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ABSTRACT The purified amino-terminal fragment (ATF)
of human urokinase plasminogen activator (residues 1-135),
which is not required for activation of plasminogen, binds with
high affinity to specific plasma membrane receptors on U937
monocytes. Intact urokinase efficiently competes for '>I-
labeled ATF binding; 50% competition occurs with 1 nM
urokinase. A large part of receptor-bound urokinase remains
on the cell surface for at least 2 hr at 37°C. Differentiation of
U937 monocytes into macrophage-like cells specifically in-
creases ATF binding 10- to 20-fold. These results suggest an
important role for urokinase in monocyte/macrophage biolo-
gy: the native enzyme binds to the cells with the amino-terminal
domain; the catalytic, carboxyl-terminal domain remains ex-
posed on the cell surface to stimulate localized proteolysis and
facilitate cell migration.

Urokinase, one of two plasminogen activators, is a serine
protease that activates plasminogen by converting it to
plasmin. Consequently, urokinase can regulate a variety of
events that require extracellular proteolysis, such as cell
migration, tissue remodeling, and involution (1, 2). In tumor
cells, cell migration may be essential to manifest the malig-
nant phenotypes of invasiveness and metastasis (3). In
agreement with this model, many transformed cell lines
secrete relatively large amounts of urokinase (reviewed in
ref. 4).

The physiological function of monocytes requires cell
migration. These cells must leave the blood stream, pass
through the endothelial wall and basement membrane, enter
the neighboring tissue, differentiate into macrophages, and
participate in phagocytosis (5). Plasminogen activators may
facilitate the early stages of this cascade by contributing to
the dissolution of basement membrane and the breaking of
intercellular bridges (1, 6). This possibility has been strength-
ened by the recent report of Vassalli et al. (7), who showed
that urokinase binds specifically to freshly isolated blood
monocytes and to the U937 monocyte line.

Urokinase (8) is synthesized as a single-chain prepropoly-
peptide (9), secreted as an inactive single-chain prourokinase
zymogen (411 residues) (10-12), and activated by proteolysis,
which removes lysine-158 (10) to generate a two-chain
urokinase molecule (residues 1-157 and 159-411; M, =
50,000) (13, 14). This form of active urokinase is referred to
as high molecular weight (HMW) urokinase. Another active
form of the enzyme (the M, 33,000 urokinase) contains only
the carboxyl-terminal two-thirds of HMW urokinase (resi-
dues 136-157 and 159-411) (13). Thus, the amino-terminal
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portion of HMW urokinase (residues 1-135) is not required
for catalytic activity.

We have prepared specific fragments of urokinase (the
amino-terminal peptide, which lacks proteolytic activity, and
the carboxyl-terminal peptide, which contains the catalytic
domain) and have examined the binding of these fragments to
urokinase receptors. We report that (i) the purified amino-
terminal fragment of urokinase (ATF; residues 1-135) is
totally sufficient to bind specifically to the urokinase receptor
on U937 monocytes; (ii) the receptor-bound ligand remains
on the cell surface, possibly to stimulate localized proteolysis
through the catalytic, carboxyl-terminal domain; and (iii)
differentiation of the monocytes into macrophage-like cells
results in a 10- to 20-fold increase in ATF binding.

MATERIALS AND METHODS

Materials. Human urinary urokinase was purified to ho-
mogeneity at Lepetit Spa Laboratories (specific activity,
120,000 international units/mg). Epidermal growth factor
was purified from male mouse submaxillary glands similarly
to the procedure described (15). ?°I-labeled insulin was
purchased from New England Nuclear. Phorbol 12-myristate
13-acetate (PMA; LC Service, Woburn, MA) was dissolved
at 1 mg/ml in dimethyl sulfoxide and diluted to working
concentrations with RPMI 1640 medium (GIBCO) containing
10% heat-inactivated fetal bovine serum (Biofluids, Rock-
ville, MD). Purified tissue plasminogen activator (80,000
international units/mg) was the gift of Keith Marotti
(Upjohn).

Purification of ATF. Purified HMW urokinase (30 mg in 1
ml) was incubated for 8 hr in 50 mM sodium phosphate buffer,
pH 8/0.2 M NaCl. Reaction products were separated by gel
filtration at a flow rate of 3 ml/hr on a column (1.5 X 100 cm)
of Sephadex G-100 (superfine) equilibrated with 50 mM
sodium phosphate buffer, pH 8.0/0.2 M NaCl. Fractions
containing ATF were pooled and directly subjected to ion-
exchange chromatography using a fast protein liquid chro-
matography (FPLC) apparatus (Pharmacia) and a Mono S
HRS/5 column equilibrated with 50 mM sodium acetate
buffer, pH 4.8. A sodium chloride gradient (0-1.0 M in 35
min) was used to elute bound proteins. FPLC purified ATF
to homogeneity with an overall recovery of 1.4 mg.

Radioiodination. ATF and HMW urokinase were radio-
iodinated as described (16) using 1 nmol of carrier-free Na!2’I
(Amersham), 2 nmol of chloramine-T, and 0.1 nmol of

Abbreviations: HMW urokinase, high molecular weight urokinase;
M; 33,000 urokinase, active urokinase containing residues 136-157
and 159-411; ATF, amino-terminal fragment of urokinase containing
residues 1-135 (M,, 17,000); PMA, phorbol 12-myristate 13-acetate;
FPLC, fast protein liquid chromatography.
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protein. Radiolabeled proteins were purified by gel filtration
and stored as described (17). The specific activity of the labeled
proteins ranged from 50 to 120 uCi/ug (1 Ci = 37 GBg).

Receptor Binding. U937 monocytes (18) (grown in RPMI
1640 medium/10% heat-inactivated fetal bovine serum to a
density of 10° cells per ml) were collected by centrifugation
and suspended (5 X 10° cells per ml) in serum-free RPMI
1640. After incubation (1 hr at 37°C in 5% CO,/95% air), 1-ml
portions of the suspension were distributed to 1.5-ml Ep-
pendorf tubes and the tubes were centrifuged at 1000 X g for
5 min. The cell pellet was suspended in 0.2 ml of binding
buffer (RPMI 1640/50 mM Hepes, pH 7.4, containing bovine
serum albumin at 1 mg/ml) containing ligand and rocked
gently for 1 hr at 23°C (see figure legends for details of
individual experiments). Cell-associated radioactivity was
determined as described (19). Nonspecific binding was mea-
sured in the presence of 0.5 nM unlabeled HMW urokinase
or ATF. Ligands were quantitated by amino acid analysis
after hydrolyzing aliquots of stock solutions in 6 M HCI1 (24
hr, 110°C).

Phorbol Ester-Induced Differentiation. U937 monocytes
(0.5 x 10%/ml) were differentiated to macrophage-like cells
by incubation in medium containing 150 nM PMA (20). A
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4-day treatment resulted in a totally adherent cell population
that actively phagocytized latex beads (21). About 30% of the
differentiated cells internalized latex during a 1-hr incubation
at 37°C. About 90% of the differentiated cells were surround-
ed by a crown of beads. Control cells did not show these
effects. Binding of >’I-labeled ATF or ®I-labeled insulin to
untreated and PMA-treated cells was carried out as described
above, except that 0.5 x 10° cells were used per tube and cells
(control and differentiated) were incubated with labeled
ligand at 4°C for 150 min. Adherent cells were collected with
a rubber policeman and dispersed to a single-cell suspension
by repeated pipetting.

RESULTS

Preparation of Urokinase Fragments. Incubation of HMW
urokinase at pH 8 results in the cleavage of native enzyme at
position 135 and production of specific amino- and carboxyl-
terminal fragments (Fig. 1A Inset). These reaction products
were separated by gel filtration (Fig. 14). The column
fractions were analyzed by NaDodSO,/polyacrylamide gel
electrophoresis (22) and assayed for enzymatic activity (23).
Peaks 1 and 2 from the gel filtration column contained,
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respectively, HMW urokinase and a fully active M, 33,000
urokinase (170,000 international units/mg) corresponding to
the carboxyl-terminal urokinase fragment. Peak 3 contained
two peptides (M,, 17,000) that lacked enzymatic activity (data
not shown).

The major component in peak 3 was purified to homoge-
neity by FPLC (Fig. 1B). The FPLC fraction indicated by the
arrow (Fig. 1B) contained a single M, 17,000 peptide as
determined by NaDodSO, gel electrophoresis under both
reducing and nonreducing conditions (Fig. 1C). The amino
acid composition of this peptide (Table 1) was in complete
agreement with that predicted from the primary sequence of
residues 1-135 in human urokinase (14). In addition, greater
than 90% of the M, 17,000 peptide was immunoprecipitated
by a monoclonal antibody specific for the amino-terminal
region of HMW urokinase (data not shown). The carboxyl-
terminal fragment of urokinase (M, 33,000 urokinase) was
obtained from peak 2 of the gel filtration column and used
without further purification.

Specific Binding of ATF to U937 Monocytes. Competition
assays were used to examine the domains of urokinase
responsible for receptor binding in U937 cells. The results of
an experiment in which radioiodinated HMW urokinase was
bound to cells and the two urokinase fragments, ATF and the
M, 33,000 urokinase, were used as unlabeled competitors, are
shown in Fig. 2A. In agreement with the results of Vassalli et
al. (7), M, 33,000 urokinase does not compete for I-labeled
urokinase binding. In addition, we find that ATF binds to the
urokinase receptor with an affinity similar to or slightly
greater than that of the native enzyme: 50% of maximal
competition occurs with 0.2 nM ATF and 0.5 nM HMW
urokinase.

The complementary competition assay, in which 1%I-
labeled ATF was used as the probe and ATF or HMW
urokinase was used as unlabeled competitor, was also carried

- out. [Binding of »I-labeled ATF to U937 cells is time-
and temperature-dependent (Fig. 2B Inset): 50% of apparent

Table 1. Amino acid composition of purified ATF

Residues per mol

protein
Amino acid Found Expected
Asx 17.4 18
Thr 5.7 6
Ser 8.2 8
Glx 12.2 11
Pro 7.1 7
Gly 12.5 12
Ala 5.4 5
Cys 12.3 12
Val 8.6 7
Met 1.8 2
Ile 2.0 2
Leu 8.7 9
Tyr 53 6
Phe 2.9 3
His 7.1 8
Lys 8.3 9
Arg 6.4 7
Trp ND 3

ATF (5 ug) was hydrolyzed in vacuo with constant-boiling HCI (24
hr at 110°C) containing a trace amount of phenol. Analysis was
performed using ninhydrin for detection. Half-cystine content (Cys)
was determined after performic acid oxidation. Valine and isoleucine
content was determined after 72 hr of hydrolysis. Tryptophan
content was not determined (ND). The composition was determined
by comparison with the known primary sequence of human
urokinase (14).
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FiG. 2. Specific binding of ATF to U937 cells. Binding of ATF
and HMW urokinase to U937 monocytes was as determined by
radioreceptor competition assays. (A) Competition between %I-
labeled HMW urokinase (1.5 X 10° cpm per tube) and unlabeled ATF
(@), the M, 33,000 urokinase (a), or HMW urokinase (0) for binding
to the urokinase receptor on U937 cells. (B) Results of an experiment
in which >I-labeled ATF was used as the probe (3 X 10* cpm per
tube) and HMW urokinase (0), ATF (@), or epidermal growth factor
() was used as unlabeled competitor. Data are shown as means of
duplicate determinations; ranges (when observed) are indicated by
error bars. (Inset) Time-dependent binding of »I-labeled ATF to
U937 cells at 4°C (2), 23°C (0), and 37°C (e).

steady-state binding is attained within 5 min at 37°C, 7 min at
23°C, and 20 min at 4°C.] The results show (Fig. 2B), again,
that the relative affinity of ATF for the urokinase receptor
(50% competition at 0.4 nM) is similar to, or slightly greater
than, that of HMW urokinase (50% competition at 1 nM).
Taken together, these data show that ATF contains all the
binding determinants present in native urokinase; the cata-
lytic carboxyl-terminal portion of the enzyme has no role in
receptor binding. Note that the affinities of both ATF and
HMW urokinase are within the range of plasma urokinase
concentration (24).

Although ATF is structurally related to epidermal growth
factor (14), this protein did not compete with 1%5I-labeled ATF
for receptor binding (Fig. 2B). In agreement with the results
of Vassalli et al. (7), insulin, tissue plasminogen activator,
thrombin, and coagulation factors IX and X do not compete
for %I-labeled ATF binding (not shown).

To examine the fate of ATF subsequent to receptor
binding, °I-labeled ATF was incubated with U937 cells at
4°C to prepare a ligand-receptor complex, the unbound label
was removed, and the cells were then incubated (2 hr at 37°C)
in fresh medium without additional ligand. Under conditions
similar to these, the majority of insulin-receptor complexes
on U937 cells are internalized, the ligand is degraded, and
trichloroacetic acid-soluble products are released into the
medium during the 37°C incubation (25). Interestingly, cell-
associated *I-labeled ATF was degraded poorly by the U937
cells; only 20% of the cell-associated radioactivity appeared
in the medium as trichloroacetic acid-soluble products during
incubation for 2 hr at 37°C (Fig. 3).

125].labeled ATF-receptor complexes, or !*I-labeled
HMW urokinase-receptor complexes, were also treated with
trypsin to determine the degree of ligand internalization
(Table 2). Consistent with many ligand-receptor interactions,



4942  Biochemistry: Stoppelli et al.

100 T 100

O O e O
O

% maximal binding (O)
3
T
]
3
% degraded (®)

1 ' 1 1 0
00 0.5 1.0 1.5 2.0
Time of incubation at 37°C, hr

F1G. 3. Fate of receptor-bound ATF. U937 cells were incubated
with »I-labeled ATF (0.3 X 10° cpm) for 2.5 hr at 4°C to form
cell-surface ligand-receptor complexes. The cells were washed twice
(by repeated suspension in 1-ml portions of binding buffer followed
by mild centrifugation) to remove unbound label. These ‘‘pre-
loaded’’ cells were suspended in binding buffer (0.2 ml) at 37°C to
allow internalization and degradation of the ligand. At the indicated
times, cells were centrifuged, the medium was collected, and the
radioactivity (O) in the pellet was determined. Cell-mediated degra-
dation of ligand to low molecular weight products (®) was determined
by making the collected cell media 10% in trichloroacetic acid,
incubating the solution at 4°C, and centrifuging the resulting suspen-
sion at 10,000 X g to prepare trichloroacetic acid-soluble and
-precipitable fractions. Maximal binding of ’I-labeled ATF (cpm
bound after the 4°C incubation) was about 800 cpm.

the radioactivity associated with the U937 monocytes after
the 4°C incubation remained on the cell surface as determined
by its susceptibility to treatment with trypsin. Even after
incubation of the cells for 2 hr at 37°C, the majority of
cell-associated ATF and HMW urokinase remained sensitive
to trypsin. Taken together, the results of Fig. 3 and Table 2
indicate that most of ATF and HMW urokinase associated
with U937 cells remains exposed on the plasma membrane.
Note that the percentage of cell-associated radioactivity
sensitive to trypsin is somewhat greater for HMW urokinase
thanit is for ATF. This difference may be related to the larger
size and increased number of tryptic cleavage sites in HMW
urokinase relative to ATF.

PMA-Induced Differentiation of U937 Monocytes Increases

Table 2. Trypsin treatment of receptor-bound ATF
and urokinase

Cell-associated radioactivity,

cpm
Incubation at Incubation at
Ligand 4°C 37°C
125I.]abeled ATF
Without trypsin 897 1768
With trypsin 229 663
125].]abeled HMW urokinase
Without trypsin 2800 2130
With trypsin 241 291

U937 cells were pre-loaded with '>I-labeled ATF or *I-labeled
HMW urokinase as described in the legend to Fig. 3 except that 10°
cpm of each ligand was used. Washed cells were suspended in 0.5 ml
of fresh binding buffer and either treated with trypsin (0.2 mg/ml for
15 min at 37°C; see ref. 26) immediately or incubated at 37°C for 2 hr
prior to trypsin treatment. Controls (‘‘without trypsin’’) were always
treated in parallel except that the incubation for 15 min at 37°C was
performed in the absence of trypsin. Trypsin-sensitive radioactivity
ranged from 60 to 75% and 85 to 92% of control binding for ATF and
HMW-urokinase, respectively.
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Fi6. 4. PMA-induced differentiation alters urokinase binding.
(A) ATF binding capacity in control (0) and differentiated (@) U937
cells was estimated by competition assay using I-labeled ATF (1.5
X 10° cpm per tube) and unlabeled ATF as competitor. Results are
presented as percent of basal binding (**I-labeled ATF binding to
control cells in the absence of competitor; 2500 cpm). Data are
corrected for nonspecific binding (about 20% of total binding). (Insef)
ATF binding data plotted as saturation curves. (B) Comparison of
binding capacity of untreated (0) and PMA-treated (@) cells for
insulin (determined as described for A using 8 x 10* cpm of
125].1abeled insulin; basal '*I-labeled insulin binding was about 800
cpm).

ATF Binding. PMA differentiates U937 monocytes into
macrophage-like cells (20). We have examined the effect of
differentiation on the binding of %°I-labeled ATF to the
urokinase receptor. These experiments were performed at
4°C, conditions in which cell-associated radioactivity is
restricted to the plasma membrane (refs. 26 and 27 and Table
2). To estimate ATF binding capacity in control and PMA-
treated cells, increasing amounts of unlabeled ATF were
allowed to compete for *’I-labeled ATF binding; the con- -
centration of unlabeled ligand required to induce the onset of
competition provides a measure of binding capacity. This
method of analysis (Fig. 4A) shows that PMA-treated cells
bind about 20-fold more ATF than their untreated counter-
parts. Saturation plots (28) of the binding data (Fig. 4A Inset)
show that PMA treatment does not dramatically alter the
relative affinity of the urokinase receptor (half-maximal
binding is attained with 2 nM ATF in the differentiated cells),
indicating that differentiation of U937 cells with PMA likely
increases the number of ATF binding sites. Importantly,
differentiation of the monocytes with PMA did not alter their
binding of insulin (Fig. 4B).

We have considered the possibility that increased ATF
binding to the macrophage-like cells might be a direct effect
of PMA rather than a consequence of differentiation. By
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treating U937 cells with PMA for 24 or 48 hr, we could obtain
a population of adherent macrophage-like cells as well as a
nonadherent cell population that had yet to differentiate.
(Note, however, that both cell populations were exposed to
PMA for the same period of time.) Control studies, performed
as described in Fig. 4A, showed that the adherent cells bound
10-fold more ATF than the nonadherent population (data not
shown). Thus, the increased ATF binding described in Fig. 4
is likely a consequence of differentiation.

DISCUSSION

We have prepared specific fragments of urokinase to examine
the domains responsible for receptor binding. The results
show that urokinase binds to specific cell surface receptors
on U937 cells solely through the amino-terminal portion of
the enzyme. Interestingly, the majority of cell-associated
ATF or HMW urokinase remains on the cell surface during

incubation at 37°C. These results suggest a model for -

urokinase binding to U937 monocytes in which the amino-
terminal portion of the enzyme binds to a plasma membrane
receptor while the catalytic, carboxyl-terminal domain of the
molecule remains exposed on the plasma membrane to
stimulate extracellular proteolysis.

In vivo, the binding of urokinase to monocytes might serve
to localize proteolysis and facilitate migration of these cells
through the walls of blood vessels. In addition to supporting
previous studies demonstrating that cell migration is
plasminogen-dependent and impaired by protease inhibitors
(6, 29), our model of urokinase binding lends itself to direct
testing; ATF should be an inhibitor of receptor-mediated
urokinase action. It is also likely that cell-surface urokinase
can serve additional purposes; studies by others have indi-
cated a role for plasminogen activator in lymphocyte activa-
tion and tumor antigenicity (30-32).

Differentiation of U937 monocytes into macrophage-like
cells specifically increases ATF binding to the urokinase
receptor. Other studies have shown that stimulation of
peritoneal macrophages induces secretion of urokinase (33).
This coordinate regulation of ligand and receptor expression
emphasizes the likely role of cell-surface urokinase in the
inflammatory response and agrees with the well-documented
stimulation of proteolysis that accompanies inflammation (1).
A detailed comparison of the monocyte and macrophage
urokinase receptors is an important matter for further study.

The presence of a urokinase receptor on monocytes has
implications in tumor cell biology. Although many malignant
tumors and tumor cells secrete high amounts of urokinase,
not all of them do (4). Some tumor cells might circumvent the
need for increased urokinase synthesis by having urokinase
receptors that could concentrate the enzyme on their cell
surface and localize extracellular proteolysis. Should this be
the case, the discrepancies in plasminogen activator levels in
different tumor cells (4) might be reconciled.

Higher eukaryotes have evolved different mechanisms to
partition proteins between the cell surface and the extracel-
lular fluid. For example, differential RNA splicing can give
rise to both membrane and secreted forms of IgM (34). Cells
can also have membrane receptors that bind proteins present
in plasma. In these receptor systems, ligand binding initiates
a cellular response by transmitting a signal and also limits the
response by inducing rapid internalization and degradation of
the effector (26). U937 cells secrete (35) and bind urokinase,
but they internalize the ligand poorly. These data suggest a
novel variation of the autocrine mechanism (36): a secreted

Proc. Natl. Acad. Sci. USA 82 (1985) 4943

effector binds to its plasma membrane receptor and acts
extracellularly while on the cell surface.
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