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Natural Proteinaceous Inhibitors of Serine Proteases 

Dawid Debowski* 

Department of Bioorganic Chemistry, Faculty of Chemistry, University of Gdansk; Sobieskiego 18, 80-952 Gdansk, Poland 

Abstract: The deregulated proteolysis is associated with various diseases in humans. Proteases are commonly regarded as the therapeutic 
targets. Almost one-third of all proteolytic enzymes in humans are serine proteases. This work provides a brief characteristic of the prote-
inaceous natural inhibitors, mostly of serine proteases. The examples of some classical and recently identified canonical and non-
canonical inhibitors as well as serpins are described. Their actual and potential therapeutic applications are discussed.  

Keywords: Serine proteases, canonical, non-canonical inhibitors, serpins. 

1. INTRODUCTION 

 According to the recommendation of the International Union of 
Biochemistry and Molecular Biology, proteins that catalyze the 
hydrolysis of peptide bonds are defined as peptidases (or proteases) 
and classified as the EC3.4 group [1]. Two major classes have been 
distinguished: endopeptidases (proteinases) that hydrolyze the in-
ternal peptide bonds, and exopeptidases that act exclusively on the 
N- or C-terminus of polypeptide chains and remove either a single 
amino acid residue (amino- or carboxypeptidases, respectively) or 
dipeptides (dipeptidyl-peptidase or peptidyl-dipeptidase) or tripep-
tides (tripeptidyl-peptidase cleaves off N-terminal tripeptides). The 
human genome analysis has revealed that peptidases represent 
about 2% of all gene products [2,3]. As shown in MEROPS data-
base (http://merops.sanger.ac.uk [4]) peptidases are classified based 
on their catalytic mechanism into: metalloproteases (the most abun-
dant human proteases), serine, cysteine, aspartyl, threonine (e.g. 
proteasome [5]) and glutamic proteases [6]. Very recently, the sev-
enth type has been described based on the crystal structure of a self-
cleaving precursor of Tsh autotransporter derived from Escherichia 
coli [7]. This enzyme utilizes the asparagine residue to mediate the 
cleavage of peptide bond. Asparagine is the unique amino acid with 
a nucleophilic amide side chain that is able to attack the adjacent 
main-chain carbonyl carbon to create a five-membered succinimide 
ring. Under certain conditions, this rearrangement leads to the bond 
cleavage at the C-terminus of the asparagine residue [8]. However, 
this proteolytic enzyme is classified as the lyase (EC 4), not hydro-
lase.  

 Serine proteases are found ubiquitously in every type of living 
organisms as well as in many viral genomes. In humans, they repre-
sent almost one-third of all proteolytic enzymes. Up to now, a num-
ber of comprehensive reports about these enzymes, their catalytic 
mechanism, specificities and functions have been released [9-11]. 
Several protease drugs, such as urokinase- and tissue-type plasmi-
nogen activators (uPA and tPA, respectively), thrombin or activated 
protein C have been approved by U.S. Food and Drug Administra-
tion (U.S. FDA) [12]. In addition to their role in food digestion, 
serine proteases function in a variety of highly specific and ex-
tremely efficient physiological processes, such as: fertilization of 
the ovum, blood coagulation, fibrinolysis, hormone release or im-
munity. However, their deregulated proteolytic activity is linked to 
various diseases [13]. For instance, an increased activity of uPA has 
been detected in different cancer tissues [14-16]. Prostate specific 
antigen (PSA), the human kallikrein, is used commonly as a bio-
marker for prostate cancer [17]. The neutrophil elastase is asso- 
 

*Address correspondence to this author at the Department of Bioorganic 
Chemistry, Faculty of Chemistry, University of Gdansk; Sobieskiego 18, 
80-952 Gdansk, Poland; E-mail: ddebowski@chem.univ.gda.pl 

ciated with several inflammatory lung disorders [18]. Thus, the 
proteolytic activity must be kept under tight control and this is 
achieved at multiple levels: regulated expression and secretion, 
controlled activation of inactive pro-enzymes (zymogens), segrega-
tion within organelles (e.g. lysosomes), pH regulations as well as 
reversible or irreversible inhibition.  

 The first significant classification of the proteinaceuous inhibi-
tors of the serine proteases was introduced by Laskowski Jr. and 
Kato in 1980 [19]. The eight major families of inhibitors were dis-
tinguished on the basis of their sequence homology and topology of 
disulfide bridges. Currently, the MEROPS database comprises 
about 73 families grouped by their sequence and structure similari-
ties. Inhibitors of serine proteases are also divided in respect to their 
mode of interaction with target enzymes. The three main groups 
were identified: canonical, serpins and non-canonical inhibitors 
[20]. This review is aimed at providing a brief description of se-
lected representatives of these three groups. Some classical as well 
as some recent inhibitors will be described. Facts regarding their 
structures, functions and potential application in treatment of vari-
ous diseases will be emphasized. 

2. CANONICAL INHIBITORS 

 The canonical inhibitors are the largest and the well studied 
group of natural inhibitors [21,22]. They belong to the several evo-
lutionarily unrelated families, differ in size, primary structures and 
specificities, have various secondary and tertiary structures. Never-
theless, all of them interact with the cognate enzyme using a com-
mon structural motif: a protease-binding loop. The loop is solvent-
exposed, extended and complementary to the concave enzyme’s 
active site. The central part contains the peptide bond, which is 
described as the reactive site P1-P1’. According to the Schechter and 
Berger nomenclature [23], P1-P1’ is the scissile peptide bond and 
both amino acid residues P1 and P1’ interact with the corresponding 
enzyme’s S1 and S1’ subsites, respectively (Fig. 1). The P1 residue 
is mostly responsible for inhibitory specificity. The reactive site can 
be selectively hydrolyzed, though, the rate of this reaction is low 
and equilibrium constant is near unity at neutral pH. The canonical 
inhibitors act with enzymes based on the standard mechanism de-
scribed by Laskowski Jr. and Kato [24]. The non-covalent inhibitor-
enzyme complex (EI) is highly similar to a substrate-enzyme com-
plex (ES), however is much more stable. 

2.1. Pancreatic Secretory Trypsin Inhibitor (PSTI) 

 PSTI (encoded by human gene SPINK1 on chromosome 5, also 
known as tumor associated trypsin inhibitor TATI [25] or SPINK1, 
Fig. 2A) was originally isolated from bovine pancreas and charac-
terized as the potent and specific trypsin inhibitor [26]. PSTI be-
longs to the well-defined family of Kazal-type inhibitors that is  
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Fig. (1). Schechter Berger notation [23]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). The ribbon drawing of: A) porcine-derived PSTI (PDB code 
1TGS). Three disulfide bridges and the P1 residue (Lys) are displayed in 
black. At least three solvent-exposed loops can be distinguished in the struc-
ture. One of them is canonical and contains the reactive peptide bond P1-P1’. 
B) insect derived double domain Kazal inhibitor rhodniin (at the bottom, 
black) in complex with thrombin (at the top, grey, PDB code 1TBQ); the N-
terminal domain with P1 His residue interacts in a substrate-like manner 
with enzyme’s active site, the C-terminal domain reaches the fibrinogen 
exosite I.  
 

widely distributed among different organisms [27,28]. PSTI was 
found in a variety of tissues [29]. Its elevated concentration was 
detected in serum of patients after surgical operation and with seri-
ous abdominal and non-abdominal injuries, where no activity of 
trypsin was recorded [30,31]. It suggests that PSTI plays various, 
sometimes obscure, functions in an organism.  

 The standard Kazal-type inhibitor is a single (such as PSTI) or 
multi-domain (such as LEKTI - 15 domains, see section 2.3) pro-
tein in which the adjacent domains are linked together with a pep-
tide spacer (Fig. 2B). 

 The majority of multi-domain inhibitors have at least one do-
main that does not display any inhibitory activity. Moreover, the 
Kazal-type domain can be found in fully non-inhibitory compounds 

such as: C-terminal of the 3 chain of human type VI collagen [32]. 
The single Kazal-type domain is composed of 40-60 amino acids 
and contains six Cys residues arranged at the universal pattern of 
three disulfide bridges: I-V, II-IV and III-VI. Despite the significant 
amino acid residues variability, Kazal-type inhibitors share the 
common sequence motif that spans two Cys residues (II and VI, 
Fig. 3): CIIX(7)C

IIIX(6)YX(3)C
IVX(2,3)C

V (the numbers in brackets 
stand for numbers of amino acid residues). 

 PSTI is synthesized mainly in pancreatic acinar cells and 
packed into secretory granules together with trypsinogen. Under 
certain conditions, the premature conversion of inactive trypsinogen 
to trypsin can occur inside the cells. The subsequent, intensive acti-
vation of various zymogens leads to auto-digestion of the pancreas 
and the pancreatic duct. SPINK1 is at the first line of defense and 
interrupts the further activation cascade. The ratio between the in-
hibitor and trypsinogen is 1:5, thus, SPINK1 is able to reduce about 
20% of total trypsin activity. Ohmuraya et al. [33] reported that 
mice deficient in Spink3 gene (a mouse homologue of human gene 
SPINK1) died after birth due to autophagic death of acinar cells and 
impaired regeneration. In 2000 Witt et al. [34] reported that muta-
tions of SPINK1 gene in 18 of 96 patients (23%) with chronic pan-
creatitis are associated with the onset and progression of the dis-
ease. Many other reports concerning SPINK1 gene mutations and 
their potential roles in the development of pancreatitis have been 
published [35-39]. The most frequent mutation was found in posi-
tion 34 where Asp residue is substituted with Ser (N34S) [40,41]. 
However, since this mutation is prevalent within the general human 
population (0.5 – 2.5%), it is unlikely, according to Schneider [42], 
that it initiates the development of chronic pancreatitis alone. It has 
been postulated that SPINK1 mutation is a disease modifier and 
some other genetic and environmental factors (such as alcohol) 
need to be considered. Based on the recent theory [43], premature 
activation of trypsinogen in the pancreatic acinar cells arises from 
autophagy. In short, a portion of cytoplasm with zymogen granules 
is enclosed in autophagosome, which fuses with endosome (that 
provide acidic environment) and lysosome vesicles. The lysosome 
supplies the proteases, such as cathepsins, that cleave trypsinogen 
into trypsin. The active trypsin is released inside the cell. Ohmuraya 
et al. [44] have demonstrated that the Spink3 gene is involved in the 
suppression of autophagy in mice. Thus, there are two possible 
explanations of the protective role of SPINK1 in pancreatitis – its 
trypsin-binding capability and/or its ability to suppress the auto-
phagy process. Moreover, SPINK1 stimulates the growth of differ-
ent cell lines and its expression is elevated in various cancers 
[45,46]. 

 Recently, Tsuzuki et al. [47] have confirmed that PSTI inhibits 
proteolytic activity of recombinant granzyme A (Ki=34 nM), a tryp-
tase produced in cytotoxic lymphocytes. Whereas, Bania et al. [48] 
have reported for the first time that bovine-derived PSTI having 
Arg residue in P1 position inhibits the activity of the Arg-specific 
cysteine proteinase gingipain R with Ka=1.6 106 M-1. On the other 
hand, its porcine-derived counterpart (with Lys in P1) exhibit activ-

 

 

 

 

 

Fig. (3). The fragments of primary structures from different Kazal-type proteins. The P1 amino acids are bolded and underlined, the conserved Cys residues are 
bolded.  
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ity only against the Lys-specific cysteine proteinase gingipain K 
(Ka=2.0 104 M-1). Both gingipains are cysteine proteinases consid-
ered as key virulence factors of Gram-negative Porphyromonas 
gingivalis. This pathogenic, anaerobic bacterium is implicated in 
periodontal disease in adults. Authors have concluded that the 
cross-class activity of PSTI may open new possibilities to design 
compound with therapeutic significances.  

2.2. Reversion-inducing Cysteine-rich Protein with Kazal Mo-

tifs (RECK) 

 The serine proteases are the major targets for most of the Kazal-
type inhibitors. However, some significant exceptions can be found. 
The membrane anchored glycoprotein with Kazal-like domains 
(about 110 kDa) encoded by the gene RECK inhibits activity of at 
least four cancer-associated matrix metalloproteinases (MMPs): 
MMP-2, MMP-7, MMP-9 and MT1-MMP [49]. MMPs play roles 
in tumor invasion and metastasis due to its ability to degrade ex-
tracellular matrix. It has been postulated that RECK modulates 
MMPs activity in different ways: either by direct inhibition or by 
regulation of their release from the cells or through possible seques-
tration of MMPs at the cell surface [50]. The interest in RECK is 
growing since its down-regulation has been confirmed in rheuma-
toid arthritis [51], asthma [52] and in many types of tumors, includ-
ing lung, colorectum, breast and pancreas. The low expression of 
RECK is correlated with higher cancer aggressiveness, poorer prog-
nosis and patient survival [53]. It has been shown that the forced 
expression of RECK in certain cell lines and animal models sup-
pressed the growth of cancer [54,55,56]. However, the exact role of 
RECK in this process is still elusive. The research by Gabriely et al. 
[55] on human glioma cell lines, have shown that the suppression of 
tumor growth is mediated by inhibition of MMPs activities. 
Whereas, according to Silveira-Correa et al. [54] this effect is 
achieved rather through RECK-mediated cytoskeleton rearrange-
ment of actin filaments, that promotes a decrease in migration abil-
ity of cells, than through its interactions with MMPs.  

2.3. Lympho-epithelial Kazal-type Related Inhibitor (LEKTI) 

 One of the most intriguing member of Kazal family is the hu-
man lympho-epithelial Kazal-type related inhibitor (LEKTI). 
LEKTI is a 15 domain protein composed of 1064 amino acids. It is 
encoded by human gene SPINK5 and expressed in epithelial tissues 
including skin, esophagus, tonsil, thymus and vagina [57]. Just after 
synthesis, full-length LEKTI is cleaved by furin into a range of 
single or multi-domain functional fragments that are secreted from 
the cell [58]. Three separate domains (1, 5 and 6) have been identi-
fied in human blood, while 30 kDa protein with N-terminal frag-
ment similar to that of the domain 8, was isolated from human epi-
dermal keratinocytes [59].Two domains (domain 2 and 15) share 
the typical Kazal-type structure containing the pattern of three di-
sulfide bridges, whereas the other 13 domains display partial ho-
mology and have only two disulfide bridges [60].Certain mutations 
of gene SPINK5 play a role in pathogenesis of several diseases, 
including: Netherton syndrome (NS) [61,62], chronic and inflam-
matory atopic disorders [63] and asthma [64]. The recombinant 
full-length LEKTI inhibits multiple serine proteinases such as: hu-
man plasmin, cathepsin G, elastase, trypsin, subtilisin A as well as 
enzymes from kallikreins family (KLK5, KLK7) that play an essen-
tial role is skin desquamation [65]. Moreover, according to Bennett 
et al. [66] LEKTI displays cross-class reactivity and inhibits cys-
teine protease, caspase 14. Recently, the specific and highly ho-
mologous to LEKTI inhibitor of KLK5 was purified from human 
stratum corneum and termed LEKTI-2 (SPINK 9) [67]. 

2.4 Bovine Pancreatic Trypsin Inhibitor (BPTI) 

 The Kunitz domain tends to contain about 60 amino acid resi-
dues in length and three disulfide bridges. It was recognized for the 
first time as the inhibitory domain of bovine pancreatic trypsin 
inhibitor (BPTI) [19]. To date, plenty of compounds have been 

identified with one, two, three (tissue factor pathway inhibitor, 
TFPI [68]) or even eleven Kunitz domains (Ancylostoma caninum 
Kunitz-type protease inhibitor, Ac-kpi-1 [69]).  

 BPTI, known as aprotinin (Fig. 4), is the archetypical member 
of Kunitz family isolated from bovine lung tissue [70]. After bio-
synthesis, a longer precursor is cleaved and mature globular mini-
protein composed of 58 amino acid residues is formed. BPTI has 
been used extensively for studying protein folding and pro-
tein/protein recognitions. Native BPTI is extremely resistant to 
proteolytic degradation by most known proteases and denaturation - 
its melting point is over 100ºC [71]. Two disulfide bridges: Cys30-
Cys51 and Cys5-Cys55 are buried in the hydrophobic core, the third 
one, Cys14-Cys38, is located on the protein surface that is engaged in 
interaction with an enzyme. BPTI inhibits strongly trypsin, chymo-
trypsin and plasmin, whereas anti-kallikrein activity is slightly 
weaker. BPTI-trypsin complex has a very low dissociation constant 
(Kd) of approximately 10 13 M. BPTI is hydrolyzed very slowly 
with a half-time of several years [72]. BPTI is able to inhibit the 
action of nitric oxide synthase type-I and -II and impair K+ trans-
port by Ca2+-activated K+ channels. The antiplasmin activity deter-
mines its ability to reduce perioperative bleeding during operation 
by surgery, such as cardiopulmonary surgery and orthotopic liver 
transplantation [73]. BPTI acts as a powerful antifibrinolytic agent 
by preventing the breakdown of fibrin. Nevertheless, associations 
between the use of BPTI and serious damage of kidney, heart and 
brain [74] as well as increased mortality, were documented [75]. As 
a consequence, distribution of this agent was banned in 2007 by the 
U.S. FDA. Some authors declare that administration of this inhibi-
tor is not superior to much safer antifibrinolytic agents - tranexamic 
acid [76]. On the other hand, there are suggestions that BPTI de-
creases significantly the need for blood transfusions [77]. Very 
recently, The European Medicines Agency has recommended lift-
ing suspension for BPTI-containing medicines in the European 
Union for patients undergoing isolated heart bypass surgery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). The ribbon drawing of BPTI (PDB code 1BPI). Human analogue of 
BPTI differs in two positions from bovine analogue: Arg17 and Ile18 are 
replaced with Lys17 and Met18 [85]. This substitution is considered to 
impair interaction of aprotinin with plasmin.  
 

 Zhirnov et al. [78] have shown that BPTI targets host trypsin-
like proteases (such as, plasmin, trypsins, human airway trypsin-
like protease and transmembrane protease serine S1 member 2 and 
4 - TMPRSS2), responsible for the cleavage of influenza virus en-
velope fusion protein – haemagglutinin (HA). HA is synthesized as 
a precursor protein (HA0, ~75 kD) that needs to be cleaved into two 
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disulfide bridged fragments HA1 (~55 kD) and HA2 (~20 kD). The 
proteolytic activation and subsequent spread of influenza virus were 
limited by BPTI in chicken embryos [79], mouse lungs [80] and 
heart [81], as well as in human airway epithelial cell cultures (in 
primary human adenoid epithelial cells) [82]. Pan et al. [83] have 
reported that BPTI suppressed the influenza-induced upregulation 
of pro-inflammatory cytokines, such as IL-6, IL-1 , TNF- , as well 
as metalloproteinases and ectopic trypsins in mice hearts and car-
diomyocytes. Moreover, it improved cardiac function. It was docu-
mented that aerosolized aprotinin can be an effective therapeutic 
agent. The mice infected with either lethal influenza virus or parain-
fluenza type 1 were protected from death after treatment with aero-
solized aprotinin by four 30-40-minutes intervals per day for 6 days 
[84]. Small-particle aerosol inhalations of BPTI were also em-
ployed in therapy of humans with influenza and influenza-like in-
fections. Patients received the inhibitor in three six-minutes inter-
vals daily for 4–5 days. The aprotinin was well tolerated and re-
duced duration of clinical symptoms (such as headache, giddiness, 
sore throat and cough) in comparison with patients who received 
placebo [78]. 

2.5. Hepatocyte Growth Factor Activator Inhibitor-1 (HAI-1) 

 Another Kunitz-family representative, hepatocyte growth factor 
activator inhibitor (HAI) is the membrane-bound compound that 
contains two extracellular domains. Two natural splice variants of 
HAI have been found in humans: HAI-1 and HAI-1B [86]. As op-
posed to the C-terminal domain (KD2), the N-terminal domain of 
HAI is exclusively responsible for inhibitory activity. HAI-1 was 
initially identified as a potent inhibitor of hepatocyte growth factor 
activator (HGFA), the trypsin-like serine protease that converts an 
inactive single chain precursor of hepatocyte growth factor (pro-
HGF) into its biologically active form in injured tissues [87]. An-
other physiological inhibitor of HGFA is HAI-2 also known as 
placental bikunin [88]. 

 HAI-1 is considered as physiological regulator of some other 
membrane-attached proteases, such as: matriptase [89], hepsin [90], 
TMPRSS13 (a type II transmembrane serine protease, TTSP) [91], 
prostasin [92] and human airway trypsin-like protease [93]. All 
these enzymes are involved in tissue remodeling, cell differentiation 
and, similarly to HGFA, they also function as the activators for pro-
HGF. Moreover, some members of TTSPs family can promote 
cancer development and facilitate the spread of influenza virus [94]. 
For instance, hepsin is strongly upregulated in ovarian and prostate 
cancer (even >7 fold) [95] whereas matriptase is upregulated in 
diverse epithelial tumors, including breast, colon, kidney, ovarian 
and prostate cancers [94]. The overexpression of matriptase in the 
skin of transgenic mice causes tumor formation that, in turn, can be 
completely prevented by HAI-1 expression [96]. Tanaka et al [97] 
reported that mice lacking HAI-1 function show embryonic lethal-
ity. Thus, HAI-1 seems to be required for placental development 
and embryo survival. Recently, Domoto et al. [98] have shown that 
matrix metalloproteinases membrane type 1 (MT1-MMP) abrogates 
inhibition of matriptase by HAI-1. The inhibitor was cleaved off by 
MT1-MMP and the proteolytic activity of matriptase was restored. 
As a result, the intensive invasive growth of squamous carcinoma-
derived HSC-4 cells was reported. 

2.6 Bowman-Birk Inhibitors (BBI) 

 The first representative of this family was isolated from soy-
bean seeds in 1946 by Bowman [99] and characterized by Birk 
[100]. This classical, canonical inhibitor was termed Bowman-Birk 
inhibitor (BBI). Its complete structure has been determined by 
Odani and Ikenaka [101]. Because similar inhibitors were identified 
almost in all monocotyledonous and dicotyledonous seeds, most of 
them were called Bowman-Birk inhibitors (BBIs) and, for clarity, 
their full names include the type of their host plants.  

 The majority of BBIs is composed of less than 100 amino acids 
including usually 14 cysteine residues. The exception is a double-
headed trypsin inhibitor (RBTI) from rice bran, which consists of 
133 amino acid residues including 18 cysteine residues involved in 
formation of 9 disulfide bridges [102]. On the other hand, the 
smallest representative was isolated from sunflowers seeds and 
termed sunflower trypsin inhibitor 1 [103] (SFTI-1, Fig. 5). How-
ever, it should be emphasizing that the recent report published by 
Mylne et al. [104] provides evidence that SFTI-1 is encoded within 
an albumin gene and thus the biological origin does not appear to 
be related to the generally bigger BBI inhibitors. 

 SFTI-1 is composed of 14 amino acids and has only one disul-
fide bridge. It displays the strongest trypsin inhibitory activity 
among all Bowman-Birk inhibitors, determined by us as the asso-
ciation equilibrium constant Ka=1.1  1010 M-1. We have shown 
that monocyclic SFTI-1, deprived of the head to tail connection, 
presents similar activity (Ka=9.9 109 M-1) [105]. Owing to its small 
size and the well-defined 3D structure, SFTI-1 has been used to 
design new inhibitors of trypsin, chymotrypsin, cathepsin G, ma-
triptase, -tryptase, proteinase K or kallikrein-related peptidase 
[106]. 

 BBIs derived from dicots have molecular weights of about 8 
kDa and two independent binding loops with reactive sites, located 
at the opposite sides of the molecule. These “double headed” inhibi-
tors can bind two enzyme molecules either simultaneously or inde-
pendently. The first reactive site can inactivate usually trypsin 
while the second one can inhibit trypsin, chymotrypsin or elastase, 
depending on the amino acid in the P1 position. BBIs from mono-
cots are divided into two subclasses with distinct molecular 
weights: ~8 kDa with one and ~16 kDa with two binding sites 
[107]. It is suggested that the latter subclass is derived from gene 
duplication in monocots [108]. The conserve pattern of disulfide 
bridges is important to maintain the active conformation and is 
responsible for impressive thermal and proteolytic stability of BBIs. 
The binding loops of all members of the Bowman Birk family share 
very similar primary structures and adopt characteristic and highly 
conserved spatial arrangements, called the canonical conformation. 

 BBIs, although ubiquitous in plants, do not display the well-
defined physiological functions. They inhibit activity of various 
fungal, insect, bacterial, viral and endogenous proteases, thus, they 
protect seeds and vegetative parts of plants against leaf-feeding 
organisms [109]. Brown et al. [110] have reported that the expres-
sion of BBI in alfalfa leaves is regulated by wounding. Shan et al. 
[111] have shown that a peptide with the Bowman-Birk domain, 
encoded by gene WRSI5, is involved in the tolerance to salt stress in 
wheat. Moreover, BBIs are involved in plant development process 
and regarded as an important storage material (the source of sulfur) 
[112]. BBI and its soybean extract enriched in BBI (remaining in-
gredients of the extract are soybean cystatin, isoflavones, saponins, 
other inhibitors) known as BBI concentrate (BBIC), have attracted 
deep attention due to their anti-inflammatory and chemopreventive 
activities against different types of cancer [113]. However, the ex-
act mechanism by which BBI and BBIC act as anticarcinogenic 
agents is still unclear. It has been suggested that cytotoxic effect on 
the tumor cells results from the inhibition of the proteasomal activ-
ity. Saito et al. [114] and Chen et al. [115] have reported that BBI 
blocks 26S proteasomal chymotrypsin-like activity in vitro and in 
vivo in human osteosarcoma cells (U2OS cell) and in MCF7 breast 
cancer cells, respectively. The inhibition of proteasome activity led 
to the accumulation of its ubiquitinated substrates and downregula-
tion of cell cycle regulatory cyclins. Moreover, BBI decreased ac-
tivity of some members of the mitogen-activated protein kinase 
pathways. As a result, the tumor cell cycle was arrested at G1/S 
phase. Both research groups have concluded that cytotoxic effect of 
BBI on the tumor cells came from the inhibition of the 26S activity.  
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 The preparation of BBIC is a time-consuming process. The use 
of organic (thus, possibly hazardous) solvents is required [116]. 
Very recently Palavalli et al. [117] exploited a new, simple method 
to separate BBI from soybean seeds. Different proteins were re-
leased from seeds using warm water (50 ºC). The maximum level of 
antichymotrypsin activity of BBI in seeds exudates was recorded at 
4 8 hours after incubation in water. The prolonged incubation (up 
to 16 hours) resulted in significant drop of activity. 

2.7. Bowman Birk Inhibitors in Frog skin 

 Recently, two Bowman-Birk inhibitors have been identified in 
the skin of frogs. The first one is a C-terminally amidated, 18 amino 
acids peptide with one disulfide bridge, found in skin secretions of 
the Chinese bamboo leaf odorous frog (Huia versabilis) [118]. The 
primary structure (see Table 1) of its 11-residue binding loop com-
prises a highly conserved motif among all Bowman Birk inhibitors: 
Thr-Lys-Ser-Ile-Pro-Pro, in which Lys is the P1 residue. Hence, this 
inhibitor has been named using the acronym HV-BBI (Huia 
versabilis Bowman Birk inhibitor). Its potent antitrypsin activity is 
reflected by the value of inhibition constant Ki of about 19 nM as 
well as the value of association constant Ka about 3.3 108 M-1 
[119]. It has been demonstrated that the replacement of Lys (P1) 
with another basic amino acid, Arg, resulted in a reduction of the 
activity against trypsin (Ki around 54 nM). At the same time, an 
HV-BBI analogue with a hydrophobic, bulky Phe residue in P1 
position displayed a converted specificity targeting another serine 
protease, bovine -chymotrypsin (Ki around 389.4 nM, Ka=6.0 107 
M-1).  

 The Table 1 contains the selected results of research on HV-
BBI that was conducted in our laboratory [119]. The aim of our 
studies was to optimize the minimal length requirements of both 
peptides for inhibitory activity and to verify whether or not these 
peptides as well as their fragments and analogues display antimi-
crobial activity. The successful conversion of the inhibitor’s speci-
ficity by a single modification in P1 position (peptide III) demon-
strates that HV-BBI can be used as a convenient starting structure 
to design potent peptide inhibitors of particular enzymes. Moreover, 
a truncated, cyclic HV-BBI fragment (IV) and its analogue with 
Gnf (4-guanidine-L-phenylalanine) residue in P1 position (VIII) 
reduced the proteolytic activity of trypsin. Whereas, cyclic ana-
logues with an aliphatic residue in P1 position (V, VI, VIII) were 
found to be able to reduce proteolytic activity of human leukocyte 
elastase (HLE). 

 Moreover, it turned out that peptide II was effective against the 
Gram-negative E. coli with a MIC value of 160 g/mL (87.5 M) in 
the liquid Davis mineral medium. In addition, peptides I and II 
exhibited the antimicrobial activity against S. aureus. The MIC 
values for these compounds were 60 g/mL (29.8 M) and 80 

g/mL (43.7 M), respectively.  

 The second Bowman Birk inhibitor found in skin extract of 
Chinese Hejiang Odorous frog (Odorrana hejiangensis) displayed a 
weaker, antitrypsin activity (Ki value of about 388 nM) [120]. This 
competitive and reversible inhibitor, named HJTI, is composed of 
17 amino acids and has one disulfide bridge. In contrast to HV-BBI, 
HJTI did not exhibit any significant antimicrobial activity. 

2.8. Cucurbita Maxima Trypsin Inhibitor I and III (CMTI-I, -
III) 

 The first two representatives of this so-called squash family 
were isolated from pumpkin seeds (Cucurbita maxima) in 1980 and 
named CMTI-I and CMTI-III (Cucurbita maxima trypsin inhibitor I 
and III) [121,122]. A few years later the three dimensional structure 
of CMTI-I in solution and the X-ray crystal structure of its complex 
with bovine -trypsin were resolved [123,124]. Both molecules are 
built of 29 amino acids and have three disulfide bridges connecting 
the following residues Cys3-Cys20, Cys10-Cys22 and Cys16-Cys28. 
The reactive site bond is located between Arg5 (P1) and Ile6 (P1’) 
[125]. The primary structure of CMTI is given in (Fig 6).  

 In general, squash inhibitors are small miniproteins composed 
of about 30 amino acids, which share a common three-dimensional 
structure. The most characteristic features of the structure are: three 
disulfide bridges that form the conserved pattern named cystine 
knot (knottin fold), three-stranded -sheet and at least one solvent-
exposed loop that mediate the interactions with biological targets 
(Fig. 7) [126]. The cystine knot motif is composed of a ring formed 
by two disulfide bridges and fragments of polypeptide backbone 
that is passed by the third disulfide bridge. This kind of structural 
framework is found in many small polypeptides with a little amino 
acids sequence homology, known as knottins. They belong to tox-
ins, antimicrobials, protease and ion channel inhibitors [127]. The 
P1 position within family members is almost invariably occupied 
with Lys or Arg residues. Thus, nearly all natural squash inhibitors 
reduce potently activity of bovine -trypsin. Only the inhibitors 
isolated from Momordica charantia seeds reduce the proteolytic 
activity of elastase (MCEI, Momordica charantia elastase inhibitor-
II, -III, and –IV) [128]. The association equilibrium constants (Ka) 
of their complex with the trypsin can be very high and exceed the 

 

 

 

 

 

 

 

 

 

Fig. (5). The spatial (PDB code 1SFI) and primary structures of the native SFTI-1. The reactive site is located between Lys5 (P1) and Ser6 (P1’), hydrogen 
bonds are depicted as dashed lines.  
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value of 1011 M-1 [129]. Moreover, squash inhibitors display lower 
activity toward human trypsin-like enzymes, such as plasmin, kal-
likrein and thrombin [130]. They are capable of binding human 
cathepsin G [131] and human -factor XIIa [132]. The latter in-
stance shows the subtle relationship between the primary structure 
of inhibitor and its biological activity. CMTI-III binds with -factor 
XIIa about 62-times stronger (Ka=3.3 108 M-1) than CMTI-I 
(Ka=5.3 106 M-1), even though both analogues differ from each 
other only in one position 9 (P4’). Similarly, Momordica charantia 
trypsin inhibitor I (MCTI-I) is about 20-times stronger inhibitor of 
bovine -trypsin than MCTI-III, even though differs from its rela-
tive only in two positions, having Arg3 and Arg13 in place of Gly3 
and Gln13, respectively [128].  

 In the past, my colleagues have taken efforts to elucidate the 
detailed structure-activity-relationships among squash inhibitors. 
The simplification of CMTI-III structure has been one of the major 
goals. The most interesting results are collected in Table 2. The 
removal of two N-terminal amino acids and C-terminal Gly residue 
did not affect trypsin inhibitory activity [133]. On the other hand 
CMTI-III analogues deprived of a single disulfide bridge had lower 
association constant with trypsin (by 6-7 orders of magnitude) as 
compared with the wild-type inhibitor. The most pronounced drop 
in activity was reported for analogue with Ala and Gly residues in 
place of Cys3 and Cys20 (analogue 2, Table 2). The main problem 
during chemical synthesis was a poor yield in the oxidation (refold-
ing) step, which commonly did not exceed 5%. The yield of refold-
ing was improved significantly in case of CMTI-III analogue in 
which a strong -turn forming tripeptide Gly-Pro-Asn, found in an 
equivalent position in the structure of another squash inhibitor 
Ecballium elaterium trypsin inhibitor II (EETI-II) [134], was intro-
duced in positions 23-25 (analog 6). Moreover, the replacement of 
naturally occurring amino acids in positions 17-19 of CMTI-III 
with Gly17, Pro18 and Gly19 was aimed to increase the tendency to 
form another -turn and improve refolding process.  

 Kazmierczak et al. [140] employed the combinatorial chemistry 
approach (the portioning-mixing method [141]) to synthesize a 
decapeptide library containing 2016 permutations of the N-terminal 
fragment of CMTI-III. The iterative method in solution [142] was 
used to select the most active inhibitors. As result, peptides with the 
highest antitrypsin activity were selected (analogues 15 and 16). In 
comparison with the wild-type CMTI-III inhibitor their Ka values 
were 3-4 orders of magnitude lower. On the other hand they were 
more active than the starting sequence (analogue 14).  

2.9. Ecballium Elaterium Trypsin Inhibitor II (EETI-II) 

 EETI-II is a 28-amino acid member of the squash family with 
three disulfide bridges between Cys residues: 2-19, 9-21 and 15-27 
[143]. The native EETI-II inhibits trypsin strongly through its ex-
posed 6-amino acid loop. Moreover, at least two additional solvent 
accessible loops can be distinguished (Fig. 7). EETI-II exhibits 
high-thermal stability and resistance to human proteases.  

 Due to its compact and rigid structure, the diverse modifications 
within the primary structure of EETI-II can be well accommodated. 
Up to date, many reports describing EETI-II as the molecular scaf-
fold for protein engineering has been published. Wentzel at al. 
[134] applied E. coli cell surface display approach to investigate the 
influence of the strong -turn forming tetrapeptide segment span-
ning residues 22-25 on the refolding of EETI-II. Christmann et al. 
[144] obtained two fully oxidized and correctly folded analogues of 
EETI-II in which 6-amino acid binding loop was replaced either by 
a 13-residue epitope of Sendai virus L-protein or by a 17-residue 
epitope from human bone Gla-protein. Both epitopes were readily 
recognized by appropriate monoclonal antibodies. Hilpert et al. 
[145] reported the introduction of a peptide derived from the third 
domain of turkey ovomucoid inhibitor into EETI-II sequence and 
its optimization to achieve specific inhibition of porcine pancrease 
elastase (PPE). As a result, the most selective hybrid inhibitor was  
 

 

 

where X9: CMTI-I = Glu ; CMTI-III = Lys 
Fig. (6). The primary structure of CMTI-I and CMTI-I-III. 
 

Table 1. The primary structures and association equilibrium constants (Ka ) of HV-BBI, their fragments and analogues. Abu - 2-
aminobutyric acid ; Sar – sarcosine (N-methylglycine), Gnf - 4-guanidine-L-phenylalanine , & -disulfide bridge 

Ka [M
-1

] 

Peptide Primary structure bovine 

-trypsin 

bovine 

-chymotrypsin 

human leukocyte 

elastase 

HV-BBI (I) SVIGC(&)WTKSIPPRPC(&)FVK-NH2 (3.3±0.4) 108 NA - 

HV-BBI(3-18) (II) IGC(&)WTKSIPPRPC(&)FVK-NH2 (2.4±0.4) 108 NA - 

[Phe8]HV-BBI (III) SVIGC(&)WTFSIPPRPC(&)FVK-NH2 NA (6.0±0,1) 107 NA 

HV-BBI(5-15) (IV) C(&)WTKSIPPRPC(&) (1.0±0.1) 106 NA NA 

[Ala8]HV-BBI(5-15) (V) C(&)WTASIPPRPC(&) NA NA (5.6±0.3) 105 

[Val8]HV-BBI(5-15) (VI) C(&)WTVSIPPRPC(&) NA NA (3.8±0.3) 105 

[Abu8]HV-BBI(5-15) (VII) C(&)WTAbuSIPPRPC(&) NA NA (1.4±0.5) 106 

[Sar8]HV-BBI(5-15) (VII) C(&)WTSarSIPPRPC(&) NA NA NA 

[Gnf8]HV-BBI(5-15) (VIII) C(&)WTGnfSIPPRPC(&) (4.5±0.2) 106 NA NA 
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Fig. (7). The ribbon drawing structure of EETI-II (PDB code 2ETI). The 
interaction with trypsin, mediated by binding loop, is dependent on the 
correct formation of all three disulfide bonds. 
 
able to make distinction between porcine and human elastases. 
Krause et al. [146] applied EETI-II to design mniproteins able to 
bind thrombopoietin (TPO) receptor (c-Mpl). TPO is a pharmaceu-
tically relevant hormone that regulates the production of platelets 
by the bone marrow. The receptor c-Mpl belongs to the cytokine 
receptor family and its activation is via homodimerization mediated 
by a single TPO. The trypsin binding loop of EETI-II was replaced 
with peptides identified as TPO-mimetics. The resultant monomeric 
miniproteins acted as TPO antagonists and competed with recombi-
nant human TPO for receptor binding. On the other hand, dimeric 
derivatives generated by covalent linkage, displayed strong agonis-
tic activities. Lahti at al. [147] utilized the yeast surface display 
method to create the library of EETI-II analogues in which loops 2 
and 3 (Fig. 7) had different length (6-9 amino acids) and diverse 
composition of amino acids. The authors applied different sequence 
analysis tools to assess the tolerated scope of mutations within both 
loops. Kimura et al. [148] also applied the yeast surface display 
technology to obtain the engineered EETI-II mutants capable of 
binding to v 1, v 3 and v 5 integrin receptors. The 6-amino 
acid trypsin binding loop of EETI-II was replaced with longer, 11-
amino acid loops containing the RGD integrin binding motif and 
randomized flanking residues. One of the engineered peptide targets 
integrins with high affinity. Moreover, all peptides exhibited high 
stability towards serum proteases. Walewska et al. [149] reported 
the manual synthesis and oxidative folding of three EETI-II ana-
logues in which a pair of L-cysteine residues forming a native disul-
fide bridge was individually replaced by a pair of L-selenocysteine 
residues. All analogues retained potent inhibitory activities meas-
ured in vitro against bovine -trypsin. Even though their Ka con-
stants were several times lower than that determined for the wild 
EETI-II, their values were still at nanomolar level and range from 
2.6 109 to 5.1 109 M-1. The lowest potencies were presented by 
inhibitor with replacement in positions 2 and 19. It may suggest that 
this disulfide bond is important for maintaining the proper confor-
mation of the canonical inhibitory binding loop.  

2.10. Momordica cochinchinensis Trypsin Inhibitor (MCoTI-
I/II) 

 In contrast to the linear knotted EETI-II (28 amino acid resi-
dues), both 34-residues peptides isolated from the seeds of Momor-
dica cochinchinensis are the only members of the squash family 
known to have a cyclic backbone [150]. MCoTI-I and MCoTI-II 
(Fig. 8) are extremely potent trypsin inhibitors with picomolar Ki 
values [151]. They exhibit also affinity towards other trypsin like 
proteases, such as thrombin and subtilisin (Ki values in micromolar  
 

 

 

 

 

 

 
 

Fig. (8). The primary sequence of the cyclotides MCoTI-I and MCoTI-II. 
Three disulfide bridges and head-to-tail cyclization are shown as solid lines. 
The P1 position is occupied by Lys10 residue. 
 
range). Their open chain variants display an approximately 10-fold 
lower activity against trypsin. Due to their head-to-tail cyclization 
and conserved, knotted arrangement of three disulfide bonds, both 
peptides are classified as cyclotides (cyclo peptides) [152]. The 
rigid cyclic backbone is more stable and tolerates various sequence 
modifications. Likewise EETI-II, MCoTI-I/II can be used as con-
venient scaffolds to design compounds with pharmaceutical appli-
cations.  

 An analogue of MCoTI-II with Arg residue in the P1 position 
displays strong, picomolar antitrypsin activity, whereas, the Phe 
residue switches affinity towards chymotrypsin. Two MCoTI-II 
variants with Gln in P1 or with expended binding loop (three addi-
tional residues Ala, Lys, Gln in place of Lys10) show selective mi-
cromolar activity against 3C protease from foot-and-mouth-disease 
virus (FMDV 3Cpro), that is responsible for disease of domestic 
livestock including cattle, sheep, pigs and goats [153,154]. 
Thongyoo et al. [153] have introduced a biomimetic (chemoenzy-
matic) protease/ligase approach for the synthesis of both native 
MCoTIs and their cyclic analogues with Phe residue in P1 position. 
In short, the open chain backbone MCoTI-II analogue with C-
terminal Lys10 residue was synthesized using the solid phase 
Fmoc/tBu strategy and subsequently refolded into knotted interme-
diate. After purification step, the knotted peptide was incubated 
with a commercially available polymer-supported (Sepharose 
beads) enzyme, trypsin or chymotrypsin respectively, in phosphate 
buffer (pH 7.4) for 15 min. at 37ºC. This time was enough to reach 
equilibrium between cyclic and open-chain forms of MCoTI in ratio 
10:1, respectively. Then, the beads were washed several times with 
buffer and treated with 0.1% TFA to release cyclic MCoTI-II. The 
authors stated that the approach gave greater efficiency than non-
enzymatic, fully chemical method that combines three steps: opti-
mized SPPS, native chemical ligation/cyclisation and refolding. 

 Very recently, MCoTI-II and its variants were investigated with 
respect to their ability to inhibit human mast cell tryptase  [155]. 
This enzyme acts as a heparin-stabilized tetramer and is associated 
with pathogenesis of asthma and rheumatoid arthritis. Up to date, 
only two efficient canonical inhibitors of tryptase  have been de-
scribed – Kazal-type leech derived tryptase inhibitor (LDTI) [156] 
and Kunitaz/BPTI-related tick derived protease inhibitor (TdPI) 
[157]. Both block the target enzyme in the nanomolar range. The 
chemically synthesized truncated and linear analogue of MCoTI-II, 
deprived of five N-terminal residues, was found to inhibit tryptase  
with Ki of 20 nM, whereas its analogue containing three additional 
N-terminal amino acid residues (Lys-Lys-Val) was 10-fold more 
potent (Ki of 2 nM) [155]. Moreover, the cyclic as well as the open-
chain hybrid combining the N-terminal part of MCoTI-II and the C-
terminal fragment of EETI-II (produced either chemically or re-
combinantly) also inhibited efficiently proteolytic activity of the 
enzyme with Ki in the nanomolar range. It is worth noting that the 
native cyclic analogues of MCoTI-I and MCoTI-II did not exhibit 
any measurable inhibition at concentration up to 200 nM.  

 Greenwood et al [158] have shown that macrophages and breast 
cancer cells (MCF-7 cell line) internalize MCoTI-II conjugated 
with biotin by receptor-independent and non-specific macropino-
cytosis. Contreras et al. [159] have recently reported the uptake of 

trypsin binding loop

loop 3

loop 2
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MCoTI-I labeled with AlexaFluor488 dye (AF488) in live cell us-
ing real time confocal fluorescence microscopy imaging. The in-
hibitor was visible inside the HeLa cells after 1 hour incubation. 
The internalization process was temperature dependent - totally 
inhibited at 4˚C and restored at 37˚C. The labeled MCoTI-I entered 
cells primarily through fluid-phase endocytosis, however, alterna-
tive or additional pathways, such as lipid-dependent and clathrin-
mediated endocytosis were also employed. The significant amount 
of MCoTI-I accumulated in late endosomal and lysosomal com-
partments. Both reports prove that MCoTIs may be useful as a car-
rier of bioactive epitopes for intracellular targets. 

3. NON-CANONICAL INHIBITORS - HIRUDIN 

 Non-canonical inhibitors are found in hematophagous organ-
isms (blood feeding organism: leeches, soft and hard ticks) where 
they prevent the clotting of ingested blood. In general, non-
canonical inhibitors are polypeptides or proteins that utilize its N- 

and C-terminal segments to block target enzymes, mainly thrombin 
and/or coagulation factors VIIa, Xa. The interaction is extensive, 
tight and highly specific. Hirudin, isolated from the medical leech 
Hirudo medicinalis, was the first non-canonical representative 
[160]. This small polypeptide (65-residue) is the most potent natu-
rally occurring, direct inhibitor of thrombin. Different isoforms of 
hirudin with minor variation in the primary structures are known 
[161]. The structure of hirudin, alone and in complex with throm-
bin, was analyzed by the nuclear magnetic resonance (NMR) spec-
troscopy [162,163] and X-ray crystallography [164,165] (Fig. 9). 
Extensive engineering studies were undertaken to assess the roles of 
the certain hirudin’s amino acid residues in the interaction with 
thrombin [166,167]. Hirudin comprises an N-terminal globular 
domain (residues 1-48) stabilized by three disulfide bridges and a 
C-terminal acidic segment (residues 49-65) that is in an extended 
conformation. The inhibitor makes a large number of close contacts 
with its target that explains the tightness of the formed complex. 

Table 2. Selected Results of Research Conducted by Rolka et al. N/A - not Active 

Serine protease Analogue Ka [M
-1

] Comments 

CMTI-I [129] 3.2 1011 

CMTI-III [129] 6.8 1011 

[desR1,desV2,desG29]CMTI-III (1) [133] 2.0 1011 

[A3,G20]CMTI-III (2) [133] 5.5 104 

[A10,G22]CMTI-III (3) [133] 8.5 105 

[A16,G28]CMTI-III (4) [133] 7.3 104 

[G9]CMTI-I/III (5) [135] 3.1 1011 

[G23,P24,N25]CMTI-III (6) [136] 2.5 1011 

[G9,G23,P24,N25]CMTI-I/III (3-28) (7) [137] 2.5 1011 

[G9,G17,P18,G19,G23,P24,N25]CMTI-I/III (3-28) (8) [138] 1.7 1011 

[K5]CMTI-III (9) 5.8 1011 

[Har5]CMTI-III (L-homoarginine) (10) 7.5 109 

[Orn5]CMTI-III (L-ornithine) (11) N/A 

[Dab] CMTI-III (L-2,5-diaminobutyric acid) (12) N/A 

[Arg(NO2)]CMTI-III (L-nitroarginine) (13) 2.0 108 

[Gly3,10]CMTI-III(1-10) (14) 1.9 106 

[Har1,Gly3,Har9,Gly10]CMTI-III(1-10) (15) 1.1 108 

bovine -trypsin 

[Har1,Gly3,Lys9,Gly10]CMTI-III(1-10) (16) 7.3 107 

 

Analogue (1), despite being shortened at both ends,  

displays similar activity as wild-type inhibitors. 

The substitution in position 9 (analogue 5) that is occu-

pied by different amino acids in both CMTI does not 

affect activity. 

The analogue (7) contains 26 amino acids and has -turn 

forming segment. 

Analogues (9-13) were designed to study the influence of 

the length and charge of amino acid side chain on its 

inhibitory activity.  

CMTI-III < 3 102 

[V5]CMTI-III [139] (17) 3.0 109 
human leukocyte 

elastase 

[V5,D6]CMTI-III (18) [136] 1.0 109 

The replacement in position 6 (P1’, analogue 15) was 

inspired by the fact that Asp is found in this position in 

eglic C which is the potent HLE inhibitor from the leech 

(Hirudo medicinalis). 

CMTI III N/A 

[F5]CMTI-III (19) ~106 

[G2,T4,F5,E6,Y7,R8]CMTI-III (20) [136] 6 1011 

Analogue (17) has the amino-acid segment found in the 

turkey ovomukoid third domain – strong chymotrypsin 

inhibitor. 

[Har1,Gly3,Phe5,Har9,Gly10]CMTI-III(1-10) (21) 1.7 107  

bovine -

chymotrypsin 

[Har1,Gly3,Phe5,Arg9,Gly10]CMTI-III(1-10) (22) 1.1 107  
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Fig. (9). The complex between hirudin (grey) and thrombin (black) (PDB 
code 4HTC).  
 
 The active site of thrombin is blocked directly by the short N-
terminal fragment of hirudin. It is composed of three amino acid 
residues: Val1 (Ile1), Val2 (Thr2) and Tyr3 (variants 1 and 2 of hi-
rudin, respectively), that form a parallel -strand with the enzyme’s 
Ser214-Gly219 segment (that explains why the non-canonical binding 
is also termed parallel). The parallel orientation, in contrary to the 
anti-parallel adopted by substrates and substrate-like inhibitors 
(canonical), makes this segment of non-canonical inhibitors resis-
tant toward proteolysis. The first and the third residues, Vall (Ile1) 
and Tyr3, occupy regions that roughly correspond to the S2 and S3 
subsites of thrombin. The -amino group of the N-terminal residue 
makes the strong hydrogen bonds with O  atom of Ser195 and car-
bonyl oxygen of Ser214. The second residue (Val or Thr) is close to, 
however on the contrary to canonical inhibitors, it does not enter 
the S1 pocket. Betz et al. [168] reported the effects of various sub-
stitutions of the first five N-terminal amino acids on the rate of the 
thrombin-hirudin complex formation. It turned out that nonpolar 
interactions are crucial in binding of Val1 residue. The introduction 
of polar residue (Arg) in the second position improved binding (9-
fold comparing with wild-type recombinant hirudin) to thrombin. 
Aromatic ring of Tyr3 is necessary for strong binding, but its re-
placement with Trp or Phe increases affinity 3 to 6-fold [169]. Sev-
eral other site directed mutagenesis studies have been summarized 
and analyzed by Corral-Rodriguez et al. [161]. 

 Because acidic residues are abundant in the long C-terminal tail 
of hirudin, it is involved in electrostatic interactions with throm-
bin’s fibrinogen binding exosite I (known also as the anion binding 
exosite I), that is enriched in basic residues. The binding induces a 
conformational change within the enzyme structure, which facili-
tates the insertion of hirudin’s N-terminal domain into the active 
site cleft [170]. In addition, several other hydrophobic interactions 
including residues from the hirudin core domain (especially Leu15) 
also contribute to the formation and stabilization of the complex 
[171]. The value of inhibition constant Ki determined for natural 
form of hirudin with sulfated Tyr64 residue (sulfo-hirudin), is about 
20 fM [172]. For comparison, the desulfated recombinant version of 
hirudin (generated form yeast or E. coli) binds to thrombin about 
10-fold weaker. To explain this difference, Liu et al. [173] obtained 
and analyzed the crystal structure of sulfo-hirudin in complex with 
human -thrombin (1.84 Å). It turned out that the sulfate group is 
involved in formation of strong salt bridge interaction with -amino 
group of enzyme Lys81 residue as well as three hydrogen bonds: 
with hydroxyl group of Tyr76 and, through water molecules, with 
backbone atoms of Asn78 and Glu44. It should be noted, that authors 
have introduced and applied the new strategy that enables biosyn-
thesis of sulfo-hirudin (and other selectively sulfated proteins) in 
E.coli [174]. 

3.1. Other Non-canonical Inhibitors 

 Another non-canonical thrombin inhibitor - haemadin (57 
amino acids, Ki of about 100 fM) was isolated from the land-living 
Indian leech Haemadipsa sylvestris [175]. Both, haemadin and 

hirudin, even though marginally related regarding their primary 
structures, belong to the same MEROPS family - I14. Haemadin 
binds to the thrombin active site in non-canonical manner through 
its N-terminal segment forming a parallel -strand with residues 
Ser214-Gly216. However, in contrast to hirudin, its acidic C-terminus 
interacts with the heparin-binding exosite II instead of exosite I 
[176]. 

 The next representative - ornithodorin is a potent (Ki about 10-12 
M) and highly selective thrombin inhibitor, isolated from the blood 
sucking soft tick Ornithodoros moubata. The crystal structure 
analysis revealed that this protein consists of two tandem Kunitz-
type domains [177]. As was mentioned earlier (see section 2.4), the 
typical Kunitz domain is composed of about 60 amino acid resi-
dues, contains three disulfide bridges and solvent-exposed, ex-
tended and rigid binding loop. It was recognized for the first time as 
the inhibitory domain of the canonical bovine pancreatic trypsin 
inhibitor (BPTI). However, in comparison with BPTI, both orni-
thodorin’s binding loops are distorted and not employed for the 
direct interactions with catalytic residues of thrombin. Instead, the 
short N-terminal fragment (Leu1-Leu4) of ornithodorin inserts into 
the active site cleft of the enzyme in the non-canonical fashion, 
while the highly acidic C-terminal domain is recognized by the 
fibrinogen recognition exosite I. Lately, a highly similar non-
cannonical inhibitor (4.9 10-12 M), savignin, has been isolated from 
the sand tampan Ornithodoros savignyi [178].  

 Recently, two homological thrombin inhibitors have been found 
in different hard ticks - boophilin was identified in the cattle tick 
Boophilus microplus [179], whereas hemalin was isolated from 
ixodid, Haemaphysalis longicornis [180]. Similarly to ornithodorin 
both inhibitors contain two Kunitz domains. Boophilin binds to the 
enzyme in a non-canonical manner, is less active against thrombin 
than ornithodorin (Ki =1.8 10-8 M) and express significant prote-
olytic activity toward other serine proteinases such as trypsin and 
plasmin. Recombinant hemalin delayed bovine plasma clotting time 
and inhibited both thrombin-induced fibrinogen clotting and throm-
bin-induced platelet aggregation. It also inhibits another serine pro-
teinases - trypsin. However, the detailed mechanism of interaction 
with enzymes needs to be clarified.  

4. SERPINS 

 The reported homology in the primary sequences of chicken 
egg white ovalbumin (OVA) and two plasma protease inhibitors: 
antithrombin III (AT) and 1-proteinase inhibitor (also known as 

1-antitrypsin, 1AT) was the starting point of a new superfamily 
of serine protease inhibitors, called later as serpins [181,182]. The 
name has been accepted and now is used widely, however, it can be 
somehow confusing since the serine proteases are not targeted ex-
clusively by serpins. Some of them display cross-class activity and 
inhibit cysteine proteases. For instance, viral serpin CrmA (the 
cytokine response modifier A) inhibits granzyme B that is the pro-
apoptotic serine protease as well as cysteine proteases of the 
caspase family [183]. The squamous cell carcinoma antigen-1 
(SCCA-1) is capable of inhibiting cysteine proteases of the papain 
family (cathepsin L, K and S) rather than serine proteases. By con-
trast, its close relative, SCCA-2, shows significantly weaker inhibi-
tion of cysteine proteases, but reduce potently the activity of such 
serine proteases as: cathepsin G and mast cell chymase [184]. 
Moreover, among serpins there are compounds, such as thyroxin 
binding globulin and corticoid binding globulin (both are the hor-
mone transporters [185]) that do not display any inhibitory proper-
ties. Similarly, mammalian angiotensinogen [186] is also classified 
as non-inhibitory serpin, however recent research revealed that their 
lamprey orthologue display inhibitory activity towards human -
thrombin [187]. 

 To date, over 2500 sequences have been recognized in different 
kingdom of organisms: viruses, archaea, bacteria, protozoa, fungi, 
plants and animals, including 44 in human [4]. On the other hand, 

hirudin

thrombin
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some prokaryotes have only a single serpin gene. A phylogenetic 
analysis of the eukaryotic serpins, during which genomic, func-
tional and structural information was integrated and analyzed, re-
vealed 16 distinct groups -“clades” [188,189]. Serpins are involved 
in numbers of absolutely critical physiological processes, for exam-
ple: blood coagulation, fibrinolysis, inflammation, programmed cell 
death, hormone transport, blood pressure regulation or tumor sup-
pression [190]. These relatively large globular proteins are com-
posed of about 350-500 amino acids in size, some of them are O- 
and N-glycosylated. The highly ordered three-dimensional fold is 
the common feature of all serpins (Fig. 10). Similarly to the canoni-
cal inhibitors, serpins interact with the target enzymes by solvent 
exposed binding loop (termed also as the reactive center loop, 
RCL) containing the reactive peptide bond P1-P1’. The side chain of 
P1 residue goes into the primary specificity pocket (S1) of the en-
zyme. However, as opposed to the well-ordered canonical loop, the 
serpin’s loop is longer (about 20-24 residues), more flexible and 
more variable in terms of a spatial conformation. For example, the 
native non-inhibitory ovalbumine binding loop is -helical [191], 
whereas loop in 1-antitrypsin has an extended -conformation 
[192]. 

 Intact serpins can adopt two major conformational folds: native 
and latent [193]. Unlike many other proteins, the native conforma-
tion is not the most stable but is meta-stable. Some serpins increase 
their stability by insertion of the uncleaved binding loop into their 
own -sheets A. This rearrangement leads to formation of a latent 
(inactive) form of inhibitor. Plasminogen activator inhibitor-1 (PAI-
1) and antithrombin [194] have been shown to convert spontane-
ously their active form into a more stable, latent conformation un-
der near-physiological conditions (80% of the PAI-1 stored in the 

-granules of platelets is in the latent form) [195], while 1-
antitrypsin must be subjected to extreme chemical environments or 
high temperatures to adopt this conformation [196]. The latent form 
does not display inhibitory activity since binding loop is buried 
inside core domain and inaccessible for an enzyme. It is suggested 
that the conversion into latent state is the part of control mecha-
nisms. 

 Active serpins interact with target proteinases based on the 
unique mechanism that is described as the suicide substrate-like 
inhibition (Fig. 11) [188,197]. The initial action resembles the in-
teraction between canonical inhibitors and their targets. The ex-
posed binding loop inserts into the active site cleft and the non-
covalent Michaelis-like complex is formed. However, in contrast to 
the canonical inhibitors, this is only the first step for serpins on the 
way to efficient inhibition. In the subsequent event, the non-
covalent complex is converted into the covalent acyl-enzyme in-

termediate. The catalytic Ser O atom attacks the carbonyl carbon 
of the P1 residue and the covalent ester bond is formed. As a result, 
the reactive bond is cleaved P1-P1’ and the acyl-enzyme intermedi-
ate undergoes a dramatic conformational transition. The cleaved 
binding loop is inserted into the -sheet A as the central fourth 
strand. The covalently linked enzyme is translocated by over 70 Å 
to the opposite end of the inhibitor. After completed insertion the 
active site of protease is distorted and the P1 side chain is removed 
from the S1 pocket. Enzyme is inactive, kinetically trapped in the 
complex and can be cleared from the circulation. The rate of the 
subsequent deacylation steps is about 6–8 orders of magnitude 
slower than the normal substrate reaction (complex t1⁄2 takes from 
hours to weeks). If insertion of the binding loop is too slow or re-
stricted, enzyme may complete the deacylation step and escape 
before being trapped.  

 

 

 

 

 

 

 

Fig. (11). Scheme representing the branched pathway of serpin inhibition, 
where: k depicts rate constants, EI – is the non-covalent Michaelis-like 
complex created by proteinase (E) and inhibitor (I). The cleavage of the 
scissile peptide bond leads to covalent acyl enzyme intermediate EI#. At this 
point, further interaction may proceed via the “substrate” (k3) or “inhibitory” 
(k4) pathway, resulting in formation either an inactive serpin (I*) and an 
active protease or the kinetically trapped complex E-I*. The complex E-I* 
may undergo deacylation (k5), however this is a very slow reaction and 
complex t1⁄2 = hours to weeks. 
 

 The activities of many serpins are modulated by cofactors such 
as: heparin (antithrombin [200], plasminogen activator inhibitor-1), 
heparan sulfate, dermatan sulfate (heparin cofactor II [201]). Point 
mutations in the primary sequences can destabilize -sheet A to 
allow incorporation of the loop of another serpin molecule. Dimers 
are subsequently extended to form longer polymers. Polymeriza-
tion, seen in the case of 1AT, antithrombin, C1 inhibitor, 1-
antichymotrypsin and heparin co-factor II, results in plasma defi-
ciency and inactivation of inhibitors that is associated with diverse 
diseases, termed commonly as serpinopathies [202]. The most char-
acteristic information about human serpins has been collected in 
Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (10). A) Native 1AT (PDB code 1QLP) three -sheets named as A (sA), B (sB), and C (sC) are shown; RCL-reactive center loop; B) latent plasminogen 
activator inhibitor-1 (1C5G [198]); C) the non-covalent complex (1OPH [199]) between 1-proteinase inhibitor Pittsburgh (variant with Arg instead of Met in 
P1 position) and S195A trypsin. The Arg (P1) side chain is buried in the S1 specificity pocket, the adjacent residues P2 to P2’ form the network of hydrogen 
bonds with backbone atoms of the proteinases; D) the kinetically trapped complex E-I* (1EZX) (the same inhibitor and enzyme as in C). 
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Table 3. Selected Human Serpins 

MEROPS 

ID 
Names / Gene 

Main Protease Target / Comments 

I04.001 
1-proteinase inhibitor, 1-

antitrypsin ( 1PI; AAT) / 

SERPINA1 

neutrophil elastase / archetypal serpin, extracellular, the most abundant protease inhibitor (glycoprotein) 

in blood, produced mainly in the liver, with Met in P1 position and half life of up to 5 days; prevents ex-

cessive proteolytic damage in lungs; its deficiency is associated with lung disease (emphysema-especially 

in smokers) and liver cirrhosis; intravenous “augmentation therapy” is being used in clinical practice, 

though its efficiency is unclear [203] 

I04.002 
1-antichymotrypsin ( 1ACT; 

AACT) / SERPINA3 

chymotrypsin-like proteases: catG, mast cell chymase, pancreatic chymotrypsin / extracellular, about 40% 

sequential homology with 1PI; deficiency linked with chronic obstructive pulmonary disease; elevated 

plasma concentration was found in Alzheimer's disease [204] 

I04.003 
Kallistatin, tissue kallikrein 

inhibitor (PI4) / SERPINA4 

human tissue kallikreins (KLK1, KLK7) [205] / founds in a various tissues and body fluids; vasodilatory, 

anti-angiogenic, anti-oxidant and anti-inflammatory effects; increased level is associated with type 1 

diabetes [206] 

I04.004 
protein C inhibitor (PCI) / 

SERPINA5 

broad enzyme specificity: activated protein C, thrombin, tissue kallikreins, hepatocyte growth factor acti-

vator / widely distributed and putatively implicated in several physiological processes (e.g. fibrinolysis, 

fertilization, angiogenesis, metastasis) and diseases [207] 

I04.005 
protein Z-dependent protease 

inhibitor (ZPI) / SERPINA10 

blood coagulation factors Xa and XIa / the presence of cofactors: protein Z (ZP), calcium and phospholip-

ids, increase significantly the rate of inhibition of factor Xa; deficiency in either ZPI or ZP (PZ/ZPI anti-

coagulant system) is linked with thrombosis and peripheral arterial diseases [208] 

I04.006 

serpin B1, mono-

cyte/neutrophil elastase inhibi-

tor (MNEI), 

/ SERPINB1 

neutrophil and porcine pancreatic elastases, PR3, catG, mast cell chymase, chymotrypsin, prostate-

specific antigen / intracellular inhibitor with two adjacent reactive sites: (Phe343-Cys344) and (Cys344-

Met345) utilized for binding elastase-like or chymotrypsin-like proteases [209] 

I04.007 
plasminogen activator inhibitor 

2 (PAI-2) / SERPINB2 

inhibitor of urokinase and tissue-type plasminogen activators (uPA and tPA, respectively) / PAI-2 is con-

sidered to be implicated in many (also non-inhibitory) physiological events, however its precise role re-

mains unclear [210] 

I04.008 
squamous cell carcinoma anti-

gen 1 (SCCA-1) / SERPINB3 

cross-class inhibitor of both, serine proteases and papain-like cysteine proteases (cathepsins L, K, S) / the 

presence of heparin accelerates the inhibition of cathepsin L [211]; SCCA-1 has been shown to inhibit 

UV-induced keratinocyte apoptosis via suppression of c-Jun N-terminal kinase 1 (JNK1) activity [212] 

I04.009 
squamous cell carcinoma anti-

gen 2 (SCCA-2) / SERPINB4 

chymotrypsin-like serine proteinases (cathepsin G and human mast cell chymase) / the high primary struc-

ture homology (about 91 %) with SCCA-1 but different specificity [213] 

I04.011 
serpin B6, proteinase inhibitor 

6 (PI 6)/ SERPINB6 

catG (the most efficient binding) and other proteases / has dual reactive sites, utilize Met340 or Arg341 for 

binding to chymotrypsin- or trypsin-like proteases, respectively; mutation has been linked with hearing 

loss [214] 

I04.012 megsin / SERPINB7 plasmin / up-regulated in IgA nephropathy and diabetic nephropathy [215] 

I04.013 
cytoplasmic antiproteinase 2 

(PI8) / SERPINB8 
furin [216] and other trypsin- and chymotrypsin-like proteases / has at least two reactive sites [217] 

I04.014 
serpin 6, cytoplasmic antipro-

teinase 3 (PI 9) / SERPINB9 

granzyme B / the only human serpin with an acidic residue (Glu) at the P1 position, protects cytotoxic T 

lymphocytes as well as several types of cancer cells from apoptosis; its expression is associated with poor 

clinical prognosis and failure of treatment of some cancers [218] 

I04.015 bomapin / SERPINB10 thrombin and trypsin [219] 

I04.018 antithrombin III /SERPINC1 

thrombin, factor Xa, factor IXa / regulates the serine proteinases of the blood clotting cascade; complete 

deficiency in mice results in embryonic lethality [220], heparin accelerate its inhibitory ability via a ter-

nary complex [221] 

I04.019 
heparin cofactor II / SER-

PIND1 

thrombin / the rate of inhibition increases in the presence of heparin or dermatan sulfate and, in contrast to 

antithrombin, much higher concentrations of heparin is necessary [222] 

I04.020 
plasminogen activator inhibitor 

1, (PAI-1) / SERPINE1 

tissue-type (tPA) and urokinase-type (uPA) plasminogen activators, plasmin / it is considered to be the 

major regulator of fibrinolysis, its deficiency is rarely associated with bleeding disorders [223] 
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(Table 3) Contd…. 

 

MEROPS 

ID 
Names / Gene 

Main Protease Target / Comments 

I04.021 
protease nexin-1 (PN-1) / 

SERPINE2 

several proteases including bovine pancreatic trypsin, thrombin, plasminogen activators (tPA, uPA), hu-

man brain trypsin [224] 

I04.023 
plasmin inhibitor, 2-

antiplasmin / SERPINF2 

the primary inhibitor of plasmin (plasminogen) / inhibitor deficiency (a rare state) is associated with 

bleeding [225] 

I04.024 

C1 inhibitor , C1 esterase 

inhibitor (C1INH) / 

SERPING1 

several proteases, including C1r, C1s, MASP2 (complement cascade), Factor XIa, thrombin (coagulation 

system), plasmin, tissue plasminogen activator (fibrinolytic system) / deficiency leads to hereditary 

angioedema [226] 

I04.025 
Neuroserpin (PI 12)/ SER-

PINI1 

inhibits tPA and, to a lesser extent , uPA, plasmin / mostly expressed in neurons of the central and periph-

eral nervous system, polymerization leads to dementia [227] 

I04.026 

myoepithelium-derived serine 

protease inhibitor, serpin I2 / 

SERPINI2 

inhibits human breast cancer progression [228] 

 

5. SUMMARY 

 Serine proteases constitute almost one-third of all proteolytic 
enzymes and play roles in various highly specific and extremely 
efficient physiological processes in humans. However, their abnor-
mal activity is associated with the outcome and development of 
many pathological conditions, including various cancers and in-
flammatory diseases. Suffice to say, thrombin is associated with 
thrombosis, trypsin and other pancreatic enzymes with pancreatitis, 
neutrophil serine proteases with Wegener granulomatosis (protein-
ase 3), chronic obstructive pulmonary disease, pulmonaryemphy-
sema or arthritis (human leukocyte elastase, cathepsin G), tissue 
kallikrein (KLK1) and kallikrein-related peptidases (KLK2-15) in 
endocrine-related malignancies, including those of the prostate 
(prostate-specific antigen), breast and ovary. That is why, serine 
proteases (as well as other proteases) are regarded as the significant 
therapeutic targets, whereas their biological natural inhibitors gen-
erate unabated attention. In recent years, a recovery of interest in 
peptides as the potential drug candidates has been observed. Taking 
into account all peptide’s limitations, the extensive efforts have 
been made to design potent, selective (low toxic) and soluble pep-
tides with much better bioavailability, proteolytic stability and 
lower immunogenicity. The combinatorial chemistry methods and 
new synthetic strategies have been developed, including the enzy-
matic synthesis, the convergent and chemical ligation syntheses, 
cell-surface expression systems, recombinant DNA technology and 
the transgenic animals and plants application. Works focused on the 
new routes of administration, different from injection, are in pro-
gress. The proteinaceous inhibitors are the natural candidates to 
limit an excessive proteolytic activity. They are considered as ap-
propriate templates that can be modified relatively easy using either 
unnatural amino acid residues (e.g. D-, -, -amino acids) or its 
mimetics (e.g. N-substituted glycine residues, peptoid monomers). 
The peptide bond can be replaced with pseudo-peptide connections 
(e.g. methylene group, phosphonamide, ketomethylene etc.) to 
achieve better stability in vivo. Currently, there is an abundance of 
reports on peptide inhibitors tested at preclinical stages [229]. This 
fact may foreshadow an optimistic future for patients that suffer 
from protease-associated disease and for scientists involved in 
peptide chemistry. 
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