


Preface 

The work presented in this PhD thesis was majorly performed in the laboratory of Professor 

Peter A. Andreasen in Department of Molecular Biology and Genetics, Aarhus University, 

Denmark. This work also includes collaborations with other laboratories: the X-ray 

crystallographic structures of all the peptide-protease complexes were solved by Professor 

Mingdong Huang and his colleagues in Fujian Institute of Research on Structure of Matter, 

Fuzhou, China. Peptides used in this thesis were either purchased from WuXi App Tec (China) or 

synthesized in Professor Kund J. Jensen’s laboratory in Center of Synthetic Biology, University of 

Copenhagen, Denmark.  

The thesis is based on four papers and one unfinished project. The full papers are attached 

in the appendices.  

1. “A cyclic peptidic serine protease inhibitor: increasing affinity by increasing Peptide 

flexibility” refers to the publication with the same name (Appendix 1), in which I shared the 

co-first authorships with Baoyu Zhao from Prof. Huang’s laboratory. 

2. “Distinctive binding modes and inhibitory mechanisms of two peptidic inhibitors of 

urokinase-type plasminogen activator with isomeric P1 residues” refers to the publication with 

the same name (Appendix 2). 

3. “Selection of High Affinity Peptidic Serine Protease Inhibitors with Increased Binding 

Entropy from a Back-Flip Library of Peptide-Protein Fusions” refers to the submitted manuscript 

with the same name (Appendix 3). This work was the extension of the unfinished work of our 

former colleague, Hans Peter Sørensen. I continued his work and finished the project. 

Furthermore, an unpublished result was recorded here: Based on this work, I finally generated an 

inhibitor of murine urokinase-type plasminogen activator (muPA) with the Ki value of 0.19 nM. To 

our knowledge, this peptide is the small-molecule inhibitor of uPAs with the highest affinity. 

4. “Design of High-affinity and Specific Serine Protease Inhibitors Based on a Versatile 

Peptide Scaffold” refers to the submitted manuscript with the same name (Appendix 4). This 

work was designed and majorly performed by myself with the supervision of Professor 

Andreasen. In this work, Mingming Xu and Longguang Jiang from Prof. Huang’s laboratory, 

contributed in the X-ray crystallographic studies. Qinglan Yang from University of Leuven helped 



me to generate the recombinant plasma kallikrein mutants.  

5. “Prolonging the activities of peptides in vivo by PEGylation” is an unfinished work in 

order to paving a path for the future studies in animal models. This work is still in process, but 

the current results have indicated that PEGylation can efficiently prolong the circulating time of 

peptides in vivo.  
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Abstract 

Serine proteases perform proteolytic reactions in many physiological and metabolic 

processes and have been certified as targets for therapeutics. Small peptides can be used as 

potent antagonists to target serine proteases and intervene with their activities. Urokinase-type 

plasminogen activator (uPA) plays an important role in plasminogen activation system, which has 

many physiological and pathological functions and is closely associated with the metastasis of 

tumor cells. Based on a mono-cyclic peptidic inhibitor of murine uPA (muPA), mupain-1, which 

was screened out from a phage-display library before, we elucidated the binding and inhibitory 

mechanism by using multiple techniques, like X-ray crystallography, site-directed mutagenesis, 

isothermal titration calorimetry and surface plasmon resonance analysis. By studying the 

peptide-enzyme interaction, we discovered an unusual inhibitor-protease inhibitory model. In the 

following work, together with the contribution of my colleagues we finally generated a mupain-1 

variant inhibiting muPA with a Ki value around 0.2 nM, which is the highest-affinity small 

molecular inhibitor of uPAs in different species reported until now.  

In addition, we also discovered that the mupain-1 scaffold is highly versatile, based on which 

mupain-1 is potentially able to be retargeted to other serine proteases in the trypsin-like clan. 

With the scaffold of mupain-1, we rationally designed three inhibitors with high affinity and 

specificity for another serine protease, plasma kallikrein, which contributes to the pathogenesis 

in hereditary angioedema. According to the X-ray crystal structure analysis, we proposed a 

principle for designing inhibitors of other serine proteases from mupain-1. 

In order to be able to evaluate the inhibitory activities of our peptides in vivo, we conjugated 

polyethylene glycol (PEG) to one of our peptidic muPA inhibitor in order to prolonging the 

circulating life in animals. The PEGylation prevented the peptides from degradation in murine 

plasma. Furthermore, by estimating the activities of peptides after intravenous injection, we 

proved the circulating time of the peptides in vivo was significantly improved after coupling with 

PEG.  

 

  



中文摘要（Chinese Abstract） 

丝氨酸蛋白酶在许多生理机制以及新陈代谢途径中起到关键的作用，并且大量工作表明

丝氨酸蛋白酶可以作为许多疾病治疗的靶标。小型多肽作为潜在拮抗剂，可以用来靶向丝氨

酸蛋白酶并且调控其活性。尿激酶型纤溶酶原激活剂（urokinase-type plasminogen 

activator, uPA）是纤溶酶原激活系统的重要组成部分，纤溶酶原激活系统与肿瘤的迁移和

增生有密切的联系。在之前的工作中，我们实验室利用噬菌体展示技术筛选出来了一个针对

鼠源 uPA的环状多肽抑制剂，mupain-1。在本博士论文中，基于这个多肽，利用 X射线晶体

学，定点突变，等温滴定量热法（ITC）和表面等离子被光激发（SPR）等技术，我们研究了

mupain-1 的结合以及抑制机理。并且在后续的工作中，我们成功改良了这个多肽，使其对

于鼠源 uPA的抑制常数达到 0.2那摩尔。这是目前为止报道的结合能力最强的 uPA小分子抑

制剂。并且，在研究这个多肽作用机理的过程中，我们发现了一种不寻常的抑制剂-蛋白酶

相互作用机制。 

此外，我们还发现了 mupain-1具有很强的多样性。mupain-1可以被改造后靶标到其他

丝氨酸蛋白酶。利用 mupain-1 作为一个模板，我们开发了三个具有高结合力和高特异性的

血浆激肽释放酶（plasma kallikrein）抑制剂。血浆激肽释放酶是另外一种丝氨酸蛋白酶，

是遗传性血管水肿（hereditary angioedema）的直接病因。根据 X 射线晶体学研究，我们

提出了一种基于 mupain-1开发其他丝氨酸蛋白酶抑制剂的方法。 

小分子药物在体内的保留时间很短，往往在短短几分钟内就经过肾小球过滤排除体外。

为了延长多肽类药物在动物体内的保留时间，我们偶联了聚乙二醇（PEG）和我们的多肽类

药物。偶联上 PEG 的多肽在野生型老鼠的血浆中的稳定性显著增加。更重要的是，通过测定

在野生型老鼠血液中药物的活性，我们发现偶联上 PEG的多肽在老鼠体内的保留时间从数分

钟延长至数小时。 

  



Dansk Abstract (Danish Abstract) 

Serin-proteaser har funktioner i mange fysiologiske processer og kan anvendes som mål for 

terapi i mange sygdomme. Små peptider kan bruges som potente antagonister af serin-proteaser 

og til farmakologisk intervention. Urokinase-type plasminogen-aktivator (uPA) spiller en vigtig 

rolle i plasminogenaktiveringssystemet, som har mange fysiologiske og patofysiologiske 

funktioner og er involveret i metastasering af tumorceller. Ved hjælp af flere teknikker, som 

Røntgenkrystallografi, site-directed mutagenese, isotermisk titreringskalorimetri og surface 

plasmon resonance analyse, undersøgte vi bindings- og hæmmingsmekanisme for en 

mono-cyklisk peptid-hæmmer af murin uPA (muPA), mupain-1, som tidligere var blevet fundet 

ved screening af et fag-display-bibliotek. Vi opdagede ved disse undersøgelser en usædvanlig 

inhiberingsmekanisme for mupain-1. I det efterfølgende arbejde modificerede vi mupain-1 og 

opnåede derved en forbedring af affiniteten til proteasen på ca. 2,500 fold, svarende til en Ki 

værdi for det modificerede peptid på ca. 0.2 nM.  

Desuden opdagede vi, at mupain-1 kan omdannes til en hæmmer af andre trypsin-lignende 

serin-proteaser: På grundlag af vores Røntgen-krystal struktur-analyse designede vi ud fra 

skelettet af mupain-1 tre peptider med høj affinitet og specificitet for en anden serin-protease, 

plasma kallikrein (PK). PK bidrager til sygdomsbilledet for arveligt angioødem. Ud fra 

Røntgenkrystallografiske undersøgelser foreslog vi et generelt princip for re-design af mupain-1 til 

inhibitorer af andre serin-proteaser .  

Med henblik på at kunne vurdere de inhiberende aktiviteter af vore peptider in vivo og 

forlænge deres halveringstid i dyr konjugerede vi et af vores peptider til polyethylenglycol (PEG). 

PEGyleringen beskyttede vi peptiderne mod nedbrydning i murin blodplasma. Ved at estimere 

aktiviteterne af peptiderne efter intravenøs injektion i mus fandt vi ud af, halveringstiden i 

cirkulationen blev signifikant forbedret efter kobling til PEG. 
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Introduction 

Enzymes accelerate or catalyze all the metabolic processes in physiological conditions in 

order to sustain life. 138 years has passed since the term “enzyme” was used for the first time 

by German physiologist Wilhelm Kühne1. Enzymology has been associated with the diagnosis of 

disease for more than 70 years since the 1940’s2. Enzymes perform a wide variety of functions in 

living organisms. Inactivation or abnormal activities of enzymes’ will result in the physiological 

disorders. Thus, enzymes are the target of therapy for a huge number of diseases.  

Serine proteases 

Proteases are enzymes that perform the hydrolytic cleavage of the peptide-bond between 

neighboring amino acids. The activation of a protein by proteolytic cleavage of one or a few 

peptide bonds is a recurring control mechanism in biological systems1. Almost one-third of the 

proteases have a serine as the nucleophilic residue at the active site, because of which this kind 

of proteases are classified as serine proteases3.  

 
Figure 1 Crystal structure of chymotrypsin (PDB code: 4CHA). The side chains of the catalytic triad are 
shown in cyan sticks 

 

Trypsin-like serine protease family is the largest family of the serine proteases. As the name 

implies, all the members in this family have a very similar trypsin-like catalytic domain. The 



3 
 

catalytic mechanism of the trypsin-like serine proteases was elucidated by the X-ray crystal 

structure of chymotrypsin (Figure 1)4. All the proteases in this family have conserved His 57, Asp 

102 and Ser 195, which directly participate in the proteolytic cleavage and are called the 

“catalytic triad” 1. Trypsin-like serine proteases prefer to cleave peptide bonds following a 

positively charged amino acid (lysine or arginine), because of the negatively charged Asp 189 in 

the bottom of S1 pocket.  

In addition to the similar catalytic domains, the other common factor for the proteases in 

the trypsin-like serine protease family is that these proteases are all originally secreted as an 

inactive zymogen form and endowed the activities after proteolytic cleavage by other proteases 

or auto-cleavage. The activation mechanism was also illustrated by the crystallographic structure 

of chymotrypsin 5: the peptide bond between Arg 15 and Ile 16 (chymotrypsin numbering) is 

cleaved by trypsin, resulting in formation of new carboxy and amino terminal groups. The new 

amino-terminal group of Ile16 turns inward and interacts with Asp194 in the interior of the 

chymotrypsin molecule. The polar interaction stabilizes the active form. This electrostatic 

interaction leads to a series of conformational changes of the zymogen and finally forms the 

peptide binding pocket (S1 pocket).  

Trypsin-like serine proteases play dominating roles in various physiological systems, like 

digestive system, coagulation system, immune system, etc. In this thesis, we will focus on the 

plasminogen activation system and the kallikrein–kinin system.  
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The plasminogen activation system 

 
Figure 2 The plasminogen activation system 

 

As the central enzyme of plasminogen activation system, plasmin is a trypsin-like serine 

protease that has two main physiological functions: 1) maintaining the fluidity by lysing the clots 

in blood vessel6 and 2) turning over the extracellular matrix (ECM) components in tissue 

remodeling, like wound healing7. The activities of plasmin are regulated by the serpin, 

α2-antiplasmin. Plasmin is activated from the zymogen plasminogen, which is originally 

synthesized in the liver. Plasminogen is composed by a typical trypsin-like catalytic domain and 5 

kringle domains. Plasminogen is activated by the tissue-type plasminogen activator (tPA) in blood. 

The active plasmin then hydrolyzes the fibrin, which forms a cross-network (blood clot) and 

hinders the flow of the blood. 

However, plasminogen is activated by the urokinase-type plasminogen activator (uPA) in 

tissues8. The plasminogen activation system is closely relevant to malignant cells’ migration and 

invasion. In the process of cancer migration, firstly, the urokinase zymogen (pro-uPA) binds to the 

uPAR on the cell membrane and is activated to active uPA by plasmin. Next, the activated uPA on 

the cell surface catalyzes the activation of plasminogen to generate plasmin, which sequentially 

degrades the extra-cellular matrix (ECM). ECM in tissues serves to fasten the cells in specific 

positions and prevents their mobility. uPA and uPAR are overexpressed on the surface of many 

tumor cells. Thus, the ECM for fixing tumor cells will be degraded by aberrant plasminogen 

activation. The tumor cells are enabled to invade the surrounding tissues and the circulating 
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system9. After permeating into the circulating system, cancer migrates to other organs in the 

human body.  

Urokinase-type plasminogen activator 

 
Figure 3 Activation of urokinase-type plasminogen activator (uPA) 

 

Urokinase-type plasminogen activator (uPA, urokinase) is a serine protease with a molecular 

weight around 55 kDa. uPA is initially secreted as single-chain zymogen (pro-uPA), which has 

hundreds fold weaker proteolytic activity than two-chain uPA10. Pro-uPA is then activated to the 

active two-chain form (tc-uPA) by cleavage by plasmin or a few other serine proteases at the 

activation site (Lys158-Ile159)11. The disulfide bond linking two chains are the N-terminal 

urokinase receptor binding part (amino-terminal fragment, ATF, A-chain) and the C-terminal 

trypsin-like serine protease domain (B-chain) 12. The A-chain of uPA, which is composed of a 

kringle domain and a growth factor domain, binds to the uPA receptor (uPAR) on the cell 

membrane. The proteolytic B-chain hydrolyzes a specific peptide bond in the physiological 

substrate, plasminogen. Although plasmin is the most efficient activator of uPA, plasma 

kallikrein13, matriptase14 coagulation Factor XIIa (FXIIa) 13 and glandular kallikreins15 have also 

been reported to be able to activate pro-uPA in divergent physiological conditions. The activity of 

uPA is regulated by two serpins, plasminogen activator inhibitor type 1 and type 2 (PAI-1 and 

PAI-2) 16, and protease nexin-1 (PN-1) 17.  
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Plasma kallikrein 

 
Figure 4 Plasma kallikrein and the substrates 

 

Like uPA, plasma kallikrein (PK) is also a trypsin-like serine protease activated from the 

zymogen, plasma prekallikrein (pPK). PPK is composed by a typical trypsin-like catalytic domain 

and 4 tandem apple domains. PPK is structurally similar to its homogenous protease, fXI, and 

shares the same activator, fXIIa and receptor, high molecular weight kininogen (HMWK)18. HMWK 

is the most important receptor and substrate of PK in the physiological condition. In 

kallikrein-kinin system, PK cleaves HMWK from the single-chain form to the two-chain form and 

release bradykinin, a small signal peptide that can cause the vasodilation 19. Besides, PK has also 

been reported to be involved in other systems, like the coagulation system and the fibrinolytic 

system, because PK was found to activate pro-uPA, plasminogen and fXII in vitro 20,21. But no solid 

evidence in vivo shows that the deficiency of PK causes disorders of the coagulation system or 

the fibrinolytic system.  
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The kallikrein-kinin system (KKS) and Hereditary angioedema (HAE) 

 
Figure 5 The kallikrein-kinin system 

 

The kallikrein-kinin system (KKS) involves the proteins that function in different pathways, 

like inflammation (HMWK), blood coagulation (fXIa), complement system (C1-INH), etc. The 

already known function of KKS is generation of bradykinin and regulation the blood pressure and 

pain 22. In plasma, pPK circulates in complex with HMWK, bound to the D6 domain of HMWK with 

the 4 apple domains 23. Then, fXIIa activates pPK to active PK by cleaving the Arg 15 - Ile 16 bond 

(chymotrypsin numbering). After activation, PK cleaves the D4 domain and releases a short 

peptide with 9 amino acids, bradykinin (RPPGFSPFR) 24. Bradykinin binds to the bradykinin B2 

receptor (BKB2R) and causes blood vessels to dilate (enlarge), and therefore causes blood 

pressure to fall25.  

The activities of the PK and fXIIa in KKS are regulated by a serpin, C1 esterase inhibitor 

(C1-INH) 26. C1-INH inhibits the fXIIa and prevents the excessive generation of PK. Furthermore, 

C1-INH directly inhibits the activity of PK in producing bradykinin. C1-INH is the only inhibitor 

found to mediate the KKS system. Deficiency of C1-INH gene or abnormal expression of C1-INH 

results in the loss of control of PK activity, which aberrantly generates bradykinin, and finally 

leads to an autosomal dominantly inherited blood disorder, Hereditary Angioedema (HAE). HAE is 

a rare disease (1 case per 10,000-50,000 persons) while life threatening (mortality rate: 40%) 

disease (WHO report). PK inhibitors has been developed for HAE therapy, like recombinant 

C1-INH 27, Ecallantide, an engineered Kunitz-type serine proteases inhibitor28.  
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Naturally occurring inhibitors of serine proteases 

Serine proteases are involved in a number of important physiological functions and are 

regulated by their natural protein inhibitors. The protein inhibitors directed against serine 

proteases can be grouped into at least 16 different families based on sequence similarity, 

topological similarity and mechanism of binding29,30. Among these, serpins and Kunitz-type serine 

protease inhibitors are two most abundant sorts.  

Serpins are the largest family serine proteases inhibitors. So far, over 1,000 serpins have 

been identified. Because of the critical roles of serine proteases in many metabolic processes, 

serpins are also important in these pathways, like coagulation, inflammation, fibrinolysis, etc31. 

Serpins share the similar inhibitory mechanism for the common serpin domain that inhibits the 

activity of serine proteases, although the function of serpins varies widely. Serpins domain 

(Figure 6A) comprises of three β-sheets (A, B and C-sheets) and 8-9 α-helices32. A solvent exposed 

reactive centre loop (RCL) inserts into the catalytic site of serine proteases and is proteolytically 

cleaved like substrates. But the RCL is still covalently attached to the protease via the ester bond 

and induces a conformational change of the serpin-protease complex33. Therefore, serpins are 

irreversible inhibitors of serine proteases.  

Kunitz-type inhibitors are serine protease inhibitors that with a common Kunitz domain 

(Figure 6B). Kunitz domains are with 50-60 amino acids and of molecular weight around 6 kDa. 

Unlike serpins, Kunitz-type inhibitors inhibit the activity of serine proteases with the traditional 

“lock and key” mechanism34. The Kunitz domains non-covalently block the active sites of serine 

proteases and prevent the binding of substrates (Figure 6B).  

Artificial serine protease inhibitors 

Novel medicinal serine protease inhibitors are continuously emerging as therapeutics. In our 

laboratory, we are devoted in developing antagonists for serine proteases and their protein 

inhibitors with various techniques, like phage-displayed peptide library, RNA aptamer library, 

structure-based rational design, generation of monoclonal antibodies, etc. In this laboratory, 

many antagonists interfering with the activity of these proteases have been generated, including 
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peptides35,36, monoclonal antibodies37,38, RNA aptamers25,39. 

 

Figure 6 Two typical naturally-occurring serine protease inhibitors: A. active form of serpin, 
plasminogen activator inhibitor type-1 (PAI-1); B, Kunitz domain of hepatocyte growth factor activator 
inhibitor type 1 (HAI-1) in complex with matriptase. 

Clinically used serine protease inhibitors 

Inappropriate proteolysis has been found to have a major role in cancer as well as 

cardiovascular, inflammatory, neurodegenerative, bacterial, viral and parasitic diseases40. In these 

cases, artificial inhibitors are needed for therapy. For this purpose, numerous inhibitors in 

different sorts targeting different serine proteases have been developed.  

The most important and common therapeutic use of serine protease inhibitors is to treat 

(arterial and venous) thromboembolic diseases by inhibiting the activity of thrombin and Factor 

Xa. Until 2005, 10 thrombin inhibitors and 4 Factor Xa inhibitors had been approved to be 

clinically used in thrombosis treatment41. During 2010-2013, more than 35 patents have been 

issued for describing new chemical entities and advances in directed thrombin inhibitors (DTI) 

technology42. Mesupron® is a small-molecular uPA inhibitor which completed Phase II clinical trial 

in December of 201243. Mesupron® was found to be safe, but did not show any statistically 

significantly effect on progress free survival in metastatic breast and pancreatic cancer. Besides, 

as described above, plasmin degrades fibrin and leads to the dissolution of blood clot. Aprotinin, 

a Kunitz-type plasmin inhibitor, was widely used as an antifibrinolytic drug preventing blood loss 

after surgery. But because of the suffering caused by off-target inhibition of other serine 
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proteases, aprotinin was withdrawn from the market in 200844. Tranexamic acid and 

p-aminomethylbenzoic acid are two currently clinically used antifibrinolytic drug with the 

mechanism of binding to the specific site of plasminogen and inhibiting the activation of 

plasminogen45. In addition to therapeutically targeting the above serine proteases, elastase 

inhibitors are clinically used to relieve chronic obstructive pulmonary disease (COPD); Dipeptidyl 

peptidase-4 (DPP4) is targeted for treating diabetes; inhibiting of NS3-protease is clinically used 

in the therapy of Hepatitis C Virus infection 41.  

Cyclic peptide Drugs 

Peptides are promising drug candidates because of their ability to modulate protein-protein 

interactions. In biology and pharmacy, the commonly accepted demarcation of drugs by 

molecular size is that molecules with molecular weight < 500 Da are called “small molecules”, and 

molecules with molecular weight > 5,000 Da are called “macromolecules” 46. Drugs with 

molecular weight 200-600 Da predominate among the drugs approved (>90%), among which, 

most drugs have molecular weight below 450 Da 47. Polypeptides with 10-20 amino acids are in 

this gap (molecular weight: 500-5,000 Da).  

Small molecules, as the traditional drugs, bind to the deep protein cavities and thereby 

interrupt the protein’s natural function. Small molecule drugs typically have simple 

stereochemistry and normally form limited interaction surface with proteins. Thus, small 

molecule drugs are sometimes not able to effectively target the protein-protein interactions48. 

On the other hand, large molecules are also candidates as therapeutics, like antibodies and 

therapeutic proteins49. However, these therapeutics are limited by the high cost and the large size, 

which makes oral delivery impossible50. So, peptides are attracting increasing interest for 

combining the advantages of small molecules (cost, conformational restriction, membrane 

permeability, metabolic stability, etc) with those of macromolecules (natural components, 

specificity, high potency, etc)51. 

In contrast to linear peptides, cyclic peptides are more favorable for therapeutic use because 

of the following advantages: Linear peptides with high flexibility may shape to fit many possible 

surfaces and increase the off-target effects, which is especially important for inhibitors targeting 
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to enzymes because enzymes in the same family always are structurally similar51. Cyclic peptides 

with conformational constraint have much higher specificity. In addition, the high flexibility also 

facilitates peptides to adapt into the recognition site of proteases, so, linear peptides have a 

poorer proteolytic resistance compared to the cyclic peptides.  

Three major biological methods are commonly used for peptide screening: 1) genetically 

encoded de-novo peptide libraries, 2) peptides derived from natural sources and 3) virtual 

screening47. In the most commonly used genetically encoded libraries, peptides are displayed in 

the pIII protein on the F pilus of M13 phage. Phage display represents a biological method of 

rapidly generating large random peptide libraries. Randomized peptide sequences are inserted 

into the coding sequence of the pIII protein. The phages encoded with peptides that can bind to 

the bait proteins can be amplified by infecting the E.coli bacteria. After several rounds of 

screening, peptides with high affinity can be isolated52. Natural sources contain a rich diversity of 

cyclic peptides. Cyclic peptides with a RGD (Arg-Gly-Asp) motif which mimic an integrin 

recognition motif are used in targeting melanoma53. Another example is the cyclic serine 

protease inhibitor, the sunflower trypsin inhibitor-1 (SFTI-1), which is extracted from the seed of 

sunflower as a trypsin inhibitor54. Virtual screening refers to a set of computational methods that 

aim to identify active molecules for a biological target based on similarity to known active ligands, 

or by complementarity to a binding surface47. The two most important elements for screening 

virtual cyclic peptide libraries are the target protein surface and the combinatorial library. By 

docking to the computationally optimized protein structure, the candidate molecules are 

selected according to the match of the key pharmacophore features of the known protein target.  

Cyclic peptides as inhibitors of serine proteases 

Duffy et al. summarized the “cyclic peptide-like” drugs from the ChEMBL data base and 

found in total 87 cyclic peptide drugs47. Among these, antibacterials and antifungals dominate 

the list, while only one enzyme inhibitor has been approved. Cyclosporin A, an inhibitor of 

calcineurin, interferes in the activity and growth of T-cells and is therefore used as a 

immunosuppressant drug55. The annual sale of cyclosporin A is more than US$ 1.0 billion in the 

USA only56. Although only cyclosporin A and very few peptide enzyme inhibitors have been 
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approved to clinical trial, cyclic peptides are attracting increasing interests as medicinal enzyme 

inhibitors, like inhibitors of peptidylprolyl isomerase57, dam methyltransferase58, HIV integrase59, 

phosphatase60.  

There are also potent peptides inhibitors for serine proteases61-65. Bivalirudin (Figure 7A), a 

short peptide inhibitor of thrombin with 20 residues, is clinically used for anticoagulation in the 

setting of invasive cardiology, particularly in a percutaneous coronary intervention66. However, 

unlike traditional serine protease inhibitors, Bivalirudin neither blocks the catalytic site nor 

causes an allosterical change of the enzyme conformation. Bivalirudin prevents the binding of 

thrombin and fibrinogen by blocking the fibrinogen binding site after proteolytic cleavage67. Due 

to the blocking the fibrinogen-binding site but not the active site, Bivalirudin does not give rise to 

risks of off-target inhibition of other serine proteases in blood. In addition, because its inhibitory 

conformation forms after proteolytic cleavage, Bivalirudin is a linear peptide, which facilitate it to 

adapt to the surface of fibrinogen-binding site as described before. 

 

 
Figure 7 Therapeutic peptide inhibitors of serine proteases: A, Bivalirudin, inhibitor of thrombin, the 
only clinically approved peptidic serine protease inhibitor; B, exo-site targeting peptidic inhibitors of 
Factor VIIa developed by Lazarus et al68.; C, bicyclic inhibitors of serine proteases developed by Heinis 
et al63.  
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Lazarus et al. developed a series of cyclic peptide inhibitors of tissue factor-factor VIIa 

(TF-fVIIa) complex as anticoagulatants by screening a naive peptide phage-displayed library 

(Figure 7B)61. This series of peptide (E series) does not competitively block the active site of factor 

VIIa but bind to an exosite (E-binding site) and inhibits factor VIIa as the Ki value of 1 nM. Another 

series of cyclic peptide inhibitors (A series) binding to a different exo-site (A-binding site) was 

generated and found the best inhibitor (A-183), with the Ki value of 1.5 nM69. But both A and E 

series peptides were not able to 100% inhibit the activity of TF-FVIIa on Factor X activation. After 

they fused the A and E series peptides with flexible linkers, the fusion peptide improved neither 

the binding affinity for Factor VIIa at the A- and E- binding sites nor the IC50 for the inhibition of 

FX activation, but increased the extent of inhibition of Factor X activation to 100% at saturating 

peptide concentrations by inhibiting the autoactivation of factor VII68. In the following work, they 

developed a C-terminus extended A-183 by screening a phage-displayed library established by 

randomizing the C-terminus extension of A-183. The selected peptide, A-183X, had a maximal 99% 

inhibition of Factor X activation with an IC50 value of 230 pM, versus A-183, which maximally 

inhibited 74% activity of Factor X activation with IC50 value of 1.5 nM 70.  

Heinis and his colleagues generated bicyclic peptide inhibitors targeting serine proteases 

using a phage based strategy (Figure 7C)63. They used various small organic linkers to connecting 

three cystines of peptides and form bicyclic peptides displayed on the phage71. Large 

combinational libraries of peptides are screened in affinity selections. The identity of the peptide 

is revealed by sequencing the encoding DNA that is enclosed in the phage particle. Depending on 

this strategy, they developed bicyclic peptide inhibitors of serine proteases, like uPA64,72, plasma 

kallikrein63,73, factor XIIa74, etc.  

Aim of this project 

Peptides are of considerable interests as inhibitors of serine proteases. In this work, we 

aimed at developing peptidic inhibitors for murine uPA and human and murine PK with high 

affinity and high specificity, and understanding the binding and inhibition mechanism of those 

inhibitors. Furthermore, to pave a path for evaluating the properties of peptides in animal 

models, we conjugated polyethylene glycol (PEG) to peptides in order to prolong the circulating 
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time in vivo. 
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Paper I: A cyclic peptidic serine protease inhibitor: Increasing 

affinity by increasing peptide flexibility.  

Zhao, B., Xu, P., Jiang, L., Paaske, B., Kromann-Hansen, T., Jensen, J.K., Sørensen, H.P., Liu, Z., 
Nielsen, J.T., Christensen, A., Hosseini, M., Sørensen, K.K., Nielsen, N.C., Jensen, K.J., Huang, 
M., and Andreasen, P.A. (2014) Plos One 9, e115872. 

For this published article, I shared the co-first authorship with Baoyu Zhao, a 

crystallographer from Fujian Institute of Research on Structure of Matter, Chinese Academy of 

Science. This work involved a number of contributions from people in different fields. My 

contribution includes the determination of Ki values of the peptides for different enzymes, 

determination of the thermodynamic parameters by isothermal titration calorimeter (ITC) 

analysis, cloning and expression of the huPA and muPA mutants and data analysis. 

Background 

In the previous work, a peptidic inhibitor for muPA, mupain-1 (CPAYSRYLDC), was isolated 

from a phage-display peptide library36. Mupain-1 is a cyclic peptide with 10 residues cyclized by a 

disulfide bond (Figure 8). Mupain-1 specifically inhibits muPA with a Ki value of 0.55 μM, but 

showed no measurable inhibition of many other human and murine serine proteases (Figure 8). 

In the following work, 17 different arginine-like amino acids were synthesized as the new P1 

residues for substituting the Arg 6 of mupain-175. Mupain-1-12 and mupain-1-16, which have 

L-4-guanidino-phenylalanine (Compound 12) and L-3-(N-amidino-4-piperidyl)alanine (Compound 

16) as the P1 residues, showed 2- and 10-fold better inhibition of muPA compared to the original 

mupain-1 (Figure 9).  
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Figure 8: Chemical structure of mupain-1 (left panel) and the Ki values for inhibition of different serine 
proteases (right panel) 36 

Results and discussion 

In order to understand the mechanism of mupain-1 variants as muPA inhibitors, we applied 

many different approaches including chemical synthesis, crystallography, site-directed 

mutagenesis, surface plasmon resonance (SPR) analysis, isothermal titration calorimetry (ITC) and 

nuclear magnetic resonance (NMR).  

 
Figure 9 the three mupain-1 variants and the Ki values to uPA and PK 

 

Because we were not able to crystallize the mupain-1 variants in complex with muPA, we 

used a partially murinized human uPA mutant, huPA H99Y, as a model to study the peptide-uPA 
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interactions. Mupain-1 showed no measurable affinity to wild-type huPA (huPA wt). But when we 

mutated His 99 of huPA to the Tyr, which is present in this position in muPA, mupain-1 could bind , 

with the Ki value of 15.3 μM. With the crystal structure of mupain-1 in complex with huPA H99Y, 

we partially illustrated the binding and inhibitory mechanism of mupain-1 against muPA. The 

structures also gave answers to several important questions, like why mupain-1 is an inhibitor 

and not a substrate, although it binds to uPA in a substrate-like conformation, and why mupain-1 

does show any measurable inhibition of wild-type huPA but inhibits huPA H99Y with a Ki value in 

μM range.  

However, crystallographic studies are still not able to explain the reason for the 

improvement of affinity to uPA variants by using the two non-natural amino acids Compound 12 

and Compound 16 as the P1 residues. The crystal structures showed that mupain-1, mupain-1-12 

and mupain-1-16 formed an identical conformation on the surface of huPA H99Y. The NMR result 

also indicated that mupain-1 and mupain-1-16 had similar solution conformations . So, the 

improvement of the affinity caused by the non-natural P1 residues might be attributed to the 

energetically more favorable bound state. Furthermore, the peptide-protease interactions 

indicated by the site-directed mutagenesis results based on muPA did not fit well with that 

indicated by the crystal structures of peptide-huPA H99Y complexes, especially the interactions 

outside the active site. That phenomenon might be because the peptide could sample a number 

of conformations while binding to the enzyme, but only one specific conformation was selected 

as the crystals.  

Another unexpected observation is that the affinity of the mupain-1 variants to huPA 

variants increased after mutating Asp 9 to Ala. In contrast, the D9A mutation did not obviously 

change the affinity of peptides to the muPA variants. The D9A mutation decreased the 

differences of mupain-1 to huPA variants and to muPA variants. Crystal structures demonstrate 

that mupain-1 D9A and mupain-1 are in a same conformation when binding to huPA H99Y. The 

increased flexibility resulted in a reduced specificity. The increased flexibility was also in 

agreement with the entropic penalty for the D9A peptides, although the entropic penalty was 

compensated by a more favorable enthalpy.  

  



18 
 

Paper II: Distinctive binding modes and inhibitory mechanisms of 

two peptidic inhibitors of urokinase-type plasminogen activator 

with isomeric P1 residues. 

Jiang, L., Zhao, B., Xu, P., Sørensen, H.P., Jensen, J.K., Christensen, A., Nielsen, N.C., Jensen, K.J., 
Andreasen. P.A., and Huang, M. (2015) Int. J. Biochem. Cell Biol. 62, 88-92.  

 As a co-author, my contribution to this work majorly focused on the determination of Ki 

values and the data analysis.  

General description 

Our study on the binding and inhibitory mechanism of mupain-1 variants suggests that the 

inhibition of mupain-1 variants depends on the cross-talk of the P1-S1 interaction and the 

exo-site interactions. However, the two non-natural P1 residues, L-4-guanidino-phenylalanine 

(Compound 12) and L-3-(N-amidino-4-piperidyl)alanine (Compound 16), did not change neither 

the P1-S1 interaction nor the exo-site interactions of mupain-1 and huPA H99Y in crystal 

structures.  

An isomer of L-3-(N-amidino-4-piperidyl)alanine (Compound 16), L-3-(N-amidino-3- 

piperidyl)alanine (Compound 17) was also investigated as the new P1 residue. Substituting the P1 

residue (Arg 6) of mupain-1 by Compound 17 led to peptide mupain-1-17 (CPAYS[17]YLDC). 

Although with a very close chemical structure, mupain-1-17 showed 130-fold and 74-fold poorer 

affinity to muPA and huPA H99Y, respectively, compared to mupain-1-16. The crystallographic 

study could not explain the difference in affinity of mupain-1 variants with arginine and 

Compound 16 as the P1 residues. However, the reason why Compound 16 is a remarkably better 

inhibitor than Compound 17 with mupain-1 as a scaffold is clearly illustrated by the crystal 

structures. By comparing the crystal structures of mupain-1-16 and mupain-1-17 in complexes 

with huPA H99Y, we found distinct conformations of these two peptides when binding to huPA 

H99Y.  

Mupain-1-16 contacts the enzyme surface with a buried surface area of 794.3 Å2, while 



19 
 

mupain-1-17 only has a buried surface of 427.5 Å2. The P1 residues of these two peptides form 

identical area of interactions with the S1 pocket of the enzyme, but other parts of the peptides 

form totally distinctive exo-site interactions with huPA H99Y. The non-P1 residues of the two 

peptides interact with completely different regions of the enzyme. With the much stronger 

exo-site interactions, mupain-1-16 showed much higher affinity to the uPAs compared to 

mupain-1-17. Thus, a minor difference in the P1 residue could result in significant differences in 

the exo-site interactions. This work also shows that exo-site interactions contribute significantly 

to the binding strength between peptide and enzyme.  
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Paper III: Selection of High Affinity Peptidic Serine Protease 

Inhibitors with Increased Binding Entropy from a Back-Flip Library 

of Peptide-Protein Fusions 

Sørensen, H.P., Xu, P., Jiang, L., Kromann-Hansen, T., Jensen, K.J., Huang, M., and Andreasen, 
P.A. (2015), submitted.  

 In this work, my contribution includes determining Ki values and determining KD values using 

surface plasmon resonance (SPR) analysis and isothermal titration calorimeter (ITC). I also 

evaluated the inhibitory effect of IG-peptides on uPA activity on the surface of tumor cells.  

General results 

As described above, mupain-1 is a muPA peptidic inhibitor with 10 residues cyclized by the 

disulfide-bond. In the previous study, Ala-substitution of Pro 2, Tyr 4, Ser 5, Arg 6 and Tyr 7 led to 

significant decline on the affinity to muPA36. Ala 3, in the crystal structure of mupain-1 in complex 

with huPA H99Y, is located on the opposite side compared to the interaction with the protease 

surface, which indicates the Ala 3 does not directly participate the binding65. In contrast, sing Ala 

to replace Leu 8 and Asp 9 only cause very minor decreases in affinity. To screen for the optimal 

residues for positions 8 and 9, we constructed a protease-peptide back-flip library by expressing a 

fusion between the catalytic domain of muPA (muPA-SPD) and mupain-1 variants which are 

randomized at positions 8 and 9 (CPAYSRYXXC).  



21 
 

 
Figure 10 Protease-peptide fusion protein design. A. Serine protease domain of muPA was 
co-expressed with mupain-1 with two TEV-links. B. Three dimensional model of muPA-mupain-1 
fusion protein. 

 

The protease-peptide back-flip library was constructed as illustrated in Figure 10: mupain-1 

variants with randomized residue in positions 8 and 9 are connected to the C-terminus of 

muPA-SPD with a linker containing two cleavage sites for tobacco etch virus (TEV). The length of 

the cross-linker enables the peptide to back-flip and block the active site of muPA-SPD. The 

protease-peptide fusion proteins were expressed in human HEK293 6E cells and secreted into the 

cell culture medium. The activity of each mutant was evaluated by measuring the KM values for 

hydrolysis the chromogenic substrate, S-2444. After evaluation of up to 400 mutants, the peptide 

with the sequence CPAYSRYIGC was selected because this fusion protein showed the highest KM 

values. The peptide with the selected sequence (CPAYSRYIGC) was then chemically synthesized 

and termed mupain-1-IG. Peptides with compound 12 and 16 as the P1 residues in this sequence 

were termed mupain-1-12-IG and mupain-1-16-IG.  

The L8I-D9G substitution improved the affinity of mupain-1 to muPA about 25-fold. The Ki 

value for inhibition of muPA decreased from around 500 nM to 20 nM. The same improvement 

was also observed for mupain-1-12-IG and mupain-1-16-IG. Besides muPA, IG-peptides also 

showed inhibition of huPA wt, huPA H99Y mutant, human and murine plasma kallikrein (hPK and 

mPK) and bovine β-trypsin. But since IG-peptides all inhibited muPA with Ki values in the low nM 

range, the inhibition of the other proteases was negligible. In contrast, none of the peptides were 

able to inhibit human and murine plasmin, thrombin, or tPA.  

The substitution of Arg 6 with compound 16 implies a 10-fold increase in affinity to muPA, as 
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compared to mupain-1. Mupain-1-16-IG also has an around 10-fold increased affinity, as 

compared to mupain-1-IG. However, mupain-1-16-IG as with mupain-1-16, the substitution of 

Arg with 16 in the P1 position also increased the affinity to other serine proteases, like hPK and 

mPK. As the Ki values of mupain-1 and mupain-1-12 for hPK and mPK were all higher than 1000 

μM, it was not possible to judge which one was the better inhibitior of PKs. But the three 

IG-peptides all showed inhibition of PKs in the measurable range. Both mupain-1-IG and 

mupain-1-12-IG inhibited mPK, but the Ki values were more than 5000-fold higher than those for 

inhibition of muPA. So, mupain-1-12-IG seems to be a more specific inhibitor of murine uPA than 

mupain-1-IG, because of the lower affinity to mPK and higher affinity to muPA. Thus, 

mupain-1-12-IG was selected as the best muPA inhibitor, although mupain-1-16-IG showed a 

higher affinity to muPA.  

Through the surface plasmon resonance (SPR) analysis, we found out the improvement of KD 

values was attributed to both increased kon values and decreased koff values. The thermodynamic 

parameters for peptide-enzyme binding were determined by isothermal titration calorimetry 

(ITC). The increased affinity following the L8I-D9G substitution was enthalpy-driven and 

accompanied by an entropy penalty. The most ready molecular interpretation of the SPR and ITC 

data, taken together, is that the L8I-D9G substitution renders the peptide more flexible in 

solution, thereby making the binding entropy less favourable, the association activation energy 

lower, and the kon higher, and allows a more favorable binding enthalpy and a more stable bound 

state, thereby increasing the dissociation activation energy and decreasing the koff. This also 

explained why L8I-D9G substitution indiscriminately improves the affinity to many enzymes, 

because the increased flexibility also facilitates peptides to adapt the surfaces of other serine 

proteases. 

Discussion 

In this study, by randomizing the residues present in positions 8 and 9 of mupain-1 

(CPAYSRYLDC), the sequence of mupain-1-IG (CPAYSRYIGC) was selected from a protease-peptide 

back-flip library. The chemically synthesized mupain-1-IG showed a Ki value for inhibition of muPA 

of 20 nM, compared to the Ki value of 550 nM for the original mupain-1 as. Substitution of the P1 
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residue, Arg, with the two non-natural arginine-like compounds 12 and 16 resulted in 

mupain-1-12-IG and mupain-1-16-IG, which inhibited muPA with the Ki values of 10 nM and 2 nM, 

respectively. The L8I-D9G mutation improves not only the affinity to muPA, but also the affinity to 

huPA, hPK and mPK. The improvement in the affinity was observed with several serine proteases, 

not only for muPA. 

The crystal structure of mupain-1 in complex with huPA H99Y suggests that the Asp 9 of 

mupain-1 forms two salt bridges with the Arg 35 of huPA H99Y. A priory, the substitution of Asp 9 

with Gly would be supposed to decrease the affinity to muPA and huPA H99Y. In addition, the Gly 

increases the flexibility of peptides in solvent, which in principle should cause unfavorable 

entropic penalty after binding to proteases. The ITC results also certified the fact that the 

IG-peptides caused significant unfavorable changes of binding entropy, as compared to the 

LD-peptides. The high kon values measured by SPR analysis could also be explained by the fact 

that, in solution, peptides with higher flexibility needs to span a low energetic barrier when 

binding to enzymes. Both removing salt bridges and the entropic penalty typically decrease the 

affinity; however, the L8I-D9G mutation improved the affinity to proteases. Thus, mupain-1 

variants inhibit serine proteases with an unusual mechanism.  

There are still several questions that have not been addressed so far.  

Firstly, from the original LD-peptides, we generated both the IG-peptides and LA-peptides. 

Structurally, Ile-Gly only leads to minor differences when compared to Leu-Ala. However, 

IG-peptides improved the affinity to muPA by 25-fold compared to the LD-peptide. LA-peptides 

showed unchanged Ki values, or even more unfavorable Ki values for muPA.  

In addition, the serine proteases in the trypsin clan have an identical S1 pocket with 

conserved Asp189, Gly 193 and Ser 195. In our study, using Compound 16 as the P1 residue 

indiscriminately increased the affinity of mupain-1 to many serine proteases, like huPA, muPA, 

fXIa, PK, etc. But Compound 12 specifically improved the affinity of mupain-1 to huPA and muPA, 

and had negligible improvement of the affinity to fXIa (data not shown) and PK. We currently are 

not able to explain the difference in the effects of Compound 12 and Compound 16 on the 

specificity of the peptides. 
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Unpublished Work: Improving the affinity of IG-peptides to muPA by “opening” the 

N and C termini 

Based on IG-peptides, we continued to improve the affinity of peptides to muPA. The 

following work is unpublished.  

All the above mentioned peptides have an acetylated N-terminus and an amidated 

C-terminus, because the original mupain-1 was selected from a phage-displayed peptides library, 

in which the peptide insertions all have N and C termini extensions when displayed in the pIII 

protein of the M13 phages. But with chemical synthesis, one can choose the “open” and “blocked” 

forms for both the N and C termini (Table 1).  

 

Table 1 The “open” and “blocked” mupain-1-IG peptides. 

Peptide Formation sequences 

mupain-1-IG blocked Ac-CPAYSRYIGC-amide 

mupain-1-IG 2 open NH2-CPAYSRYIGC-COOH 

 

Mupain-1-IG is very potent inhibitor of muPA with high affinity and specificity (Ki =20 nM). 

After substitution the P1 residue, Arg, with compound 16, the peptide (mupain-1-16-IG) show 

even better Ki value of 2 nM to muPA. We synthesized these two peptides with the “open” N and 

C termini and generated mupain-1-IG 2 and mupain-1-16-IG 2. We measured the Ki values of the 

“open” mupain-1-IG 2 and mupain-1-16-IG 2 for muPA and compared with the data of the 

relevant “blocked” LD- and IG-peptides (Table 2).  

Inhibitory capabilities of “open” and “block” peptides to different enzymes. 

Table 2 Ki values of the “blocked” LD-peptides and IG-peptides together with the “open” IG-peptides.  

peptide sequence 
Ki values (nM)* 

muPA huPA huPA H99Y hPK 
mupain-1 Ac-CPAYSRYLDC-amide 550±80 >106 (15.3±2)x103 >106 

mupain-1-IG Ac-CPAYSRYIGC-amide 20±4 (38±23)x103 340 ± 60 (119±37)x103 

mupain-1-IG 2 NH2-CPAYSRYIGC-COOH 6.81±1.12 (55±13)x103 903 ± 285 (98.8±6.8)x103 

mupain-1-16 Ac-CPAYS[16]YLDC-amide 45 ± 10 (93±18)x103 2480 ± 70 1580 ± 110 

mupain-1-16-IG Ac-CPAYS[16]YIGC-amide 2 ± 0.5 530 ± 70 9 ± 2 590 ± 70 

mupain-1-16-IG 2 NH2-CPAYS[16]YIGC-COOH 0.19±0.01 1933 ± 228 26.0 ± 4.6 579 ± 28 
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* All Ki values have been determined at least three times. 

The “opening” of the N and C termini increases the affinity of mupain-1-IG to muPA around 

3-fold. With compound 16 as the P1 residue, the “opening” of N and C termini increases the 

affinity 10-fold. Surprisingly, unlike the L8I-D9G mutation which improves the affinity of the 

peptides to many proteases, “opening” the N and C termini specifically improves the peptides’ 

affinity to muPA. For huPA wt and huPA H99Y, this “opening” decreases the affinity. For the 

affinity to hPK, no obvious change was observed after “opening” the N and C termini.  

Surface plasmon resonance analysis 

Table 3 Binding affinity of the “open” and “blocked” mupain-1-IG peptides 

Peptides Sequences 
muPA 

kon (M-1s-1), x 10-5 koff (s
-1), x 102 KD (nM) 

mupain-1-IG Ac-CPAYSRYIGC-amide 4.48 ± 0.76 (3) 0.64 ± 0.07 (3) 14.7 ± 1.8 (3) 

mupain-1-IG 2 NH2-CPAYSRYIGC-COOH 2.73 ± 0.13 (3) 0.066 ± 0.019 (3) 2.40 ± 0.61 (3) 

The binding affinity of the “open” and “blocked” mupain-1-IG was studied by surface 

plasmon resonance (SPR) analysis (Table 3). The removal of the blockages of the N and C termini 

had no obvious effect on the association rate of the binding, but decreased the dissociation rate. 

The cause of this improvement is still unknown. We would speculate that new carboxyl and 

amino group could establish new polar interactions. Our later work suggests that the “opening” 

of the C-terminus might play a much more important role than the “opening” of N-terminus, 

because the affinity to muPA was not decreased but slightly improved when we kept the 

C-terminus “open” and blocked the N-terminus with four tandem glycines (see below). The 

impressive inhibitory capability of mupain-1-16-IG 2 to muPA (Ki values in pM level) paves a path 

for later in vivo studies.  
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Paper IV: Design of High-affinity and Specific Serine Protease 

Inhibitors Based on a Versatile Peptide Scaffold 

Xu, P., Xu, M., Jiang, L., Yang, Q., Luo, Z., Dauter, Z., Huang, M., and Andreasen, P.A. (2015), 
submitted.  

I designed and performed most of the work that is described in this manuscript. The X-ray 

crystallographic result was performed by our collaborators in Fujian Institute of Research on 

Structure of Matter, Fuzhou, China. 

General discussion 

Mupain-1, as mentioned above, is a specific muPA inhibitor, which inhibits muPA with a Ki 

value of 0.55 μM, but shows no measurable inhibition (Ki > 1000 μM) of many other serine 

proteases, including plasma kallikrein (PK). Substituting the P1 residue (Arg 6) of mupain-1 with 

the non-natural amino acid L-3-(N-amidino-4-piperidyl)alanine (Compound 16) converts 

mupain-1 to mupain-1-16, which has a 10-fold better affinity to muPA. However, the 

improvement of affinity to muPA is also accompanied with loss of specificity, because in contrast 

to mupain-1, mupain-1-16 inhibits human and murine plasma kallikrein (hPK and mPK) with the 

Ki value in μM range. The serine proteases in the trypsin clan have an identical catalytic domain. 

In addition, as mentioned above, we have acquired the crystal structure of mupain-1-16 in 

complex with huPA H99Y. We assumed the backbone of mupain-1-16 had an identical or very 

similar conformation when binding to hPK and huPA H99Y. By comparing the differences in the 

peptide binding regions of hPK and huPA H99Y, we performed a structure-based rational design in 

order to generate high-affinity and high-specificity inhibitors of hPK. 

Our previous study indicated that although S1-P1 interaction plays the most important role 

in the binding of uPA and mupain-1 variants, exo-site interactions also contribute critically. For 

instance, removing the interactions between Ser 5 of mupain-1 and Tyr 99 of muPA by mutating 

either Ser 5 or Tyr 99 to Ala leads to a more than 100-fold decrease in the binding of mupain-1 to 

muPA36,65. Furthermore, without the rest of the peptidic ring, neither Arg nor compound 16, on 
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their own, showed measurable affinity to muPA75, which means the non-P1 residues of mupain-1 

variants not only contribute to the binding but also hold a necessary scaffold for the P1 residue. 

In this work, by reengineering the exo-site interactions of mupain-1 and hPK, we generated three 

peptidic inhibitors for PK and termed them as pkalin-1 (CPARF[16]ALFC), pkalin-2 (CPKRF[16]ALFC) 

and pkalin-3 (CPARF[16]ALWC).  

The three PK inhibitors showed remarkable affinity to human and murine PK (Ki values in 

low nM range), but showed negligible affinity to the other serine proteases tested. Then, we 

cloned and expressed the recombinant catalytic domain of hPK in the Pichia pastoris system. 

Based on this clone, we used site-directed mutagenesis and X-ray crystallography to study the 

interactions of residues between peptides and hPK. Furthermore, we used surface plasmon 

resonance (SPR) analysis to study the kinetics of the binding of the peptides and hPK. Besides, we 

also certified that the PK inhibitors could not only inhibit the hPK activity in hydrolyzing the 

chromogenic substrates, but also inhibit the protein-protein interactions of hPK and its 

physiological substrates high molecular weight kininogen (HMWK) and the zymogen of uPA 

(pro-uPA).  
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Unpublished Work: Prolonging the activities of peptides in 

vivo by PEGylation 

 This is an unpublished work in progress.  

Background 

Together with previous work and the work described above, we so far have muPA inhibitors 

(mupain-1-16-IG 2, Ki = 0.19 nM) and hPK inhibitors (pkalins, Ki around 10 nM) with high affinity 

and specificity in our laboratory. Furthermore, according to our studies that mupain-1 is able to 

be a scaffold to generate peptidic inhibitors for other serine proteases, we are about to develop 

more and more peptides inhibiting different serine proteases. The peptides developed have 

shown remarkable biochemical activities in in vitro studies. But it is more important to evaluate 

the biological activities of peptides in vivo. However, for peptidic drugs in animal studies, there 

are several problems which need to be overcome: 1) peptidic drugs suffer the risk of proteolytic 

degradation by plasma proteases; 2) peptides with small molecular size are always quickly 

cleared through the renal filtration and has a very short circulating time. One strategy to solve 

these two problems is to attach the peptides with polyethylene glycol (PEG). Conjugation with 

PEG modifies many features of peptides: 1) PEG masks the surface of the peptides and prevent 

the approach of proteolytic enzymes; 2) PEG increases the molecular size of the peptides and 

reduces the renal ultrafiltration rate76. Finally, PEGylation may change the biodistribution of 

peptides in vivo. Thus, in this work, we coupled mupain-1-IG 2 with PEGs with different sizes and 

evaluated the maintenance of the peptide activity in vivo. 

Results and discussion 

Selection of the PEGylation sites 

Mupain-1-IG 2 has “open” N and C termini. So, we planned to conjugate the PEG to the N or 

the C terminus, rather than interrupting the residues binding to the enzyme. The structure of 
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mupain-1 in complex with huPA H99Y shows that the carboxyl group of the C-terminus is 

localised close to the interaction surface. So, coupling the large-sized PEG at this site will 

definitely be expected to impair the affinity (Figure 11). In contrast, the amino group of the 

N-terminus is lifted up and points away from the interaction surface. Besides, we also found out 

another mupain-1 derived hPK inhibitor, pkalin-2, has a Lys 3 instead of the Ala 3 of pkalin-1. 

Substituting the Ala 3 with the Lys 3 does not significantly affect the affinity to hPK. In the crystal 

structure of pkalin-2 in complex with hPK, the side chain of Lys 3 also stretches far away from the 

interaction surface (Figure 11). So, using Lys 3 to substitute the Ala 3 of the mupain-1 derived 

peptides could induce one more PEGylation site without severely interrupting the binding. 

Therefore, we planned to conjugate the PEG to the N-terminus or to the Lys 3 introduced into 

mupain-1-IG 2. 

 
Figure 11 a, The orientations of the N and C-terminus in the structure of mupain-1 in complex 
with huPA H99Y; b, Lys 3 of the pkalin-2 on the surface of hPK 

PEGylation and purification 

To form the covalent bond with mupain-1-IG 2, PEG used for conjugation is of an 

N-hydroxysuccinimide (NHS) ester modified on one site of the PEG chain. Molecules with the NHS 

ester are able to form amide bonds with the primary amino group under mild conditions (Figure 

12). The ratio of peptide to PEG is 2:1. After the reaction, the PEGylated peptides were purified 

with reverse phase chromatography (RPC). We tried the PEGs with different molecular weights (5, 

10, 20 and 30 kDa). Between the PEG and the peptide, we inserted several different linkers at the 

N-terminus of mupain-1-IG 2: 1) no linker, 2) 4 tandem glycines (G4), 3) 1 serine and 3 glycines 

(SG3), 4) the uPA-cleavable peptide EGR and 5) the introduced Lys 3.  

 

a b 
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Figure 12 The PEGylation of mupain-1-IG 2. 

 

Firstly, we coupled EGR linked mupain-1-IG 2 and the 5K-PEG. After coupling, two 

compositions were found in the chromatogram (Figure 13a), which were speculated to be the 

PEGylated peptide and the unbound peptide. The first fraction was assumed to be the unbound 

peptide because of the identical retention volume. After PEGylation, the peptide gets more 

hydrophobic and will be retained in the RPC for longer time. So, the second fraction is supposed 

to be the PEGylated peptide. The second fraction was collected and evaluated by MALDI-TOF 

mass spectrometry (MS) (Figure 13b). Compared to the PEG on its own, the molecular weight 

(M.W.) of the fraction 2 is about 1.4 kDa higher, which is exactly the M.W. of the EGR-mupain-1-IG 

2. Besides, nearly no uncoupled PEG can be found after purification. That means that our 

PEGylated peptide has a high purity.  

 
Figure 13 a, reverse phase chromatography (RPC) of the coupling solution (blue) comparing with the 
non-PEGylated peptide (red); b, MALDI-TOF mass spectrometry (MS) of the 5K-PEG (blue) and the 
peptide-bound 5K-PEG (red). 

 

Next, we used the same way to conjugate the 4 glycines extended mupain-1-IG 2 

(G4-mupain-1-IG 2) and 5K, 10K, 20K and 30K PEGs. The RPC chromatography results show that 

the PEGylated peptides can be separated well from the non-PEGylated peptides. The higher M.W. 

PEGs make the peptide more hydrophobic and the retention volumes of the PEGylated peptides 

become larger. In addition, the larger PEGs bring about severe steric clash preventing the 

approach of the peptide. The ratios of PEGylated peptide to non-PEGylated peptide become 
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lower.  
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Figure 14 RPC chromatography of 5K (red), 10K (blue), 20K (green) and 30K (dark yellow) PEGylated 
G4-mupain-1-IG 2.  

Inhibitory activities of the PEGylated peptides 

With the above mentioned method, we synthesized and purified PEGylated peptides with 

different linkers. Afterwards, we measured the Ki values of all the PEGylated peptides to muPA 

with chromogenic assays and evaluated the influences of the linkers on the PEGylated peptides’ 

Ki values (Table 4).  

Table 4 The effects of different linkers and different PEG on the inhibitory capability of mupain-1-IG 2 

Linkers 
Ki values (nM) 

non-PEGylated 5K 10K 20K 30K 

no-linker 3.02 ± 1.31 (3) n.d. n.d. 57 ± 11 (3) 68.2 ± 15.0 (3) 

GGGG 2.82 ± 0.11 (3) 4.13 ± 0.08 (3) 5.68 ± 0.25 (3) 4.99 ± 0.20 (3) 4.47 ± 0.46 (3) 

SGGG 4.12 ± 0.79 (3) n.d. n.d. 12.9 ± 2.14 (3) n.d. 

Lys 3* 5.88 ± 0.66 (3) n.d. n.d. 13.3 ± 2.34 (3) n.d. 

EGR 20.1 ± 0.82 (3) 33.0 ± 0.89 (3) 40.6 ± 2.69 (3) 51.8 ± 4.84 (3) 55.8 ± 4.84 (3) 

*Lys 3 : Ac-CPK[PEG]YSRYIGC-COOH 

When the PEGs was conjugated to the N-terminus of mupain-1-IG 2 (no-linker), the affinity 

to muPA was significantly decreased by 20-fold, which could be explained by the big PEG group 

being too close to the peptide ring and preventing the peptide from folding to the appropriate 

inhibitory conformation. Besides, PEG has difficulty in approaching the N-terminus because of 

the rigidity of the peptide ring during the conjugation. The yields of the PEGylated peptides 
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without any linkers were quite low. Using the EGR as linker, the affinity of the non-PEGylated 

peptide was already decreased to 20 nM, and with PEGylation, the affinity decreased even more, 

although not as significantly as with the no-linker peptide. Using SGGG as linker and conjugating 

to the introduced Lys 3 resulted in identical results. The best linker in our study is the 4 tandem 

glycines (GGGG, G4). Extension of 4 glycines at the N-terminus of mupain-1-IG 2 completely 

maintained the affinity to muPA. Moreover, even conjugated with the 30K PEG, the affinity is still 

largely retained.  

PEGylation improves the stability of the peptides in plasma 

As mentioned above, PEG is expected to be able to protect the peptides and proteins from 

being degraded by various proteases in plasma. Here, we determined the stability of the 

PEGylated peptides in murine plasma. In this study, we incubated PEGylated mupain-1-IG 2 with 

EGR as the linker in murine plasma for 0, 2, 8 and 24 h and measured the inhibition in muPA in 

the presence of 1% plasma (Figure 15).  

 
Figure 15 Inhibition of the PEGylated peptides after incubation with murine plasma. The x-axes show 
the concentrations of PEGylated or non-PEGylated peptides before incubated with murine plasma. 
The decreased inhibition indicates the degradation of peptides. 
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Non-PEGylated peptide significantly lost inhibitory capacity to muPA after incubation with 

murine plasma for 24 h, in all likelihood due to degradation of peptide. For the PEGylated 

peptides, the affinity was maintained well with incubation in plasma, except 20K-PEGylated 

peptide, which shows a slight decrease of the inhibitory capacity even after 2 h. Thus, generally 

speaking, PEGylation improves the stability of peptides in the plasma.  

PEGylation maintains the activities of peptides in vivo 

The main reason for PEGylating the mupain-1-derived peptides is to reduce the renal 

ultrafiltration and prolong the inhibitory activity in vivo. In this study, we tested the maintenance 

of activity of the PEGylated peptides in the circulatory system of NMRI wt mice (Figure 16). Firstly, 

we drew the blood from the mice at the time point of 0, 2, 5, 10 and 20 min after injection of the 

non-PEGylated peptides with the linker of 4 glycines (G4). The result shows that the inhibitory 

activity of non-PEGylated peptides is completely lost within 10 min. For the different PEGylated 

peptides studied here, the inhibitory activity was prolonged to hours. Especially for the 30K 

PEGylated peptide with G4 as the liner, the obvious inhibition was still observed after 24 h in 

vessel of the mice. However, these experiments in wild type mice have just been finished once. 

But our study clearly suggests a remarkable prolongation for the inhibitory activity of PEGylated 

peptides in animal circulation system.  
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Figure 16 Inhibitory capabilities of PEGylated peptides after injected into wt mice during different time 
points. 

To summarize, in order to pave a road for evaluating the activity of the peptides in vivo, we 

attached the different size of PEG to the N-terminus mupain-1-IG 2 to prevent degradation in 
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plasma and clearance of renal ultrafiltration. We found out that by using 4 tandem glycines as the 

crosslinker to conjugate the PEG and mupain-1-IG 2, we were able to retain most of the activity 

to the muPA. So, it will be reasonable to speculate that the PEGylated mupain-1-16-IG 2, the best 

muPA inhibitor in our laboratory (Ki = 0.19 nM), is able to inhibit muPA with high affinity, as the Ki 

values for the non-PEGylated peptide is in sub-nanomolar level. Moreover, , we might apply this 

strategy to all the peptidic inhibitors of serine proteases derived from mupain-1 in animal studies. 
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General Discussion and Perspective 

Monocyclic and bicyclic peptidic uPA inhibitors 

In this Ph.D. thesis, we endeavored in generating high-affinity and high-specificity peptidic 

inhibitors of murine urokinase-type plasminogen activator (muPA) based on previous results from 

this laboratory. The disulfide-bridge constrained mono-cyclic peptide, mupain-1 

(Ac-CPAYSRYLDC-amide), was originally isolated from a phage-display library. Mupain-1 inhibits 

muPA with a Ki value of 0.55 μM, but does not show any measurable inhibition of the other 

serine proteases tested36. After affinity maturation, we generated the most potent mupain-1 

derived muPA inhibitor, mupain-1-16-IG 2 (NH2-CPAYS[16]YIGC-COOH), with a Ki value of 190 pM, 

which is a more than 2500-fold better inhibitor than the original mupain-1. To our knowledge, 

mupain-1 derivatives are the only reported peptidic inhibitors specific for muPA. In addition, for 

all the small molecular inhibitors of uPA in different species, mupain-1-16-IG 2 has the highest 

affinity, and an affinity which is comparable to that of monoclonal antibodies77. 

  
Figure 17 Chemical structures of peptidic inhibitors of uPAs, mupain-1 and UK-1873. 

The only uPA inhibitor which has entered into clinical trial, Mesupron (WX-671), inhibits 

human uPA with the Ki value of 0.65 μM78. However, Mesupron has a very poor specificity, 

because it also showed very close Ki values for the inhibition of other serine proteases, like 
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plasmin (1.46 μM), thrombin (0.50 μM), Factor Xa (0.98 μM), tPA (2.51 μM) and matriptase (0.37 

μM)78. Sturzebecher and his colleagues synthesized a series of tripeptides and found the most 

potent peptide, CJ-463 (benzylsulfonyl-D-Ser-Ser-4-amidinobenzylamide), inhibited huPA with 

the Ki value of 20 nM79. However, CJ-463 also showed overt inhibition to plasmin, plasma 

kallikrein and trypsin, with Ki values in sub-micromole range. As described above, the reason that 

small molecular inhibitors always lack sufficient specificity is because they just target the active 

site of uPA, which has high similarity to the active sites of other serine proteases in the same 

family. Our group also reported a highly specific mono-cyclic human uPA inhibitor35, upain-1 

(Ac-CSWRGLENHRMC-amide), but with a Ki value of only 35 μM, which might not be sufficient for 

therapeutics. Heinis et al. developed a bicyclic peptidic inhibitor (UK-18) for huPA with a Ki value 

of 53 nM, which could be the most potent peptidic inhibitor of huPA, so far. Although mupain-1 

does not have any measurable affinity (Ki > 1000 μM) to huPA, mupain-1 can potentially be 

reengineered to huPA inhibitor according to our work. Besides, some of the mupain-1 derived 

peptides showed the Ki values for inhibition of huPA in the sub-micromolar range, like 

mupain-1-16-IG (Ac-CPAYS[16]YIGC-amide, Ki = 0.55 μM). Here, we compare the two most potent 

peptidic inhibitors of uPAs, mupain-1 and UK-18, to illustrate the difference in the inhibitory 

mechanism between the monocyclic and bicyclic peptides.  

Table 5 mupain-1 and UK-18 

Name Sequence P1 P1’ Distance to Ser 195 

mupain-1 CPAYSRYLDC (10-mer) Arg 6 Tyr 7 3.45 Å 

UK-18 ACSRYEVDCRGRGSACG (17-mer) Arg 12 Gly 13 6.87 Å 

Mupain-1 is cyclized through the disulfide bond between Cys 1 and Cys 10, while UK-18 is 

cyclized by three cystines with a small organic linker (Figure 17). In the crystal structures, both 

mupain-1 and UK-18 dock into the catalytic cleft of uPA, and the P1 residues of Arg 6 and Arg 12 

insert into the S1 pocket of uPA. As described before, mupain-1 binds to huPA H99Y in a 

clockwise substrate-like conformation (Figure 18B), while the inhibitory conformation of UK-18 is 

in a reversed anticlockwise trend (Figure 18A). The P1’ residue extends not to the S1’ pocket but 

to the S2 pocket. This highly constrained conformation makes UK-18 uncleavable by uPA.  
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Figure 18 A, UK-18 (PDB code: 3QN7) is a reversed conformation compared to mupain-1 when binding 
to uPA. B, the overview crystal structure of mupain-1 and UK-18 in complexes with uPA.  

Even with 7 residues fewer, mupain-1 (725 Å2) forms the area of interaction with as large as 

the area formed by UK-18 (701 Å2). This could be explained by the fact that the UK-18 is in a 

more constrained formation, the backbone of the first ring of UK-18 is lifted up over the 

interaction surface. However, mupain-1 is flexible, stretched out on the uPA surface with its 

residues closer to the enzyme. Although having the same interaction area, mupain-1 and UK-18 

binds to different regions of uPA (Figure 19). Both of mupain-1 and UK-18 block the most import 

regions for proteolytic cleavage, the S1, S1’ and S2 pockets. The binding regions of the two 

peptides differ mostly in the solvent exposed loops: mupain-1 extends to the 170-loop and 

216-loop, while UK-18 stretches to the opposite direction and interacts with 37-loop and 60-loop. 

So, compared to UK-18, even if mupain-1 is smaller, it forms the same area of interaction surface. 

And because of the high flexibility, the interactions of uPA, even other serine proteases, can be 

re-engineered. The flexibility of mupain-1 provides the possibility to rearrange the sequence of 

the peptide to adapt the different enzyme surfaces, but the rigid backbone of UK-18 can hardly 

fit the surfaces of other enzymes. Thus, UK-18 could not be used as the scaffold for designing 

inhibitors of other serine proteases like mupain-1 could.  
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Figure 19 The interaction surface formed by mupain-1 (cyan) and UK-18 (magenta). The overlap of 
these two peptides is colored in orange.  

 Another bicyclic peptide inhibitor of human uPA was screened in Heinis’s laboratory with a 

different phage-display library64. UK-504 was cyclized by two disulfide bonds (Figure 20). 

Interestingly, UK-504 and upain-1, the two peptides selected from two different phage-display 

libraries, have a high similarity in the sequence. They have 60% (for upain-1) and 67% (for UK-504) 

similarity in the sequence except the cystines. And the same residues locate in the P’ residues. 

Even more surprisingly, the crystal structures of upain-1 and UK-504 in complexes with human 

uPA64,80 show the common sequences have identical conformation, not only the backbones but 

also the side chains.  

 

Figure 10 Two cyclic peptides upain-1 and UK-504 screened from two individual phage display libraries 
have high similarity in the sequence and conformation. 
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Mupain-1 derived peptides as the inhibitors of serine proteases 

To develop novel inhibitors with high affinity and specificity for serine proteases, much work 

has been reported, on small-molecule compounds, small peptides, recombinant proteinaceous 

inhibitors and monoclonal antibodies. Structure-based design of inhibitors are always based on 

modification of available scaffolds and highly dependent on the precise details of the binding 

mechanism.  

In our studies, we firstly used two non-natural amino acids, compound 12 and 16, to 

substitute the P1 residues of mupain-1, and obtained two peptidic muPA inhibitors with higher 

affinity, mupain-1-12 and mupain-1-16. Next, we generated the IG-peptides by mutating the Leu 

8 and Asp 9 to Ile and Gly, respectively. The IG-peptides showed remarkably improved affinity to 

muPA and largely keep their high specificity. The mupain-1-12-IG and mupain-1-16-IG also show 

relatively high affinity to wild type huPA, with Ki values in the sub-micromolar range (0.56 and 

0.53 μM). While because of the comparable affinity of mupain-1-16-IG to hPK (Ki 0.59 μM), 

mupain-1-12-IG can be used as the template for generating huPA inhibitors. Furthermore, our 

reengineering of the inter-proteases exo-site interactions converted mupain-1-16 to high specific 

plasma kallikrein (PK) inhibitors, pkalins. All of the above inhibitors for no matter uPA or PK are 

derived based on the sequence of mupain-1 (CPAYSRYLDC). One could rationally speculate that 

peptidic inhibitors for different serine proteases could be generated based on the scaffold of 

mupain-1. Fortunately, our collaborators in China determined the crystallographic structures of 

both mupain-1-16 in complex with huPA H99Y and pkalin-3 in complex with hPK. Here, we use 

the retargeting of the muPA inhibitor to hPK inhibitors as the example to illustrate the principle of 

generating peptidic inhibitors for serine proteases based on mupain-1.  

Table 6 SPR analysis of mupain-1, mupain-1-16 and pkalin-3 binding to hPK 

Protease Peptide 
konx 10-5 
(M-1s-1) 

koff x 102 (s-1) KD (nM) ΔG (kJ/mol) 

hPK 

mupain-1 No measurable binding >106 > -17.1 

mupain-1-16 Could not be fitted 737±86 (3) -35.0 

pkalin-3 102±23 (3) 2.88±0.22 (3) 3.04±0.86 (3) -48.6 
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From mupain-1 to pkalin-3, the retargeting procedure can largely be divided into two steps: 

reengineering of 1) the S1-P1 interaction and 2) the exo-site interactions. In the first step, from 

mupain-1 to mupain-1-16, the binding energy (ΔG) of peptide-hPK had a favorable change of 

more than -17.9 kJ/mol. In the second step, from mupain-1-16 to pkalin-3, the binding energy 

change was -13.6 kJ/mol. Therefore, compared to the exo-site interactions, the P1-S1 interaction 

is energetically more important for the peptide binding. However, the replacement of the P1 

residue (Arg 6) of mupain-1 with 16 indiscriminately improves the peptides’ affinity to many 

serine proteases. The crystal structures show the N-amidino-4-piperidyl side chains the P1 

residue of pkalin-3 and mupain-1-16 stretch identically into the homologous S1 pockets of huPA 

H99Y and hPK, respectively. We also previously reported that Arg, 12 and 16 bind almost 

identically in the S1 pocket of huPA-H99Y when used as the P1 residue of mupain-165. So, the 

unchanged S1-P1 interaction is critical for the affinity but does not allow specificity within 

enzymes in the same families. In contrast, mupain-1 binding to huPA H99Y differs from pkalin-3 

binding to hPK largely in the exo-site interactions. The more diverse exo-site regions of different 

proteases are more feasible for engineering the specificities of inhibitors. By reengineering the 

exo-site interactions, from mupain-1-16 to pkalin-3, the affinity to muPA was completely deprived, 

while the affinity to hPK was improved 100-fold.  

Mupain-1 derived peptides have only 10 amino acids. In both structures, the surface of 

interactions with proteases is mostly composed by residues 4-9. In contrast, residues 1-3 and 10, 

which are lifted up over the surface, form very few interactions with the proteases (Figure 21). 

Therefore, we define residues 1-3 and 10 as the solvent-exposed residues, while residues 4-9 are 

defined as the enzyme-binding residues.  
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Figure 21 The interaction surface formed by residues 4-9 (yellow surface) is much larger than the 
interaction surface formed by residues 1-3 and 10 (blue surface) in the crystal structures of 
mupain-1-16 in complex with huPA H99Y (a) and pkalin-3 in complex with hPK (b), the residues of 
proteases that interact with either residues 4-9 and residues 10-3 are colored green. 

 

Although the solvent-exposed residues are not involved in binding directly, they are 

indispensable. The critical importance of Cys1 and Cys10 has been certified in our previous work: 

The linear peptide is inactive. Pro2 is also critical for restricting the necessary folding of the 

peptide, as the Pro of mupain-1 cannot be substituted with Ala without strongly affecting the 

affinity. The disulfide bond and Pro2, together with the two tight β-turns, restrict the basic 

folding of the inhibitory conformation. The versatility of the mupain-1 scaffold, as demonstrated 

here, may have to do with the ability of the main chain to change conformation and thus 

accommodate varying distances and binding strengths between of polar and non-polar 

interactions between peptide and enzyme.  

 

Figure 22 Left panel: backbone conformations of mupain-1-16 bound to muPA and of pkalin-3 bound 
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to hPK. The conformation of peptide backbones is retained by the two tight β-turns (dashed lines). 
The backbones and P1 residue are shown in sticks. Right panel: Enzyme-binding residues of 
mupain-1-16 (a) and pkalin-3 (b) docking on the surface of the relevant enzymes. 

The enzyme-binding residues of the peptides are critical for specificity for a certain protease. 

Different enzyme-binding residues of the peptides principally interact with equivalent regions of 

the different enzymes (Figure 22): Residues 6 (P1), 5 (P2) and 4 (P3) bind to the enzymes in the S1, 

S2 and S3 pockets, respectively; the side chains of residues 8 (P2’) and 9 (P3’) lie on the β-sheet 

48 in S2’ pocket and 37-loop in S3’ pocket, respectively. Reengineering these residues is likely to 

change the specificity. Pkalin-3 differs from mupain-1 with respect to these enzyme-binding 

residues, while these residues interact with the same regions of each of the two enzymes (Figure 

22), except the Tyr7 of mupain-1-16, which inserts into the S3’ pocket of muPA, rather than the 

shallow S1’ pocket because of the long and rigid side chain. So, it is reasonable to speculate that 

peptides derived from mupain-1 form a similar conformation when binding to different serine 

proteases, enabling development of peptidic inhibitors for other serine proteases with mupain-1 

as a scaffold. Summarized from the crystallographic studies on mupain-1-16 and pkalins, 

designing inhibitors for other proteases should be focused on the changes of the 

protease-binding residues.  

 
Figure 23 Mupain-1 as a versatile scaffold for design of serine protease inhibitors. Interactions of the 
key residues of the peptides with bthe catalytic domain of serine proteases. The small 10-mer cyclic 
peptide (mupain-1) can be a useful scaffold to target different proteases. The residue interactions of 
mupain-1 derived peptides on the surface of serine proteases are modeled: Protease-binding residues 
and solvent-exposed residues are shown in blue and orange, respectively. 
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Strategies for Design of mupain-1 derived serine protease inhibitors 

Structure-based rational design 

A strategy is suggested as follow: Like illustrated in the conversion of mupain-1 to PK 

inhibitors, each enzyme-binding residue should be selected considering the properties of the 

interacting residues of the enzyme. Factors to consider would be to establish polar and non-polar 

interactions and to avoid steric clashes. For residue 7 (P1’), small and flexible residues are 

recommended in order to avoid steric clashes because most proteases have a shallow S1’ pocket. 

Tyr7 of mupain-1 is a special case for the side chain inserting into the S3’ pocket. A caveat is that 

this proposal builds on the assumption that the conformation of the enzyme is static, as indicated 

by the crystal structures, but in solution, the enzymes are in a dynamic state, in which some 

regions may be highly mobile, like the surface exposed 37-loop. This fact, obviously, introduces 

some unpredictability into the re-engineering process.  

Screen from the back-flip library 

The back-flip library for screening the IG-peptides is also available for screening inhibitors of 

other serine proteases. The strategy is to express the fusion protein of the target serine protease 

and the randomized peptides. In this case, the protease and the peptide should be connected by 

a linker (like the two TEV sites) with an appropriate length to enable the peptide reach the active 

site of serine proteases. The yeast expression systems (Pichia pastoris and Saccharomyces 

cerevisiae) are preferred because (1) the fusion protein can be extracellular secreted into the 

medium because of the secretory signal in the vector, which simplifies the purification and 

facilitates the high-throughput screening; 2) the individual clones can be isolated in selection 

plates. The clones of each fusion protein will be expressed in titer plates. The proteolytic activity 

of each fusion protein will be determined with chromogenic assay. The plasmids from cells giving 

positive results (low activity) will be isolated and treated with TEV protease. Large increase in the 

proteolytic activity following the cleavage indicates the high affinity of the peptide. The promising 

clones will be sequenced, and the peptides will be chemically synthesized. The inhibition and 

specificity of the synthesized peptides will sequentially be evaluated.  
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As illustrated above, the solvent-exposed residues should be conserved. The randomization 

should be focused in the enzyme-binding residues. As the most commonly used natural P1 

residue, Arg 6 is also unchangeable. So, the mupain-1 derived peptide should randomized as 

CPAXXRXXXC (X indicates the random amino acids except cystine and proline). However, this will 

lead to more than 1.8 million combinations. To rationally reduce the workload of screening large 

amount of clones, the residues will be randomized step by step in 3 rounds. Residues 8 and 9 will 

be randomized firstly (CPAYSRYXXC, X indicates any amino acids except the Cys or Pro). 

Afterwards, residue 7 will be randomized and screened (CPAYSRXZZY, Z indicates the selected 

residue 8 and 9 from the last round). Last, residues 4 and 5 will be mutated and screened in the 

same way (CPAXXRZZZC).  

Screen from the phage-display library 

Another strategy in this project is to screen the peptidic antagonists of serine proteases 

from a phage-displayed library constructed by randomizing the protease-binding residues of 

mupain-1 (CPAXXRXXXC) in the same way mentioned above. The phagemids will be constructed 

by inserting the DNA of the randomized mupain-1 into a fusion-phage vector called fUSE581. After 

the M13 phages assemble in the phagemid-transfected E.coli culture, the peptides will be 

expressed on pIII protein on the F pilus of M13 phages. The specifically randomized mupain-1 

derived peptides are displayed in this phage-display library. With the bait of the target serine 

protease, around 100 clones will be picked out and evaluated by ELISA after 5-6 rounds screen. 

The binding of the displayed library could be evaluated by ELISA. The positive clones will be 

sequenced and are expected to be concentrated in a few sequences. The promising peptides will 

be expressed together with the D1 and D2 domains of pIII protein with the PET-20b(+) vector in 

E.coli expression system. The peptides will also be chemically synthesized, and the inhibition and 

specificity will be evaluated.  

Peptidic inhibitors of Factor XIa 

In this thesis, we engineered a high-affinity and specific inhibitor of plasma kallikrein 

(PK),with a Ki value around 10 nM, by using mupain-1 as the scaffold. A previously reported 
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peptidic scaffold is the sunflower trypsin inhibitor-1 (SFTI-1), a bicyclic peptide which was 

originally extracted from the seeds of sunflower and found to be a potent inhibitor of trypsin82. 

By changing its sequence, truncating and modifying with artificial amino acids, SFTI-1 was 

remolded to inhibitors of other serine proteases, including matriptase54,83 and glandular kallikrein 

7 (KLK7)84. The basic hypothesis of reengineering mupain-1 to other inhibitor is that mupain-1 

forms similar conformations on the surface of different serine proteases. And that has been 

proved as mupain-1 and pkalin-3 have a very similar backbone conformation on the surface of 

uPA and PK. SFTI-1 also inhibits matriptase and trypsin with exactly the same conformation82,85. 

Compared to the 13-mer bicyclic SFTI-1, 10-mer monocyclic mupain-1 is definitely easy to be 

chemically synthesized.  

With substituting the P1 Arg 6 of mupain-1 with the non-natural arginine analogue 

Compound 16, the affinity of the peptide to Factor XIa increased to with a Ki value in μM range. 

Because of the important role in thrombi formation, Factor XIa can probably be used as a safe 

target for thrombosis therapy86-88. With our collaborators in China, we have initiated a project to 

generate specific peptidic inhibitors of Factor XIa based on mupain-1-16. With the small library 

established when we engineered PK inhibitors, we were able to identify the optimized residues 

for Factor XIa inhibitors. By combining these residues, we have isolated several sequences. After 

chemical synthesis, we evaluated the inhibitory capability of these peptides. One of the 

sequences (CPAYS[16]ALWC) showed a Ki value for Factor XIa of 62 nM. Interestingly, this 

sequence is of the same P2 and P3 residues of the muPA inhibitor, mupain-1-16, and of the same 

P1’ and P3’ residues of the PK inhibitor, pkalin-3. However, the specificity of this peptide is not 

sufficient, because it also inhibits PK with the Ki value comparable to the Ki value for inhibition of 

Factor XIa. In order to be able to reduce the affinity to PK and enhance the specificity, our 

collaborators in China have crystallized this peptide in complex with the catalytic domain of 

Factor XIa. Based on this sequence and the crystal structure, we are now trying to improve the 

affinity and specificity to Factor XIa.  

Human uPA inhibitor based on mupain-1-12-IG 

In addition to the Factor XIa inhibitor, we also plan to reengineer mupain-1 to high-affinity 



46 
 

and specific inhibitor of wild-type human uPA (huPA wt). Mupain-1-12-IG (CPAYS[12]YIGC) is 

already a promising inhibitor of huPA wt with the Ki value of 0.55 μM, which is an inhibitor much 

better than upain-1 (Ki of upain-1: 35 μM), a monocyclic peptidic inhibitor of huPA isolated from 

the same phage-display library as mupain-1, but with huPA wt as the bait35. Furthermore, 

mupain-1-12-IG is specific for uPA because it shows 500-fold lower affinity to hPK and no 

measurable inhibition in other human serine proteases except trypsin.  

As mentioned above, huPA H99Y is a murinized huPA, which differs with huPA wt only in 

position 99 (His 99 in huPA, Tyr 99 in muPA). Mupain-1-12-IG showed a 50-fold better inhibition 

in huPA H99Y (Ki = 10 nM) than in huPA wt, which could be illustrated by the crystal structure 

discussed above. The Tyr 99 in huPA H99Y forms a hydrogen bond with Ser 5 of the peptide, while 

the His 99 in huPA wt does not extend far enough to reach Ser 5 of the peptide. The significance 

of the interaction between residue 99 in uPA and the P2 residue of the peptides has been fully 

testified through Ala-mutagenesis and murinization of human uPA. Yet, there is no such binding 

for human huPA wt and mupain-1 variants with a Ser 5 as P2 residue.  

In order to establish binding between the residue 5 of the peptides and His 99 in huPA wt, 

we consider replacing the Ser 5 of mupain-1-12-IG with amino acids with longer side chains. We 

conjecture that the longer side chain of P2 residue would reach the imidazole moiety of His 99 in 

huPA wt. With this principle, we will try to generate inhibitors of huPA wt based on the scaffold of 

mupain-1.  

Evaluating the inhibition of tumor growth and metastasis by peptidic inhibitors of 

muPA in vivo 

As described before, uPA plays a crucial role in carcinogenesis and metastasis of tumor cells, 

including lung cancer. Ruppert and his colleagues developed a murine lung carcinoma model and 

evaluated the inhibitory capability of a tripeptide uPA inhibitor, CJ-463, in the uPA-induced tumor 

growth and metastasis in vivo.89 They injected murine Lewis lung carcinoma (LLC) cells into the 

right flank of C57Bl6/N mice, uPA knock out, and uPA receptor knockout mice, and treated the 

mice with saline (control group) and CJ-463 in different dosages. Finally, they found that mice 

treated with CJ-463 showed comparable tumor growth and metastasis to the uPAR knockout 



47 
 

mice. This work provides an excellent carcinoma model for evaluating the inhibitory activity of 

our muPA inhibitors. Peptide mupain-1-16-IG 2 (NH2-CPAYS[16]YIGC-COOH) is the most potent 

muPA inhibitor with the Ki value of 0.19 nM. As a muPA inhibitor with higher affinity and 

specificity compared to CJ-463 (Ki = 20 nM), mupain-1-16-IG 2 is expected to perform higher 

efficiency in inhibiting the tumor growth and metastasis in this model.  

Inhibitory activity of PK inhibitors in animal model 

Hereditary angioedema (HAE) results exclusively from a genetic deficiency of C-1 inhibitor, 

the physiological inhibitor of plasma kallikrein (PK). Considerable evidences have proved that 

over-production of bradykinin by aberrant activation of PK is the main contributor of the HAE 

attacks90,91. Inhibitors of PK, Ecallantide and its homologous precursor aprotinin, have been used 

for treating HAE in clinical trials92,93. C-1 inhibitor deficient mice have been constructed by 

Mulligan and his colleagues94. The vessel permeability is enhanced by the abnormally high 

activity of PK in C-1 inhibitor deficient mice. Mulligan et al. injected Evans Blue into the tail veins 

of wild-type and C-1 inhibitor deficient mice. After a few hours, wild-type mice just developed a 

slight blue coloration around nose and eyes. But for the C-1 inhibitor deficient mice, the blue 

coloration was observed clearly within a few minutes after the dye injection. C1-inhibitor 

deficient mice treated with Ecallantide showed much lower coloration compared to non-treated 

mice. This animal model can also be used to evaluate our peptidic inhibitors for PK peptides in 

vivo.  
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Materials and Methods 

 The experimental sections can be found in the individual manuscripts. The materials and 
methods for the unpublished work is described below.  

Determination of Ki values.  

The determination of Ki values of peptidic inhibitors to serine proteases were as described in 

the manuscripts. For determination of the Ki values of “open” N and C-termini mupain-1 variants 

and the PEGylated mupain-1-IG 2 for the inhibition of muPA, the final concentration of muPA was 

50 pM instead of the 2 nM described in manuscripts, because of the very low Ki values of these 

peptides. The concentration range of these peptides was 0.019-200 nM. The final substrate 

(S-2444) concentration was 500 μM.  

PEGylation of mupain-1-IG 2 

The mPEG-NHS and peptide were dissolved in 50 mM phosphate buffer pH 7.4 (PB7.4) with 

a molar ratio of 1:2 and stirred for 3.5 h at room temperature. The PEGylated and non-PEGylated 

peptides were isolated by reverse-phase chromatography (ÄKTA Protein Purification System, 

μRPC C2/C18 ST 4.6/100, GE Health). The PEGylated peptides were characterized with Mass 

Spectrum (Autoflexo MALDI-TOF MS, Bruker). 

Stability of the PEGylated peptides in murine plasma 

PEGylated peptides (final concentration: 200 μM) were incubated with murine plasma (75%) 

for different time points (0, 2, 4 and 24 h). The inhibitory capability of each sample was diluted 

for 100-fold (final concentration: 2 μM for peptide and 0.75% for plasma) and determined by 

chromogenic assays as described before.  

The circulation of PEGylated peptides in vivo 

PEGylated and non-PEGylated peptides (1 mM) were injected into the tail of NMRI mice 
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through intravenous injection. 30 μl of blood was drawn out each time point after injection and 

kept in 1.5 ml Eppendorf tubes with anticoagulant. For the non-PEGylated peptide, the time 

points are (0, 2, 5, 10 and 20 min), while for the PEGylated peptides, the time points are (0, 0.5, 4 

and 24 h). The blood samples were centrifuged with 1500 rpm for 15 min in order to get rid of 

the hemocytes. The samples then diluted for 200-fold and measured the inhibitory capability 

with chromogenic assays.  
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Abstract

Peptides are attracting increasing interest as protease inhibitors. Here, we

demonstrate a new inhibitory mechanism and a new type of exosite interactions for

a phage-displayed peptide library-derived competitive inhibitor, mupain-1

(CPAYSRYLDC), of the serine protease murine urokinase-type plasminogen

activator (uPA). We used X-ray crystal structure analysis, site-directed

mutagenesis, liquid state NMR, surface plasmon resonance analysis, and

isothermal titration calorimetry and wild type and engineered variants of murine and

human uPA. We demonstrate that Arg6 inserts into the S1 specificity pocket, its

carbonyl group aligning improperly relative to Ser195 and the oxyanion hole,

explaining why the peptide is an inhibitor rather than a substrate. Substitution of the

P1 Arg with novel unnatural Arg analogues with aliphatic or aromatic ring structures

led to an increased affinity, depending on changes in both P1 - S1 and exosite

interactions. Site-directed mutagenesis showed that exosite interactions, while still

supporting high affinity binding, differed substantially between different uPA

variants. Surprisingly, high affinity binding was facilitated by Ala-substitution of Asp9

of the peptide, in spite of a less favorable binding entropy and loss of a polar

interaction. We conclude that increased flexibility of the peptide allows more

favorable exosite interactions, which, in combination with the use of novel Arg

analogues as P1 residues, can be used to manipulate the affinity and specificity of
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this peptidic inhibitor, a concept different from conventional attempts at improving

inhibitor affinity by reducing the entropic burden.

Introduction

Peptides are of considerable interest as drug candidates. Peptides binding to

specific protein targets can be selected from phage-displayed peptide libraries with

a diversity of up to 106 different sequences. The primary structure of the peptides

in the libraries can be modified by introduction of disulfide bonds [1] or by

chemical cross-linking [2]. Peptides directly selected from phage-displayed

peptide libraries usually bind their targets with KD values in the mM range, but the

affinities can be improved by construction of focused libraries or chemical

modification, like introduction of unnatural amino acids. Peptides have

predictable absorption, distribution, metabolism, and excretion properties, can be

delivered in vivo by new formulation methods, and stabilized against proteolytic

degradation by various means [3].

Serine proteases of the trypsin family (clan SA) have many physiological and

pathophysiological functions [4–6]. There is therefore extensive interest in

generating specific inhibitors for pharmacological intervention with their

enzymatic activity. Moreover, serine proteases are classical subjects for studies of

catalytic and inhibitory mechanisms [7]. One interesting member of the trypsin

family of serine proteases is urokinase-type plasminogen activator (uPA), which

catalyses the conversion of the zymogen plasminogen into the active protease

plasmin through cleavage of plasminogen’s Arg15–Val16 bond (using the

chymotrypsin numbering [8]). Plasmin generated by uPA participates in the

turnover of extracellular matrix proteins in physiological and pathophysiological

tissue remodeling [9, 10]. Abnormal expression of uPA is responsible for tissue

damage in several pathological conditions, including rheumatoid arthritis, allergic

vasculitis, and xeroderma pigmentosum, and in particular, is a key factor for the

invasive capacity of malignant tumors [11]. uPA is therefore a potential

therapeutic target.

From a phage-displayed peptide library, we previously isolated a serum-stable,

disulfide bond-constrained peptide, CPAYSRYLDC, termed mupain-1, which

competitively inhibits murine uPA (muPA). As based on site-directed mutagen-

esis, mupain-1 gains high specificity for its target by having an extended

interaction surface with the target protease, involving a number of exosite

interactions. Its affinity for the target is moderate, the Ki value for inhibition of

muPA being around 0.5 mM [12]. Substituting the P1 Arg residue with different

non-natural amino acids in a mupain-1 background improved the affinity. Two

variants of mupain-1, with the unnatural amino acids L-4-guanidino-phenyla-

lanine or L-3-(N-amidino-4-piperidyl)alanine (Fig. 1) as P1 residues instead of

the original Arg, have a 2- to 10-fold improved affinities [13].
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In this study, we aimed at understanding the inhibitory mechanism and

binding mechanism of mupain-1 and its derivatives. Why are these peptides

protease inhibitors and not protease substrates? Which are the molecular events

during the binding of peptides to serine proteases? Why do P1 substitutions

increase the affinity? Is the specificity of the peptides among different serine

proteases determined by the fit of the P1 residue into the specificity pocket, the

exosite interactions, or the solution structures?

To answer these questions, we used X-ray crystal structure analysis, site-

directed mutagenesis, surface plasmon resonance (SPR), isothermal titration

calorimetry (ITC), and NMR spectroscopy to study the interaction of mupain-1

and derivatives with recombinant wild type (wt) muPA and engineered variants of

muPA and human uPA (huPA). Several recent papers on peptidic protease

inhibitors describe how binding affinity can be increased by a more favorable

binding entropy following introduction of a more rigid peptide structure by

bicyclisation [2, 14, 15]. Here, we go in another direction and show how increased

flexibility can lead to an increased affinity.

Materials and Methods

Peptides

Chemicals for peptide synthesis were purchased from Sigma-Aldrich, Iris Biotech

GmbH, or Rapp Polymere GmbH, and used without further purification. Fmoc-

L-4-guanidino-phenylalanine(N, N9-di-Boc)-OH and Fmoc-L-Ala-4-

piperidyl(Alloc)-OH were commercially available. Analytical HPLC was per-

formed on a Dionex UltiMate 3000, using a Phenomenex Gemini 110 Å C18

column (3 mm, 4.6650 mm) with a flow rate of 1.0 ml per min and a linear

gradient going from 95% H2O, 5% acetonitrile with 0.1% HCOOH to 100%

acetonitrile with 0.1% HCOOH over 10 min. Preparative HPLC was performed

using a Dionex UltiMate 3000, equipped with a Phenomenex Gemini-NX C18

110 Å column, running at a flow rate of 10.0 ml/min and a linear gradient going

from 95% H2O/5% acetonitrile with 0.1% TFA to 100% acetonitrile with 0.1%

TFA over 30 min. High resolution mass spectra were obtained on a Micromass

Fig. 1. The structures of the P1 amino acids being studied here.

doi:10.1371/journal.pone.0115872.g001
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LCT high resolution time-of-flight instrument by direct injection. Ionization was

performed in positive electrospray mode.

Solid-phase peptide synthesis was performed using Na-Fmoc-protected amino

acids, a HBTU-HOBt activation protocol, and a Tentagel resin with Rink amide

linker (0.23 mmol/g); HBTU (3.8 eq.), HOBt-HOAt (4:1, 4 eq.), Fmoc-AA-OH (4

eq.), DIPEA (7.2 eq.) in NMP. Manual peptide synthesiswas performed with

preactivation for 5 min and single couplings for 90 min. Fmoc deprotections were

performed using piperidine/NMP (1:4) for 2+15 min.

Automated peptide synthesis was performed on a Biotage SyroWave. Standard

Fmoc-amino acids were coupled in parallel mode 120 min: Fmoc-AA-OH (s5.2

eq.), HBTU (5 eq.), HOBt/HOAt (4:1, 5 eq.), DIPEA (9.8 eq.). Arginine mimics

were coupled at 75 C̊ for 10 min: Fmoc-AA-OH (2 eq.), HBTU (1.9 eq.), HOBt/

HOAt (4:1, 2 eq.), DIPEA (3.6 eq.). Fmoc deprotections were performed using

piperidine/NMP (2:3) for 3 followed by piperidine/NMP (1:4) for 15 min.

Peptides with Alloc protected amino acids were deprotected to a free amine by

treating the fully protected and N-acetylated peptides with a mixture of Pd(PPh3)4

(0.05 eq.) and Me2NH?BH3 (0.2 eq.) in degassed CH2Cl2 (30 min) and washed

with NMP (5 x). The peptides were then treated with N, N’-di-Boc-1H-pyrazole-

1-carboxamidine (5 eq.) in NMP overnight. Following peptide assembly, the

resins were washed extensively with NMP and CH2Cl2, before peptide release with

TFA/H2O/triethylsilane (95:2.5:2.5). Peptide release proceeded for 2 h before the

TFA-peptide mixture was collected by filtration. The resin was additionally

washed with TFA (2x) and the TFA mixtures were pooled. TFA was removed

under a stream of nitrogen and the peptide was precipitated with diethyl ether.

The peptides were dissolved in a minimum amount of H2O/acetonitrile (2:1)

before being purified by preparative HPLC. The purified peptides were dissolved

in H2O/acetonitrile (2:1) to a final concentration of 1 mM. The solution was

brought to pH 7.5–8 with NH3 in methanol. The peptides were oxidized to form

disulfide bridges by addition of 1.2 eq. of H2O2 (30–60 min). The oxidization was

stopped with the addition of acetic acid (0.1 ml) followed by evaporation and

HPLC purification. Mass spectrometry: Mupain-1-12 D9A [M+H]+ 1224,4

[M+2H]2+ 613,1; mupain-1-16 D9A [M+H]+ 1234,5 [M+2H]2+ 617,7.

The concentrations of the peptide variants were determined by measurements

of OD280 and the use of sequence-derived extinction coefficients provided by the

Protparam tool on the Expasy server (located at http://www.expasy.org).

Proteases

cDNA encoding full length muPA, full length huPA and site directed mutants

were cloned into the pTT5 or pCDNA3.1 vectors. All variants contained a C-

terminal hexa-His tag. The cDNAs were transfected into human embryonic

kidney 293 (HEK293) 6E suspension cells, which were cultured in a humidified

5% CO2 incubator at 37 C̊. The medium used was F17 medium (Invitrogen)

supplemented with 0.1% Pluronic F-68, a nonionic detergent (Invitrogen), 4 mM

L-Gln (Lonza), and 25 mg/ml of the selective agent for eukaryotic cells G418
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(Invitrogen). Mr,25,000 linear polyethylenimine (400 mg) (Polysciences) was

preincubated with cDNA (200 mg) for 15 min and added to 200 mL cells with a

density of 16106 cells/mL. Twenty-four hours post-transfection, Tryptone N1

(Organotechnie SAS) was added to a final concentration of 0.5% (w/v).

Conditioned medium was collected 96 h post-transfection, and the recombinant

proteins were purified using immobilised metal ion affinity chromatography

followed by benzamidine-Sepharose affinity chromatography. The purified

proteins were at least 95% pure, as judged by Coomassie Blue-stained SDS-PAGE

gels. To ensure that the uPAs purified from the conditioned media were

completely in the two-chain form, they were treated with plasmin for 2 hours in a

1:100 ratio.

The cloning, production, and purification of recombinant uPA catalytic

domain (residues 159–411), harbouring a H99Y mutation, to be used for

crystallisation and isothermal titration calorimetry (ITC), was largely as described

previously [16]. Basically, the recombinant catalytic domain of huPA-H99Y was

secreted from a stable Pichia pastoris strain (X-33) after induction by methanol

and captured by a cation exchange column. The protein was further purified on a

gel filtration column (Superdex 75 HR 10/30 column from GE Health Care)

equilibrated with 20 mM sodium phosphate, pH 6.5, 150 mM NaCl. The protein

was eluted as a single peak under these conditions, with a retention time of

approximately 13.6 ml. The recombinant uPA catalytic domain expressed in this

way is an active protease with an activity comparable to full-length two-chain uPA

[16]. The protein was dialysed in 20 mM potassium phosphate, pH 6.5 overnight

and concentrated to 10 mg/ml, using stirred ultrafiltration cells (Millipore and

Amicon Bioseparations, Model-5124), prior to protein crystallization. The

recombinant catalytic domain of huPA-H99Y to be used for ITC assays was

further purified with benzamidine-Sepharose affinity chromatography.

Crystallization and data collection of uPA or uPA H99Y in complex

with mupain-1 variants

The crystallization trials were carried out with the sitting-drop vapour-diffusion

method. The crystals of the catalytic domain of huPA-H99Y were obtained by

equilibrating huPA-H99Y protein against a reservoir solution containing 2.0 M

ammonium sulfate, 50 mM sodium citrate, pH 4.6, and 5% polyethylene glycol

(PEG) 400 at room temperature. The crystals appeared in about 3 days. The

crystals of huPA-H99Y were then soaked for 2 weeks in new soaking buffer (40%

PEG 4000, 0.1 M Tris-HCl, pH 7.4), containing 1 mM mupain-1 variants. A

solution of 20% PEG 4000, 0.1 M Tris-HCl, pH 7.4 and 20% (v/v) glycerol was

used as cryoprotectant for X-ray diffraction data of the crystals at the BL17U

beamline, Shanghai Synchrotron Radiation Facility and 3W1A beamline, Beijing

Synchrotron Radiation Facility (BSRF). The diffraction data was indexed and

integrated by HKL2000 program package [17].
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Crystal structure determination and refinement

The crystal structures of the different complexes were solved by molecular

replacement [18], using the uPA structure (PDB code: 2NWN) [16] as the search

model. The electron density for the peptide was clearly visible in the uPA active

sites and was modelled based on the Fo–Fc difference map. The structures was

refined (ccp4 program package)[18] and manually adjusted (by the molecular

graphics program COOT) [19] iteratively until the convergence of the refinement.

Solvent molecules were added using a Fo–Fc Fourier difference map at 2.5 s in the

final refinement step. Statistics of data collection and final model refinement are

summarized in Supporting Table S1. The final structure was analysed by software

Pymol [20].

Model of mouse uPA

The sequence of the catalytic domain of muPA (positions 16–243) (Uniprot

P06869, EC: 3.4.21.73) was homology modeled onto the X-ray crystal structure of

huPA-H99Y, using Molecular Operating Environment [21]. The sequence identity

is 71% between muPA and huPA-H99Y (S1 Fig.). The generated molecular model

was refined by CNS program package [22].

Determination of KM values

To determine the KM values for hydrolysis of S-2444 (pyro-Glu-Gly-Arg-p-

nitroanilide) by the different uPA variants used in the present study, a 200 mL 2-

fold dilution series of the substrate (4 - 0 mM for huPA variants, 24 – 0 mM for

muPA variants) in a buffer of 10 mM HEPES, pH 7.4, 140 mM NaCl (HEPES-

buffered saline, HBS), with 0.1% bovine serum albumin (BSA), was incubated

2 min at 37 C̊, prior to the addition of a fixed concentration of each protease

(approximaterly 2 nM final concentration). The initial reaction velocities (Vi),

monitored as the changes in absorbance at 405 nm, were plotted against the initial

substrate concentration ([S]) and non-linear regression analysis was used to

determine the KM according to equation 1:

Vi~
Vmax½S�

(½S�zKM)
ð1Þ

The KM values for hydrolysis of S-2444 by the uPA variants employed in the

present study are listed in S2 Table.

Determination of Ki values

For routine determination of Ki values for the inhibition of the various enzymes

under steady state inhibition conditions, a fixed concentration of purified enzyme

or conditioned media from transfected cells (approximately 2 nM enzyme as the
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final concentration) was pre-incubated in a total volume of 200 mL HBS with

0.1% BSA at 37 C̊, with various concentrations of mupain-1 variants for 15 min

prior to the addition of the chromogenic substrate in concentrations

approximately equal to the KM value for each particular variant. The initial

reaction velocities were monitored at an absorbance of 405 nm. The inhibition

constants (Ki) were subsequently determined from the non-linear regression

analyses of plots for Vi/Vo versus [I]0, using Equation 2, derived under

assumption of competitive inhibition:

Vi

V0
~

Ki|(KMz½S�0)

(Ki|½S�0)z(KM|(Kiz½I�0))
ð2Þ

where Vi and V0 are the reaction velocities in the presence and absence of

inhibitor, respectively; [S]0 and [I]0 are the substrate and inhibitor concentrations,

respectively; KM is KM for substrate hydrolysis by each protease. In Equation 2, it

is assumed that [S]free < [S]0 and [I]free < [I]0. These conditions were fulfilled, as

less than 10% of the substrate was converted to product in the assays and as the

assay typically contained a final concentration of each protease of 2 nM and

inhibitor concentrations in the mM range.

In cases, in which we observed no measurable inhibition (i.e., ,10%) at the

maximal inhibitor concentration used, i.e., 400 mM, the accuracy of the assay

allowed us to conclude that the Ki value was more than 1000 mM (indicated as

‘‘.1000 mM’’ in the tables).

The validity of performing the Ki determinations with uPA-containing

conditioned media from transfected cells was verified by controls in which the

determinations were performed with conditioned media as well as with purified

preparations. These controls were performed with murine uPA wt and human

uPA wt, obtaining indistinguishable values with the two types of samples [13].

Surface plasmon resonance (SPR) analysis

To determine the equilibrium binding constants (KD), the association rate

constants (kon) and dissociation rate constants (koff) for peptide binding to uPA,

surface plasmon resonance analysis was performed on a Biacore T200 instrument

(Biacore, Uppsala, Sweden). A CM5 chip was coupled with the uPA variant

(muPA or huPAH99Y) to be analysed, by injecting a concentration of 30 mg/mL

uPA in immobilization buffer (10 mM sodium acetate, pH 5.0), aiming for an

immobilised level of approximately 500 response units (RU). Immobilisation was

followed by surface blocking with ethanolamine. A reference cell was prepared in

the same way, without coupling of uPA. Mupain-1 variants in HBS with 0.1%

BSA, in a dilution series, were injected at a flow rate of 30 mL per min during 60 s

at 25 C̊. Subsequently, the dissociation was monitored during 600 s. 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.
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ITC

For these experiments, we used the catalytic domain of huPA-H99Y expressed in

and purified from Pichia pastoris strain X-33 (see above). The protein was

dissolved in and dialysed against a buffer of 20 mM sodium phosphate, pH 7.4,

140 mM NaCl. The protein concentration was determined by absorbance at

280 nm, using an extinction coefficient of 43810 M21cm21. The peptides were

dissolved in the above-mentioned buffer. All isothermal titration calorimetry

experiments were performed with a MicroCalTM ITC200 instrument equilibrated

to a temperature of 25 C̊ (298oK). The concentration of uPA-H99Y catalytic

domain used in the 200 ml sample cell was 5–50 mM, depending on the affinity of

the ligand. Titrations were performed by injecting 2 ml of the ligand until the total

syringe volume of 40 ml was spent. Titration of ligand into buffer was performed

to obtain buffer correction. The equilibrium association constant KA and the

reaction enthalpy DH 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 free energy DG were used to analyse the measured

energies

DG~{RT ln KA ð3Þ

DG~DH{DS ð4Þ

where R is the gas constant and T the absolute temperature. DS, the entropic

change during the reaction, was calculated using equations 3 and 4 and the

measured KA and DH values.

NMR spectroscopy

Peptide samples were dissolved in a buffer of 10 mM sodium phosphate, 140 mM

NaCl in D2O/H2O (7:93, v/v). The pH was adjusted to 7.4. For chemical-shift

reference and to increase the long-term stability of the samples, 2,2-dimethyl-2-

silapentane-5-sulfonic acid (10 mM) and NaN3 (150 mM) were added. The

peptide concentrations were 5.0 and 6.7 mM for mupain-1 and mupain-1-16,

respectively. NMR experiments were acquired with a Bruker Avance III 500

spectrometer (500.13 MHz; Bruker Biospin, Rheinstetten) equipped with a

standard inverse triple-resonance TXI 5 mm probe. Two-dimensional TOCSY

data (80 ms mixing time), NOESY data (200 ms mixing time) and natural

abundant 13C HSQC data were acquired for both peptides. The experiments were

acquired at 5 C̊ to slow down peptide tumbling, favour lowest-energy

conformations, and obtain the highest signal in the NOESY spectra for

assignment. Assignments were obtained by standard methods with CCPN

software [23]. Visualisation of spectra and integration of NOE peaks were

performed in SPARKY [24]. Random coil shifts were calculated by using values
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provided by Kjærgaard et al. [25] and corrected by subtraction of correction

values from Schwarzinger [26] which contains values for oxidised Cys and for cis-

Pro. These correction values were obtained by subtracting Schwartzinger’s values

for Cysred from Cysox and trans-Pro from cis-Pro for all the different proton types

in these residues. The order parameter (S2) was calculated according to the

method of Berjanskii and Wishart [27] as implemented within TALOS+ [28].

Results

Inhibitory mechanism and binding mode studied by X-ray crystal

structure analysis

While being unable to generate crystals of muPA, we did manage to crystallise

huPA-H99Y, a murinised version of human uPA which, in contrast to human

uPA wt, is able to bind mupain-1, although with a somewhat lower affinity than

muPA [12, 13]. We determined the structures huPA-H99Y in complex with

mupain-1 (CPAYSRYLDC) itself as well as with either of two other inhibitory

peptides, namely mupain-1-12 (CPAYS[4-guanidinophenylalanine]YLDC) and

mupain-1-16 (CPAYS[L-3-(N-amidino-4-piperidyl)alanine]YLDC). Mupain-1-

12 and mupain-1-16 have around 10-fold higher affinities to huPA-H99Y than

mupain-1 [13]. X-ray data collection and model refinement statistics are shown in

S1 Table. Important features of the structures are illustrated in Fig. 2. The contact

distances between the residues of the peptides and residues of huPA-H99Y are

shown in S3-S5 Tables. The B-factors are listed in S7 Table.

The analysis showed very similar conformations of the three peptides when

bound to huPA-H99Y (Fig. 2A). The RMSD values among these peptides are

quite small (0.32–0.35 Å). In the complexes, the inhibitory peptides adopt cyclic

conformations with an overall V shape. The disulfide bonds are the main

structural restraint responsible for this conformation. Beginning from the N-

terminus, the cyclic peptides approach the active site of huPA-H99Y from the 99-

loop, insert residue 6 into the S1 pocket, and exit the active site towards the 37-

loop (Fig. 2A). In each of the structures, the amino acid in position 6 of the

peptide, i.e., Arg, 4-guanidinophenylalanine, or L-3-(N-amidino-4-piperidyl)ala-

nine, forms polar interactions to Asp189, Ser190, and Gly218 in the S1 pocket

(Fig. 1B). In addition, the X-ray crystal structure analysis showed that the huPA-

H99Y residues Arg35, Val41, Leu97b, Tyr99, Gln192, Trp215, and Arg217 have the

largest contact surface area to the peptides (S3-S5 Tables). In particular, Arg35

forms polar interactions with peptide residues Tyr7 and Asp9 (Fig. 2C) and Tyr99

forms polar interactions with peptide residue Ser4 (Fig. 2D). In the enzyme-

peptide structures, the peptides are constrained by two type I tight b-turns (Pro2-

Ala3-Tyr4-Ser5 and Tyr7-Leu8-Asp9-Cys10) and three intra-peptide H-bonds (Pro2

O – Ser5 N; Seri5 Oc - Tyr7 N; Ser5 Oc - Arg6 N; S2 Fig.). The tight b-turns are

likely to play an important role in maintaining the conformation and stability of

the bound peptide. On the enzyme side, there are no major changes in the

conformation of surface loops of the enzyme following peptide binding based on

A Cyclic Peptidic Serine Protease Inhibitor
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Fig. 2. X-ray crystal structure analysis of huPA-H99Y in complex with peptidic inhibitors. (A) Overall
structure of the complexes between huPA-H99Y and mupain-1 (cyan), mupain-1-12 (salmon), mupain-1-16
(grey), and mupain-1-16-D9A (red). (B) A zoom on interactions of mupain-1’s Arg6 in the S1 pocket; polar
interactions are indicated by stippled lines. (C) A zoom on the polar interactions (stippled lines) between
huPA-H99Y residue Arg35 and mupain-1 residues Tyr7 and Asp9. (D) A zoom on the polar interaction (stippled
lines) between huPA-H99Y residue Tyr99 and mupain-1 residue Ser5. (E) An overlay of the active site areas of
the huPA-H99Y – mupain-1 complex and the huPA S195A – PAI-1 Michaëlis complex (pdb entry 3pb1; [29]);
the P2, P1, and P19 residues are indicated, those of PAI-1 in salmon. (F) A zoom on the Lys143 – Gln192 area
of the huPA-H99Y – mupain-1 complex; distances, in Å, between different residues are indicated. In all parts
of the figure, huPA-H99Y are shown in wheat cartoon presentation. In Fig. 1E, huPA S195A is shown in grey
cartoon presentation. The peptides are shown in stick representation. huPA-H99Y residues are labelled with
black letters, peptide residues with dark red letters.

doi:10.1371/journal.pone.0115872.g002
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the comparison of the structure of the enzyme in the absence or the presence of

peptide.

The inhibitory mechanism of these peptides and the reason that they are

inhibitors and not substrates readily become evident from the structural analysis.

The overall conformation of the peptide backbone on the enzyme surface is quite

similar to that of the reactive centre loop of plasminogen activator inhibitor-1

(PAI-1) in its Michaëlis complex with uPA S195A, aligning into the active site in a

substrate-like manner (Fig. 2E; [29]). However, compared to PAI-1 in its

Michaëlis complex with uPA S195A, the scissile bond of mupain-1 in its complex

with uPA-H99Y is shifted approximately 0.5 Å away from residue 195. The

distance from the Ser195 Oc to the carbonyl group of the P1 residue of mupain-1

and derivatives is too large (approximately 3.9 Å) to allow the nucleophilic attack

associated with catalysis (Fig. 2E). Moreover, the distance from the oxygen atom

of the carbonyl group of the P1 residue to the amido group of the Ser195 is too

large (approximately 4 Å) for formation of a polar interaction, implying that

oxyanion stabilisation cannot take place (Fig. 2E).

In spite of the X-ray crystal structure analysis having a good resolution, no

differences could be detected between the complexes of huPA-H99Y with each of

the peptides mupain-1, mupain-1-12, and mupain-1-16, the Ki values of which

differ around 10-fold. A 10-fold difference in Ki corresponds to a D(DG) for

binding of approximately 6 kJ/mol, about the same energy as that of an average

hydrogen bond. In this case, it is therefore possible that small differences in

hydrophobic interactions and in the length and angles of polar interactions, at the

detection limit by the structural analysis, may account for the differences in Ki

values. Alternatively, and more likely, the peptide-enzyme complexes, in solution,

may sample a number of similar conformations of which only the most stable one

is selected during crystallisation.

Analysis of peptide-huPA-H99Y exosite interactions by site-

directed mutagenesis

We determined the Ki values for inhibition of variants of huPA-H99Y by variants

of mupain-1, mupain-1-12, and mupain-1-16. The Ala-substituted residues of the

peptide and of huPA-H99Y are those deemed to be important for binding from

the X-ray crystal structure analysis (Table 1). In good agreement with the

structural analysis, Ala-substitution of mupain-1 residues Pro2, Tyr4, Ser5, and

Arg6 led to strong reductions in affinity, Ala-substitution of Tyr7 to a moderate

reduction in affinity, and Ala-substitution of Leu8 to a very small change in

affinity. The observed effect of Ala-substituting the peptide’s Ser5 is in good

agreement with the fact that the binding of mupain-1 to huPA is dependent on

the substitution of its His99 with Tyr [12], shown here to be able to form a

hydrogen bond with Ser5 (Fig. 2D). Surprisingly, Ala-substitution of Asp9 of

mupain-1, mupain-1-12, and mupain-1-16 led to a 3–10-fold increased affinity to

huPA-H99Y. This observation is in contrast to the expectancies from the X-ray

A Cyclic Peptidic Serine Protease Inhibitor
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crystal structure analysis, which predicts a polar interaction between Asp9 of

mupain-1 and Arg35 of huPA-H99Y (Fig. 2C; S3-S5 Tables).

Ala-substitution of huPA-H99Y residues Arg35, Val41, Lys143, and Gln192 led to

2–4 fold reductions in affinity to mupain-1, but smaller if any reductions in the

affinity to mupain-1-D9A, mupain-1-12, mupain-1-16, mupain-1-12-D9A, and

mupain-1-16-D9A. The effects of the R35A and Q192A mutations are in good

agreement with the predictions of polar interactions from the X-ray crystal

structure analysis (Fig. 2C, Fig. 2F). The V41A mutation may result in loss of

hydrophobic interactions. From the X-ray crystal structure analysis, Lys143 is not

predicted to make any direct contacts to the peptides, but the observed effect of

the K143A mutation may be caused by an indirect effect through a polar

interaction between Lys 143 and Gln192 (Fig. 2F). The observed changes

following the Ala substitutions in the enzyme were in all cases small, in agreement

with the fact that the predicted polar interactions are surface exposed. In general,

there was less dependence on the exosite interactions with the peptides with the

unnatural P1 residues and the peptides with an D9A substitution. This

observation suggests that the effects of the exosite mutations and the D9A

substitution is influenced by interactions in the S1 pocket.

The Ki determinations were supported by determinations of KD values with

SPR (Table 2; S3 Fig.) and ITC (Table 3). The KD values determined by SPR and

ITC agreed well with the Ki values, in particular when considering that KD values

were routinely determined at 25 C̊ and the Ki values at 37 C̊; separate control

experiments showed that the Ki values were 2–3 fold lower at 25 C̊ than at 37 C̊

Table 1. Inhibition of huPA-H99Y and huPA-H99Y exosite mutants by mupain-1 variants.

Peptide name Sequence huPA-H99Y
huPA-H99Y-
R35A huPA-H99Y-V41A huPA-H99Y-K143A

huPA-H99Y-
Q192A

Mupain-1 CPAYSRYLDC 15.3¡2.0 (3)* 39.5¡2.9 (3) 32.4¡5.3 (3) 56.6¡8.0 (3) 33.2¡4.2 (3)

Mupain-1 P2A CAAYSRYLDC .1000 nd nd nd nd

Mupain-1 Y4A CPAASRYLDC .1000 nd nd nd nd

Mupain-1 S5A CPAYARYLDC .1000 nd nd nd nd

Mupain-1 R6A CPAYSAYLDC .1000 nd nd nd nd

Mupain-1 Y7A CPAYSRALDC 44.0¡3.0 (3) nd nd nd nd

Mupain-1 L8A CPAYSRYLDC 19.1¡1.1 (3) nd nd nd nd

Mupain-1 D9A CPAYSRYLAC 5.99¡0.43 (3) 2.68¡0.29 (3) 7.20¡1.44 (3) 8.74¡0.64 (3) 4.85¡0.32 (3)

Mupain-1-12 CPAYS[4-guanidino-phenyl-
alanine]YLDC

1.86¡0.74 (3)* 3.26¡1.04 (3) 1.60¡0.54 (3) 2.14¡0.78 (3) 2.35¡0.74 (3)

Mupain-1-12
D9A

CPAYS[4-guanidino-phenyl-
alanine]YLAC

0.186¡0.036 (3) 0.231¡0.078 (3) 0.478¡0.137 (3) 0.402¡0.146 (1) 0.438¡0.079 (3)

Mupain-1-16 CPAYS[L-3-(N-amidino-4-
piperidyl)alanine]YLDC

2.48¡0.07 (3)* 2.50¡0.29 (3) 1.95¡0.30 (3) 1.13¡0.32 (3) 2.71¡0.28 (3)

Mupain-1-16
D9A

CPAYS[L-3-(N-amidino-4-
piperidyl)alanine]YLAC

0.309¡0.013 (3) 0.174¡0.059 (3) 0.480¡0.158 (3) 0.188¡0.057 (3) 0.438¡0.072 (4)

The Ki values (in mM) for inhibition of the indicated enzymes by the indicated peptides at 37˚C are shown as means ¡ S.D; the numbers of determinations
are indicated in parentheses. *These values are reproduced from previous publications [Andersen et al., 2008; Hosseini et al., 2011] and shown here to
facilitate comparison.

doi:10.1371/journal.pone.0115872.t001
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(data not shown). The SPR measurements showed that the 9–12-fold increased

affinities to huPA-H99Y following the D9A substitution were associated with 3–4-

fold increased kon values as well as 2–3-fold decreased koff values (Table 2). The

ITC measurements showed that the increased affinity of the Ala9 peptides to

huPA-H99Y, as compared to the original Asp9 peptides, was associated with a

binding entropy penalty but mainly accounted for by a more favourable binding

enthalpy (except with mupain-1 and mupain-1 D9A, in which case the differences

were not statistically significant; Table 3). The most ready molecular interpreta-

tion of the SPR and ITC data, taken together, is that the D9A substitution renders

the peptide more flexible in solution, thereby making the binding entropy less

Table 2. Surface plasmon resonance analysis of the binding of peptides to muPA or huPA-H99Y.

huPA-H99Y muPA

Peptide
name Sequence

kon (M-1s-1),
610-5 koff (s

-1), 6102 KD (mM)
kon (M21s21),
61025

koff (s
21),

6102 KD (mM)

Mupain-1 CPAYSRYLDC 0.569¡0.103 (4) 80.2¡7.6 (4) 14.1¡2.4 (4) 0.914¡0.250 (6) 3.64¡1.03 (6) 0.398¡0.046
(6)

Mupain-1
D9A

CPAYSRYLAC 2.60¡0.20 (3) 36.6¡0.21 (3) 1.41¡0.11 (3) 0.985¡0.169 (3) 4.01¡0.31 (3) 0.417¡0.091
(3)

Mupain-1-12 CPAYS[4-guanidino-phenyl-
alanine]YLDC

2.06¡0.15 (4) 24.6¡1.2 (4) 1.21¡0.13 (4) 1.56¡0.95 (4) 1.92¡0.63 (4) 0.138¡0.034
(4)

Mupain-1-12
D9A

CPAYS[4-guanidino-phenyl-
alanine]YLAC

5.93¡0.33 (3) 7.94¡0.39 (3) 0.134¡0.002 (3) 2.42¡1.01 (3) 3.94¡0.30 (3) 0.177¡0.051
(3)

Mupain-1-16 CPAYS[L-3-(N-amidino-4-
piperidyl)alanine]YLDC

1.07¡0.15 (4) 8.93¡0.46 (4) 0.844¡0.132 (4) 0.898¡0.545 (3) 0.671¡0.119
(3)

0.0894¡0.0376
(3)

Mupain-1-16
D9A

CPAYS[L-3-(N-amidino-4-
piperidyl)alanine]YLAC

4.65¡0.27 (4) 3.33¡0.13 (4) 0.0718¡0.006
(4)

5.79¡0.82 (3) 1.22¡0.06 (3) 0.0213¡0.0024
(3)

The table shows the rate constants and the KD values for the binding of the indicated peptides to muPA or huPA-H99Y at 25˚C, pH 7.4. Means, standard
deviations, and numbers of determinations are indicated. Examples of sensorgrams are shown in S3 Fig.

doi:10.1371/journal.pone.0115872.t002

Table 3. Isothermal titration calorimetry for binding of peptides to huPA-H99Y.

Peptide name Peptide sequence N KD (mM) DG (kJ/mole) DH (kJ/mole)
TDS
(kJ/mole)

Mupain-1 CPAYSRYLDC 1.09¡0.15 (4) 5.04¡1.61 (4) 230.4¡0.7 (4) 236.5¡3.2 (4) 26.1¡2.6 (4)

Mupain-1 D9A CPAYSRYLAC 1.03¡0.09 (6) 1.17¡0.30 (6)1 233.9¡0.7 (6)1 237.9¡2.4 (6) 24.0¡2.9 (6)

Mupain-1-12 CPAYS
[4-guanidino-phenylalanine]YLDC

0.85¡0.08 (4) 0.400¡0.016 (4) 236.5¡0.1 (4) 243.8¡5.5 (4) 27.6¡5.6 (4)

Mupain-1-12
D9A

CPAYS
[4-guanidino-phenylalanine]YLAC

0.88¡0.01 (3) 0.138¡0.047 (3)1 239.2¡0.8 (3)1 260.1¡5.4 (3)1 218.9¡5.1 (3)1

Mupain-1-16 CPAYS
[L-3-(N-amidino-4-piperidyl)alanine]YLDC

0.87¡0.09 (4) 0.380¡0.065 (4) 236.7¡0.4 (4) 233.2¡4.2 (4) 3.5¡1.0 (4)

Mupain-1-16
D9A

CPAYS
[L-3-(N-amidino-4-piperidyl)alanine]YLAC

0.88¡0.11 (5) 0.134¡0.061 (5)1 239.5¡1.1 (5)1 246.6¡2.9 (5)1 26.2¡2.7 (5)1

1The value for the D9A peptide is significantly different from the value for the unmodified peptide (p,0.01).
The table shows thermodynamic parameters for the binding of the indicated peptides to huPA-H99Y at 25˚C, pH 7.4. Means, standard deviations, and
numbers of determinations are indicated.

doi:10.1371/journal.pone.0115872.t003
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favourable, the association activation energy lower, and the kon higher, and allows

a more favorable binding enthalpy and a more stable bound state, thereby

increasing the dissociation activation energy and decreasing the koff.

Considering the unexpected effect of the D9A substitution, we also crystallised

mupain-1-16 D9A in complex with huPA-H99Y (S1 and S6 Tables), but in spite

of the much higher affinity of the D9A peptides, the structures of the mupain-1-16

and the mupain-1-16-D9A complex were indistinguishable (Fig. 2A). Noticeably,

however, the relative B-factor for mupain-1-16 D9A was higher than that for

mupain-1-16 (1.39 versus 1.24; S7 Table).

In summary, while most interactions between the peptides and huPA-H99Y

predicted by X-ray crystal structure analysis were largely in agreement with the

results of the site-directed mutagenesis, the increased affinity following the D9A

substitution in mupain-1 was unexpected and could not be correlated with any

structural differences observable by X-ray rystal structuyre analysis. However, the

SPR and ITC analyses indicated a more stable complex following the D9A

substitution, in spite of a binding entropy penalty.

Analysis of peptide-muPA exosite interactions by site-directed

mutagenesis

Next, we analysed the Ki values for inhibition of several muPA variants by

mupain-1, mupain-1-12, and mupain-1-16, Ala substituting residues of the

peptide and the enzyme in positions implicated in peptide-enzyme interaction by

the X-ray crystal structure analysis of the huPA-H99Y-peptide complex (see S1

Fig. for alignment of the amino acid sequences of the catalytic domains of huPA

and muPA). Previously, we showed that Ala-substitution of mupain-1 residues

Pro2, Tyr4, Ser5, Arg6, and Tyr7 leads to substantial loss of affinity to muPA, while

Leu8 and Asp9 could be Ala-substituted with minimal consequences [12]. Thus,

the effect of the D9A substitution is different with muPA and huPA-H99Y. Now,

we found that Ala-substitutions of muPA residues Lys41, Tyr99 and Lys143 increase

the Ki values 5–50-fold (Table 4). However, in contrast to observations with

huPA-H99Y, there were no effects of Ala substitutions of muPA residues in the

37-loop. From a model of muPA in complex with mupain-1, it seems that Lys41 is

able to make polar interactions with Tyr7 (2.3 Å) and Asp9 (2.8 Å) of mupain-1

(Fig. 3C), explaining the effect of substitution of this muPA residue. From the

model, Lys143 is predicted to be more than 6 Å away from the closest part of the

peptide and more than 6 Å away from Lys192 (Fig. 3B), leading to the notion that

the peptide and/or residue 192 have different conformations in the huPA-H99Y-

mupain-1 complex and the muPA-mupain-1 complex. Thus, the observed

importance of mupain-1 residues Pro2, Tyr4, Ser5 and Arg6 and muPA residue

Tyr99 suggests that the CCPAYSR stretch of peptides occupies a position on muPA

similar to that inferred from the X-ray crystal structure analysis of the peptide-

huPA-H99Y complexes, while the stretch YLD of mupain-1 makes different

interactions in the two complexes.
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Interestingly, the D9A substitution, while having no effects on the affinities of

the peptides to muPA wt, muPA-Y99A, and muPA-K143A, strongly increased the

affinity to muPA-K41A (Table 2). Thus, the Ki values for inhibition of muPA by

the Ala9 peptides depend differently on exosite mutations than those for the

original Asp9 peptides. This observation shows than the interactions between the

Ala9 peptides and muPA differ from the interactions between the Asp9 peptides

and muPA. Importantly, the D9A substitution in all cases reduced the difference

in Ki between huPA-H99Y and muPA (Tables 1 and 4): For the Asp9 peptides, the

Ki value for inhibition of huPA-H99Y were 28, 7, and 55-fold higher than those

for inhibition of muPA, while the corresponding values for the Ala9 peptides were

only 7, 1, and 4-fold higher.

The Ki values were in good agreement with the KD values determined by SPR

(Table 2).

Analysis of S1-P1 interactions by site-directed mutagenesis

In order to characterise the mechanism of the increase in affinity following

substitution of the P1 Arg with either of the two unnatural P1 residues, we

introduced mutations in the S1 pocket of muPA, i.e., S190A and V213T (Table 5).

The X-ray crystal structure analysis of the peptide-huPA-H99Y complexes

implicated Ser190 in hydrogen bonding to the P1 residues (Fig. 2B; S3–S5 Tables);

many serine proteases, including tissue-type plasminogen activator (tPA), have an

Ala in this position. Val213 forms a hydrophobic patch at the entrance to the S1

pocket (Fig. 3D); we substituted the Val with a Thr, as some serine proteases,

including plasma kallikrein, has a Thr in this position. The S190A substitution

resulted in a decreased affinity for all the peptides, while the V213T mutation

resulted in an increased affinity for all the peptides (Table 5).

In order to visualise the effects of the S1 pocket mutations, the Ki values for the

inhibition of the muPA mutants by each of the 6 peptides were plotted

logarithmically versus the Ki values for inhibition of muPA wt by the same

Table 4. Inhibition of muPA wt and muPA exosite mutants by mupain-1 variants.

Peptide name Sequence muPA-wt muPA-K41A muPA-Y99A muPA-K143A

Mupain-1 CPAYSRYLDC 0.550¡0.080 (8)* 4.29¡0.15 (3) 26.0¡5.8 (3) 4.88¡0.35 (3)

Mupain-1 D9A CPAYSRYLAC 0.890¡0.020 (4)* 0.270¡0.029 (3) 27.2¡3.3 (3) 4.34¡0.64 (3)

Mupain-1-12 CPAYS[4-guanidino-phenyl-alanine]YLDC 0.280¡0.020 (5)* 1.72¡0.24 (3) 5.20¡0.06 (3) 1.00¡0.04 (3)

Mupain-1-12 D9A CPAYS[4-guanidino-phenyl-alanine]YLAC 0.190¡0.010 (3) 0.091¡0.007 (3) 5.89¡1.31 (3) 1.00¡0.03 (3)

Mupain-1-16 CPAYS[L-3-(N-amidino-4-piperidyl)alanine]YLDC 0.045¡0.010 (4)* 0.30¡0.05 (3) 1.24¡0.44 (3) 0.13¡0.02 (3)

Mupain-1-16 D9A CPAYS[L-3-(N-amidino-4-piperidyl)alanine]YLAC 0.076¡0.003 (3) 0.014¡0.002 (3) 1.36¡0.33 (3) 0.10¡0.02 (3)

The Ki values (in mM) for inhibition of the indicated enzymes by the indicated peptides are shown as means ¡ S.D; the numbers of determinations are
indicated in parentheses. *These values are reproduced from previous publications [Andersen et al., 2008; Hosseini et al., 2011] and shown here to facilitate
comparison.
Besides the muPA mutants reported in the table, we found no significant change in Ki values after the following substitutions: Q35A; N37A; K37aA; G37cA;
S37dA; P37eA; P38A; Q60aA; E146A; Y149A. For unknown reasons, muPA K192A could not be expressed.

doi:10.1371/journal.pone.0115872.t004
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peptides (Fig. 4). For data points above the y5x line, the mutations increase the

Ki value or decrease the affinity; for points above the y5x line, the mutations

decrease the Ki value or increase the affinity. The slopes of the lines defined by the

data points (which may be referred to as an ‘‘interdependence factor’’) were 0.68

in the case of the S190A mutation and 1.27 in the case of the V213T mutation.

The slopes being different from 1 shows that the effects of the S1 pocket mutations

vary with the P1 residue: Following the S190A mutation, the Ki value increases

Fig. 3. Structural model of mupain-1 in complex with muPA. (A) Overall model of the complex between
muPA (teal ribbon presentation) and mupain-1 (red stick representation). The enzyme is shown in teal cartoon
presentation. (B) A zoom on the Lys143 area of the model, showing distances from Lys143 to the closest atoms
in the peptide. (C) A zoom on the Lys41 area of the model, showing the distances between Lys41 and peptide
residues Tyr7and Asp9. (D) A zoom on the entrance to the S1 pocket of the model, with Val213 at the entrance
indicated; the enzyme is represented as teal surface. huPA-H99Y residues are labelled with black letters,
peptide residues with dark red letters.

doi:10.1371/journal.pone.0115872.g003
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Table 5. Inhibition of muPA wt and muPA S1 pocket mutants by mupain-1 variants.

Peptide name Sequence muPA wt muPA-S190A muPA-V213T

Mupain-1 CPAYSRYLDC 0.550¡0.080 (8)* 1.60¡0.53 (3) 0.246¡0.044 (3)

Mupain-1 D9A CPAYSRYLAC 0.890¡0.020 (4)* 3.02¡0.33 (3) 0.373¡0.055 (3)

Mupain-1-12 CPAYS[4-guanidino-phenyl-alanine]YLDC 0.280¡0.020 (5)* 2.30¡0.46 (3) 0.086¡0.030 (3)

Mupain-1-12 D9A CPAYS[4-guanidino-phenyl-alanine]YLAC 0.190¡0.010 (3) 3.52¡0.50 (3) 0.166¡0.075 (4)

Mupain-1-16 CPAYS[L-3-(N-amidino-4-piperidyl)alanine]YLDC 0.045¡0.010 (4)* 0.352¡0.040 (3) 0.013¡0.003 (3)

Mupain-1-16 D9A CPAYS[L-3-(N-amidino-4-piperidyl)alanine]YLAC 0.076¡0.003 (3) 0.529¡0.052 (3) 0.014¡0.004 (3)

The Ki values (in mM) for inhibition of the indicated enzymes by the indicated peptides are shown as means ¡ S.D; the numbers of determinations are
indicated in parentheses. *These values are reproduced from previous publications [Andersen et al., 2008; Hosseini et al., 2011] and shown here to facilitate
comparison.

doi:10.1371/journal.pone.0115872.t005

Fig. 4. The relationship between the Ki values for inhibition of muPA S1 mutants and the Ki values for
inhibition of muPA wt. The figure is based on the Ki values presented in Table 6. The x-axis shows the Ki

values for inhibition of muPA wt by the indicated peptides. The y-axis shows the corresponding Ki values for
inhibition of muPA S190A (filled dots) or muPA V213T (open dots). The lines resulted from simple linear
regression analysis. The slopes of the lines are 0.68 (muPA-S190A) and 1.27 (V123T). The stippled line is the
one which would have resulted if the Ki values for inhibition of the muPA S1 mutants had been identical to
those for inhibition of muPA wt (y5x).

doi:10.1371/journal.pone.0115872.g004
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more with mupain-1-12 and mupain-1-16 variants than with the Arg variants,

while following the V213T mutation, the Ki value decreases more with the

mupain-1-12 and mupain-1-16 variants than with the mupain-1 Arg variants. For

instance, the V213T mutation increases the affinity for the mupain-1 Arg variants

around 2.5-fold, but increases the affinity for the L-3-(N-amidino-4-piperidy-

l)alanine] variants around 5-fold. These findings are compatible with the notion

that each of the three P1 residues fit differently into the S1 pocket.

To further visualise the importance of the P1 residues of mupain-1, the Ki

values for inhibition of the muPA exosite mutants K41A, Y99A, and K143A by

mupain-1, mupain-1-12, and mupain-1-16 and their D9A variants were plotted

logarithmically versus the corresponding Ki values for the wt enzymes (Fig. 5).

The above-mentioned difference between the Asp9 and the Ala9 peptides with

respect to inhibition of muPA K41A was obvious in the plot, the data points in an

Ala9 group falling below the y5x line and the data points for the Aap9 group

falling above the y5x line. There was no such split with the other muPA mutants.

With the K41A and the Y99A mutants, the slopes of the lines defined by the data

pairs were relatively close to 1. However, with the K143A mutant, the slopes were

around 1.4. This slope corresponds to a 9-fold increase in Ki for mupain-1

following the K143A mutation and an only 2.9-fold increase in Ki for mupain-1-

16 following the K143A mutation and similar differences when comparing the

other peptides. This observation shows that the identity of the amino acid in

position 143 influences the effect of a P1 substitution and vice versa.

The effects of substituting the P1 residue were also analysed by SPR (Table 2).

The increased affinities associated with the unnatural P1 residues were found to be

accounted for almost exclusively by lower off-rates.

Taken together, these observations are in agreement with the conclusion that

the increased affinity with the two unnatural P1 residues is caused by changes in

the binding in the S1 pocket. Interestingly, there seems to be a cross-talk between

interactions of the peptide in the S1 pocket and interactions with Lys143.

Analysis of the importance of the P1 residue by NMR

For a further characterization of the importance of the P1 residue, mupain-1 and

mupain-1-16 were subjected to 1H liquid-state NMR analysis. Analysis of the

backbone amide and a-proton region of a TOCSY spectrum revealed a doubling

of the expected number of peaks of mupain-1 and mupain-1-16. Following

standard procedures for analysis of TOCSY and NOESY spectra [30], the NMR

data could be assigned to two markedly different resonance forms, as illustrated by

two parallel ‘‘backbone walks’’ connecting sequential residues (Fig. 6). Based on

analysis of 13C chemical shifts assigned by natural abundance 13C-HSQC

(difference between Cb and Cc chemical shifts) (S8 Table) [31], the two sets of

resonances were inferred to be due to cis-trans isomerization around the Cys1-

Pro2 peptide bond. By integration of isolated peaks in the TOCSY spectrum, the

steady state ratio between the two forms was found to be 1:3 in favor of the trans

conformation. Since no exchange cross peaks were observed between the two
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Fig. 5. The relationship between the Ki values for inhibition of muPA exosite mutants and the Ki value
for inhibition of muPA wt. The figure is based on the Ki values presented in Table 5. The x-axes show the Ki

values for inhibition of muPA wt by the indicated peptides. The y-axes shows the corresponding Ki values for
inhibition of muPA K41A, Y99A, or K143A. The lines resulted from simple linear regression analysis. The
slope of the lines are 1.04 (muPA K41A with Asp9 peptides); 1.15 (muPA K41A with Ala9 peptides); 1.15
(muPAY99A); 1.40 (muPA K143A). The stippled line shows the line which would have resulted if the Ki values
for exosite mutants and muPA wt had been identical (y5x).

doi:10.1371/journal.pone.0115872.g005
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distinct resonance sets corresponding to the two conformers in the time frame of

a 200 ms NOESY experiment, the interconversion between the two conformations

was estimated to be slower than 1 s21 for both mupain-1 and mupain-1-16. The

assigned chemical shifts were close to the random coil values, indicating that the

peptides are flexible in solution. Both the proton and carbon chemical shifts for

the two isomeric forms were substantially different for most of the residues,

suggesting that the average conformations for the cis and trans isomers are

different. It is notable that the spectral differences due to the cis-trans isomerism

propagated throughout the entire peptide chain and not just to the adjacent

residues, indicating that the structures are not completely disordered.

Furthermore, the chemical shifts for trans-mupain-1 and cis-mupain-1 are very

similar to those of trans-mupain-1-16 and cis-mupain-1-16, respectively (as

illustrated, e.g., by Ha in S4 Fig.). This similarity strongly suggests that the

structures or average conformations of each of the isomers of each of the two

peptides are very similar. Also the similarity in steady state ratio of the cis- and

trans-conformations of the two peptides is in agreement with the notion that the

two peptides have the same overall structural and dynamic trends.

Importantly, the presence of the peptides in both a trans- and a cis-

conformation in solution should be contrasted with the fact that only the trans-

conformation was observed in the crystal structures of the peptide-enzyme

complexes.

Fig. 6. TOCSY (orange) and NOESY (green) of mupain-1-16. Assignments of the two isomeric forms is
illustrated by connecting TOCSY Ha(i)-HN(i) and NOESY Ha(i)-HN(i+1) cross peaks with lines representing a
shared reference commonly referred to as ‘‘backbone walks’’.

doi:10.1371/journal.pone.0115872.g006
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The flexibility of the peptides was probed by deriving a predicted order

parameter, S2, based on the chemical shifts, using random coil index implemented

within TALOS+ (Fig. 7). Depending on movements on the picosecond to

nanosecond time scale, an S2 value of 0 corresponds to a completely disordered

peptide and an S2 value of 1 to a completely rigid one. The predicted order

parameter was found to be relatively low, as also observed from the TALOS+
classification, in which most of the residues fall in the dynamic category.

In summary, the NMR analysis of the peptides in solution did not reveal

differences in solution structures between mupain-1 and mupain-1-16.

Discussion

In this report, we describe studies of the inhibition mechanism and the binding

mechanism of derivatives of the serine protease inhibitor mupain-1, which was

originally selected from a phage-displayed peptide library for binding to muPA

[12]. Besides muPA, we used huPA-H99Y as a model enzyme, because it bound

mupain-1 with a reasonable affinity and could, in contrast to muPA, easily be

crystallised in complex with the peptides.

Our analyses showed that mupain-1 and derivatives thereof make P1–S1

interactions as well as several exosite interactions with their target proteases. The

X-ray crystal structure analysis seemed to yield reliable information about the

overall arrangement of the peptide at the enzyme surface and about the inhibitory

mechanism of the peptides. There is a good agreement between the X-ray crystal

structure analysis and the site-directed mutagenesis analysis as far as the CCPAYS

stretch of the peptide is concerned. However, when it comes to the RYLD part of

the peptide, it is striking that the effects on the Ki values of substitution of the P1

residues and of Asp9 are not correlated with corresponding changes in the crystal

structures. The most likely explanation for this apparent discrepancy is that the

peptide is able to sample a number of conformations while bound to the enzyme

but that only one is selected during crystallization. It thus seems that site-directed

mutagenesis yield information about the details of peptide-enzyme interactions in

solution which is not available from X-ray crystal structure analysis. Anyway, the

overall arrangement of peptides in the enzyme surface seem to be largely the same

in all cases. The Ki changes observed following site-directed mutagenesis and the

differences in Ki between muPA and huPA-H99Y must reflect relatively small local

conformational variations.

The reason for the peptides being inhibitors and not substrates readily became

evident from the X-ray crystal structure analysis of the peptide-huPA-H99Y

complexes. The distance from the Ser195 Oc to the carbonyl group of the P1

residue of the peptides was found to be too large (.3 Å) to allow the nucleophilic

attack associated with catalysis. Moreover, the oxygen atom of the carbonyl group

fails to align properly into the oxyanion hole. The conformations of the mupain-1

peptides on the enzyme surface are perpendicular to the previously reported

conformation of the peptide upain-1 (CSWRGLENHRMC), a competitive
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inhibitor of huPA ([20]). In the upain-1 – huPA complex, Glu7 of the peptide

blocks the oxyanion hole [15, 16, 32]. Thus, the inhibitory mechanism of mupain-

1 is different from that of upain-1. An inhibitory mechanism similar to that for

upain-1 was observed for two bicyclic peptidic inhibitors of huPA, also with an

acidic residue blocking the oxyanion hole [14, 33]. We were unable to crystallise

muPA, but the binding mechanism of the peptides to this enzyme was worked out

by site-directed mutagenesis. We concluded that the exosite interactions of the

CCPAYSR stretch of the peptides are largely the same in their complexes with

muPA and huPA-H99Y, respectively, while the exosite contacts made by the YLD

stretch of the peptides to each of these two enzymes are likely to differ from those

observed by the X-ray crystal structure analysis.

Substituting the P1 Arg of mupain-1 with L-4-guanidinophenylalanine or L-3-

(N-amidino-4-piperidyl)alanine resulted in a general increase in affinity to muPA

and huPA-H99Y as well as several chimeras between muPA and huPA [13]. A

priori, the explanation for changes in affinity following the P1 substitution could

be sought in an energically less favorable solution state or an energically more

favorable bound state. We here did a number of observations allowing a

distinction between these two possibilities. Firstly, the NMR analysis showed an

absence of major differences in the solution structures of mupain-1 and mupain-

Fig. 7. Predicted order parameter S2 (top) calculated by TALOS+. The dots (bottom) represent
classification of the residue from TALOS+, as based on the mobility of the backbone, the certainty of the
angles of the reference triplets and whether the angles fall into allowed regions in the Ramachandran plot [34].
The colour codes represent good (green), dynamic (yellow), ambiguous (red), and no prediction (blue) for the
two different peptides in cis and trans conformations.

doi:10.1371/journal.pone.0115872.g007
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1-16. The NMR analysis showed that both mupain-1 and mupain-1-16 have a cis-

trans isomerization around the Cys1-Pro2 peptide bond. In both cases, the bound

forms of the peptides had the Cys1-Pro2 peptide bond in the trans conformation,

showing that the binding involves a shift in the equilibrium between the

conformations towards the trans-form. The peptides are quite flexible in solution,

so the binding renders the peptides more rigid. These observations argue against a

decisive contribution from a difference in solution states of peptides with different

P1 residues. Secondly, our mutational analysis showed that a different fit of the

side chains of the three different P1 residues into the S1 pockets of the enzymes

contributes to the changed affinities. Thirdly, the affinities are also affected by

cross-talk between P1-S1 interactions and exosite interactions in mupain-1,

involving in particular Lys143. It can therefore be concluded that the explanation

for the increased affinity of the mupain-1 variants with the unnatural P1 residues

is an energetically more favorable bound state rather than an energetically less

favorable solution state.

The D9A mutation, unexpectedly, increased the affinity of all tested mupain-1

variants to all tested variants of huPA-H99Y, while there was no effect of the D9A

mutation on the affinity to the muPA variants except K41A. In fact, the D9A

mutation reduced the difference in affinity of the peptides to huPA-H99Y and

muPA wt strongly. It thus seems that the D9A substitution allows mupain-1 to

assume more favourable interactions with targets other than the one, against

which it was selected. Of particular interest is the fact that the D9A substitution

strongly increased the affinity of the peptides to muPA K41A without having any

effect on the affinity to the other variants. In fact, the D9A peptides even bound

stronger to muPA K41A than to muPA wt. The most ready explanation of this

observation is that Lys41 of muPA restricts the conformation of the D9A peptide

and keeps it from assuming the binding conformation with the lowest energy.

Although less striking, the exosite interactions in huPA-H99Y also influenced the

effects of the D9A substitution. These observations are in agreement with the

notion that the D9A substitution leads to changes in the relative energetic

contributions from different exosite interactions. This conclusion is also in

agreement with the differential effect of the D9A substitution in muPA and huPA-

H99Y, respectively. The D9A mutation makes it easier for the peptide to adopt to

the different local environments of muPA and huPA-H99Y in the region around

the 37-loop.

The increased affinity following the D9A substitution occurred in spite of an

entropy penalty, which was overcome by a more favourable binding enthalpy. The

SPR measurements showed that the increased affinity following the D9A

substitution was associated with an increased kon as well as a decreased koff. The

most ready interpretation of these observations, taken together, is that the Ala9

peptides more readily adopt themselves to contacts on the surface of the enzymes

than the Asp9 peptides. The Ala9 peptides may be able to sample a larger

conformational space and visit conformations with peptide-enzyme interactions

which are inaccessible to the Asp9 peptides. Such a larger flexibility of the enzyme-

bound Ala9 peptides, as compared to the Asp9 peptides, is in good agreement with
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the entropy penalty associated with the D9A substitution, assuming that the

entropy increase associated with the increased flexibility is larger in the solution

state than in the bound state. Also, the relative B-factor in the huPA H99Y

complexes was higher for mupain-1-16 D9A than for mupain-1-16, in agreement

with the idea of the D9A peptides being more flexible in the complexs.

Our results show that mupain-1 is an unusual peptidic serine protease inhibitor.

Usually, attempts at improving affinity of enzyme inhibitors implicate reduction of

the entropic burden associated with binding. This approach is also being pursued

with peptidic protease inhibitors [2, 15]. In the present work, another principle was

demonstrated. The observation of a strongly increased affinity in spite of an entropy

penalty represents a concept going against conventional attempts at improving

inhibitor affinity by reducing the entropic burden. Our finding suggests that the

D9A versions of mupain-1 may be engineered to target other serine proteases with

high affinity. When combined with suitable unnatural amino acids as P1 residues

and other measures to assure specificity, the flexibility achieved by the D9A

substitution allows it to assume different conformations and make different exosite

interactions, resulting in high affinity towards different enzymes. This principle is a

new way of engineering inhibitor specificity and affinity.
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Supporting Figure S1. Alignment of the amino acid sequences of the catalytic domains of muPA and 
huPA. Residues implicated in the binding to the peptides by the X-ray crystal structure analysis are 
highlighted in cyan. The residue numbering is according to the chymotrypsin template. The 
alignment was performed with Crustal W2. * indicate identity. Similarities are indicated by . or :.   
 
                          16                 35         41 
Human       CGQKTLRPRFKIIGGEFTTIENQPWFAAIYRRHRGGS-VTYVCGGSLISPCWVISATHCF  
Murine      CGQKALRPRFKIVGGEFTEVENQPWFAAIYQKNKGGSPPSFKCGGSLISPCWVASAAHCF  
            ****:*******:***** :**********::::***  :: *********** **:*** 
                                                         99 
Human       IDYPKKEDYIVYLGRSRLNSNTQGEMKFEVENLILHKDYSADTLAHHNDIALLKIRSKEG  
Murine      IQLPKKENYVVYLGQSKESSYNPGEMKFEVEQLILHEYYREDSLAYHNDIALLKIRTSTG  
            *: ****:*:****:*: .* . ********:****: *  *:**:**********:. * 
                                             143 
Human       RCAQPSRTIQTICLPSMYNDPQFGTSCEITGFGKENSTDYLYPEQLKMTVVKLISHRECQ  
Murine      QCAQPSRSIQTICLPPRFTDAPFGSDCEITGFGKESESDYLYPKNLKMSVVKLVSHEQCM  
            :******:*******. :.*. **:.*********..:*****::***:****:**.:*  
                                      192 
Human       QPHYYGSEVTTKMLCAADPQWKTDSCQGDSGGPLVCSLQGRMTLTGIVSWGRGCALKDKP  
Murine      QPHYYGSEINYKMLCAADPEWKTDSCKGDSGGPLICNIEGRPTLSGIVSWGRGCAEKNKP  
            ********:. ********:******:*******:*.::** **:********** *:** 
 
Human       GVYTRVSHFLPWIRSHTKEENGLAL  
Murine      GVYTRVSHFLDWIQSHIGEEKGLAF  
            ********** ** *** ** ***: 
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Supporting Table S1. X-ray data collection and model refinement statistics 

Crystals huPA-H99Y:mupain-1 
at pH 7.4 

huPA-H99Y:mupain-1-
12 at pH 7.4 

huPA-H99Y:mupain-1-
16 at pH 7.4 

huPA-H99Y:mupain-1-
16 D9A at pH 7.4 

X-ray wavelength (Å) 1.0 1.0 1.0 1.0 

Resolution limits (Å) 2.28 2.10 1.80 1.9 

Space group R3 R3 R3 R3 

Cell parameters (Å) a=121.11, b=121.11, 
c=42.55 

a= 121.18, b= 121.18, 
c= 42.37 

a=121.56, b=121.56, 
c=42.40 

a=121.30, b=121.30, 
c=42.93 

Temperature of 
experiments (K) 100 100 100 100 

Completeness (%) 99.6 98.9 98.7 97.0 

Redundancy 3.6 (3.7)a 3.4 (3.5)a 3.8 (3.8)a 3.4(3.2) 

Average I/σ 34.1 (6.0)a 29.4 (2.8)a 37.9 (3.0)a 32.4(2.9) a 

Rmerge
b 0.084 (0.517)a 0.076 (0.570)a 0.052 (0.478)a 0.067(0.557) 

Refinement data     

R-factor 0.205 0.210 0.230 0.205 

R-free 0.287 0.273 0.276 0.249 

Average B-factor (Å2) of 
protein 43.3 57.6 39.9 37.16 

Average B-factor (Å2) of 
peptide 68.1 66.1 51.2 68.8 

r.m.s deviation of bond 
lengths (Å) 0.008 0.009 0.007 0.008 

r.m.s deviation of angle 
lengths (°) 1.230 1.285 1.230 1.111 

Ramachandran analysis 
(%) 95.2c, 4.8d, 0e 96.4c, 3.2d, 0.4e 95.6c, 4.0d, 0.4e 94.4c, 5.2d, 0.4e 
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a Numbers in parentheses refer to the highest resolution shells. 
b Rmerge=Σ|Ii-<I>|/ΣIi, where Ii is the intensity of the ith observation and <I> is the mean intensity of 
the reflections. 
c Percentage of residues in most favored regions. 
d Percentage of residues in additional allowed regions. 
e Percentage of residues in generously allowed regions. 
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Supporting Figure S2. Conformation of the bound mupain-1 peptide constrained by two tight β-
turns and hydrogen bonds. Selected hydrogen bonds are indicated by dashed lines. 

 
  
 



1 

 

Supporting Table S2. KM values for S-2444 hydrolysis by muPA and huPA variants. For the following 
variants of muPA, the KM values did not deviate significantly from that of the wt: Q35A; N37A; K37aA; 
G37cA; S37dA; P37eA; P38A; Q60aA; E146A; Y149A. 
 

Enzyme KM (mM) 

muPA wt 2.40 ± 0.20 (3) 

muPA K41A 2.50 ± 0.20 (3) 

muPA Y99A 3.60 ± 0.30 (3) 

muPA K143A 1.00 ± 0.40 (3) 

muPA S190A 10.8 ± 1.0 (3) 

muPA V213T 0.868 ± 0.350 (3) 

huPA wt 0.087 ± 0.0003 (3) 

huPA-H99Y 0.610 ± 0.110 (3) 

huPA-H99Y R35A 0.517 ± 0.156 (3) 

huPA-H99Y V41A 0.742 ± 0.073 (3) 

huPA-H99Y K143A 0.500 ± 0.041 (3) 

huPA-H99Y Q192A 0.904 ± 0.178 (3) 
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Supporting Figure S3. SPR analysis of peptide-enzyme binding. The figure shows representative 
examples of sensorgrams of analysis of peptide-enzyme binding kinetics. huPA-H99Y was 
immobilized on a CM5 chip to a level of approximately 500 RU. The peptides were applied to the chip 
in the following concentration series: Mupain-1, 0.1 – 100 µM; mupain-1-12, 0.025 – 25 µM; mupain-
1-16, 0.01 – 10 µM. The experimental sensorgrams are shown in red and the curve fits in black. The 
fitted curves correspond to kon = 0.509 x 105M-1s-1, koff = 80.3 x 10-2 s-1¸ KD  = 15.8 µM (mupain-1); kon = 
1.88 x 105M-1s-1, koff = 24.8 x 10-2 s-1¸ KD  = 1.32 µM (mupain-1-12); kon = 1.01 x 105M-1s-1, koff = 9.29 x 
10-2 s-1¸ KD  = 0.920 µM (mupain-1-16). A summary of the results obtained in all experiments 
performed is given in Table 4 in the main text.  
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Supporting Table S3. Distances between mupain-1 and huPA-H99Y residues in the crystal structure 

 

Mupain-1 residue huPA-H99Y residue  Distance, Å 

Ala3 N Thr97a O 2.68 

Tyr4 N Leu97b O 3.17 

Tyr4 OHη Arg217 NHη1 3.47 

Ser5 O Tyr99 OHη 2.18 

Arg6 N2 Gly219 O 2.79 

Arg6 N2 Asp189 Oδ2 2.68 

Arg6 N1 Asp189 Oδ1 3.14 

Arg6 N1 Ser190 O 3.33 

Arg6 N1 Ser190 Oγ 2.67 

Arg6 O Gly193 N 2.84 

Tyr7 OH Arg35 NHη1 3.13 

Tyr7 OH Arg35 NHη2 3.20 

Tyr7 OH Cys58 O 2.74 

Tyr7 O Gln192 Nε2 3.03 

Leu8 O Gln192 Nε2 2.67 

Asp9 Oδ1 Arg35 NHη1 2.27 

Cys10 O Gln192 Nε2 3.46 
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Supporting Figure S4. Secondary chemical shifts for the Cα, Cβ, HN and Hα for mupain-1 and 
mupain-1-16 in cis and trans forms. The 1H and some 13C resonances were assigned as described in 
the main text. Two markedly different assignments for each set of peptide resonances were obtained 
which was interpreted as cis-trans isomerization. From the complete assignment of the 1H and 13C 
chemical shifts, the secondary chemical shifts for Hα, HN, Cβ and Cα for all the residues were 
calculated as the assigned chemical shift minus the reference random coil shift. Since the different 
databases only provide chemical shifts for the 20 standard amino acids, no random coil chemical shift 
of the non-standard amino acid L-3-(N-amidino-4-piperidyl)alanine from mupain-1-16 can be 
obtained and these values are therefore omitted in the analysis. For the two amino acids next to L-3-
(N-amidino-4-piperidyl)alanine, Ser5 and Tyr7, Arg values were used for sequence correction and this 
substitution should have negligible effects on the backbone chemical shift. Based on the secondary 
chemical shifts, it is clear, that both the proton and carbon chemical shifts for the two isomeric forms 
of each peptide are significantly different for most of the residues. The assigned chemical shifts for 
the side chains also reveal similarities for the same isomeric forms as e.g. indicated by the secondary 
chemical shifts of Cβ. 

 
 

  

 

 
 



Supporting Table S4. Distances between mupain-1-12 residues and huPA-H99Y residues in the 
crystal structure 

 

  

Mupain-1-12 residue huPA-H99Y residue Distance, Å 

Ala3 N Thr97A O  2.72 

Tyr4 O Gly216 N 2.96 

Tyr4 N Leu97B O 3.28 

Ser5 Oγ Tyr99 OH 2.26 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N1 Gly216 O 3.52 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N1 Gly219 O 2.48 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N2 Asp189 Oδ1 2.88 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N2 Ser190 Oγ 2.98 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N2 Ser190 O 3.09 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N3 Asp189 Oδ1 3.35 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N3 Asp189 Oδ2 2.63 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 N3 Gly219 O 3.09 

[CPAYS[4-guanidino-phenyl-alanine]YLDC]6 O Gly193 N 3.01 

Tyr7 OH Arg35 NH1 3.37 

Tyr7 OH Arg35 NH2 3.58 

Tyr7 OH Cys58 O 3.01 

Tyr7 O Gln192 Nε2 3.52 

Leu8 O Tyr151 OH 3.72 

Leu8 O Gln192 Nε2 2.90 

Asp9 Oδ2 Arg35 NH1 3.26 

Cys10 O Gln192 Nε2 3.27 
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Supporting Table S5. Distances between mupain-1-16 residues and huPA-H99Y residues in the 
crystal structure 
 
  

Mupain-1-16 residue huPA-H99Y residue Distance, Å 

Ala3 N Thr97 O 2.68 

Tyr4 N Leu97 O 2.98 

Tyr4 OHη Arg217 NHη1 2.63 

Ser5 O Tyr99 OHη 2.59 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N10 

Gly219 O 2.97 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N10 

Asp189 Oδ2 2.73 

[L-3-(N-amidino-4-piperidyl)alanine]6 N9 Asp189 Oδ1 2.71 

[L-3-(N-amidino-4-piperidyl)alanine]6 N9 Ser190 O 3.24 

[L-3-(N-amidino-4-piperidyl)alanine]6 N9 Ser189 Oγ 2.66 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Gly193 N 3.10 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Ser195 Oγ 3.36 

Tyr7 O Gln192 Nε2 3.20 

Tyr7 OHη Arg35 NHη1 2.86 

Tyr7 OHη Arg35 NHη2 2.73 

Tyr7 OHη Cys58 O 2.97 

Tyr7 Oα Gln192 Nε2 3.19 

Leu8 O Gln192 Nε2 3.49 

Asp9 Oδ1 Arg36 NHη1 2.53 

Cys10 Oα Gln192 Nε2 2.79 
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Supporting Table S6. Distances between mupain-1-16 D9A and huPA-H99Y residues in the crystal 
structure 

 

Mupain-1-16 D9A residue huPA H99Y residue  Distance, Å 

Ala3 N Thr97A O 2.53 

Tyr4 N Leu97B O 3.06 

Tyr4 OHη Arg217 NHη1 2.34 

Tyr4 OHη Arg217 N 2.50 

Tyr4 O Gly216 N 2.90 

Tyr4 O Gly216 O 2.88 

Ser5 O Tyr99 OHη 2.70 

[L-3-(N-amidino-4-piperidyl)alanine]6 N2 Gly219 O 2.74 

[L-3-(N-amidino-4-piperidyl)alanine]6 N2 Ser190 O 3.35 

[L-3-(N-amidino-4-piperidyl)alanine]6 N2 Asp189 Oδ2 3.03 

[L-3-(N-amidino-4-piperidyl)alanine]6 N1 Asp189 Oδ1 2.96 

[L-3-(N-amidino-4-piperidyl)alanine]6 N1 Asp189 Oδ2 3.35 

[L-3-(N-amidino-4-piperidyl)alanine]6 N1 Ser190 O 3.21 

[L-3-(N-amidino-4-piperidyl)alanine]6 N1 Ser190 Oγ 2.67 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Gly193 N 3.07 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Ser195 Oγ 2.83 

Tyr7 OH Arg35 NHη1 3.17 

Tyr7 OH Arg35 NHη2 3.25 

Tyr7 OH Cys58 O 2.91 

Tyr7 O Gln192 Nε2 3.36 

Tyr7 N Ser195 Oγ 3.48 

Leu8 O Gln192 Nε2 3.27 

Asp9 Oδ1 Arg35 NHη1 2.27 
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Cys10 O Gln192 Nε2 2.90 
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Supporting Table S7. Comparison of B factors in the huPA-H99Y-mupain-1, huPA-H99Y-mupain-1 -
12, huPA-H99Y-mupain-1-16 structures, and huPA-H99Y-mupain-1-16-D9A structures 
 

Compound Average B factor 

huPA-H99Y-mupain-1 complex 44.2 

mupain-1 in huPA-H99Y-mupain-1 complex 68.1 

huPA-H99Y in huPA-H99Y-mupain-1 complex 43.3 

  

huPA-H99Y-mupain-1-12 complex 57.8 

mupain-1-12 in huPA-H99Y-mupain-1-12 complex 66.1 

huPA-H99Y in huPA-H99Y-mupain-1-12 complex 57.6 

  

huPA-H99Y-mupain-1-16 complex 39.1 

mupain-1-16 in huPA-H99Y-mupain-1-16 complex 48.5 

huPA-H99Y in huPA-H99Y-mupain-1-16 complex 38.7 

  

huPA-H99Y-mupain-1-16-D9A complex 39.6 

mupain-1-16 D9A in huPA-H99Y-mupain-1-16-D9A complex 55.0 

huPA-H99Y in huPA-H99Y-mupain-1-16-D9A complex 38.9 

  

The ratio of  B factor of mupain-1 in huPA-H99Y-mupain-1 
complex 

68.1/44.2=1.54  

The ratio of  B factor of mupain-1-12 in huPA-H99Y-mupain-
1-12 complex 

66.1/57.8=1.14 

The ratio of  B factor of mupain-1-16 in huPA-H99Y-mupain-
1-16 complex 

48.5/39.1=1.24 

The ratio of  B factor of mupain-1-16-D9A in huPA-H99Y-
mupain-1-16-D9A complex 

55.5/39.6=1.39 

The ratio of  B factor of huPA-H99Y in huPA-H99Y-mupain-1 
complex 

43.3/44.2=0.98 
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The ratio of  B factor of huPA-H99Y in huPA-H99Y-mupain-
12 complex 

57.6/57.8=0.99 

The ratio of  B factor of huPA-H99Y in huPA-H99Y-mupain-1-
16 complex 

38.7/39.1=0.99 

The ratio of  B factor of huPA-H99Y in huPA-H99Y-mupain-1-
16-D9A complex 

38.9/39.6 = 0.98 
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Supporting Table S8. Analysis of 13C chemical shifts of mupain-1 and mupain-1-16. The chemical 
shifts and differences between Cβ and Cγ for the Pro residues in mupain-1 and mupain-1-16 for 
characterization of cis and trans conformation by the values found by Shubert et al. [2002]. The 
difference Δ between Cβ and Cγ found by Shubert et al. [2002] was between 0.0 ppm - 4.8 ppm for 
100% trans and 9.15 ppm - 14.4 ppm for 100% cis.  
 

 Mupain-1 Mupain-1-16 

 Cis Trans Cis Trans 

Cβ(ppm) 34.39 32.06 34.35 32.04 

Cγ(ppm) 24.33 27.42 24.19 27.39 

Δ(ppm) 10.06 4.64 10.16 4.65 
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Supporting Figure S1. Alignment of the amino acid sequences of the catalytic domains of muPA and 
huPA. Residues implicated in the binding to the peptides by the X-ray crystal structure analysis are 
highlighted in cyan. The residue numbering is according to the chymotrypsin template. The 
alignment was performed with Crustal W2. * indicate identity. Similarities are indicated by . or :.   
 
                          16                 35         41 
Human       CGQKTLRPRFKIIGGEFTTIENQPWFAAIYRRHRGGS-VTYVCGGSLISPCWVISATHCF  
Murine      CGQKALRPRFKIVGGEFTEVENQPWFAAIYQKNKGGSPPSFKCGGSLISPCWVASAAHCF  
            ****:*******:***** :**********::::***  :: *********** **:*** 
                                                         99 
Human       IDYPKKEDYIVYLGRSRLNSNTQGEMKFEVENLILHKDYSADTLAHHNDIALLKIRSKEG  
Murine      IQLPKKENYVVYLGQSKESSYNPGEMKFEVEQLILHEYYREDSLAYHNDIALLKIRTSTG  
            *: ****:*:****:*: .* . ********:****: *  *:**:**********:. * 
                                             143 
Human       RCAQPSRTIQTICLPSMYNDPQFGTSCEITGFGKENSTDYLYPEQLKMTVVKLISHRECQ  
Murine      QCAQPSRSIQTICLPPRFTDAPFGSDCEITGFGKESESDYLYPKNLKMSVVKLVSHEQCM  
            :******:*******. :.*. **:.*********..:*****::***:****:**.:*  
                                      192 
Human       QPHYYGSEVTTKMLCAADPQWKTDSCQGDSGGPLVCSLQGRMTLTGIVSWGRGCALKDKP  
Murine      QPHYYGSEINYKMLCAADPEWKTDSCKGDSGGPLICNIEGRPTLSGIVSWGRGCAEKNKP  
            ********:. ********:******:*******:*.::** **:********** *:** 
 
Human       GVYTRVSHFLPWIRSHTKEENGLAL  
Murine      GVYTRVSHFLDWIQSHIGEEKGLAF  
            ********** ** *** ** ***: 
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Supporting Figure S2. Conformation of the bound mupain-1 peptide constrained by two tight β-
turns and hydrogen bonds. Selected hydrogen bonds are indicated by dashed lines. 
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Supporting Figure S3. SPR analysis of peptide-enzyme binding. The figure shows representative 
examples of sensorgrams of analysis of peptide-enzyme binding kinetics. huPA-H99Y was 
immobilized on a CM5 chip to a level of approximately 500 RU. The peptides were applied to the chip 
in the following concentration series: Mupain-1, 0.1 – 100 µM; mupain-1-12, 0.025 – 25 µM; mupain-
1-16, 0.01 – 10 µM. The experimental sensorgrams are shown in red and the curve fits in black. The 
fitted curves correspond to kon = 0.509 x 105M-1s-1, koff = 80.3 x 10-2 s-1¸ KD  = 15.8 µM (mupain-1); kon = 
1.88 x 105M-1s-1, koff = 24.8 x 10-2 s-1¸ KD  = 1.32 µM (mupain-1-12); kon = 1.01 x 105M-1s-1, koff = 9.29 x 
10-2 s-1¸ KD  = 0.920 µM (mupain-1-16). A summary of the results obtained in all experiments 
performed is given in Table 4 in the main text.  
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Supporting Figure S4. Secondary chemical shifts for the Cα, Cβ, HN and Hα for mupain-1 and 
mupain-1-16 in cis and trans forms. The 1H and some 13C resonances were assigned as described in 
the main text. Two markedly different assignments for each set of peptide resonances were obtained 
which was interpreted as cis-trans isomerization. From the complete assignment of the 1H and 13C 
chemical shifts, the secondary chemical shifts for Hα, HN, Cβ and Cα for all the residues were 
calculated as the assigned chemical shift minus the reference random coil shift. Since the different 
databases only provide chemical shifts for the 20 standard amino acids, no random coil chemical shift 
of the non-standard amino acid L-3-(N-amidino-4-piperidyl)alanine from mupain-1-16 can be 
obtained and these values are therefore omitted in the analysis. For the two amino acids next to L-3-
(N-amidino-4-piperidyl)alanine, Ser5 and Tyr7, Arg values were used for sequence correction and this 
substitution should have negligible effects on the backbone chemical shift. Based on the secondary 
chemical shifts, it is clear, that both the proton and carbon chemical shifts for the two isomeric forms 
of each peptide are significantly different for most of the residues. The assigned chemical shifts for 
the side chains also reveal similarities for the same isomeric forms as e.g. indicated by the secondary 
chemical shifts of Cβ. 
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Supporting Table S8. Analysis of 13C chemical shifts of mupain-1 and mupain-1-16. The chemical 
shifts and differences between Cβ and Cγ for the Pro residues in mupain-1 and mupain-1-16 for 
characterization of cis and trans conformation by the values found by Shubert et al. [2002]. The 
difference Δ between Cβ and Cγ found by Shubert et al. [2002] was between 0.0 ppm - 4.8 ppm for 
100% trans and 9.15 ppm - 14.4 ppm for 100% cis.  
 

 Mupain-1 Mupain-1-16 

 Cis Trans Cis Trans 

Cβ(ppm) 34.39 32.06 34.35 32.04 

Cγ(ppm) 24.33 27.42 24.19 27.39 

Δ(ppm) 10.06 4.64 10.16 4.65 
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a  b  s  t  r  a  c  t

Two  isomeric  piperidine  derivatives  (meta  and  para  isomers)  were  used  as  arginine  mimics  in  the  P1
position  of a cyclic  peptidic  inhibitor  (CPAYSRYLDC)  of  urokinase-type  plasminogen  activator.  The  two
resulting  cyclic  peptides  showed  vastly  different  affinities  (∼70  fold)  to the target  enzyme.  X-ray  crystal
structure  analysis  showed  that  the two  P1 residues  were  inserted  into  the  S1  specificity  pocket  in  indis-
tinguishable  manners.  However,  the rest  of  the  peptides  bound  in entirely  different  ways  on  the  surface
eywords:
rotease
rokinase
yclic peptide

nhibitor
-ray crystal structure

of  the  enzyme,  and  the  two  peptides  have  different  conformations,  despite  the highly  similar  sequence.
These  results  demonstrate  how  the  subtle  difference  in  P1  residue  can  dictate  the  exosite  interactions  and
the potencies  of  peptidic  inhibitors,  and  highlight  the  importance  of  the P1  residue  for  protease  inhibition.
This  study  provides  important  information  for  the  development  of  peptidic  agents  for  pharmacological
intervention.

©  2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Serine proteases of the trypsin family (clan SA) play important
hysiological and pathophysiological roles. Many serine proteases
re potential therapeutic targets. Moreover, serine proteases are
lassical objects for studies of catalytic and inhibitory mechanisms
Hedstrom, 2002; Walker and Lynas, 2001). The human genome
ontains 176 genes and the mouse genome 227 genes encoding ser-
ne proteases with highly similar active sites (Puente et al., 2003).

eneration of small molecule inhibitors specific to only one serine
rotease is a daunting task (Rockway et al., 2002). There is there-
ore a need for the design of new inhibitory modalities which may

∗ Corresponding author at: 155 Yang Qiao West Road, Fuzhou, Fujian 350002,
hina. Tel.: +86 591 8370 5814.
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2 Tel.: +45 87155456.
3 Tel.: +45 353 32430.

ttp://dx.doi.org/10.1016/j.biocel.2015.02.016
357-2725/© 2015 Elsevier Ltd. All rights reserved.
ensure that only a single enzyme is being targeted. To develop
inhibitors with better affinity and specificity, a number of pep-
tidylic serine protease inhibitors have recently been isolated by
screening phage-displayed peptide libraries, including inhibitors of
chymotrypsin (Krook et al., 1997), factor VIIa (Dennis et al., 2000),
prostate-specific antigen (Wu et al., 2000), kallikrein-2 (Heinis
et al., 2009; Hekim et al., 2006), mannose-binding lectin-associated
serine protease-1 and -2 (Kocsis et al., 2010), furins (Hajdin et al.,
2010), and isoforms of trypsin (Wu et al., 2010).

One important member of the trypsin family is urokinase-type
plasminogen activator (uPA), which catalyses the conversion of
the zymogen plasminogen to the active protease plasmin. Plasmin
participates in the turnover of extracellular matrix proteins in phys-
iological and pathophysiological tissue remodeling (Dano et al.,
1985). Abnormal expression of uPA is responsible for tissue damage
in several pathological conditions, including rheumatoid arthritis,

allergic vasculitis, and xeroderma pigmentosum, and in particu-
lar, is a key factor for the invasive capacity of malignant tumors
(Andreasen et al., 2000, 1997). High uPA level has been recom-
mended as a tumor marker for breast cancer management, and as a

dx.doi.org/10.1016/j.biocel.2015.02.016
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
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redictive factor in the systemic therapy of breast cancer patients
Annecke et al., 2008; Harris et al., 2007). We  previously isolated
wo peptides, one (upain-1, CSWRGLENHRMC) being a compet-
tive inhibitor of human uPA (huPA) and the other (mupain-1,
PAYSRYLDC) being a competitive inhibitor of murine uPA (muPA)
Andersen et al., 2008; Hansen et al., 2005). Both are constrained
n a circular form by a disulfide bridge and have an Arg as the
1 residue, which inserts into the S1 specificity pocket in the
ctive site of the enzymes, but their specificity depends to a large
xtent on interactions outside the active sites of enzymes, so-
alled exosite interactions (Hosseini et al., 2011; Zhao et al., 2007;
hao, Xu et al., 2014). Therefore, exosite interactions not only
etermine inhibitor affinity but also enforce specificity for pro-
eases. Exosite-dependent function indicates a significant role for
xtended surfaces within the enzyme-inhibitor complex, distinct
rom the active site, in binding the protein substrate or inhibitor.
o unambiguously elucidate this interesting mechanistic puzzle
egarding the relation between P1–S1 interactions and exosite
nteractions has important implications in understanding serine
rotease substrate specificity as well as inhibition mechanisms.

. Materials and methods

.1. Expression and purification of recombinant uPA catalytic
omain variants

The cloning strategy and the production of human recombi-
ant uPA catalytic domain (159–411) and the huPA-H99Y mutants
ere described previously (Zhao, Xu et al., 2014; Zhao et al, 2006).

he recombinant uPA protease domain expressed this way  is an
ctive protease with an activity comparable to full-length two-
hain uPA (Zhao, Yuan, 2006). The protein was dialyzed overnight
gainst 20 mM potassium phosphate, pH 6.5 and concentrated to
0 mg/ml, using stirred ultra-filtration cells (Millipore and Amicon
ioseparations, Model-5124) and prior to protein crystallization.

.2. Peptide synthesis

Chemicals for peptide synthesis were purchased from Sigma-
ldrich, Iris Biotech GmbH, Rapp Polymere GmbH and used without

urther purification. Peptides are synthesized and prepared as pre-
iously reported (Hosseini, Jiang, 2011).

.3. Ki determinations

For routine determination of Ki values for the inhibition of the
arious enzymes under steady state inhibition conditions, a fixed
oncentration of purified enzyme or conditioned media from trans-
ected cells (approximately 2 nM enzyme as the final concentration)
as pre-incubated in a total volume of 200 �l HBS with 0.1% BSA at

7 ◦C, with various concentrations of mupain-1 variants between
–400 �M for 15 min  prior to the addition of the chromogenic sub-
trate in concentrations approximately equal to the KM value for
ach particular variant. The initial reaction velocities were moni-
ored at an absorbance of 405 nm.  The inhibition constants (Ki) were
ubsequently determined from the non-linear regression analy-
es of plots for Vi/V0 versus [I]0, using Equation 2, derived under
ssumption of competitive inhibition:

i/Vo = (Ki x (KM + [S]0)/((Ki x [S]0) + (KM x (Ki + [I]0))) (2)

here Vi and V0 are the reaction velocities in the presence and

bsence of inhibitor, respectively; [S]0 and [I]0 are the substrate
nd inhibitor concentrations, respectively; KM is KM for substrate
ydrolysis by each protease. In Equation 2, it is assumed that [S]free

 [S]0 and [I]free ≈ [I]0. These conditions were fulfilled, as less than
hemistry & Cell Biology 62 (2015) 88–92 89

10% of the substrate was converted to product in the assays and as
the assay typically contained a final concentration of each protease
of 2 nM and inhibitor concentrations in the �M range.

2.4. Surface plasmon resonance analysis

To determine the equilibrium binding constants (KD), the asso-
ciation rate constants (kon) and dissociation rate constants (koff) for
peptide binding to huPA-H99Y, surface plasmon resonance analysis
was performed on a BIACORE T200 instrument (BIACORE, Uppsala,
Sweden). A CM5  chip was coupled with huPA-H99Y, by injecting
a concentration of 30 �g/mL huPA-H99Y in immobilization buffer
(10 mM  sodium acetate, pH 5.0), aiming for an immobilized level
of approximately 500 response units (RU). Immobilization was  fol-
lowed by surface blocking with ethanolamine. A reference cell
was prepared in the same way, without coupling of huPA-H99Y.
Mupain-1 variants in running buffer, in a dilution series, were
injected at a flow rate of 30 �l per min  during 60 s at 25 ◦C. Sub-
sequently, the dissociation was monitored during 600 s. Kinetic
constants (kon and koff) were calculated with the BIACORE eval-
uation software, using the 1:1 kinetic fit. The KD values were
calculated as koff/kon.

2.5. Crystallization and data collection of uPA-H99Y in complex
with mupain-1 variants

The crystallization trials were carried out with the sitting-drop
vapor-diffusion method. The crystals of huPA-H99Y were obtained
by equilibrating huPA-H99Y protein against a reservoir solution
containing 2.0 M ammonium sulfate, 50 mM sodium citrate (pH
4.6), and 5% PEG400 at room temperature. The crystals appeared
in about 3 days.

For huPA-H99Y: mupain-1–16 complex and huPA-H99Y:
mupain-1–17 complex at pH 7.4, the crystals of huPA-H99Y were
soaked for 2 weeks in new soaking buffer (40% PEG4000, 100 mM
Tris–HCl pH 7.4) containing 1 mM mupain-1–16 or 1 mM mupain-
1–17. A solution of 20% PEG4000, 100 mM Tris–HCl, pH 7.4, 20%
(V/V) glycerol was used as cryoprotectant for the crystals. X-
ray diffraction data of the crystals were collected at the BL17U
beamline, Shanghai Synchrotron Radiation Facility (SSRF) and
3W1A beamline, Beijing Synchrotron Radiation Facility (BSRF). The
diffraction data was  indexed and integrated by HKL2000 program
package (Otwinoski and Minor, 1997).

2.6. Crystal structure determination and refinement

The crystal structure of the different complexes were solved by
molecular replacement (CCP4, 1994) using the uPA structure (PDB
code: 2NWN) (Zhao, Yuan, 2007) as the search model. The electron
density for the peptide was  clearly visible in the uPA active sites
and was modeled based on the Fo-Fc difference map. The residue
in position 99 of uPA was  mutated to tyrosine, as shown by COOT
(Emsley and Cowtan, 2004). The structures was refined by ccp4 pro-
gram package (CCP4, 1994) and manually adjusted by the molecular
graphics program COOT (Emsley and Cowtan, 2004) iteratively
until convergence of the refinement. Solvent molecules were added
using a Fo-Fc Fourier difference map  at 2.5 � in the final refine-
ment step. Statistics of data collection and final model refinement
are summarized in Table S1.  The final structures were analyzed
by software PyMol and MOE  (DeLano, 2002, Molecular Operating
Environment (MOE), 2015 Chemical Computing Group Inc.).
3. Results and discussions

In this work, we used the cyclic peptide inhibitor for
murine uPA (mupain-1, CPAYSRYLDC) to study the mechanism of



90 L. Jiang et al. / The International Journal of Biochemistry & Cell Biology 62 (2015) 88–92

Table 1
The structures of P1 residues of mupain-1 variants.
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b
u
L
P
t
a
p
1

i
a
f
(
(
(
2
S
i
1
S
a
m

t
(
a
a
f
a
t
k
t
(
i
o
l

W
c
t
v
X

T
S
e

inding of peptidic inhibitors to their targets. Two isomeric unnat-
ral amino acids, i.e., L-3-(N-amidino-4-piperidyl) alanine and
-3-(N-amidino-3-piperidyl) alanine (Table 1), were introduced as
1 residue into mupain-1, instead of the original Arg. Both pep-
ides have a guanidino group assembled on the piperidine ring as an
rginine mimic, but differ with respect to the geometry around the
iperidine ring. The two resulting peptides were named mupain-
–16 and mupain-1–17, respectively (Table 1).

The original cyclic peptide (mupain-1) inhibits muPA specif-
cally with a Ki of 0.41 �M (Andersen, Wind, 2008). In good
greement with our previous report (Hosseini, Jiang, 2011), we  now
ound that mupain-1–17 inhibits muPA with a Ki of 6.5 ± 1.0 �M
n = 3), while mupain-1–16 inhibits muPA with a Ki of 45 ± 10 nM
n = 4). In contrast, there was no measurable inhibition of huPA
Ki > 1000 �M).  However, as reported earlier (Andersen, Wind,
008), partially murinising huPA by a single point mutation (Fig.
1), H99Y, conferred it sensitivity to mupain-1. Mupain-1–17
nhibits huPA-H99Y with a Ki of 219 ± 43 �M (n = 2); mupain-
–16 inhibits huPA-H99Y with a Ki of 2.48 ± 0.07 �M (n = 3) (Table
2). Thus, with muPA as well as with huPA-H99Y, there was
pproximately a 100-fold difference between the Ki values for
upain-1–17 and mupain-1–16.
We  also determined the binding kinetics of the two  peptides

o huPA-H99Y and muPA by surface plasmon resonance analysis
Table 2). The KD values agreed reasonably with the Ki values. 65-
nd a 74-fold difference in KD between the two peptides for muPA
nd huPA-H99Y, respectively, was in good agreement with the dif-
erence in Ki values. Most strikingly, the difference in KD are totally
ccounted for by a 72-fold lower kon for binding of mupain-1–17
han for binding of mupain-1–16 to muPA and a 79-fold lower
on for binding of mupain-1–17 than for binding of mupain-1–16
o huPA-H99Y. In contrast, the koff values were indistinguishable
Table 2, Figure S2). This situation is unusual, as variations in affin-
ty of peptidic serine protease inhibitors to their targets are most
ften associated with variations in koff, while kon most often varies
ittle if at all (Jiang et al., 2011).

We now wished to study the structural basis for this difference.
e  were not able to generate crystals of muPA, neither alone nor in

omplex with any of the peptides. Since we previously crystallized

he catalytic domain of huPA, we turned to a partially murinised
ersion of huPA, i.e., huPA with a H99Y mutation, huPA-H99Y (Zhao,
u, 2015). We  now determined the crystal structures of huPA-H99Y

able 2
urface plasmon resonance analysis of the binding of peptides to muPA and huPA-H99Y
xperiments (shown in parentheses), determined at 25 ◦C. The results of two  representat

Enzyme Peptide kon (M−1 s−1), ×10−5

muPA mupain-1–16 0.898 ± 0.545 (3) 

mupain-1–17 0.0124 ± 0.0049 (4) 

huPA-H99Y mupain-1–16 1.07 ± 0.15 (4) 

mupain-1–17 0.0137 ± 0.0043 (3) 
and huPA-H99Y in complex with mupain-1–16 or mupain-1–17
(Fig. 1, also Fig. S3 and Table S2). These structures showed that
the P1 residue binds to the S1 pocket for both cyclic peptides. The
aliphatic piperidine ring and the guanidino group of P1 residues
of mupain-1–16 and mupain-1–17 have almost identical interac-
tions between P1 residue and S1 pocket. This is a surprise because
the S1 specificity pocket in serine proteases, e.g., matriptase (Yuan
et al., 2011), is usually larger than a benzene ring, and allows the
movement of a P1 group like benzamidine (Yuan, Chen, 2011).

The structures of huPA-H99Y complexes also showed that the
angle of exit of the C� C� peptide bond from the S1 pocket is
changed, which shifts completely the position of the remaining
part of the peptide and the exosite interactions. The end results
are that mupain-1–16 has an extended interaction surface with
several hydrogen bonds and charge–charge interactions, and has
a buried surface area of 794.3 Å2 (Fig. S4a-S5a and Table S3,  cal-
culated by PISA (Krissinel and Henrick, 2007)). For mupain-1–17,
there are fewer contacts to the enzyme surface and the buried sur-
face area is much smaller (427.5 Å2, Fig. S4b-S5b and Table S4).
In the mupain-1–16:huPA-H99Y complex, Tyr4 of mupain-1–16
occupies the S4 pocket of huPA-H99Y, and Tyr7 has direct inter-
actions with 37-loop and 60-loop of huPA-H99Y, and Leu8 of the
peptide makes hydrophobic contacts with Tyr40 and Tyr151 of
huPA-H99Y. We further observed that mupain-1–16 becomes more
rigid upon binding to huPA-H99Y compared to mupain-1–17. The
temperature factor is a measure of the flexibility of the crystal struc-
ture. We  found that the average temperature factor of mupain-1–16
in the complex (51.2 Å2) is much lower than that of mupain-1–17
(87.3 Å2). The relative temperature factor, as compared to the tar-
get enzyme huPA-H99Y, is also lower for the mupain-1–16 in the
complex (1.28) than for the mupain-1–17 complex (1.94) (Table
S5).

The mupain-1–16 peptide is not cleaved by murine uPA and
behaves as an inhibitor of the enzyme. The main reason suggested
by this structural study is that the catalytic Ser195 is quite far
away (3.3 Å) from the scissile bond (between residues 6 and 7).
For comparison, the distance between the catalytic Ser195 and the
PAI-1 scissile bond in the uPA:PAI-1 Michaelis complex is 2.0 Å (Lin
et al., 2011). The key structural factors keeping the scissile bond

away from Ser195 seems including the cyclic nature of the peptidic
inhibitor and the peptide Ser5 residue’s repulsion with Tyr99 of
uPA-H99Y (Fig. 2). In the case of mupain-1–17, the carbonyl group

, a murinised analog of uPA. Values are means ± S.D. for the indicated number of
ive experiments are shown in Fig. S2.

koff (s−1), ×102 KD (�M)

0.671 ± 0.119 (3) 0.0894 ± 0.0376 (3)
0.607 ± 0.066 (4) 5.85 ± 3.25 (4)

8.93 ± 0.46 (4) 0.844 ± 0.132 (4)
8.06 ± 0.73 (3) 62.8 ± 19.5 (3)
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Fig. 1. The crystal structures of huPA-H99Y: mupain-1–17 complex (a) and huPA-H99Y: mupain-1–16 complex (b). The proteases (huPA-H99Y) are shown in surface colored
light  blue and in identical orientations, while the inhibitors are shown in sticks and colored in cyan (mupain-1–17) or magenta (mupain-1–16).
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compromised mice. In addition, mechanistic studies like this one
provide important information for the development of mupain-1
variants toward a sub-nM affinity.
ig. 2. Stereo-view illustration shows that Tyr99 of uPA-H99Y keeps the scissile b
PA-H99Y due to the steric repulsion between Tyr99 and the Ser5 of mupain-1–16

ine.

f P1 residue is far away from the hydroxyl group of Ser195 of
uPA-H99Y and one sulfate ion from solvent occupies the oxyanion
ole.

The two peptidic inhibitors in this study have identical main
hains with only one difference on the side chain of residue 6.
oth peptides adopt circular rings by their main chains, forming

 disk-like structure. The side chain of residue 6 extends out of
he edge of the disks and inserts into the S1 specificity pockets.
et, the two peptides have different main chain conformations
Fig. S6). In mupain-1–17, one side of the disk is hydrophobic in
ature with two Tyr and one Leu residues, while the other side is
ainly hydrophilic and interacts with the Arg217 of uPA-H99Y (Fig.

7). This peptidic inhibitor has only one intra-peptide hydrogen
onds compared to 5 intra-peptide hydrogen bonds in mupain-
–16, which also form into two tight � turns (Fig. S6).  Interestingly,
his peptide maintains its current conformation when the pH of the
omplex was adjusted to 4.6, as we found from its high resolution
rystal structure (1.6 Å, Table S1), suggesting the current confor-
ation is in an energy favorable conformation. Taken together,

hese observations demonstrate two preferred conformations of
ne peptide framework, and suggest that this cyclic peptide may
ave limited mobility in solution.

In summary, we substituted piperidyl isomers,
L-3-(N-amidino-4-piperidyl)alanine or L-3-(N-amidino-3-
iperidyl)alanine), into the P1 position of the peptidic inhibitor
mupain-1) and found the para isomer (mupain-1–16) has much

tronger binding to its target enzyme. The structural study of
hese two mupain-1 variants (mupain-1–16 and mupain-1–17) in
omplex with huPA-H99Y showed identical P1–S1 interactions but
rastically different peptide conformations and exosite interaction
f mupain-1–16 (in semi-transparent surface representation) away from Ser195 of
istance between Ser195 of uPA-H99Y to the scissile bond is indicated by a dashed

with the target enzyme (Fig. 3). This study indicates that P1
residue can direct exosite interactions of peptidic inhibitors and
thus determine the overall affinity.

Mupain-1 and derivatives will be valuable in studies with dis-
ease models in mice, for instance with transplantable tumors and
models of arthritis. Genetically and chemically induced tumors on
mice are more relevant for understanding mechanisms of tumor
dissemination than transplantable human tumors on immuno-
Fig. 3. Schematic diagram shows that P1 residue directs exosite interactions of
peptidic inhibitors (mupain-1–17 in cyan and mupain-1–16 in magenta).
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Figure S1. Alignment of the amino acid sequences (in Chymotrypsinogen numbering) of the 
catalytic domains of muPA and huPA. Catalytic triad residues are highlighted by red boxes. 
Residue 99 (highlighted in yellow) is close to the active site, and accounts for the primary 
difference between human and murine uPA. 
 

 
Figure S2. Surface plasmon resonance analysis of the binding of mupain-1-16 and mupain-1-17 
to huPA-H99Y. The figure shows two typical experiments. The concentrations tested were 
between 10 and 0.00975 µM (mupain-1-16) or between 100 and 0.0975 µM (mupain-1-17). The 
experimental sensorgrams are shown in red and the curve fits in black. The fitted curves 
correspond to kon = 1.01 x 105 M-1s-1, koff = 9.29 x 10-2 s-1, KD = 0.920 µM (mupain-1-16); kon = 
0.0185 x 105 M-1s-1, koff = 7.48 x 10-2 s-1, KD = 40.3 µM (mupain-1-17). A summary of all 
experiments is given in Table 2 in the main text.  
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Figure S3. The conformations of cyclic peptidyl inhibitors when they bind to huPA-H99Y. a: 
mupain-1-16 is coloured magenta; b: mupain-1-17 is coloured cyan. Electron density maps 
(σ-weighted 2Fo−Fc omit map contoured at 1.0 σ) of the peptide inhibitors are shown in blue. 
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Figure S4. Detailed description of the interactions between inhibitors (a: mupain-1-17; b: 
mupain-1-16; in stick representations) and huPA-H99Y (residue numbers in circles). 

 
 
 
 
 
 
 

 
Figure S5. Detailed interactions between peptide inhibitors and huPA-H99Y. a: mupain-1-16 is 
coloured magenta; b: mupain-1-17 is coloured cyan; huPA-H99Y is coloured lightblue. The P1 
residues are kept in the same orientations. All residues are shown as sticks with CPK colours. 
Hydrogen bonds between residues peptide and huPA-H99Y are shown as black dashed lines. 
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Figure S6. Two peptides have different main chain conformations and intra-molecular hydrogen 
bonds in their enzyme bound conformations. a: mupain-1-16 is coloured magenta, b: 
mupain-1-17 is coloured cyan.  
 
 
 
 

 
Figure S7. The left side of the mupain-1-17 ring is hydrophobic in nature with two Tyr and one 
Leu residues, while the right side is mainly hydrophilic interacting with the Arg217 of uPA-H99Y 
(gray). 
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Table S1. X-ray data collection and model refinement statistics 
Crystals huPA-H99Y:mupain-1-16 

at pH7.4 
huPA-H99Y:mupain-1-17 

at pH7.4 
huPA-H99Y:mupain-1-17 

at pH4.6 
PDB code 4X1N 4X0W 4X1P 

X-ray 
wavelength (Å) 

1.0 1.0 1.0 

Resolution 
limits (Å) 

1.80 2.10 1.60 

Space group R3 R3 R3 
Cell parameters 

(Å) 
a=121.56, b=121.56, 

c=42.40, 
α=90°,β=90°,γ=120° 

a=120.64, b=120.64, 
c=42.66, 

α=90°,β=90°,γ=120° 

a=121.08, b=121.08, 
c=43.24, 

α=90°,β=90°,γ=120° 
Temperature of 
experiments (K) 

100 100 100 

Completeness 
(%) 

98.7 94.6 98.7 

Redundancy 3.8 (3.8)a 2.0 (1.9) a 3.6 (3.7) a 
Average I/σ 37.9 (3.0) a 14.8 (2.3) a 24.0 (2.1) a 

Rmergeb 0.052 (0.478) a 0.109 (0.700) a 0.086 (0.613) a 
Refinement 

data 
 

R-factor 0.230 0.238 0.210 
R-free 0.276 0.284 0.225 

Average 
B-factor (Å2) of 

protein 

39.9 45.1 20.4 

Average 
B-factor (Å2) of 

peptide 

51.2 87.3 38.8 

r.m.s deviation 
of bond lengths 

(Å) 

0.007 0.008 0.005 

r.m.s deviation 
of angle lengths 

(°) 

1.230 1.230 1.14 

Ramachandran 
analysis (%) 

95.6c, 4.0d, 0.4e 93.2c, 6.4d, 0.4e 96.8c, 2.7d, 0.4e 

a Numbers in parentheses refer to the highest resolution shells. 
b Rmerge=Σ|Ii-<I>|/ΣIi, where Ii is the intensity of the ith observation and <I> is the mean 
intensity of the reflections. 
c Percentage of residues in most favored regions. 
d Percentage of residues in additional allowed regions. 
e Percentage of residues in generously allowed regions. 
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Table S2. Inhibition constants for mupain-1 variants. The Ki values (in µM) for inhibition of 
the indicated enzymes by the indicated peptides at 37oC are shown as means ± S.D; the 
numbers of determinations are indicated in parentheses. 
 

Peptide Ki to muPA (µM) Ki to huPA-H99Y (µM) 

mupain-1-16 0.045 ± 0.010 (4) 2.48 ± 0.07 (3) 

mupain-1-17 6.50 ± 1.00 (3) 219 ± 43 (2) 
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Table S3. Hydrogen bonds between mupain-1-16 and huPA-H99Y in the crystal structure of 
their complex. 
mupain-1-16  huPA-H99Y  Distance, Å 
Ala3 N Thr97A O 2.72 
Tyr4 N Leu97B O 3.13 
Tyr4 OH Arg217 NH1 2.63 
Tyr4 O Gly216 N 2.97 
Ser5 O Tyr99 OH 2.64 
[L-3-(N-amidino-4-piperidyl)alanine]6 N14 Gly219 O 2.91 
[L-3-(N-amidino-4-piperidyl)alanine]6 N14 Asp189 O2 2.81 
[L-3-(N-amidino-4-piperidyl)alanine]6 N13 Asp189 O1 2.91 
[L-3-(N-amidino-4-piperidyl)alanine]6 N13 Ser190 O 3.31 
[L-3-(N-amidino-4-piperidyl)alanine]6 N13 Ser190 O 2.75 
[L-3-(N-amidino-4-piperidyl)alanine]6 O Gly193 N 3.00 
[L-3-(N-amidino-4-piperidyl)alanine]6 O Ser195 O 3.03 
Tyr7 O Gln192 N2 3.19 
Tyr7 OH Arg35 NH1 2.92 
Tyr7 OH Arg35 NH2 2.92 
Tyr7 OH Cys58 O 2.91 
Asp9 O1 Arg35 NH1 2.58 
Cys10 O Gln192 N2 2.79 
 
 
 
 
Table S4. Hydrogen bonds between mupain-1-17 and huPA-H99Y in the crystal structure of 
their complex 
mupain-1-17  huPA-H99Y  Distance, Å 
Ser5 O Gly216 O 3.39 
Ser5 O Gly216 N 3.16 
L-3-(N-amidino-3-piperidyl)alanine6 N1 Ser190 O 3.26 
L-3-(N-amidino-3-piperidyl)alanine6 N2 Asp189 O2 2.73 
L-3-(N-amidino-3-piperidyl)alanine6 N2 Gly219 O 3.02 
L-3-(N-amidino-3-piperidyl)alanine6 N3 Asp189 O1 2.70 
L-3-(N-amidino-3-piperidyl)alanine6 N3 Ser190 O 2.20 
Asp9 O1 Arg217 NH2 2.67 
Asp9 O Arg217 NH 3.08 
Asp9 O Arg217 NH 2.62 
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Table S5. Comparison of temperature factor (B factor) of peptidic inhibitors mupain-1-16 and 
mupain-1-17 in their complexes with huPA-H99Y. 
Residues in peptides 
 
                      

huPA-H99Y 

B factor (Å2) 
mupain-1-16 mupain-1-17 

Cys1 65.1 109.0 
Pro2 58.1 100.1 
Ala3 53.1 93.3 
Try4 49.9 83.0 
Ser5 46.3 62.7 
P1 37.0 46.4 

Try7 47.3 101.0 
Leu8 51.0 98.9 
Asp9 61.5 106.9 
Cys10 62.5 105.6 

Peptidic inhibitor 51.2 87.3 
huPA-H99Y 39.9 45.1 
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ABSTRACT 

We have developed a new concept for designing peptidic protein modulators, by recombinantly 

fusing the peptidic modulator, with randomized residues, directly to the target protein via a linker and 

screening for internal modulation of the activity of the protein. We tested the feasibility of the concept by 

fusing a 10-residues long, disulfide bond-constrained peptide, randomized in selected positions, to the 

catalytic domain of the serine protease murine urokinase-type plasminogen activator. High affinity peptide 

variants were identified as those which conferred to the fusion protease the highest KM values for 

substrate hydrolysis. The usefulness of the strategy was demonstrated by achieving a 25-fold affinity 

enhancement of the peptide to the protease. The achieved affinity increase could not have been predicted 

by rational considerations: It was associated with substitution of an Asp of the peptide with a Gly, the loss 

of a peptide-enzyme polar interaction, and a binding entropy penalty.  
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INTRODUCTION 

Short peptides, of 10 – 20 amino acids, are of considerable interest as drug candidates, be it as 

receptor agonists or antagonists or enzyme modulators. As compared to small molecules, peptides 

have the advantage of a larger interaction surface with their protein target, affording a specificity 

approaching that of monoclonal antibodies, but still having a size allowing for chemical synthesis and 

modification(1). In this report, we approach the issue of achieving highly efficient peptidic 

modulators of protein function, using as a model a peptidic inhibitor of a serine protease.  

Serine proteases have many physiological and pathophysiological functions and are therefore 

potential or realized therapeutic targets(2, 3). Moreover, some serine proteases are themselves used 

as drugs, including blood coagulation factor VIIa(4) or the fibrinolytic enzyme tissue-type 

plasminogen activator (tPA)(5). In either case, the possibility of precisely regulating their activities is 

mandatory. A variety of peptidic modulators have been developed with the purpose of regulating 

serine protease function, acting either by orthosteric or allosteric mechanisms(6-20).  

Peptidic functional modulators can be designed by structure-based residue replacement of 

naturally occurring peptides; Ki measurements for each in silico designed candidate are feasible but 

cumbersome. Peptidic modulators can also be isolated directly from phage-displayed peptide 

libraries by a variety of strategies(21). However, most screening methods fail to assess the inhibitory 

property of the selected peptides, as the screening principles are based exclusively on affinity. 

We now describe a new concept for selecting peptidic protein modulators in which the 

inhibitory activity of the peptide is screened instead of the affinity. As a model to test the strategy, a 

peptide is covalently fused at the carboxy-terminus of a serine protease through a flexible linker, 

allowing the peptide to flip back to the protease active site, leading to a fusion protein that has a 



4 
 

reduced activity towards a chromogenic substrate when the fusion peptide is inhibitory. Variation of 

the peptide sequence can be used to make a back-flip library and allow identification of peptides 

with a low Ki. Using this strategy, we strongly improved the potency of a disulfide bridge-constrained 

peptidic inhibitor, mupain-1 (CPAYSRYLDC), of the serine protease urokinase-type plasminogen 

activator (uPA) from mouse (muPA). We previously isolated mupain-1 from a phage-displayed 

library(11). Mupain-1 is a highly specific competitive inhibitor, which binds to its target with a KD of 

around 500 nM(11, 22). Its inhibitory mechanism was previously determined by X-ray crystal 

structure analysis(23). Using the back-flip strategy followed by substitution of the P1 residue with 

unnatural amino acids, we have now designed an inhibitor of muPA with a Ki of 2 nM, more than 

100-fold lower than that for inhibition of any of the other tested serine proteases. This result could 

not have been predicted by rational considerations: The affinity increase was associated with 

substitution of Asp9 of the original mupain-1 with a Gly, the loss of a polar peptide-enzyme 

interaction, and an entropy penalty. Our conceptually new approach should be adaptable to work 

with other peptidic protein modulators.  
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RESULTS AND DISCUSSION 

 Design of a protease-peptide back-flip fusion protein. We designed a fusion protein, muPA- 

CPAYSRYLDC, with a covalent link between the proteolytic activity of muPA and the inhibitory activity 

of mupain-1. The inhibitory peptide was linked to the C-terminus of the catalytic domain of muPA 

(Figure 1). Since mupain-1 is a competitive inhibitor(11) and the linker is sufficiently long, the peptide 

fused to the protease would be expected to be able to flip back into the active site of the protease 

and compete the binding of substrates. Two cleavage sites for tobacco etch virus (TEV) protease 

were engineered into the linker to allow controlled release of the inhibitory peptide. The length and 

composition of the linker between the protease domain and the peptide was designed on the basis 

of the three-dimensional structure of mupain-1 in complex with the H99Y (using the chymotrypsin 

template numbering) mutant of human uPA (huPA)(23, 24). In contrast to huPA wild type (wt), 

huPA-H99Y binds mupain-1 with a measurable Ki value, although in the µM range(11). We have been 

unable to crystallize muPA.   

 As expected, treatment of purified muPA-CPAYSRYLDC with TEV protease reduced its Mr 

(Figure 1) and reduced KM of muPA-CPAYSRYLDC for the chromogenic substrate S-2444 from 21.1 ± 

1.4 mM (n = 3) to 5.1 ± 1.0 mM (n = 3) (Supporting Information Table S1). The latter value is identical 

to the KM value for the muPA catalytic domain without a fused peptide(25). Also, muPA-CPAYSAYLDC, 

a fusion protein with the P1 Arg6 of the peptide mutated to Ala, exhibited a KM of 5.1 ± 0.5 mM (n = 3) 

(Supporting Information Table S1).  

 Screening of a protease-peptide back-flip library. A library of muPA-mupain-1 back-flip 

proteins was generated in order to improve the Ki of the original mupain-1, which inhibits muPA with 

a Ki of around 500 nM(11). We chose to randomize positions 8 and 9 of mupain-1 (CPAYSRYLDC), as 
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our X-ray crystal analysis showed that these residues are present in a type I tight β-turn and that Asp9 

forms a polar interaction with Arg35 of huPA H99Y(23). We thus generated a library of 202 = 400 

muPA-CPAYSRYXXC variants. Supernatants of cells transfected with plasmids of different clones were 

screened individually in order to identify peptides with improved Ki. To overcome the difficulty of a 

considerable variability of the expression level of different plasmids, we designed a screening 

method on the basis of the difference in velocity of S-2444 hydrolysis by fusion protein preparations 

before and after treatment with TEV protease. The screening method was first validated using 

purified fusion proteins. The amidolytic activity of muPA-CPAYSRYLDC increased about 7-fold 

following TEV protease-treatment (Figure 1). As a control, we found no increase in amidolytic activity 

after cleavage of muPA- CPAYSAYLDC by TEV protease. muPA-CPAYSRYLDC and muPA-CPAYSAYLDC 

were always included as controls to reduce inter-assay variability and for identification of hits. When 

screening the library by this method, a clone representing the fusion protein muPA-CPAYSRYIGC was 

found to exhibit a strong induction of amidolytic activity upon treatment with TEV protease. The 

purified muPA-CPAYSRYIGC fusion protein was found to have a KM for S-2444 hydrolysis of 38.5 ± 3.0 

mM (n = 3), considerably higher than the 21 mM for muPA-CPAYSRYLDC (Supporting Information 

Table S1). The fusion proteins muPA-CPAYSRYLGC, muPA-CPAYSRYLNC, and muPA-CPAYSRYNGC 

were also purified and found to have KM between those of muPA-CPAYSAYLDC and 

muPA-CPAYSRYIGC (Supporting Information Table S1). 

Based on the results from the back-flip library, synthetic peptides corresponding to 6 

sequences were synthesized and their Ki values for inhibition of the amidolytic activity of muPA 

determined (Supporting Information Table S2). Mupain-1-IG (CPAYSRYIGC) was found to have a Ki for 

inhibition of of muPA of 20 ± 4 nM (n = 3), corresponding to an about 25-fold affinity improvement 
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over the parent peptide. The KM values for S-2444 hydrolysis by the muPA-peptide fusion proteins 

were found to be correlated with the Ki values for inhibition of non-fused muPA by the corresponding 

free synthetic peptides in a semilogarithmic plot (Figure 2). This correlation shows that analysis by 

protease-peptide back-flip libraries can be used to accurately predict the Ki of synthetic peptidic 

inhibitors for their target protease already in the library screening phase.  

To illustrate the fundamental principle of a back-flip library, we presently randomized only 2 

positions. However, the back-flip strategy can be translated to bacterial or yeast systems and the 

fusion protein expressed on cell surfaces, and thus scaled up at high-throughput facilities for 

screening of libraries randomized at several positions. The back-flip strategy should also find 

application in the study of other types of protein-peptide interactions or protein-protein interactions. 

With the two interacting components encoded by the same plasmid, the strategy allows for 

concomitant randomization of residues in each of them and thus for analysis of co-variations of 

interacting residues in the two components.  

Affinity of mupain-1-IG and variants to various serine proteases. Mupain-1-12 and 

mupain-1-16 are peptides in which the P1 Arg6 residue of the parent peptide is replaced with the 

unnatural amino acids L-4-guanidinophenylalanine (12) and L-3-(N-amidino-4-piperidyl)alanine (16), 

respectively. These peptides have about 2 and 10-fold higher affinity to muPA, respectively, than the 

parent mupain-1(22). When the P1 Arg of mupain-1-IG was substituted with 12 or 16, to generate 

mupain-1-12-IG and mupain-1-16-IG, the Ki values for muPA dropped from 20 nM to 10 nM and 2 nM, 

respectively (Table 1).  

The IG substitution of mupain-1 also increased the affinity of the peptides to huPA H99Y and 

huPA wt. Among several other serine proteases tested, the affinities to human and murine plasma 
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kallikrein came closest to those of muPA. Murine plasma kallikein was inhibited 1900-fold less 

potently than muPA by mupain-1-IG, more than 10,000 fold less potently by mupain-1-12-IG, and 

110-fold less potently by mupain-1-16-IG (Table 1). Thus, although the IG substitution also increased 

the affinity to some other serine proteases, mupain-1-IG, mupain-1-12-IG, and mupain-1-16-IG 

remained highly specific for muPA. 

 The presently described effect of the IG substitution is reminiscent of our previous finding that 

a D9A substitution enhances the affinity of mupain-1 to huPA-H99Y, but the mechanism in that case 

must be different, as there was no effect of the D9A substitution on the affinity to muPA(23).  

Surface plasmon resonance (SPR) analysis. We performed surface plasmon resonance (SPR) 

analysis of the binding of the IG-peptides to muPA (Figure 3; Supporting Information Table S3; 

Supporting Information Figure S1). The KD values determined agreed largely with the Ki values. The 

increased affinity of the IG-substituted peptides was associated with an increased kon as well as a 

decreased koff.  

Isothermal titration calorimetry (ITC). The thermodynamic parameters for peptide-enzyme 

binding were determined by isothermal titration calorimetry (ITC). The KD values determined by ITC 

largely agreed well with the Ki values and the KD values determined by SPR. The increased affinity 

following the IG-substitution was enthalpy-driven and associated with an entropy penalty (Figure 3; 

Supporting Information Table S4). The entropy penalty is in agreement with expectancies from the 

fact that the peptide with a Gly must be expected to be able to sample a larger conformational space 

in solution than the parent peptide, due to a larger variability of the backbone torsion angles ψ and φ 

being allowed for Gly than for other amino acids. 
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The most ready molecular interpretation of the SPR and ITC data, taken together, is that the IG 

substitution renders the peptide more flexible in solution, thereby making the binding entropy less 

favourable, the association activation energy lower, and the kon higher, and allows a more favorable 

binding enthalpy and a more stable bound state, thereby increasing the dissociation activation 

energy and decreasing the koff. 

X-ray crystal structure analysis. We determined the structures of the mupain-1-IG:huPA-H99Y 

and the mupain-1-16-IG:huPA-H99Y complexes to high resolution (2.05 Å and 1.90 Å, respectively; 

Supporting Information Table S5)(Figure 4). In agreement with our previous X-ray crystal structure 

analysis of peptide:huPA-H99Y complexes(23, 24), we find that the amino acid in position 6 of these 

peptides, i.e., Arg or 16, are inserted into the S1 pocket of the enzyme, while the rests of the 

peptides are stretched out on the surface of the enzyme, between the 99-loop, Arg217, Gln192, and the 

37-loop (Figure 4c). The mupain-1-IG:huPA-H99Y and mupain-1-16-IG:huPA-H99Y complexes have 

overall conformations almost identical to those of the mupain-1:huPA-H99Y and 

mupain-1-16:huPA-H99Y complexes. The root mean square deviations (RMSD) for all main chain 

atoms between the mupain-1:huPA-H99Y and mupain-1-16:huPA-H99Y complexes on one side and 

the mupain-1-IG:huPA-H99Y or mupain-1-16-IG:huPA-H99Y complexes on the other are 0.21 Å and 

0.18 Å, respectively. The conformations of the IG segment (Ile8-Gly9) of the peptides were 

well-defined in the electron density maps (Figure 4a and Figure 4b). Ile8 of the peptides makes a 

hydrogen bond to Gln192 and a hydrophobic interaction with Tyr151 of huPA-H99Y. However, in the 

mupain-1:huPA-H99Y complex, Leu8-Asp9 also make one additional hydrogen bond, between Asp9 of 

the peptide and Arg35 of huPA-H99Y, while Gly9 of the IG peptides does not have any interactions 

with huPA-H99Y. This difference is surprising in view of the much higher affinity of the IG-peptides.  



10 
 

We calculated the shape complementarity(26) between the enzyme and the residue 8 - 9 

segment of the peptides. Ile8-Gly9 in mupain-1-IG or mupain-1-16-IG was found to have a better fit to 

the enzyme than Leu8-Asp9 in mupain-1 or mupain-1-16: The shape complementarity values of the IG 

peptides relative to the shape complementarity values of the LD peptides were 1.16 and 1.28, 

respectively (Supporting Information Table S6). We also compared the B factors of the peptides in 

this part of the complexes. Mupain-1-IG or mupain-1-16-IG have lower relative B factors than 

mupain-1 and mupain-1-16 (1.09 and 1.11 versus 1.54 and 1.24, respectively; Supporting Information 

Table S7), suggesting that the IG peptides bind tighter to the enzyme compared to the original LD 

peptides. Thus, the Ile8-Gly9 substitution seems to facilitate the exosite interactions by allowing the 

peptide a better fit to the enzyme.  

Ala scanning mutagenesis. We employed a number of muPA mutants with Ala-substitutions of 

amino acids in positions previously found to be important for binding to the peptides, i.e., Lys41, Tyr99, 

Lys143, and Ser190. Although the structures of the peptide:muPA complexes are not likely to be exactly 

identical to those of the peptide:huPA-H99Y complexes (23), the 4 positions are distributed evenly 

over the peptide-enzyme interaction surface. We were particularly interested in Lys41 of muPA, which 

is likely to form a polar interaction with Asp9 of the peptide, similar to that formed with Arg35 of 

huPA-H99Y (23).  

All the tested mutations lead to significant reductions in affinity of mupain-1, mupain-1-12, 

and mupain-1-16 to muPA (Supporting Information Table S8). In particular, the decreased affinity 

following the K41A mutation is in agreement with the existence of the polar interaction between 

Asp9 of the peptide and Lys41 of muPA. In order to visualize the effects of the IG substitution on the bi 

nding to muPA wt and mutants, the Ki values for the IG-substituted peptides (Ki, IG peptides ) were 
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plotted logarithmically against the Ki values for the corresponding parent LD peptides (Ki, LD peptide) 

(Figure 5). All data points are below the y = x line, corresponding to the reduction in Ki, and thus an 

increase in affinity, following the substitution of LD with IG. The reduced affinities of the peptides to 

the enzyme when going from wt to mutant and when going from mupain-1-16 to mupain-1 are 

evidenced by a shift of the data points in an upwards, rightwards direction. The data points for muPA 

wt, muPA-Y99A, muPA-K143A, and muPA-S190A cluster around a common line, suggesting a 

common mechanism for the change in binding energy following the IG substitution for these four 

muPA variants. In contrast, with the K41A mutation, the IG substitution causes a much stronger 

reduction in Ki.  

Assuming that the Ki values are identical to the KD values, the ∆(∆G) values following the IG 

substitution can be calculated from the deviation of the lines defined by the data points from the y = 

x lines and will obey the general equation 

∆(∆𝐺) = 2.30 ∙ 𝑅 ∙ 𝑇 ∙ (𝑦0 + (𝛼 − 1)𝑙𝑜𝑔𝐾𝑖,𝐿𝐷 𝑝𝑒𝑝𝑡𝑖𝑑𝑒𝑠) 

(equation 1) 

Here, y0 is the Ki, IG peptides value, when Ki,LD peptides = 1 µM; α the slope of the line defined by the plot of 

logKi,IG peptides versus logKi,LD peptides; R the gas constant; T the temperature.  

 The differential effect of the IG substitution on ∆(∆G) for muPA K41A and ∆(∆G) for the other 

muPA variants is in agreement with a notion of the IG substitution leading to changes in the relative 

energetic contribution from different residues. The deletion of the polar interaction between Asp9 of 

the peptide and Lys41 of muPA(23) will tend to decrease the affinity, but the final ∆(∆G) will be the 

resultant of the affinity-deteriorating effect of the loss of the polar interaction and the 

affinity-enhancing effect of the IG substitution. With the polar interaction already gone with the 
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K41A variant, only the affinity-enhancing effect of the IG substitution will remain and the associated 

∆(∆G) will be correspondingly larger.  

Strikingly, the ∆(∆G) values vary quite strongly with the Ki, LD peptides values. Thus, the increase in 

affinity following the IG-substitution tended to increase in the order mupain-1, mupain-1-12, 

mupain-1-16, and in the order muPA Y99A, muPA S190A, muPA K143, muPA wt (Figure 6, Supporting 

Information Table S8). This observation may be interpreted as cross talk between interactions in the 

S1 pocket and at positions 41, 99, or 143 on one side and interactions of peptide position 8 and 9 on 

the other.  

Similar observations were done with huPA-H99Y and the polar interaction between Asp9 of the 

peptide and Arg35 of the enzyme (Supporting Information Figure S2).  

Although the X-ray crystal structure analysis did not reveal any major differences between the 

complexes of huPA-H99Y with the LD peptides and the IG peptides, the changed peptide-enzyme 

interaction surface inferred from the mutagenesis studies is in agreement with the B-factors and the 

shape complementarity analysis indicating a better fit of the IG-peptides to the enzyme. 

Effect of peptidic inhibitors on cell surface-associated plasminogen activation. We studied 

the ability of the mupain-1 variants to inhibit muPA-catalysed activation of cell surface-associated 

plasminogen activation in cultures of WEHI-3 cells, which contain a high level of uPA receptor (uPAR). 

uPAR-bound muPA catalyses activation of plasminogen likewise bound to cell surfaces. The presence 

of α2-antiplasmin results in rapid quenching of the activity of plasmin generated in solution, whereas 

cell-surface-associated plasmin is protected(27), thus ensuring that only cell surface-associated  

plasminogen activation is measured.  
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The IG-peptides were very efficient inhibitors of cell surface-associated muPA-catalysed 

plasminogen activation (Supporting Information Figure S3). Based on the fluorescence reads after 10 

min, we found IC50 values of 85 nM for mupain-1-IG, 32 nM for mupain-1-12-IG and 7 nM for 

mupain-1-16-IG (Supporting Information Figure S3), in good agreement with expectancies from the Ki 

determinations described above.  

 The high affinity and high specificity of the new IG variants of mupain-1 makes them 

interesting for in vivo use in animal disease models. The IG-substituted mupain-1 variants compare 

very favorably with other small-molecule or peptidic inhibitors of uPA(28-32) in terms of affinity and 

documented specificity.  
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CONCLUSION 

 We have demonstrated how a peptide-protease fusion construct can be used to select high 

affinity - high specificity peptidic inhibitors of the protease. The advantage of this “back-flip” strategy 

is that the activity of the protease-peptide fusion protein correlates with the Ki for inhibition of the 

protease by the same peptide in free form. Using this strategy, we designed and characterized an 

inhibitor of muPA with an unprecedented high affinity and high specificity. The achieved affinity 

increase could not have been predicted by rational considerations: It was associated with substitution of 

an Asp of the peptide with a Gly, the loss of a peptide-enzyme polar interaction, and a binding entropy 

penalty. Our results suggested that the increased flexibility afforded by the Gly residue enables the 

peptide to engage in a variety of different exosite interactions, resulting in a higher affinity. The 

achievement of a larger affinity by a larger flexibility contrasts with the classical concept of improving 

affinity by reducing the flexibility and the entropic burden.  
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METHODS 

uPA. cDNAs encoding full-length muPA and muPA-CPAYSRYLDC (muPA16−243 fused at the 

C-terminus to 2 TEV cleavage sites and the sequence CPAYSRYLDC and harbouring a C122A mutation 

(Figure 1)) were cloned into the pTT5 or pCDNA3.1 vectors. Both variants contained six histidines at 

the C-terminus. The cDNAs were transfected into HEK293 6E suspension cells, cultured in a 

humidified 5% CO2 incubator at 37°C. The medium was F17, containing 4 mM L-glutamine, 0.1% FP68, 

100 units/mL penicillin, 100 units/mL streptomycin, 25 μg/mL G418. Linear polyethyleneimine (2.2 

mg), cDNA (1.1 mg), and phosphate-buffered saline (PBS; 10 mM Na2HPO4/NaH2PO4, pH 7.4, 140 mM 

NaCl) (110 mL) were preincubated for 15 min and added to 1 L of culture with 1 × 106 cells/mL. 

Tryptone N1 (0.5%) was added to the culture 24 h post-transfection. Conditioned medium was 

harvested six days later. 

Full length huPA and full length huPA-H99Y was produced in and purified from conditioned 

medium of HEK293 6E suspension cells transfected with the corresponding cDNAs in pcDNA3.1. To 

ensure that the uPAs purified from the conditioned media were completely in the two-chain form, 

they were treated with plasmin for 2 h in a 1:100 ratio.  

The cloning, production, and purification of recombinant human uPA-H99Y catalytic domain 

(residues 159-411, as numbered from the N-terminus; residues 16-244 by the chymotrypsin template 

numbering), to be used for crystallisation, was described previously(33). Briefly, the catalytic domain 

of huPA-H99Y was secreted from a stable Pichia pastoris strain (X-33) after induction by methanol 

and captured by a cation exchange column. The protein was further purified on a Superdex 75 HR 

10/30 column (GE Health Care) equilibrated with 20 mM Na2HPO4/NaH2PO4, pH 6.5, 150 mM NaCl. 

The protein was eluted from the column as a single peak. The purified uPA catalytic domain had an 
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activity comparable to full-length two-chain uPA(33). For crystallization, the protein was dialysed in 

20 mM K2HPO4/KH2PO4, pH 6.5 and concentrated to 10 mg/ml, using stirred ultrafiltration cells 

(Millipore and Amicon Bioseparations, Model-5124). The huPA-H99Y catalytic domain to be used for 

ITC assays was further purified with benzamidine-Sepharose affinity chromatography.  

Other proteases. Human Glu-plasminogen and human plasmin were from American 

Diagnostica. Human thrombin was a gift from John Fenton, New York State Department of Health, 

Albany, NY, U.S. Human tissue-type plasminogen activator (tPA) (Genentech) was converted into 100% 

active two-chain form with immobilized plasmin(34). Bovine β-trypsin (Roche Applied Sciences) was 

further purified by tosylphenylalanylchloromethylketone-treatment of the commercial preparation 

and chromatography on soybean trypsin inhibitor–Sepharose(35). Murine thrombin, murine tPA, 

human plasma kallikrein (hPK), murine plasma kallikrein (mPK), and murine plasmin were purchased 

from Molecular Innovation, MI, USA . Tobacco edge virus (TEV) protease was produced 

recombinantly in Escherichia coli(36). 

 Peptides. Peptides were either obtained commercially from the WuXi AppTec Inc., Shanghai, 

China, or synthesized as described(22). The concentrations of the peptides were determined by 

measurements of A280 and the use of sequence-derived extinction coefficients calculated by the 

Protparam tool (http://web.expasy.org/protparam/). 

 Construction of a back-flip library. Libraries were constructed from pTT5 containing the 

muPA-CPAYSRYLDC encoding insert. Oligonucleotides overlapping the nucleotides corresponding to 

the peptide with randomization of the nucleotides encoding amino acid position 8 and 9 of the 

peptide were designed. These oligonucleotides were used in a classical quick-change mutagenesis 

strategy to generate a bacterial library. Plasmid DNA was purified from 400 clones and used to 
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transiently transfect HEK293 6E suspension cells. Conditioned media from these transfections were 

used as the enzyme source for initial screening assays.  

Ki determinations. Determination of Ki values for the inhibition of the various uPA variants and 

of proteases other than uPA was performed as described(11),(22).     

SPR analysis. The peptide - muPA binding kinetics was determined by surface plasmon 

resonance analysis on a BIACORE T200 instrument (BIACORE, Uppsala, Sweden). A CM5 chip was 

coupled with muPA by injecting muPA (15-30 µg/mL) in immobilization buffer (10 mM sodium 

acetate, pH 5.0) during 7 minutes at a flow rate of 10 µL/min until a level of 500 response units (RU) 

was reached. Surface blocking with ethanolamine followed. A reference cell was prepared in the 

same way, without coupling of muPA. Various concentrations of mupain-1 variants were injected at a 

flow rate of 30 µL per min during 120 s at 25°C. Subsequently, dissociation was monitored during 180 

s. Kinetic constants (kon and koff) and KD values were calculated with the BIACORE Evaluation Software, 

using the 1:1 kinetic fit.  

ITC. Recombinant muPA, expressed in and purified from the HEK 293 6E cells, was dissolved in 

and dialysed against a buffer of 20 mM sodium phosphate, pH 7.4, 140 mM NaCl. The protein 

concentration was determined by absorbance at 280 nm, using an extinction coefficient of 43810 

M-1cm-1. The peptides were dissolved in the above-mentioned buffer. All isothermal titration 

calorimetry experiments were performed with a MicroCalTM ITC200 instrument equilibrated to a 

temperature of 25°C. The concentration of recombinant muPA used in the 200 µl sample cell was 5 - 

50 µM, depending on the affinity of the ligand. Titrations were performed by injecting 2 µl of the 

ligand until the total syringe volume of 40 µl was spent. Titration of ligand into buffer was performed 

to obtain buffer correction. The equilibrium association constant KA and the reaction enthalpy ∆H 
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were calculated by fitting the integrated titration peaks using a one-binding-site model in the ITC 

ORIGIN7 programme package. The following formulas were used to calculate ∆G, ∆S, ∆H: 

∆𝐺 =  −𝑅𝑇𝑙𝑛𝐾𝐴 

(equation 2) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

(equation 3) 

R is the gas constant and T the absolute temperature.  

X-ray crystal structure analysis of peptide:uPA H99Y in complexes. The crystallization trials 

were carried out with the sitting-drop vapour-diffusion method. The crystals of the catalytic domain 

of huPA-H99Y were obtained by equilibrating huPA-H99Y protein against a reservoir solution 

containing 2.0 M ammonium sulfate, 50 mM sodium citrate, pH 4.6, and 5% polyethylene glycol (PEG) 

400 at room temperature. The crystals appeared in about 3 days. The crystals of huPA-H99Y were 

then soaked for 2 weeks in new soaking buffer (40% PEG 3350, 0.1 M Tris-HCl, pH 7.4), containing 1 

mM mupain-1-IG or mupain-1-16-IG. A solution of 20% PEG 3350, 0.1 M Tris-HCl, pH 7.4, 20% (v/v) 

glycerol was used as cryoprotectant for obtaining X-ray diffraction data of the crystals at the BL17U 

beamline, Shanghai Synchrotron Radiation Facility. The diffraction data was indexed and integrated 

using the HKL2000 program package (37). The crystal structures were solved by molecular 

replacement(38), using the huPA structure (PDB code: 2NWN)(33) as the search model. The electron 

density for the peptide was clearly visible in the uPA active sites and was modelled based on the Fo-Fc 

difference map. The structures were refined by CCP4 program package(38) and manually adjusted by 

the molecular graphics program COOT(39) iteratively until convergence of the refinement. Solvent 

molecules were added using a Fo-Fc Fourier difference map at 2.5 σ in the final refinement step. The 
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final structure was analysed by software Pymol (40). We used the CCP4 suite to calculate the value of 

shape complementary between the different peptides and huPA-H99Y, respectively(38). 

Cell surface-associated plasminogen activation. The procedure is described in the legend to 

Supporting Information Figure S3.  
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Table 1. Specificity of inhibition of serine proteases by peptides derived from the peptide-protease back-flip library. The Ki values (in µM) for the 
inhibition by the indicated peptides of hydrolysis of chromogenic substrate by the indicated proteases were determined. The table shows mean and 
standard deviations for the indicated number of independent determinations. *These values were reproduced from previous publications11,22 and shown 
here to facilitate comparison. There was no measurable inhibition (Ki > 1000 µM) of human plasmin, murine thrombin, human thrombin, murine tPA, or 
human tPA. 12 = 4-guanidino-phenyl-alanine; 16 = L-3-(N-amidino-4-piperidyl)alanine.   

  

 
  
 

 

 Mupain-1 Mupain-1-IG Mupain-1-12 Mupain-1-12-IG Mupain-1-16 Mupain-1-16-IG 

Protease CPAYSRYLDC CPAYSRYIGC  CPAYS[12]YLDC CPAYS[12]YIGC  CPAYS[16]YLDC CPAYS[16]YIGC  

muPA 0.55 ± 0.08 (8)* 0.020 ± 0.004 0.28 ± 0.02 (5)* 0.010 ± 0.002 (3) 0.045 ± 0.010 (4)* 0.002 ± 0.0005 (3) 

huPA > 1000* 38 ± 23 (3) 93 ± 19 (3)* 0.56 ± 0.12 (3) 93 ± 18 (3)* 0.53 ± 0.07 (3) 

huPA-H99Y 15.3 ± 2.0 (3)* 0.34 ± 0.06 (4) 1.86 ± 0.74 (3)* 0.010 ± 0.001 (3) 2.48 ± 0.07 (3)* 0.009 ± 0.002 (4) 

muPK > 1000* 93 ± 15 (3) > 1000 155 ± 11 (3) 4.61 ± 0.16 (3) 0.22 ± 0.03 (3) 

huPK > 1000* 119 ± 37 > 1000 296 ± 39 (3) 1.58 ± 0.11 (3) 0.59 ± 0.07 (3) 

Bovine β-trypsin 20.7 ± 0.5 (3)*  65 ± 9 (3) 14.9 ± 4.6 (3) 5.77 ± 1.82 (3) 14.5 ± 4.2 (3) 4.6 ± 0.2 (3) 

Murine plasmin > 1000* > 1000 > 1000 168 ± 13 (3) > 1000 > 1000 
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FIGURE LEGENDS  

Figure 1. Effect of TEV treatment on the muPA-CPAYSRYLDC fusion protein. (a) Schematic illustration of 

the protease-peptide fusion back-flip library. Underlined residues in the sequence of muPA-CPAYSRYLDC 

(LD at positions 8 and 9) were varied to generate a back-flip library. TEV cleavage sites are indicated by 

arrows. (b) Effect of TEV treatment on migration of muPA-CPAYSRYLDC variants in SDS-PAGE. Purified 

muPA-CPAYSRYLDC variants (4 µM) were incubated with TEV protease (0.4 µM) for 120 min at room 

temperature and then analysed by SDS-PAGE under reducing conditions. (c) Activity of protease-peptide 

fusion protein before and after treatment with TEV protease. Purified muPA-CPAYSRYLDC variants (4 µM) 

were incubated with TEV protease (0.4 µM) for 120 min at room temperature. The relative amidolytic 

activities were then measured by incubation with 3 mM S-2444. The fold change in amidolytic activity 

upon TEV incubation is depicted (means and standard deviations for 3 independent determinations).  

Figure 2. Correlation between KM of the fusion proteins and Ki for the free peptides. The KM values for 

the fusion proteins (Table S1) were plotted versus the Ki values for the inhibition of muPA by the 

corresponding free peptides (Table S2). The residues in positions 8 and 9 of the peptides are indicated on 

the symbols.  

Figure 3. SPR and ITC analysis of the binding of peptides to muPA. (a) SPR analysis of the binding of 

mupain-1 and mupain-1-IG to muPA. The figure shows the rate constants and the KD values for the 

binding of mupain-1 and mupain-1-IG to muPA at 25oC, pH 7.4. Means and standard deviations for at 

least 3 independent determinations are indicated. Examples of sensorgrams are shown in Supporting 

Information Figure S1. (b) Thermodynamic parameters for the binding of mupain-1 and mupain-1-IG 

to muPA at 25oC, pH 7.4. Means and standard deviations for at least 3 independent determinations 

are indicated. The figures are based on the data presented in Supporting Information Table S3 and S4, 
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which also shows the correspondiong values for mupain-1-12, mupain-1-12-IG, mupain-1-16, and 

mupain-1-16-IG.  

Figure 4. X-ray crystal structure analysis of peptides in complex with huPA-H99Y. (a) and (b) 

Tyr7-Ile8-Gly9 conformations of mupain-1-IG (a) or mupain-1-16-IG (b) are well-defined by their electron 

density maps (2Fo- Fc map, contoured at 1.0 σ level). (c) Overall structure of mupain-1-IG (pink sticks) or 

mupain-1 (cyan sticks) bound to huPA-H99Y (wheat-coloured ribbons or sticks). The most relevant polar 

interactions between the peptides and the enzyme are indicated. Peptide residues have numbers between 

1 and 10; the relevant enzyme residues have numbers between 35 and 192.  

Figure 5. The relationship between the Ki values for inhibition of muPA by Ile8Gly9 versions of 

mupain-1 and by Leu8Asp9 versions of mupain-1. (a) The figure is based on the Ki values presented in 

Supporting Information Table S6. The x-axes show the Ki values for inhibition of muPA by Leu8Asp9 

versions of mupain-1. The y-axes show the corresponding Ki values for inhibition of muPA by Ile8Gly9 

versions of mupain-1. Each data point is marked with the P1 residue, being either L-Arg (1), 

L-4-guanidinophenylalanine (12), or L-3-(N-amidino-4-piperidyl)alanine (16).  The lines resulted from 

simple linear regression analysis. The slope of the lines are 1.30 (muPA wt, Y99A, K143A, and S190A) and 

1.64 (muPA K41A). The y0 values are -1.14 (muPA wt, Y99A, K143A, and S190A) and -2.44 (muPA K41A). 

The stippled line shows the line which would have resulted if the Ki values for the Leu8Asp9 versions and 

the Ile8Gly9 versions had been identical (y = x). (b) The two lines represent the ∆(∆G) values for the IG 

substitution for wt, Y99A, K143A, S190A together and for K41A, as indicated. As calculated from equation 

1 in the text and the y0 values and the slopes for the lines (a), the equations describing the two lines are  

∆(∆𝐺)𝑤𝑡,𝑌99𝐴,𝐾143𝐴,𝑆190𝐴 = ((−6.76) + �1.78 ∙ 𝑙𝑜𝑔𝐾𝑖,𝐿𝐷 𝑝𝑒𝑝𝑡𝑖𝑑𝑒𝑠)� 𝑘𝐽/𝑚𝑜𝑙 

and 
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∆(∆𝐺)𝐾41𝐴 = �(−14.3) + (3.80 ∙ 𝑙𝑜𝑔𝐾𝑖,𝐿𝐷 𝑝𝑒𝑝𝑡𝑖𝑑𝑒𝑠 )� 𝑘𝐽/𝑚𝑜𝑙 
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Figure 4 
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Figure 5 
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Supporting Information Table S1. Analysis of a peptide-protease back-flip library for muPA inhibitory 
sequences. Fusion proteins between muPA16-243 and the peptide sequences indicated in the left column 
were expressed in HEK293 6E cells and purified from the conditioned medium of the cells. The KM for S-
2444 hydrolysis were determined. “+ TEV” indicates that the fusion protein was treated with TEV 
protease before the kinetic analysis. The table shows mean and standard deviations for the indicated 
number of independent determinations.  
 

 
  

Fusion protein KM for S-2444 hydrolysis (mM) 

muPA-CPAYSRYLDC 21.1 ± 1.4 (3) 

muPA-CPAYSAYLDC 5.1 ± 0.5 (3) 

muPA-CPAYSRYLDC + TEV 5.1 ± 1.0 (3) 

muPA-CPAYSRYIGC 38.5 ± 3.0 (3) 

muPA-CPAYSRYLGC 29.8 ± 3.1 (3) 

muPA-CPAYSRYLNC 18.2 ± 5.7 (3) 

muPA-CPAYSRYNGC 5.9 ± 0.3 (3) 



Supporting Information Table S2. Inhibition of muPA by peptides derived from a peptide-protease back-
flip library. Cyclic peptides were chemically synthesized on the basis of the sequences identified from the 
analysis of the muPA-mupain-1 back-flip library. The Ki values for the inhibition of muPA-catalysed 
hydrolysis of a chromogenic substrate by the peptides were determined. The table shows mean and 
standard deviations for the indicated number of independent determinations. *This value was 
reproduced from a previous publication [Zhao, Xu et al., 2014] and shown here to facilitate comparison. 
 
 

 
 

Peptide Ki (µM) 

CPAYSRYLDC 0.55 ± 0.08 (8)* 

CPAYSAYLDC > 100 

CPAYSRYLDC + TEV 0.41 ± 0.18 (3) 

CPAYSRYIGC 0.020 ± 0.004 (3) 

CPAYSRYLGC 0.130 ± 0.004 (3) 

CPAYSRYLNC 1.03 ± 0.15 (3) 

CPAYSRYNGC 3.60 ± 0.21 (3) 



Supporting Information Table S3. Surface plasmon resonance analysis of the binding of peptides to muPA. The table shows the rate constants 
and the KD values for the binding of the indicated peptides to muPA at 25oC, pH 7.4. Means, standard deviations, and numbers of determinations 
are indicated. Examples of sensorgrams are shown in Supplementary Fig. S1. *These values were reproduced from a previous publication [Zhao, 
Xu et al., 2014] and shown here to facilitate comparison. 12 = 4-guanidino-phenyl-alanine; 16 = L-3-(N-amidino-4-piperidyl)alanine.   

 

Peptide name Sequence kon (M-1s-1), · 10-5 koff (s-1), · 102 KD (µM) 

Mupain-1 CPAYSRYLDC 0.914 ± 0.250 (6)* 3.64 ± 1.03 (6)* 0.398 ± 0.046 (6)* 

Mupain-1-IG  CPAYSRYIGC 4.48 ± 0.76 (3) 0.64 ± 0.07 (3) 0.0147 ± 0.0018 (3) 

Mupain-1-12 CPAYS[12]YLDC 1.56 ± 0.95 (4)* 1.92 ± 0.63 (4)* 0.138 ± 0.034 (4)* 

Mupain-1-12-IG CPAYS[12]YIGC 18.0 ± 9.3 (3) 0.797 ± 0.341 (3) 0.00724 ± 0.00422 (3) 

Mupain-1-16 CPAYS[16]YLDC   0.898 ± 0.545 (3)*  0.671 ± 0.119 (3)*   0.0894 ± 0.0376 (7)* 

Mupain-1-16-IG  CPAYS[16]YIGC 5.87 ± 0.76 (4) 0.0046 ± 0.0004 (4) 0.00081 ± 0.00001 (4) 



Supporting Information Figure S1. SPR analysis of peptide-enzyme binding. The figure shows 
representative examples of sensorgrams of analysis of peptide-enzyme binding kinetics. muPA was 
immobilized on a CM5 chip to a level of approximately 500 RU. The peptides were applied to the chip in 
the following concentration series: Mupain-1, 0 – 2 µM; mupain-1-IG, 0 - 0.25 µM. The experimental 
sensorgrams are shown in red and the curve fits in black. The fitted curves correspond to kon = 1.02 x 
105M-1s-1, koff = 4.11 x 10-2 s-1¸ KD  = 0.403 µM (mupain-1); kon = 4.65 x 105M-1s-1, koff = 0.712 x 10-2 s-1¸ KD  = 
0.0153 µM (mupain-1-IG). A summary of the results obtained in all experiments performed is given in 
Supporting Information Table S3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supporting Information Table S4. Isothermal titration calorimetry for binding of peptides to muPA. The table shows thermodynamic parameters 
for the binding of the indicated peptides to muPA at 25oC, pH 7.4. Means, standard deviations, and numbers of determinations are indicated. 12 
= 4-guanidino-phenyl-alanine; 16 = L-3-(N-amidino-4-piperidyl)alanine.   

 

 

 

  

 

 

Peptide name Peptide sequence N K
D 

(µM)  ΔG (kJ/mole)  ΔH (kJ/mole) TΔS (kJ/mole) 

Mupain-1 CPAYSRYLDC 0.83 ± 0.10 (3) 0.354 ± 0.132 (3) -37.0 ± 0.9 (3) -49.6 ± 6.3 (3) -12.6 ± 7.2 (3 

Mupain-1 IG CPAYSRYIGC 0.73 ± 0.08 (3) 0.0293 ± 0.0024 
(3) 

-43.0 ± 0.2 (3) -72.4 ± 3.4 (3) -30.0 ± 3.9 (3) 

Mupain-1-12 CPAYS[12]YLDC    1.06 ± 0.03 (3) 0.172 ± 0.028 (3) -38.8 ± 0.6 (3) -38.9 ±  0.6 (3) 0.0 ± 0.5 (3) 

Mupain-1-12-IG CPAYS[12]YIGC 0.56 ± 0.01 (4) 0.033 ± 0.009 (4) -42.8 ± 0.7 (4) -60.5 ± 1.9 (4) -17.6 ± 1.8 (4) 

Mupain-1-16 CPAYS[16]YLDC 1.08 ± 0.20 (5) 0.122 ± 0.052 (5) -39.6 ± 1.2 (5) -19.8 ± 4.1 (5) 19.9 ± 3.4 (5) 

Mupain-1-16-IG CPAYS[16]YIGC 0.79 ± 0.07 (3) 0.00405 ± 
0.00132 (3) 

-48.0 ± 1.0 (3) -66.8 ± 4.9 (3) -19.3 ± 4.9 (3) 



Supporting Information Table S5. X-ray data collection and model refinement statistics for 
peptide:huPA-H99Y complexes. 
 

 

a Numbers in parentheses refer to the highest resolution shells. 
b Rmerge=Σ|Ii-<I>|/ΣIi, i, where Ii is the intensity of the ith observation and <I> is the mean intensity of the 
reflections. 
c Percentage of residues in most favored regions. 
d Percentage of residues in additional allowed regions. 
e Percentage of residues in generously allowed regions. 

Crystals huPA-H99Y: mupain-1-IG  huPA-H99Y: mupain-1-16-IG  

X-ray wavelength (Å) 1.0 1.0 

Resolution limits (Å) 2.05 1.90 

Space group R3 R3 

Cell parameters (Å) A = 122.06, b = 122.06, c = 42.56, α = 
90°,β = 90°,γ = 120° 

A = 120.90, b = 120.90, c = 42.31, α = 
90°,β = 90°,γ = 120° 

Temperature (K) 100 100 

Completeness (%) 99.1 98.5 

Redundancy 3.4 (3.4)a 3.4 (3.5) a 

Average I/σ 22.7 (2.2) a 31.3 (3.3) a 

Rmerge
b 0.109 (0.771) a 0.086 (0.638) a 

Refinement data   

R-factor 0.220 0.223 

R-free 0.262 0.264 

Average B-factor (Å2) of 
protein 

47.2 40.1 

Average B-factor (Å2) of 
peptide 

51.7 44.6 

r.m.s. deviation of bond 
lengths (Å) 

0.008 0.007 

r.m.s. deviation of angle 
lengths (°) 

1.265 1.212 

Ramachandran analysis (%) 95.6c, 4.0d, 0.4e 96.4c, 3.2d, 0.4e 



Supporting Information Table S6. Shape complementarity of mupain-1 peptides or mupain-1-IG residues 
bound to huPA-H99Y. The shape complementarity values for the peptide-enzyme complexes were 
calculated as described [Gabb et al., 1997]. The relative shape complementarity values were calculated 
as the shape complementarity values for the residue 8-9 stretch of the IG peptides divided by the shape 
complementarity values for the residue 8-9 stretch of the LD peptides. Thus, the shape complementarity 
value for the mupain-1-IG:huPA-H99Y complex relative to shape complementarity value for mupain-
1:huPA-H99Y complex = 0.791/0.681 = 1.16; shape complementarity value for mupain-1-16-IG:huPA-
H99Y complex relative to shape complementarity value for mupain-1-16:huPA-H99Y complex = 
0.740/0.576 = 1.28.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Not applicable: The shape complementarity value cannot be calculated with an unnatural amino acid in 
the peptide.  
ΔP1: The unnatural P1 residue was deleted from the calculations. 
 

Structures of peptide:huPA H99Y complexes Shape complementarity values 

huPA H99Y-mupain-1 0.750  

huPA H99Y-mupain-1-ΔP1 0.749  

huPA H99Y-mupain-1 Leu8-Asp9 0.681  

 

huPA H99Y-mupain-1-IG 0.765  

huPA H99Y-mupain-1-IG-ΔP1 0.787  

huPA H99Y-mupain-1-IG Ile8-Gly9 0.791  

 

huPA H99Y-mupain-1-16 *Not applicable 

huPA H99Y-mupain-1-16-ΔP1 0.700 

huPA H99Y-mupain-1-16 Leu8-Asp9 0.576 

 

huPA H99Y-mupain-1-16-IG Not applicable* 

huPA H99Y-mupain-1-16-IG-ΔP1 0.718  

huPA H99Y-mupain-1-16-IG Ile8-Gly9 0.740  



Supporting Information Table S7. Comparison of B factors in the mupain-1:huPA-H99Y complex, the 
mupain-1-IG:huPA-H99Y complex, the mupain-1-16:huPA-H99Y complex, and the mupain-1-16-IG:huPA-
H99Y complex structures. 
 

 
 
 

Structures Average B factor 

mupain-1:huPA-H99Y complex 44.2 

mupain-1 in huPA H99Y:mupain-1 complex 68.1 

 

mupain-1-IG:huPA-H99Y complex 51.7 

mupain-1-IG in mupain-1-IG:huPA-H99Y complex 47.3 

  

mupain-1-16:huPA-H99Y complex 39.1 

mupain-1-16 in mupain-1-16:huPA-H99Y complex 48.5 

  

mupain-1-16-IG:huPA-H99Y complex 44.6 

mupain-1-16-IG in mupain-1-16-IG:huPA-H99Y 
complex 

40.3 

  

The ratio of B factor of mupain-1 in mupain-
1:huPA-H99Y complex 

68.1/44.2=1.54  

The ratio of B factor of mupain-1-IG in mupain-1-
IG:huPA-H99Y complex 

51.7/47.3=1.09 

The ratio of  B factor of mupain-1-16 in mupain-1-
16:huPA-H99Y complex 

48.5/39.1=1.24 

The ratio of  B factor of mupain-1-16-IG in 
mupain-1-16-IG:huPA-H99Y complex 

44.6/40.3=1.11 



Supporting Information Table S8. Effects of mutagenesis on inhibition of muPA by mupain-1 variants. The Ki values (in µM) for inhibition of the 
indicated enzymes by the indicated peptides are shown as means ± S.D; the numbers of determinations are indicated in parentheses. *These 
values are reproduced from Table 3 and shown again here to facilitate comparison. **These values were reproduced from a previous publication 
[Zhao, Xu et al., 2014] and shown here to facilitate comparison. 12 = 4-guanidino-phenyl-alanine; 16  = L-3-(N-amidino-4-piperidyl)alanine.   
 
 
 

 
 
 
  

Peptide name Sequence muPA wt muPA K41A muPA Y99A muPA K143A muPA S190A 

Mupain-1 CPAYSRYLDC 0.550 ± 0.080 
(8)** 

4.29 ± 0.15 (3)* 26.0 ± 5.8 (3)* 4.88 ± 0.18 (3)* 1.60 ± 0.53 (3)* 

Mupain-1 IG CPAYSRYIGC 0.020 ± 0.004 (3)* 0.045 ± 0.017 (3) 6.87 ± 1.09 (3) 0.16 ± 0.04 (3) 0.157 ± 0.004 (3) 

Mupain-1-12 CPAYS[12]YLDC 0.280 ± 0.020 
(5)** 

1.66 ± 0.23 (3)* 5.06 ± 1.07 (3)* 1.00 ± 0.04 (3)* 2.30 ± 0.46 (3)* 

Mupain-1-12 IG CPAYS[12]YIGC 0.010 ± 0.002 (3)* 0.007 ± 0.002 (3) 0.82 ± 0.33 (3) 0.08 ± 0.00 (3) 0.313 ± 0.025 (3) 

Mupain-1-16 CPAYS[16]YLDC 0.045 ± 0.010 
(4)** 

0.29 ± 0.04 (3)* 1.11 ± 0.34 (3)*  0315 ± 0.023 (3)* 0.352 ± 0.040 (3)* 

Mupain-1-16 IG CPAYS[16]YIGC 0.002 ± 0.0005 
(3)* 

0.00056 ± 
0.00006 (3) 

0.154 ± 0.054 (3) 0.0030 ± 0.0007 
(3) 

0.029 ± 0.002 (3) 



Supporting Information Table S9. Effects of mutagenesis on inhibition of huPA-H99Y by mupain-1 variants. The Ki values (in µM) for inhibition of 
the indicated enzymes by the indicated peptides are shown as means ± S.D; the numbers of determinations are indicated in parentheses. *These 
values are reproduced from previous publications [Andersen et al., 2008; Hosseini et al., 2011] and shown here to facilitate comparison. 12 = 4-
guanidino-phenyl-alanine; 16 = L-3-(N-amidino-4-piperidyl)alanine.   

 
 
 

 
 

Peptide name Sequence huPA-H99Y huPA  H99Y-R35A  huPA-H99Y-V41A huPA-H99Y-
K143A 

huPA-H99Y-
Q192A 

Mupain-1 CPAYSRYLDC 15.3 ± 2.0 (3)* 39.5 ± 2.9 (3) 32.4 ± 5.3 (3) 56.6 ± 8.0 (3) 33.2 ± 4.2 (3) 

Mupain-1 IG CPAYSRYIGC 0.340 ± 0.060 (4)* 0.427 ± 0.053 (3) 1.29 ± 0.11 (3) 0.883 ± 0.197 (3) 0.947 ± 0.073 (3) 

Mupain-1-12 CPAYS[12]YLDC 1.86 ± 0.74 (3)* 3.26 ± 1.04 (3) 1.60 ± 0.54 (3) 2.14 ± 0.78 (3) 2.35 ± 0.74 (3) 

Mupain-1-12 IG CPAYS[12]YIGC 0.0100 ± 0.0010 
(3)* 

0.0440 ± 0.0092 
(3) 

0.122 ± 0.033 (3)  0.101 ± 0.004 (3) 0.143 ± 0.018 (3) 

Mupain-1-16 CPAYS[16]YLDC 2.48 ± 0.07 (3)* 2.50 ± 0.29 (3) 1.95 ± 0.30 (3) 1.13 ± 0.32 (3) 2.71 ± 0.28 (3) 

Mupain-1-16 IG CPAYS[16]YIGC 0.0090 ± 0.0020 
(4)  

0.00944 ± 
0.00159 (3) 

0.0324 ± 0.0086 
(3) 

0.0180 ± 0.0055 
(3) 

0.0480 ± 0.0030 
(3) 



Supporting Information Figure S2. The relationship between the Ki values for inhibition of huPA-H99Y by 
Ile8Gly9 versions of mupain-1  and the Ki value for inhibition of huPA-H99Y by Leu8Asp9 versions of 
mupain-1. (a) The figure is based on the Ki values presented in Supplementary Table 6. The x-axes show 
the Ki values for inhibition of huPA-H99Y by Leu8Asp9 versions of mupain-1. The y-axes show 
corresponding Ki values for inhibition of huPA-H99Y  by Ile8Gly9 versions of mupain-1. Each data point is 
marked with the P1 residue, being either L-Arg (1), L-4-guanidinophenylalanine (12), or L-3-(N-amidino-4-
piperidyl)alanine (16).  The lines resulted from simple linear regression analysis. The slope of the lines are 
1.07 (huPA -H99Y, huPA -H99Y-V41A, huPA -H99Y-K143A, huPA -H99Y-Q192A)and 1.19 (huPA-H99Y-
R35A). The y0 values are -1.72 (huPA -H99Y, huPA -H99Y-V41A, huPA -H99Y-K143A, huPA -H99Y-Q192A) 
and -2.24 (huPA-H99Y-R35A). The stippled line shows the line which would have resulted if the Ki values 
for Leu8Asp9 versions and the Ile8Gly9 versions of mupain-1had been identical (y = x). (b) The two lines 
represent the ∆(∆G) values for the IG substitution for huPA -H99Y wt, huPA -H99Y-V41A, huPA -H99Y-
K143A, huPA -H99Y-Q192A (indicated by suffix “wt”) and huPA-H99Y-R35A. As calculated from equation 
1 in the main text and the y0 values and the slopes for the lines (a), the equations describing the three 
lines are  
 

∆(∆𝐺)𝑤𝑡 = ((−10.2) + �0.41 ·  𝑙𝑜𝑔𝐾𝑖,𝐿𝐷,𝑤𝑡)� 𝑘𝐽/𝑚𝑜𝑙 
 

∆(∆𝐺)𝑅35𝐴 = ((−13.3) + �1.12 ·  𝑙𝑜𝑔𝐾𝑖,𝐿𝐷,𝑅35𝐴)� 𝑘𝐽/𝑚𝑜𝑙 
 
 
 

  



Supporting Information Figure S3. Effect of mupain-1 variants on the plasminogen activation activity of 
uPA bound to uPAR on the surface of WEHI-3 cells. Aliquots of WEHI-3 cell suspension (1.5 · 107 cells/ml) 
were incubated at 37°C in HEPES-buffered saline (HBS) with 0.1% bovine serum albumin (BSA) in the 
presence of muPA (2.5 nM), plasminogen (100 nM), α2-antiplasmin (200 nM), the fluorogenic plasmin 
substrate D-Val-Leu-Lys-7-amino-4-methylcoumarin (VLK-AMC) (200 μM), and two-fold variations of the 
concentrations of mupain-1-IG (a), mupain-1-12-IG (b), or mupain-1-16-IG (c) between 0.25 nM and 5000 
nM. Cells without uPA served as a negative control. Cells without peptide served as 100% controls. The 
fluorescence of the wells was monitored at 1 min intervals in a fluorescence plate reader, using an 
excitation wavelength of 390 nm and an emission wavelength of 480 nm. In a – c, the time dependence 
of fluorescence emission is indicated; the figures show representative examples for a total of at least 
three independent experiments at each condition. In d, the fluorescence reading after 10 min incubation 
at each inhibitor concentration was expressed as percent of the maximal reading. Mean and standard 
deviations of three independent experiments are indicated. The lines represent fits of the data points to 
the equation  

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝐼𝐶50

𝐼𝐶50 + [𝑝𝑒𝑝𝑡𝑖𝑑𝑒]
 · 100 

IC50 values of 84.8, 31.9, and 7.17 nM were obtained for mupain-1-IG, mupain-1-12-IG, and 
mupain-1-16-IG, respectively. 
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Abstract: The active sites of serine proteases catalyzing the same basic type of proteolytic 

reaction are very similar, in spite of the fact that individual proteases have different physiological 

functions. To specifically target serine proteases, we report a strategy for designing of 

high-affinity and specific serine protease inhibitors based on a versatile peptide scaffold. A 

10-mer peptide, mupain-1 (CPAYSRYLDC) was previously reported as a specific inhibitor of 

murine urokinase-type plasminogen activator (uPA) (Ki = 0.55 μM) without measurable affinity to 

plasma kallikrein (PK) (Ki > 1000 μM). Through a structure-based rational design, we simply 

replaced 5 residues of mupain-1 and achieved a Ki of around 0.01 μM for PK, while completely 

abolishing measurable affinity to uPA (Ki > 1000 μM). The designing strategy was verified by X-ray 

crystal structure analysis, site-directed mutagenesis and surface plasmon resonance analysis. 

This work suggests a new tactic for designing peptide inhibitors of various serine proteases.  

 

INTRODUCTION 

 Serine proteases catalyze the hydrolysis of peptide bonds of proteins and are involved in 

numerous physiological pathways, including digestion, blood clotting, fibrinolysis, complement 

activation, and turn-over of extracellular matrix.1 Serine proteases of the trypsin clan catalyzing 

the same type of proteolytic reaction by the same biochemical mechanism have similar active 

sites. Nevertheless, these serine proteases have highly variable and sometimes opposite 

physiological functions, like the complementary functions of thrombin and plasmin. Serine 

proteases have been shown to be successful therapeutic targets for a number of indications.2, 3 

Artificial inhibitors are clinically used for therapy of maladies caused by the abnormal activities of 

serine proteases, including thrombosis and unregulated bleeding.4 A high specificity of serine 

protease inhibitors is crucial, as off-target effects can give rise to severe systemic disorders. 

Aprotinin, a plasmin inhibitor, was widely used as an antifibrinolytic drug preventing blood loss 

after surgery. But because the patients suffered from the systemic damages caused by off-target 

inhibiting other serine proteases, aprotinin was withdrawn from the market in 20085. 



 All serine proteases of the trypsin clan have a catalytic triad (His57, Asp102, and Ser195, 

chymotrypsinogen numbering) performing the proteolytic cleavage in the centre of the active 

site. Besides, the active site also consists of the S1 specificity pocket which accommodates the 

side-chain of scissile residue (the P1 residue), and the oxyanion hole composed by the amido 

groups of Ser195 and Gly193 which stabilize the tetrahedral intermediate of the transition state. 

In contrast to the high similarity of the active sites, the exo-sites of the different serine proteases 

are much more variable. The diverse exo-site regions of different proteases are the more feasible 

for engineering the specificities of substrates and inhibitors.6, 7 Small molecule inhibitors 

targeting only the active sites of enzymes in particular pose specificity problems, but peptides, of 

a size of about 10 – 20 amino acids, are more likely to be able to bind to exo-sites as well as to 

the active sites and thus be more specific.8 Peptides are attracting increasing interest as drug 

candidates for combining the advantages of small molecules (cost, conformational restriction, 

metabolic stability) with those of proteins (specificity, high potency).8 Also in the case of serine 

proteases, peptides are of considerable interest as inhibitors9-12 and can, in fact, also be used to 

stimulate the activity of proteases13-15. 

 In our own previous work, a 10-mer mono-cyclic, disulfide bond-constrained peptide, 

mupain-1 (CPAYSRYLDC), was isolated from a phage-displayed peptide library.16 Mupain-1 

competitively inhibits the activity of urokinase-type plasminogen activator (uPA) from mouse 

(muPA) with a Ki value of 0.55 μM and shows no measurable or negligible inhibition of other 

serine proteases tested. Besides blocking the active site, mupain-1 forms a large area of 

interactions with exo-site residues of a muPA.17 Therefore, we considered if we could retarget 

mupain-1 to other serine proteases by modulating the exo-site interactions. As an example, by 

rationally changing the residues interacting with the exo-sites of muPA, we successfully 

re-engineered mupain-1 to a specific inhibitor of another trypsin-like serine protease, plasma 

kallikrein (PK), which is a clinical target of hereditary angioedema.18 The engineered peptides 

(pkalins) have completely lost the inhibitory capability to human uPA (huPA) and muPA, while 

having high affinity to human PK (hPK) and murine PK (mPK). X-ray crystal structures and 

site-directed mutagenesis analysis verified our designing procedure. Together with the 

enzymological results and surface plasmon resonance (SPR) analysis, we illustrated the binding 

and inhibitory mechanism of the engineered PK inhibitors. Based on our previous and current 

work, we suggest the principle for design high-affinity and specific inhibitors of serine proteases 

by using mupain-1 as the scaffold.  

Results and discussion 

Re-targeting mupain-1 from a muPA inhibitor to a PK inhibitor  

 The P1 residue is a critical residue for peptidic protease inhibitors, since it directly blocks the 

active site (S1 pocket) preventing the docking of substrates. We previously synthesised a 



non-natural arginine analogue, L-3-(N-amidino-4-piperidyl)alanine (Compound 16) as an 

improved P1 residue (Fig. 1)19 and Substituted the P1 residue (Arg6) of mupain-1 resulting in 

peptide mupain-1-16 (CPAYS[16]YLDC) (Table S2). In this work, we found Compound 16 

significantly improved the inhibitory capability of mupain-1 to hPK and mPK with the Ki values of 

1.58 μM and 4.61 μM, respectively (Fig. 2, Table S2). Accordingly, mupain-1-16 was used as a 

template for the following re-engineering the exo-site interactions. 

 In previous studies, we crystallized mupain-1-16 in complex with a muPA-like, human uPA 

mutant, huPA-H99Y (PDB code: 4X1N). From the crystal structure, we identified the residues of 

huPA-H99Y interacting with mupain-1-16. By comparing these residues to the corresponding 

residues in hPK, we found three critical differences in the peptide binding regions: the S3’ pocket, 

the S3 pocket, and the S2 pocket (Fig. 1, Table S1). We hypothesized that mupain-1-16 bound to 

hPK and huPA H99Y in a similar conformation. So, the specific residues of mupain-1-16 would 

interact with the same regions of hPK and of huPA-H99Y. Therefore, according to these 

differences, we performed a stepwise substitution of mupain-1-16 residues that interact with the 

exo-sites of huPA-H99Y. The purpose of each step was to optimize the binding of the peptide to 

hPK and decrease the peptides’ affinity to muPA (Fig. 2).  

 The S3’ pocket: The crystal structure of mupain-1-16:huPA H99Y complex shows that the P1’ 

residue (Tyr7) of mupain-1-16 forms a hydrogen bond with Arg35 in the S3’ pocket of huPA-H99Y 

(Fig. 1b). But hPK has a non-polar Val in position 35 (Fig. 1b and e). We therefore assumed that 

the bulky Tyr sterically hinders the binding of the peptide to hPK and mutated Tyr7 to Ala, 

resulting in Peptide 1 (CPAYS[16]ALDC), which has a 10-fold stronger affinity to hPK and a slightly 

weakened affinity to muPA (Table S2). Next, another important difference between huPA-H99Y 

and hPK in this region is that the S3’ pocket of huPA is polar, while the S3’ pocket of hPK is more 

hydrophobic (Fig. 1e). The four tandem positive residues (RRHR) in huPA are compatible with the 

binding of the negatively charged Asp9 of mupain-1-16. We therefore replaced Asp9 by the 

non-polar residue acetyl lysine (KAc) to break the salt bridge and increase the hydrophobicity. 

The substitution of Asp9 of peptide 1 with acetylated Lys led to peptide 2 (CPAYS[16]AL[KAc]C), 

which has a slightly improved affinity to hPK, but an about 10-fold weakened affinity to muPA, 

with a Ki value in the μM range (Fig. 2 and Table S2).  

 The S3 pocket: In the crystal structure, the P3 residue (Tyr4) of mupain-1-16 docks into the 

S3 pocket and forms a hydrogen bond with Arg217 (Fig. 1d). In contrast to the positively charged 

Arg217 in the uPAs, a negative Glu is present at position 217 of hPK (Fig. 2e). Therefore, 

substituting Tyr4 of Peptide 2 with a positive Arg (peptide 3) or Lys (peptide 4) (Table S2) would 

be expected to establish an electrostatic attraction with Glu217 of hPK, but lead to an 

electrostatic repulsion from Arg217 in uPAs. Going from peptide 2 to peptide 3 or peptide 4, a 

100-fold reduction in affinity for muPA and huPA-H99Y was achieved, but there was no 

improvement of the affinity to PK. Hereby, Arg was preferred to Lys as the P3 residue because of 



the slightly higher affinity to PK of the Arg-containing peptide 3 (CPARS[16]AL[KAc]C) than of the 

Lys-containing peptide 4 (Fig. 2 and Table S2). 

 The S2 pocket: The crystal structure also shows that the P2 residue of mupain-1-16, Ser5, 

forms a hydrogen bond with Tyr99 in the 97-loop lining the S2 pocket of huPA-H99Y (Fig. 1c). 

Compared to the PKs, the uPAs have a sterically narrower S2 pocket, because the 97-loop of the 

uPAs are two residues longer (Thr97a and Leu97b) than the 97-loop of the hPK. Furthermore, the 

uPAs have bulky residues at position 99 (Tyr99 in muPA and His99 in huPA), while the hPK has 

only small Gly in the same position (Fig. 1c and e). The small and hydroxyl-containing Ser5 of 

mupain-1-16 can easily insert into the narrow S2 pocket of muPA and form a hydrogen bond with 

Tyr99. To remove this interaction, we tried to substitute Ser5 of Peptide 3 with either of several 

non-polar amino acids, Ala (peptide 5), Phe (peptide 6), or Leu (peptide 7) (Table S2). Among 

these, the peptide with the highest affinity was the Phe-containing peptide 6 

(CPARF[16]AL[KAc]C). Peptide 6 has a Ki value for inhibition of hPK of 0.064 μM and has lost any 

measurable inhibition of uPAs (Ki > 1000 μM). Thus, Phe was chosen as the P2 residue for 

inhibitors of the hPK, and peptide 6 was used as a scaffold for further modification (Fig. 2 and 

Table S2). 

 After the 3-step structure-based engineering of the exo-site interactions, we had completely 

switched the specificity of a muPA inhibitor to hPK and achieved a Ki value to hPK in the nM 

range. However, we further improved the affinity to hPK and mPK by replacing the acetylated Lys 

in position 9 of the peptide with an aromatic residue, since such a replacement might be 

expected to results in more favorable binding entropy.20 Indeed, peptides 8 (CPARF[16]ALFC) and 

10 (CPARF[16]ALWC) have very high affinities for the PKs, with Ki values of 0.008 and 0.014 μM 

(Fig. 3 and Table S2). Peptide 9 (CPKRS[16]ALFC), which has a Lys at position 3, was selected as 

another promising PK inhibitor with a Ki of 0.022 μM.  

 Conclusively, to go from mupain-1, we substituted 5 residues and improved the affinity to 

hPK from a Ki value of more than 1000 μM to around 0.01 μM. Simultaneously, the affinity to 

muPA and huPA-H99Y was completely lost (Fig. 2). All the peptides also showed remarkable 

inhibition to mPK, which paves a path for evaluating the activities of peptides in animal model. 

So, we acquired three peptides with high affinity to PK (Peptides 8, 9, and 10), which we termed 

pkalin-1, pkalin-2, and pkalin-3, respectively. 

The specificity of the engineered PK inhibitors  

 We measured the Ki values for inhibition of several other serine proteases by the 

engineered PK inhibitors (Table 1). None of the three PK inhibitors showed measurable inhibition 

for activated protein C, matriptase, thrombin, or tissue-type plasminogen activator. The 

non-natural P1 residue Compound 16 endows mupain-1-16 with measurable affinity to human 

factor XIa, with a Ki value of 2.56 μM, and this affinity was inherited by the PK inhibitors. Also, 



the affinity of the peptides to plasmin increased significantly after re-engineering of the exo-site 

interactions. However, compared to the high affinity to the PKs, the affinity to FXIa and plasmin 

is negligible. Generally speaking, pkalins have high specificity to PKs, which indicates that our 

retargeting strategy did not give rise to significant off-target inhibition to other serine proteases. 

Furthermore, the PK inhibitors not only inhibit hydrolysis of the chromogenic substrate, but also 

efficiently inhibit the interaction of hPK and its protein substrates, high molecular weight 

kininogen (HMWK) and the zymogen of uPA (pro-uPA) (Fig. S2). Several artificial inhibitors of hPK 

have been developed before, including PKSI-527 (a small molecular inhibitor)21, ecallantide (an 

engineered Kunitz type inhibitor)22, DX2930 (a monoclonal antibody)23 and PK15 (a bicyclic 

peptidic inhibitor)24. Our PK inhibitors have affinity and specificity comparable to those 

previously developed inhibitors, but the small size mono-cyclic peptides make them easy to 

prepare in large scale similarly to small molecular inhibitors. 

Kinetic studies of peptide-protease interactions through surface plasmon resonance (SPR) 

analysis 

 The KD values of pkalin-3 and mupain-1-16 binding to hPK are 3.0 and 737 nM, slightly 

lower than the Ki values from chromogenic assays (13.7 nM and 1.58 μM). The difference is 

most likely due to the fact that the SPR analysis was carried out at 25oC, while the Ki values 

were determined at 37oC. Because of the non-measurable affinity, the KD value for mupain-1 

binding to hPK could not be determined by SPR. The Gibbs free energy changes (ΔG) for the 

binding of the peptides to hPK were calculated according to the KD values (Fig. 3a). Substitution 

of the P1 residue (Arg 6) with Compound 16 in the active site contributes a binding energy 

change of Δ(ΔG) > 17.9 kJ/mol (from mupain-1 to mupain-1-16), while reengineering the exo-site 

interactions by replacing 4 residues contributes only binding energy change of Δ(ΔG) = 13.6 

kJ/mol (from mupain-1-16 to the pkalin-3). Therefore, the change in the active site interaction 

plays an energicly more important role in engineering the affinity of peptide to hPK. But this 

change in the active site indiscriminately improves the peptides’ inhibitory capability of many 

serine proteases, not only PKs, but also factor XIa, uPAs and plasmins (Table 1). Thus, the active 

site (P1-S1) interactions are critical for the affinity but have a minor contribution to specificity 

among different proteases. In contrast, re-engineering of the exo-site interactions allows the 

change in specificity. 

Studies of the binding and inhibitory mechanism of PK inhibitors by X-ray crystal structure 

analysis and site-directed mutagenesis 

 In order to verify our retargeting strategy, we crystallized the catalytic domain (serine 

protease domain, SPD) of hPK in complex with the three PK inhibitors. The three PK inhibitors 

form identical conformation when binding to hPK-SPD (Fig. 4a). Here, the structure of pkalin-3 in 



complex with hPK-SPD (PDB code: 4ZJ6) was selected as a representative to illustrate the 

peptide-hPK interactions.  

 Interestingly, pkalin-3 binds to hPK in a substrate-like conformation (Fig. 4 central). But 

sequence of pkalin-3 has no resemblance to the recognition sites of physiological substrates 

(HMWK, factor XII and uPA) or artificial substrates of hPK.25 The peptide bond of P1-P1’ residue is 

not cleaved for the two reasons (Fig. 4e): First, the hydroxyl group of Ser195 holds a distance of 

2.99 Å to the carbonyl carbon of the P1 residue, which is too long for nucleophilic attack. Besides, 

the carbonyl oxygen of the P1 residue does not dock into the oxyanion hole correctly, but is 4.86 

Å away from to the amino group of Ser195. Thus, the tetrahedral intermediate cannot be 

stabilized by the oxyanion hole in the transition state.  

    The N-amidino-4-piperidyl side chain of the P1 residue inserts into the active site (S1 

pocket), and the other parts of peptides stretch out on the enzyme surface and form exo-site 

interactions. The bulky phenylic side chain of Phe5 (the P2 residue) docks into the relatively large 

S2 pocket and forces the 97-loop outwards in contrast to the ligand-free PK (Fig. 3c). The 

hydrophilic side chains of Ser97 and Glu98 are also forced to become exposed to the solvent. 

That fits the result of site-directed mutagenesis that substituting Gly99 of hPK with Tyr (the 

corresponding residue of muPA) decreases hPK’s affinity to pkalin-3 5.6-fold, but increases the 

affinity to mupain-1-16 (with a Ser in position 5) 6.7-fold (Fig. 3b). These results confirm that the 

size of the 97-loop is critical for the preference for specific P2 residues. In the S3’ pocket, the 

aromatic Trp9 forms hydrophobic interactions with the isobutyl side chain of Leu41 (Fig. 4d). The 

reason that Ala is a more favorable P1’ residue for the pkalin-3 compared to Tyr is also 

elucidated: unlike mupain-1-16, which stretches out flexibly on the surface of huPA-H99Y, the 

backbone of pkalin-3 in hPK is in a more twisted conformation, especially the part around the 

disulfide bond (Fig. 4b). The RMSD value between pkalin-3 and mupain-1-16 in the two 

structures is 1.58 Å, also showing the more twisted backbone of pkalin-3. Thus, the rigid and 

bulky Tyr7 in mupain-1-16 hinders this peptide from assuming this state. In contrast, the much 

smaller P1’ Ala7 of pkalin-3 facilitates the folding of the peptide into the twisted conformation.  

 The above results of crystallography and site-directed mutagenesis are consistent with the 

Ki measurements and verify our retargeting strategy. The only fact that does not fit our design 

strategy is in the S3 pocket. By inserting an Arg as the P3 residue of the peptide, we expected to 

establish an electrostatic interaction to Glu217 of hPK. But when we inactivated Glu217 

substituting with Ala, only a minor change in the affinity to pkalin-3 was observed (Fig. 3b). 

However, this result is in agreement with the crystal structure analysis, which shows that the 

guanidine group of the P3 Arg does not bind to Glu217, but stretches to the 97-loop and is 

stabilized by a sturdy polar interaction network. However, Arg4 of the pkalin-3 is responsible for 

drastically decreasing the affinity to huPA and muPA (compare peptide 2 to peptide 3 in Table 



S2), which is also consistent with the 16.8-fold decrease of the affinity of hPK to pkalin-3 when 

substituting Glu217 with Arg217 of the uPAs (Fig. 3b). 

Designing inhibitors of serine proteases based on the scaffold of mupain-1 

 The present conversion of a uPA inhibitor to a PK inhibitor illustrates the fact that specificity 

among different serine proteases can be switched by reengineering the exo-site interactions with 

the scaffold of mupain-1. From the crystal structures of mupain-1-16:huPA-H99Y and 

pkalin-3:hPK complexes, we can summarize the common conformation of the mupain-1 derived 

peptides binding to the respective enzymes as follow: Residues 4-9 form intimate contacts with 

the enzyme and bind as P3, P2, P1, P1’, P2’ and P3’ residues, respectively, while residues 1-3 and 

residue 10 are lifted up over the enzyme surface and form very few interactions with the enzyme 

(Fig. S5 and S6). We therefore define residues 4-9 as enzyme-binding residues and residues 1-3 

and 10 as solvent-exposed residues (Fig. 5). Although the solvent-exposed residues are not 

directly involved in binding, they are still indispensable. First, the linear mupain-1 derived 

peptides are inactive16, so Cys 1 and Cys 10 cannot be changed. Pro2 is also crucial because 

proline always restricts some special folding of peptides and proteins.26 Besides, the two tight 

β-turns in both muPA and PK inhibitors also constrain the peptides to the necessary inhibitory 

conformation. Thus, the solvent-exposed residues were conserved during the re-engineering 

from mupain-1 to pkalin-3. The re-engineering focused on the changes of the enzyme-binding 

residues. 

 Based on the scaffold of mupain-1, the inhibitors for other serine proteases can be 

engineered through two strategies: directed evolution and the structure-based rational design. 

For the directed evolution, peptide libraries can be established by randomizing several or all of 

the enzyme-binding residues and displayed by phage display, mRNA display etc. The inhibitory 

capabilities of the selected peptides can be improved through further affinity maturation. For the 

rational design, each enzyme-binding residue should be selected considering the properties of 

the interacting residues or regions of the enzyme (Fig. 5). Factors to consider would be to 

establish polar and non-polar interactions and to avoid steric clashes. The P1’ residues (residue 7) 

are recommended to choose small and flexible residues in order to avoid steric clashes because 

most proteases have a shallow S1’ pocket. Tyr7 of mupain-1 is a special case, because the side 

chain inserts into the S3’ pocket. A caveat for rational design is that this proposal builds on the 

assumption that the conformation of the enzyme is static, as indicated by the crystal structures, 

but in solution, the enzymes are in a dynamic state, in which some regions may be highly mobile, 

like the surface exposed 37-loop. This fact, obviously, introduces some unpredictability into the 

re-engineering process. 

Conclusions 



 To achieve a high specificity when targeting serine proteases, we report here a strategy for 

design inhibitors of various serine proteases based on a versatile short peptide scaffold, 

mupain-1. As an illustration, we retargeted this original muPA inhibitor to another serine 

protease, plasma kallikrein (PK). By simply substituting 5 residues of the 10-mer peptide we 

engineered the high-affinity PKs inhibitors with Ki values around 0.01 μM, and the PK inhibitors 

also showed remarkable specificity. By studying the binding and inhibitory mechanism of the PK 

inhibitors, we verified the authenticity of the designing strategy. Based on our current and 

previous results, we suggest the principle for designing specific inhibitors of different serine 

proteases by using mupain-1 as a scaffold.  
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Figure 1: Engineering the exo-site interactions in order to retarget mupain-1-16’s specificity from 
plasminogen activator to plasma kallikrein. Central: An overview of the crystal structure 
mupain-1-16 (salmon sticks) in complex with the catalytic domain of huPA-H99Y (white surface); 
a, the catalytic domains of huPA-H99Y (white cartoon) and hPK (smudge cartoon) have very 
similar backbone conformations; b-d, detailed structural information of the three critical regions 
of the huPA-H99Y (white cartoon) in complex with mupain-1-16 (salmon sticks): S3’ pocket (b), S3 
pocket (c) and S2 pocket (d). The corresponding regions of hPK (smudge cartoon, PDB code: 2AYN) 
are aligned with huPA-H99Y for comparison. The residues of the two proteases that are critical 
for binding of mupain-1-16 are shown as sticks. Hydrogen bonds are shown as black dash lines; e, 
alignment of sequences of the 37-loop, the S3 pocket and the S2 pocket of muPA, huPA-H99Y and 
hPK; residues are colored according to the hydrophobicity predicted with Engelman calculation. 
 
  



 
Figure 2 a, Five-step reengineering changes the specificity of peptides from muPA to hPK, the 
structure of non-natural arginine analog, L-3-(N-amidino-4-piperidyl)alanine (Compound 16) is 
present. b, Ki values of each peptide to muPA (red), huPA (violet) , huPA-H99Y (green), hPK (blue) 
and mPK (dark yellow) are plotted against peptide sequences. Values are represented as Mean ± 
SD. 
 
  



 
Figure 3 Binding and inhibitory mechanism studies by SPR (a) and site-directed mutagenesis (b). a, 
the KD values of mupain-1 (>106 nM), mupain-1-16 (737 nM) and pkalin-3 (3.04 nM) were 
determined by surface plasmon resonance (SPR) analysis. The binding energies (ΔG) were 
calculated accordingly; b, residues interactions were evaluated by site-directed mutagenesis. 
Glu217 and Gly99 in hPK were mutated to the corresponding Arg217 and Tyr99 in muPA, 
respectively. Glu217 in hPK was also mutated to Ala for evaluating the importance of binding to 
peptides. Bars indicate the logarithms of the Ki values of peptides to the three mutants/the Ki 

values of peptides to the wild-type hPK. 
 
  



 

X-ray crystal structure analysis of the pkalin-3: hPK complex (PDB code: 4ZJ6). Central: An 
overview of the structure of pkalin-3 (cyan sticks) in complex with catalytic domain of hPK (wheat 
surface), detailed structural information is demonstrated in (a-f). Hydrogen bonds and polar 
interactions are shown as black dash lines, non-polar interactions are shown as red dash lines. An 
H2O molecule involved in the interactions is shown as red nb_sphere; a, pkalin-1 (green), pkalin-2 
(orange) and pkalin-3 (cyan) form identical conformations when binding to hPK; b, backbone 
conformations of mupain-1-16 bound to uPA and of pkalin-3 bound to PK. The tight β-turns are 
demonstrated as dashed lines. The side chain of P1 residues and the backbones of the two 
peptides are shown in sticks. The disulfide bonds are colored yellow; c, S2 pocket: Phe5 docks 
into the empty S2 pocket and forces the 97-loop to expose to the solvent, the 97-loop of the 
unbound hPK (smudge, PDB code: 2ANY) is aligned for comparison; d, S3’ pocket: Trp9 of pkalin-3 
forms hydrophobic interaction with Leu41 of hPK; e, S1 pocket: the hydroxyl of Ser195 holds a 
distance of 2.99 Å to the carbonyl carbon of the P1 residue of pkalin-3; the carbonyl oxygen of P1 
residue does not dock into the oxyanion hole because of the 4.86 Å distance to the amidogen of 
Ser195; f, S3 pocket: Arg4 is stabilized by the polar interaction-network composed by Tyr174, 
Ser97 and a water molecule instead of binding to Glu217. 
 
  



 

Figure 5 Mupain-1 as a versatile scaffold for design of serine protease inhibitors. The small 
10-mer cyclic peptide, mupain-1, can be a useful scaffold to target different proteases. The 
interactions of individual mupain-1-derived peptides with the surface of serine proteases are 
indicated. Protease-binding residues and solvent-exposed residues are shown in blue and orange, 
respectively. 
 
  



Table 1 Specificity of peptides towards various serine proteases. 

Proteasesα 

Ki (μM) 

mupain-1 

CPAYSRYLDC 

mupain-1-16 

CPAYS[16]YLD

C 

pkalin-1 

CPARF[16]ALF

C 

pkalin-2 

CPKRF[16]ALF

C 

pkalin-3 

CPARF[16]AL

WC 

Human PK >1000 1.58 ± 0.11 (3) 
0.008 ± 0.001 

(3) 

0.022 ± 0.006 

(3) 

0.014± 0.0003 

(3) 

Murine PK >1000 4.61 ± 0.16 (3) 
0.027 ± 0.002 

(3) 

0.043 ± 0.002 

(3) 
0.050± 0.005 (3) 

Human uPA >1000β 93 ± 18 (3)β >1000 >1000 >1000 

Murine uPA 
0.55 ± 0.08 (3) 
β 

0.045 ± 0.01 (4) 
β 

>1000 >1000 >1000 

Bovine 

β-trypsin 

20.7 ± 0.5 (3) 
β 

14.5 ± 4.2 (3)β 18.2 ± 0.31 (3) 14.1 ± 1.02 (3) 73.4 ± 11 (3) 

Human 

plasmin 
>1000β >1000 10.6 ± 2.4 (3) 12.5 ± 3.8 (3) 9.8 ±2.4 (3) 

Murine 

plasmin 
>1000β >1000 2.97 ± 0.33 (3) 3.42 ± 0.23 (3) 3.67± 0.21 (3) 

Human fXIa >1000β 2.56 ± 0.35 (3) 3.97 ± 0.52 (3) 12.1 ± 1.0 (3) 6.63 ± 0.50 (3) 

α Besides the proteases reported in the table, none of the peptides showed any measurable 

inhibition (Ki > 1000 μM) to human activated protein C (aPC), human matriptase, human and murine 

thrombin, or human and murine tissue-type plasminogen activator (tPA). 
β Data are from our previously reported work 14, 21, shown here to facilitate comparison. 
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Experimental  

General.  

 General chemicals were purchased from Sigma-Aldrich (St. Louis, USA), Iris Biotech GmbH 

(Marktredwitz, Germany), or Rapp Polymere GmbH (Tübingen, Germany) and used without 

further purification unless otherwise stated. Full-length human and murine plasma kallikrein, 

plasmin, and thrombin were purchased from Molecular Innovation (Novi, MI, USA); bovine 

β-trypsin was purchased from Roche Applied Science (Penzburg, Germany); human activated 

protein C was purchased from Maxygen (California, USA). The peptides were ordered from Wuxi 

PharmaTech (Shanghai, China). The quality of peptides was estimated with HPLC and mass 

spectra provided by the suppliers. 

Determination of KM and Ki values.  

 To determine the KM values for hydrolysis of the chromogenic substrate S-2302 by different 

variants of hPK and mPK, a 200 μL 2-fold dilution series of the substrates (0 - 4 mM) in a buffer of 

10 mM HEPES, pH 7.4, 140 mM NaCl (HEPES-buffered saline, HBS), with 0.1% bovine serum 

albumin (BSA), was incubated 2 min at 37°C, prior to the addition of a fixed concentration of each 

protease (2 nM final concentration). The initial reaction velocities (Vi), monitored as the changes 

in absorbance at 405 nm, were plotted against the initial substrate concentration ([S]) and 

non-linear regression analysis was used to determine the KM according to equation 1:  

max [ ]
([ ] )i

M

V SV
S K

=
+


 (Equation 1) 

The KM values for other relevant serine proteases were those reported previously.1 

For routine determination of Ki values for the inhibition of the various enzymes under steady 

state inhibition conditions, 2 nM of purified enzyme was pre-incubated in a total volume of 200 

μL HBS with 0.1% BSA at 37°C, with various concentrations of peptides for 15 min prior to the 

addition of the chromogenic substrate (S-2444 (pyro-Glu-Gly-Arg-pNA) for the uPA variants; 

S-2302 (H-D-Pro-Phe-Arg-pNA) for the PK variants; S-2288 (H-D-Ile-Pro-Arg-pNA) for human 

activated Protein C, human matriptase, human tPA, human and murine plasmin, and human and 

murine thrombin; S-2765 (Z-D-Arg-Gly-Arg-pNA) for murine tPA; S-2222 

(Bz-Ile-Glu(g-OR)-Gly-Arg-pNA) for bovine β-trypsin) in concentrations approximately equal to the 
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KM value for each particular variant. The initial reaction velocities were monitored at an 

absorbance of 405 nm. The inhibition constants (Ki) were subsequently determined from the 

non-linear regression analyses of plots of Vi/Vo versus [I]0, using Equation 2, derived under 

assumption of competitive inhibition: 

0

0 0 0

([ [ ] )
[ ] ( [ ] )

i i M

i M i

V K K S
V K S K K I

+
=

+ +


 

 (Equation 2) 

Vi and V0 are the reaction velocities in the presence and absence of inhibitor, respectively; 

[S]0 and [I]0 are the substrate and inhibitor concentrations, respectively; KM is KM for substrate 

hydrolysis by each protease. In Equation 2, it is assumed that [S]free≈ [S]0 and [I]free≈ [I]0. These 

conditions were fulfilled, as less than 10% of the substrate was converted to product in the assays 

and as the assay typically contained a final concentration of each protease of 2 nM and inhibitor 

concentrations > 5 nM.   

In cases where we observed no measurable inhibition (i.e., < 10%) at the maximal inhibitor 

concentration used, i.e., 400 μM, the accuracy of the assay allowed us to conclude that the Ki 

value was more than 1000 μM. 

Production of recombinant proteins.  

 Wild-type and mutated recombinant human and murine uPA were expressed in HEK (human 

embryonic kidney)-293T cells with the vector pcDNA3.1 (-) harboring full-length uPA genes.1 The 

catalytic domain of human matriptase and fXIa was expressed in Pichia pastoris strain X-33 as 

described before.2  

The plasmid of wild-type serine protease domain of human plasma kallikrein (hPK-SPD) was 

constructed as described in the work of Tang et. al3. cDNA sequence encoding the hPK-SPD, from 

Asn357 to Ala619 (based on the numbering system of mature prekallikrein, signal sequence not 

included), in which Cys364 and Cys484 were mutagenized to serines, was inserted into PICZαA 

vector. Mutations were induced by using the QuikChange® Site-Directed Mutagenesis Kit. The 

plasmids containing wild-type or mutated hPK-SPD were transfected into Pichia pastoris yeast 

strain, X-33. Expression of the variants were induced by methanol. The protein was purified with 

a cation exchange column (SP Sepharose Fast Flow, SPFF, GE Healthcare, Uppsala, Sweden), 

followed by gel filtration chromatography (Superdex 75 HR 10/30, Pharmacia Biotech). The purity 

of the recombinant hPK-SPD proteins were certified with SDS-PAGE (Fig. S1). The activity of 
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hPK-SPD was evaluated by determining the KM value for hydrolysis of the chromogenic substrate 

S-2302, which was found to be as 183 ± 16 μM for the first preparations, compared to a KM value 

of 200 μM for the commercial full-length PK.  

Crystallization and data collection of hPK-SPD in complex with peptides.  

 hPK-SPD (Endo Hf-deglycosylated) was mixed with peptides at different molar ratios (1:5, 1:8, 

1:15). All complexes were crystallized from sitting drops, composed of 0.5 μL of the mix and 0.5 

μL of the reservoir solution. The reservoir solutions were 28% PEG3350, 0.1M Tris-HCl, pH8.5, 20 

mM (NH4)2SO4; 25% PEG3350, 0.1M HEPES, pH 7.5, 20 mM (NH4)2SO4；23% PEG3350, 0.1M 

Tris-HCl, pH8.5, 20 mM (NH4)2SO4, respectively; crystals grew within 5 days at 25 °C. 

Crystal structure determination and refinement.  

 X-ray diffraction data were collected at 100 Kat Synchrotron Radiation Research Section, 

Macromolecular Crystallography Laboratory, National Cancer Institute, Argonne National 

Laboratory, USA, and and BL17U beamline, Shanghai Synchrotron Radiation Facility (SSRF). The 

crystal structures were solved by molecular replacement using Molrep software of the CCP4 

program suite4 and the published catalytic domain of hPK (PDB code: 2ANY) as the search model. 

The FO-FC electron density map revealed clear extra electron density for peptides at the active 

site of hPK-SPD in the complexes, and was modelled by the known peptide sequences. The 

models were then manually adjusted by COOT5 and refined by REFMAC4. After the final cycles of 

refinement using REFMAC of CCP4, the models have reasonable statistics (Table S4) and 

geometries with only one residue in the disallowed region of the Ramachandran plots. The 

catalytic domain of plasma kallikrein in complexes with pkalin-1, pkalin-2 and pkalin-3 have been 

deposited to the RCSD PDB database with the codes of 4ZJ4, 4ZJ5 and 4ZJ6, respectively.  

Surface plasmon resonance analysis.  

 To determine the equilibrium binding constants (KD), the association rate constants (kon), and 

dissociation rate constants (koff) for peptide binding to full-length plasma kallikrein, surface 

plasmon resonance analysis was performed on a BIACORE T200 instrument (BIACORE, Uppsala, 

Sweden). A CM5 chip was coupled with hPK by injecting the enzyme in a concentration of 30 

µg/mL in immobilization buffer (10 mM sodium acetate, pH5.0), aiming for an immobilized level 

of approximately 500 response units (RU). Immobilization was followed by surface blocking with 

ethanolamine. A reference cell was prepared in the same way, without coupling of hPK. Running 



4 
 

buffer containing peptidic inhibitors in a dilution series was injected at a flow rate of 30 µL per 

min during 90 s at 25°C. Subsequently, the dissociation was monitored during 300 s. 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. 

Inhibition of the cleavage of high molecular weight kininogen (HMWK) by plasma kallikrein.  

 Peptides in various concentrations (final concentration: 0-1000 nM) were pre-incubated 

with hPK (10 ng) at 37oC for 15 min. HMWK (3 μg) was added in to the mixture and subsequently 

incubated at 37 oC for 45 min. The cleavage of HMWK was performed in reducing SDS-PAGE (15% 

polyacrylamide gels).  

Inhibition of the activation of urokinase zymogen (pro-uPA) by plasma kallikrein.  

 Peptides in various concentrations (final concentration: 0 – 10,000 nM) were pre-incubated 

with PK (final concentration: 1 nM) at 37 oC for 15 min. After the addition of pro-uPA (final 

concentration: 5 nM), the mixture was incubated at 37oC for 45 min. Aprotinin (final 

concentration: 20 μM) was used to inactivate the PK before the addition of the chromogenic 

substrate S-2444. The activity of generated uPA was measured by the absorbance at 405 nm.  
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Table S1. The binding residues and atoms of mupain-1-16 and huPA H99Y in the crystal structure 
of the mupain-1-16:huPA-H99Y complex (PDB code: 4X1N) and the corresponding residues and 
atoms in human plasma kallikrein (hPK).  
 

Mupain-1-16 residue huPA H99Y hPK 

Ala3 N Thr97 O No residue 

Tyr4 N Leu97 O No residue 

Tyr4OHη Arg217 NHη1 Glu217 

Ser5 O Tyr 99OHη Gly99 

[L-3-(N-amidino-4-piperidyl)alanine]6 N10 Gly218 O Gly218 

[L-3-(N-amidino-4-piperidyl)alanine]6 N10 Asp 189 Oδ2 Asp 189 

[L-3-(N-amidino-4-piperidyl)alanine]6 N9 Asp 189 Oδ1 Asp 189 

[L-3-(N-amidino-4-piperidyl)alanine]6 N9 Ser190 O Ala 190 

[L-3-(N-amidino-4-piperidyl)alanine]6 N9 Ser190Oγ Ala 190 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Gly193 N Gly 193 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Ser195Oγ Ser 195 

Tyr7 O Gln192 Nε2 Lys 192 

Tyr7OHη Arg35 NHη1 Val 35 

Tyr7OHη Arg35 NHη2 Val 35 

Tyr7OHη Cys58 O Cys 58 

Tyr7 Oα Gln192 Nε2 Lys 192 

Leu8 O Gln192 Nε2 Lys 192 

Asp9 Oδ1 Arg36 NHη1 Lys 36 

Cys10 Oα Gln192 Nε2 Lys 192 
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Table S2. Ki values for inhibition of serine proteases by derivatives of mupain-1. Compound 16 (in bold) indicates the non-natural arginine analogue 
L-3-(N-amidino-4-piperidyl)alanine. The residues, which are different from those in mupain-1 are underlined. KAc, Lys acetylated at the ultimate amino group. 
 
 

 
 

Peptides Sequence 
Ki (μM) 

hPK mPK huPA muPA huPA H99Y 

mupain-1 CPAYSRYLDC >650 >680 >1000 0.55±0.08 (8) 15.3±2.0 (3) 

mupain-1-16 CPAYS[16]YLDC 1.58±0.11 (3) 4.61±0.2 (3) 93±18 (3) 0.045±0.010 (3) 2.48±0.07 (3) 

Peptide 1 CPAYS[16]ALDC 0.288±0.046 (3) 0.185±0.004 (3) 40.7±1.6 (3) 0.131±0.018 (3) 5.15±0.78 (3) 

Peptide 2 CPAYS[16]AL[KAc]C 0.119±0.006 (3) 0.130±0.003 (3) 29.8±2.1 (3) 1.25±0.08 (3) 1.15±0.21 (3) 

Peptide 3 CPARS[16]AL[KAc]C 0.118±0.021 (4) 0.086±0.023 (3) >1000 182±13 (3) >1000 

Peptide 4 CPAKS[16]AL[KAc]C 0.164±0.008 (3) 0.362±0.021 (3). >1000 >1000 >1000 

Peptide 5 CPARA[16]AL[KAc]C 1.25±0.30 (3) 0.871±0.145 (3) >1000 >1000 >1000 

Peptide 6 CPARF[16]AL[KAc]C 0.064±0.007 (3) 0.101±0.003 (3) >1000 >1000 >1000 

Peptide 7 CPARL[16]AL[KAc]C 1.20±0.101 (3) 0.755±0.046 (3) >1000 >1000 >1000 

Peptide 8 = pkalin-1 CPARF[16]ALFC 0.008±0.001(3) 0.026±0.002 (3) >1000 >1000 >1000 

Peptide 9 = pkalin-2 CPKRF[16]ALFC 0.022±0.006(3) 0.043±0.001 (3) >1000 >1000 >1000 

Peptide 10 = pkalin-3 CPARF[16]ALWC 0.014±0.003 (3) 0.050±0.005 (3) >1000 >1000 >1000 
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Fig. S1. SDS-PAGE analysis of recombinant catalytic domain of human plasma kallikrein 
(hPK-SPD). The theoretical molecular weight of hPK-SPD is 28 kDa. In SDS-PAGE, the recombinant 
protein migrates as Mr 35,000 because of the glycosylation.  
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Fig. S2. The effects of the pkalins on the activity of PK towards proteinaceous substrates. (a-c) 
Inhibition of the cleavage of HMWK, by pkalin-1 (a), pkalin-2 (b), or pkalin-3 (c). FL: the 
un-cleaved full-length HMWK (Mr 120,000); HC: the heavy-chain fragment of cleaved HMWK (Mr 
70,000); LC: the light-chain fragment of cleaved HMWK (Mr 50,000). (d) Inhibition of activation 
of pro-uPA activation. The activity of the generated active two-chain uPA was determined by 
measuring the hydrolysis of the chromogenic substrate S-2444 by the development of 
absorbance at 405 nm. Vi and V0 indicate the rates of S-2444 hydrolysis in the presence and 
absence of peptides. The IC50 values, as calculated by the regression fitting, were 11.3 nM, 42.6 
nM, and 29.4 nM, for pkalin-1, pkalin-2, and pkalin-3, respectively   
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Table S3. Effects of site-directed mutagenesis of PK-SPD on the Ki values (nM) for inhibition by 
mupain-1-16, pkalin-1, pkalin-2 and pkalin-3. The KM values for hydrolysis of S-2302 were: wild 
type: 183 ± 16 (3); E217A: 626 ± 148 (3); G99Y: 120 ± 9 (3); E217R: 82.1 ± 12.5 (3).  
 

hPK mutants Mupain-1-16 Pkalin-3 

Wild type 907 ± 138 (3) 9.93 ± 1.78 (3) 

E217A 938 ± 252 (3) 31.9 ± 5.6 (3) 

E217R 1694 ± 78 (3) 166 ± 18 (3) 

G99Y 136 ± 14 (3) 53.6 ± 4.6 (3) 
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Fig. S3. SPR analysis of the binding of peptides to proteases. Full length hPK was immobilized on 
a CM5 to about 500 RU. The indicated peptides were then injected over the chip for 90 s at 25°C 
in a two-fold dilution series, followed by dissociation for 110 s. The flow rate was 30 μl/min. The 
fitted curves correspond to kon = 31.36 x 105 M-1s-1, koff = 1.69 x 10-2 s-1¸ KD = 4.50 nM (pkalin-1); kon = 
30.0 x 105 M-1s-1, koff = 2.24 x 10-2 s-1¸ KD = 7.47 nM (pkalin-2); kon = 115 x 105 M-1s-1, koff = 2.55 x 10-2 
s-1 (pkalin-3). A summary of the results obtained in all experiments performed is given in Table S4. 
 



11 
 

Table S4. Analysis of peptide-protease binding by SPR. The equilibrium binding constants (KD) 
were calculated by both kinetic and steady-state methods. Due to the very low affinity to PK, 
mupain-1 could not be studied by SPR. The association and dissociation rates for mupain-1-16 
and pkalin binding could not be fitted due to the low affinity, but the KD value for binding of 
mupain-1-16 to hPK was instead calculated by steady state affinity measurement. The binding of 
pkalins to hPK agreed with a 1:1 binding model. The ΔG values were calculated according to the 
equation: ΔG = RTlnKD. 
   

Protease Peptide konx 10-5 (M-1s-1) koff x 102 (s-1) KD (nM) ΔG (kJ/mol) 

hPK mupain-1 No measurable binding >106 > -17.1 

hPK mupain-1-16 Kinetics could not be fitted 737 ± 86 (3) -35.0 

hPK pkalin-1 34.6 ± 3.2 (3) 1.68 ± 0.13 (3) 4.86 ± 0.35 (3) -47.4 

hPK pkalin-2 31.0 ± 5.9 (3) 2.40 ± 0.57 (3) 7.66 ± 0.33 (3) -46.3 

hPK pkalin-3 102 ± 23 (3) 2.88 ± 0.22 (3) 3.04 ± 0.86 (3) -48.6 

muPA* mupain-1-16* 0.90 ± 0.54 (3) 0.62 ± 0.12 (3) 89.4 ± 37.6 (3) -40.2 

*Data are from our previously reported work 1, shown here to facilitate comparison. 
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Table S5. X-ray data collection and model refinement statistics 

aNumbers in parentheses refer to the highest resolution shells. 
bRmerge=Σ|Ii-<I>|/ΣIi, where Ii is the intensity of the ith observation and<I> is the mean intensity of 
the reflections. 
c Percentage of residues in most favored regions. 
d Percentage of residues in additional allowed regions. 
e Percentage of residues in generously allowed regions. 

  

Crystals 

PDB code 

hPK-pkalin-1 

4ZJ4 

hPK-pkalin-2 

4ZJ5 

hPK-pkalin-3 

4ZJ6 

X-ray wavelength (Å) 1.0 1.0 1.0 

Resolution limits (Å) 1.50 1.74 1.55 

Space group P65 P65 P65 

Cell parameters (Å) a=90.28,b=90.28, c=57.62 a=90.15,b=90.15, c=57.26 a=90.34,b=90.34, c=57.35 

Temperature of 
experiments (K) 

100 100 100 

Completeness (%) 99.4 99.9 100 

Redundancy 5.7 (2.6)a 5.5 (4.2)a 5.5 (4.3)a 

Average I/σ 14.2 (2.2) a 15.2 (2.0) a 26.1 (2.9) a 

Rmerge
b 0.110 (0.575)a 0.073(0.813)a 0.057(0.592)a 

Refinement data hPK-pkalin-1 hPK-pkalin-2 hPK-pkalin-3 

R-factor 0.237 0.231 0.221 

R-free 0.258 0.244 0.243 

Average B-factor (Å2) of 
protein 

18.4 29.4 21.2 

Average B-factor (Å2) of 
peptide 

21.8 36.9 23.5 

r.m.s deviation of bond 
lengths (Å) 

0.008 0.007 0.008 

r.m.s deviation of angle 
lengths (°) 

1.310 1.360 1.420 

Ramachandran analysis 
(%) 

97.1c, 2.1d, 0.8e 97.1c, 2.1d, 0.8e 97.1c, 2.1d, 0.8e 
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Table S6. Potential polar interactions and distances between pkalin-1 residues and hPK residues in 
the crystal structure of hpk-pkalin-1 complex (PDB code: 4ZJ4). 
 

Pkalin-1 residue hPK residue Distance, Å 

Cys1 N Asp60O2 2.81 

Arg4N1 Tyr174O2 3.68 

Arg4N2 Ser97 O 3.19 

Arg4N2 Glu98 O 2.92 

Arg4O Gly216 O 3.10 

Arg4 O Gly216N 2.97 

Phe5 O Lys192N2 3.13 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N14 Gly219 O 3.01 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N14 Asp189 Oδ2 2.93 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N14 Ser190 O 3.30 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N13 Asp189 Oδ1 3.01 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N13 Ser190 O 3.46 

[L-3-(N-amidino-4-piperidyl)alanine]6 
O Gly193 N 3.10 
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Table S7. Potential polar interactions and distances between pkalin-2 residues and hPK residues in 
the crystal structure of hpk-pkalin-2 complex (PDB code: 4ZJ5). 
 

Pkalin-2 residue hPK residue Distance, Å 

Cys1 N Asp60O2 2.86 

Lys3 O Lys192N2 3.46 

Arg4N1 Tyr174O2 3.68 

Arg4N2 Ser97 O 3.24 

Arg4N2 Glu98 O 2.83 

Arg4O Gly216 O 3.14 

Arg4 O Gly216N 3.03 

Phe5 O Lys192N2 3.05 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N14 Gly219 O 3.02 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N14 Asp189 Oδ2 2.86 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N14 Ser190 O 3.33 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N13 Asp189 Oδ2 3.47 

[L-3-(N-amidino-4-piperidyl)alanine]6 
N13 Asp189 Oδ1 2.97 

[L-3-(N-amidino-4-piperidyl)alanine]6 
O Gly193 N 3.18 

[L-3-(N-amidino-4-piperidyl)alanine]6 
O Ser195 O 3.25 
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Table S8 Potential polar interactions and distances between pkalin-3 residues and hPK residues in the 
crystal structure of hpk-pkalin-3 complex (PDB code: 4ZJ6) 
 

Pkalin-3 residue hPK residue Distance, Å 

Cys1 N Asp60O2 2.73 

Ala3 O Lys192N2 3.15 

Arg4N1 Tyr174O2 3.68 

Arg4N2 Ser97 O 3.35 

Arg4N2 Glu987 O 2.96 

Arg4O Gly216 O 2.99 

Arg4 O Gly216 N 2.96 

Phe5 O Lys192N2 3.05 

[L-3-(N-amidino-4-piperidyl)alanine]6 N14 Gly219 O 3.05 

[L-3-(N-amidino-4-piperidyl)alanine]6 N14 Asp189 Oδ2 2.91 

[L-3-(N-amidino-4-piperidyl)alanine]6N14 Ser190 O 3.28 

[L-3-(N-amidino-4-piperidyl)alanine]6 N13 Asp189 Oδ1 3.06 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Gly193 N 3.13 

[L-3-(N-amidino-4-piperidyl)alanine]6 O Ser195 O 3.42 
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Fig. S4. The peptide-bound hPK (wheat cartoon, PDB code: 2ZJ6) has a conformation 
indistinguishable from that of the unbound hPK (smudge cartoon, PDB code: 2ANY). The major 
difference is in the 97-loop. 
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Fig. S5. The interaction surface (yellow) formed by residues 4-9 is much larger than the interaction 
surface (blue) formed by residues 1-3 and 10 in the crystal structures of mupain-1-16 in complex with 
huPA H99Y (a) and pkalin-3 in complex with hPK (b). The residues of the proteases that interact with 
both residues 4-9 and residues 10-3 are colored by green. 
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Fig. S6. Enzyme-binding residues of mupain-1-16 (a) and pkalin-3 (b) docked onto the surface of the 
relevant enzymes. 
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