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Abstract
Kunitz-type domains are ubiquitously found in natural systems as serine protease inhibitors or animal toxins in venomous 
animals. Kunitz motif is a cysteine-rich peptide chain of ~ 60 amino acid residues with alpha and beta fold, stabilized by three 
conserved disulfide bridges. An extensive dataset of amino acid variations is found on sequence analysis of various Kunitz 
peptides. Kunitz peptides show diverse biological activities like inhibition of proteases of other classes and/or adopting a 
new function of blocking or modulating the ion channels. Based on the amino acid residues at the functional site of various 
Kunitz-type inhibitors, it is inferred that this ‘flexibility within the structural rigidity’ is responsible for multiple biological 
activities. Accelerated evolution of functional sites in response to the co-evolving molecular targets of the hosts of venomous 
animals or parasites, gene sharing, and gene duplication have been discussed as the most likely mechanisms responsible for 
the functional heterogeneity of Kunitz-domain inhibitors.

Keywords Kunitz domain · Serine protease inhibitor · Venom toxins · Kvion channel inhibitor · Molecular evolution · 
Natural selection

Introduction: Elucidating the Structural 
and Functional Biodiversity of Kunitz 
Domain

Peptidases are indispensable for the survival of all kinds of 
organisms as they break down substrate proteins but their 
activities need to be kept under strict control. Inhibitors of 
peptidases, the protease inhibitors play crucial roles in natu-
ral systems by tightly regulating the protease activity and 
acting as a switch in many signaling pathways (Laskowski 
and Kato 1980; Rawlings et al. 2004a). Several inherited 
diseases have been attributed to the abnormalities in the 
functioning of proteases and their inhibitors (Molinari 
et al. 2003; Fregonese and Stalk 2008; Cleynen et al. 2011; 
Ketterer et al. 2016). Protease inhibitors have been classi-
fied either by their mechanism of action or by the type of 

protease they inhibit: aspartic, cysteine, metallo, serine, and 
threonine inhibitors (Laskowski and Kato 1980). They can 
be also classified into families/superfamilies based on the 
similarities at the amino acid sequence level and/or tertiary 
structure (Rawlings et al. 2004a). Similarities in primary 
structure and tertiary structure have supported the common 
ancestry of many inhibitor families. The research on pro-
tease inhibitors has always been in attention owing to their 
potential applications in medicine, agriculture, and biotech-
nology (Sabotič and Kos 2012; Cotabarren et al. 2020).

Kunitz-type serine protease inhibitors are found in several 
organisms including animals, plants, and microbes (Rawl-
ings et al. 2004a). Kunitz-domain inhibitors known from 
animal sources are classified under the inhibitor family I2, 
Clan IB according to the MEROPS database (Rawlings 
et al. 2004a, b). They are typically of 50–70 amino acids 
in length and adopt a conserved structural fold with two 
antiparallel β-sheets and one or two helical regions that are 
stabilized with three disulfide bridges with the bonding pat-
tern of 1–6, 2–4, 3–5 (Rawlings et al. 2004b; Buchanan and 
Revell 2015) (Fig. 1a, b). The disulfide bridges maintain 
the structural integrity of the inhibitor and also present the 
protease-binding loop at its surface. A highly exposed P1 
active site residue at position 15 is usually arginine (Arg) 
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or lysine (Lys) inserts into the S1 site of the cognate pro-
tease and is the primary determinant of the specificity of 
serine protease inhibition. This motif was first identified in 
the bovine pancreatic trypsin inhibitor (BPTI)-like protease 
inhibitors, which are strong inhibitors of serine proteases 
like trypsin and chymotrypsin (Vincent and Lazdunski 1973; 
Deisenhofer and Steigemann 1975). An overall high content 

of basic amino acids and exceptionally high basicity of the 
guanidine moiety on the side chain of arginine imparts the 
inhibitor with a basic isoelectric point. These inhibitors 
are found in many tissues throughout the body and inhibit 
several serine proteases (Ascenzi et al. 2003). The solvent-
exposed loop (residue 8 to 19) is highly complementary 
to the enzyme active site (S1 pocket) with the P1 residue 
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Fig. 1  Structure and activity of Kunitz-domain inhibitors. a Sche-
matic representation of Kunitz-domain inhibitor showing the disulfide 
bonding pattern of 1–6, 2–4, 3–5. Conserved cysteine residues are 
marked with yellow and the P1 active site residue, the primary deter-
minant of the specificity of serine protease inhibition is marked with 
a blue asterisk. b Crystal structure of BPTI (PDB: 4Y0Y) show-
ing three disulfide bonds (in yellow), the solvent-exposed loop (P8 
to I19) highly complementary to the enzyme active site, and the P1 
residue (K15). c Trypsin in complex with BPTI (PDB: 4Y0Y) show-
ing P1 residue (K15 in BPTI) interacting with the Asp189 at the bot-
tom of the S1 pocket of Trypsin. d Amino acid sequence alignment 

of Kunitz-domain inhibitors from different source organisms: BPTI 
from Bos taurus (P00974); Delta-dendrotoxin from Dendroaspis 
angusticeps (P00982); KappaPI-theraphotoxin from Haplopelma 
schmidti (P68425); KappaPI-stichotoxin from Stichodactyla had-
doni (B1B5I8); Kunitz domain from human (Homo sapiens) amyloid 
β-protein precursor (P05067); Kunitz domain from human (Homo 
sapiens) collagen alpha-3(VI) chain (P12111); Kunitz domain from 
human (Homo sapiens) Tissue factor pathway inhibitor 2 (P48307). 
Conserved residues are highlighted in red and the P1 residue (K/R) 
is marked with an asterisk. Kunitz family signature sequence 
(F*Y*GC****N*F*****C) is shown in a box (Color figure online)
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(Lys15 in BPTI) interacting with the Asp189 at the bottom 
of the S1 pocket of trypsin (Fig. 1c). Kunitz-domain can 
function as a standalone protease inhibitor (~ 6 kDa) in its 
free form by recognizing specific protein structures. Kunitz 
inhibitors may have a single inhibitory domain or even more 
forming a multi-domain, single-chain inhibitor.

Kunitz-type domains exist in multiple forms in numer-
ous tissues imparting proteins with specific (serine) pro-
tease inhibitory function: the Kunitz-type toxin in venom-
ous animals like snakes, spiders, and scorpions (Fry et al. 
2005); mammalian inter-alpha-trypsin inhibitors (Fries and 
Kaczmarczyk 2003); domain found in Alzheimer’s amyloid 
β-protein in humans (Hynes et al. 1990); domains at the 
C-termini of the alpha-1 and alpha-3 chains of type VI and 
type VII collagen (Chen et al. 2013a, b) and tissue factor 
pathway inhibitor (TFPI) (Broze and Girard 2012) (Fig. 1d). 
It is worth giving mention to the Kunitz-soybean trypsin 
inhibitor (STI) family found in legume seeds. Inhibitors of 
Kunitz-STI family are about ~ 20 kDa in size and character-
ized by ‘β-trefoil fold’ and two disulfide bridges (Azarkan 
et al. 2011; Oliva et al. 2011). They constitute the inhibitor 
family I3A, Clan IC according to the MEROPS database 
(Rawlings et al. 2004a, b). Therefore, Kunitz-STI family of 
plants is quite unrelated in its primary as well as tertiary 
structure from Kunitz-domain inhibitors and thus beyond the 
scope of this discussion. I2 and I3 inhibitor families are also 
known as the ‘Kunitz-A’ and ‘Kunitz-P’ families, respec-
tively, because members are known from animals and plants.

Functionally, Kunitz-domain inhibitors are known to be 
involved in various physiological processes such as host 
defense against microbial infection, blood coagulation, 
fibrinolysis, and inflammation by exhibiting inhibition of 
serine proteases (viz. trypsin/chymotrypsin/elastase/kal-
likrein) (Ranasinghe and McManus 2013; Wan et al. 2013a, 
b). However, few inhibitors of cysteine and aspartic pro-
teases belonging to the Kunitz family are also known (Rawl-
ings et al. 2004a). Kunitz-domain inhibitors are also known 
as frequent components of venoms from poisonous animals 
acting as ion channel blockers (Yuan et al. 2008; Peigneur 
et al. 2011). The present review aims at introspecting at the 
various physiological targets of these inhibitors, the struc-
tural basis of these multifunctional proteins, and the evolu-
tionary aspects of the progression of Kunitz domain towards 
multiple target recognition.

Kunitz Trypsin Inhibitor Domains 
in Mammals

Kunitz-type serine protease inhibitors are found in blood 
plasma, saliva, and several tissues in mammals. Sev-
eral examples of mammalian proteins have made evident 
that Kunitz-type inhibitor domains are often present as 

‘insertion’ in various proteins most likely as a result of exon 
shuffling, thereby incorporating domains from different evo-
lutionary precursors (Ikeo et al. 1992).

A Kunitz-domain sequence is found in the precursor 
amyloid β-protein (APPI) which accumulates in the neu-
ritic plaques and cerebrovascular deposits of patients with 
Alzheimer’s disease, the most common neurodegenera-
tive disorder (Kitaguchi et al. 1988, 1990; Ikeo et al. 1992) 
(Fig. 2a). The APPI precursor protein has three alternatively 
spliced versions of which two have an insertion sequence 
of the Kunitz-type trypsin inhibitor domain. Studies have 
indicated that the overproduction of inhibitor-containing 
species can be associated with the progression of disease in 
Alzheimer’s patients (Johnson et al. 1989, 1990; Ben Khalifa 
et al. 2012). Specifically, a major role of Kunitz domain in 
APPI dimerization leading to the formation of β-amyloid 
plaques has been found (Ben Khalifa et  al. 2012). The 
Kunitz domain of APPI shows 43% sequence identity with 
the BPTI. The structural superimposition of APPI Kunitz 
domain with BPTI has shown identical backbone confor-
mation except for residues 39–41 (Hynes et al. 1990). A 
Gly-Gly-Asn sequence is found in APPI whereas BPTI has 
an Arg-Ala-Lys sequence. This substitution results in a sig-
nificant alteration in the backbone fold most likely Gly-40 
and Asn-41 influencing the target specificity by altering the 
geometry of residue 39. Few other amino acid substitutions 
in the protease-binding loops of APPI result in significant 
changes in affinity and specificity of target protease (Hynes 
et al. 1990). The conformation of side chains, three disulfide 
bridges, the hydrophobic core, and the hydrogen bonding 
network due to internal waters remain conserved in APPI 
identical to BPTI. APPI inhibits trypsin and also inhibits 
chymotrypsin.

The inter-alpha-trypsin inhibitor (IαTI), an acid-labile 
plasma glycoprotein, is one of the most fascinating pro-
teins in which the Kunitz-type inhibitor domain is present 
at the  NH2-terminal as a distinct structural and functional 
domain called bikunin (Fig. 2b). Bikunin moiety comprises 
of two Kunitz-type inhibitory domains. Bikunin is found in 
most of the IαTI family inhibitors and also exists in a free 
state in plasma, urine, and hepatocyte cultures (Salier 1990; 
Salier et al. 1996; Pugia et al. 2007). The Kunitz domains 
in bikunin show high homology with BPTI and are tar-
geted towards trypsin, chymotrypsin, cathepsin G, elastase, 
thrombin, and plasmin (Fioretti et al. 1987; Salier et al. 
1996; Zhuo et al. 2004). These inhibitors are proposed to be 
involved in the control of plasminogen activation by regu-
lating the activity of plasminogen-activators like kallikrein 
and other serine proteases. Plasminogen activation leads to 
the production of plasmin which functions in the fibrinolytic 
mechanism by degrading the fibrin blood clots (Chapin and 
Hajjar 2015). Thus, the inhibitory activity of Kunitz domain 
towards serine proteases including plasmin and kallikrein 
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suggests their regulatory role in blood clotting and fibrinoly-
sis. Bikunin is also known to effectively inhibit cell surface 
plasmins of cancer cells which are involved in metastasis of 
tumor cells (Fries and Blom 2000). Their presence in human 
sera in free form has proposed further physiological roles of 
Kunitz inhibitors such as in inflammation and modulation 
of cell growth (Fries and Blom 2000). Bikunin is one of 
the main anti-inflammatory response mediators whose high 
levels are observed in plasma and urine in case of infection, 
cancer, tissue injury, or vascular diseases (Pugia et al. 2007). 
Bikunin-free members of the IαTI family are known for their 

role in extracellular matrix biology because of their hyalu-
ronic acid-binding capacity (Fries and Kaczmarczyk 2003).

The α3 chain of collagen type VI (α3-VI), a cell-binding 
protein identified in humans, chicken, mouse, guinea pig, 
and rat also has an insertion of a Kunitz domain towards the 
C-termini (Fig. 2c) (Bonaldo and Colombatti 1989). The 
most C-terminal subdomain of α3-VI also referred to as the 
‘C5 domain’ has high amino acid sequence similarity to 
Kunitz family serine protease inhibitors yet it lacks trypsin 
inhibition activity (Zweckstetter et al. 1996). Collagen VI is 
widely distributed in several tissues and contributes to the 
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Fig. 2  Schematic representation of the Kunitz domain present as 
‘insertions’ in various proteins in mammals. a Amyloid β-protein 
precursor (100–135  kDa) is an integral membrane glycoprotein 
that contains the Kunitz domain as an insertion between the acidic 
domain and the glycosylated domain. Alternative splicing results in 
overproduction of Kunitz-inhibitor-containing species in Alzheimer’s 
patients. b Inter-α-trypsin inhibitor consists of three polypeptides: 
2 homologous heavy chains (~ 75  kDa) and a light chain known as 

bikunin (~ 16 kDa). Bikunin contains two Kunitz domains with pro-
tease inhibitory function. c Collagen VI is a major extracellular 
matrix protein distributed in various tissues. α3 chain of collagen VI 
is large (250–300  kDa) with several splice variants produced under 
different conditions. Kunitz domain is present towards the C-terminal 
end and is known to be released by proteolytic processing after col-
lagen VI secretions
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properties of the extracellular matrix also regulating several 
cell and tissue processes like autophagy, apoptosis, prolifera-
tion, and inflammation (Chen et al. 2013a, b; Cescon et al. 
2015). Formation of collagen VI extracellular microfibrils is 
a complex process that involves the assembly of heterotrim-
eric monomers into dimers and tetramers followed by their 
end-to-end joining. The C-terminal domain C5 is critical 
for interactions between tetramers and thus efficient micro-
fibril formation (Lamande et al. 2006). Detection of the C5 
domain of α3-VI in the extracellular matrix of normal human 
fibroblasts as well as in immediate pericellular matrix of 
articular cartilage indicates that Kunitz domains might also 
be playing role in growth and remodeling of connective tis-
sues (Lamande et al. 2006). Therefore, the ubiquitous pres-
ence of Kunitz domains within several mosaic gene architec-
tures suggests its multiple functions in various tissues over 
an array of organisms.

Functional Variants of Kunitz‑Domain 
Inhibitor in Parasites

Parasites secrete a plentiful of proteases and protease inhib-
itors to invade the host and support their survival within 
the host. Protease inhibitors play multiple roles including 
immune evasion, parasite development, and protein regula-
tion (Jefferies et al. 2001; Robinson et al. 2009; De Magal-
haes et al. 2018). Kunitz-type protease inhibitors have been 
identified in several parasitic organisms, though a few have 
been characterized functionally against trypsin, chymot-
rypsin, neutrophil elastase, and plasma kallikrein (Ranasin-
ghe and McManus 2013; Ranasinghe et al. 2015a, b; Morais 
et al. 2018).

A protein (FhKT1) with homology to Kunitz domain 
have been identified in the gut and parenchymal tissues 
of the infective juvenile stage of Fasciola hepatica (a hel-
minth parasite) which exhibits no inhibitory activity toward 
serine proteases but is a potent inhibitor of major cathep-
sin cysteine proteases (Smith et al. 2016). FhKT1 shares 
only 23% sequence identity with BPTI but possesses the 
characteristic Kunitz-type fold because of the six con-
served cysteine residues that form three disulfide bonds. 
This implies that although sequence variations are there, 
the structural integrity defining Kunitz domain inhibitors 
remains intact. The P1 residue in the reactive site loop of 
FhKT1 is leucine (Leu), which is important in docking into 
the S2 active site of Cathepsin L- like cysteine proteases. 
 Leu15 of the protease-binding loop of FhKT1 forms strong 
hydrophobic interactions with residues  Leu176,  Met177, and 
 Val267 of the S2 pocket of Fasciola cathepsin L. Therefore, 
the hydrophilic S1 pocket of serine proteases is unable to 
form a protein–protein complex with FhKT1. However, it 
was observed that upon substitution of unusual  P1Leu15 

for more common Arg, its cysteine protease inhibition pro-
file was modestly reduced and bestowed the protein with 
trypsin-inhibitory activity. Therefore, FhKT1 presents an 
adequate example of Kunitz-domain inhibitor variant tar-
geting proteases of different mechanistic classes which may 
be important in parasitic or other infectious diseases.

Kunitz‑Type Toxins (KTTs): Kunitz‑Domain 
Inhibitors in Venomous Animals

Kunitz-type toxins (KTTs) have been identified from many 
blood-sucking and venomous animals, such as snakes, spi-
ders, ticks, scorpions, cone snails, and sea anemones (Chang 
et al. 2001; Zupunski et al. 2003; Yuan et al. 2008; Zhao 
et al. 2011; Peigneur et al. 2011). The first KTT in animal 
venom was isolated from snake in the 70′s with a serine pro-
tease inhibition function (Strydom 1973, 1977). The physi-
ological role of these inhibitors is to resist prey proteases 
from degrading their venom protein toxins (Zupunski et al. 
2003). Since then, various KTTs with diverse pathophysi-
ological significance have been identified (Mukherjee and 
Mackessy 2014; Thakur and Mukherjee 2017; Martins et al. 
2020). Some of them have shown inhibitory potential against 
proteases of other classes or ability to block voltage-gated 
potassium (Kv) ion channels, which are crucial regulators of 
various physiological processes such as host defense, blood 
coagulation, platelet modulation, fibrinolysis, and action 
potential transduction (Masci et al. 2000; Lu et al. 2008; 
Flight et al. 2009; Wan et al. 2013a, b; Kalita et al. 2019). 
KTTs have been categorized into five groups: body trypsin 
inhibitors, chymotrypsin inhibitors in venom, trypsin inhibi-
tors in venom, dual function toxins, and potassium ion chan-
nel blockers (Yuan et al. 2008).

Inhibitors with Multiple Protease Recognition

Several KTTs have been characterized with further new 
functions in addition to the typical inhibition of serine pro-
teases. AvKTI is a Kunitz-type serine protease inhibitor 
characterized from spider (Araneus ventricosus) that exhib-
its inhibitory activity against trypsin, chymotrypsin, plas-
min, and neutrophil elastase (Wan et al. 2013a, b). AvKTI 
57-amino acid mature peptide displays typical Kunitz-type 
inhibitor scaffold including six conserved cysteine residues 
and P1-P1′ (Lys-Ala) residues like BPTI. Novel functions of 
AvKTI against plasmin and neutrophil elastase signify their 
regulatory role in modulation of thrombosis and fibrinolysis 
and the regulation of inflammatory signaling. Interestingly, 
its expression observed only in the epidermis (not in venom 
gland) has posed new questions on its physiological target 
and roles in spiders.
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Similarly, ShPI-1 is a Kunitz-type inhibitor from the 
Carribean Sea anemone (Stichodactyla helianthus) which 
displays inhibitory activity against not only serine but also 
cysteine and aspartic proteases (Fig. 3a) (Garcia-Fernandez 
et al. 2012). The unusual multifunctional activity of this 
inhibitor is intriguing and suggests exceptional structural 
and functional properties of protease inhibitors from marine 
invertebrates. The interaction maps of the ShPI-1: trypsin 
and BPTI: trypsin complexes were found almost identical 
at positions P2, P1, and P1′ forming primary direct interac-
tions with the S1 pocket of enzyme and found completely 
buried after complex formation. Recently, its pseudo-wild-
type variant, rShPI-1A was identified which also exhibits 
tight-binding potency against different Kv ion channels 

(Garcia-Fernandez et al. 2016). However, to understand the 
cross-reactivity with proteases of other classes and identi-
fying key residues for Kv ion channel inhibiting activity, 
further design of ShPI-1 mutants and their structural valida-
tion is necessary.

Dual Function Toxins

Dual function toxins have developed the ability to block ion 
channels besides their original function of serine protease 
inhibition. HWTX-XI is a representative dual function toxin 
from the distinct superfamily of KTTs in spiders (Tarantulas: 
Ornithoctonus huwena) (Fig. 3a). It is a potent trypsin inhib-
itor (30-fold stronger than BPTI) as well as a weak Kv ion 

Fig. 3  Functional diversification of Kunitz-type toxins on conserved 
Kunitz fold. a Amino acid sequence alignment of Kunitz-type toxin 
representatives of the three functional subtypes: Inhibitors with mul-
tiple protease recognition (P31713; ShPI-1 from the sea anemone 
Stichodactyla helianthus), dual function toxins (P68425; HWTX-
XI from Chinese bird spider Ornithoctonus huwena or Haplopelma 
schmidti) and ion channel inhibitors or neurotoxins (P00982; DTX-K 
from mamba snakes Dendroaspis angusticeps). The alignment shows 
the conserved cysteine residues bonded with disulfide bridges and the 
conserved P1 residue (K) marked with a dotted arrow. An enrichment 
of basic residues (in blue) in the N-terminal half has been proposed 

to have an important role in binding to the potassium ion channels 
and adopting the new function as ion channel blockers among KTTs. 
b Electrostatic surface representations (PDB: 1shp, 2jot, 1dtk) show 
the structural similarities but different electrostatic surfaces for pro-
tease inhibitors and the ion channel blockers (red: negative; blue: 
positive; gray: neutral). The phylogram of KTTs of the three func-
tional subtypes shows their common evolutionary origin. KTTs show 
a shift of losing their ability to function as serine protease inhibitors 
and instead adopt a new function to block or modulate ion channels, 
effectively becoming more toxic (Color figure online)



543Journal of Molecular Evolution (2020) 88:537–548 

1 3

channel blocker (Yuan et al. 2008). The solution structure of 
HWTX-XI resembles a typical Kunitz-type fold very similar 
to BPTI. Structural analysis together with functional stud-
ies on 18 expressed mutants of this toxin reveals that there 
are two separate sites located on the two ends of the mol-
ecule, responsible for the two types of activities exhibited. 
Mutation in K14 residue in the loop region led to a  105-fold 
reduction in inhibitory potency against trypsin while it did 
not influence its inhibitory potency toward Kv1.1 channels. 
Similarly, residue Leu6 seems to be critical for the Kv1.1 
channel blockage having no effect on the trypsin inhibi-
tion activity. These results suggest that these two sites are 
not only distinct but also functionally independent of each 
other. LmKTT-1a is another KTT homolog found in scor-
pion which has been functionally characterized for both 
protease and potassium ion channel inhibition (Chen et al. 
2013a, b). Interestingly, the amino acid sequence homology 
of LmKTT-1a with classical Kunitz-type peptides is low yet 
it adopts a conserved Kunitz-type fold very similar to other 
KTTs like HWTX-XI from the spider.

Neurotoxins or Ion Channel Blockers

Dendrotoxins (DTX) are representative neurotoxins found 
in mamba snakes (Dendroaspis) that block Kv ion chan-
nels in neurons by slowing down the channel activation 
and inactivation kinetics thereby modulating the neuronal 
activity (Robertson et al. 1996; Harvey 2001; Báez et al. 
2015). These peptide toxins are quite large molecules (~ 2.9 
nm) as compared to Kv ion channels. They can affect potas-
sium ion channels by two mechanisms: First, by directly 
occluding the channel pore and second, by causing sufficient 
steric hindrance to slow down the conformational changes 
necessary for channel opening and closing (Wulff et al. 
2009). Potassium ion channels are crucial for many aspects 
of cellular regulation and signal transduction as they regulate 
ion flux across biological membranes. These neurotoxins 
are KTT homologs as they possess a conserved Kunitz-type 
structural scaffold with one α-helix, two β-sheets, and a 
conserved disulfide bonding pattern. They have lost their 
protease inhibitory activity, even though they have charac-
teristic residues such as Lys or Tyr at the reactive sites in 
the protease contact regions (Fig. 3a). The implication being 
that the region important for the neuromuscular activity of 
snake toxins is different than the reactive sites. However, 
this does not mean that the reactive sites (for contacts with 
protease) are useless for activity as a toxin as they may be 
playing a regulatory role in enzymatic activities on the pre-
synaptic membrane (Ikeo et al. 1992).

Dendrotoxins have served as useful pharmacological tools 
in designing candidate drugs targeting various potassium ion 
channels which have an important regulatory role in neu-
rons of the mammalian central nervous systems (Wulff et al. 

2009). Thus, the development of neurotoxic functions on 
the KTT scaffold in spiders, scorpions, and snakes reflects 
on the molecular diversity of Kunitz-type fold while still 
maintaining the structural conservation.

Functional Diversification of the KTT Subfamily

The addition of new protein functions to KTTs has proven 
beneficial by generating more effective toxins capable of 
paralyzing the prey/predator. Specifically, elucidation of 
the molecular basis for the activity of these multifunctional 
inhibitors against structurally unrelated proteases/other tar-
gets has been of interest. Thus, the origin and evolution of 
toxins have always been very interesting to study and also 
under debate. It has been hypothesized that the recruitment 
of Kunitz-type scaffold (i.e., BPTI) by the venomous ani-
mals to produce dual function toxins viz. ion channel block-
ers or neurotoxins is the effect of Darwinian selection pres-
sure on the evolution of KTTs (Fry et al. 2005). However, 
fundamental questions about how stable are these newly 
grafted functions on to the ‘old’ scaffold remain perplex-
ing due to limited correlating sequence and 3D-structure 
data for KTTs. Alone, the sequence data from various KTTs 
have reflected clear patterns of amino acid substitutions to 
discard the inhibition function when dual function toxin gets 
finally transformed into an ion channel blocker (Fig. 3a, b). 
Exclusive replacement of amino acids in the loop regions on 
the surface leading to an overall change of charge or electro-
static potential of the Kunitz proteins is observed (Župunski 
and Kordiš 2016). An enrichment of basic residues is found 
in key sites responsible for interacting with the ion chan-
nel. Several mutational studies which have tried to identify 
crucial residues for blocking the activity of DTX have pro-
posed that positively charged lysines in the N-terminal half, 
especially Lys5 plays an important role in DTX binding to 
potassium ion channels (Fig. 3a, b) (Harvey 1997; Wang 
et al. 1999; Garcia-Fernandez et al. 2016). Nevertheless, 
additional residues might play important roles in deciding 
the specificity of DTX to different subtypes of Kv ion chan-
nels (Harvey and Robertson 2004).

KTTs themselves comprise a multi-gene subfamily within 
the Kunitz-type superfamily as evident by several functional 
variants within this subgroup. Development of a multi-gene 
family is a complex process that involves a series of gene 
duplication events that also go on accumulating a series of 
mutations over time resulting in sequence divergence and 
acquiring new functions (Kordis and Gubensek 2000; Walsh 
and Stephan 2001) (Fig. 4). While the original function is 
conserved, the duplicated copies come under selection 
constraints for further changes. The conservation between 
various KTT proteins and peptides at the primary and ter-
tiary structure level provides compelling evidence for their 
common evolutionary origins from an ancestral gene. The 
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evolution of toxins from the BPTI scaffold seems to be a 
transformation of protease inhibitor function (e.g., AvKTI) 
into ion channel blockers (e.g., DTX-K) via dual function 
toxins (e.g., HWTx-XI) as intermediates (Fig. 3b). However, 
this transformation seems to be prominent in KTTs from 
snakes and spider venoms where Kv ion channel-blocking 
activity could be important for paralyzing their prey in the 
shortest time (Kordis and Gubensek 2000; Yuan et al. 2008; 
Schwarz et al. 2014). This brings in to picture the role of a 
natural selection pressure which is favoring the ion channel-
blocking activity within these venomous animals (Župunski 
and Kordiš 2016). KTTs in venomous animals are secretory 
proteins and thus have more interaction with the environ-
ment as compared to body proteins (like BPTI) which are 
involved in physiological functions within the body (Fry 
et al. 2005; Yuan et al. 2008). Therefore, they may have a 
higher evolutionary rate based on the positive Darwinian 

selection of traits which might be beneficial to kill or immo-
bilize the prey. Phylogenetic analyses based on comparison 
of mature KTT sequences from several taxonomic groups 
implies that the KTTs may have evolved through grafting of 
new function (i.e., ion channel blocking) onto an old Kunitz 
protein scaffold (S1-protease inhibitors) by gene duplica-
tion, mutation and driving force from the selection pressure 
(Fig. 3b) (Yuan et al. 2008). However, the presence of dual 
function toxins with weak Kv ion channel blocking activ-
ity in spiders and scorpions yet raises more questions on 
our full understanding of KTT evolution. Development of 
strong and specific Kv ion channel blockers mostly in snakes 
reflects on further underlying intricacies in the process of 
KTT evolution which may vary in different organisms. A full 
understanding of the KTT family evolution process needs 
yet more data related to their DNA and protein sequence, 
3D structure, and functions. Nonetheless, the evolution of 

Fig. 4  Target-oriented evolution 
of Kunitz domain functions. 
Ancestral Kunitz domain diver-
sified its functions by duplica-
tions and chance mutations 
resulting in variants with novel 
functions and newer targets. Co-
evolution of the host molecular 
targets viz. enzymes involved 
in physiological processes, ago-
nists of hemostasis & inflam-
mation, platelets, neuronal ion 
channels (prey and predators in 
this context) is the driving force 
towards the selection of these 
variants in the population based 
on their functional essentiality. 
Once selected, these functional 
variants are reinforced by gene 
duplication and gene sharing 
mechanisms within the popula-
tion
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novel functions on a conserved structural scaffold brings in 
to spotlight the convergent evolution of animal toxins and 
their evolutionary diversity.

Ecological Significance of the Functional 
Evolution of Kunitz‑Domain Inhibitors

Kunitz-type domains are ubiquitously found in natural 
systems, either acting as serine protease inhibitors and/or 
toxins in animal venoms. Inhibitors having Lys or Arg at 
the reactive site ‘P1 residue’ inhibit trypsin-like enzymes, 
those with Tyr, Phe, Trp, Leu, Met at P1 site presumably 
inhibit chymotrypsin-like enzymes and those having Ala/Ser 
inhibit elastase-like enzymes. On the other hand, KTTs hav-
ing neuromuscular activity have lost their protease inhibi-
tory potential and acquired the new function of blocking Kv 
ion channels. The phylogenetic analysis of all Kunitz-type 
inhibitor sequences has indicated that the ancestral gene 
of the Kunitz-type inhibitor must have appeared about 500 
million years ago. After that, gene duplicated itself many 
times and some of the duplicates got inserted into other 
protein-coding genes (Ikeo et al. 1992). In mammals, it is 
present as an insertion in various protein-coding genes while 
the majority of the venom proteins are almost completely 
composed of this domain (Figs. 2, 3). Analysis of several 
Kunitz-type inhibitors offers an extensive database of amino 
acid sequence variations (Fig. 1d). Single Kunitz-domain 
peptides are highly represented but several tick salivary 
Kunitz-domain proteins possessing multiple domains (1–7) 
have been also characterized as serine protease inhibitors 
(Schwarz et al. 2014). In some instances, Kunitz peptides 
vary in their cysteine motifs (more or less than 6 conserved 
Cys residues) therefore lacking the typical disulfide bonds 
probably leading to more flexible fold capable of further 
diversifying its inhibitory spectrum (example, LmKTT-1a). 
Kunitz-type inhibitors have evolved so much that modern 
members of Kunitz superfamily can be distinguished only 
by their conserved disulfide bonding structure.

Based on the residues at the functional site of various 
Kunitz-type inhibitors, it is inferred that the ‘flexibility 
within the rigidity’ and variations of amino acid residues 
in loop regions and β-turns are responsible for multiple 
biological functions. Mostly, amino acid substitutions in 
the reactive-center regions have resulted in inhibitors with 
varying specificities. It has been observed in several inhibi-
tor families that sites which are in contact with the enzyme 
show greater interspecific heterogeneity than the other sites 
which are not in contact with the target molecule (Laskowski 
et al. 1987a, b; Graur and Li 1988). BPTI or Kunitz-domain 
family is one of the inhibitor families showing accelerated 
evolution at functional sites brought about by positive Dar-
winian selection (Župunski and Kordiš 2016). Thus, the 

changes that favorably affect the activity of the protein are 
fixed more rapidly in a population as compared to the neutral 
mutations (Hill and Hastie 1987).

In natural systems, protease inhibitors have a general 
defensive role against prey and predators. Venomous animals 
have evolved with several morphological and physiological 
adaptations to counteract the host’s immune response. They 
naturally produce chemical toxins with a primary function 
either to kill or paralyze the prey or defense against preda-
tors. To counter host defense mechanisms, their salivary 
glands produce venoms that are composed of pharmacologi-
cal proteins which are injected into the host during blood 
feeding (Andersen 2010; Schwarz et al. 2014). Thus, venom 
is under constant selection by nature (Fig. 4). Kunitz-domain 
toxins identified in several venomous and blood-sucking 
animals performing multiple functions (protease inhibition 
to ion channel blockers) endorse that they are important 
elements in the arms race with the host/predators. Several 
Kunitz peptides in venoms show a shift of losing their ability 
to function as serine protease inhibitors and instead adopt a 
new function to block or modulate ion channels, effectively 
becoming more toxic (Fig. 3). The main evolutionary pres-
sure driving these variations could be the necessity of func-
tional diversity against the host molecular targets which also 
keep co-evolving rapidly during the arms race (Andersen 
2010; Schwarz et al. 2014) (Fig. 4). This is perhaps ‘target-
oriented evolution’ in the benefit of venomous animals to 
prolong their feeding on the host thereby increasing their 
chances of survival. Once any protein variant becomes func-
tionally essential as a venom/toxin, this adaptation is rein-
forced by gene duplication and gene sharing mechanisms in 
the population (Schwarz et al. 2014).

Perspectives and Concluding Remarks

Kunitz-domain inhibitors are found in a variety of organ-
isms with involvement in various physiological roles. More 
insights on their functional aspects are required for direct 
information on their cellular role in various biological sys-
tems. KTTs evolved with dual functions and toxins have 
attracted huge interest not only for evolutionary research but 
are prospective candidates for pharmacological research as 
well (Shigetomi et al. 2010; Thakur and Mukherjee 2017). 
Promising pharmacological potential of Kunitz-domain 
inhibitors has been demonstrated in murine renal cell carci-
noma model (De Souza et al. 2016) and human glioblastoma 
cells for anti-tumor effects (Morjen et al. 2013). It is recom-
mended that a classification of Kunitz inhibitors based on 
their inhibition profile: serine-specific, cysteine-specific, ser-
ine/cysteine and serine/cysteine/aspartic protease inhibitors 
can help in designing specific inhibitors against proteases of 
various mechanistic classes by making defined alterations in 
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the ~ 60 amino acid scaffold of the Kunitz inhibitor (Smith 
et al. 2016). This has been possible because residues in the 
loops can be substituted or grafted into desired ones with-
out destabilizing the basic structural framework. Kunitz-
domain scaffold is also present in human proteins and thus 
may possess very low immunogenic potential when used in 
therapeutics.

Nature-inspired structural leads have always been poten-
tial candidates for drug development and therapeutics. 
Kunitz domain has acquired proximate attention in protein 
engineering efforts to create specific protease inhibitors 
relevant for therapeutic applications (Sheffield et al. 2018; 
Ding et al. 2018; Simeon and Chen 2018). A few Kunitz-
domain-derived inhibitors have been successfully approved 
by the Food and Drug Administration. Ecallantide (DX-88), 
a substitute kallikrein inhibitor is approved for the treatment 
of hereditary angioedema, a rare autosomal inherited blood 
disorder caused by malfunction of plasma C1 kallikrein 
inhibitor (Lehmann 2008). DX-88, engineered to bind kal-
likrein with picomolar affinity was derived from the Kunitz 
domain of lipoprotein-associated coagulation inhibitor (Wil-
liams and Baird 2003; Simeon and Chen 2018). In a much 
recent effort, the Kunitz domain was stabilized against pro-
teolysis by mesotrypsin through disulfide engineering. Mes-
otrypsin, a human protease is an atypical form of trypsin that 
exhibits resistance to biological trypsin inhibitors. Kunitz 
domain in several human protease inhibitors has shown spe-
cific substrate like kinetic profiles with mesotrypsin (Pendle-
bury et al. 2014). Addition of a new disulfide bond (Cys17-
Cys34) within the APPI Kunitz domain improves its stability 
against proteolysis by mesotrypsin by 74-fold (Cohen et al. 
2019). Mesotrypsin has been implicated in promoting tumor 
progression. Therefore, the Kunitz domain can serve as an 
important scaffold for therapeutics and drug development. 
The functional evolution of Kunitz-domain inhibitors not 
only offers a debate on molecular evolution but also provides 
a tremendous opportunity for application in therapeutics.
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