lane
M contains protein molecular-weight standards.

Chi = 180.0

Chi= 90.0

Table 1
Data-collection statistics for suPAR-ATF crystal from the ammonium sulfate
condition.

Values in parentheses are for the last resolution shell.

Unit-cell parameters (AD;, °) a=131.9,b=131.9, c = 106.5,

@ =90, B=90,y =120

X-ray source APS IMCA
Wavelength (A) 0.97923
Temperature (K) 100
Resolution (A) 31

Total no. of observations 232215

No. of unique reflections 16170 (1226)

Overall redundancy 144
Completeness (%) 83.6 (74.0)
Rinerget 0.131 (0.523)
Ilo(I) 6.7 (1.8)

T Rmerge(1) = 1(i) — (I(h))|/_ I(i), where I(i) is the intensity of the ith observation and (/) is
the mean intensity from multiple measurements of the Akl reflection.

nitrogen stream. Such frozen crystals diffracted to a resolution
comparable to room-temperature crystals. This protocol was used to
collect synchrotron data. Data-collection statistics are given in
Table 1.

The crystals diffracted to 3.1 A using a synchrotron X-ray source
and belong to space group P3,21 or P3,21. The suPAR-ATF crystals
contain two identical molecules in the asymmetric unit based on the
Matthews coefficient (2.56 A? Da™'), showing a solvent content of
50.0% in the crystal. The two molecules are related by a twofold axis
as shown by the self-rotation function (Fig. 3).

The crystallization of suPAR alone was unsuccessful in our hands,
presumably owing to its tendency to form oligomers in aqueous
solution at high concentration (5 mg ml™"). We showed that single-
chain urokinase (scuPA) is capable of dissociating suPAR oligomers
and formed a well behaved suPAR-uPA complex (Shliom et al.,
2000). We have tried to crystallize both suPAR-scuPA and suPAR-
ATF complexes. Only suPAR-ATF complex gave high-quality crys-
tals as reported here.

We are currently solving the phase problem of the suPAR-ATF
crystals by multiple approaches including molecular replacement and
multiple anomalous dispersion of the SeMet derivative of the
complex. The NMR structure of ATF has been published (Hansen et
al., 1994) and showed great inter-
domain variability between kringle
and growth-factor domains of ATF.
However, we have been successful
in positioning one of the NMR
models into our suPAR-ATF

RFmax = 0.1652E+07

Figure 3

Self-rotation function of suPAR-ATF data set shows the position of the twofold axis (0, 44, 108°) that relates the suPAR-

ATF dimer inside the asymmetric unit.

RFmax = 0.3958E+06

[ =7 crystal by the molecular-replace-
ment method. No appropriate
molecular-replacement model for

GRS suPAR can be found, so the struc-
& ‘\‘:,// — ture of suPAR-ATF will be further

/ approached by multiple anomalous
dispersion of the selenomethionyl
derivative of the complex. The
structure of this complex will reveal
the domain structure and domain
organization of uPAR and the
molecular details of interaction
between uPAR and its ligand,
providing a platform for rational
design of small molecules to inter-
vene in uPAR-uPA interactions.

X
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