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PREFACE
This thesis was performed during my time as a Ph.D. student at Danish-Chinese
Centre for Proteases and Cancer, Interdisciplinary Nanoscience Center (iNANO),
University of Aarhus, Denmark. The work was carried out under the supervision of
Professor Peter A. Andreasen and co-supervised by Associate Professor Hans Peter
Sørensen from June 2009 to May 2012. In addition, collaboration with a number of
laboratories added important data to the final outcome. The laboratory of Mingdong
Huang, Fuzhou, China, solved the three-dimensional structure of mupain-1-16 in
complex with huPA(16-250) H99Y. The Finsen Laboratory, Copenhagen University Hospital,
Denmark generated the two monoclonal antibodies, mU1 and mU3. The laboratory in the
Section for Bio-Organic Chemistry, Faculty of Life Sciences, University of Copenhagen,
Denmark synthesized the peptides.

This thesis is initiated with a general introduction to the serine protease,
urokinase-type plasminogen activator (uPA), its involvement in disease and a
discussion of uPA inhibitor development so far. The catalytic mechanism of serine
proteases is described in detail.
The introduction is followed by chapters presenting the three main projects I have
been working on, with special emphasis on experiments I conducted, including a
description of methods and results and discussion of the data. My work contributed to two
manuscripts which are attached in the appendix.

Manuscript I (Submitted)
Interconversion of active and inactive serine protease conformations: the 37- and
70-loops of urokinase-type plasminogen activator is a unique regulatory site for
monoclonal antibodies.
Zhou Liu, Tobias Kromann-Hansen, Ida K. Lund, Masood Hosseini, Knud J. Jensen, Gunilla
Høyer-Hansen, Peter A. Andreasen and Hans Peter Sørensen. Submitted to Biochemistry. Appendix 1.

Manuscripts II (Submitted)
Distorted inactive serine protease conformation induced by a monoclonal antibody
through a new allosteric mechanism.
Tobias Kromann-Hansen, Ida K. Lund, Zhuo Liu, Peter A. Andreasen, Gunilla Høyer-Hansen and Hans
Peter Sørensen. Submitted to Biochemical Journal. Appendix 2.
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SUMMARY
Urokinase-type plasminogen activator (uPA) is a serine protease that plays an
important role in many pathophysiological processes. It is also a marker for a poor
prognosis in several cancer types. In order to investigate the efficiency of uPA
inhibitors which might be candidates for therapeutic drugs, a detailed mechanistic
understanding must be obtained. One peptide and two antibodies were studied in this
thesis. First, an engineered cyclic peptide, mupain-1-16 with an unnatural amino acid
in the P1 position and the sequence CPAYS[L-3-(N-Amidino-4-piperidyl)alanine]YLDC
was investigated. The high affinity and specificity of mupain-1-16 makes it a suitable
inhibitor for targeting of murine uPA in order to investigate the importance of uPA in
murine disease models. Secondly, two high affinity monoclonal antibodies targeting
murine uPA (mU1 and mU3) were studied. These antibodies showed different
conformational and inhibitory mechanisms both in vivo and in vitro. Their similar
epitopes, but different functions revealed two different allosteric regulation
mechanisms for antibodies binding to serine proteases. Both the peptidic inhibitors
and the allosteric mechanisms of uPA are believed to be important for future tumour
model studies and the development of more efficient inhibitors against uPA.
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Dansk resume (Danish Summary)
Urokinase-type plasminogen aktivator (uPA) er en serinprotease, der spiller en vigtig
rolle i mange patofysiologiske processer. Det er også en biomarkør for brystkræ ft. For at
udvikle uPA-hæ mmere som er kandidater til at blive terapeutiske læ gemidler, er det vigtigt
at opnå en forståelse af deres molekylæ re hæ mningsmekanismer. I denne afhandling
undersøges et peptid og to antistoffer som alle hæ mmer uPA fra mus. Et cyklisk peptid,
mupain-1-16 med en unaturlig aminosyre i P1-positionen og sekvensen CPAYS
[L-3-(N-Amidino-4-piperidyl)alanine]YLDC har en høj affinitet og specificitet overfor
muse uPA. I afhandlingen undersøges også to monoklonale antistoffer rettet mod muse
uPA (mU1 og mU3). Disse antistoffer viste forskellige allosteriske og inhibitoriske
mekanismer både in vivo og in vitro. De to antistoffer har overlappende epitoper, men
forskellige funktioner som medieres via allosteriske mekanismer. Både peptid hæ mmere
og de allosteriske mekanismer i uPA er vigtige for fremtidige undersøgelser af uPAs
funktion i murine sygdomsmodeller og for udvikling af mere effektive hæ mmere mod uPA.
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中文摘要 (Chinese Summary)
尿激酶型酶原激活剂，简称尿激酶，是丝氨酸蛋白水解酶中的一员，它在病理生理学上
表现非常重要的作用。在乳腺癌的诊断中，尿激酶也可以作为一个重要的肿瘤标记物， 因
此其抑制剂的研究对于抗癌药物的开发尤为重要。为了更好的研究尿激酶抑制剂，我们需要
深入理解其结合和抑制的机制。本文首先阐述一个新型的环形多肽 Mupain-1-16，与鼠源尿
激 酶 的 结 合 机 制 。 Mupain-1-16

包 含 十 个 氨 基 酸 ， 其 序 列 为

[L-3-(N-Amidino-4-piperidyl)alanine]YLD

，

其

中

的

非

天

然

氨

CPAYS
基

酸

[L-3-(N-Amidino-4-piperidyl)alanine]，可以作为 P1 结合位点与鼠源尿激酶结合。研究发
现，Mupain-1-16 对于鼠源尿激酶的结合有着非常高的亲和力和专一性，因此，它可以作为
鼠源尿激酶抑制剂的一个候选药物。除了有抑制作用的多肽，本文也着重要研究了两个鼠源
尿激酶抗体，mU1 和 mU3，尽管它们都能与鼠源尿激酶结合，并抑制鼠源尿激酶对纤维蛋白
溶酶原的激活，但是两个抗体在体内和体外都显示了不一样的抑制活性。我们的研究发现，
mU1 和 mU3 在结合鼠源尿激酶时显示出接近的抗原表位，但二者表现出对鼠源尿激酶一个截
然相反的类似变构调节作用。因此，通过对于多肽 Mupain-1-16 和单克隆抗体 mU1 以及 mU3
的研究，加深了我们对尿激酶结合抑制机制的理解，同时，相信本文的研究结果对于未来小
鼠肿瘤模型的抑制剂开发也会起到一个重要的作用。
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1 Introduction
1.1 Cancer and proteases
The most common way to treat cancer is surgery with adjuvant chemotherapy
and radiation therapy. Nevertheless, cancer is still one of the deadliest diseases in the
world. The most common cause of cancer patients’ death is metastasis which leads
the neoplastic cells to disseminate and spread from one organ to another [1].
Significant focus on identifying and investigating various new molecules as potential
prognostic and diagnostic markers of cancer invasion and metastasis have been
developed during the latest decades [2]. Current theory holds that metastasis and
invasion of malignant tumors are accompanied by the degradation of extracellular
matrix (ECM) elements, such as type IV collagen or laminin. This is accomplished by
a series of ‘tumor-associated proteases’ [3] whose proteolytic activities enable several
different steps during development of metastasis.

Fig. 1. Development of tumor metastasis. There are a series of steps that a tumor cells go
through before metastasis occur. First cells grow as a benign tumor in the epithelium. Genetic
alterations allow them to break through the basement membrane, then travel through the extra
cellular matrix and enter the bloodstream and invade the capillary. Once the cancer cells
adhere to the blood vessel wall, they escape from the blood vessels and begin to proliferate in
the new environment at this distant site and eventually form lethal metastases [4]. (The figure
was reproduced from [5])
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A protease is an enzyme that catalyzes proteolysis [6]. According to their catalytic
mechanisms, proteases are classified into six main classes: aspartic, threonine,
metallo, cysteine, serine, and glutamic proteases, although glutamic proteases have
not been found in mammals so far. Human cells produce at least 569 proteases
including 194 metallo-, 176 serine-, 150 cysteine-, 28 threonine- and 21 asparticproteases [7, 8]. Proteases cleave proteins from either the N-terminus or C-terminus
(exopeptidases), or in the middle of a protein (endopeptidases). Much primary
knowledge about the function of proteases stems from investigations of the digestive
system and intracellular protein turnover [6]. However, proteases are also considered
as extremely important signaling molecules influenced by various biological events,
such as apoptosis, blood coagulation, extracellular tissue remodeling and DNA
replication [9-11]. The dysregulation of proteases might lead to cardiovascular and
inflammatory diseases, osteoporosis or neurological disorders and cancer metastasis
as mentioned above [12]. Hence, many proteases are candidates for drug targeting.
Protease mechanisms and their inhibitors is therefore a hot topic.

1.2 Serine proteases
Serine proteases constitute about one-third of all known proteases. Their
distinctive feature is the nucleophilic serine in the active site [13]. The serine
proteases adopt two principal folds, trypsin-like and subtilisin-like. The most abundant
are of the trypsin-like family with a typical catalytic triad “Asp-His-Ser” in the active site
[14]. This family contains many physiologically important proteins such as
chymotrypsin, trypsin, elastase, thrombin, plasmin, kallikrein and several coagulation
and complement factors [15, 16]. Once a substrate binds to the active site of a serine
protease and becomes cleaved, the N-terminal part of the substrate is released. Then
a water molecule binds and the C-terminal part of the substrate is released (Fig. 2A).
The residues on the N-terminal side of the bond are called P1, P2, P3 etc, while on the
C-terminal side they are called P1’, P2’ P3’ etc (Fig.2B). The complementary substrate
binding regions on the protease are referred to as S1, S2, S3 and S1’, S2’, S3’ etc. The
8

substrate specificity of trypsin-like proteases is usually characterized by their P1-S1
interaction [13].

Fig. 2. Hydrolysis of a peptide bond by a protease. (A) General peptide being hydrolysed and
released. (B) The terminology describing positions on the substrate and the protease relative
to the scissile bond (Figure adapted from [17]).

1.2.1 The catalytic mechanism of serine proteases
Many trypsin-like proteases are released to the cell surface in single chain forms.
However, before they become proteolytic active, they require activation from an
inactive zymogen precursor to the active state [18]. Activation normally occurs by
cleavage between residues 15 and 16 (For convenience, the chymotrypsin numbering
template is used below if nothing else is indicated [19]). Upon activation, the newly
formed N-terminus(Ile16) inserts into a hydrophobic binding cleft of the catalytic domain.
Then a salt bridge is formed between Ile16 and the side chain of Asp194. Formation
of this salt-bridge results in conformational changes of the so-called activation domain
including four regions that are disordered in the zymogen form of the enzyme: the
activation loop (16-21), the autolysis loop (142-152), the oxyanion stabilizing loop
(184-194) and the S1 entrance frame (216-223). The activation domain becomes
stabilized and ordered upon activation and the active serine protease is formed (see
reviews, [13, 20, 21]). Once a substrate approaches the active site of the serine
protease, hydrolysis is initiated from an attack of the hydroxyl O atom at Ser195 to the
carbonyl of the substrates peptide bond. His57 accepts the proton of the hydroxyl
group of Ser195 and acts as a general base. Meanwhile the His57-H+ is stabilized by
Asp102. The backbone NHs from Gly193 and Ser195 generate a positively charged
pocket, named the oxyanion hole which stabilizes the carbonyl oxygen atom from the
9

P1 residue. As a result, a tetrahedral transition state is formed. Then the tetrahedral
transition state collapses by delivering the proton from His57 to the P1 residue which
release an acyl-enzyme intermediate and the N-terminal part of the substrate.
Immediately, water enters to displace the peptide fragment at His57. The hydroxyl O
atom in water makes a nucleophilic attack on the P1 carbonyl and the second
tetrahedral transition state is formed. In the end, the intermediate collapses to
generate a new C-terminus of the substrate and the active site is restored (Fig 3) [13].

Fig. 3. The catalytic mechanism of serine proteases. The figure was reproduced form [13].

1.2.2 Structural features of serine proteases
The common structure of trypsin-like serine proteases consists of about 245
residues arranged in two six-stranded anti-parallel β- barrels and between each beta
barrel is the catalytic triad residues [13]. The active site is composed of three parts:
the S1 specificity pocket, the catalytic triad and the oxyanion hole (Fig. 4). The
catalytic triad is formed by Asp102-His57-Ser195 which catalyzes substrate
hydrolysis. The oxyanion hole is formed by Ser195 and Gly193 which supply the
positive charge to stabilize the negative charge from the tetrahedral intermediate. In
trypsin-like serine proteases, the S1 pocket is normally composed of the residues
189-192, 214-216 and 224-228. Asp189 is at the bottom of the S1 pocket and it
combines with Gly216 and Gly226 to create a negatively charged S1 pocket which is
responsible for the specificity for Arg or Lys in the P1 site of the substrate.
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Fig. 4. Three-dimensional structure of a trypsin-like serine protease. The residues of the
catalytic triad, the oxyanion hole (red arrow) and the specificity pocked (D189) are shown as
sticks. The N-terminus (Ile16) and D194 form a salt-bridge. The S1 pocket is composed of the
residues

189-192,

214-216

and

224-228

(shown

in

magenta).

The

inhibitor

p-aminobenzamidine (green) binds to the S1 pocket. The figure was prepared from the
coordinates of the crystal structure of bovine β-trypsin in complex with benzamidine by PyMoL
software [22]. The PDB accession code is 1CE5 [23].

1.2.3 Regulation of serine proteases
The proteolytic activity of serine proteases is strictly regulated in vivo. Many
serine proteases are involved in protelytic cascades, which are initiated by the
activation of protease zymogens. In general, serine proteases are secreted as
inactive zymogens which allow rapid amplification of their activities through cascades
composed of several zymogen activation steps. The blood clotting cascade and the
complement activation system are probably the two most well-known zymogen
activation cascades. In the blood clotting cascade (Fig. 5), many critical coagulation
factors including thrombin, factor VII, factor IX, factor X and factor XIIa belong to the
serine protease family. Once tissue damage occurs, the zymogen forms of the
coagulation factors are activated to active proteases which at the end of the cascade
results in fibrin clotting.
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Fig.

5.

The

blood

clotting

cascade. Fibrin clots are formed
through interplay between the
intrinsic, extrinsic, and the final
common
coagulation

pathways.

All

factors

are

highlighted in magenta. These
coagulation factors

exist as

zymogens in the blood. Once
the first coagulation factor (XII
or

VII)

becomes

activated

(yellow), it catalyzes the next
reaction
ultimately

in

the

cascade,

resulting

in

cross-linked fibrin. The figure
was adapted from reference
[24]

The proteolytic activity of serine proteases can be regulated by physiological
protease inhibitors as well. Among the protein-type inhibitors, the serine protease
inhibitor (serpin) family consists of irreversible inhibitors forming inactive covalent
complexes with their target proteases. Serpins normally consist of a single chain of
about 400 residues which is folded into highly ordered tertiary structures with three
β-sheets (A, B, C), nine α-helices (A-I) and a reactive center loop (RCL) located near
the C-terminus. In principle, the active form of a serpin has a solvent-exposed RCL
which can be recognized by serine proteases as the RCL loop mimics the binding site
of the serine protease substrate (from P15 to P5’). The serine protease inhibition
mechanism of serpins is divided into two steps: Michaelis complex formation and
covalent complex formation. In the first step, the serine protease attacks the P1-P1’
bond in the RCL of the serpin and forms a tetrahedral transition state with the serpin.
However, while forming an ester bond between the P1 residue and the active site of
the serine protease, the RCL inserts into the β-sheet A and becomes the strand 4A.
This movement carries the serine protease to the other pole of the serpin [25-28]. It
also pulls the P1 residue out of the S1 pocket and moves Ser195 6 Å away from His57.
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In this way, an inhibited covalent complex is formed [29]. The crystal structure of
the uPA:PAI-1 Michaelis complex illustrated that beside the active site interaction, the
surface loops of uPA including the 37-loop and the autolysis loop are both important in
contacting PAI-1 (Fig. 6) [30].

Fig. 6. Complexes of uPA and plasminogen activator inhibitor-1 (PAI-1). (A) The Michaelis
complex between uPA (yellow) and PAI-1 (magenta). The loops involved in the binding are
colored cyan. The P1-Arg in PAI-1 is in red. The figure was made from PDB entry: 3PB1 [30].
(B) The model of the stable complex of uPA and PAI-1. uPA (PDB 1LMW) [31], PAI-1 (PDB
3CVM) [32] were constructed by the covalent complex structure of α1-antitrypsin and trypsin
(Accession number: 1EZN) [29]. The orange RCL (A) is transformed into the orange

β-stand

4A (B) in the active form. The figure was made using the PyMoL software [22].

Beside serpins, another large category of protein-type serine protease inhibitor
is the Kunitz-type inhibitor family, which includes the soybean trypsin inhibitor,
aprotinin, inter-α-trypsin inhibitor, lipoprotein-associated coagulation inhibitor among
others. This class of inhibitors consist of around 60 amino acids and three disulfide
bridges [33]. Once binding to a serine protease, the Kunitz-type inhibitor exposes a
“substrate-like” peptide loop and inhibits the activity of the serine protease [34].

13

1.3 The plasminogen activation system
In the trypsin-like family of the serine proteases, the plasminogen activation
system is important since the active form of plasmin plays a key role in both
physiological and pathophysiological fibrinolysis and tissue remodeling. Plasminogen
as the zymogen form of plasmin is released from the liver and enters the circulation.
Once plasminogen is activated to plasmin, it catalyzes the hydrolysis of ECM
compounds including fibrin and laminin. Besides, plasmin activates other protease
zymogens, like matrix metalloproteases (MMPs), which promote the degradation of
molecules such as fibrin, fibronectin, tenascin, proteoglycans, vitronectin, laminin and
collagen IV located in the ECM. The plasminogen activation system contains several
important members. First, there are two serine protease activators responsible for
plasminogen activation. One is the urokinase-type plasminogen activator (uPA), the
other is the tissue-type plasminogen activator (tPA). Besides, some plasminogen
activator inhibitors are also found in vivo. PAI-1 is the primary inhibitor for uPA and tPA,
α2-anti plasmin (α2AP) is a primary inhibitor of plasmin. Plasminogen activator
inhibitor-2 (PAI-2), proteinase nexin-1 (PN-1), Protein C inhibitors (PCI) were also
reported to inhibit uPA and tPA [9, 35-41].

Fig. 7. Schematic illustration showing the plasminogen activation system based on pro-uPA
activation.
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1.3.1 Urokinase-type plasminogen activator

uPA is a trypsin-like serine protease originally isolated from human urine. Its gene
is located on the long arm of chromosome 10 [42]. Like plasminogen, uPA is secreted
as a single chained zymogen (sc-uPA) composed of 431 residues. A 20-amino acids
signal peptide is cleaved after post-translational proteolytic processing. The 411
remaining amino acids are corresponding to single chain uPA (sc-uPA). In the uPA
numbering system, residue 1 corresponds to the N-terminus of sc-uPA. Sc-uPA
contains three domains: the N-terminal growth factor domain (5-46, GFD), the kringle
domain (50-131, KD) and the C-terminal catalytic domain (148-411, CAT) [31]. The
limited activity of sc-uPA is able to activate plasminogen into plasmin. Subsequently,
the generated plasmin is able to activate sc-uPA to active uPA with a strong feedback
effect. Activation of sc-uPA occurs through cleavage between Lys158 and Ile159 (Lys
15 and Ile16 in the chymotrypsin numbering scheme which is normally used to
describe the catalytic domain). The two chains of uPA (tc-uPA) are linked by a
disulphide bond between Cys148 and Cys279 (Cys1 and Cys122,). The
N-terminusIle159 (N-terminusIle16) inserts into a pocket in the catalytic domain and forms
a salt-bridge to Asp341 (Asp194) close to the catalytic triad and the oxyanion hole.
The activated tc-uPA is approximately 250 fold more active against plasminogen than
sc-uPA. Further proteolytic cleavage of uPA at Lys135 and Lys136 by plasmin leads to
the generation of the amino terminal fragment (ATF) domain and a fragment termed
low molecular weight uPA (LMW-uPA). LMW-uPA contains residues of the linker
peptide and the catalytic domain and retains the catalytic activity of tc-uPA (Fig. 8)
(For a review see [43]).
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Fig. 8. Different forms of uPA. The catalytic domain is numbered according to the full-length
numbering (148-411) and the chymotrypsin numbering (1-251).

Several three-dimensional structures of human uPA have been determined.
Similar to the other trypsin-like serine proteases, the active site of human uPA
contains the “Ser-His-Asp” catalytic triad and the oxyanion hole which is between the
two six-stranded anti-parallel β-barrels. However, uPA has restricted substrate
specificity. Contrary to other trypsin-like proteases, uPA only cleaves substrate with
Arg at the P1 position. Plasminogen is cleaved by uPA at the sequence
C557-P-G-R-V-V-G-G-C (for a review see [44]). uPA was also reported to cleave uPAR
(urokinase plasminogen activator receptor) in the region S81-G-R-A-V [45]. An optimal
uPA substrate was found to have the sequence S-G-R-A-S-A [46]. The specificity of
uPA is strongly influenced by the S4-S3-S2-S1-S1’-S2’-S3’ subsites, which interact with
the P4-P3-P2-P1-P1’-P2’-P3’-P4’ residues of the substrate. Asp189 at the bottom of the
S1 pocket only allows uPA to interact with basic P1 residues. In addition, the residues
around the 37-, 60-, 97-, 110-, 170- and 185-loops are unique exosites that make uPA
different from other serine proteases. These unique loops might be important for the
specificity of uPA-substrate binding [31]. In human/murine uPA, trypsin and plasmin,
position 190 is a serine, whereas in tPA, thrombin and factor Xa, it is an alanine. In
addition, the histidine at position 99 makes the S2 and S3 pockets of human uPA
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smaller than for the other trypsin-like serine proteases. Based on these
considerations, uPA is somewhat different from other serine proteases (Fig. 9).

Fig. 9. Ribbon representation of the catalytic domain of human uPA. The catalytic triad is
shown in magenta. The N-terminus

(Ile16)

and Asp194 in yellow forms a salt bridge (black dotted

line). The exposed loops that are specific for uPA are colored in red. The orange loop is the S 1
entrance frame (216-223) and the oxyanion stabilizing loop (184-194) is shown in green. The
figure was made from PDB accession code: 2NWN [47] using the PyMoL software [22].

1.3.2 The urokinase-type plasminogen activator receptor

Another important member of the uPA system is the urokinase-type plasminogen
activator receptor (uPAR). uPA binds to uPAR with high affinity (KD=0.1 - 0.5 nM) [48].
Binding of uPAR to the cell surface depends on a glycolsyl-phosphatidylinositol (GPI)
anchor located in the C-terminus of the receptor. uPAR is a highly glycosylated protein
and composed of three similarly sized (about 90 residues each) homologous domains
(D1, D2 and D3, Fig. 10) which belong to the Ly-6/uPAR protein domain family [49]. All
these three domains are necessary for binding to uPA. Once the GPI anchor is
cleaved by phospholipases, the soluble form of uPAR (suPAR) is released [50].
However, both forms of uPAR have similar affinity for uPA [51, 52]. uPAR is highly
expressed during tissue reorganization, inflammation, and in virtually all human and
murine cancers [52, 53]. The binding of uPA to uPAR not only recruits cell-surface
17

associated plasminogen activation, but also initiates signal-transduction pathways
[54].

Fig. 10. The three-dimensional structure of the complex between ATF of uPA and uPAR. The
growth factor-like domain is shown in cyan and the kringle domain is shown in magenta. uPAR
contains three domains, D1 (orange), D2 (green) and D3 (yellow). The Ω loop inserts deeply
into a pocket on the surface of uPAR. The structure was made from the PDB file with
accession number 2FD6 [55] using the PyMoL software[22].

1.3.3 uPA and cancer

The first study about the relations between uPA and tumor cells can be traced
back to the early 1970’s [56-58]. An anti-human uPA antibody was observed to inhibit
tumor cell metastasis in chicken embryos with implanted human tumor cells [59, 60].
In addition, some studies showed that inhibitors against uPA could prevent local
invasion of cancer cells in nude mice. uPA or plasminogen deficient mice showed
slower progression to malignant phenotypes or lower incidence of metastases
compared to wild type mice. These evidences supported the view that uPA associates
with the invasive capacity and metastases of malignant tumors [9, 61]. Besides,
numerous studies have demonstrated that cancer patients who have low levels of uPA
in their primary tumor tissue have better survival rates than those with high levels of
uPA [62-65]. Increasing evidences have shown that uPA can serve as a prognostic
marker of breast cancer. It provided an independent prognostic information besides
the traditional makers, such as tumor size and axillary node status [9, 61, 66, 67]. By
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the end of 2007, the American Society of Clinal Oncology (ASCO) recommended to
determine the level of uPA in breast tumors for evaluating prognosis and planning
treatment [68]. PAI-1 alone is not an independent prognostic marker. However, more
evidences have pointed to a balance between uPA and PAI-1. The high levels of both
uPA and PAI-1 appear to contribute to tumor dissemination (for a review see [9]). As a
result, the combined level of uPA and PAI-1 was recommended for diagnosis and for
therapy decision in node negative breast cancer patients by the American Society of
clinical oncology in 2007 and the German breast cancer society in 2008 [69, 70].
Although uPA was found to be related to cancer invasion and metastases, a clear
contribution of uPA in individual steps of the metastatic process remains elusive. By
analyzing the process of tumor cell invasion, uPA has been shown to stimulate
uPAR-dependent cell adhesion to vitronection, whereas cell adhesion might be
counteracted by uPA-mediated plasmin generation. For tumor cell migration, plasmin
generation catalyzed by uPA was reported to be involved in the degradation of the
ECM and facilitate cancer cell detachment, migration and invasion into their
surrounding tissues [9]. Besides cancer, uPA is also known to contribute to tissue
remodeling [71], vascular restenosis [72], arthritis [73] and postinfarction cardiac
rupture [74]. Therefore, development of uPA inhibitors is very important.

1.4 Non-natural antagonists of uPA
So far, large varieties of different inhibitors towards uPA have been generated and
investigated (for a review see [75] ). One basic inhibition mechanism is the binding of
a peptidic transition state analogue to the active site of uPA [76]. Another kind of
inhibitory mechanism is where the inhibitor forms a covalent bond within the active
site to the Ser195 hydroxyl group to inhibit proteolysis [77]. As the trypsin-like serine
proteases are highly similar, inhibitor studies are focusing on developing specific
inhibitors. Numerous uPA inhibitors with high affinity are based on the S1-P1
interaction or targeting of the region around the S1 pocket. By now, different kinds of
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inhibitors have been investigated including small organochemical compounds,
peptidic inhibitors, inhibitory antibodies and oligonucleotides (DNA or RNA).

1.4.1 Small organochemical compound inhibitors

Before the development of uPA inhibitors, many synthetic unspecific inhibitors
towards the big serine protease family had been investigated such as diisopropyl
phosphofloridate (DFP) and benzamidine. Apart from being a protease inhibitor, DFP
is also a highly toxic neurotoxin as it binds to cholinesterase [78, 79]. DFP is a serine
protease inhibitor and it binds irreversibly to the hydroxyl group of Ser195 [80, 81].
The DFP binding mechanism is shown in Fig. 11. In contrast, benzamidine is a
reversible competitive inhibitor for trypsin-like serine proteases. Benzamidine
interacts with Asp189 in the S1 pocket, forming direct hydrogen bonds to the
carboxylate of Asp189, as well as Ser190 and Gly219 to inhibit the hydrolysis of
trypsin-like proteases (Fig. 4) [82, 83]. Although it has weak specificity,
benzamidine-based chemicals represented the first generation of uPA inhibitors [82].

Fig. 11. Irreversible binding of DFP to serine proteases [84]. To the left, the binding
mechanism is shown and to the right, the crystal structure of DFP covalently bound to
complement factor D (a serine protease) is shown. The carbon atoms of DFP are shown in
green, oxygen atoms are in red and phosphorus atoms are in orange. The structure was made
from the PDB file with the accession code 1DFP [85] using the PyMoL software [22].

20

Many studies have indicated that an important feature of some uPA inhibitors is
that they contain a guanidino or an amidino group which inserts into the S1 pocket of
uPA. However, some identified small molecule uPA inhibitors utilize interactions to the
S2 and S3 subsites or subsites within the S1 pocket to inhibit the activity of uPA.
Amiloride showed some preference for inhibiting uPA over tPA. This small compound
inhibits serine proteases through binding to a small hydrophobic pocket near the S1
pocket, referred to as S1β. Its guanidinium group interacts with Asp189 to inhibit uPA
[86, 87]. Researchers from the company Abbott have developed a series of
naphtamidine-based compounds with nanomolar Ki values towards uPA. However,
these inhibitors have poor selectivity (for a review see [88]). Another inhibitor,
6-fluoro-5-aminobenzimidazole, was reported to have a Ki of 11 nM for uPA and
strong preference for uPA over other proteases. However, no reports about this
compound were published since 2004 [89, 90]. A study about 2-naphthamidines as
uPA inhibitors not only showed high affinity and specificity of these inhibitors, but also
revealed that Asp60 in uPA is an important determinant for selectivity [91]. WX-UK1
(WILEX, Munich, Germany) is an uPA inhibitor that entered clinical development.
WX-UK1, has a Ki of 0.6 µM against human uPA, and was shown to significantly
reduce cancer cell spread, invasion, and primary tumor growth in rats or mice tumor
models [92-94]. This compound was successfully tested in two phase Ib studies of
patients with solid tumors [95].

1.4.2 Peptides and peptide derivatives

Nowadays, many peptides or peptide derivatives inhibiting proteases have been
developed. Some of them are already used in the clinic including the broad spectrum
serine protease inhibitor BBI (the soybean-derived Bowman-Birk inhibitor) family. BBI
has an effect against breast, colon, liver, lung, esophageal, and oral cancers and was
investigated as a drug by the FDA in 1992 [96]. In addition, studies of potential
inhibitors targeting various serine proteases are in progress. Table 1 shows some
promising potential serine protease inhibitors.
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Table 1. Parts of peptides and peptide derivatives that are potential serine protease inhibitors
[97]. Abbreviations: PABC: p-aminobenzyloxylenediamine; Mu: morpholinocarbonyl; Hyp:
trans-4-hydroxyproline; ChG: cyclohexaglycyl; Chg: L-cyclohexylglycine

Protease

Name or construct

References

Kallikrein 2

G-K-A-F-R-R-X

[98, 99]

Plasmin

D-A-F-K-X
D-V-L-K-X
D-A-F-K-(PABC)n-X

[100-102]

Prostate
specific
antigen
(PSA)

Mu-H-S-S-K-L-Q-L-X
Mu-H-S-S-K-L-Q-EDA-X
4-O-(Ac-Hyp-S-S-Chg-S-S-O)-X
HO2C(Ch2)3CO-Hyp-A-S-Chg-q-S-L-X
N-glutaryl-(4-hydroxyprolyl)-A-S-chG-Q-S-L-X

[103-108]

Lysyl or arginyl chloromethylketones were used in early studies of peptidic
inhibitors towards uPA [109]. Normally, peptidic inhibitors against uPA were generated
by phage display and solid-phase peptide synthesis. By now, the best peptide
inhibiting uPA was reported to have an IC50 of 3.1 nM in vitro. The sequence of this
peptide is

(D)Ser-Ala-Arg-His.

However, this peptide showed poor selectivity for uPA

over trypsin [110]. A tripeptide (benzylsulfonyl-D-Ser-Ser-4-amidinobenzylamide) was
reported to efficiently inhibit human uPA (Ki = 20 nM). However, it blocks other serine
proteases such as trypsin and plasma kallikrein at submicromolar concentrations
which might limit the further application when adopting a high dose in therapeutic
settings [111]. CSWRGLENHRMC, a cyclic peptide isolated using phage display,
designated upain-1, showed a high specificity for human uPA (Ki= 0.5 µM at 25 °C; Ki
around 40 µM at 37°C) [112]. The X-ray crystal structure of upain-1 in complex with
uPA showed that upain-1 binds to both the active site and surface loops of uPA. Arg4
of upain-1, is the P1 residue and inserts into the S1 pocket of human uPA. In addition,
Glu7 of upain-1 blocks the oxyanion hole of uPA [47]. Chemically synthesized
peptides corresponding to upain-1 including the N- and C-terminal extensions
(MGSADGA and GAAG) derived from the original phage display selection system had
similar specificity as the upain-1 core peptide but 10-fold higher affinity (Ki in the range
of 2-8 µM at 37°C) to human uPA than upain-1. The X-ray crystal structure, NMR
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spectroscopy, kinetic and thermodynamic analysis demonstrated that upain-1 might
adopt conformational changes by both the main-chain and side-chains to fit into the
active

site

of

human

uPA

[113].

Recently,

a

bicyclic

peptide

(UK18,

(H-ACSRYEVDCRGRGSACG-NH2) against human uPA was isolated from a phage
display library as well. UK18 was shown to have a Ki of 53 nM for human uPA [114]. A
specific peptidic inhibitor, mupain-1 with the sequence CPAYSRYLDC was selected
against murine uPA by phage-display. Mupain-1 inhibits murine uPA with a Ki of 0.4
µM at 37°C and was moderately stable in murine serum in vitro (half-life of 5- 10 hours)
[115]. Upain-1 binds 500-fold better to human uPA than to murine uPA. Mupain-1
binds more than 2000-fold better to murine uPA than to human uPA. The species
specificity of inhibitors is important for tests in tumor models. Hence, a study aiming in
improving the affinity of mupain-1 was established. A series unnatural arginine
analogs were incorporated in the P1 position of mupain-1. One interesting peptide,
CPAYS[L-3-(N-Amidino-4-piperidyl)alanine]YLDC, named mupain-1-16, showed a
significantly increased affinity for murine uPA (Ki= 45 nM) [116].
1.4.3 Monoclonal Antibodies

Since the development of the hybridoma technique which has provided the
opportunity to isolate a single B lymphocyte producing a certain antibody [117],
several therapeutic monoclonal antibodies have been produced, tested in clinical
trials and approved as drugs. A monoclonal antibody against uPA (mAb-2) was first
reported in 1982 [118]. Increasing numbers of monoclonal antibodies have been
generated in attempts to inhibit the catalytic activity of uPA. The monoclonal
antibodies mAb-6 and mAb-12 were obtained from hybridoma clones as well.
Together with mAb-2, these antibodies have been used for many purposes, including
ELISAs, immunohistochemical localization, and studies of molecular interactions of
uPA [119]. Some monoclonal antibodies against human uPA, such as mouse
anti-human uPA IgG1 no.394 and no.3689 are widely used as commercial antibodies.
In 1989, the first monoclonal antibody was isolated from a large combinatorial
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antibody library by phage display [120]. Since then, phage display became another
important tool for selecting fully-human or humanized therapeutic target-specific
antibodies from a human antibody library. A8 and DS2 are two monoclonal antibodies,
isolated against human uPA from a phage display library [121, 122]. Both of these
antibodies have highly affinity for uPA and inhibit the activity of uPA in vitro, DS2
cross-reacted with murine uPA. However none of these antibodies inhibit cancer
growth in immunocompromised mice. Although numerous antibodies against uPA
have been developed, the potential of these antibodies may not have been fully
utilized as little knowledge about the localization of the epitopes and the inhibition
mechanisms is available. Alanine scanning mutagenesis studies have reported that
some functional antibodies do not bind to the active site of human uPA directly.
Instead they sterically hinder the access to the active site. The 37-loop and 60-loops
were found to be overlapping epitopes for several inhibitory monoclonal antibodies.
These epitopes are located far away from the active site [123]. Recent studies of
murine monoclonal antibodies have elucidated some new inhibition mechanisms.
mAb-112, a monoclonal antibody against human uPA, delays proteolytic cleavage
between residue 15 and 16 and inhibits the conformational change during pro-uPA
activation. mAb-112 was shown to bind to the “autolysis loop” of human sc-uPA and
acts to stabilize the activated tc-uPA in a non-catalytic conformation by restricting the
conformational mobility of the activation domain [124]. mAb-112E6B10 is another
antibody which was shown to be selective for tc-uPA over sc-uPA. mAb-112E6B10
only inhibits plasminogen activation activity but not the amidolytic activity of uPA.
mAb-112E6B10 was believed to sterically inhibit the access of plasminogen to uPA
[125]. In order to study the effects of interference with the functionality of uPA in
mouse models, monoclonal antibodies were developed by immunization of
uPA-deficient mice using murine uPA as the antigen. Two murine monoclonal
antibodies mU1 and mU3 were obtained which only bind to murine uPA. Both of them
recognize an overlapping epitope of murine uPA and block uPA-catalyzed
plasminogen activation. However, only mU1 inhibited plasmin-mediated sc-uPA
activation and targeted uPA dependent processes in vivo [126]. In vivo experiments
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showed that systemic administration of mU1 rescued mice treated with a
uPA-activatable anthrax protoxin, impaired uPA-mediated hepatic fibrinolysis and
delayed skin wound healing in tPA-deficient mice [126, 127]. Hence, the investigation
of the binding and inhibition mechanisms of these two antibodies seems extremely
important for the further application in mice models of disease.

2 Aim of the projects
2.1 The specificity and affinity of mupain-1-16
In a previous study, a peptide called mupain-1 binding to murine uPA (muPA)
was selected from a phage display library [115]. Mupain-1 is a disulfide-bond
constrained cyclic peptide with the sequence CPAYSRYLDC. In an effort to engineer
mupain-1 peptides with higher affinity to murine uPA while maintaining specificity, the
P1 L-Arg was substituted with a variety of unnatural arginine analogs [116].
Mupain-1-16, with the sequence CPAYS[L-3-(N-Amidino-4-piperidyl)alanine]YLDC,
was identified and has a Ki around 45 nM for muPA (Fig. 12). This is approximately
10-fold higher than the Ki of mupain-1 for muPA (Ki=400 nM). Here I investigated the
mechanism of mupain-1-16 binding to muPA and its specificity.

Fig. 12. Chemical structure of mupain-1-16.

First, I focused on investigating the specificity of mupain-1-16. I determined Ki
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values for different serine proteases by mupain-1-16. All of the analyzed serine
proteases belong to the trypsin-like serine protease family and share similar active
site topologies. In order to identify the binding mechanism, I compared the
thermodynamic properties of mupain-1-16 and mupain-1 for tc-muPA and bovine
-trypsin. pAB displacement and [3H]-DFP incorporation experiments were conducted
to analyze the binding sites. A “murinized” huPA(16-250) H99Y mutant (cloned at
Department of Molecular Biology, produced, purified and crystallized by our
collaborator in FJIRSM, Fuzhou, China who also determined the three-dimensional
structure) was crystallized with mupain-1-16 and its X-ray complex structure has been
solved recently. I attempted to crystallize bovine β-trypsin in complex with
mupain-1-16. However the structure has not been solved yet. In total, the results
demonstrate the specificity and affinity of mupain-1-16 for muPA and might contribute
to explain the binding mechanism of mupain-1-16.

2.2 The monoclonal antibody, mU1 inhibits muPA by an
allosteric inhibition mechanism
The monoclonal antibodies, mU1 and mU3, against murine uPA were identified
by immunization of uPA-deficient mice with recombinant muPA. Both antibodies
recognize tc-muPA and inhibit muPA-catalyzed plasminogen activation. However,
only mU1 inhibits uPA in vivo [126, 127]. In a recent manuscript, we described the
inhibitory mechanism of mU1 [128] From the results of carbamylation experiments,
amidolytic assays and plasminogen activation assays, we concluded that the binding
of mU1 to muPA induces more frequent exposure of the N-terminus(Ile16) which might
influence the formation of the active site and hydrolysis of substrate. In addition,
investigations of hydrolysis of the substrate S-2444 revealed that the conformation of
muPA induced by mU1 is not the zymogen conformation. As mU1 binds 20 Å away
from the S1 pocket, it is assumed that mU1 inactivates muPA through an allosteric
mechanism. [3H]-DFP incorporation experiments and pAB displacement experiments
which I conducted in this work are described in the results section below.
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2.3 Studies of different conformational states of muPA using
the monoclonal antibody, mU3 and active site inhibitors
In order to distinguish the binding mechanisms and improve the understanding of
the allosteric binding to serine proteases, we investigated the binding of the
monoclonal antibody mU3 to muPA. First the epitope of mU3 was mapped. A total of
30 site-directed alanine mutants of muPA were designed and analyzed based on the
plasminogen activation assay. The plasminogen activation activity of muPA variants
mutated at the 37- and 70-loops was not inhibited by mU3. The binding site of mU3
overlaps with the binding site of mU1. muPA(16-243), a recombinant protein composed
of the catalytic domain of muPA (residue 16-243), was used to compare with the
full-length tc-muPA. It was considered to be in a distorted state with higher frequency
of solvent exposure of the N-terminus. The binding of mU3 to muPA(16-243) appears to
promote the insertion of the N-terminus into the activation pocket which results in a
more active muPA(16-243). Besides mU3, we found that the peptide mupain-1-16 also
stabilized the active conformation of muPA(16-243). Km determinations and mU3
stimulation assays showed differences in the presence of mU3. From the results of
isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR) analysis,
we obtained binding parameters for mupain-1-16 to full-length tc-muPA and
muPA(16-243). Two mutants (muPA(16-243) F40Y and muPA(16-243) E137A) which exhibits
increased frequency of exposure of the N-terminus(Ile16) were used in all experiments
and contributed to the understanding of the mechanism.
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3 Materials and Methods
3.1 Miscellaneous materials
Activated human uPA was purchased from Wakamoto Pharmaceutica. Murine
Factor Xa, murine thrombin, murine tPA and murine plasmin were purchased from
Molecular Innovations. Murine plasma kallikrein and mouse trypsin 3 were from R&D
Systems. Human Factor VIIa was from Enzyme Research. Human tPA (tissue
plasminogen

activator)

was

from

Genentech.

Bovine

β-trypsin

was

from

Sigma–Aldrich. Human plasmin was from American Diagnostica. Human aPC
(activated protein C) was from Maxygen. Human plasma kallikrein was a gift from
Inger Schousboe (Department of Medical Biochemistry and Genetics, University of
Copenhagen, Copenhagen, Denmark). Human thrombin was a gift from Dr John
Fenton (New York State Department of Health, Albany, NY, U.S.A.). Human
matriptase was a gift from Dr. Mingdong Huang (FJIRSM, Fuzhou, China).
The monoclonal antibodies (mU1 and mU3) were isolated as described
previously [126]. The peptides (mupain-1, mupain-1-8 and mupain-1-16) were
synthesized by solid phase synthesis as described [116]. All the peptides were
dissolved in water. The concentrations were determined by measuring the
absorbance at 280 nm followed by recalculation using theoretical extinction
coefficients. The predicted extinction coefficient for mupain-1 was 3105 M-1 cm-1, at
280

nm

based

on

calculations

from

the

Protparam

server

(located

at

http://web.expasy.org/protparam/). p-aminobenzamidine (pAB) and amiloride were from

Sigma–Aldrich. The concentration of pAB was determined using the same method as
for the peptides, in which the absorbance at 292 nm in water was measured and
divided by the extinction coefficient (1.529×104 M-1 cm-1). All the chromogenic
protease

substrates:

S-2444

(pyroGlu-Gly-Arg-pNA·HCl),

S-2288

(H-D-Ile-Pro-Arg-pNA·2HCl), S-2222 (Bz-Ile-Glu(g-OR)-Gly-Arg-pNA·HCl), S-2765
(Z-D-Arg-Gly-Arg-pNA·2HCl)

and

S-2302

purchased from Chromogenix.
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(H-D-Pro-Phe-Arg-pNA·2HCl)

were

3.2 Purification of muPA and its variants.
Cloning and producing the recombinant muPA and mutants were described
previously [128, 129]. As each the fusion proteins of muPA (full-length tc-muPA,
muPA(16-243), muPA(16-243) F40Y and muPA(16-243) E137A ) contain one 6×His tag at their
C-terminus and the proteins are secreted into the culture media of HEK293 6E cells,
the purification were carried out by nickel chromatography. Chelating Sepharose Fast
FlowTM was purchased from GE healthcare and pre-charged with nickel sulfate before
doing the purification. The HEK293 cell culture medium was harvested after 6 days of
cultivation. Imidazole and NaCl were added to 250 ml culture media until the
concentration of 25 mM imidazole and 50 mM NaCl were reached. The mixture was
pre-incubated with 8 ml nickel Sepharose (50 % slurry) and rotated slowly at 4°C for 1
hour. Subsequently, the medium was centrifuged for 10 min at 1000 rpm to remove
the supernatant following by transfer the slurry to a plastic disposable column.
Afterwards, the column was washed with 30 ml washing buffer A (20 mM sodium
phosphate pH 7.4, 300 mM NaCl, 25 mM imidzaole) and 30 ml washing buffer B (20
mM sodium phosphate pH 7.4, 300 mM NaCl). The protein was eluted using a buffer
composed of 400 mM imidazole, 50 mM bicine and 500 mM NaCl. All fractions were
collected and analyzed using a 12 % SDS-PAGE. The pure fractions were pooled and
dialyzed against PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4) at 4 °C for 20 hours and concentrated to ~1 mg/ml using MilliporeTM Amicon

Ultra-4 filter units.
Purification of huPA (16-250) H99Y (Human uPA catalytic domain containing the
residues from 16 to 250 with the H99Y mutation). The recombinant plasmid of
huPA(16-250)H99Y was cloned at Department of Molecular Biology and Genetics by
Hans Peter Sørensen and the recombinant Pichia pastoris strain was generated by
the group of Dr. Mingdong Huang (FJIRSM, Fuzhou, China). The recombinant P.
pastoris was grown in 2 ml YPD medium (1 % yeast extract, 2 % tryptone, and 2 %
dextrose) at 30 °C for 2 days. The culture was transferred to 100 ml BMGY medium
(1 % yeast extract, 2 % tryptone, 1 % glycerol, and 100 mM potassium phosphate, pH
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6.0) and cultured at 30 °C until the absorbance at 600 nM was between 5 and 6. To
induce the protein production, 900 ml BMMY medium (1 % yeast extract, 2 % tryptone,
0.5 % methanol and 100 mM potassium phosphate, pH 6.0) was added to the culture.
Cells were incubated for 4 days at 30 °C and supplied with 0.5 % methanol every 24
hours before they were harvested by centrifugation at 4500 x g for 45 min. After 3-fold
dilution in cold H2O (4 °C), the supernatant was loaded on a SP Sepharose fast flow
column pre-equilibrated with 5 column volumes of 0.1 M sodium acetate, pH 5.5 and
washed using 5 column volumes 0.1 M sodium phosphate, pH 6.5, 50 mM NaCl at
4 °C. The elution and fraction collection was carried out using an ÄKTA Purifier to
form a gradient from 50 to 1000 mM NaCl over 10 column volumes in 0.1 M sodium
phosphate, pH 6.5.

3.3 Km determination
The Km values for the hydrolysis of chromogenic substrates by muPA were
determined using HBS buffer (30 mM Hepes, 135 mM NaCl pH 7.4, 0.1 % BSA)
unless otherwise stated. 4 nM of full length tc-muPA was incubated with the S-2444
substrate (0 mM – 12 mM) at 37 °C. The initial reaction velocity was monitored by the
changes at the absorbance at 405 nm and plotted against the initial substrate
concentration ([S]). The Km and Vmax values for S-2444 hydrolysis by muPA were
determined by standard Michaelis-Menten kinetics using a nonlinear fit to the
equation (1).

(1)

The same method was used for the other proteases, although the substrate
concentrations differed. Table 2 shows the detail amounts of substrates and
enzymes.
To determine the Km of muPA in the presence of mU3, 25 nM of mU3 was
pre-incubated with muPA at 37 °C for 15 min before adding substrate. The stimulation
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experiment was carried out under the same conditions by measuring the difference in
velocities with and without mU3 (0-20 nM). The change in A405 over time was
measured by an ELLSA reader.

3.4 Determination of the specificity of mupain-1-16
Specificity was analyzed by measuring the mupain-1-16 inhibition constants (Ki)
for different serine proteases. Serial dilutions of mupain-1-16 (0 - 400 µM) were
pre-incubated with different proteases in HBS buffer for 15 min before adding in
chromogenic substrate. The following protease–substrate combinations were used:
muPA (4 nM) and S-2444 (750 μM); huPA (4 nM) and S-2444 (50 µM); human
plasmin (10 nM) and S-2288 (750 µM); murine Factor Xa (1 nM) and S-2765 (500 µM);
human Factor Xa (0.5 nM) and S-2765 (100 µM); human plasma kallikrein (4 nM) and
S-2302 (300 µM); murine plasma kallikrein (4 nM) and S-2302 (300 µM); bovine
β-trypsin (2 nM) and S-2222 (300 µM); human FVIIa (5 nM) and S-2288 (1000 µM);
human aPC (8.5 nM) and S-2366 (375 µM). human matriptase (5 nM) and S-2288
(100 µM). The absorbance at 405 nm was used to monitor the initial velocities. The
inhibition constants (Ki) were subsequently determined from the nonlinear regression
analyses of plots for Vi/V0 versus [I]0 using equation (2) [130] assuming that the
inhibitor is competitive:
(2)

Vi and V0 are the reaction velocities in the presence and absence of inhibitor,
respectively. Km is the Michaelis-Menten equilibrium constant. [I]0 is the initial
concentration of the inhibitor (mupain-1-16).The highest mupain-1-16 concentration
used was 400 µM. When meaningful inhibition curves could not be measured by using
a maximum of 400 µM mupain-1-16, Ki was indicated as being >400 µM.
The Ki determination of pAB, amiloride and mupain-1-16 with various muPA
mutants in the presence and absence of mU3 was carried out using the similar
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procedures. The only difference was 25 nM mU3 was pre-incubated with the protein
at 37 oC for 15 min. The concentrations of pAB and amiloride were from 0 - 400 µM.
The concentration of mupain-1-16 was at a range of 0 - 20 µM. The amount of
full-length tc-muPA, muPA(16-243), muPA

(16-243)

F40Y and muPA

(16-243)

E137A were 4

nM in all assays.

3.5 Quantitation of the incorporation of [3H]-DFP into muPA
First, a standard curve was established by counting different amounts of
[3H]-DFP. A dilution series of [3H]-DFP (0 - 1 µM) was added to the scintillation liquid
and counted. To measure the incorporation, 100 nM full length tc-muPA or muPA(16-243)
was incubated with 50 μM [3H]-DFP at 25 °C for different time periods (0 - 20 h).
Incubation was for 3 hours in dose dependency assays.
To measure the incorporation at different peptide concentrations, full length
tc-muPA (100 nM) was incubated with different concentrations of mupain-1-8 (0 2000 µM) or mupain-1-16 (0 - 10 μM) at 25 °C for 30 min. Subsequently, 50 μM
[3H]-DFP was added to each reaction and incubated at 25 °C for 3 hours. The reaction
volumes were 30 µl. A volume of 100 µl 50 % nickel-Sepharose slurry in 20 mM
sodium phosphate, 300 mM NaCl plus 25 mM imidzaole was added to the reaction
and incubated at 4 oC for 30 min in order to isolate the C-terminally his-tagged protein.
Then, 1 ml of 20 mM sodium phosphate, 300 mM NaCl, 25 mM imidzaole was added
and the mixture was incubated on a rotary wheel at 4 °C for 5 min. Then the tube was
centrifuged for 2 min at 800 x g in order to wash the beads. After repeating the
incubation and spinning for 3 times, the beads were transferred to 3 ml scintillation
liquid to count the amount of incorporated [3H]-DFP.
Serial dilutions (0 - 5 µM) of the antibodies mU1, mU3 and mAb-112 were
incubated with full length tc-muPA for 30 min before incubating with [3H]-DFP for 3 h.
The washing and counting procedure was the same as described above.
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3.6 pAB displacement
Determination of the binding constant (KD) of mupain-1-16 for full-length tc-muPA
was based on the competitive binding displacement between the muapin-1-16 and
the fluorescent probe pAB. Buffer used was 30 mM Hepes pH 7.4, 135 mM NaCl, 1
mM EDTA, 0.1 % polyethylene glycol 8000. The fluorescence emission spectrum of
muPA was recorded at 25 °C on a Shimadzu 5301PC spectrofluorophotometer in a
2×10 mm semi-micro quartz cuvette. The excitation was at 320 nm and the emission
was scanned from 325 to 400 nm using excitation and emission band passes of 10
nm. The equilibrium binding reactions were pre-formed with mupain-1-16 from 0 to
3.125 µM and 0.4 μM muPA in the presence of 10 μM pAB. Emission spectra were
collected using an integration of 1 second over a 1.0 nm step resolution. The
individual data points on the equilibrium binding curve were subsequently determined
from the integrated peaks. The integration of fluorescence data was normalized by
ΔFobs/ΔFmax. ΔFobs was the observed integrated fluorescence at each mupain-1-16
titration point and ΔFmax was the total displacement of the specific pAB binding to
muPA. The binding was analyzed by equation (3) assuming a binding stoichiometry of
pAB to muPA of 1:1 [131].

Fobs 


Fmax
 K D 1  [ p ]0 K p   []0  []0 
2[]0

K 1  [ p]
D

0

K p   []0  []0   4[]0 K D 1  [ p ]0 K p 

(3)

2

[E]0 is the total muPA concentration, KD is the dissociation constant for the
inhibitor-enzyme interaction, [pAB]0 is the total pAB concentration, KPAB is the
equilibrium dissociation constant for the binding of pAB to muPA (31.0 μM) and [I]0 is
the total inhibitor concentration.
Binding of full length tc-muPA to mU1, mU3 and mAb-112 were also analyzed
using pAB displacement. Full-length tc-muPA (0.1 µM) and 20 µM pAB was mixed
with antibodies (0-1 µM) to a final volume of 300 µl in 30 mM Hepes pH 7.4, 135 mM
NaCl, 1 mM EDTA, 0.1 % polyethylene glycol 8000. Data analysis was the same as
described above.
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3.7 Isothermal titration calorimetry
All the isothermal titration calorimetry (ITC) experiments were carried out by a
MicroVP-ITC instrument. The binding of peptides to muPA was measured using 20
mM sodium phosphate pH 7.4, 140 mM NaCl at 25 °C. Binding to bovine β-trypsin
was measured in 20 mM Tris-HCl pH 7.4, 140 mM NaCl, 10 mM CaCl2 at 15 °C. The
concentrations of muPA used in the ~1.4 ml sample cell were 0.5 - 2 µM and for
bovine β-trypsin, it was 40 µM. The concentration of mU3 was adjusted to 1.5-fold
excess (mol : mol) over the concentration of the proteases. The titrations were
performed by injecting 8 - 12 µl of the ligand until the total syringe volume of 296 µl
was depleted. In the muPA binding experiments, the concentrations of mupain-1 and
mupain-1-16 in the samples in the syringe were 60 - 80 µM and 30 - 40 µM,
respectively. In the bovine β-trypsin binding reactions, the concentrations of mupain-1,
mupain-1-16 and pAB in the injection syringe were 300 - 1000 µM, 280 - 560 µM and
280 µM, respectively. The affinity constant KA and the molecular reaction enthalpy
were calculated by fitting the integrated titration peaks using the one binding site
model in the ITC ORIGIN7 program package. The formulas for Gibbs energy ΔG were
used to analyze the measured energies.
㏑

(4)
(5)

R is the gas constant and T is the absolute temperature. The entropy change ΔS
during the reaction was calculated by combining equations (4) and (5) using the
measured KA and ΔH.

3.8 Determination of KD using Surface Plasmon Resonance
analysis
To determine the equilibrium binding constants (KD), the association rate
constants (kon) and dissociation rate constants (koff) of different mutants of muPA to
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mupain-1-16, surface plasmon resonance was performed on a Biacore T200
instrument (Biacore, Uppsala, Sweden). A CM5 chip was coupled with mouse anti-His
monoclonal antibody from Genscript through amine coupling: a concentration of 60
μg/ml of anti-His antibody 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 ~17000 response
units (RU) was reached. Then the surface was blocked with enthanolamine. Different
mutants of muPA (full-length tc-muPA (100 nM), muPA(16-243) (100 nM), muPA(16-243)
F40Y (200 nM), muPA(16-243) E137A (200 nM)) in running buffer (30 mM Hepes, 135
mM NaCl, 1 mM EDTA and 0.1 % BSA) were injected at flow rate of 5 μl/min for 180 s
until a capture level of ~3000 RU was reached, followed by a stabilization period of
120 s. One flow cell was used to inject the proteins and the other was used as
reference. A dilution series of mupain-1-16 (0-1000 nM) in running buffer was injected
at a flow rate of 30 μl/min during 60 s at 25 °C. Afterwards, the dissociation was
monitored for 220 s and the chip was regenerated using 10 mM sodium acetate pH
3.0 and a contact time of 60 s. Kinetic constants (kon and koff) were calculated by fitting
the data to a 1:1 binding model using the Biacore Evaluation software.

3.9 Crystallization of bovine β-trypsin in complex with
mupain-1-16
Bovine β-trypsin (Sigma-Aldrich (T9201)) was dissolved in 1 mM HCl and diluted
to 40 mg/ml. Mupain-1-16 was dissolved in H2O. Both the peptide and protein were
stored at -80 °C to maintain their activities. The crystallization trials were performed
using the hanging drop vapor diffusion method. Bovine β-trypsin was diluted in 3 mM
CaCl2 to a final concentration of 15 mg/ml. One µl protein solution and 2 µl of different
precipitants were mixed on the cover slide and sealed in a chamber with pure
precipitant at 20 °C. After 2 days, crystals were obtained in 1: 1.4 - 2.5 M ammonium
sulfate buffered by 0.1 M MES pH 6.0 or 0.1 M HEPES pH 7.4 or 0.1M Tris-HCl pH
8.5 or in 2: 18-24 % PEG 8000, 0.1 - 0.2 M ammonium sulfate buffered in 0.1 M MES
pH 6.0 or 0.1 M HEPES pH 7.4 or 0.1 M Tris-HCl pH 8.5. Based on these conditions,
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both soaking and co-crystallization methods were used to obtain crystals of the
complex with mupain-1-16. For co-crystallization, 2 mM mupain-1-16 was added to
the solution of 15 mg/ml bovine β-trypsin in 3 mM CaCl2. The mixture was incubated
for 1 hour at room temperature before adding precipitants and setting up drops. For
soaking experiments, 1 µl of 4 mM mupain-1-16 in 3 mM CaCl2 was mixed with 2 µl
precipitant before adding the mixture to a single crystal. Data were collected using an
in-house X-ray beam (Bruker FR591 with a rotating Cu anode X-ray generator
equipped with an osmic confocal system and a MAR345 image plate detector) at 100
K. Structures of trypsin were determined using the molecular replacement program
Phenix (Python-based Hierarchical ENvironment for Integrated Xtallography, PHENIX
Industrial Consortium) and WINCOOT (developed by University of Oxford
http://www.biop.ox.ac.uk/coot/).
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4.1 Results-The specificity and binding mechanism of
mupain-1-16
4.1.1 Determination of the specificity of mupain-1-16
To evaluate the specificity of mupain-1-16, I determined Ki values of mupain-1-16
for several related murine and human serine proteases which prefer a basic P1
residue. The selected chromogenic substrates correspond to the optimal substrate for
the respective protease (Table 2). As mupain-1 is an inhibitor selected against murine
uPA, both murine and human proteases were analyzed. No detectable inhibition of
murine FXa, human FXa, human plasmin and human matriptase by mupain-1-16
were observed (Table 2).
Table 2. Reactivity of mupain-1-16 toward serine proteases related to muPA and human uPA.
The values were determined in HBS with 0.1 % BSA, pH 7.4 at 37°C. The reported inhibition
constants are the fitted value ± S.D after correction of competitive effects of the chromogenic
substrate. The number in parentheses is the number of independent determinations. The
comparison of the Ki for mupain-1-16 and mupain-1 was based on previous data [115] The
results with human uPA* was taken from a previous study [116]. Relative inhibition** : the Ki
for mupain-1-16 for other serine proteases divided by the Ki of mupain-1-16 for muPA.
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Human FVIIa and bovine β-trypsin were inhibited by mupain-1-16 with Ki values
120 and 160 fold higher than for muPA. Murine plasma kallikrein and human plasma
kallikrein were inhibited by mupain-1-16 with a Ki value ~20 fold higher than for muPA.
Mupain-1-16 has been reported to have a Ki of 90 μM for human uPA [116], which is
about 2000-fold higher than that for muPA. Comparing the reactivity of both
mupain-1-16 and mupain-1 toward serine proteases related to muPA (Table 2),
mupain-1-16 seems to bind better to human and murine plasma kallikrein than
mupain-1. In addition, mupain-1-16 has higher affinities for murine plasmin, murine
trypsin, human FVIIa, human active protein C and bovine β-trypsin than mupain-1. In
conclusion, mupain-1-16 is less specific than mupain-1.

4.1.2 Determination of KD of mupain-1-16 binding to muPA
The compound p-aminobenzamidine (pAB) binds to the S1 pocket of serine
proteases [131]. The binding of pAB was shown to increase the fluorescence of muPA.
The peptide, mupain-1-16 quenched the fluorescence dose-dependently (Fig. 13). A
KD value of 67 nM was calculated using eq. 3. For convenience, we routinely
measured the Ki values at 37 °C and the KD values at 25 °C [113]. The KD value of 67
nM at 25 °C was in agreement with the Ki value of 45 nM measured at 37°C.

Fig. 13. Determination of KD values of mupain-1-16 by displacement of pAB. The fluorescence
emission spectrum of 20 μM pAB in the presence of 0.4 μM muPA and various concentrations
of mupain-1-16 was measured after excitation at 320 nm .
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4.1.3 Mupain-1-16 inhibits the binding of [3H]-DFP to muPA
Tritium labeled DFP can be quantified by scintillation counting. I established a
standard curve to measure the percentage of [3H]-DFP incorporation into tc-muPA.
The standard curve was set up with different concentrations of [3H]-DFP against
counts and fitted by linear regression (Fig. 14A). The data showed that [3H]-DFP was
incorporated into approximately 30 % of the tc-muPA used in the assay after 3 hours
of incubation (Fig. 14B, C).
The [3H]-DFP incorporation into muPA was measured in the presence of
mupain-1-16. The maximum amount of peptide used was 1000 nM. The incorporation
was inhibited by mupain-1-16 with an IC50 of approximately 54 nM (Fig 13B). In
addition, we used mupain-1-8 (CPAYS[132]YLDC) as a control peptide. This peptide
is similar to mupain-1-16, the only difference is its P1 residue. There is a citrulline in
the P1 position of mupain-1-8 instead of L-3-(N-Amidino-4-piperidyl)alanine in
mupain-1-16. Mupain-1-8 was reported to have a Ki value of over 1000 µM for
tc-muPA [116]. As expected, the incorporation of [3H]-DFP into tc-muPA was not
inhibited by mupain-1-8 (Fig 13C).

3

Fig. 14. Quantitation of [ H]-DFP incorporation into tc-muPA. (A) Example of a standard curve
3

3

showing the amount of [ H]-DFP against the counts of [ H]-DFP. (B) Mupain-1-16 inhibits the
3

3

incorporation of [ H]-DFP into tc-muPA. The Y-axis shows the percentage of [ H]-DFP
incorporation based on the standard curve in (A). The X-axis shows the concentration of
3

mupain-1-16. (C) Control experiment of [ H]-DFP incorporation into tc-muPA in the presence
of mupain-1-8 (CPAYS[132]YLDC) [116] .
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4.1.4 ITC analysis of mupain-1-16 binding to muPA and bovine
β-trypsin
Isothermal titration calorimetry (ITC) can be used to measure thermodynamic
parameters of the binding of ligand to protein. The binding of mupain-1 and
mupain-1-16 to both tc-muPA and bovine β-trypsin was measured. A significant signal
was observed when mupain-1-16 was titrated with tc-muPA but was less intense
when titrating with mupain-1 (Fig. 15). All the determined KD values (Table 3) were in
agreement with previous Ki determinations (Table 2). The negative ΔG values indicate
that binding occurs spontaneously. Furthermore the change of enthalpy (ΔH) is
negative for both peptides. However, the ΔH of mupain-1 binding to muPA (-84.5
±16.9 kJ/mol) is lower than the ΔH for binding of mupain-1-16 to muPA (-38.7 ± 3.7
kJ/mol). In addition, the change of entropy (ΔS) was positive for the binding reaction
between muPA and mupain-1-16 (4.4 ± 3.5) but negative in the case of mupain-1
(-47.5 ±17.3).
Table 3. Thermodynamic parameters for binding of mupain-1 and mupain-1-16 to muPA. All
the reported parameters are the fitted value ± S.D determined from three independent
experiments.

KD(nM)

ΔG (kJ/mol)

ΔH(kJ/mol)

TΔS(kJ/mol)

Mupain-1

330 ± 50

-37.0 ± 0.4

-84.5 ± 16.9

-47.5 ± 17.

Mupain-1-16

29 ± 7

-43.0 ± 0.6

-38.7 ± 3.7

4.4 ± 3.5

Fig. 15. ITC binding curves of mupain-1 (A) and mupain-1-16 (B) to muPA at 25 °C. The solid
line in the lower panels represents the best curve fit to the experimental data, using the one
sets of sites model from MicroCal Origin.
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In order to compare the binding properties of mupain-1-16 with another serine
protease, ITC experiments with bovine -trypsin were set up under similar conditions
as with muPA. Both mupain-1 and mupain-1-16 exhibited similar thermodynamic
parameters when binding to bovine -trypsin (Fig 16 and Table 4), whereas, the KD
for mupain-1(3.5 ± 2.1 µM) was different from previous Ki determinations (20.7 ± 0.5
µM [115]). The determined KD value of mupain-1-16 (2.3 ± 1.2 µM) was in agreement
with the determined Ki values (8 ± 2 µM Table 2). Titration of pAB with bovine -trypsin
was used as a control experiment. All the ΔS values were positive and the ΔH values
were negative.

Fig. 16. Graphs showing data from ITC experiments with 40 μM trypsin titrated with (A)
mupain-1 (B) mupain-1-16 and (C) pAB in buffer (20 mM Tris-HCl pH 7.4, 140 mM NaCl, 10
mM CaCl2) at 15 °C.
Table 4. Thermodynamic parameters for binding of mupain-1, mupain-1-16 and pAB to bovine
β-trypsin. The reported parameters are from three determinations.

KD (μM)

ΔG (kJ/mol)

ΔH (kJ/mol)

TΔS (kJ/mol)

Mupain-1

3.5±2.1

-31.4±1.6

-17.8±7.5

13.6±5.9

mupain-1-16

2.3±1.2

-31.5±1.4

-18.6±5.3

13.0±4.7

pAB

3.3±0.7

-30.6±0.3

-25.5±2.8

5.1±3.1

4.1.5 Binding of mupain-1-16 to “murinized” huPA(16-250) H99Y
Previous studies demonstrated that Tyr99 is important for the binding of
mupain-1 to muPA [115]. The substitution of His99 in human uPA with Tyr99 enables
human uPA to bind to mupain-1. The Ki for mupain-1-16 inhibition of S-2444
hydrolysis by human uPA H99Y (16-250) is 1.84 ± 0.38 μM (n=3) which is similar to the Ki
determined for full-length human uPA H99Y (2.48 ± 0.03 μM) that has been published
recently [116]. The catalytic domain of human uPA(16-250) can be obtained in large
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amounts and crystallized under established conditions which were also used to solve
three-dimensional structures of complexes between human uPA and peptides [47,
113]. The murinized huPA(16-250) H99Ywas crystallized by Ph.D. student Baoyu Zhao
from the group of Dr. Mingdong Huang (FJIRSM, Fuzhou, China) with the aim of
elucidating the three-dimensional structure of uPA in complex with any of the
mupain-1 series of muPA inhibiting peptides. The data are still unpublished and I
present them here with permission from Baoyu Zhao and Mingdong Huang (appendix
3). By now, Mingdong Huang has obtained the structure of the complex of
mupain-1-16 with huPA(16-250) H99Y at pH 7.5 and the three-dimensional structure is
shown in Fig. 17. In order to understand the binding mechanism of mupain-1-16, I
used the determined structure to analyze the interactions in silico.

Fig. 17. X-ray crystal structure of huPA
structure of huPA

(16-250)

(16-250)

H99Y in complex with mupain-1-16. (A) The
(16-250)

H99Y in complex with mupain-1-16. huPA

H99Y is shown in a

surface representation and mupain-1-16 is shown in sticks. The residues of huPA

(16-250)

H99Y

close to the peptide (within 6 Å) are shown in magenta. The rest is shown in green. The
backbone of mupain-1-16 is shown in yellow, the oxygen atoms are in red and nitrogen atoms
are in blue. (B) Close-up view of mupain-1-16 bound to the active site of huPA

(16-250)

H99Y. The

residues in mupain-1-16 are shown in sticks with black numbers. The residues from the protein
closest to the peptide are shown in magenta. The PDB file used was obtained from Mingdong
Huang’s group and is not fully refined yet. The structure is presented here with permission
from Mingdong Huang (appendix 3) and the figure was drawn using the PyMoL software [22].
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Fig. 18. Interactions of mupain-1-16 (yellow)
(16-250)

with

huPA

H99Y

(magenta).
(16-250)

numbers of residues from huPA
in

magenta.

mupain-1-16

The
are

amino

labeled

in

The

H99Y is

acids
black.

from
The

interactions between the atoms are shown with
dashed lines. (The data are shown with
permission from Mingdong Huang and the
figure was drawn using the PyMoL software
[22].

(16-250)

Table 5. Contacts between huPA

H99Y and mupain-1-16

Mupain-1-16 residue/atoms
Ala3 N
Tyr4 N
Tyr4 OH
Ser5 O
[L-3-(N-Amidino-4-piperidyl)alanine] 6 N10
[L-3-(N-Amidino-4-piperidyl)alanine] 6 N10
[L-3-(N-Amidino-4-piperidyl)alanine] 6 N9
[L-3-(N-Amidino-4-piperidyl)alanine] 6 N9
[L-3-(N-Amidino-4-piperidyl)alanine] 6 N9
[L-3-(N-Amidino-4-piperidyl)alanine] 6 O
[L-3-(N-Amidino-4-piperidyl)alanine] 6 O
Tyr 7 O
Tyr 7 OH
Tyr 7 OH
Tyr 7 OH
Asp9 OD1
Cys10 O

huPA(16-250)
H99Y/residue/atoms

Distance (Å)

Thr97 O
Leu97 O
Arg217 NH1
Tyr99 OH
Gly219 O
Asp189 OD2
Asp189 OD1
Ser190 O
Ser190 OG
Gly193N
Ser195 OG
Gln192 NE2
Arg35 NH1
Arg35 NH2
Cys58 0
Arg35 NH1
Gln192 NE2

2.68
2.98
2.63
2.59
3.06
2.71
2.92
3.43
2.70
2.74
3.15
3.20
2.86
2.73
2.97
2.53
2.82

Analysis of the complex revealed that the binding of mupain-1-16 to huPA(16-250)
(16-250)

H99Y occurred at the activate site of huPA

H99Y. Inter-peptide hydrogen bonds

were observed between Pro2 and Ser5, Ser5 and Tyr7, Tyr7 and Asp9 respectively.
Almost all the residues in mupain-1-16 were in contact with huPA(16-250) H99Y (Table
5). The unnatural amino acid, [L-3-(N-Amidino-4-piperidyl)alanine] in the P1 position

1

was buried into the S1 pocket and interacted with Asp189, Ser190, Ser195, Gly193
and Gly219. The mutated position, Tyr99 and the P2 position Ser5 formed a hydrogen
bond. The P1’ position Tyr7 interacted with Gln192, Arg35 and Cys58 in huPA(16-250)
H99Y. Apart from the interactions mentioned above, the 37-loop, 60-loop and
215-loop of huPA(16-250) H99Y interacted with mupian-1-16.

4.1.6 Crystallization of mupain-1-16 in complex with bovine
β-trypsin
Both trypsin and uPA belong to the trypsin-like family of proteases and they have
similar active site topologies. According to the Ki and KD determinations, mupain-1-16
binds to bovine β-trypsin with an affinity of about 10 µM. To obtain further structural
details, I attempted to crystallize a complex between mupain-1-16 and trypsin. The
initial conditions for the setups were based on previous publications [133-135].
Attempts at co-crystallizing mupain-1-16 with bovine β-trypsin were inspired by
co-crystallization experiments of bovine β-trypsin with peptidic serine protease
inhibitors [133]. I obtained two types of crystals using ammonium sulfate and PEG
8000 buffer as precipitants at pH values ranging from 4.5 to 8.5 (Fig. 19).
Unfortunately, the crystals collapsed when they were soaked with mupain-1-16.

Fig. 19. Photos of potential co-crystals of mupain-1-16 and bovine β-trypsin. (A) Hanging
drops in 1.8 M ammonium sulfate, 0.1 M Hepes, pH 7.4, at 20 °C gave the crystal form P2 12121.
(B) Hanging drops in 21 % PEG 8000, 0.1 M ammonium sulfate, 0.1 M MES pH 6.0, at 20 °C
gave the crystal form P3121.
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X-ray crystallographic analysis of the potential co-crystals of mupain-1-16 and
bovine β-trypsin (Fig 19) revealed two different crystal forms (P212121 and P3121)
which were defined as the closed forms [133-135]. X-ray diffraction experiments and
data analysis were carried out on an in-house beamline with the help from postdoc
Jesper S. Johansen. The two crystal space groups that we identified have been
reported previously. The PDB file 3MFJ (P212121) and 1MTV (P3121) were used for
the molecular replacements and the Wincoot software was used to fit all amino acids
into the electron density. Unfortunately, we could not locate the mupain-1-16 peptide
in the active site of the crystal structures. Subsequently, we aligned the two model
forms with the so-called “orthorhombic” open form (1MTS) [133] of trypsin in Wincoot.
We observed that there was insufficient space for the cyclic peptide in the two closed
forms. However, mupain-1-16 might insert into the trypsin molecule in the
“orthorhombic” open form. Therefore, the open form of trypsin needs to be obtained in
the future.
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4.2

Results-Allosteric

regulation

of

muPA

by

antibodies and peptides
4.2.1 [3H]-DFP incorporation into muPA in the presence of mU1
and mU3
Hansen et al. have shown that the monoclonal antibody mU1 binds to muPA and
induces an allosteric state. The eptiope of mU1 was located far away from the active
site. However, mU1 inhibited hydrolysis of substrate in vitro [126-128]. Here, I
employed [3H]-DFP incorporation assays to investigate how mU1 affected DFP
incorporation into muPA. For convenience, 3 hours of incubation of full-length
tc-muPA with [3H]-DFP was used in dose-dependency experiments. mAb-112 is an
antibody that recognizes and inhibits the active form of human uPA but not muPA
[125]. Thus, the monoclonal antibody, mAb-112 was used as a control. Fig. 20
demonstrates that mU1 completely prevents the binding of [3H]-DFP to muPA at a
concentration of 1000 nM. However, mU3 and the control antibody mAb-112 does not
affect the incorporation level of [3H]-DFP to tc-muPA.

3

Fig. 20. The incorporation of [ H]-DFP into tc-muPA in presence of varying concentrations of
mU1, mU3 and mAb-112. The curve of mU1 was obtained from three independent
determinations.
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4.2.2 Analysis of pAB displacement by mU1 and mU3
From the studies of irreversible incorporation of [3H]-DFP, it was shown that mU1
and mU3 behaved differently. The reversible inhibitor pAB was used to compare the
effect of mU1 and mU3 on binding of inhibitors to the active site. When analyzing the
fluorescence of pAB in complex with muPA, it was found that mU1 decreased the
signal, indicating that mU1 could displace pAB from the active site of muPA, and its
IC50 was about 38 nM (Fig. 21A). However, the antibodies, mU3 and mAb-112 did not
displace pAB (Fig. 21 B, C).

Fig. 21. Fluorescence spectra of 100 nM muPA and 20 μM pAB incubated with different
concentrations of antibodies at 25 °C. (A) mU1. (B) mU3. (C) mAb-112.

4.2.3 ITC measurements of mupain-1-16 binding to full-length
tc-muPA and muPA(16-243)
To investigate the binding of full-length tc-muPA and muPA(16-243) to mupain-1-16,
ITC analysis were performed. Mupain-1-16 binds to the active site of full-length
tc-muPA with a Ki of 30 nM. As muPA looses activity at 37 °C over time, determinations
were done at 25 °C. Table 6 shows that the determined KD values of full-length
tc-muPA and muPA(16-243) are similar (29 ± 7 nM and 25 ± 7 nM) and resemble the Ki
for inhibition of the amidolytic activity. Interestingly, ΔH was lower for muPA(16-243)
(-61.0 ± 4.8 kJ/mol) than for full-length tc-muPA (-38.7 ± 3.7 kJ/mol). The binding of
mupain-1-16 to full-length tc-muPA had a ΔS of 4.4 ± 3.5 kJ/mol and muPA(16-243) had
a ΔS of -17.5 ± 4.1 kJ/mol. The similar ΔG but larger decrease in ΔS for muPA(16-243)
than for full-length tc-muPA suggests that muPA(16-243) adopts an ordered conformation
through binding to mupain-1-16 and becomes structurally organized in this reaction.
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After adding mU3 to the binding reactions, almost no changes of KD and ΔG
values were observed. However, the binding of mupain-1-16 to muPA(16-243) in the
presence of mU3 showed increased values of ΔH and ΔS compared to the binding
without mU3. In presence of mU3, the values of ΔH from the binding of full-length
tc-muPA and muPA(16-243) were around -40 kJ/mol. This suggests that mU3 may
change the conformation of muPA(16-243) to more closely resemble the active state. We
showed in our lab [128] that the F40Y and E137A mutants of muPA (16-243) have a more
frequently exposed N-terminus than muPA(16-243). I therefore analyzed their
thermodynamic parameters for binding to mupain-1-16. These parameters were
different from the parameters determined for muPA (16-243) and full-length tc-muPA. ΔH
was decreased (-64.4 kJ/mol and -71.0 kJ/mol) for the two mutants relative to
muPA(16-243). TΔS was around -30 kJ/mol for both of them. The KD for muPA (16-243)
F40Y was 81±19 nM and for muPA (16-243) E137A it was 52 ± 26 nM. These KD values
were not significantly different from the KD values determined for muPA(16-243) and
full-length tc-muPA.

Table 6. Analysis of binding of mupain-1-16 variants to full-length tc-muPA and muPA

(16-243)

ITC. The data are the average ± standard deviations of three independent determinations.

KD (nM)

ΔG (kJ/mol)

ΔH (kJ/mol)

TΔS (kJ/mol)

full-length tc-muPA

29±7

-43±1

-39±4

4±3

muPA (16-243)

25±7

-44±1

-61±5*

-18±4**

full-length tc-muPA +mU3

25±2

-44±1

-42±6

2±6

muPA (16-243) +mU3

23±5

-44±1

-43±2

1±2

muPA (16-243) F40Y

81±19

-41±1

-64±2*

-27±1**

muPA (16-243) E137A

52±26

-42±1

-71±2*

-29±2**

*Significatly different form the ΔH value for full-length tc-muPA (P<0.05).
** Significatly different form the TΔS value for full-length tc-muPA(P<0.05).
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Fig. 22. ITC analysis of mupain-1-16 binding to variants of muPA at 25 °C. The concentration
of muPA was 1 µM and the mupain-1-16 in the syringe was 30 µM. The enzymes used for the
(16-243)

experiments were: (A) full-length tc-muPA; (B) muPA
(16-243)

mU3; (D) muPA

(16-243)

and 1.5 μM mU3; (E) muPA

; (C) full-length tc-muPA and 1.5 μM
(16-243)

F40Y ;(F) muPA

E137A.

4.2.4 Surface plasmon resonance analysis.
Beside the ITC analyses, surface plasmon resonance analyses were conducted
to determine the affinity of mupain-1-16 for the muPA variants. An anti-His-tag
antibody was immobilized onto a CM5 chip to capture muPA and its variants followed
by bining of mupain-1-16. The KD for binding of muPA and its variants to mupain-1-16
was measured. The binding kinetics agreed well with a simple 1:1 binding model (Fig.
24 and Table 7). Both the KD of full length tc-muPA and muPA(16-243) was around 40 nM
which is consistent with the Ki and KD determinations (Table 6). Similar kon and koff
were obtained for both the binding of mupain-1-16 to muPA(16-243) and to full-length
tc-muPA. The KD for muPA(16-243) F40Y was 94 ± 6 nM and for muPA(16-243) E137A it
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was 77 ± 13 nM, which is slightly higher than that for muPA(16-243). We observed that
the koff for muPA(16-243) F40Y was two-fold higher than that for muPA(16-243) (Table 7).
The kon for muPA(16-243) E137A was lower than that for the other muPA variants. The
differences between the two mutants (muPA(16-243) F40Y and muPA(16-243) E137A) and
the tc-muPA and muPA(16-243) suggest the residues Phe40 and Glu137 were important
for maintaining the active conformation.

Fig. 23. Surface plasmon resonance analysis of the binding of muPA variants to mupain-1-16.
A dilution series of mupain-1-16 (0-1000 nM) was injected. The sensorgrams were fitted to a
1:1 binding model to obtain the kinetc parameters in Table 7.
Table 7. Analysis of binding of muPA variants to mupain-1-16 by surface plasmon resonance.
Data are the average of three independent determinations ± standard deviations using six
different concentrations of peptide.

kon·10-5 (M-1·s-1)

koff·104 (s-1)

KD (nM)

full-length tc-muPA

1.7 ± 0.2

59± 2

35 ± 3

muPA (16-243)

1.3±0.1

57 ± 14
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muPA (16-243) F40Y

1.3 ± 0.4

123 ± 35

94 ± 6

muPA (16-243) E137A

0.9 ± 0.1

68 ± 2

77 ± 13
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± 10

4.2.5 Km and Ki determinations in presence and absence of
mU3
In the articles about mU1 [126, 128], it was shown that the binding of mU1
prevents substrate hydrolysis and binding of inhibitors to the active site. Both mU1
and mU3 exhibited high affinities for muPA (mU1 KD=5 nM and mU3 KD=0.5 nM). Here
I analyzed the full-length tc-muPA and muPA(16-243) with respect to the Km for S-2444
hydrolysis and Ki for inhibition by different inhibitors with and without mU3 (Table 8).
First, the Km for hydrolysis by muPA(16-243) is decreased by mU3 (from 5 mM to 2.7
mM). However, mU3 did not affect the Km for S-2444 hydrolysis by full-length tc-muPA.
The Ki values for amiloride and pAB and mupain-1-16 were measured. All the Ki
values for inhibition of muPA(16-243) were higher than for inhibition of full-length
tc-muPA. However, the values decreased to the level of full-length tc-muPA when
mU3 was added.

Table 8. Determination of Km for S-2444 hydrolysis and Ki for amiloride, pAB and mupain-1-16
inhibition.

The Km values for S-2444 hydrolysis by muPA(16-243) F40Y and muPA(16-243) E137A
were about 2 fold higher than the Km of for muPA(16-243). However, after adding mU3,
the values decreased to 4 mM and 6 mM, respectively. All the Ki values for inhibition
of the two mutants by active site inhibitors were higher than the values determined for
full-length tc-muPA and muPA(16-243). Nevertheless, after adding mU3, a significant
decrease of Ki was observed, about 2-3 fold lower for the mutant muPA(16-243) F40Y
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and around 3-6 fold lower for the mutant muPA(16-243) E137A. These results suggest
that mU3 induced the active state of the enzyme.
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5. Discussion
5.1 Mupain-1-16 is a peptide with high specificity and affinity
for muPA
Animal models of cancer metastasis in vivo are required to validate new potential
anti-cancer drugs. However, in mice with xenotransplanted tumors, uPA might be
produced not only by cancer cells but also by stromal cells. In this case, uPA secreted
from cancer cells is human uPA, whereas stromal cells secrete murine uPA. Hence,
inhibitors against human uPA can be used for inhibiting xenotransplated human
tumors. Inhibitors against murine uPA can be used to inhibit murine uPA in tumors
derived from murine cells (a completely murine tumor model) and to inhibit murine
uPA secreted by murine stroma cells. By now, many inhibitors against human uPA
have been developed, but except mupain-1, none of them are specific for murine uPA
over human uPA. In my project, I investigated mupain-1-16 which has a higher affinity
than mupain-1 for binding to muPA. I determined the specificity of mupain-1-16 and
tried to explain its mechanism of binding to muPA.
When the specificity of mupain-1-16 was determined, I observed that most of the
tested serine proteases have 100-fold higher Ki for mupain-1-16 than it was the case
for muPA. In the initial study of mupain-1 it was reported that mupain-1 inhibited
bovine β-trypsin with a 50-fold higher Ki than for muPA [115]. Here, mupain-1-16 was
found to have a 160-fold higher Ki for inhibition of bovine β-trypsin than for inhibition of
muPA. The original mupain-1 binds muPA about 2000 fold better than human uPA.
Again, mupain-1-16 displayed selectivity for muPA over human uPA [116]. Both results
suggest that the substitution of L-Arg to the unnatural amino acid retains the
specificity of the peptide. However, murine and human plasma kallikrein are
exceptions. The plasma kallikreins were both inhibited by mupain-1-16 with a Ki about
only 20-fold higher than for muPA. In normal human blood plasma, the concentration
of uPA is around 20 pM and the concentration of plasma kallikrein is about 55 pM
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(Table 9). A similar situation probably exists in mice blood. As the Ki of mupain-1-16
for muPA is about 45 nM which is much higher than the concentration of muPA and
plasma kallikrein in the blood, the in vitro data suggest that the difference in the
potency of inhibition is retained and the difference would probably still be 20-fold in
vivo. Should this relative distribution have been changed by the concentration of
enzyme in the blood, it would have required enzyme concentrations higher than the
determined Ki. Based on these considerations, an initial treatment dose of
approximately 500 nM seems reasonable. Thus, the peptide dose for a mouse
containing 1.5 ml of blood would be about 1 µg. In practice, higher doses are required
in vivo relative to estimates based on in vitro measurements. Although being not as
specific as mupain-1, the high affinity still suggest that mupain-1-16 is an efficient
inhibitor of muPA.
Table 9. Human blood plasma concentrations of several serine proteases related to uPA

Blood plasma concentration
Human uPA

0.02 nM
[37]

Human FVIIa

0.1 nM activated form
[136]
130-160 nM inactive form
[137]
2000 nM plasminogen
[138]
60 nM
[139]
0.055 nM
[140]
10.3nM
[141]

Human FXa
Human plasmin
Human active protein C
Human plasma kallikrein
human trypsin

In order to explain the relatively high affinity of mupain-1-16 for plasma kallikrein,
a multiple sequence alignment of muPA and related proteases was calculated (Table
10). Murine uPA, human FVIIa and human/murine plasma kallikrein has the same
residue in position 192 which is Lys. In the other serine proteases, position 192 is
glutamine or glutamic acid. The affinity of mupain-1-16 for muPA K192Q was
measured to be about 5 fold lower than for muPA [116]. The difference between Lys
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and Glu/Gln might lead to a significant difference for the affinity of these proteases for
mupain-1-16. Moreover, there are still other differences between muPA and plasma
kallikrein especially at position 99 and 35 which might be important for the binding of
mupain-1-16 based on the three-dimensional structure of the complex between
mupain-1-16 and huPA(16-250). Those similarities and differences might be the reason
that plasma kallikrein binds relatively well to mupain-1-16. Nevertheless, mutagenesis
of Gln192 of human uPA to Lys only slightly improves the binding of mupain-1 to
human uPA [115]. In contrast, the single mutation of His to Tyr at position 99 in human
uPA increased the affinity of human uPA to mupain-1 significantly. The same effect
occurred for the H99Y mutant of human uPA when it binds to mupain-1-16. (see
results above and [116]). The triple-mutant V41K/H99Y/Q192K of huPA increases the
affinity of mupain-1 for human uPA even more than for the H99Y mutant. Combining
the Ki results and the crystallographic data, both residue 35 and 99 seem to be
involved in the interaction between uPA and mupain-1-16 which might indicate that
the environment composed by Arg35, Tyr99 and Lys192 of muPA are important for the
specificity mupain-1-16. However, based on these data, the changed specificity of
mupain-1-16 for muPA over the plasma kallikreins can not be fully explained.
Table 10. Multiple sequence alignment of critical positions for the binding of mupain-1 or
mupain-1-16 to related serine proteases. The alignment was carried out using ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Amino acid
Serine proteases

Position…

35

41

99

192

217

Murine uPA

Asn

Lys

Tyr

Lys

Arg

Human uPA

Arg

Val

His

Gln

Arg

Human plasma kallkrein

Val

Leu

Gly

Lys

Glu

Murine plasma kallikrein

Val

Leu

Gly

Lys

Glu

Bovine β-trypsin

-

Phe

Leu

Gln

Ser

Human Factor VIIa

Val

Leu

Thr

Lys

Gln

To elucidate the binding mechanism of mupain-1-16, pAB displacement and
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[3H]-DFP incorporation assays were employed in order to further localize the binding
site of the peptide. As expected, strong competition of mupain-1-16 with pAB and
[3H]-DFP was observed which indicated that the interactions of mupain-1-16 and
muPA involved the S1 pocket and the oxyanion hole. This result confirmed the
conclusion from previous studies that mupain-1 and mupain-1-16 interact with the S1
pocket of muPA [115, 116].
The binding mechanism is partially explained by the ITC experiments and the
crystal structure. In the ITC experiments, the binding of mupain-1-16 to muPA showed
different thermodynamic parameters compared to mupain-1. From the KD data,
mupain-1-16 has a better affinity for muPA than mupain-1 which is consistent with the
Ki determinations. In addition, the positive TΔS and negative ΔH obtained from the
binding of mupain-1-16 to muPA revealed a favorable thermodynamic profile.
According to Gibbs rule, the reaction was driven partly by entropy changes which
indicated that mupain-1-16 or the binding site of muPA required a relatively smaller
degree of ordering. The negative ΔH indicated that more interactions are formed than
broken during the binding. The interaction of mupain-1 with muPA showed a more
negative ΔH than the interaction of mupain-1-16 with muPA. This suggests that
formation of the mupain-1:muPA complex requires formation of more new bonds than
formation of the mupain-1-16:muPA complex. This phenomenon was also observed
upon binding of upain-1 variants to human uPA. An N-terminally extended upain-1
peptide showed more negative ΔH than the original upain-1 when binding to human
uPA which indicated that more hydrogen bonds formed [113]. Considering the positive
ΔS, it seems that mupain-1-16 binds to muPA without changing its conformation as
much as mupain-1. Therefore, mupain-1-16 may already be in the bound
conformation. Mupain-1, mupain-1-16 and pAB were titrated with bovine β-trypsin as
well. The two peptides and pAB exhibited similar thermodynamic profiles for binding
to bovine β-trypsin which indicated that these interactions might be based on the
P1-S1 binding interaction.
The three-dimensional structure of mupain-1-16 in complex with the “murinized”
human uPA(16-250) H99Y improves our understanding of the interaction between
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mupain-1-16

and

muPA.

The

unnatural

amino

acid

[L-3-(N-Amidino-4-piperidyl)alanine] inserts into the S1 pocket. Previous studies have
reported that the substitution of the P1 residue with [L-4-guanidino-phenylalanine]
(mupain-1-12, (Fig. 24)) results in a peptide with similar affinity for human uPA(16-250)
H99Y as mupain-1-16. Changing the P1 residue into L-homo-arginine reduces the
peptides affinity for human uPA(16-250) H99Y [116]. This demonstrates that the
piperidine ring (mupain-1-16) or the Phe derivative (mupain-1-12) at the P1 position of
the peptide might provide a greater contact area to the active site than the Arg present
in mupain-1. In addition, Tyr7 and Asp9 in mupain-1-16 form hydrogen bonds to Arg35
in human uPA(16-250) H99Y. Ser5 and Tyr4 in mupain-1-16 is close to Tyr99 and Arg217
in human uPA(16-250) H99Y. Arg35, Tyr99 and Arg217 play important roles for the
binding specificity. In conclusion, the structure of huPA(16-250) H99Y in complex with
mupain-1-16 revealed details of the interactions between peptide and protease.

Fig.

24.

Chemical

structure

of

P1

residues.

(A)

L-Arginine

in

mupain-1.

(B)

L-3-(N-Amidino-4-piperidyl)alanine in mupain-1-16. (C) L-4-Guanidino-phenylalanine in
mupain-1-12.

There are four primary benefits of using peptides as protease inhibitors. 1.
Peptides mimic physiological protein-protein interactions which might be significant
for regulating signalling events in vivo and might therefore also be advantageous as
protease inhibitors. 2. Peptides are unlikely to induce an immune response. 3. High
specificities for the target protease may be achieved. 4. Less toxicity is expected (see
[142] for a discussion of advantages of peptides). Although the development of
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therapeutic peptides has been underway for over 40 years, the number of peptides in
clinical use is still limited [143]. The main disadvantage of peptidic drugs is their short
in vivo half-life (on the order of minutes) due to the rapid degradation by different
proteases in the plasma [144]. Hence, the main focus of peptide drug development is
their specificity and methods to prolong the in vivo half-life. Substitution of the P1
residue into an unnatural arginine analog might increase the in vivo half-life.
Mupain-1-16 might be a good candidate for evaluating the inhibition of muPA in a
murine tumor model. Furthermore, in vitro cytotoxic activities and in vivo
pharmacokinetic assays should be determined. These parameters include the
maximum observed plasma concentration on day 14 (Cmax) and the time to reach it
(Tmax), the apparent terminal elimination half-life (T1/2) among others. In addition, the
mupain-1-16 peptide is a potential candidate for use as an in vivo imaging reagent for
detection of tumors or metastasis using fluorescently labeled peptide or highly
sensitive positron emission tomography.

5.2 The antibody mU1 inhibits muPA through and allosteric
mechanism
The objective of the present study was to investigate the functional differences of
mU1 and mU3 when binding to muPA in vitro. The monoclonal antibody, mU1 inhibits
uPA-catalyed plasminogen activation and plasmin-mediated pro-uPA activation.
However, mU3 only inhibits the first reaction [126]. Therefore, we studied the
mechanisms of both antibodies.
Previous studies about antibodies against human uPA have reported antibodies
binding to the 37-loop and 60-loops in human uPA and they inhibited the activity of
human uPA against plasminogen by steric hindrance as they did not inhibit hydrolysis
of small chromogenic peptides [123]. This is in agreement with our results. We
mapped the epitope of mU1 which was located in the 37- and 70-loops of the catalytic
domain. This location is about 20 Å away from the S1 pocket. The antibody mU1
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inhibits both the catalytic activity and plasminogen activation catalyzed by muPA and
our experiments revealed that mU1 may regulate muPA by an allosteric mechanism.
In order to investigate the inhibition mechanism, we investigated the activation of
muPA by plasmin. We found that mU1 does not inhibit the cleavage of single-chain
muPA by plasmin. It demonstrates that the mechanism is different from previously
studied antibodies which may affect zymogen activation, such as mAb-112 and the
commercial antibody against sc-human uPA, mAb-PUK [125].
Furthermore, we analyzed how mU1 inhibited the active site. We found that a
hydrophobic cluster composed of Phe30, Phe40 and Phe141 is important for the
binding of mU1. Beside the hydrophobic cluster, we demonstrated that the linker
peptide especially the highly conserved residues Phe(-2) (located two residues before
Cys1) and Lys4 are important for the stabilization of muPA. According to the
three-dimensional structure analysis, Lys4 seems to form a hydrogen bond to Glu137
[145]. We observed that binding of mU1 to both full-length tc-muPA and muPA(16-243)
leads to a more frequently exposed N-terminus. However, when the S1 pocket was
occupied by pAB, mU1´s effect on the exposure of the N-terminus(Ile16) was impaired.
It was concluded that the binding of mU1 to muPA communicated to the N-terminus of
muPA through binding to the 37-loop and 70-loop. The binding pulls the hydrophobic
triad apart which may lead to more frequent exposure of the N-terminus(Ile16) to the
solvent.
As reported previously for thrombin, distorted states called E* exists in serine
proteases [146]. Collapse of the 215-217 segment of thrombin blocks the active site
and induces an inactive form of thrombin (Fig. 25). However, the E* conformation is
different from the zymogen conformation, since the N-terminus(Ile16) of E* still formed a
salt bridge to Asp194 [147-149]. A similar phenomena was also reported for factor D
[150, 151], prostate specific kallikrein [152], prostasin [153], αI-tryptase [154], DegP
[155] and HGFA [156]. Here, based on our study, mU1 inhibits muPA and induces an
exposed N-terminus(Ile16). However, once mU1 binds to muPA, the Km for muPA
hydrolysis of the chromogenic substrate, S-2444 increased and kcat is unchanged.
The zymogen form of muPA was shown to have a Km similar to activated muPA
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whereas kcat was decreased by 280-fold [128]. Hence, we suggest that the
conformation induced by mU1 might resemble the E* state instead of the zymogen
form. The muPA(16-243) mutant seems to exist in a more distorted conformation than the
full length tc-muPA. An equilibrium between active (E) and partially active (E*) states
has also been identified in other serine proteases [157].

Fig. 25. The E and E* forms of thrombin. (A) The active E form of thrombin (PDB 1SGI). Active
site residues Asp102, His57, Ser195, Asp189 in the S1 pocket and Tyr215 in the activation
domain are shown as sticks. (B) The E* form of thrombin (PDB 3BEI). The difference between
E and E* is that the 215-217 region seems more close to the active site and occupies the
substrate binding site leading to reduced activity of thrombin (for a review see [157]). The
figure was drawn using the PyMoL software [22]

The use of monoclonal antibodies as therapeutics is a fast developing industry.
The binding mechanisms of these antibodies need to be investigated. The allosteric
mechanism revealed for mU1 may be helpful in developing efficient drugs directed
against uPA.
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5.3 Stabilization of the active conformation of muPA by mU3
and peptides
The epitope of mU3 was located in the 37- and 70-loops and overlapped with the
epitope of mU1 [128]. We found that mU1 induce a more exposed N-terminus (Ile16)
whereas, mU3 seems to stimulate the activity of muPA(16-243) by decreasing the
frequency of exposure of the N-terminus (Ile16) ([128, 129]). How can two antibodies
with overlapping epitopes have different mechanisms? After comparisons, we found
that the residues Lys72 and Pro78 were only a part of the epitope of mU3 and not for
the epitope of mU1. Furthermore, the residues located in the 37-loop were more
important for the binding to mU3 than the residues in the 70-loop. The mechanism of
mU1 involved distortion of the triad formed by Phe30, Phe40 and Phe141. This
interfered with formation of the activation pocket and the bond between Asp194 and
Ile16 [128]. Apparently, the slightly different epitope of mU3 leads to a stabilizing
mechanism. The binding of mU3 to its epitope stabilizes the N-terminus (Ile16) in the
activation pocket and orders the active site. A similar situation was observed in the
study of mAb-112 and mAb-12E6B10 [124, 125]. Both antibodies bind to an
overlapping epitope of human uPA and inhibit the conversion of pro-uPA to active uPA.
Only mAb-112 induces the zymogen-like conformation. However, the epitope of
mAb-112 and mAb-12E6B10 was located in a different region of human uPA than the
epitope of mU1 and mU3. In a previous study, mU1 was reported to rescue mice
treated with an uPA-activable anthrax protoxin and to impair uPA-mediated hepatic
fibrinolysis in tissue-type plasminogen activator (tPA)-deficient mice in vivo. But mU3
did not have these effects. Although plasminogen activation was inhibited by both
antibodies, the second order rate constant for reaction with murine PAI-1 was delayed
by 10 fold by mU3. The reason that mU3 does not work in vivo is still not clear to us.
The ITC results we present here showed more fundamental knowledge. A
significantly lower ΔH and TΔS for binding of mupain-1-16 was observed for
muPA(16-243) than for full-length tc-muPA. However, their affinities (ΔG) were similar.
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The negative TΔS for binding of mupain-1-16 to muPA(16-243) suggests that muPA(16-243)
should be ordered to bind the peptide. Even more negative ΔH and TΔS were
obtained from titration with mupain-1-16. The ΔH may decrease depending on the
number of contacts that is disrupted and formed during the transition from the inactive
to the active state. These experiments have demonstrated that the N-terminus(Ile16)
and the active site communicates.
Furthermore, the fact that the thermodynamic parameters for binding of
mupain-1-16 to full-length tc-muPA and muPA(16-243) became similar in the presence of
mU3 showed that mU3 induced the active state into muPA(16-243). The Km for S-2444
hydrolysis catalyzed by muPA(16-243) in the presence of mU3 was similar to the Km of
full-length tc-muPA. Similar stabilization by mU3 of the active state was found for the
mutants of muPA(16-243) F40Y and muPA(16-243) E137. We concluded that mU3 induces
less frequent exposure of the N-terminus (Ile16) of muPA.
The allosteric change of muPA induced by mU3 seems to be opposite to the
change induced by mU1. In the study of mU1, we proposed that the state induced by
mU1 was comparable to the E* conformation observed in other serine proteases.
Here, we showed that mU3 induced a state with a less frequently exposed
N-terminus(Ile16), which probably resembled the active enzyme state (E) (Fig. 26).
Similar stimulatory effects were reported in Factor VII and thrombin. In the presence
of Na+ and ligands binding to the so-called exosite-1 and exosite-2 and even inhibitors
or substrates, thrombin adopts the conformation of the active enzyme. Otherwise, it
adopts a resting conformation in the ligand-free state [146]. In Factor VII, tissue factor
stabilizes the active state. The resting conformation of Factor VII exhibits a more
frequently exposed N-terminus(Ile16) [158]. A recent study about antibodies that
allosterically enhance the activity of Factor VII, it was shown that one group of
antibodies bind to the 170-loop and stabilize the S1 pocket and oxyanion hole [159].
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Fig. 26. Simplified graphical representation of the different forms of muPA and the effect of
mU1 and mU3. The residues Ile16 and Asp194 are shown in black dots. CAT, K and G
represent the catalytic doman, kringle domain and growth factor like domain respectively. The
binding of mU1 to muPA leads from the active E form to the inactive E* form, whereas mU3
mediates the opposite transition.

In summary, the improved knowledge of allosteric mechanisms of uPA described
here may have general implications for the molecular understanding of uPA regulatory
mechanisms. In the future, the E* state and exosites should be considered when
designing drugs directed against serine proteases.
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Catalytic Domain
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Enzyme-Linked Immunosorbent Assay
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Fujian Institute of Research on the Structure of Mater
Growth-Factor like Domain
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Dissociation constant for inhibitor binding

Km
koff:
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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 frequently 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. Exposure of the Nterminus(Ile16) of muPA(16-243) was less frequent upon binding of mU3 or mupain-1-16. Introduction of the
mutations F40Y or E137A into muPA(16-243) further increased the frequency of exposure of the Nterminus(Ile16) and resulted in large changes in the thermodynamic parameters for mupain-1-16 binding. We
conclude that muPA(16-243) rests in a distorted state, which is conformationally ordered upon binding of
ligands to the active site and upon binding of mU3 to the 37- and 70-loops. A previously described
monoclonal antibody has an epitope overlapping with that of mU3, but induces an inactive conformation.
Hence, our studies establish the 37- and 70-loops as a unique site for binding to compounds stabilizing
active and inactive states of serine proteases.
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Trypsin-like serine proteases are synthesized inside the cell, secreted as inactive zymogens and
subsequently converted into active enzymes by proteolysis between residue 15 and 16 a.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 co-factors to exosites.3 Thrombin, Factor VII and complement factor D represent classical
examples of serine proteases, which in the absence of substrates, inhibitors or co-factors 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 conformation, but assumes the fully active conformation upon
binding of Na+ and ligands to exosite-1 and -2 or inhibitors and substrates to the active site. The resting
state of thrombin, also called slow-thrombin or E*, seems to feature a more frequently exposed Nterminus(Ile16) than ligand-bound thrombin.8 Another serine protease, Factor VII is several orders of a
magnitude less active in the absence of its cofactor, tissue factor.7 Tissue factor converts ligand-free Factor
VII 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. The presence of trypsin-like serine
proteases in such 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
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However, a relationship between the extent of these thermodynamic differences and the frequency of
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 growth-factor and the kringle domain. Specifically, the growth-factor domain is
responsible for association of uPA to the cell surface by direct non-covalent 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
We recently demonstrated that the inhibitory monoclonal antibody mU1 induces a state of
murine uPA (muPA), which is unable to bind active site probes and exhibits a more frequently exposed Nterminus(Ile16).14 In a truncated mutant consisting of residues 16-243 of the catalytic domain, a similar
inactive state was more abundant than in full-length two-chain (tc) muPA. Hence, distorted states similar to
those observed in ligand-free thrombin and other serine proteases can be induced in muPA by an antibody
and by truncation.
Now we report that another antibody, mU315 also binds to an exosite of muPA in the 37- and
70-loops, a site homologous to exosite I of thrombin. Both antibodies inhibit muPA-catalyzed plasminogen
activation, but contrary to mU1, mU3 does not inhibit uPA in vivo.15 Despite the overlapping epitopes, mU3
stabilized the active state by decreasing the Km for peptidic substrate hydrolysis. 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 the frequency of solvent exposure of the N-terminus(Ile16). We previously demonstrated that
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binding of mU1 to the 37- and 70-loops induced more frequent exposure of the N-terminus(Ile16).14 We show
that binding of mU3 to the 37- and 70-loops induces less frequent exposure of the N-terminus(Ile16). Binding
of active site inhibitors promoted the conversion from partially inactive distorted states to the active state.
Using the active site binding peptidic inhibitor mupain-1-1616, we establish for the first time a relationship
between the large thermodynamic differences of ligand binding reactions and the increased frequency of
solvent exposure of the N-terminus(Ile16) in distorted relative to less distorted states of serine proteases.
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MATERIALS AND METHODS
Monoclonal antibodies and peptides. The generation and characterization of mU3 was described
previously.15 The peptide mupain-1-16 (CPAYS(L-3-(N-amidino-4-piperidyl)alanine)YLDC) was prepared by
solid-phase synthesis.16
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 the 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 polyethyleneimine (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 1x10 6
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 nickelSepharose, 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 or muPA(16-243) (0.5 nM) and pre-incubated for 30 min at 25 °C in HBS. Next, the reaction was
initiated by addition of 0.5 µM human plasminogen and 0.5 mM plasmin substrate H-D-Val-Leu-Lys-pnitroanilide (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.17 Velocities were calculated from the time interval 520 min of these plots and used for calculations of IC50.
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Amidolytic assay of muPA proteolytic activity. The velocity of muPA catalyzed hydrolysis of H-D-Glu-GlyArg-p-nitroanilide (S-2444) was measured at 37 °C in HBS (10 mM Hepes pH 7.4, 140 mM NaCl, 0.1 % BSA).
Km and Ki were calculated as described previously.14
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 (SPR) analysis 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 with the Biacore Evaluation Software, using the 1:1
kinetic fit. 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 Nterminal(Ile16) α-amino group in different muPA variants, 0.5 µM enzyme was pre-incubated 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 pre-incubation, potassium cyanate (0.2 M) or HS buffer + 0.1 % PEG 8000 was added
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and incubated at 22 °C for 0, 30, 60, 120, 180 and 300 min. To stop the carbamylation reaction, each of the
mixtures were 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.
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 dialysed into
a buffer of 20 mM sodium phosphate, pH 7.4, 140 mM NaCl. 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
M, depending on the affinity of the ligand. Titrations were performed by injecting 10 - 12 l of the ligand
until the total syringe volume of 296 l 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 programme package. The following formulas for Gibbs energy ΔG were used to
analyze the measured energies.

G   RT ln K A
(eq. 1)

G  H  TS
(eq. 2),
in which R is the gas constant and T the absolute temperature. ΔS, the entropic change during the reaction,
was calculated by combining equation 1 and 2 using the measured KA and ΔH. Titration of ligand into buffer
was performed to obtain buffer correction.
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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 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).
(eq. 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.
(

)

(eq. 4)

The second-order rate constant k2 was calculated as klim/KD.
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RESULTS
The Epitope of mU3 is Located in the 37- and 70-loops. A total of 30 site-directed alanine substitution
mutants of full-length tc-muPA were prepared to identify the epitope of the inhibitory monoclonal
antibody, mU3.15 The plasminogen activation activity of full-length tc-muPA G37cA, P37eA, P38A, S74A,
Y76A and N77A were not inhibited by mU3, whereas the residual 24 mutants were inhibited (data not
shown). In order to measure the binding affinities between mU3 and the muPA mutants, which were not
inhibited by mU3, surface plasmon resonance analysis was employed (Figure 1 and Table 1). 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). Hence, mU3 binds to an epitope in the 37- and 70-loops (Figure 1C). Compared to the epitope
determined previously for the muPA inhibitory monoclonal antibody, mU114, the binding of mU3 seems to
depend relatively more on the 37-loop than the 70-loop (compare Figure 1C and 1D).
The Antibody mU3 Decreases Km for S-2444 Hydrolysis But Inhibits muPA(16-243)-Catalyzed Plasminogen
Activation. The monoclonal antibody mU3 did not affect the amidolytic activity of full-length tc-muPA
(Figure 2A), while the amidolytic activity of muPA(16-243) was dose-dependently increased up to maximally 2fold. Furthermore, mU3 improved the affinity of the substrate S-2444 for the active site, as Km for muPA(16243)

was decreased from 5035±695 µM to the level of full-length tc-muPA at 2443±238 µM (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
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 improves the affinity of the S-2444 substrate for the active site of muPA(16-243)
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. We previously found that Km for hydrolysis of S-2444 was 2-fold higher for muPA(16-243)
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than for full-length tc-muPA.14 Km values even higher than for muPA(16-243) were determined for the muPA(16243)

F40Y and muPA(16-243) E137A mutants (Table 2). Since increased Km values seems to be related to the

more distorted states of muPA14, we further analyzed muPA(16-243), muPA(16-243) F40Y and muPA(16-243) E137A.
The disulfide-bond constrained peptide mupain-1-16 with the sequence CPAYS(L-3-(N-amidino-4piperidyl)alanine)YLDC inhibits the amidolytic activity of full-length tc-muPA with a Ki of about 40 nM.16
Inhibition of muPA(16-243) by 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.
The Affinity of Inhibitors for Distorted Mutants Is Increased 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 tcmuPA (Table 2). Similar effects occurred for the F40Y and E137A mutants of muPA(16-243).
Mupain-1-16 and mU3 Mediate Insertion of the N-terminus(Ile16) into the Activation Pocket. As
previously14, 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 cyanate ions. The rate of inactivation in the
presence of potassium cyanate is proportional to the frequency of solvent exposure of the N-terminus(Ile16).
We previously showed that in muPA(16-243), the N-terminus(Ile16) is more frequently exposed than in fulllength tc-muPA.14 Now we demonstrated that mU3 decreased the inactivation of muPA(16-243) by potassium
cyanate to the rate measured for full-length tc-muPA (Table 3 and Figure 3). Similarly, insertion of the Nterminus(Ile16) was promoted by mupain-1-16, as the rate of carbamylation decreased upon binding of
mupain-1-16 to muPA(16-243). The muPA(16-243) mutants, F40Y and E137A, had even more frequently exposed
N-termini(Ile16) than muPA(16-243) (Table 3 and Figure 3B).
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Large Thermodynamic Differences in the mupain-1-16 Binding Reaction Distinguish Distorted Mutants of
muPA. As measured by isothermal titration calorimetry (ITC), the binding of mupain-1-16 to muPA(16-243)
was associated with a more negative TΔS than binding to full-length tc-muPA (Table 4 and Figure S1). Due
to a compensatory more negative ΔH, the ΔG for binding of mupain-1-16 was comparable for full-length tcmuPA 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. The ΔH for binding of mupain-1-16 is more negative for muPA(16-243) than for full-length tcmuPA, indicating the formation of more non-covalent interactions on a net basis. Interestingly, we
observed that ΔH and TΔS for binding to mupain-1-16 were similar 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 changes the
conformation of muPA(16-243) to closely resemble the more active 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 (TΔS and ΔH) for binding to mupain-1-16 among the mutants
were not a result of changes in the KD values that only varied maximally up to 3-fold.
Binding to PAI-1 is Slower for muPA(16-243) than for Full-Length tc-muPA and mU3 Reduces the Rate of
Binding. Finally, we measured the second-order rate constants for binding of murine PAI-1 to full-length tcmuPA and muPA(16-243) (Figure 4). First, the second-order rate constant was 2-3-fold slower for muPA(16-243)
than for full-length tc-muPA. Secondly, mU3 decreased the second-order rate constant by 8-fold for fulllength tc-muPA and 5-fold for muPA(16-243). From these data we deduce that mU3 delays the binding of PAI1 to muPA, probably by steric inhibition, while the difference between the rates for full-length tc-muPA and
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muPA(16-243) may occur by a mechanism similar to that observed with S-2444, pAB, amiloride and mupain-116.
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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 interconversion between distorted
states of uPA and its active conformation.
Epitope mapping revealed overlapping binding sites for mU1 and mU3 (Figure 1) which is intriguing in the
light of the different functions of these two antibodies. This can most likely be explained by the assumption
that the enzyme exists in active and inactive states in equilibrium with each other. The epitopes of the two
antibodies may have different conformations in the two states and the two antibodies lock the active and
inactive states, respectively. Binding to one of the antibodies, mU1, shifts the equilibrium in the direction of
the inactive state of muPA, whereas binding of the other antibody, mU3, shifts the equilibrium towards 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 epitope of mU1 and not of the epitope of mU3.
Furthermore, residues in the 37-loop were more important for binding to mU3 than residues in the 70loop. Our previously suggested mU1-induced uPA inhibition mechanism included a distortion of the triad
formed by Phe30, Phe40 and Phe141, resulting in disruption of the activation pocket and the salt-bridge
between Asp194 and Ile16 with concomitant solvent exposure of the N-terminus(Ile16) and a conformational
change that disabled binding of small molecules to the active site.14 The slightly different epitope of mU3
seemingly causes an opposite effect, in which the Phe-triad is stabilized instead of disrupted, resulting in
stabilization of the N-terminus(Ile16) in the activation pocket and ordering of the active site. A similar
situation was observed with two antibodies (mAb-112 and mAb-12E6B10) binding to an overlapping
epitope in human uPA.18 While both mAb-112 and mAb-12E6B10 inhibited uPA-catalyzed plasminogen
activation, only mAb-112 induced a zymogen-like conformation in the enzyme. A difference is, however,
that mU1 and mU3 do not bind specifically to either two-chain or single-chain uPA. This is in contrast to the
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fact that mAb-112 specifically recognizes the single-chain zymogen conformation of uPA and mAb-12E6B10
only recognizes the active two-chain uPA. Hence, mU1 and mU3 are unique as they, respectively, induce
inactive and active states without exhibiting conformation specificity.
It is tempting to compare the epitopes of mU1 and mU3 to exosite I of thrombin which is also located in the
37- and 70-loops. Exosite I mediates allosteric signals from co-factors, inhibitors and substrates to the
active site of thrombin.2 When thrombomodulin binds to exosite I of thrombin, the ability to cleave
fibrinogen is lost and the specificity switches towards cleavage of protein C.19 Although hirudin binds to
exosite I and behaves as a thrombin inhibitor, it does not, based on X-ray crystallography, induce a
conformation with an exposed N-terminus(Ile16)20 like we observed in solution for the binding of mU1 to the
homologous site in muPA. Exosite I regulates the conformation of thrombin through binding to different
ligands, but they all induce the active conformation of the enzyme. In that perspective, mU1 is an
unprecedented allosteric inhibitor that targets a site homologous to exosite I of thrombin and induces a
state similar to distorted states reported in other serine proteases, also called E*, and not the active state.
Elucidation of the allosteric mechanisms of mU1 and mU3 has led to new fundamental knowledge about
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 A similar scenario describes distorted or mU1-inhibited
mutants of muPA. First, as observed when binding ligands to the active site or exosite-I of thrombin10, 21, 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 exposure of the N-terminus(Ile16) became more frequent as measured by chemical carbamylation of
Ile16 whereas ΔG was largely unchanged (Figure 5). The decrease in TΔS for mupain-1 binding as mutants
become more distorted is probably a result of conversion from more distorted states to the active
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conformation. 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 because these mutants are more
distorted and undergo more extensive ordering. Consequently, binding of mupain-1-16 to the active site
induces the active 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 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 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 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 decrease the ordering associated with
binding of active site inhibitors and substrates. Accordingly, the distorted mutants bind mupain-1-16 by and
induced-fit mechanism in which the enzyme changes conformation to fit the ligand.
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Table 1. Binding of mU3 to full-length tc-muPA and variants determined by surface plasmon resonance
analysis.
-5

full-length tc-muPA
(16-243)
muPA
full-length tc-muPA G37cA
full-length tc-muPA P37eA
full-length tc-muPA P38A
full-length tc-muPA S74A
full-length tc-muPA Y76A
full-length tc-muPA N77A

*

-1 -1

kon·10 (M ·s )
11.4 ± 1.5
7.0 ± 1.0
6.4 ± 4.4
2.7 ± 0.4
3.4 ± 2.1
3.9 ± 1.4
3.8 ± 1.6
6.4 ± 2.7

4

-1

koff·10 (s )
4.8 ± 0.6
5.1 ± 1.1
276 ± 78
91 ± 13
39 ± 4
12 ± 5
25 ± 8
20 ± 3

KD (nM)
0.4 ± 0.1
*
0.7 ± 0.2
*
129 ± 89
*
34 ± 8
*
15 ± 9
*
3.1 ± 1.7
*
7.1 ± 1.9
*
3.4 ± 1.3

Significantly different from the value for full-length tc-muPA (p<0.01) – Student´s t-test.
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Table 2. Km for S-2444 hydrolysis and Ki for inhibition by amiloride, pAB and mupain-1-16 for muPA
variants.a

full-length tc-muPA
(16-243)
muPA
full-length tc-muPA F40Y
(16-243)
muPA
F40Y
(16-243)
muPA
E137A
a

Km (μM) S-2444
-mU3
+mU3
2443 ± 238
2077 ± 89
*
2683 ± 429
5035 ± 695
*
2437 ± 278
4469 ± 190
*
*
11562 ± 906
4370 ± 435
*
*
8010 ± 650
6859 ± 114

Ki (μM) –amiloride
-mU3
+mU3
6±1
9±1
*
9±2
16 ± 1
*
12 ± 2
14 ± 3
*
*
53 ± 12
22 ± 7
*
*
74 ± 12
19 ± 2

Ki (μM)-pAB
-mU3
+mU3
31 ± 1
27 ± 3
*
32 ± 11
71 ± 9
*
55 ± 10
84 ± 11
*
*
150 ± 11
79 ± 10
*
*
318 ± 39
74 ± 10

Ki (nM)-mupain-1-16
-mU3
+mU3
39 ± 10
30 ± 15
*
30 ± 1
90 ± 1
*
55 ± 14
110 ± 7
*
*
213 ± 38
78 ± 4
*
*
490 ± 30
76 ± 6

All data are the average ± standard deviations of at least three independent determinations. *Significantly

different from the value determined for full-length tc-muPA (p<0.004) – Student´s t-test.
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Table 3. Rates of inactivation by chemical carbamylation.a

full-length tc-muPA
muPA(16-243)
full-length tc-muPA +mupain-1-16
muPA(16-243)+mupain-1-16
full-length tc-muPA +mU3
muPA(16-243)+mU3
muPA(16-243) F40Y
muPA(16-243) E137A
a

Rate ( min-1)
1.5 ± 0.7 (3)
9.6 ± 1.0 (3)*
0.2 ± 0.1 (3)
0.5 ± 0.4 (3)
1.0 ± 0.7 (3)
1.2 ± 0.7 (3)
14.2 ± 1.7 (3)*
24.2 ± 4.0 (3)*

The numbers of independent determinations are given in parentheses. *Significantly different from the

value determined for full-length tc-muPA (p<0.0003) – Student´s t-test.
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Table 4. Thermodynamic parameters for binding of mupain-1-16 to muPA variants determined by ITC and
kon, koff and KD determined by SPR analysis.a

full-length tc-muPA
(16-243)
muPA
full-length tc-muPA +mU3
(16-243)
muPA
+mU3
(16-243)
muPA
F40Y
(16-243)
muPA
E137A
a

KD (nM)
29 ± 6
25 ± 7
25 ± 2
23 ± 5
*
81 ± 19
52 ± 26

Isothermal Titration Calorimetry
ΔG (kJ/mol) ΔH (kJ/mol) TΔS (kJ/mol)
-43 ± 1
-39 ± 4
4±3
*
*
-44 ± 1
-61 ± 5
-18 ± 4
-44 ± 1
-42 ± 6
2±6
-44 ± 1
-43 ± 2
1±2
*
*
*
-41 ± 1
-64 ± 2
-27 ± 1
*
*
-42 ± 1
-71 ± 3
-29 ± 2

Surface Plasmon Resonance
-5
-1 -1
4 -1
kon·10 (M ·s ) koff·10 (s ) KD (nM)
1.7 ± 0.2
59 ± 2
35 ± 3
1.3 ± 0.1
57 ± 14
46 ± 10
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
**
**
1.3 ± 0.4
123 ± 35
94 ± 6
**
**
68 ± 2
0.9 ± 0.1
77 ± 13

All data are the average ± standard deviations of at least three independent determinations. n.d.: Data

were not determined. *Significantly different from the value determined for full-length tc-muPA (p<0.01) –
Student´s t-test. **Significantly different from the value determined for muPA(16-243) (p<0.03) – Student´s ttest.
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Figure 1. The epitopes of mU1 and mU3 on muPA. Surface plasmon resonance sensorgrams for binding of
mU3 to (A) full-length tc-muPA and (B) full-length tc-muPA G37cA, being the most compromised mutant
with respect to mU3 binding. Fits to a 1:1 binding model are shown in red and experimental curves in black.
(C) The epitope of mU3. (D) The epitope of mU1.14 (C, D) Substitution of light-red and red residues with
alanine resulted in approximately 10-fold and more than 60-fold reduction in binding, respectively. Val17 in
orange indicates the activation pocket and Asp102 in green is located in the active site. Residues in blue
could be mutated to alanine without compromising mU3 binding to muPA.
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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.
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Figure 3. Carbamylation of muPA variants. (A) Time-dependent inactivation by carbamylation of muPA(16243)

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.
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Figure 4. 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 tcmuPA+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.
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Figure 5. The rate of N-terminal(Ile16) carbamylation of muPA variants increases when ΔH and ΔS for
mupain-1-16 binding become more negative. Data used for the plot are shown in Table 2 and 3.

30

Appendix 2
Manuscript II: Distorted inactive serine protease
conformation induced by a monoclonal antibody through a
new allosteric mechanism.

Distorted inactive serine protease conformation induced by a monoclonal
antibody through a new allosteric mechanism

Tobias KROMANN-HANSEN1, 2, Ida K. LUND3, 4, Zhuo LIU1, 2, Peter A. ANDREASEN1, 2, Gunilla HØYERHANSEN3, 4 and Hans PETER SØRENSEN1, 2, §
1

Danish-Chinese Centre for Proteases and Cancer; 2Department of Molecular Biology and Genetics,

Aarhus University, Denmark; 3The Finsen Laboratory, Copenhagen University Hospital, Denmark;
4

Biotech Research and Innovation Centre (BRIC), University of Copenhagen, Denmark

§

To whom correspondence should be addressed:

(e-mail: hps@mb.au.dk)

Short title: Allosteric inhibition of murine uPA

Abbreviations used:
uPA, urokinase-type plasmiongen activator; uPAR, urokinase-type plasmiongen activator receptor;
sc, single-chain; tc, two-chain; HGFA, hepatocyte growth factor activator; muPA, murine urokinasetype plasminogen activator; PEI, polyethyleneimine; RU, response unit; pAB, p-aminobenzamidine;
DFP, diisopropyl-fluorophosphate; ATF, amino terminal fragment; EGR-cmk, glutamyl-glycyl-arginylchloromethyl ketone; tPA; tissue-type plasminogen activator.

Footnotes:
$
Template numbering is based on chymotrypsin [1]. Residues before Cys1 are negatively numbered,
for example Phe(-2).

ABSTRACT
Serine protease 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 may be potential therapeutics and of importance for
recognizing fundamental allosteric mechanisms. The monoclonal antibody mU1 has previously been
shown to inhibit the proteolytic activity of murine uPA 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 to this exosite destabilizes a hydrophobic
cluster of amino acids and results in conformational transition into a state with the activating Nterminus(Ile16) less efficiently stabilizing the oxyanion hole and an active site unable to hydrolyze
substrates and bind inhibitors. This inactive state is clearly different from the inactive zymogen
conformation of uPA and may resemble the E* conformations described for other serine proteases.
Furthermore, we report for the first time functional interactions between residues in the C-terminal
catalytic domain and the N-terminal A-chain, which affect the allosteric transition induced by mU1.
Hence, inhibitors targeting allosteric serine protease communication routes through binding to
exosites in the 37- and 70- loops represent a new class of potential therapeutics.

Key words: Monoclonal antibody, serine protease, urokinase-type plasminogen activator, protein
conformation, allosteric transition
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INTRODUCTION
The serine protease urokinase-type plasminogen activator (uPA) is a potential target for cancer
therapy [2, 3]. Binding of uPA to the urokinase-type plasminogen activator receptor (uPAR) at the
cell surface promotes proteolytic conversion of plasminogen to the active protease plasmin. Plasmin
degrades extracellular matrix proteins and up-regulation of uPA is implicated in several pathological
conditions related to tissue remodeling including wound healing, fibrinolysis, inflammation,
embryogenesis and angiogenesis [4]. Overall, the uPA system is pleiotropic in the neoplastic process,
affecting cancer cell proliferation, tumor angiogenesis, adhesion, invasion and migration [4, 5].
The A-chain of uPA is composed of an N-terminal growth-factor domain that binds to uPAR, a
kringle domain, an intra-domain linker and residues 1-15$ of the catalytic domain. Following the Achain is the B-chain encompassing residue 16-250 of the catalytic domain. The A- and B-chains are
linked by a disulfide-bond between Cys1 and Cys122 (Figure 1).
Serine proteases, including uPA, are secreted from cells as single-chain (sc) zymogens also
known as pro-enzymes. Cleavage of zymogens between amino acid residues 15 and 16 allows
insertion of the liberated N-terminus(Ile16) into the activation pocket, a hydrophobic cleft where Ile16
forms a stabilizing salt-bridge to Asp194 next to the catalytic Ser195. Cleavage of sc-uPA between
Lys15 and Ile16 is primarily catalyzed by plasmin [6, 7]. Conformational rearrangements 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 serine proteases [8-11]. Still, in the cleaved as well as
uncleaved states, active and inactive zymogenic forms are in equilibrium. This equilibrium is shifted
towards the inactive zymogen in the single-chain form and towards the active protease in the twochain form. For uPA, kcat for hydrolysis of plasminogen by the single-chain form is decreased at least
250-fold compared to the two-chain (tc) form [7]. This difference in kcat between single and twochain forms varies among different serine proteases. While numerous three-dimensional structures
of the catalytic domain of human uPA have been solved by X-ray crystallography [1, 12], structures
of human sc-uPA or murine uPA have not been determined.
Specificity of small molecule protease inhibitors is difficult to achieve because of the highly
conserved active site topologies among related proteases. This has been clearly illustrated by the
difficulties in obtaining sufficiently potent and selective uPA inhibitors [13] and the severe sideeffects and inefficiency of matrix metalloprotease active site inhibitors in clinical trials [14]. These
complications have caused increased interest in reagents, such as monoclonal antibodies, binding
away from the active site to less conserved exosites and allosteric sites. Because of their potency
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and specificity, antibodies are widely used as therapeutic agents and a total number of more than 35
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 hepatocyte growth factor activator
(HGFA) and hepsin have elucidated distinct inhibition mechanisms with binding sites as far as 15-20
Å away from the active site [19, 20]. Although their allosteric binding sites are located far away from
the active site, several serine protease inhibiting antibodies have been reported to obey simple
Michaelis-Menten inhibition kinetics and act as competitive or non-competitive inhibitors [18, 21].
Hence, binding of antibodies to allosteric sites may change the conformation of monomeric serine
proteases and lead to competitive inhibition kinetics.
A murine monoclonal antibody, mU1, binding to murine uPA (muPA) rescues mice treated
with uPA activatable anthrax pro-toxin and impairs muPA-mediated fibrinolysis as well as delays
wound healing [22, 23]. Importantly, mU1 binds to sc-muPA but plasmin-catalyzed cleavage of scmuPA bound to mU1 does not result in active tc-muPA. Here we present the molecular mechanism
responsible for mU1-mediated inhibition of muPA. Our analysis revealed that mU1 distorts the
active site, although it binds 20 Å away. The distortion is communicated through a hydrophobic
cluster composed of Phe30, Phe40 and Phe141 and leads to solvent exposure of the N-terminus(Ile16)
of the B-chain and an active site unable to hydrolyze substrates and bind inhibitors. Surprisingly,
interactions between the B-chain and Phe(-2) and Lys4 of the A-chain counteracts transition into this
distorted conformation that may resemble the E* conformation described for other serine proteases.
We have thereby discovered previously unknown allosteric communication routes, which are of
general interest when developing serine protease inhibitors.

EXPERIMENTAL
Monoclonal antibodies
The generation and characterization of mU1 and mAb-112 were described previously [21, 22].

Transfection of HEK293 6E suspension cells
Different cDNAs encoding muPA domain deletion and site-directed mutants were cloned into
the pTT5 or pCDNA3.1 vectors. All variants contained six histidines at the C-terminus. The muPA(16243)

and muPA(2-243) variants contained the C122A mutation. The cDNAs were transfected into HEK293

6E suspension cells and cultivated in a humidified CO2 incubator at 37 °C. The media used was F17
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containing 4 mM L-glutamine, 0.1% FP68, 1% penicillin/streptomycin, 25 µg/ml G418. Linear
polyethyleneimine (PEI) (2.2 mg), cDNA (1.1 mg) and PBS (110 ml) were pre-incubated for 15 min
and added to 1 l of culture with a density of 1x106 cells/ml. Tryptone N1 (0.5%) was added to the
culture 24 hours post-transfection. Cultivation was continued for six days before harvesting the
conditioned media.

Protein purification
Mouse uPA and variants were purified from conditioned media of transiently transfected
HEK293 6E cells. The C-terminally 6xhistidine-tagged proteins were captured on a nickel-Sepharose
column directly from the conditioned media (supplemented with 25 mM imidazole, 50 mM NaCl),
washed using 20 mM sodium phosphate pH 7.4, 300 mM NaCl, 25 mM imidazole and eluted using 50
mM bicine pH 8.0, 300 mM NaCl, 400 mM imidazole. To activate sc-muPA into tc-muPA, it was
incubated at 2000 nM with 20 nM plasmin for 1 hour at 22 °C. Murine uPA and variants isolated
using nickel-Sepharose chromatography were between 30 and 100 % active as measured by their
ability to incorporate [3H]-DFP. Benzamidine-Sepharose chromatography was used to isolate the
active fraction of the variants used for the experiments described below. Proteins captured onto
benzamidine-Sepharose were washed using 20 mM sodium phosphate pH 7.4, 300 mM NaCl and
eluted using 20 mM sodium citrate pH 3.0. After this treatment, preparations were assumed to be
100 % active and correctly folded. EGR-cmk (glutamyl-glycyl-arginyl-chorometyl ketone), (1 mM) was
covalently bound to muPA (1000 nM) by incubation for 3 h at 22 °C in PBS followed by extensive
dialysis to remove excess EGR-cmk.

Amidolytic assay of muPA proteolytic activity
The velocity of muPA catalyzed hydrolysis of S-2444 was measured at 37 °C in HBS (10 mM
Hepes pH 7.4, 140 mM NaCl, 0.1 % BSA). To determine the mode of inhibition, Km and kcat, initial
velocities of muPA (2 nM) catalyzed hydrolysis in the presence or absence of mU1 were measured at
0-12000 µM substrate ([S]0) at 405 nm. Data were fitted to the following equation,
[ ]

[ ]

(Eq. 1)
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[ ]

For a competitive inhibitor, Km is expected to increase linearly when the concentration of inhibitior is
increased, whereas kcat remains constant. The active enzyme concentration [E]0 was calculated using
the absorbance at 280 nM assuming that the benzamidine-Sepharose purified product was 100 %
active. To determine Ki we measured S-2444 (750 µM) hydrolysis at 405 nm using 2 nM muPA and 0500 nM mU1. Data were fitted to the Morrison equation for tight-binding inhibitors [24],

[ ]

[ ]

√ [ ]

[ ]

[ ] []

[ ]

(Eq. 2)

where Vi and V0 are the reaction velocities in the presence and absence of inhibitor, respectively,
and [E]0 and [I]0 are the total enzyme and inhibitor concentrations, respectively. The true Ki was
determined by correcting for presence of the substrate using the equation,
[ ]
(Eq. 3)
Plasminogen activation assays
Various concentrations of mU1 (0-500 nM) were incubated with tc-muPA or muPA(16-243) (0.5
nM) and pre-incubated for 30 min at 25 °C in HBS. Next, the reaction was initiated by addition of
human plasminogen (0.5 µM) 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 by tc-muPA the data were transformed to plot
ΔA405/Δtime on the ordinate and time on the abscissa as described [25]. Velocities were calculated
from the time interval 5-20 min of these plots and used for calculations of IC50.

Surface plasmon resonance measurements
To determine the equilibrium binding constants (KD), the association rate constants (kon) and
dissociation rate constants (koff) for antibody binding to muPA variants, surface plasmon resonance
analysis was conducted using a Biacore T100 instrument (Biacore, Uppsala, Sweden). A CM5 chip
was coupled with polyclonal rabbit anti-mouse IgG from the Mouse Antibody Capture Kit from GEHealthcare 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
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level of ~14,000 response units (RU) was reached, followed by surface blocking with ethanolamine.
Antibody (mU1) 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 seconds until a capture level of ~1100 RU was reached. A
flow cell without injection of mU1 was used as the reference. A dilution series of muPA variants (0500 nM) in running buffer was injected at a flow rate of 30 µl/min during 60 seconds at 25°C.
Subsequently, the dissociation was monitored for 220 seconds. 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. Binding in the presence of p-aminobenzamidine (pAB) was measured by
including it in the buffers at 1 mM.

Displacement of p-aminobenzamidine measured by fluorescence spectroscopy
The competitive displacement of the fluorescent probe, pAB, from the active site of tc-muPA
was measured by modification of a previously described method [26]. Fluorescence emission spectra
were recorded at 25 °C on a PTI Quantamaster spectrofluorophotometer in a 2 mm x 10 mm semimicro quartz cuvette in HBS with 0.1% polyethylene glycol 8000. Excitation was at 335 nm and the
emission was scanned from 340 nm to 400 nm. Equilibrium binding reactions were performed over a
range of mU1 concentrations (0-1 μM) with 0.1 μM tc-muPA in the presence of 20 μM pAB. Emission
spectra were collected after 30 min incubation, using an integration of 1-2 seconds over a 1.0 nm
step resolution.
Quantitation of incorporation of [3H]- Diisopropyl-fluorophosphate (DFP) into muPA
[3H]-DFP (50 μM) and C-terminally 6xhistidine tagged muPA(16-243) (100 nM) were incubated in
the absence or presence of mU1 (0-1 μM) and C-terminally 6xhistidine-tagged green fluorescent
protein at a concentration of 1 mg/ml in HS buffer (10 mM Hepes pH 7.4, 140 mM NaCl). After 3
hours at 25 °C, 100 μl of 50% nickel-Sepharose slurry was added to 30 μl reaction mixture and
incubated for 30 min at 4 °C. Next, the beads were washed 4 times in HS buffer and transferred to
scintillation liquid before counting incorporated [3H-DFP]. Incubation of muPA(16-243) and [3H]-DFP for
3 hours in the absence of antibodies resulted in approximately 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 in
different muPA variants, 0.5 µM enzyme was pre-incubated with or without mU1 and/or pAB (2800
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µM) in HS buffer+0.1% PEG 8000 at 22 °C for 30 minutes. When analyzing the tc-muPA variants the
concentration of mU1 was 1 µM, and for muPA(16-243) the concentration of mU1 was 0.5 µM. After
pre-incubation, 10 µl of the mixture was added to 10 µl 0.4 M potassium cyanate or HS buffer+0.1%
PEG 8000, as control, and incubated at 22 °C for 0, 30, 60, 120, 180 and 300 min. To stop the
carbamylation reaction 2 µl of each of the mixtures were diluted 100-fold in HBS, and mU1 was
allowed to dissociate for 2 hours at 22 °C. The residual activity was determined in the presence of S2444 (750 μM) by measuring the rate of hydrolysis at 405 nm for 1 hour at 37 °C in a microplate
reader.
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RESULTS

Preparation of muPA and variants
Recombinant variants of muPA produced in HEK293 6E cells were used for the analysis
presented below. We produced tc-muPA, muPA(2-243), muPA(16-243) and site directed mutants of tcmuPA and muPA(16-243) (Figure 1). Recombinant tc-muPA is encoded by the full-length cDNA of
murine uPA. Natural and recombinant uPA is partially truncated by proteolysis into a low molecular
weight form composed of the intra-domain linker and the B-chain [27, 28]. In a previous report, tcmuPA was reported to be processed within the A-chain [29]. Likewise, muPA purified from serum
free conditioned media of transfected HEK293 6E cells was partially activated into tc-muPA and
composed of an intact B-chain (residue 16-250) and a partially truncated A-chain. The antibody
analyzed here, mU1 binds to the catalytic domain [22] and is not affected by this processing of the
ATF part of the A-chain. Purification of the full-length zymogen was complicated by the activation
and processing in cell culture and we therefore prepared a smaller zymogen, muPA(2-243) to analyze
the effect of mU1 on zymogen cleavage and activation (Figure 2). We used benzamidine-Sepharose
to specifically purify the active fraction (Figure 1B) and measured specific activities for all variants
analyzed. Based on these precautions our preparations were assumed to be 100 % active and
correctly folded.

Plasmin-mediated cleavage of sc-muPA is not inhibited by mU1
We previously showed that mU1 inhibited the activation of sc-muPA by plasmin [22]. Now,
activation and cleavage was investigated using the muPA(2-243) zymogen variant. First, mU1 inhibited
activation of muPA(2-243) by plasmin as measured using the peptidic S-2444 chromogenic substrate
(Figure 2A). As expected, activation of muPA(2-243) was not inhibited by the control antibody, mAb112, since this antibody was raised against human uPA and does not react with murine uPA [21].
Activation and cleavage was compared directly by SDS-PAGE analysis of muPA(2-243) treated with
plasmin under the same conditions as in Figure 2A. Inhibition of S-2444 hydrolysis by mU1 could not
be accounted for by a reduced cleavage rate (Figure 2B). In conclusion, mU1 inhibits activation but
not cleavage of sc-muPA by plasmin.

Murine uPA is competitively inhibited by mU1
To explain why mU1 inhibited activation of sc-muPA, whereas plasmin cleavage between
Lys15 and Ile16 in sc-muPA was unaffected, we investigated the mode of inhibition of tc-muPA by
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mU1. Hydrolysis of S-2444 by tc-muPA revealed that the apparent Km values increased depending on
the dose of mU1, while kcat was unaffected (Table 1). Hence, tc-muPA is competitively inhibited by
mU1.

The epitope of mU1 is located in the 37- and 70-loops
To map the epitope of mU1 on muPA, 30 site-directed alanine substitution mutants of tcmuPA were prepared. The inhibition constant, Ki for inhibition of S-2444 hydrolysis by mU1 was
measured (Table 2). The mutants, E23A, Q35A, N37A, K37aA, G37bA, S37dA, K41A, H57A, Q60aA,
E73A, S75A, Y93A, E96A, Y99A, T110A, S110aA, K143A, E146A, Y149A, L150A, K153A and R217A
were inhibited by mU1 with inhibition constants similar to tc-muPA (data not shown). Notably, the
mutants G37cA, P37eA, P38A, K72A, S74A, Y76A, N77A and P78A were not measurably inhibited by
mU1 at concentrations up to 500 nM (Table 2), demonstrating these 8 residues to be important for
mU1 inhibition of muPA. Accordingly, these 8 mutants exhibited a reduced or completely abolished
binding of mU1 compared to tc-muPA (Table 2). As these 8 mutants exhibited Km and kcat values for
hydrolysis of S-2444 similar to tc-muPA, we concluded that the diminished inhibition and binding to
mU1 was not a result of misfolding. Altogether, these mutagenesis data mapped the epitope of mU1
to the 37- and 70-loops located at least 20 Å (distance from Asp189 Cα to Lys72 Cα) away from the S1
specificity pocket (Asp189) of muPA. Overall, the residues implicated in the functional epitope cover
a relatively large interaction surface of 923 Å2 (Figure 3) compared to a typical antibody epitope,
which is 680-880 Å2 [30].

The isolated catalytic domain is more potently inhibited by mU1 than tc-muPA
Since the epitope of mU1 was located far away from the active site we reasoned that mU1
communicates an inhibitory conformational change of the active site. Throughout our analysis, we
used simple Michaelis-Menten inhibition kinetics to describe this allosteric system as it has been
done previously for other inhibitory antibodies binding to allosteric sites in serine proteases [18].
Hence, the allosteric inhibition mechanism presented here obeys the kinetics of a competitive
inhibitor without blocking the active site by steric hindrance.
Recombinant tc-muPA was inhibited by mU1 with a Ki of 111±41 nM, whereas the isolated
catalytic domain of muPA, muPA(16-243), was inhibited with a Ki of 6.5±4 nM (Figure 4A, Table 2 and
3). Hence, compared to muPA(16-243) only encoding the B-chain, the A-chain present in tc-muPA was
responsible for the less potent inhibition of S-2444 hydrolysis upon binding of mU1.
Activation of the physiological substrate plasminogen by tc-muPA and muPA(16-243) was
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measured in the presence of increasing concentrations of mU1 (Figure 4B). Inhibition of plasminogen
activation by mU1 was 14-fold stronger for muPA(16-243) (IC50=5.3±0.4 nM (n=3)) than for tc-muPA
(IC50=72±12 nM (n=3)). Because the reduction of Ki for mU1 inhibition of S-2444 hydrolysis and IC50
for mU1 inhibition of plasminogen activation by muPA(16-243) was similar, compared to tc-muPA, we
assume that the inhibition mechanism is similar for the two substrates.
Km for S-2444 hydrolysis by muPA(16-243) was 5.0±0.7 mM (Table 2). The large amounts of
substrate required for the analysis prohibited valid measurements of Km in the presence of mU1 for
this mutant. Since the K192Q mutation increases the affinity of the complex between a number of
serine proteases and substrates/inhibitors [31, 32], Lys192 was changed to Gln to obtain mutants
with a reduced Km in order to facilitate the analysis. Indicative of competitive inhibition, the apparent
Km for muPA(16-243) K192Q increased linearly with the mU1 concentration and a slope of 102±5
µM/nM mU1 (n=3), compared to 4.5±0.2 µM/nM mU1 (n=3) for tc-muPA K192Q (Figure 4C). These
slopes are equal to Km/Ki and the two mutants were inhibited by mU1 with Ki values similar to that
for muPA(16-243) and tc-muPA, respectively (Table 3).
So, when measuring hydrolysis of S-2444, a given dose of mU1 increased the apparent Km of
muPA(16-243) 23-fold more than it increased the apparent Km of tc-muPA. In this light, it was surprising
that kon, koff and KD for the binding of mU1 to tc-muPA and muPA(16-243) were similar (Table 1 and
Figure 5).

Phe30 and Phe40 are important for the potency of inhibition by mU1
Interestingly, the KD of mU1 binding to tc-muPA was 34-fold lower than the Ki (Table 2). This
indicated that upon binding of mU1 to muPA, an allosteric transition depending on the mU1
concentration may be required for inhibition to occur. Inspired by the epitope of mU1 in the 37- and
70-loops, we looked for a possible allosteric communication route to the active site. As a triad
composed of Phe30, Phe40 and Phe141 was closely connected to particularly the 37-loop (Figure 3B)
we hypothesized that this triad is important for the integrity of the activation pocket and accordingly
mutated Phe30 and Phe40 separately to alanine in the tc-muPA background. Mutation of Phe141 is
not included here as it did not bind to benzamidine-Sepharose indicating that folding was
compromised. Compared to tc-muPA, the mutants F30A and F40A were inhibited with a lower Ki by
mU1 (Table 3). For F40A Km was significantly increased to 4.5±0.4 mM, indicating that the affinity of
S-2444 for the active site was reduced compared to tc-muPA (Table 3). The kcat values for S-2444
hydrolysis for the tc-muPA F30A and F40A mutants were similar to the kcat value for tc-muPA,
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indicating that these mutants were correctly folded. Apparently, the triad composed of Phe30,
Phe40 and Phe141 is important both for binding of the S-2444 substrate and inhibition by mU1.

Phe(-2) and Lys4 in the A-chain stabilize the active conformation of muPA
Next, we traced the residues responsible for the difference in Km for S-2444 hydrolysis and Ki
for inhibition by mU1 observed between tc-muPA and muPA(16-243). First, neither Km for S-2444
hydrolysis nor Ki for mU1 inhibition were changed in a domain deletion mutant lacking the aminoterminal fragment (ATF) (data not shown). Alignment of residue (-2) to 15 of the A-chain revealed
strong interspecies conservation of particularly Phe(-2) and Lys4 (see Figure 8). When Phe(-2) was
mutated, Km for S-2444 hydrolysis increased and Ki for inhibition by mU1 dropped compared to tcmuPA (Table 3). The F(-2)A/K4A double-mutant hydrolyzed S-2444 with a Km of 5.3±0.2 mM and a Ki
value for inhibition by mU1 of 7.3±0.4 nM similar to the values measured for muPA(16-243) (Table 2).
These data support the presence of a functional interaction between Lys4 and the catalytic domain.
Importantly, both Phe(-2) and Lys4 are required to completely account for the different Ki of mU1
observed between tc-muPA and muPA(16-243).

The affinity of mU1 for tc-muPA is unaffected by active site inhibitors
The peptide sequence (EGR) of S-2444 is identical to the sequence of the irreversible inhibitor
EGR-cmk and the residues, interacting with these two molecules in the active site of muPA, are
overlapping. Surface plasmon resonance analysis of mU1 binding to the covalent complex of tcmuPA and EGR-cmk did not reveal significantly different KD, kon or koff as compared to ligand-free tcmuPA (data not shown). Similarly, surface plasmon resonance analysis in the presence of 1 mM paminobenzamidine (pAB), a small molecule binding to the S1 specificity pocket, did not change the
kinetic parameters for binding of tc-muPA or muPA(16-243) to mU1 (data not shown). So, although the
active site was occupied, association and dissociation rates for the interaction between mU1 and tcmuPA were unchanged, indicating that mU1 remains associated with muPA upon binding of small
molecules or substrates to the active site.

A conformation with a more frequently exposed N-terminus is induced by mU1 and is abundant in
muPA(16-243)
The susceptibility of the exposed α-amino group of Ile16 to modification by cyanate ions was
previously used to measure insertion of the N-terminus at Ile16 into the activation pocket of Factor
VIIa [33, 34]. In principle, Ile16 of a two-chain serine protease, like tc-muPA, becomes susceptible to
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chemical carbamylation by potassium cyanate, when the B-chain enters a conformation with an
exposed N-terminus at Ile16. The carbamylation prevents re-insertion and inactivates the enzyme at
a rate corresponding to the frequency of N-terminal(Ile16) exposure. To validate modification by
potassium cyanate as a method to measure exposure of Ile16 of muPA, we incubated the nonactivated muPA(2-243) in the presence and absence of potassium cyanate for 5 hours at 22 °C,
activated the enzyme by plasmin and compared the amidolytic activity. Amidolytic activity of the
activated enzyme was unaffected by this treatment, confirming that potassium cyanate did not
interfere with enzyme activity at residues other than Ile16 (data not shown).
First, tc-muPA was slowly inactivated when reacted with potassium cyanate, with a rate of
(2.4±0.9)·10-4 min-1, whereas muPA(16-243) was modified faster, with a rate of (9.3±1)·10-4 min-1 (Figure
6 and Table 4). Second, the presence of mU1 enhanced the rate of N-terminal(Ile16) carbamylation of
both tc-muPA and muPA(16-243), indicating a shift in the conformational equilibrium toward a state
with the N-terminus(Ile16) being exposed more frequently (Table 4). Mechanistically, these
observations together with the competitive mode of inhibition imply that the equilibrium between
molecules with an exposed N-terminus(Ile16) and a buried N-terminus(Ile16) is shifted towards the state
with a buried N-terminus(Ile16) in the presence of active site inhibitors and substrates. Experiments
confirmed this hypothesis as muPA(16-243) was unsusceptible to carbamylation both in the presence of
pAB alone and in the presence of pAB and mU1 (Table 4). Hence, molecules with a more frequently
exposed N-terminus(Ile16) are favored by mU1 binding and disfavored by binding of small molecules to
the active site. However, a reduction of the carbamylation rate mediated by pAB in the presence of
mU1 was not observed for tc-muPA at the pAB concentrations possible in the assay. Noticeable, the
tc-muPA mutants, F30A and F40A showed carbamylation rates and Ki values for inhibition by mU1,
similar to muPA(16-243), indicating that these residues affect the conformation of the enzyme.

The inactive conformation induced by mU1 is different from the zymogen conformation
Km and kcat were measured for the muPA(2-243) zymogen and its plasmin activated form (Table
5). Clearly, Km was not different for the zymogen and active form of muPA(2-243), whereas kcat was
decreased by 280-fold in the zymogen relative to the active form. Contrary, when mU1 was added to
muPA, Km increased and kcat was unchanged (Table 1). We therefore suggest that mU1 induces an
inactive state which is different from the zymogen conformation.

The active site is inaccessible upon mU1 binding to the 37- and 70-loops
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Fluorescence spectroscopy was used as previously described [35] to measure the binding of
tc-muPA to pAB in the presence of mU1 or the control antibody (mAb-112). A mU1 concentrationdependent decrease in fluorescence, indicative of pAB displacement from the active site of tc-muPA
was observed (Figure 7A), whereas the control antibody (mAb-112) was unable to displace pAB (data
not shown). Hence, while mU1 binding to muPA is unaffected by the presence of pAB, the mU1induced conformational changes in muPA hinders binding of pAB to muPA·mU1 complexes.
Diisopropyl-fluorophosphate (DFP) binds covalently to the hydroxyl group of Ser195 of active
tc-uPA [36, 37]. 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 antibody (mAb-112) did not affect the
incorporation (Figure 7B). These data indicate that both the S1 specificity pocket and the oxyanion
hole are inaccessible, when mU1 is bound to muPA.
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DISCUSSION
We initiated this study to explain how mU1 inhibits activation of the single-chain zymogen form of
muPA. Instead of affecting the cleavage between Lys15 and Ile16 by plasmin, mU1 inhibited the
generated tc-muPA by a hitherto unknown allosteric mechanism and obeyed the kinetics of a
competitive inhibitor. Previous experiments showed that mU1 inhibited muPA in vivo [22, 23] and
the findings reported here are in agreement with the observation that the complex between scmuPA and mU1 remains inactive upon incubation with plasmin [22]. According to our new data,
plasmin cleaves sc-muPA in complex with mU1 but the two-chain enzyme remains in an inactive
conformation.
The fact that there is a distance of 20 Å between the epitope and the active site suggest that
mU1 acts through an allosteric mechanism. Hence, mU1 changes the enzyme into an inactive
conformation, in which the N-terminus(Ile16) is solvent exposed and the active site unable to bind
inhibitors and hydrolyze substrates. Binding of mU1 to tc-muPA leads to an increase in Km and kcat is
unchanged (Table 1). Compared to tc-muPA, kcat of sc-muPA is decreased, while Km is unchanged
(Table 5). We therefore conclude that the conformation induced by mU1 is substantially different
from the conformation prevailing in the uncleaved zymogen.
Based on these considerations and the mechanism of inhibition, we suggest that the inactive
conformation induced by mU1 resembles the E* conformation observed in three-dimensional
structures of other serine proteases. In the absence of ligands, an equilibrium between active (E) and
inactive (E*) forms has been identified in several serine proteases [38]. In thrombin, the E*
conformation is characterized by a collapse of the 215-217 segment with Trp215 closing the S1
entrance frame [39-42]. Collapsed structures with a blocked active site have been observed not only
in thrombin, but also complement factor I [43] and D [44, 45], prostate specific kallikrein [46],
prostasin [47], αI-tryptase [32], DegP [48] and HGFA [49]. The collapsed form is also observed in
zymogens of pro-granzyme K [50], chymotrypsinogen [51], plasminogen [52], complement profactor
D [53], prokallikrein 6 [54], complement pro-factor C1r [55] and prethrombin-1 [56].
Compared to tc-muPA, the isolated catalytic domain, muPA(16-243) had a lower Ki for inhibition
by mU1. Mutagenesis revealed an important role of residues Phe(-2) and Lys4 in attenuating the
potency of mU1. Apparently, these residues stabilize the structure of the catalytic domain in the
active conformation (E), increase the affinity for the S-2444 substrate, and decrease the inhibitory
potency of mU1. Residues in the region from position -2 to 17 of uPA are highly conserved among
mammalian species, particularly Phe(-2) and Lys4 (Figure 8A). Several three-dimensional structures
of the catalytic domain of human uPA have been solved from crystals of proteins containing this
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stretch of residues (Figure 8B). Phe(-2) engages in a π-stacking interaction between Pro49 and
Pro114 in human uPA. Both Pro49 and Pro114 are conserved in muPA. Lys4 points inwards, away
from the solvent, forming a hydrogen-bond to Glu137. Moreover, in single-chain and two-chain
tissue-type plasminogen activator (tPA), bat tPA as well as HGFA (Figure 8C), Arg4 forms a similar
hydrogen bond [49, 57-59]. Based on these considerations, the bond from Lys4 stabilizes the βstrand containing Glu137 and consequently the structure of the activation pocket. Glu137 is located
in close proximity to Phe141, a residue in the Phe-triad important for retaining a functional
activation pocket in muPA. Disruption of the Glu137-Lys4 interaction may therefore affect the
integrity of the activation pocket.
Although mU1 bound to tc-muPA with a KD of 3.3±1.6 nM, the Ki for hydrolysis of S-2444 was
111±41 nM (Table 2). We interpret this as an allosteric effect related to the E*-E equilibrium. To
substantiate that two enzyme species can bind to an antibody with similar KD but be inhibited with
different Ki values, as observed for muPA(16-243) and tc-muPA, we considered the cubic ternary
complex model [60]. Based on analysis using this model, our interpretation of the more frequently
exposed N-terminus(Ile16) in muPA(16-243) is that the E* conformation is more abundant in this variant
than in tc-muPA, in which the N-terminus(Ile16) was less frequently exposed. Consider the equilibria
involving E, E* and the antibody, mU1:

In scheme 1 the majority of the antibody population binds directly to the E* species, which is more
abundant than E. This situation resembles the interaction of muPA(16-243) with mU1. However, for an
enzyme where the E* conformation is less abundant, like tc-muPA, the route to E*·mU1 is shifted
towards:

In scheme 1, mU1 binds and stabilizes the inactive conformation (E*), whereas in scheme 2, the
antibody must first bind the active species (E) and turn it into the inactive conformation (E*) through
an allosteric transition. Because E·mU1 is an active species, it still hydrolyzes substrate and binds
active site inhibitors contrary to the muPA(16-243)·mU1 complex, which primarily engages the route
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directly from E* to form the inactive E*·mU1 complex (scheme 1). In essence, active site inhibitors
and substrates compete with mU1 for two conformations, namely the E and E * conformations and
not association to the active site like a conventional competitive inhibitor.
The sequence of events leading to inhibition of the active site after binding of mU1 to muPA
depends on the conformation of the enzyme. The conformational changes of the enzyme are
expected to be minor upon binding of mU1 to the E* conformation, which is more frequent in
muPA(16-243) than in tc-muPA. As previously reported for several mutants of thrombin [41], muPA(16243)

seems to adopt a conformation with a partially inaccessible active site. However, when mU1

binds the active conformation, which is a more abundant species in tc-muPA than in muPA(16-243), it
first engages with the 37- and 70-loops directly connected to a triad composed of Phe30, Phe40 and
Phe141. Mutation of Phe30 and Phe40 to Ala destabilized the activation pocket and induced a
conformation with a more frequently exposed N-terminus(Ile16) and the Ki for inhibition by mU1
resembled the Ki for inhibition of muPA(16-243). We therefore suggest a mechanism by which mU1
binds muPA by pulling the triad composed of Phe30, Phe40 and Phe141 apart. A long-range
communication pathway including these events disrupts the salt-bridge between Asp194 and Ile16
and the N-terminus(Ile16) becomes exposed. Furthermore, a short-distance allosteric interaction
between Lys4 and Glu137 is also disrupted. This transition culminates in collapse of the active site
into a closed conformation with a decreased affinity for substrates and active site inhibitors.
However, the presence of Phe(-2) and Lys4 in tc-muPA counteracts the transition from E to E*.
The allosteric mechanism suggested here is completely different from the conformational
changes observed in the crystal structure of the allosteric antibody hH35 in complex with hepsin [20]
and the structure of the allosteric antibody FAb40 in complex with HGFA [19]. The antibody hH35
binds to the 170-loop of hepsin and inhibits non-competitively, 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
competitive mode of inhibition and the long distance from the epitope to the active site makes mU1
distinct from hH35 and Fab40.
Certain naturally occurring mutations in the region of thrombin with homology to position (-2)
to 15 of uPA cause serious bleedings and mutation of Arg4 affects the proteolytic activity of
thrombin [61]. According to our data, proteolytic processing 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 conformation with a more frequently exposed N-terminus(Ile16)
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and an inaccessible active site. Although such regulatory mechanisms remain to be identified, they
might exist in vivo, under normal or pathological conditions. Presence of this conformation in vivo is
not just interesting from a mechanistic point of view but also improves the possibilities of
therapeutic targeting of uPA. The E* state is a novel target for conformation-specific therapeutics
and mU1 is the first antibody described to stabilize this inactive conformation in a serine protease.
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FIGURE LEGENDS
Figure 1
Recombinant muPA and variants. (A) Schematic illustration showing the domain
organization in muPA (designated tc-muPA in the activated form), muPA(16-243) and muPA(2-243) and
the primary sequence in the region between the kringle domain and Ile16. (B) Silver stained 15 %
SDS-PAGE of muPA and variants under reduced conditions. All proteins were purified using
benzamidine-Sepharose and are assumed to be correctly folded and completely active. The B-chain
is intact in all proteins whereas the A-chain is partially processed.
Figure 2
Activation but not cleavage of muPA(2-243) is inhibited by mU1. (A) Hydrolysis of S-2444
by muPA(2-243) (200 nM) in the absence or presence of antibodies (1000 nM) after treatment with
plasmin (5 nM) for the indicated time periods. (B) Non-reduced SDS-PAGE and Coomassie Blue
staining of muPA(2-243) treated with plasmin under the same conditions as in (A). The experiments
were repeated three times, quantified by densiometry and plotted as incubation time against the
fraction of cleaved muPA(2-243). (A, B) Data are the average ± standard deviations of at least three
independent determinations.

Figure 3
The epitope of mU1 on muPA. (A) Surface representation of the catalytic domain of
muPA. Blue residues could be mutated to alanine without changing the Ki value for inhibition by
mU1 by more than 2-fold. Ala substitution of red residues increased the Ki value for inhibition and
binding by mU1 by more than 2-fold (see Table 2). The catalytic triad residues, His57, Asp102 and
Ser195, are colored green and the N-terminus(Ile16) buried into the activation pocket is indicated by
Val17. The structure of the muPA catalytic domain was homology modeled from a crystal structure
of human uPA (PDB entry: 2NWN) as template [12]. (B) The model of murine uPA in ribbons with the
22

epitope of mU1 indicated in red sticks. Glu137 is shown in green. The Phe-triad (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.
Figure 4
The isolated catalytic domain, muPA(16-243) is more potently inhibited by mU1 than tcmuPA. (A) Hydrolysis of S-2444 (750 µM) by muPA(16-243) and tc-muPA (2 nM) in the presence of mU1
(0-500 nM). (B) Activation of plasminogen (500 nM) by muPA(16-243) and tc-muPA (0.5 nM) in the
presence of mU1 (0-500 nM), measured using S-2251 (500 µM). (A, B) Vi/V0 is the initial velocity at a
given antibody concentration divided by the velocity in the absence of antibody. (C) Determination
of Km for S-2444 hydrolysis in the presence of the indicated concentrations of mU1 for tc-muPA
K192Q (4 nM) or muPA(16-243) K192Q (4 nM). (A-C) Data are the average ± standard deviations of at
least three independent determinations.
Figure 5
Surface plasmon resonance sensorgrams for binding of muPA(16-243) to mU1.
Experimental curves are shown in black, fits in red. Sensorgrams for binding of tc-muPA to mU1
were similar. Kinetic parameters are shown in Table 2.
Figure 6
Carbamylation measurements reveal enhanced frequency of exposure of the Nterminus(Ile16) in muPA(16-243) compared to tc-muPA and upon binding of mU1. Carbamylation of tcmuPA and muPA(16-243) in presence and absence of mU1. Data are the average ± standard deviations
of at least three independent determinations. Rate constants are shown in Table 4.
Figure 7
The S1 specificity pocket and oxyanion hole are inaccessible in the presence of mU1.
(A) Displacement of pAB (20 µM) from the S1 specificity pocket of tc-muPA (100 nM) in the presence
of different concentrations of mU1 (0-500 nM) as determined by fluorescence spectroscopy. (B)
Incorporation of [3H]-DFP (50 µM) measured after 3 hours of incubation with muPA(16-243) (100 nM)
and the indicated concentrations of antibodies.
Figure 8
Mechanism of inhibition by mU1 and interactions between the A- and 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 structure of human uPA from PDB entry: 1C5W. (C) The hydrogen bond from residue
4 to the catalytic domain in crystal structures of human uPA (1C5W) [62], tPA (1RTF) [58], bat tPA
(1A5I) [59] and HGFA (1YBW) [49]. (B, C) Residues important for the allosteric regulation of uPA are
shown in green, residues corresponding to the Phe-triad in murine uPA are magenta, Asp189 at the
bottom of the S1 specificity pocket is cyan. Ile16 in orange indicates the activation pocket where it
forms a salt-bridge to Asp194 in blue.
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Table 1
Apparent Km and kcat for tc-muPA-catalyzed S-2444 hydrolysis in the presence of
varying concentrations of mU1. Data are the average ± standard deviations of at least three
independent determinations. *Significantly different from the value for 0 nM mU1 (p<10-3) –
Student´s t-test.
[mU1] (nM)
0
25
50
100

Kmapp (mM)
2.4 ± 0.2
2.8 ± 0.1*
3.6 ± 0.3*
4.9 ± 1.1*

Kcat (s-1)
124 ± 26
120 ± 30
125 ± 27
130 ± 25
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Table 2
Ki of mU1 inhibition, Km and kcat of S-2444 hydrolysis and kon, koff and KD of mU1
binding measured by surface plasmon resonance analysis for point mutants of tc-muPA. Data are
the average ± standard deviations of at least three independent determinations. The tc-muPA
mutants, E23A, Q35A, N37A, K37aA, G37bA, S37dA, K41A, H57A, Q60aA, E73A, S75A, Y93A, E96A,
Y99A, T110A, S110aA, K143A, E146A, Y149A, L150A, K153A and R217A were inhibited by mU1 with
inhibition constants less than 2-fold different from tc-muPA. The sensorgrams for muPA(16-243)
(shown in Figure 5) and tc-muPA were indistinguishable. *Significantly different from the value for tcmuPA (p<10-5). **Significantly different from the value for tc-muPA (p<0.5·10-2 – Student´s t-test).

Ki (nM)
tc-muPA
111 ± 41
muPA(16-243)
6.5 ± 4
tc-muPA G37cA >500
tc-muPA P37eA >500
tc-muPA P38A
>500
tc-muPA K72A
>500
tc-muPA S74A
>500
tc-muPA Y76A
>500
tc-muPA N77A >500
tc-muPA P78A
>500

Km (mM)
2.4 ± 0.2
5.0 ± 0.7 *
2.5 ± 0.3
2.1 ± 0.1
2.0 ± 0.2
2.5 ± 0.3
2.8 ± 0.0
2.6 ± 0.2
3.7 ± 0.2*
2.2 ± 0.4

kcat (s-1)
124 ± 26
94 ± 10
118 ± 4
260 ± 19
275 ± 21
75 ± 16
175 ± 7
103 ± 13
98 ± 20
111 ± 19

25

kon·105 (M-1·s-1)
2.8 ± 1.3
2.1 ± 0.1
1.0 ± 0.5
1.3 ± 0.7
1.9 ± 1.2
-

koff·10-4 (s-1)
8.1 ± 1.6
7.1 ± 0.5
30.4 ± 4.6
26.4 ± 1.1
45.8 ± 7.3
-

KD (nM)
3.3 ± 1.6
3.4 ± 0.1
>500
>500
36.4 ± 19.8**
>500
>500
24.5 ± 10.2**
29.9 ± 15.2**
>500

Table 3
Ki of mU1 inhibition and Km and kcat of S-2444 hydrolysis for mutants of muPA. Data
are the average ± standard deviations of at least three independent determinations. *Significantly
different from the value for tc-muPA (p<10-2) and muPA(16-243) (p<10-5). **Significantly different from
the value for tc-muPA (p<10-2) and muPA(16-243) (p<10-2 – Student´s t-test).
Ki (nM)
tc-muPA
111 ± 41
muPA(16-243)
6.5 ± 4
tc-muPA K192Q
120 ± 8
muPA(16-243) K192Q
8.7 ± 1
tc-muPA F30A
3.8 ± 0
tc-muPA F40A
7.1 ± 2
tc-muPA F(-2)A
22 ± 6*
tc-muPA F(-2)A/K4A 7.3 ± 0.4

Km (mM)
2.4 ± 0.2
5.0 ± 0.7
0.5 ± 0.0
1.1 ± 0.0
2.8 ± 0.6
4.5 ± 0.4
3.1 ± 0.3**
5.3 ± 0.2

kcat (s-1)
124 ± 26
94 ± 10
87 ± 17
56 ± 11
140 ± 4
87 ± 2
79 ± 8
140 ± 7
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Table 4
Effects of mU1 and pAB on rates of carbamylation of muPA variants. Data are the
average ± standard deviations of at least three independent determinations. *Significantly different
from the value for tc-muPA (p<1·10-3). **Significantly different from the value for muPA(16-243) (p<5·106
– Student´s t-test).
Rate·10-4 (min-1)
tc-muPA
2.4 ± 0.9
tc-muPA + mU1
7.1 ± 0.2*
tc-muPA + mAb-112
2.9 ± 0.2
tc-muPA + pAB
2.9 ± 0.6
tc-muPA + mU1 + pAB
8.7 ± 0.5*
muPA(16-243)
9.3 ± 1.0*
(16-243)
muPA
+ mU1
22.8 ± 1.6**
muPA(16-243) + mAb-112 9.7 ± 1.4
muPA(16-243) + pAB
0.2 ± 0.8**
muPA(16-243) + mU1 + pAB 2.7 ± 2.7**
tc-muPA F40A
8.8 ± 2.7*
tc-muPA F30A
14.9 ± 2.7*

Table 5
Kinetic parameters of the zymogen compared to activated muPA(2-243). Data are the
average ± standard deviations of at least three independent determinations. *Significantly different
from the value for full-length tc-muPA (p<10-5 – Student´s t-test).

activated-muPA(2-243)
muPA(2-243)

Km (mM) kcat (s-1)
5.4 ± 0.5 106.5 ± 13.2
5.0 ± 0.5 0.38 ± 0.01
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