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ABSTRACT: Serine protease catalytic activity is in many cases regulated by conformational changes initiated by binding of
physiological modulators to exosites located distantly from the active site. Inhibitory monoclonal antibodies binding to such
exosites are potential therapeutics and offer opportunities for elucidating fundamental allosteric mechanisms. The monoclonal
antibody mU1 has previously been shown to be able to inhibit the function of murine urokinase-type plasminogen activator
in vivo. We have now mapped the epitope of mU1 to the catalytic domain’s 37- and 70-loops, situated about 20 Å from the S1
specificity pocket of the active site. Our data suggest that binding of mU1 destabilizes the catalytic domain and results in
conformational transition into a state, in which the N-terminal amino group of Ile16 is less efficiently stabilizing the oxyanion hole
and in which the active site has a reduced affinity for substrates and inhibitors. Furthermore, we found evidence for functional
interactions between residues in uPA’s C-terminal catalytic domain and its N-terminal A-chain, as deletion of the A-chain facilitates
the mU1-induced conformational distortion. The inactive, distorted state is by several criteria similar to the E* conformation
described for other serine proteases. Hence, agents targeting serine protease conformation through binding to exosites in the 37- and
70-loops represent a new class of potential therapeutics.

The serine protease urokinase-type plasminogen activator
(uPA) can, while bound to urokinase-type plasminogen

activator receptor (uPAR) at cell surfaces, catalyze the con-
version of the zymogen plasminogen to the active serine protease
plasmin. Plasmin catalyzes the degradation of extracellular matrix
proteins and up-regulation of uPA is implicated in several
physiological and pathophysiological conditions related to tissue
remodeling, including wound healing, fibrinolysis, inflammation,
embryogenesis, and angiogenesis.1,2 The uPA system is pleiotropic
in the neoplastic processes affecting cancer cell proliferation,
tumor angiogenesis, adhesion, invasion, and migration.1,2 uPA is
a potential therapeutic target in cancer, arthritis, and other
diseases.3,4

uPA consists of an N-terminal A-chain and a C-terminal
B-chain. The A-chain of uPA is composed of an N-terminal
uPAR-binding growth factor-like domain, a kringle domain, an

intradomain linker, and residues 1−15a of the catalytic domain.
The B-chain encompasses residues 16−250 of the catalytic
domain. The A- and B-chains are linked by a disulfide bond
between Cys1 and Cys122 (Figure 1). Like other serine pro-
teases, uPA is secreted from cells as a single-chain zymogen,
also known as pro-uPA. Cleavage of single-chain uPA between
Lys15 and Ile16 can be catalyzed by plasmin and a few other
serine proteases.5,6 In general, cleavage of zymogens between amino
acid residues 15 and 16 allows for insertion of the liberated
N-terminal Ile16 into the activation pocket, a hydrophobic cleft,
in which its amino group forms a stabilizing salt-bridge to Asp194
next to the catalytic Ser195. Conformational rearrangements
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induced by single-chain zymogen cleavage organize both the S1
specificity pocket and the oxyanion hole of the active site by a
mechanism common to all serine proteases.7−10 Still, in the
cleaved as well as uncleaved states, active and inactive forms are
in equilibrium. The equilibrium is strongly shifted toward the
inactive zymogen in the single-chain form and strongly shifted
toward the active protease in the two-chain form. For uPA, the
enzyme efficiency (kcat./KM) for hydrolysis of plasminogen by
the single-chain form is at least 250 times lower than that of
the two-chain form.6 The relative enzymatic efficiencies of
single- and two-chain forms vary among different serine pro-
teases. While a number of three-dimensional structures of the
catalytic domain of human uPA have been solved by X-ray crystallo-
graphy,11,12 structures of human and murine single-chain uPA
remain to be determined.
Sufficient specificity of small molecule protease inhibitors is

difficult to achieve because of the highly conserved active site
topologies among related proteases, as clearly illustrated by the
difficulties in obtaining potent and selective uPA inhibitors13

and the severe side-effects and inefficiency of matrix metal-
loprotease active site inhibitors in clinical trials.14 These
complications have caused increased interest in reagents such
as monoclonal antibodies, binding to the less conserved exosites
and allosteric sites. Because of their potency and specificity,
antibodies are widely used as therapeutic agents, and a total
number of more than 35, directed against a variety of targets,
have been approved as drugs by the US Food and Drug
Administration.15,16 Antibodies are able to specifically inhibit
serine proteases by simple steric hindrance,17 and even greater
efficiency may be achieved by antibodies that conformationally
regulate the active site by allosteric mechanisms.18 Detailed
studies of allosteric antibodies against the serine proteases
hepatocyte growth factor activator (HGFA), hepsin, and
human uPA have elucidated distinct inhibition mechanisms
with binding sites as far as 15−20 Å away from the active
site.19−21

A murine monoclonal antibody, mU1, binding to murine
uPA (muPA), can inhibit plasminogen activation in vitro,
rescue mice treated with muPA-activatable anthrax pro-toxin,
and impair muPA-mediated fibrinolysis as well as delay wound
healing in vivo.22,23 Here, we present the molecular mechanism
responsible for mU1-mediated inhibition of muPA. Our
analysis revealed that mU1 distorts the active site of muPA,
leading to a reduced affinity for substrates and inhibitors,
although it binds 20 Å away. The distortion is associated with

increased solvent exposure of the amino group of the N-terminal
Ile16 of the B-chain. Surprisingly, interactions between the
B-chain and Phe(−2) and Lys4 of the A-chain counteract
transition into the inactive conformation. The inactive and
apparently distorted conformation resembles the inactive E*
conformation described for other serine proteases. We have
hereby discovered previously unknown communication routes
within the catalytic domain of serine proteases that are of
general interest, when designing and developing specific and
potent serine protease inhibitors.

■ EXPERIMENTAL SECTION

Monoclonal Antibodies. The generation and charac-
terization of mU1 and mAb-112 were described previously.22,24

muPA Production in HEK293 6E Suspension Cells.
cDNAs encoding muPA (NP_032899.1, 413 residues without
the signal peptide), domain deletion mutants, and site-directed
mutants were cloned into the pTT5 or pCDNA3.1 vectors. All
variants contained a glycine and six histidines at the C-terminus.
The muPA(16‑243) and single-chain muPA(2−243) variants con-
tained a C122A mutation, whereas the two-chain muPA(−16−250)

variant lacks the amino terminal fragment of muPA (Figure 1).
The vectors were transfected into HEK293 6E suspension cells,
which were cultured in a humidified CO2 incubator at 37 °C.
The medium used was Freestyle F17 (Gibco) supplemented with
4 mM L-glutamine, 0.1% Pluronic F68 (Gibco), 1% penicillin/
streptomycin, 25 μg/mL G418. Linear polyethyleneimine (PEI)
(2.2 mg) in cDNA (1.1 mg) in phosphate-buffered saline (PBS;
10 mM sodium phosphate, pH 7.4, 140 mM NaCl) (110 mL)
were preincubated for 15 min and added to 1 L of culture with
a density of 1 × 106 cells/mL. Tryptone N1 (0.5%) was added
to the culture 24 h post-transfection. The culture was continued
for 6 days before harvesting the conditioned media.

muPA Purification and Characterization. Full-length
two-chain muPA wt and variants hereof (i.e., single-chain
muPA(2−243), muPA(16−243), two-chain muPA(−16−250), and two-
chain muPA(−16−250)F(−2)A-K4G)) were purified from con-
ditioned media of transiently transfected HEK293 6E cells. The
following alanine substitution muPA mutants were prepared
similarly: G37cA, P37eA, P38A, K72A, S74A, Y76A, N77A, and
P78A. The proteins, as mentioned above with a glycine and six
histidines at the C-terminus, were captured on a nickel−
Sepharose column directly from the conditioned media,
supplemented with 25 mM imidazole and 50 mM NaCl. The
column was washed with 20 mM sodium phosphate, pH 7.4,

Figure 1. Murine uPA (muPA) and truncation variants. Schematic illustration showing the domain organization of full-length two-chain muPA, the
variants two-chain muPA(−16−250), muPA(16−243), and single-chain muPA(2−243), and the sequence in the region between the kringle domain and Ile16. With
reference to chymotrypsin, we define the catalytic domain as beginning with Cys1. All variants will initially be secreted from producer cells in the one-chain
zymogen form but can be converted to their two-chain counterparts by plasmin-catalyzed hydrolysis of the Lys15−Ile16 bond. In two-chain muPA(−16−250),
two additional N-terminal residues, GS, were inserted in front of Ser(-16) to ensure proper signal peptide cleavage. We define the A-chain and the B-chain
as the two chains appearing in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS−PAGE) of the two-chain forms under reducing conditions.
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0.3 M NaCl, and 25 mM imidazole. The bound protein was
eluted from the column with 50 mM bicine, pH 8.0, 0.3 M
NaCl, and 0.4 M imidazole. To convert the purified single-
chain muPA into its two-chain counterpart, it was incubated at
a concentration of 2 μM with 5 nM plasmin for 20 h at 22 °C.
Benzamidine−Sepharose chromatography was used to isolate
the active fraction, by capturing the proteins on a benzamidine-
Sepharose column, which was then washed with 20 mM
sodium phosphate, pH 7.4, 0.3 M NaCl, and eluting bound
protein with 20 mM sodium citrate, pH 3.0. Protein concen-
trations were determined using measurements of the absorbance
at 280 nm and the theoretical extinction coefficient calculated
using the Protparam server located at http://web.expasy.org/
protparam/. All preparations were more than 90% pure, as
determined by SDS−PAGE (data not shown). The active
enzyme concentration, [E]TOTAL, was calculated from the absorbance
at 280 nM, assuming that the benzamidine−Sepharose-purified
product was 100% active. Glutamyl-glycyl-arginyl-chloromethyl
ketone (EGR-cmk), at a concentration of 1 mM, was covalently
coupled to muPA (at a concentration of 1 μM) by incubation
for 3 h at 22 °C in PBS, followed by extensive dialysis to
remove excess EGR-cmk. Matrix-assisted laser desorption
ionization (MALDI) mass spectrometry of intact proteins in
solution was conducted using reduced preparations (Alphalyse
A/S, Odense, Denmark).
Amidolytic Assay of muPA Proteolytic Activity. The

velocity of muPA-catalyzed hydrolysis of the chromogenic
substrate L-pyroglutamyl-glycyl-L-arginine-p-nitroanilide hydro-
chloride (S-2444) (Aniara Diagnostica LLC, USA) was mea-
sured at 37 °C in HEPES-buffered saline (HBS; 10 mM HEPES,
pH 7.4, 140 mM NaCl) with 0.1% bovine serum albumin
(BSA) and enzyme and substrate concentrations as specified for
each experiment. When antibody inhibition of the catalytic
activity of muPA was measured, the enzyme (0.5 nM) was
preincubated with various concentrations of mU1 (0−5 μM) in
HBS at 22 °C for 15 min before adding S-2444, in concen-
trations as indicated for each single experiment. In all
experiments, the initial reaction velocity was monitored at an
absorbance of 405 nm (microplate reader).
Analysis of Plasmin-Mediated Cleavage of Single-

Chain muPA. To analyze plasmin-catalyzed cleavage of single-
chain muPA in the absence or presence of mU1, the single-
chain muPA(2−243) (200 nM) variant, containing the residues
GQKALRPRFK before the activation site at Ile16, was pre-
incubated for 15 min at 22 °C with or without mU1 (1 μM) or
control antibody mAb-112 (1 μM). At time 0, plasmin (5 nM
final concentration) was added and the mixtures were
incubated at 22 °C for 60, 30, 15, 10, 5, 2, or 0 min,
respectively, after which the activity of plasmin was quenched
by addition of aprotinin (1 μM final concentration). The
amount of active two-chain muPA, generated by plasmin, was
estimated by adding S-2444 (750 μM final concentration) and
measuring the hydrolysis of S-2444 by monitoring the
absorbance at 405 nm for 1 h at 37 °C. In addition, samples
were taken from the incubation mixtures at each of the time
points mentioned above and analyzed by nonreducing SDS−
PAGE. The gel was stained with Coomassie Blue. The density
of the stained bands were quantified by densitometry using the
TotalLab Quant software, and the percentage of single-chain
muPA(2−243), which had been converted to the two-chain muPA
form, was plotted against the incubation time.
Surface Plasmon Resonance Measurements. To deter-

mine the equilibrium binding constants (KD), the association

rate constants (kon), and dissociation rate constants (koff) for
antibody binding to muPA variants, surface plasmon resonance
(SPR) analysis was conducted with a Biacore T200 instrument
(GE Healthcare, Uppsala, Sweden). Polyclonal rabbit anti-
mouse IgG from the Mouse Antibody Capture Kit (GE Healthcare,
Uppsala, Sweden) was immobilized on a CM5 chip by amine
coupling. Polyclonal rabbit anti-mouse IgG, at a concentration
of 30 μg/mL in immobilization buffer (10 mM sodium acetate,
pH 5.0), was injected over 7 min at a flow rate of 10 μL/min,
until a level of ∼14 000 response units (RU) was reached,
followed by surface blocking with ethanolamine. Antibody
(mU1) in a running buffer (30 mM HEPES pH 7.4, 135 mM
NaCl, and 0.1% bovine serum albumin) was then injected at a
flow rate of 5 μL/min for 180 s until a capture level of ∼410
RU was reached. A flow cell without injection of mU1 was used
as the reference. A dilution series of muPA variants (0−0.2 μM) in
running buffer, purified on a benzamidine−Sepharose column
immediately before the Biacore analysis, was injected over both
flow cells at a flow rate of 30 μL/min during 240 s at 25 °C.
Subsequently, the dissociation was monitored for 15 min.
Kinetic constants (kon and koff) were calculated using the
Biacore evaluation software to generate a 1:1 kinetic fit. The KD
values were calculated as koff/kon.

Measurement of Binding p-Aminobenzamidine to
muPA by Fluorescence Spectroscopy. The binding of the
fluorescent probe p-aminobenzamidine (pAB, Sigma) to the
active site of full-length two-chain muPA was measured by
modification of a previously described method.25 Fluorescence
emission spectra were recorded at 25 °C on a PTI Quantamaster
spectrofluorophotometer in a 2 mm × 10 mm semimicro
quartz cuvette in HBS (10 mM HEPES, pH 7.4, and 140 mM
NaCl) with 0.1% polyethylene glycol 8000. Excitation was at
335 nm, and the emission was scanned from 340 to 400 nm.
Equilibrium binding reactions were performed over a range of
mU1 concentrations (0−1 μM) with 0.1 μM two-chain muPA
in the presence of 20 μM pAB. Emission spectra were collected
after 30 min of incubation with the use of an integration of
1−2 s over a 1.0 nm step resolution.

Quantitation of Incorporation of [3H]-Diisopropyl-
fluorophosphate (DFP) into muPA. [3H]-DFP (50 μM)
and C-terminally 6x histidine-tagged muPA(16−243) (100 nM)
were incubated in the absence or presence of mU1 (0−1 μM)
and C-terminally 6x histidine-tagged green fluorescent protein
at a concentration of 1 mg/mL in HBS buffer. After 3 h at 22 °C,
100 μL of 50% Ni−Sepharose slurry was added to the 30 μL
reaction mixture. The mixture was incubated for 30 min at 4 °C
and washed four times in HBS buffer. The mixture was then
transferred to scintillation liquid and bound (3H-DFP) counted.
Incubation of muPA(16−243) and [3H]-DFP for 3 h in the
absence of antibodies resulted in app 25% incorporation and
was within the range of linearity between incorporation and
time.

Carbamylation Assay. To analyze the effect of mU1 on
the carbamylation rate of the N-terminal α-amino group of
Ile16 in different muPA variants, the enzyme (0.5 μM) was
preincubated with or without mU1 in HBS buffer, supple-
mented with 0.1% polyethylene glycol 8000, at 22 °C for
30 min. The full-length two-chain muPA variants were analyzed
using a mU1 concentration of 1 μM. For muPA(16−243) analysis,
a mU1 concentration of 0.5 μM was used. After preincubation,
potassium cyanate (0.2 M) or HBS buffer supplemented with
0.1% polyethylene glycol 8000 was added and incubated at
22 °C for 0, 30, 60, 120, 180, and 300 min. To stop the
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carbamylation reaction, each of the mixtures was diluted 100
times in HBS supplemented with 0.1% BSA. mU1 was allowed
to dissociate from muPA for 2 h at 22 °C. The residual activity
was determined from the rate of hydrolysis of S-2444 (750 μM),
by measuring absorbance at 405 nm at 37 °C for 1 h.

■ RESULTS
Mechanism of mU1 Inhibition of Activation of Single-

Chain pro-muPA. It was previously shown that the
monoclonal anti-muPA antibody mU1 inhibits plasmin-
catalyzed activation of the inactive single-chain form of
muPA.22 We now wished to dissect the step in which the
activation reaction is inhibited by the antibody. We therefore
studied the effect of mU1 on plasmin-catalyzed cleavage of the
Lys15−Ile16 peptide bond of purified single-chain muPA, using
either full-length single-chain muPA (results not shown) or a
variant of muPA (i.e., single-chain muPA(2−243)) (Figure 2).
Initially, more than 95% of the purified protein appeared to

be in the single-chain form, as judged by SDS−PAGE (Figure 2),
and the specific activity (kcat/KM) was approximately 260 times
lower than that of the two-chain activated form. In agreement
with the previous results,22 the activation of single-chain
muPA(2−243) by plasmin, as measured using the peptidic S-2444
chromogenic substrate, was inhibited by mU1, whereas a
control antibody, mAb-112, which is specific for human uPA,24

had no effect (Figure 2A).
Unexpectedly, however, we observed no effect of the

antibody on the cleavage of the single-chain form into the
two-chain form by SDS−PAGE analysis (Figure 2B). Thus,
mU1 inhibits activation (Figure 2A) but not cleavage of single-
chain muPA (Figure 2B) (i.e., in the presence of mU1, cleavage
of single-chain pro-muPA does not lead to the catalytically
active form). To find out why mU1 inhibits plasmin-catalyzed
activation of single-chain muPA, whereas plasmin-catalyzed
cleavage of single-chain muPA was unaffected, we investigated
whether mU1 could inhibit the catalytic activity of two-chain
muPA with the chromogenic substrate S-2444. The measure-
ments showed that mU1 inhibits the amidolytic activity of full-
length two-chain muPA with an IC50 value around 50 nM
(Figure 3A). The observed mU1-induced inhibition of active
two-chain muPA fully explains why the single-chain proform, in
a complex with mU1, does not become active after plasmin-
catalyzed cleavage.
This finding may seem to conflict with Lund et al.22 who

reported that mU1 does not inhibit active two-chain muPA.
However, the maximal mU1 concentration tested by Lund et al.22

was 10 nM, at which concentration they observed a small,
10% inhibition. This results is fully in agreement with our result
of a 50 nM IC50 (Figure 2). Also, Lund et al.

22 reported an IC50
of around 1 nM for mU1 inhibition of pro-muPA activation.
This observation may also seem to conflict with the conclusion
that pro-muPA activation is inhibited because mU1 inhibits the
activity of the two-chain form, with an IC50 of 50 nM. However,
once bound to pro-muPA with a high affinity, mU1 will
dissociate very slowly, even from two-chain muPA (see below),
implying that the equilibrium established during incubation of
antibody and pro-muPA will determine the IC50 value even after
conversion to the two-chain form. Again, the present data are
fully in agreement with those of Lund et al.22

Kinetic Analysis of mU1 Inhibition of the Amidolytic
Activity of Active Two-Chain muPA. To determine KM

app and
kcat
app for S-2444 hydrolysis, initial velocities were measured in
the presence or absence of mU1 and with 0−24 mM substrate

Figure 2. mU1 inhibits activation but not cleavage of single-chain
muPA(2−243). (A) Rate of hydrolysis of S-2444 (750 μM) by 200 nM
single-chain muPA(2−243) in the absence or presence of indicated
antibodies (1 μM) after treatment with plasmin (5 nM) for the
indicated time periods. (B) Nonreduced SDS−PAGE and Coomassie
Blue staining of single-chain muPA(2−243) treated with plasmin under
the same conditions as in (A). The migrations of single-chain and
cleaved muPA(2−243) are indicated to the left. The migration of a Mr
marker is indicated to the right. The densities of the stained bands
were quantified by densitometry. The percentage of the single-chain
muPA(2−243), which had been converted to the two-chain form, was
plotted against the incubation time. All data are shown as means ±
standard deviations of at least three independent determinations.
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([S]0) and 0.5 nM muPA. The data were fitted to the following
equation:

=
+

v
E k S
S K

[ ] [ ]
[ ]

0 cat.
app

0

0 M
app

(1)

The calculated KM
app values varied by 5−10% between

different preparations of the same enzyme, whereas kcat.
app, for

unknown reasons, varied by 50−75% (results not shown). The
measurements also showed that mU1 increased the KM

app value
for hydrolysis of S-2444 by full-length two-chain muPA,
whereas kcat.

app was unaffected (Table 1). Therefore, these data
suggest, as a first approximation, that mU1 is a competitive
inhibitor of two-chain muPA. However, a more detailed analysis
indicated a more complex mode of inhibition. First, plots of
steady state velocities of the amidolytic activity against the
concentration of mU1 demonstrated that full-length two-chain
muPA was only inhibited by about 90% at saturating
concentrations of mU1 (i.e., 5 μM) (Figure 3A). The residual
activity was not due to contaminating proteases, as a specific
peptidic inhibitor of muPA, mupain-1-16,26 inhibited the
activity completely (data not shown). The residual activity
therefore seems to represent a true activity of the two-chain
muPA−mU1 complex. Second, a truncated variant of muPA,
muPA(16−243) (Figure 1) was previously demonstrated to
assume a conformationally distorted state with a higher KM

app

for S-2444 hydrolysis than full-length two-chain muPA.27

Surprisingly, we now found that the amidolytic activity of
muPA(16−243) was inhibited with an IC50 value of only about
5 nM mU1, considerably lower than the IC50 value of about 50 nM
determined for full-length two-chain muPA (Figure 3A). It was not
possible to explain these findings by a competitive, uncompetitive, or
a noncompetitive mode of inhibition of S-2444 hydrolysis by mU1.
For a quantitative treatment of these data, we considered a

model in which two-chain muPA can equilibrate between two
different states, an active one (E) and a distorted state (E*).
The two forms are assumed to be in rapid equilibrium
(equilibrium constants K3 and K4), and both forms are assumed
to bind mU1 (here referred as I), but with different affinities
(equilibrium dissociation constants K1 and K2):

Establishing the equilibrium during a preincubation with the
antibody, the enzyme activity is determined in an ensuing
incubation with a chromogenic substrate. During the activity
measurement, the antibody binding equilibrium is presumed to
remain unchanged, due to the slow rates of antibody−muPA
dissociation (Table 3). The reactions taking place are then
defined by the following scheme:

On the basis of the data in Table 1, kcat.
app does not vary with

the mU1 concentration, whereas KM
app does. The kcat.

app in these
schemes is presumed to be identical for the different forms of
the enzyme, whereas the KM

app values are presumed to be
variable. For these reaction schemes, one can derive (as
described in the Supporting Information) the following
equation for the dependence of the rate of substrate hydrolysis
v on the antibody concentration [I]:

=
+
+

∞v
v K v

K
[I]

[I]
0 D

app

D
app

(2)

Figure 3. Inhibition of two-chain muPA by mU1. Rates of hydrolysis
of S-2444 (750 μM) by 0.5 nM of (A) full-length two-chain muPA and
muPA(16−243) and (B) two-chain muPA(−16−250) and two-chain
muPA(−16−250) F(−2)A-K4G after preincubation with the indicated
concentrations of mU1 (0−5 μM) are shown. The rates of hydrolysis
were normalized to the rates in the absence of antibody for each muPA
preparation. Means ± standard deviations of three determinations are
indicated. Data were fitted to eq 2 to calculate KD

app, v0, and v∞. The
lines correspond to the fitted values. The fitted data for a number of
independent determinations of KD

app are listed in Table 2
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in which v0 is the rate of substrate hydrolysis in the absence of
inhibitor, v∞ is the rate of substrate hydrolysis at indefinitely
high inhibitor concentration, and KD

app is the apparent
equilibrium dissociation constant, which is related to the con-
stants defined in the above scheme by the following equation:

=
+
+

K K
K
K

(1 )
(1 )D

app
2

3

4 (3)

The data obtained were fully in agreement with eq 2,
including the fact that mU1 inhibited full-length two-chain
muPA only down to 10% of the control value (Figure 3). The
constants determined for full-length two-chain muPA,
muPA(16−243), and two-chain muPA(−16−250) are listed in Table 2.

It is indicated that the KD
app for binding to full-length two-chain

muPA and two-chain muPA(−16−250) are around 50 nM,
whereas that for muPA(16−243) is about 10 times lower.
The KD

app values determined in this way, by inhibition of
enzyme activity, are in good agreement with those determined
by surface plasmon resonance (SPR) analysis (Table 3) on the
basis of a 1:1 model. Importantly, reproducible fits to a 1:1
binding model in the case of two-chain muPA required
purification of the enzyme on benzamidine−Sepharose
immediately before the SPR. Interestingly, the variations in
KD values were almost totally accounted for by variations in kon

(Figure 4 and Table 3). Also, the KD value for the binding of
mU1 to single-chain muPA(2−243) is 7 times lower than the KD
value for binding to muPA(16−243) and 20−60 times lower than
binding to the longer muPA variants. Again, this variation is
easily understood on the basis of the model proposed above
and eq 3. A lower KD

app value could result from a lower K2 and/
or a larger decrease of K3 than of K4. Alternatively, the
presumed E* form and the zymogen may have different
conformations, but both with a higher affinity to mU1 than the
fully active (E) form.

The Epitope of mU1 is Located in the 37- and 70-Loops.
Another anti-muPA monoclonal antibody, mU3, binds to an
epitope in the 37- and 70-loops.27 As it competes with mU1 for

Table 2. KM
app for S-2444 Hydrolysis and KD

app for mU1
Inhibition for muPA Variantsa

muPA variant KM
app (mM) KD

app (nM)

full-length two-chain muPA 2.4 ± 0.2 57 ± 14
muPA(16−243) 5.0 ± 0.7b 8.3 ± 2.8b

full-length two-chain muPA F(−2)A-K4G 5.3 ± 0.2b 9.3 ± 0.6b

two-chain muPA(−16−250) 2.3 ± 0.3 44 ± 12
two-chain muPA(−16−250) F(−2)A-K4G 4.1 ± 0.1b 7.5 ± 1.1b

aThe KM
app values were determined by measuring the rate of S-2444

hydrolysis by muPA variants (0.5 nM) at different concentrations of
S-2444 (0−24 mM) and analysing the data according to Michael̈is−
Menten kinetics. The KD

app values were determined by measuring the
rate of S-2444 (750 μM) hydrolysis in the presence of varying mU1
concentrations (0−5 μM) and analysing the data according to eq 2. The
table shows means ± standard deviations for at least three
independent determinations. bSignificantly different from the value
for full-length two-chain muPA (p < 0.01). All p-values were calculated
by Student’s t-test.

Table 3. SPR Analysis of Binding of mU1 to Full-Length
Two-Chain muPA and muPA Variantsa

muPA variant
kon × 10−5

(M−1 s−1)
koff × 104

(s−1) KD (nM)

full-length two-chain
muPA

0.4 ± 0.0 7.4 ± 0.1 19 ± 1.2

muPA(16−243) 1.1 ± 0.1b 7.1 ± 0.2 6.4 ± 0.9b

two-chain muPA(−16−250) 0.2 ± 0.1 11.2 ± 2.8 60 ± 7.6b

single-chain muPA(2−243) 6.6 ± 0.9b 5.8 ± 0.6 0.9 ± 0b

aAssociation rate (kon), dissociation rate (koff), and the equilibrium
binding constants (KD) of mU1 binding to full-length two-chain muPA
and muPA variants were determined by fitting the SPR data to a 1:1
binding model. The data are reported as the means ± standard
deviations of three independent determinations. bSignificantly differ-
ent from the value for full-length two-chain muPA (p < 0.01).
All p-values were calculated by Student’s t-test.

Figure 4. Surface plasmon resonance determination of the kinetics of
binding of mU1 to muPA(16−243) and two-chain muPA(−16−250).
Representative surface plasmon resonance sensorgrams for binding
of mU1 to muPA(16−243) (A) and two-chain muPA(−16−250) (B). The
experimental data (red curves) were fitted to a 1:1 binding model
(black curves) with the Biacore evaluation software. The calculated kon,
koff, and KD values are listed in Table 3

Table 1. KM
app and kcat.

app for Full-Length Two-Chain muPA-
Catalysed S-2444 Hydrolysis in the Presence of Varying
Concentrations of mU1a

[mU1] (nM) KM
app (mM) kcat.

app (s−1)

0 2.4 ± 0.2 124 ± 26
25 2.8 ± 0.1b 120 ± 30
50 3.6 ± 0.3b 125 ± 27
100 4.9 ± 1.1b 130 ± 25

aThe KM
app and kcat.

app values were determined by incubating full-length
two-chain muPA (0.5 nM) with various concentrations of mU1
(0−100 nM) for 15 min at 22 °C before the addition of different
concentrations of S-2444 (0−24 mM). Data were analysed according
to Michael̈is−Menten kinetics. The table shows means ± standard
deviations of at least three independent determinations. bSignificantly
different from the value for 0 nM mU1 (p < 0.001 by Student’s t-test).
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binding to full-length two-chain muPA,22 the epitopes of mU1
and mU3 are likely to overlap. To determine the epitope of
mU1, we analyzed the mU1 concentration dependency of
inhibition of muPA-catalyzed S-2444 hydrolysis, using full-
length two-chain muPA alanine substitution mutants in the
37- and 70-loops. As reported above, the KD

app determined from
the antibody concentration dependence of inhibition of full-
length two-chain muPA by mU1 was about 50 nM (Table 2).
However, the following 8 out of 30 mutants, namely G37cA,
P37eA, P38A, K72A, S74A, Y76A, N77A, and P78A, all
exhibited a reduced or completely abolished susceptibility to
inhibition by 500 nM mU1 (Table 4), indicating that these

eight residues are important for mU1 binding to full-length
two-chain muPA. These eight mutants exhibited a KM

app value for
hydrolysis of S-2444 similar to full-length two-chain muPA
(Table 1 and 4). The kcat.

app values for the different mutants were
within 50−75%, but a similar variability was observed for
different preparations of the same mutant (data not shown).
We do not consider the kcat.

app values a relevant factor for
comparing different enzyme preparations. We therefore
concluded that the diminished binding to mU1 was not a
result of misfolding. Key mutants (G37cA, P37eA, K72A, S74A,
and P78A) were also tested by SPR and showed no measurable
binding to mU1 (KD > 500 nM). Altogether, these mutagenesis
data mapped the epitope of mU1 to the 37- and 70-loops,
located at least 20 Å from Lys72 Cα to Asp189 Cα in the S1
specificity pocket. Notably, mutation of a glycine (Gly37) and
three prolines (Pro37e, Pro38, and Pro78) affected the binding,
indicating that binding of mU1 depends on the conformation of
the 37- and 70-loops. Overall, the residues implicated in the
epitope cover a relatively large interaction surface of 923 Å2

(Figure 5) compared to a typical antibody epitope, which is
680−880 Å2.28

Phe(−2) and Lys4 in the A-chain Stabilize the Active
Conformation of muPA. As described above, the truncated
form of two-chain muPA, muPA(16‑243), encoding only the
B-chain (i.e., residues 16−250), has a much higher affinity for
mU1 than full-length two-chain muPA and two-chain
muPA(‑16‑250). In addition, the KM

app value for S-2444 hydrolysis
by muPA(16‑243) is about 2 times higher than the KM

app value for
full-length two-chain muPA and two-chain muPA(‑16‑250) (Table 2).
The residues responsible for these differences must be localized
between residue −16 and 15. Alignment of residue −2 to 15
revealed strong interspecies conservation of particularly
Phe(−2) and Lys4 (Figure 6A). Furthermore, in three-
dimensional structures of human uPA, these two residues
form contacts to the B-chain (Figure 6B,C). Substitution of
Phe(−2) with Ala and of Lys4 with Gly led to an about 2 times
increase in the KM

app for S-2444 hydrolysis and a 5−10 times
decrease in KD

app for inhibition of S-2444 hydrolysis by mU1
(Table 2). The KM

app for S-2444 hydrolysis was similar for the
complex between mU1 and full-length two-chain muPA (Table 1)
and full-length two-chain muPA F(−2)A-K4G double mutant
in the absence of mU1 (Table 2). These data support the
hypothesis of functional interactions between Phe(−2) and
Lys4 in the A-chain and residues in the B-chain maintaining a
maximally active state of the catalytic domain.
To verify that the part of the A-chain containing Phe(−2)

and Lys4 was intact in the preparations used to draw these
conclusions, we analyzed muPA(−16−250) (Figure 1), in which
the A-chain was short enough to allow accurate mass
determinations with MALDI mass spectrometry. Sequencing
of two-chain muPA(−16−250) by Edman degradation revealed
that the N-terminus was GSSLSKKP, as expected. Analysis of
two-chain muPA(−16−250) and two-chain muPA(−16−250)

F(−2A)/K4G by MALDI mass spectrometry under reducing
conditions revealed an average mass of the B-chain for both
proteins of 29.2 kDa, identical to the theoretical mass based on
the sequence. For two-chain muPA(−16−250), the monoiso-
topic mass of the A-chain was found to be 25.91 kDa, corre-
sponding to the sequence KPSSSVDQQGFQCGQ KALRPRFK.
For two-chain muPA(−16−250) F(−2)A/K4G, the monoisotopic
mass of the A-chain was found to be 30.04 kDa, corresponding
to the sequence GSSLSKKPSSSVDQQGAQCGQ GALRPR-
FK. It therefore appears that two-chain muPA(−16−250), but
not two-chain muPA(−16−250) F(−2)A-K4G, was trimmed by
removal of the N-terminal amino acids GSSLSK during the
cleavage of the single-chain form by plasmin. Nevertheless,
the MALDI analysis did show that the chain from residue −12
to 15 is indeed intact in both two-chain muPA(−16−250) and two-
chain muPA(−16−250)F(−2)A/K4G. The analysis also confirmed
that the planned mutations were indeed introduced into the
latter variant. We conclude that Phe(−2) and Lys4 stabilize the
active conformation of two-chain muPA.

mU1 Induces Exposure of the N-terminus of the
Catalytic Domain. Susceptibility to chemical carbamylation
was previously used to measure exposure of the amino group of
the N-terminal Ile16 of the catalytic domain of FVIIa and
murine uPA.27,29,30 The idea behind this analysis is that the
amino group of Ile16 of a two-chain serine protease, such as
full-length two-chain muPA, becomes susceptible to carbamy-
lation, if it is even temporarily expelled from the activation
pocket. The carbamylated Ile16 cannot reinsert, and the
enzyme becomes permanently inactivated at a rate corresponding
to the frequency of Ile16 exposure.

Table 4. Determination of the Epitope for mU1, As
Measured by Determination of KD

app Values for mU1
Inhibition of Point Mutants of Full-Length Two-Chain
muPAa

muPA variant KD
app (nM) KM

app (mM)

full-length two-chain muPA 57 ± 14 2.4 ± 0.2

full-length two-chain muPA G37cA >500b 2.5 ± 0.3

full-length two-chain muPA P37eA >500b 2.1 ± 0.1

full-length two-chain muPA P38A >500b 2.0 ± 0.2

full-length two-chain muPA K72A >500b 2.5 ± 0.3

full-length two-chain muPA S74A >500b 2.8 ± 0.0

full-length two-chain muPA Y76A >500b 2.6 ± 0.2

full-length two-chain muPA N77A >500b 3.7 ± 0.2b

full-length two-chain muPA P78A >500b 2.2 ± 0.4
aFull-length two-chain muPA variants (0.5 nM) were preincubated
with mU1 (0−500 nM) for 15 min at 22 °C, before measuring the S-2444
(750 μM) hydrolysis. Besides the values indicated in the table, the full-
length two-chain muPA mutants E20A, F21A, T22A, E23A, Q35A, N37A,
K37aA, G37bA, S37dA, K41A, H57A, Q60aA, E73A, S75A, Y93A, E96A,
Y99A, T110A, S110aA, K143A, E146A, Y149A, L150A, K153A, N154A,
and R217A were found to be inhibited by mU1 with KD

app less than 2 times
different from full-length two-chain muPA. Data are means ± standard
deviations for at least three independent determinations. bSignificantly
different from the value for full-length two-chain muPA (p < 0.005 by
Student’s t-test).
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As recently demonstrated,27 full-length two-chain muPA is
slowly inactivated by carbamylation, whereas muPA(16−243) is
modified faster. The presence of mU1 enhanced the rate of
Ile16 carbamylation of both full-length two-chain muPA and
muPA(16−243) (Figure 7 and Table 5), indicating a shift in the
equilibrium toward a state with the amino group of the Ile16
being exposed (Table 4). Hence, mU1 binding induces a
distorted state with an exposed N-terminus Ile16. However,
mU1 induces a more frequently exposed N-terminus in
muPA(16−243) than in the full-length two-chain muPA, which
indicates a more distorted state of the former.
The Active Site is Inaccessible Upon mU1 Binding.

Fluorescence spectroscopy was used to measure the binding
of pAB to full-length two-chain muPA31 in the absence or
presence of mU1 or the control antibody mAb-112. A mU1
concentration-dependent decrease in fluorescence, indicative of
pAB displacement from the active site was observed (Figure 8A),
whereas the control antibody (mAb-112) had no effect (data not
shown). Hence, the mU1-induced conformational changes in
muPA hinder binding of pAB to the active site of muPA.
Diisopropyl fluorophosphate (DFP) binds covalently to the

hydroxyl group of Ser195 of active two-chain uPA.27,32,33

Formation of the covalent bond requires an ordered oxyanion
hole, as found only in the active state. Irreversible binding of
[3H]-DFP to the oxyanion hole of muPA(16‑243) was inhibited in
a dose-dependent manner by mU1, whereas the control anti-
body (mAb-112) did not affect the incorporation (Figure 8B).
These data indicate that both the S1 specificity pocket and

the oxyanion hole of two-chain muPA are inaccessible in the
complex with mU1.

■ DISCUSSION

Previous experiments demonstrated that mU1 can inhibit
muPA in vivo.22,23 We initiated this study to explain the

mechanism by which mU1 inhibits activation of the single-
chain zymogen form of muPA. We found that instead of
abrogating the plasmin-catalyzed cleavage between Lys15 and
Ile16 and the formation of the two-chain form, mU1 maintains
the generated two-chain muPA in an inactive conformation.
Nevertheless, our findings are in complete agreement with the
original observation that the mU1 prevents plasmin-catalyzed
activation of single-chain pro-muPA,22 although the mechanism
appears to be more complicated than originally assumed.
Another potentially regulatory point (i.e., the binding of muPA
to its cell surface receptor muPAR) has previously been shown
not to be affected by mU1 neither in SPR analysis nor in cell
binding assays.22

The fact that there is a distance of 20 Å between the epitope
of mU1 and the active site of muPA suggests that mU1 inhibits
the enzyme activity through a conformational transition. In the
inactive state induced by mU1, the N-terminal Ile16 is solvent
exposed, and the affinities for substrates and inhibitors are
much lower than in the absence of mU1. Our present data are
compatible with an equilibrium between an inactive and an
active state, which is shifted toward the inactive state in the
presence of mU1 and also, although less so, in the absence of
residues −16 to 15.
Derivatisation of the various muPA variants with EGR-cmk

or the presence of a high concentration of pAB reduced the
affinity to mU1 maximally 2 times (data not shown). This
observation is in good agreement with previous observations
with human uPA. Thus, human single-chain pro-uPA could be
labeled with 5-(dimethylamino)-1-naphthalenesulfonyl (dansyl)-
EGR-cmk in the presence of dipeptides mimicking the
activating residues 16 and 17 of the catalytic domain, but
upon removal of the dipeptide, the dansyl-EGR-cmk-derivatized
molecule again assumed a zymogen conformation.24,34 In this
respect, uPA seems to differ from FVIIa, with which peptide-cmk

Figure 5. Epitope of mU1 on muPA. (A) Surface representation of the catalytic domain of muPA. Blue residues could be mutated to Ala without
changing the KD

app value for inhibition by mU1 by more than 2 times. Ala substitution of red residues increased the KD
app value for inhibition and

binding by mU1 by more than 2 times (see Table 4). The catalytic triad residues, His57, Asp102, and Ser195, are colored green, and the N-terminal
Ile16, which is buried into the activation pocket, is marked by the adjacent Val17. The structure of the muPA catalytic domain was homology
modeled by using Molecular Operating Environment software, the sequence of muPA (NP_032899.1), and the crystal structure of human uPA
(PDB entry 2NWN) as the template.12 (B) The model of murine uPA in ribbons with the epitope of mU1 is indicated in red sticks. Glu137 is shown
in green. The Phe-cluster (Phe 30, 40, and 141) is magenta. Asp189 at the bottom of the S1 specificity pocket is cyan. Ile16, in orange, inserts into
the activation pocket and forms a salt-bridge to Asp194, in blue.
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derivatives can affect the KD for binding to conformation-
specific antibodies more than 100 times.35,36

On the basis of these observations and our previous study,27

we suggest that the herein demonstrated mU1-induced
distorted state resembles the distorted E* conformation
observed in three-dimensional structures of other serine
proteases. In the absence of ligands, an equilibrium between
active and distorted inactive E* forms has been identified in
several serine proteases.37 In thrombin, the E* state is
characterized by a collapse of the 215−217 segment, with
Trp215 closing the S1 entrance frame.38−41 Collapsed
structures with a blocked active site have been observed not
only in thrombin but also in complement factor I42 and D,43,44

prostate specific kallikrein,45 prostasin,46 αI-tryptase,47 DegP,48

and HGFA.49 Similarly, collapsed forms are also observed in
zymogens of pro-granzyme K,50 chymotrypsinogen,51 plas-
minogen,52 complement profactor D,53 prokallikrein 6,54

complement pro-factor C1r,55 and prethrombin-1.56

Binding of mU1 to full-length two-chain muPA leads to an
increase in the KM

app, whereas kcat.
app remains unchanged (Table 1).

A previously described monoclonal antibody, mAb-112, binds

Figure 6. Phe(−2) and Lys4 in A-chain interact with residues in
B-chain. (A) Multiple sequence alignment of residues −2 to 17 of uPA
from different species. Residues are colored according to their
physical−chemical properties and murine and human sequences are
indicated in bold. (B) X-ray crystal structure of human uPA from PDB
entry 1C5W. (C) The hydrogen bond from the side-chain of residue 4
in crystal structures of human uPA (1C5W),64 human tPA (1RTF),60

bat tPA (1A5I),61 and HGFA (1YBW).49 (B) and (C) Residues
important for the allosteric regulation of uPA are shown in green.
Residues corresponding to the Phe-cluster in murine uPA are magenta.
Asp189, at the bottom of the S1 specificity pocket, is cyan. Ile16, in
orange, indicates the activation pocket in which it forms a salt-bridge
to Asp194, in blue.

Figure 7. Carbamylation rate measurements reveal enhanced exposure
of amino group of N-terminal Ile16 of muPA upon binding of mU1.
The figure shows the rates of activity loss following carbamylation of
full-length two-chain muPA and muPA(16−243) in absence or presence
of mU1, as indicated. The relative activity at each time point is
calculated as the fractional activity compared to time point 0. Data are
the means ± standard deviations of at least three independent
determinations. The rate constants for the activity loss are shown in
Table 5

Table 5. Effects of mU1 on Rates of Carbamylation of muPA
Variantsa

muPA variant rate × 10−4 (min−1)

full-length two-chain muPA 2.4 ± 0.9
full-length two-chain muPA + mU1 7.1 ± 0.2b

full-length two-chain muPA + mAb-112 2.9 ± 0.2
muPA(16−243) 9.3 ± 1.0b

muPA(16−243) + mU1 22.8 ± 1.6b

muPA(16−243) + mAb-112 9.7 ± 1.4b

aData are the means ± standard deviations of at least three
independent determinations. bSignificantly different from the value
for full-length two-chain muPA (p < 0.001 by Student’s t-test).
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to human uPA and induces a zymogen-like conformation.21,24

In contrast to mU1, mAb-112 is an apparently noncompetitive
inhibitor, reducing kcat.

app without affecting KM
app. As based on the

enzyme kinetics, the mU1-induced state of two-chain muPA
therefore, seems to be different from the mAb-112-induced
state of human uPA. In addition, the epitope for mU1 is located
in the 37- and 70-loops, whereas that of mAb-112 is localized in
the autolysis loop (residues 142−152). But similarly to mAb-
112, the variations in affinity of mU1 to specific conformations
(full-length two-chain muPA, muPA(16−243), and single-chain
muPA(2−243)) are associated with variations in kon, but not koff,
as measured by SPR (Table 3 and Figure 4). This observation is
in good agreement with expectancies from a model, in which
the antibodies bind to a pre-existing but variably populated
conformation in the various enzyme preparations. In addition,
X-ray crystal structure analysis of the complex between two-
chain human uPA and a Fab fragment of mAb-112 showed that
the S1 pocket of the enzyme is occluded, owing to a 9.7 Å
displacement of the peptide segment Trp215−Arg217 and
burial of the Arg217 side chain in the pocket,21 similar to the
E* states referred to above. Understanding the exact relation of
the mU1-full-length muPA complex and muPA(16−243) to the E*
conformations and the zymogen conformation will, however,
have to await X-ray crystal structure analysis of an mU1-muPA
complex. In general, the exact relationship between the E*
conformation and zymogen conformation is a matter of
debate.57,58

The fact that mU1 has a higher affinity for the target in the
absence of the −16 to 15 residue stretch may give clues to its
mechanism of action. According to our data, Phe(−2) and Lys4
stabilize the structure of the catalytic domain in the active
conformation. Residues in the region from position −2 to 15 of
uPA are highly conserved among mammalian species,
particularly Phe(−2) and Lys4 (Figure 6A). Several three-
dimensional structures of the catalytic domain of human uPA
have been solved from crystals of proteins containing this
stretch of residues (Figure 6B). Phe(−2) engages in a
hydrophobic interaction with Pro49 and Pro114 in human
uPA, and both residues are conserved in muPA. Lys4 points
inward, away from the solvent, forming a hydrogen bond to
Glu137. Moreover, in active human single-chain and two-chain
tissue-type plasminogen activator (tPA), bat tPA as well as
HGFA (Figure 6C), Arg4 forms a similar hydrogen
bond.49,59−61 Accordingly, the quenching of these interactions

by our mutations of muPA gives rise to a conformational
change of the catalytic domain, which increases the affinity to
mU1. One may therefore hypothesize that the residues
contacting Phe(−2) and Lys4 may be involved in the
communication between the mU1 epitope and the active site.
There is an extended hydrogen bonding network encompassing
the activation loop, the 70-loop, the autolysis loop, and Asp194.
A hydrophobic cluster composed of Phe30, Phe40, and Phe141
may also contribute to the coupling between the A-chain, the
active site, and the autolysis loop. Disruption of the Lys4−
Gly137 interaction could therefore affect the integrity of the
activation pocket.
The inhibitory mechanism suggested here is completely

different from the mechanism that can be derived from the
crystal structure of the allosteric antibody hH35 in complex
with hepsin20 and the crystal structure of the allosteric antibody
FAb40 in complex with HGFA.19 The antibody hH35 binds to
the 170-loop of hepsin and inhibits noncompetitively, whereas
Fab40 binds to HGFA in the vicinity of the 99-loop and acts
through a partially competitive inhibition mechanism. The
functional epitope of mU1 is located more than 20 Å away from
the active site of muPA compared to the distance of 15−20 Å
reported for the structural epitope of hH35 on hepsin.20 Hence,
its mode of inhibition and the long distance from the epitope to
the active site makes the inhibitory mechanism of mU1 distinct
from those of hH35 and Fab40.
Epitope mapping revealed overlapping binding sites for mU1

(Figure 5) and mU3,27 which is intriguing in light of the
different functional effects of these two antibodies. The
difference can be explained by the assumption that the enzyme
exists in active and inactive distorted states in equilibrium with
each other. The epitopes of the two antibodies may have
different conformations in the different states, and the two
antibodies lock the active and distorted, inactive states,
respectively. Binding to one of the antibodies, mU1, shifts
the equilibrium in the direction of the inactive, distorted state,
whereas binding of the other antibody, mU3, shifts the
equilibrium toward the active state. This assumption is in
agreement with the observation that the two antibodies have
slightly different epitopes. Lys72 and Pro78 were only a part of
the mU1 epitope and not of the mU3 epitope. Furthermore,
residues in the 37-loop are relatively more important for
binding of mU3 than residues in the 70-loop. Compared to the
inhibition mechanism of mU1, the slightly different epitope of

Figure 8. The S1 specificity pocket and oxyanion hole are inaccessible in the presence of mU1. (A) Binding of pAB (20 μM) to full-length two-chain
muPA (100 nM) in the presence of different concentrations of mU1 (0−500 nM), as determined by fluorescence spectroscopy. The result is a
representative of at least three independent determinations (B) Incorporation of [3H]-DFP (50 μM) into muPA(16−243) (100 nM) for a 3 h
incubation with the indicated concentrations of antibodies. Data are represented as the fractional binding compared to the sample without mU1.
Data are means ± standard deviations of at least three independent determinations.
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mU3 seemingly causes an opposite effect, in which the enzyme
is stabilized in the active conformation instead of the distorted
one, implying stabilization of the N-terminal Ile16 in the
activation pocket and ordering of the active site. A similar
situation has been reported with two antibodies (mAb-112 and
mAb-12E6B10) binding to an overlapping epitope in human
uPA.62 Although both mAb-112 and mAb-12E6B10 inhibited
uPA-catalyzed plasminogen activation, only mAb-112 induced a
zymogen-like conformation in the enzyme.
Certain naturally occurring mutations in the region of

thrombin with homology to position −2 to 15 of uPA cause
serious bleeding phenotypes in patients, whereas mutation of
Arg4 affects the proteolytic activity of thrombin.63 According to
our data, proteolytic degradation of the region encompassing
Phe(−2) and Lys4 or yet to be identified naturally occurring
mutations of these residues in muPA and most likely other
serine proteases, would favor a distorted state. Although such
regulatory mechanisms remain to be identified, they may exist
in vivo, under normal or pathological conditions. The presence
of this distorted conformation in vivo is not only interesting
from a mechanistic point of view but also because it improves
the possibilities of therapeutic targeting of uPA. Conversion
to the E* state is a new mode of pharmacological intervention
with serine protease activity. mU1 is the first antibody described
to stabilize this distorted state in a serine protease by targeting
the 37- and 70-loops.
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