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Placental microvillous b hibited ble binding of i i with platean

achieved Iry 30 min at 4°C and 10 min at 37° C. The binding was essentially m-evelsuble. The capacity was about 8 pmol

kil brane protein. Half-maximal displ. of 15 LIabelled urokinase was achieved with about 1.0
M mhbelled urokinase when using 75 g membrane protein /ml. '*I-labelled urokinasc did not bind when treated
with diisopropylfiuorophosphate to block the catalytic activity. Smg!ewham urokinase (prourokinase), devoid of
catalytic activity, did not bind. Catalytically active tissue-type pt i did compete with '*I-labelled
urokinase for binding although less efficiently than urokinase. Binding activity remained in the 100000 X g peliet after
treatment of the membranes with 3 M KC), alkaline stripping at pH 12 or extraction by the detergent Tritor: X-100. The
binding was essentially blocked by antibodies against plasminogen activator inhibitor-type-2 (PAl-2). Sodium dodecyl

sulfate polyacrylamide gel electrophoresis of solubillzed membranes wnlh bound '**I-labelled urokinase showed that the

urokinase-PAI-2 Il

largely migrated in fi

g (0 2 very IargeM dthonghmdurlyderned

peaks were observed. It is suggested that PAI-2 occurs in a form h to syncy microvilli, possibly to

the cytoskeleton.

Introduction

Uroki s appears to play
an 1mponant role for the degradation of extracellular
matrix in a variety of normal and pathological processes
including invasive growth of trophoblasts and cancer

mologous pregnancy zone protein and a variety of pro-
temases [4). These may help to maintain the balance
lytic and i activity on or

near the surface of the syncyuouophoblast
The present study was initiated to elucidate whether
the surface of the syncyuotrophoblast has blndmg sites
of the

cells (for review, see Ref. 1). Cultured cy phobl
from term pl can hetize and secrete uroki
2] which mauy in part account for the previously da-
scribed capacity of this cell type to degrade extracellular
matrix [3]. The human placenta has specific and satura-
ble binding sites for hormones (e.g. insulin), growth
factors (e.g. epidermal growth factor), proteins im-
portant for transfer of nutrieats (e.g. transferrin), and
immunoglobuhns (IgG). We recently reported that
also have a binding site
for ! b .y globulin or the ho-
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for k with the p 1|
activity. This might occur in two ways. The binding may
leave the catalytic site free to interact with substrate as
appears to be the case with urokinase receptors de-
scribed in several cultured cell lines [1,5). Alternatively,
binding might occur to membrane components inter-
acting with the catalytic site of urokinase and thereby
quenchmg its ac!wlty in analogy with the action of
inhibi type 1 or 2 (PAL-1 or
2) released from various cell types [1].

Materials and Methods

A commercial urokinase preparation (Serono,
Switzerland) was purified further by affinity chromatog-
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raphy using a S bilized lonal anti-
body directed against the B-chain [6). The resulting
preparation contained more than 90% 54 kDa urokinase

with a minor of iow far weight
urokinase (about 33 kDa).
This was iodi d using chlo-

ramine-T as the ox:dxzmg agent. In brief. about 100
pmel '*1~ (Amersham, UK, 8-10°% Bq in 4 pl) was
added to 100 pmol urokinase (20 ul in 0.2 M NaHPO,,
pH 8.0) followed by 2.5 pl chloramine-T (1 mg/ml).
Incubation with mixing was carried out for 2 min at
20°C followed by the addition of 200 g1 0.1 M Tris,
0.1% Triton X-100, 1% bovine serum albumin (pH 8.1).
Incorporation of iodine into protein averaged 50%.
Labelled urokinase was separated from '*I” by gel
filtration on Sephadex G-50F using the Tris-Triton-al-
bumin buffer (pH 7.4).

Labelled or unlabelled urokinase was inactivated by
the addition of diisopropylfluorophosphate to 1 mg,/ml
followed by incubation at 37°C, pH 8.1, for 60 min.
‘This procedure was repeated once. About 85% of the
1251 activity was in 54 kDa urokinase and about 15% in
the low molecular weight urokinase.

Prourokinase (single-chain urokinase) was prepared
from serum-free conditioned medium of the human
fibrosarcoma cell line HT-1080 by immunoaffinity

h phy [6]. P: ki was converted to ac-
tive 54 kDa urokinase by incubation with plasmin [7].
The reaction was stopped by the addition of trasylol to
0.1 mg/ml. Control experiments in the continued pres-
ence of trasylol showed no conversion of the pro-
urokinase,

Single-chain and t hain tissue-type

was p d as described [8].

The preparauon of goat anti-PAI-2 [9] and mono-
clonal anti-PAI-2 [10] has been described previously.
The polyclonal anti-PAI-2 does not crossreact with
PAI-1 [11]. Placental nucrovxllous membrancs were pre-

ifuged for 16 h at 100000 X g. This causes a fur-
ther 2.fold enrichment of 5’-nucleotidase and has been
reported free of specific enzyme markers for subcellular
contaminants [14). The pellet was washed twice in 150
mM NaCl, 10 mM Hepes, 1% bovine serum albumin
pH 7.4) and the membranes (about 4 mg protein/ml)
were stored in that buffer at —50°C. All solutions
d 2 mM phenylmeth Iphonyl fluoride
(PMSF) and the procedures were carried out at 4°C,

The binding experiments were carried out as follows
unless otherwise stated. Membranes (15 pg protein)
were incubated in 200 pl of the above-mentioned buffer
plus 5 ug digitonin (Sigma) purified as described previ-
ously [15]. The incubations were stopped by passing 150
1 incubate through 0.2 pm Millipore filters (GVWP)
soaked in the incubation buffer followed by wash with 2
ml ice-cold buffer. The results are the mean values of
triplicate incubations unless otherwise stated. The coef-
ficient of variation between replicates was about 5%, cf.
Fig. 2. All experiments were carried out at least four
times and representative experiments are shown.

Memb protein i were
according to Bradford [16] using bovine serum albumin
as standard.

Electrophoresis was carried out in the Lacmmli sys-
tem [17] using 80 mm long, 0.4 mm thick acrylamide/
bisacrylamide 30:0.8 slab gels (stacking gel 4%, running
gel 8-16%) and.a sample size of 30 ul. After electro-
phoresis the gel was dried, cut in 3-4 mm slices and
assayed for radioactivity.

d

Resulis

Table I shows that both isolated villi and mlcrovul-
fous t bound to ble sites an bl
fraction of 20 pM '*I-labelled urokinase as d
with other ligands with well established placental recep-
tors. The crude preparation of isolated viili serves only

pared ially as d d previ ; [4,12,13]. In to show that urokmase binding can be demonstrated in
bnef the villous tissue from term human pl was a relatively ‘unt p ion and further studies
cut in pieces of about 5 g, washed in isotonic €aCl, and
then in phosphate buffered isotonic NaCl (pH 7.2). The TABLE 1

buffer was poured off, the tissue minced and an equal
volume of 150 mM NaCl was added followed by gentle
stirring for 1 h. The slurry was passed through a 56 pm
mesh nylon filter and centrifuged at 800 X g for 10 min.
The supernatant was centrifuged at 10000 X g for 10
min and the microvillous membranes were pelleted by
centrifugation at 100000 X g for 60 min. This mem-
brane vesicle preparation is enriched 14-fold with re-
gard to the plasma membrane marker enzymes alkatine

Saturable binding of 1*I.labelled urokinase, insulin transferrin and
@,-macroglobulin-trypsin complex to isolated chorionic villi (2.5 mg/ml
wet weight) and to microvillous membranes (75 ug protein / ml)

The numbers represent the per cent of the added radioactivity associ-
ated with the villi or membranes after subtraction of activity associ-
ated with the membranes in the presesce of a saturating concentration
of unlabelled urokinase (400 nM). The tracer concentrations were
about 20 pM. The incubations were carried out for 18 h at 4°C,

ph and 5" leoti. as pared to placen- Labelled ligand Per cent salum!':le bi
tal homogenale and is sparse in enzymes principally Uso-  Insulin Trans- ;M-
ated with i [13]. The pellet kinase ferrin_ trypsin
was resuspended, placed on top of a di Chorionic villi 153 171 Z 28

sucrnse gradient (40% w/v overlaid with 25% w,/v) and

233 354 182 213
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Fig. 1. Time course of '**I-abelled urokinase binding to placental

icrovi The i i ining 20 pM labelled
urokinase and 75 g membrane protein/ml were carried out at 20°C
(®, ©), 37°C (W) or 4°C (A, &) with (O, &) or without (a, @, ®) 25
pg/ml digitonin. Unlabelled (400 nM) urokinase was present in some
incubations (x X) at 20°C. The inset shows saturable bind-

ing at 4°C at prolonged time.

were carried out on the microvillous membranes derived
from the syncytiotrophcblasts.

Fig. 1 shows the time course of '’ I-labelled urokinase
binding to microvillous membranes. The process was
temperature-dependent with a half-time of about 5 min
at 20°C. Nearly the same plateau was achieved at 4°C,
20°C and 37°C by 40 min. Other experi (not
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Fig. 2. Concentration dependence of urokinase binding. Microvillous
membranes were incubated for 30 min at 4°C with the '*L-labelled
urokinase preparation (@) or with '®llabelled urokinase plus
unlabelied urokinase (O). Some tubes contained tracer plus 100 nM
inase (a). 33 nM inase treated with plas-
min o activate the enzyme (a). 33 nM one chain tissue-type plas-
minogen activator (0) or two chain tissue-type plasminogen activator
() as indicated. Since 1.3% of the urokinasc at a concentration of 45
aM was bound to membranes (75 mg protein/I) the binding capacity
was calculated as approx. $ pniol {40 pg urokinase/mg membrane
protein.

d when the incub were performed with
repeatedly washed membranes and is further described
below.

Fig. 2 shows that binding of '®I-labelfed urokinase
was reduced to 50% in the presence of about 1.0 nM
unlabelied urokinase. About 15 nM two-chain tissue-
type plasminogen activator caused a 50% reduction of
the urokinase binding, whereas single-chain tissue-type

shown) demonstrated that binding at 20°C was inde-
pendent of pH in the range 6.8-8.0. The binding was

! had little effect. Single-chain
urokinase (prourokinase) did not reduce the binding of
125L.]abelled urokinase. Thus, the binding is specific and

increased by about 50% when the b were
treated with digitonin (Fig. 1), probably due to permea-
bilization of the membrane vesicles. Binding to these
membranes at 4°C was stable for at least 8 h (Fig. 1,
inset). Dissociation of radioactivity from the mem-
‘branes after wash or wash plus the addition of unlabelled
urokinase (4°C, 8 h) was regligible (data not shown).
The small amount of radioactivity associated with the
membranes (i.e. on the filters) in the presence of 400
nM unlabelled urokinase correspond to the radioactiv-
ity in trapped buffer using labelled L-glucose as a marker
[4]. In other words, alt binding of '**I-labelled urokinase
could be described as saturable and the amount of
radioactivity associated with the filters in the presence
of 400 nM unlabelled kil was sub dasa
blank value in the following experimen.s.

Other experiments (not shown) d

ble. The capacity of the membranes is calculated.
cf. legend to Fig. 2, as approximately 0.8 nmol
ki 100 mg protein, equi to
about 4 nmol placenta.
Table I shows the results using inhibitors with known
effects on the catalytic activity of urokinase [18). Diiso-

TABLE I

Importance of the catalytic activity for binding to microvillous mem-
branes

251.labelled urokinase was treated with diisopropylfluorophosphate
(DFP) or leupeptin before incubation, whereas the other inhibitors
were added to the incubate. The incubations (75 pg membran.
protein/ml) were carried out for 30 min at 4°C. Contrel binding is
set at 100%.

the ipitability in trichl ic acid i un-
h d (98%) after incub: of the tracer with mem-
branes, whereas the ability to bind to fresh b

was progressively reduced. This p ined

d that Per cent saturable binding
1 No DFP Leupeptin  Trasylo} Soybean trypsin
treatment (30 mM) (1 mM) 0.1 ug/m!) inhibitor
(1 mg/ml)
100 5 8 89 104
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propylfluorophosphate (DFP) which irreversibly blocks
the catalytic site essentially abolished binding to placen-
tai membranes. Control experiments (not shown) with

ltured human (U-937) d d that
DFP-treated '®I-labelled urokinase displayed full re-
ceptor binding activity as described in detail in previous
work [5). Leupeptin, which inhibits urokinase activity
[18], severely inhibited the binding to placental mem-
branes (Table IT) but not to U-937 receptors (not shown).
Trasylol and soybean trypsin inhibitor had no effect in
either system in accordance with the lack of effect on
urokinase activity [18).

These results show that the placental microvillous
membranes do not contain receptors as described in
U-937 monocytes. It became essential to see whether
the activity measured in the present experiments might
be loosely adsorbed to the membranes, particularly
since placenta is known to contain both type-1 [19] and
type-2 [9,20] pl gen activator inhibi One could
envisage this occurring during the preparation with
some acuvny remaining on the membranes in spite of
the wash i in the

[22]. The resu:ting 100000 X g membrane pellet, previ-
ousiy referred to as the cytoskeleton fraction [22],
showed in three exp a 30-40% i in the
binding of '*]-labelled uroki Control exp

showed that the Triton X-100 extraction removed more
than 90% of the binding sites for a,-macroglobulin-
trypsin [4] in the Thus, the
urokinase binding activity is not removed by Triton
X-100 and may be d with the

A clue to the nature of the activity is shown in Table
111 Polyclonal and monoclonal antibodies raised against
PAI-2 markedly inhibited the binding with no effect of
prelmmune serum. It appears, therefore, !hat a plas-

inhibitor with i ivity simi-
lar to the soluble PAI-2 is anchored to placental micro-
villous membranes.

Fig. 3 illustrates the sodium dodecyl sulfate pcly-
acrylamid gel el p is pattern of medium and
membrane-bound radioactive material. Fig. 3A shows
that the tracer in buffer not incubated with membranes
comanns about 85% of the radioactivity as 54 kDa
i 15% as 33 kDa urokmase ln medium m-

Attempts to remove the binding acuvny were nega-
tive and the results may be summarized as follows:
Repeated simple washings did not reduce the binding
activity. Treatment of the membranes with glycine
buffer, pH 3.0, or with 3 M KCl did not reduce binding
in a following standard incubation. '*I-labelled uroki-
nase prebound at pH 7. 4 did not dissociate at pH 3.0
(in contrast to recep d uroki 1), whereas

bated with b an
90 kDa peak appears. This peak increased progressxvely
when b at i g ions were in-

bated with '5I-labelled 1 b it was
absent when membranes were incubated with DFP-
treated '?I-labelled urokinase (data not shown). The 90
kDa peak is markedly inhibited by polyclonal antibod-
ies against PAI-2 and it therefore appears to represent

binding was bolished when the i

b labelled ki and PAI-2. In

were carried out at that pH. Alkaline stripping [21] of
the membranes of pH 12.0 (pretreatment for 10 min
with one volume 5 mM sodium phosphate plus five
volumes 2 mM EDTA, 0.2 mM dutuothrenol 15 mM
NaOH), which depl eryth of ex-
trinsic proteins, had little effect on the binding activity.
Finally, the membranes (300 pg protein/ml) were ex-
tracted with the nonionic detergent Triton X-100 (1%),
a treatment which has been shown to solubilize about
half of the pl I microvillous b protein

TABLE I
Effect of antiserum against PAI-2

Membranes (75 pg protein/ml) were preincubated for 4 h at 4°C
with goat anti PAI-2 (8401, 0.25 mg IgG/ml; 7901, 1.0 mg IgG/mi),
monoclonal anti PAI-2 (0.15 mg IgG,/ml) or goat prei serum

some experiments the labelled 90 kDa complex was
isolated by gel filtration and it was found not to bind to
the membranes (data not shown).
Fig. 3B shows the pattern for the membrane-bound
matenal As expected there is very little acnvuly in
d with excess unlabelled
and essentially zero in slices with molecules larger than
60 kDa. In other words, the separation procedure and
wash (cf. legend to Fig. 3) was sufﬁment ot prevent
significant trapping of ivity from the medi
with the . ‘When b had been in-
cubated with tracer alone, most of the radioactivity
remained in the stacking gel with some smearing into
the running gel. In addition, there is a broad peak
around 120 kDa. Thus, the bound material is present as
a very large complex which is at least partially sodium
dodecyl sulfate-resistant and only partially enters the
ion gel. Antibodies against PAI-2 markedly re-

(1.7 mg 1gG/ml) and then an equal volume of tracer for 30 min.

Per cent saturable bir.ding

duced the radioactivity in all gel slices containing mole-
cules larger than 60 kDa.

Fig. 3C shows the gel pattern after reduction. Under
these conditions about 70% of the radioactivity in the
tracer is at 35 kDa and 30% at 20 kDa. A large part of

Control  Preimmune  Anti PAI2 _ Anti PAI2  Amti PAI-Z
(buffer) serum )
8401 7901
the t b
168 170 17 14 58

d activity now appears at 20 kDa

corresponding to the light chain of urokinase. There is
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Fig. 3. Electrophoretic pattern of medium and membrane-bound
radioactivity. Membranes (75 pg/ml) were incubated with 100 pM
1251.1abelled urokinase for 30 min at 4° C. Incubation medium and
membranes were separated by filtration on Millipore filters. The
medium was diluted 1:4 in sample buffer with 5% sodium dodecy!
sulfate, boiled and electrophoresis was carried out using 8-16% poly-
acrylamide gradient gels (stacking gel 4%). The filter with membranes
was carefully washed and immersed in boiling sample buffer. The
samples were centrifuged for 15 min at 100000 g before clectro-
phoresis and the radioactivity was recovered quantitatively in the
supernatant. Panel A shows radioactivity in the medium: i
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and the app half

are similar [1.23]. However, the placental membrane
binding activity is. in contrast to receptor binding activ~
ity, dependent on the catalytic activity of urokinase and
it is strongly inhibited by antibodies against PAI-2.
Binding must therefore oceur to sites in the membrane
immunologically related to PAI-2. probably to a mem-
brane-anchored form of PAI-2. This conclusion is sup-
ported by the observation that two-chain tissue-type
plasminogen activator and particularly one-chain
tissue-type plasminogen acti pete poorly with
two-chain urokinase for binding to the membranes.
Similar observations have been reported with purified
PAI-2 [24].

The binding capacity of membrane-associated PAI-2
was calculated as around 4 nmol per placenta. This is a
minimum number since the microvillous membrane rep-
resents only a portion of the syncytiotrophoblast surface
[25). This value should be compared with about 1.4
nmol 48 kDa soluble PAI-2 extracted per placenta [20].
It is therefore likely that membrane-bound PAI-2 repre-
sents a significant part of the total placental PAI-2
activity.

The present results show that sofuble PAI-2 is released
from the microvillous membranes and into the incuba-
tion medium. A variety of cell lines, including U-937
[23], produce PAI-2. However, U-937 cells do not con-
tain membrane binding activity inhibitable with anti-
bodies against PAI-2 (Nykjer and Gliemann, unpub-
lished observation). The releasable PAI-2 activity was
not readily washed away from the placental membranes

of tracer with buffer only (X X), with membranes in buffer
plus preimmune serum, 1.7 mg 13G/ml (@- ®) and with buffer
plus poiyclonal anti PAI-2, 8401, 0.025 mg IgG/m! (C o).
Panel B shows i activity: ion of tracer
with membranes and buffer plus preimmune serum (®- ).
membranes and buffer plus 400 nM unlabelled urokinase (a: a)
or membranes and buffer plus anti-PAI-2 (O ©). Panel C
shows the electrophoretic pattern after reduction with 20 mM di-
thioerythritol: Incubation of tracer with buffer alone (X X)or
with membranes and buffer plus preimmune serum (@ *).
R = 0.0 indicates radioactivity in the stacking gel.

an equi duction in radioactivity of the slices

i the putative binding p Thus, the in-
terchain disulfide bridge of the bound urokinase is, as
expected, split by reduction, whereas there is no evi-
dence for disulfide-linked subunits of the putative bind-
ing proteins.

Discussion

The urokinase binding activity of the microvillous
membranes is at first glance similar to that observed in
cells expressing ki P e.g., cultured
monocytes of the U-937 line. Thus, the time course of

which th appear to contain a stored pool of this
inhibitor different from the pool mediating the urokinase
binding.

The microvillons preparation contains the apical part
of the syncytiotrophoblast brush-border membrane fac-
ing the maternal blood with lhittle contamination of

from i 1l fles [13.14,25].
Most membranes reseal to vesicles and the orientation
is reported to be the same as in the intact placenta [25].
Even though it cannot be excluded that some vesicles
are inside out it is likely that most of the urokinase
binding occurs to the outside of the syncytiotrophoblast
microvilli. This conclusion is supported by the finding
that '"I-labelled urokinase does bind to isolated
chorionic villi. The membrane-associated PAI-2 may be
anchored to the cytoskeleton since the activity is not
extracted by Triton X-100.

Electrophoresis of sodium dodecyl sulfate-solubilized
membranes with bound '*I-labelled urokinase did not
indicate a distinct size of the complex. In fact, specific
and saturable binding appeared in the entire range from
54 kDA to very large molecules remaining in the stack-
ing gel, cf. Fig. 3B. Even though the samples were
centrifuged at 100000 X g most of the activity remained
in the 4% stacking gel suggesting that the binding
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protein(s) is hed to very large molecular structures.
A soluble plasminogen acti inhibitor d from
1 | extracts is electrophoretically heterog

in non-reduced form but runs as a single 47 kDa band
after reduction [26]. In contrast, reduction of the
solubilized membrane proteins with 'I-labelled uro-
kinase does not result in an electrophoretically homoge-
neous band. Molecular characterization of the mem-
‘brane binding protein(s) must await its purification in
an active form. In this respect, low molecular weight
urokinase (33 kDa) should be a better probe now it is
realized that the microvillous membranes do not con-
tain urokinase receptors.

PAI-2 is xmportam for quenchmg urokinase acnvny

2 Queenan, J.T., Kao, L.. Arboleda. C.E., Ulloa-Aguirre, A., Goles,
T.G., Cines, D.B. and Strauss, J.F. (1987) J. Biol. Chem. 262,
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and Gliemann, J. (1988) Placenta 9, 463-477.

5 Nielsen, LS., Kellerman, G.M., Behrenat, N., Picone, R., Dana.
K. and Blasi, F. (1988) J. Biol. Chen-. 263, 2358-2363.
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8 Andreasen, P.A., Nielsen, L.S., Grondahl-Hansen,, J., Skriver, L.,
Zeuthen, J., Stephens, R.W. and Dane, K. (1984) EMBO J. 3,
51-56.

9 Astedt, B., Rigerstrand, 1. and Lecander, 1. (1986) Thromb.

and the pl ofa

forn may be to regulste urokinase acnvny in lhe micro-
In this ion it is i g that

fibrin depositions are often observed around full term

chorionic villi [27]. It is also possible that PAI-2 in

trophoblast membranes can serve as a pomt of attach-

ment for ytes with d

Such mechanism might be the reason for the close

56, 63-65.

10 Astedt, B., Lecander, L, Brodin, T., Lundblad, A. and Léw, K
(1985hromb. Haemostas. 53, 122-125.

11 Nielsen, L.S,, Lecander, 1., Andreasen, P.A., Henschen, A., Astedt,
B. and Dane, K. (1987). Thromb. Res. 46, 411-423.

12 Smith, N.C. and Brush, M.G. (1974) Nature 252, 302-303.

13 Smith, C.H,, Nelson, M., King, B.F. Donohue, T.M., Ruzycki,
S.M. and Kelley, L.K. (1977) Am. J. Obstet. Gynecol. 128, 190-196.

14 Conlranlor. SF., Das, 1. and Oakey, M.P. (1982) Biochem. Soc.
T 10, 39.

contact between extravillous trophoblasts and decidual
macrophages {28].

In summary, we have demonstrated that placental
microvillous membranes contain binding sites depen-
dent on the catalytic site of urokinase. The sites are
immunologically related to PAI-2 and may be anchored
to the cytoskeleton.
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