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ABSTRACT: The catalytic activity of serine proteases depends on a salt-bridge between
the amino group of residue 16 and the side chain of Asp194. The salt-bridge stabilizes
the oxyanion hole and the S1 specificity pocket of the protease. Some serine proteases
exist in only partially active forms, in which the amino group of residue 16 is exposed to
the solvent. Such a partially active state is assumed by a truncated form of the murine
urokinase-type plasminogen activator (muPA), consisting of residues 16−243. Here we
investigated the allosteric interconversion between partially active states and the fully
active state. Both a monoclonal antibody (mU3) and a peptidic inhibitor (mupain-1−16)
stabilize the active state. The epitope of mU3 is located in the 37- and 70-loops at a site
homologous to exosite I of thrombin. The N-terminus(Ile16) of muPA(16−243) was less
exposed upon binding of mU3 or mupain-1−16. In contrast, introduction of the mutations F40Y or E137A into muPA(16−243)

increased exposure of the N-terminus(Ile16) and resulted in large changes in the thermodynamic parameters for mupain-1−16
binding. We conclude that the distorted state of muPA(16−243) is conformationally ordered upon binding of ligands to the active
site and upon binding of mU3 to the 37- and 70-loops. Our study establishes the 37- and 70-loops as a unique site for binding to
compounds stabilizing the active state of serine proteases.

Trypsin-like serine proteases are synthesized inside the cell,
secreted as inactive zymogens, and subsequently con-

verted into active enzymes by proteolysis between residue 15
and 16a.1 The inactivity of serine protease zymogens results
from improper formation of the S1 specificity pocket and the
oxyanion hole.2 The zymogen-activation domain, generally
composed of residues 142−153, 184−194, and 215−225,
shows an altered structure or conformational flexibility in
crystal structures of zymogens relative to structures of active
proteases. Proteolytic cleavage following residue 15 triggers the
nascent N-terminus at position 16 to form a salt-bridge to
Asp194, located at the bottom of the activation pocket. This
salt-bridge stabilizes the oxyanion hole and the S1 specificity
pocket. The activated catalytic domain formed by this transition
exhibits a conformation, which changes depending on the
binding of substrates and inhibitors to the active site or
cofactors to exosites.3 Thrombin, Factor VIIa, and complement
factor D represent classical examples of serine proteases, which
in the absence of substrates, inhibitors, or cofactors exhibit a
resting low activity conformation, which seems to be more
flexible than the active conformation.4−7 Ligand-free thrombin
rests in a catalytically inefficient state but assumes the fully
active conformation upon binding of ligands to exosite I or
inhibitors and substrates to the active site. The resting state of
thrombin, also called slow-thrombin or E*, seems to feature a

more exposed N-terminus(Ile16) than ligand-bound thrombin.8

Another serine protease Factor VIIa is several orders of a
magnitude less active in the absence of its cofactor, tissue
factor.7 Tissue factor converts ligand-free Factor VIIa into its
active conformation by an allosteric transition, which can be
measured directly by chemical carbamylation of the exposed α-
amino group of Ile16 at the N-terminus. Reactivity of the N-
terminus(Ile16) to carbamylation is determined by the distribu-
tion between a state with the N-terminus(Ile16) inserted into the
activation pocket and a state with an exposed N-terminus(Ile16).
The presence of trypsin-like serine proteases in resting states in
the absence of bound ligands has been corroborated by crystal
structures of free enzymes, exhibiting a partial collapse of the
215−217 β-strand into the active site and a disruption of the
oxyanion-hole.9 It was recently suggested that the distorted
conformations observed in mutants of thrombin are distributed
along a continuum and that ligand binding rectifies these
molecules to the active conformation, as evidenced by large
thermodynamic differences in the binding reactions.10 How-
ever, a relationship between the extent of these thermodynamic
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differences and the exposure of the N-terminus(Ile16) has not
been demonstrated.
Activation of plasminogen into plasmin, which degrades the

extracellular matrix and facilitates dissemination of cancer cells,
is catalyzed by urokinase-type plasminogen activator
(uPA).11,12 Its role in cancer spread has implicated uPA as a
therapeutic target. From this point of view, improved
understanding of the regulatory mechanisms of allosteric serine
proteases is important in the development of new strategies for
therapeutic intervention. The catalytic domain represented by
the B-chain of uPA is covalently linked to the A-chain by the
Cys1-Cys122 disulfide-bond. Cys1 is located C-terminally to
the intradomain linker, the epidermal growth factor-like domain
and the kringle domain. Specifically, the epidermal growth
factor-like domain is responsible for association of uPA to the
cell surface by direct noncovalent interaction with the uPA
receptor, uPAR.12 Active uPA associates with a serpin, known
as plasminogen activator inhibitor-1 (PAI-1), and forms an
inhibited covalent complex.13

The monoclonal antibody, mU3 was previously shown to
inhibit plasminogen activation catalyzed by murine uPA
(muPA).14 Here we report that mU3 binds to an exosite of
muPA in the 37- and 70-loops, a site homologous to exosite I of
thrombin. We have addressed how the exosite in the 37- and
70-loops is coupled to events in the active site, the overall
conformation of the enzyme, and exposure of the N-
terminus(Ile16). Binding of mU3 to the 37- and 70-loops and
inhibitors to the active site promoted the conversion from
partially inactive distorted states to the active state. Using the
active site binding peptidic inhibitor mupain-1−16,15 we
establish for the first time a relationship between the large
thermodynamic differences of ligand binding reactions and the
increased exposure of the N-terminus(Ile16) in distorted relative
to less distorted states of serine proteases.

■ MATERIALS AND METHODS
Monoclonal Antibodies and Peptides. The generation

and characterization of mU3 were described previously.14 The
peptide mupain-1−16 (CPAYS(L-3-(N-amidino-4-piperidyl)-
alanine)YLDC) was prepared by solid-phase synthesis.15

Transfection of HEK293 6E Suspension Cells. Different
cDNAs encoding full-length muPA, muPA(16−243), and site-
directed mutants were cloned into the pTT5 or pCDNA3.1
vectors. All variants contained six histidines at the C-terminus.
The muPA(16−243) variants contained a C122A mutation. The
cDNAs were transfected into human embryonic kidney 293
(HEK293) 6E suspension cells and cultured in a humidified 5%
CO2 incubator at 37 °C. The media used was F17 containing 4
mM L-glutamine, 0.1% FP68, 100 units/mL penicillin, 100
units/mL streptomycin, 25 μg/mL G418. Linear polyethyle-
neimine (PEI) (2.2 mg), cDNA (1.1 mg), and PBS (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. Culturing was continued
for six days before harvesting the conditioned media.
Protein Purification. Full-length tc-muPA and variants

were purified from conditioned media of transiently transfected
HEK293 6E cells. Briefly, C-terminally 6xhistidine-tagged
proteins were captured on nickel-Sepharose, eluted with
imidazole, and purified further using Superdex 75 size-exclusion
chromatography.
Plasminogen Activation Assays. Various concentrations

of mU3 (0−25 nM) were incubated with full-length tc-muPA,

muPA(16−243), or mutants hereof (0.5 nM) and preincubated for
30 min at 25 °C in HBS (10 mM Hepes pH 7.4, 140 mM
NaCl, 0.1% BSA). Next, the reaction was initiated by addition
of 0.5 μM human plasminogen and 0.5 mM plasmin substrate
H-D-Val-Leu-Lys-p-nitroanilide (S-2251). S-2251 hydrolysis
was monitored at 37 °C for the parabolic increase in
absorbance at 405 nm. To determine the velocity of
plasminogen activation, the data were transformed to plot
Δ405/Δtime on the ordinate and time on the abscissa.16

Velocities were calculated from the time interval 5−20 min of
these plots and used for calculations of IC50.

Amidolytic Assay of muPA Proteolytic Activity. The
velocity of muPA catalyzed hydrolysis of H-D-Glu-Gly-Arg-p-
nitroanilide (S-2444) was measured at 37 °C in HBS. Km and
Ki were calculated as described previously.15

Surface Plasmon Resonance Measurements. To
determine the equilibrium binding constant (KD), the
association rate constant (kon) and dissociation rate constant
(koff) for mU3 binding to muPA and variants, surface plasmon
resonance analyses were performed on a Biacore T200
instrument (Biacore, Uppsala, Sweden). A CM5 chip was
coupled with polyclonal rabbit anti-mouse IgG from the Mouse
Antibody Capture kit from GE-Healthcare through amine
coupling: A concentration of 30 μg/mL anti-mouse IgG in
immobilization buffer (10 mM sodium acetate, pH 5.0) was
injected during 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. The monoclonal antibody (mU3)
in running buffer (30 mM Hepes pH 7.4, 135 mM NaCl, 1 mM
EDTA) + 1% BSA was injected at a flow rate of 5 μL/min for
180 s until a capture level of ∼1100 RU was reached. A flow cell
without injection of mU3 was used as the reference. A dilution
series of muPA variants (0−100 nM) in running buffer + 1%
BSA was injected at a flow rate of 30 μL/min during 60 s at 25
°C. Subsequently, the dissociation was monitored for 220 s.
Binding of mupain-1−16 to muPA variants was measured by
immobilization of 20 000 RU of an anti-histidine tag antibody
onto a CM5 chip as described above and used to capture 3000
RU of muPA or variants. Next, mupain-1−16 (0−1000 nM)
was injected in running buffer containing 0.1% BSA at a flow
rate of 30 μL/min during 60 s at 25 °C. A flow cell without
binding of muPA was used as reference and the response
without mupain-1−16 was subtracted from each curve. Kinetic
constants (kon and koff) were calculated using the Biacore
Evaluation Software to generate a 1:1 kinetic fit. Although some
data sets could be fitted better to a two-state model, the
calculated data were similar when using a 1:1 model. All data
were therefore fitted to a 1:1 model. The KD values were
calculated as koff/kon.

Carbamylation Assay. To analyze the effect of mU3 and
mupain-1−16 on the carbamylation rate of the N-terminal(Ile16)

α-amino group in different muPA variants, 0.5 μM enzyme was
preincubated with or without mU3 (1 μM) or mupain-1−16 (1
μM) in HS buffer (10 mM Hepes pH 7.4, 140 mM NaCl) +
0.1% PEG 8000 at 22 °C for 30 min. After preincubation,
potassium cyanate (0.2 M) or HS buffer +0.1% PEG 8000 was
added and incubated at 22 °C for 0, 30, 60, 120, 180, and 300
min. To stop the carbamylation reaction, each of the mixtures
was diluted 100-fold in HBS, and mU3 or mupain-1−16 was
allowed to dissociate for 2 h at 22 °C. The residual activity was
determined in the presence of S-2444 (750 μM) by measuring
the rate of hydrolysis at 405 nm for 1 h at 37 °C in a microplate
reader.
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Isothermal Titration Calorimetry. All isothermal titration
calorimetry (ITC) experiments were performed on a MicroCal
VP-ITC instrument equilibrated to a temperature of 25 °C.
The muPA variants were dialyzed into a buffer of 20 mM
sodium phosphate, pH 7.4, 140 mM NaCl. The peptide
mupain-1−16 was dissolved in the same buffer and the
concentration was determined using the extinction coefficient
calculated using Protparam located at http://us.expasy.org/
tools/protparam.html. In all cases, experiments were designed
to provide a fully saturated titration profile with enough signal
and curvature to allow precise determination of thermodynamic
parameters. The concentration of muPA variant used in the
∼1.4 mL sample cell was 0.5−2 μM, depending on the affinity
of the ligand. Titrations were performed by injecting 10−12 μL
of the ligand until the total syringe volume of 296 μL was spent.
The equilibrium association constant KA and the molar reaction
enthalpy ΔH were calculated by fitting the integrated titration
peaks using a one-binding-site model in the ITC ORIGIN7
program package. The following formulas for Gibbs energy ΔG
were used to analyze the measured energies.

Δ = −G RT Kln A (1)

Δ = Δ − ΔG H T S (2)

in which R is the gas constant and T is the absolute
temperature. ΔS, the entropic change during the reaction,
was calculated by combining eqs 1 and 2 using the measured KA
and ΔH. Titration of ligand into buffer was performed to obtain
buffer correction.
Determination of Second Order Rate Constants for

Binding of muPA to PAI-1. Full-length tc-muPA or
muPA(16−243) (0.25 nM) were mixed with 100 nM mU3 or
HBS and incubated for 30 min at 25 °C. At time point t = 0
min, the reaction was mixed with a dilution series of murine
PAI-1 (0−500 nM). The absorbance at 405 nm (A405) was
recorded for 120 min in the presence of 3 mM or 6 mM S-2444
for full-length tc-muPA or muPA(16−243), respectively. The kobs
values for each PAI-1 concentration were determined by fitting
the progress curves to the single-exponential function (eq 3).

= + −∞
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k t
0

obs (3)

where [P]t, [P]0, and [P]∞ are the product concentrations at
time t, time zero, and time infinite, respectively, proportional to
the measured A405 values. The calculated kobs values were then
plotted on the ordinate and the PAI-1 concentrations on the
abscissa and the KD and klim values were determined by fitting
the data to eq 4.
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The second-order rate constant k2 was calculated as klim/KD.

■ RESULTS
The Epitope of mU3 Is Located in the 37- and 70-

Loops. A total of 29 site-directed alanine substitution mutants
of full-length tc-muPA were prepared to identify the epitope of
the monoclonal antibody, mU3.14 The plasminogen activation
activities of the full-length tc-muPA mutants G37cA, P37eA,
P38A, S74A, Y76A, and N77A were not inhibited by mU3
(data not shown). Contrary, mU3 inhibited the plasminogen
activation activities of full-length tc-muPA E23A, Q35A, N37A,

K37aA, G37bA, S37dA, K41A, Q60aA, K72A, E73A, S75A,
P78A, Y93A, E96A, Y99A, T110A, S110aA, K143A, E146A,
Y149A, L150A, K153A, and R217A (data not shown). The
inhibition of these 23 mutants by mU3 was indistinguishable
from the inhibition of full-length tc-muPA, suggesting the
epitope of mU3 to consist of amino acid residues in the 37- and
70-loops. To further validate the plasminogen activation data,
we used surface plasmon resonance analysis to quantitate mU3
binding to variants mutated within and around the epitope.
Binding to mU3 was diminished for the mutants of full-length
tc-muPA, G37cA, P37eA, P38A, S74A, Y76A, and N77A (Table
1 and Figure 1). Hence, the plasminogen activation activities of

these six mutants were not inhibited by mU3 as they did not
bind the antibody at the concentrations used in the assay. None
of the mutations completely abolished the binding. The most
compromised mutant was G37cA (Figure 1B and Table 1). The
decreased binding of mU3 to the mutants consistently resulted
from an increase in koff (Table 1). Full-length tc-muPA N37A,
K37aA, G37bA, S37dA, K72A, P78A, Y149A, and K153A were
shown to bind to mU3 with similar affinities as full-length tc-
muPA (Figure 1C). Hence, mU3 binds to an epitope in the 37-
and 70-loops (Figure 1C). Interestingly, binding of mU3 to the
37-loop seems to depend on a certain conformation rather than
side-chain interactions, as only mutation of Gly and Pro
residues affected binding to the 37-loop.

The Antibody mU3 Decreases Km for S-2444
Hydrolysis. The truncated mutant, muPA(16−243) consists of
the B-chain of murine uPA. As demonstrated below,
muPA(16−243) exists in a distorted state, as its N-terminus is
more exposed than in full-length tc-muPA. In all our
experiments, mU3 restored the active state of muPA(16−243)

(see below). The amidolytic activity of full-length tc-muPA was
not affected by mU3, while the amidolytic activity of
muPA(16−243) was dose-dependently increased up to maximally
2-fold (Figure 2A). Furthermore, mU3 improved the affinity of
the substrate S-2444 for the active site, as Km for muPA(16−243)

was decreased from 5 ± 0.7 mM in the absence of mU3 to the
level of full-length tc-muPA at 2.4 ± 0.2 mM in the presence of
mU3 (Figure 2B and Table 2). Moreover, kcat was not affected
by mU3, but remained constantly at approximately 90 s−1 for
both full-length tc-muPA and muPA(16−243) (Figure 2B).
Notably, mU3 dose-dependently inhibited plasminogen

Table 1. Binding of mU3 to Full-Length tc-muPA and
Variants Determined by Surface Plasmon Resonance
Analysisa

kon·10
−5

(M−1·s−1)
koff·10

4

(s−1) KD (nM)

full-length tc-muPA 11.4 ± 1.5 4.8 ± 0.6 0.4 ± 0.1
muPA(16−243) 7.0 ± 1.0 5.1 ± 1.1 0.7 ± 0.2b

full-length tc-muPA G37cA 6.4 ± 4.4 276 ± 78 129 ± 89b

full-length tc-muPA P37eA 2.7 ± 0.4 91 ± 13 34 ± 8b

full-length tc-muPA P38A 3.4 ± 2.1 39 ± 4 15 ± 9b

full-length tc-muPA S74A 3.9 ± 1.4 12 ± 5 3.1 ± 1.7b

full-length tc-muPA Y76A 3.8 ± 1.6 25 ± 8 7.1 ± 1.9b

full-length tc-muPA N77A 6.4 ± 2.7 20 ± 3 3.4 ± 1.3b

aData are the average ± standard deviations for three independent
determinations. Each determination was calculated from sensorgrams
derived from five different concentrations of the given variant (as
demonstrated in Figure 1A). bSignificantly different from the value for
full-length tc-muPA (p < 0.01) − Student's t test.
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activation by both full-length tc-muPA and muPA(16−243) with
an IC50 of approximately 0.3 nM (Figure 2C). These data
indicate that mU3 restores the affinity of the active site of
muPA(16−243) for S-2444 and sterically inhibits plasminogen
activation.
A Peptidic Substrate and Active Site Inhibitors have

Lower Affinity for Distorted muPA Variants than for
Full-Length tc-muPA. Km for hydrolysis of S-2444 was 2-fold
higher for muPA(16−243) than for full-length tc-muPA (Table 2).
Mutants with substitutions located close to the epitope of mU3
and the oxyanion hole were analyzed to identify more distorted
variants. The mutants muPA(16−243) F40Y and muPA(16−243)

E137A were selected for analysis, as their Km values for S-2444
hydrolysis were higher than for muPA(16−243) (Table 2). Hence,
it was hypothesized that mutations away from the active site
that increased Km for S-2444 hydrolysis would also induce
conformational distortion and as demonstrated below, exposure
of the N-terminus(Ile16). Inhibition of muPA(16−243) with the
active site antagonists, p-aminobenzamidine (pAB), amiloride
and mupain-1−16 showed Ki values 2−3 fold higher than the Ki

values of the same inhibitors for full-length tc-muPA (Table 2).
For the mutants, muPA(16−243) F40Y and muPA(16−243) E137A,
the difference to full-length tc-muPA was even more drastic,
with increases in the Ki values of 5- to 10-fold. These data
demonstrated a decreased affinity of distorted states of muPA
for the S-2444 substrate and for active site inhibitors.
The Affinity of Distorted Mutants for Inhibitors Is

Restored by mU3. Because mU3 improved the binding of S-

2444 to the active site of muPA(16−243), we now continued to
measure whether this effect occurred for active site inhibitors.
All three inhibitors tested, pAB, amiloride and mupain-1−16,
had a 2−3 fold lower Ki for muPA

(16−243) in the presence of
mU3 than in its absence, corresponding to the values for the
full-length tc-muPA (Table 2). Similar effects occurred for the
F40Y and E137A mutants of muPA(16−243). Based on these data,
we conclude that mU3 restores the active state of the distorted
muPA mutants.

Binding of PAI-1 to muPA(16−243) Is Slower than to
Full-Length tc-muPA and mU3 Reduces the Rate of
Binding. We measured the second-order rate constants for
binding of murine PAI-1 to full-length tc-muPA and
muPA(16−243) (Figure 3). First, the second-order rate constant
was 2−3-fold slower for muPA(16−243) than for full-length tc-
muPA. The reason for this is probably that muPA(16−243) is
distorted. Second, mU3 decreased the second-order rate
constant by 8-fold for full-length tc-muPA and 5-fold for
muPA(16−243). From these data we deduce that mU3 delays the
binding of PAI-1 to muPA, probably by steric hindrance.

mU3 and mupain-1−16 Mediate Insertion of the N-
Terminus(Ile16) into the Activation Pocket. We now
measured the rates of inactivation of full-length tc-muPA and
muPA(16−243) during modification of the exposed α-amino
group of Ile16 by chemical carbamylation. The rate of
inactivation by carbamylation is proportional to the fraction
of the time the N-terminus(Ile16) is solvent exposed versus the
time in which it is salt-bridged to Asp194. The rate of

Figure 1. The epitope of mU3 on muPA. Surface plasmon resonance sensorgrams for binding of mU3 to full-length tc-muPA (A) and full-length tc-
muPA G37cA (B). Fits are shown in red and experimental curves in black. (C) The epitope of mU3. Substitution of light-red and red residues to
alanine resulted in approximately 10-fold and more than 60-fold reduction in binding, respectively. Val17 in yellow specifies the activation pocket.
His57 and Asp102 in green are located in the active site. Residues in blue could be mutated to alanine without compromising mU3 binding to muPA.
Residues in light blue could be mutated to alanine without compromising mU3 inhibition of the plasminogen activation activity of the mutant. The
structure of the muPA catalytic domain was homology modeled from a crystal structure of human uPA (PDB entry: 2NWN).
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carbamylation was found to be faster for muPA(16−243) than for
full-length tc-muPA (Table 3 and Figure 4). Hence, the N-
terminus(Ile16) of muPA(16−243) is more exposed than in full-

length tc-muPA. Next, it was demonstrated that mU3 decreased
the carbamylation rate for muPA(16−243) to the rate measured
for full-length tc-muPA (Table 3). Similarly, insertion of the N-
terminus(Ile16) was promoted by mupain-1−16, as the rate of
carbamylation decreased upon binding of mupain-1−16 to
muPA(16−243) (Figure 4A). Hence, mU3 and mupain-1−16
promote insertion of the N-terminus(Ile16) into the activation
pocket. To demonstrate that the N-terminus(Ile16) is more
exposed in more distorted mutants, we determined the
carbamylation rates of the muPA(16−243) mutants, F40Y and
E137A. These two mutants had even more exposed N-
termini(Ile16) than muPA(16−243), again demonstrating more
distorted states in these variants (Figure 4B).

Large Thermodynamic Differences in the mupain-1−
16 Binding Reaction Distinguish Distorted Mutants of
muPA. The kinetic data presented in Table 2 indicate that
mU3 restores the active state of muPA(16−243), muPA(16−243)

F40Y, and muPA(16−243) E137A. Like mU3, the active site
inhibitor, mupain-1−16 is assumed to restore the active state of
muPA mutants in distorted states. To measure the extent of

Figure 2. The Km for S-2444 hydrolysis is decreased and plasminogen
activation is inhibited by mU3. (A) Hydrolysis of S-2444 (0.75 mM)
measured for full-length tc-muPA and muPA(16−243) (2 nM) at the
indicated concentrations of mU3. (B) Km and kcat for hydrolysis of S-
2444 by full-length tc-muPA and muPA(16−243) measured at the
indicated concentrations of mU3. (C) Activation of human
plasminogen (0.5 μM) measured for full-length tc-muPA and
muPA(16−243) (0.5 nM) using S-2251 (0.5 mM) and mU3 at the
indicated concentrations. All measurements are the average ± standard
deviations of at least three independent determinations.

Table 2. Km for S-2444 Hydrolysis and Ki for Inhibition by Amiloride, pAB and mupain-1−16 for muPA Variantsa

Km (mM) S-2444 Ki (μM) amiloride Ki (μM) pAB Ki (nM) mupain-1−16

−mU3 +mU3 −mU3 +mU3 −mU3 +mU3 −mU3 +mU3

full-length tc-muPA 2.4 ± 0.2 2.1 ± 0.1 6 ± 1 9 ± 1 31 ± 1 27 ± 3 39 ± 10 30 ± 15
muPA(16−243) 5.0 ± 0.7b 2.7 ± 0.4 16 ± 1b 9 ± 2 71 ± 9b 32 ± 11 90 ± 1b 30 ± 1
full-length tc-muPA F40Y 4.5 ± 0.2b 2.4 ± 0.3 14 ± 3b 12 ± 2 84 ± 11b 55 ± 10 110 ± 7b 55 ± 14
muPA(16−243) F40Y 11.6 ± 0.9b 4.4 ± 0.4b 53 ± 12b 22 ± 7b 150 ± 11b 79 ± 10b 213 ± 38b 78 ± 4b

muPA(16−243) E137A 8.0 ± 0.7b 6.9 ± 0.1b 74 ± 12b 19 ± 2b 318 ± 39b 74 ± 10b 490 ± 30b 76 ± 6b

aAll data are the average ± standard deviations of at least three independent determinations. A saturating concentration of mU3 (25 nM) was used.
bSignificantly different from the corresponding value determined for full-length tc-muPA (p < 0.004) − Student's t test.

Figure 3. Binding of murine PAI-1 to muPA and muPA(16−243) is
delayed by mU3. The second-order rate constants for reaction with
murine PAI-1 were: full-length tc-muPA; (1.75 ± 0.48)·106 M−1·s−1,
full-length tc-muPA+mU3; (2.93 ± 1.41)·105 M−1·s−1, muPA(16−243);
(6.85 ± 2.28)·105 M−1·s−1, muPA(16−243)+mU3; (1.29 ± 0.47)·105

M−1·s−1. All measurements are the average ± standard deviations of at
least three independent determinations.

Table 3. Rates (min−1) of Inactivation by Chemical
Carbamylationa

ligand-free +mU3 +mupain-1−16

full-length tc-muPA 1.5 ± 0.7 1.0 ± 0.7 0.2 ± 0.1
muPA(16−243) 9.6 ± 1.0b 1.2 ± 0.7 0.5 ± 0.4

aData are the average ± standard deviations of three independent
determinations. bSignificantly different from the value determined for
full-length tc-muPA (p < 0.0003) − Student's t test.
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conformational distortion in different muPA mutants we used
isothermal titration calorimetry (ITC) and quantitated the
ordering occurring in a distorted mutant when its active state is
restored through binding of mupain-1−16. Hence, a more
negative ΔH reflects formation and disruption of more
noncovalent bonds and a more negative TΔS parameter
reflects more ordering upon binding of mupain-1−16. The ΔH
for binding of mupain-1−16 is more negative for muPA(16−243)

than for full-length tc-muPA, indicating the formation of more
noncovalent interactions on a net basis (Table 4 and Figure
S1). Because of a compensatory more negative TΔS, the ΔG
for binding of mupain-1−16 was comparable for full-length tc-
muPA and muPA(16−243). The KD values determined by ITC did
not deviate measurably from the KD values determined by
surface plasmon resonance analysis (Table 4 and Figure S1).
The negative TΔS for binding of mupain-1−16 to muPA(16−243)

suggests that this variant is flexible but becomes more ordered
upon binding of mupain-1−16. Interestingly, we observed that
ΔH and TΔS for binding to mupain-1−16 were alike for full-
length tc-muPA and muPA(16−243) when they were in complex
with mU3 (Table 4). Based on this, it appears that mU3
restores the active state of muPA(16−243), which seems to
resemble the state assumed by full-length tc-muPA. The TΔS
value for binding to mupain-1−16 was more negative for
muPA(16−243) F40Y and muPA(16−243) E137A than for
muPA(16−243), indicating that these two mutants are in even

more distorted states but become ordered upon binding to the
peptide. For muPA(16−243) F40Y, the kon for binding to mupain-
1−16 was similar to muPA(16−243), whereas the koff rate was
significantly increased. For the muPA(16−243) E137A mutant, the
kon for binding to mupain-1−16 was lower than for
muPA(16−243), whereas the koff rates were comparable. The
large differences in the thermodynamic parameters (ΔH and
TΔS) for binding to mupain-1−16 among the mutants were
not a result of changes in the ΔG for which the variation among
the tested mutants was about 3% (Table 4).

■ DISCUSSION

In this study, we report new data about the allosteric
communication between an antibody epitope in the 37- and
70-loops, the N-terminus(Ile16) in the activation pocket, and
inhibitors or substrates in the active site of muPA. Overall, our
data contribute to a functional elucidation of the interconver-
sion between distorted states of uPA and its active
conformation.
It is tempting to compare the epitope of mU3 to exosite I of

thrombin, which is also located in the 37- and 70-loops. Exosite
I mediates allosteric signals from cofactors, inhibitors and
substrates to the active site of thrombin.2 However, evidence
for a biological role of the 37- and 70-loops of uPA remains to
be identified. When thrombomodulin binds to exosite I of
thrombin, the ability to cleave fibrinogen is lost and the

Figure 4. Carbamylation of muPA variants. (A) Time-dependent inactivation by carbamylation of muPA(16−243) in the presence and absence of mU3
or mupain-1−16. (B) Carbamylation of full-length tc-muPA, muPA(16−243), muPA(16−243) F40Y and muPA(16−243) E137A. All measurements are the
average ± standard deviations of at least three independent determinations. The carbamylation rates for muPA(16−243) F40Y was 14.2 ± 1.7 min−1

and 24.2 ± 4.0 min−1 for muPA(16−243) E137A. All other rates are shown in Table 3.

Table 4. Thermodynamic Parameters for Binding of mupain-1−16 to muPA Variants Determined by ITC and kon, koff, and KD
Determined by Surface Plasmon Resonance Analysesa

isothermal titration calorimetry surface plasmon resonance

ΔH (kJ/mol) TΔS (kJ/mol) ΔG (kJ/mol) KD (nM) kon·10
−5 (M−1·s−1) koff·10

4 (s−1) KD (nM)

full-length tc-muPA −39 ± 4 4 ± 3 −43 ± 1 29 ± 6 1.7 ± 0.2 59 ± 2 35 ± 3
muPA(16−243) −61 ± 5b −18 ± 4b −44 ± 1 25 ± 7 1.3 ± 0.1 57 ± 14 46 ± 10
full-length tc-muPA +mU3 −42 ± 6 2 ± 6 −44 ± 1 25 ± 2 n.d. n.d. n.d.
muPA(16−243) +mU3 −43 ± 2 1 ± 2 −44 ± 1 23 ± 5 n.d. n.d. n.d.
muPA(16−243) F40Y −64 ± 2b −27 ± 1b −41 ± 1b 81 ± 19b 1.3 ± 0.4 123 ± 35c 94 ± 6c

muPA(16−243) E137A −71 ± 3b −29 ± 2b −42 ± 1 52 ± 26 0.9 ± 0.1c 68 ± 2 77 ± 13c

aAll data are the average ± standard deviations of at least three independent determinations. n.d.: Data were not determined. For each surface
plasmon resonance determination, six different concentrations of mupain-1−16 were used (see Figure S1). bSignificantly different from the value
determined for full-length tc-muPA (p < 0.01) − Student's t test. cSignificantly different from the value determined for muPA(16−243) (p < 0.03) −
Student's t test.
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specificity switches toward cleavage of protein C.17 Exosite I
regulates the conformation of thrombin through binding to
different ligands, all inducing the active conformation of the
enzyme. The mechanism through which mU3 restores the
active state of distorted muPA variants could to some extent be
analogous to that of thrombin ligands binding to exosite I.
The current work has led to new fundamental knowledge on

the relationship between the thermodynamic events occurring
upon binding of ligands to muPA. Other serine proteases
exhibiting similar distorted conformations may be regulated by
the same mechanisms. As it was suggested previously, a
continuum of distorted structures seems to be represented in
different mutants and ligand-bound states of thrombin.10 First,
as observed when binding ligands to the active site or exosite I
of thrombin,10,18 we measured a more negative ΔH and a more
negative TΔS for binding of mupain-1−16 to muPA(16−243) and
its F40Y and E137A mutants than for binding to full-length tc-
muPA. Both ΔH and TΔS became more negative, when the N-
terminus(Ile16) was more exposed as measured by chemical
carbamylation of Ile16, whereas ΔG was largely unchanged
(Figure 5). The decrease in TΔS for mupain-1−16 binding to

mutants in more distorted states reflects the conversion from
distorted states to the active state. Hence, a mutant in a more
distorted state undergoes more extensive ordering upon
binding of mupain-1−16 in order to assume the active state.
The more negative TΔS for binding of mupain-1−16 to
muPA(16−243) F40Y and E137A than for binding to
muPA(16−243) occurs as these mutants are in even more
distorted states and undergo more extensive ordering.
Consequently, binding of mupain-1−16 to the active site of
muPA induces the act ive conformation and the
N-terminus(Ile16) is inserted into the activation pocket.
Induction of the active conformation upon binding to
mupain-1−16 decreases ΔH depending on the number of
noncovalent bonds that must be disrupted and formed for the
transition to occur. This lowering of ΔH compensates for the
drop in TΔS, since the affinities (ΔG) of the muPA mutants for
mupain-1−16 are similar. Based on these data, we suggest that
the larger thermodynamic differences for the binding of ligands
to distorted states of serine proteases, as demonstrated here for
muPA, seem to correlate with increased duration of solvent
exposure of the N-terminus(Ile16). One of the most important
arguments supporting these conclusions is that muPA(16−243) is

completely rectified into the active state by mU3, which
promotes insertion of the N-terminus(Ile16) and decreases the
ordering associated with binding of active site inhibitors and
substrates. Accordingly, the distorted muPA mutants bind
mupain-1−16 by an induced-fit mechanism, in which the
enzyme changes conformation to fit the ligand.
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