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Abstract
With the completion of the human genome it has become evident that about 2% of all gene products are proteases, there-
by being one of the largest groups of proteins. The general view on proteases as protein degrading enzymes has changed
dramatically over the last few years and proteases are now seen as important signalling molecules that are involved in
the regulation of numerous vital processes. Cysteine cathepsins occupy a special place as a group of papain-like cys-
teine proteases that are located predominantly in lysosomes. In addition to their role in intracellular protein turnover,
they have essential roles in the immune response, protein processing, bone resorption and a number of other processes.
Their activity is strictly regulated, largely through their interaction with their endogenous inhibitors cystatins and thy-
ropins. In this review we discuss the recent status of cysteine cathepsins and their endogenous inhibitors, including their
specificity and mechanism of interaction.
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1. Introduction

Intracellular protein degradation occurs in two major
cellular systems which control this process: lysosomal and
non-lysosomal ubiquitin-proteasome systems. The discov-
ery of the membrane-bound organelle, the lysosome, in the
mid-1950s was important in establishing the lysosomal
pathway, which was first thought to be the major site of
protein degradation due to the action of lysosomal hydro-
lases including cathepsins1. However, further studies
showed that most cellular endogenous proteins are degrad-
ed by a non-lysosomal machinery, which led to the discov-
ery of the ubiquitin-proteasome system2. In the lysosomal
pathway, protein degradation is a results of the combined
random and limited action of proteases. Proteolytic pro-
cessing can be regulated by protease specificity, accessibil-
ity of the peptide bond of the substrate, activation of an in-
active precursor, interaction with protease inhibitors or a
combination of these factors3. Based on the catalytic
mechanism, there are five types of protease, including the
cysteine proteases4. Of these, the proteases from the C1-
family (papain family) of CA clan comprise one of the
largest and best characterized families. It consists of lyso-

somal cysteine cathepsins,5 parasitic proteases6 including
cruzipain from Trypanosoma cruzi,7 falcipains from
Plasmodium falciparum,8 cathepsin L-like proteases from
Fasciola hepatica,9 and many others from DNA viruses,
protozoa, plants and other animals10.

Interest in proteases of this family is increasing due
to a better understanding of their role in numerous impor-
tant physiological and pathological processes. Specifi-
cally, human cysteine cathepsins play roles in intracellu-
lar protein turnover in lysosomes and in processing and
activation of other proteins including proteases, in anti-
gen processing and presentation and in bone remodelling.
However, their specific and individual functions are often
associated with their restricted tissue localization.5, 11, 12

Imbalance in regulation of proteolytic activity may lead
to a wide range of human diseases, including cancer,13–15

rheumatoid arthritis, osteoarthritis and osteoporosis,re-

viewed in 16, 17 and neurological disorders.18 Cathepsins also
participate in apoptosis, although their role is still not
clear.19,20 In addition, mutations in cathepsin genes result
in human hereditary diseases such as pycnodysostosis, in
the case of cathepsin K mutations,21 and Papillon-Lefevre
and Hain-Munk syndromes, caused by mutations in the
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cathepsin C gene.22 Furthermore, papain-like cysteine
proteases of parasitic organisms are involved in numer-
ous parasitic infections,19 including Chagas disease7 and
malaria8 in which the parasites invade a host cell to cause
infection in humans, often with devastating conse-
quences.

The potentially inappropriate activity of cysteine
cathepsins can be regulated by their endogenous protein
inhibitors.23 The discovery and characterization of the
chicken egg-white protein inhibitor of the plant cysteine
proteases ficin and papain,24 and isolation of the first in-
tracellular protein inhibitor of papain, cathepsin B and H
from pig leukocytes and spleen25 stimulated further stud-
ies in this field. The most efficient step in the purification
of cystatins is affinity chromatography on immobilized
inactivated papain by carboxymethylation of the active-
site cysteine residue, known as Cm-papain. The cytosolic
fraction from a tissue homogenate contains cystatins,
which are most probably in complex with tissue cyteine
proteases. Therefore, the alkaline activation step of cy-
tosol by preincubation at pH 10–12 to inactivate proteas-
es by liberating free cystatins was used26. A similar alka-
line treatment was also applied for other protein in-
hibitors27.

Several protein inhibitors from other tissues and
species have been isolated and characterized. For chicken
egg-white inhibitor the name “cystatin’’ was proposed, in-
dicating its function as a cysteine protease inhibitor28. The
first to be determined amino acid sequences of chicken
cystatin, human stefins A and B, human cystatin C, rat cys-
tatins, human kininogen and some other sequences of ho-
mologous proteinsreviewed in 29, 30 contributed to the decision
that the name cystatin was to be used for homologous pro-
teins of the same superfamily, the cystatin superfamily31,
thus now known as the cystatin family or family I2532.
There are many diseases observed with decreased cystatin
levels, such as cancer, inflammatory diseases, osteoporo-
sis, diabetes, neurodegenerative diseases and renal failure.
Only two genetic disorders are known in which mutations
in human cystatin C33 and human stefin B34 are associated
with disease status. In addition to the cystatins, the other
important protein inhibitors are thyropins35 which inhibit
several other cathepsins in addition to cathepsin L36.

These and other pioneering studies, including struc-
tural studies, greatly contributed to further development
of this important field of protein degradation processes
and its regulation under normal and pathological condi-
tions. Interest in this family of proteases of human and,
more recently, of parasite origin continues to grow.
Cysteine cathepsins and other members of the papain
family are now considered to be potential targets for the
design and development of small molecule inhibitors as
new therapeutics. The present review focuses on the main
characteristics of cysteine cathepsins and their protein in-
hibitors cystatins and thyropins, their mode of interaction
and structural aspects.

2. Cysteine Cathepsins

Cysteine cathepsins comprise an important section
of the papain family of cysteine proteases, sharing similar
amino acid sequences and folds. There are eleven human
cathepsins, known at the sequence level5, 37 as cathepsin
B, H, L, S, C, K, O, F, V, X and W. They are synthesized
as preproenzymes. After removal of the signal peptide
during the passage to the endoplasmic reticulum, glycosy-
lated proenzyme undergoes proteolytic processing to the
active form. Propeptide is responsible for proper targeting
of the enzyme and for the stability and proper folding of
the enzyme. Proteolytic removal of the propeptide occurs
in the acidic environment of the endosomal/lysosomal
system. Endopeptidases, such as cathepsins B, K, L and S,
can be activated autocatalytically or by other proteases
such as cathepsin D and pepsin10, whereas exopeptidases
such as cathepsin C require other proteases, including cys-
teine cathepsin endopeptidases, for their activation38.
Using human cathepsin B as a model system it was
demonstrated that activation of lysosomal cathepsins is an
intermolecular process.39 The propeptide, covalently
bound to the N-terminus of the mature enzyme, runs
through the active site in an extended conformation in the
opposite direction to substrate, as shown in Fig. 1, thus
preventing protease activity.40, 41 Propeptides, which are
cleaved during the activation process, probably dissociate
from the enzyme after cleavage, unfold and are degraded
by other proteases.39, 42 Autocatalytic activation of cys-

Fig. 1. Procathepsin B structure. The propeptide is shown as the
cyan chain trace with side chains in ball and stick model. Carbon,
oxygen, nitrogen, and sulfur atom balls are shown in cyan, red, blue
and yellow, respectively. The mature body of the enzyme is pre-
sented as the white solid surface. The propeptide chain is anchored
at the top right to the surface of the domains of the mature enzyme
and folds down in the middle as a helix, reaching to the reactive site
and continuing along the active site cleft in an extended conforma-
tion towards the N-terminal residue of the mature enzyme, thereby
shielding the active site from solvent.
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teine cathepsins was shown to be accelerated by gly-
cosaminoglycans43 which induce a conformational change
in the cathepsin zymogen, converting it into a better sub-
strate for the mature enzyme, thus contributing greatly to
faster processing.

Cysteine cathepsins are all relatively smal monome-
ric proteins with molecular weights (Mw) in the range of
24–35 kDa, with the exception of cathepsin C, which is an
oligomeric enzyme with Mw around 200 kDa11. All ma-
ture forms of cathepsins are glycosylated at one or more
glycosylation sites except cathepsin S, in which the only
potential glycosylation site is in the propeptide region.44, 45

This suggests that maturation of procathepsin S occurs af-
ter entering the lysosomes.

Cysteine cathepsins exhibit optimal activity at
acidic pH and are generally unstable at neutral pH.
Cathepsin L was thus shown to be extremely unstable un-
der neutral or slightly alkaline conditions due to irrever-
sible denaturation of the enzyme.46 A similar irreversible
pH-induced inactivation was observed for cathepsin B.
Moreover, this inactivation was found to be accompanied
by unfolding of the enzyme, which is probably responsi-
ble for the irreversibility of the process.47 However, cat-
hepsin B was found to be considerably more stable than
cathepsin L.48 An exception in this respect is cathepsin S,
which was found to be very stable at pH above 7.0, which
is a distinctive property of this enzyme.11

2. 1. Structure and Specificity of Papain-like
Cysteine Proteases
Determination of papain49, 50 and actinidin51 struc-

tures provided the first structural information about pa-
pain-like cysteine proteases. Following these two struc-
tures, the first crystal structures of cysteine cathepsins
were determined, such as that of human cathepsin B52, of
human cathepsin L in complex with the irreversible
epoxysuccinyl derivative inhibitor E-6453 and in complex
with the p41 fragment of invariant chain (Ii)54, of human
cathepsin S with a vinyl sulphone derivative APC 332855,
of porcine cathepsin H56 and of human procathepsin B40,

41. Similarly, a truncated form of the T. cruzi protease
cruzipain lacking the C-terminal domain, has been crys-
tallized in complex with a fluoromethyl ketone inhibitor57.
Currently, crystal structures of all cysteine cathepsins ex-
cept cathepsins O and W are known. They are all based on
the common fold of the papain-like two domain structure,
designated as the left (L–) and the right (R–) domains.
The most prominent feature of the L-domain is the central
α-helix with the catalytic Cys25 on top, whereas the R-
domain is folded into a β-barrel with the catalytic His159
(papain numbering), or His163 in cathepsin L (Fig. 2), lo-
cated on the opposite side of the active site cleft58. These
two catalytic residues form a thiolate-imidazolium ion
pair, which is essential for the protease activity and is lo-
cated in the middle of the active site cleft.

Most cysteine cathepsins exhibit predominantly en-
dopeptidase activity, whereas cathepsin X and C are ex-
opeptidases only. Cathepsin C is an aminodipeptidase59

and cathepsin H an aminopeptidase56. Cathepsin B is a
carboxydipeptidase52, whereas cathepsin X is a carboxy-
monopeptidase60. The nature of the endopeptidase and ex-
opeptidase activities of cysteine cathepsins can be ex-
plained by structural features of their active site clefts.10,

23, 61 Whereas in endopeptidases (cathepsins F, L, K, S and
V) the active site cleft extends along the whole length of
the two-domain interface, the exopeptidases (cathepsins
B, C, H and X) have features that reduce the number of
binding sites. In the case of carboxypeptidases, substrate
binding is obstructed by longer or shorter loops such as
the occluding loop in cathepsin B52 and the mini loop in
cathepsin X62. Similarly, propeptide parts, the mini-chain
in cathepsin H56, and the exclusion domain in cathepsin
C63 are responsible for the steric hindrance in aminopepti-
dases. Of the papain-like proteases, only cathepsin C and
cruzipain from T. cruzi have additional domains attached
to the two-domain structure. In mature cathepsin C, the
additional domain is part of the prodomain, as seen from
the zymogen sequence64. It is now termed the “exclusion’’
domain and has no sequence similarity to other papain-
like proteases63. However, it makes an essential contribu-
tion to the tetramer structure and determines cathepsin C
specificity as a dipeptidyl peptidase. Cruzipain, as a lyso-
somal enzyme, consists in its mature form of a catalytic
domain, highly homologous to papain and cathepsins S
and L, and a C-terminal domain only found in
Trypanosomatids7. The function of the C-terminal do-
main, which is not responsible for substrate inhibition of
the enzyme65, is unknown.

Fig. 2. Fold of cathepsin L. Cathepsin L fold is shown as cyan chain
trace with the reactive site residues marked and shown as atom balls.
The sulfur atom of the catalytic CYS 25 is shown as a yellow atom
ball. Cathepsin L fold is shown in the standard orientation which po-
sitions the helical domain composed of N-terminal residues to the
left and the beta barrel domain to the right. The active site formed at
the interface of the two domains is positioned at the top with the cat-
alytic residues CYS 25 and HIS 163 forming the ion pair.
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A fundamental study described substrate interac-
tions within the active site of papain in an attempt to iden-
tify the distinct interaction sites66. Basically, the peptide
substrate is held over the entire length of the active site of
the enzyme and is cleaved, at the middle of the latter, at
the scissile bond. The substrate residues are numbered P1,
P2, P3, etc., and P1’, P2’, P3’, etc., starting at the scissile
bond and continuing towards the N– (P1, …) or the C-ter-
mini (P1’, …) of the substrate. The substrate-binding sub-
sites that accomodate these substrate residues, are located
on either side of the catalytic group in the active site cleft
of the enzyme. The subsites are designated S1, S2, S3,
etc.(non-primed binding sites) and S1’, S2’, S3’, etc.
(primed binding sites). The new structures, the majority of
them in complexes with their substrate analogue in-
hibitors (chloromethyl and fluoromethyl ketones, aldehy-
des or diazomethanes) covalently bound to the catalytic
Cys25, revealed only the non-primed binding sites. The
first substrate-mimicking inhibitor that identified a prime
binding site was based on an epoxysuccinyl reactive
group. The structures of CA030 (ethyl-ester of epoxysuc-
cinyl-L-Ile-L-Pro-OH) in complex with human cathepsin
B67, and of an almost identical molecule CA074 in com-
plex with bovine cathepsin B68, showed that E-64 deriva-
tives can also bind into the primed binding sides S1’ and
S2’ in the direction of the substrate binding. This first
structural information enabled further structure-based de-
sign of new inhibitors with the aim of enhancing affinity
and selectivity. The synthesis incorporated structural ele-
ments on both sides of the symmetrical epoxysuccinyl
functional group, resulting in the so-called “double-head-
ed’’ inhibitors69–71. The binding geometry of this type of
inhibitor was confirmed by the crystal structures of pa-
pain- and cathepsin B-inhibitor complexes72, 73, as seen in
Fig 3. Recently, potent epoxysuccinyl-based inhibitors
were synthesized that display selectivity for endogenous
cathepsin targets in vitro and in vivo74. Based on these and
other structures, it was suggested that there are three well
defined substrate binding sites S2, S1 and S1’, which in-
volve both main chain and side chain interactions between
substrate and enzyme residues. In addition, S4, S3, S2’ and
S3’ sites constitute a broad substrate binding area61.

In general, cysteine cathepsins display broad speci-
ficity and cleave their substrates preferentially after basic
or hydrophobic residues. This is true not only for synthet-
ic but also for protein substrates, consistent with their role
in intracellular protein degradation5. Probably the best
known examples among the protein substrates are the
components of the extracellular matrix. Degradation of
extracellular matrix components such as collagen by
cathepsins may result in degenerative joint diseases when
degradation products of collagen type II are released. The
N-terminal tetrapeptide of collagen type II enhances ex-
pression of cathepsins B, K, and L in articular chondro-
cytes at mRNA, protein, and their activity levels75. We
found that synovial fluid of patients suffering from

rheumatoid arthritis showed increased amounts of cathep-
sin B and cystatin C76. Initial studies reported that cathep-
sin L is much more efficient at collagen solubilization
than cathepsins S or B77. However, it was later shown that
cathepsin K is the most efficient collagenase among the
cathepsins78. Numerous studies have demonstrated that
cathepsins K, L and S, as well as some other cathepsins,
are involved in elastic fibre degradation, which is associ-
ated with the development of different pathological condi-
tions of the cardiovascular system. Elastinolytic activities
of cathepsins K, L and S can be blocked by cystatins79.

There are many publications dealing with details
about the specificity of cathepsins and other papain-like
cysteine proteases, including several reviews, which can
be recommended for further reading7, 10, 61, 80.

3. Endogenous Protein Inhibitors

3. 1. Cystatins
The most studied inhibitors of the papain family are

the cystatins. They are present in mammals, birds, insects,
plants and protozoa. They function both intracellularly
and extracellularly. The cystatins are competitive, re-

Fig. 3. Binding of NS134 to cathepsin B. NS134 is shown as ball
and stick model over the active site surface of cathepsin B in a view
from the top. The surface of the nitrogen atoms of residues Gln 23,
Gly 74, His 110, His 111, Trp 221 is coloured in blue, of the Gly 74
oxygen in red and of the reactive site Cys sulfur in yellow, while
the rest of surface is white. The negatively charged carboxylic
group of Pro from NS134 shown at the top is interacting with the
positively charged His 110 and 111 residues. Carbonyl of Leu is in-
teracting with the Trp 221 side chain nitrogen atom, while the up-
per epoxysuccinyl carbonyl points into the oxyanion cleft of
cathepsin B which is formed by the side chain nitrogen of Gln 23
and peptide nitrogen of Cys 25.
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versible, tight binding protein inhibitors which display
structural and functional similarities. The first classifica-
tion of the cystatin superfamily into three families was
based on at least 50% sequence identity, inhibition of their
target enzymes and absence or presence of two or nine
disulphide bonds31. Three distinct families of protein in-
hibitors comprise: family 1 or the stefin family, family 2
or the cystatin family, and family 3 or the kininogen fami-
ly. The first two families are single domain inhibitors
whereas the kininogens are composed of three domains,
two being inhibitory. Later, the term “type’’ was intro-
duced and the mammalian cystatins were divided into
types 1, 2, and 381. Rapid growth of information on the
complete eukaryotic and prokaryotic genomic sequences
introduced a new system which includes three-dimension-
al structures, and classification into 31 families assigned
to 26 clans. This new system for reference to each clan,
family and inhibitor has been implemented in the
MEROPS peptidase database (http://merops.sanger.
ac.uk). We will discuss the family of cystatins grouped in
types, which is the most suitable concerning the present
status in the literature.

3. 1. 1. Type 1 Cystatins (Stefins)

The stefins are acidic single-chain proteins, which
consist of about 100 amino acid residues and lack disul-
phide bonds. Although they are primarily intracellular
proteins, they have also been detected in extracellular flu-
ids82. The stefins have been found in human, rat, bovine
and others. In humans, only two stefin type inhibitors are
present, both the subject of intensive studies. Human
stefin A is expressed at high levels in skin and presumably
controls cysteine proteases in the skin. The expression
pattern of human stefin B is much broader and stefin B ap-
pears to be a general inhibitor in the cytoplasm where it
may protect the cell from the released lysosomal cathep-
sins. Both human stefins are composed of 98 amino acid
residues.reviewed in 29, 83 However, three different stefins, A,
B and C, have been identified in bovine.84, 85 Bovine stefin
C contains 101 amino acids and was identified as the first
Trp-containing stefin with a prolonged N-terminus85.
Stefin C has high sequence identity with other members
of the stefin family, while the level of identity with the
type-2 cystatins is much lower. The type 1 cystatins be-
long to the subfamily I25A32.

3. 1. 2. Type 2 Cystatins (Cystatins)

The cystatins are single-chain proteins, larger that
the stefins, consisting of about 115 amino acid residues
and are mainly extracellular proteins. They are found in
the cytosol or are secreted from cells and are found in dif-
ferent body fluids82, 86. In contrast to stefins, cystatins con-
tain a signal sequence for secretion through the cell mem-
brane to the extracellular space. The classical members of

type 2 cystatins are chicken cystatin, human cystatin C,
and cystatins S, SA and SNreviewed in 29, 83. More recently,
human cystatin D was isolated from saliva and tears87.
When human cystatin E from amniotic fluid and foetal
skin epithelial cells88, human cystatin M from normal
mammary cells, and a variety of human tissues89 were iso-
lated and characterized almost at the same time independ-
ently, both proteins were shown to be identical and re-
named cystatin E/M (MEROPS). Very recently, the ex-
pression of cystatin M/E was found to be restricted to the
epidermis90. Cystatin M/E effectively inhibits cathepsins
V and L and legumain and is most probably identical to
cystatin E/M. Two groups, independently and at the same
time, discovered cystatin F (also known as leukocystatin)
in peripheral blood cells, T cells, spleen, dendritic cells
and, selectively, in hematopoietic cells91, 92. All type 2 cys-
tatins contain two intramolecular disulphide bridges, with
the exception of human cystatin F, which has an addition-
al disulphide bridge, thus stabilizing the N-terminal part
of the molecule91.

Cystatin F is the only cystatin synthesized and se-
creted as an inactive disulphide-linked dimeric precur-
sor93. Following reduction to the monomeric form cystatin
F becomes active94 and was found to strongly inhibit
cathepsins F, K, L and V and, to a lesser extent, cathepsins
S and H91, 94. It was shown that a major target of cystatin F
in various immune cells types is cathepsin C that activates
serine proteases in T-cells, natural killer (NK) cells, neu-
trophiles and mast cells95. However, the intracellular form
of cathepsin F, after N-terminal truncation of the first 15
residues including cysteine, inhibits cathepsin C. Such a
truncated form of cystatin C would allowed favourable in-
teraction in the cathepsin C active site. It is important to
note that, among human type 2 cystatins, only cystatins
E/M88, 89, cystatin F91 and cystatin S96 are glycosylated.
The human type 2 cystatins are grouped in subfamily
I25B of the cystatin family32.

3. 1. 3. Type 3 Cystatins (Kininogens)

Kininogens have been known for a long time as the
precursors of kinin. They are large, multifunctional glyco-
proteins in mammalian plasma and other secretions. Three
different types of kininogen have been identified: high
molecular weight kininogen (HK), low molecular weight
kininogen (LK) and T-kininogen, an acute phase protein
found only in rats97, 98. When it was discovered that
kininogens are identical to α-cysteine proteinase in-
hibitors (α-CPI) and potent inhibitors of cysteine proteas-
es such as cathepsin L and papain99, the kininogen family
as the third family (now type 3 cystatins) was estab-
lished31. They are all single-chain proteins and are con-
verted to two-chain forms, consisting of a heavy and a
light chain, by limited proteolysis by kallikreins, with re-
lease of the kinin segment. The heavy chains of HK and
LK are identical, whereas the light chain of HK is larger
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than that of LK. The heavy chain is composed of three do-
mains homologous to cystatins100. Only the second and
the third domains from the N-terminus inhibit cysteine
proteases. Domains two and three are more closely related
and contain the pentapeptide QXVXG, a sequence motif
highly conserved in all three types of cystatins29, 30.
Although it was known that each domain, when separated,
can inhibit the cathepsins, there were conflicting results
concerning the binding stoichiometry with the target en-
zymes. Finally, this issue has been resolved and it has
been shown that two molecules of cathepsins L or S or pa-
pain bind a single LK molecule simultaneously, with high
affinity101. Similarly, one HK molecule simultaneously
binds two molecules of papain, cathepsin S or cruzi-
pain102. It is interesting to note that the inhibitory frag-
ment, identical to the third domain of human kininogen,
was isolated from human placenta and is inactivated by
the lysosomal aspartic protease cathepsin D. Similarly,
human cystatin C was also inactivated, suggesting a role
for cathepsin D in regulating cysteine cathepsin activi-
ty103. Like the type 2 cystatins, both inhibitory domains of
LK and HK are grouped in subfamily I25B of the cystatin
superfamily32.

3. 2. Thyropins

Discovery of two protein inhibitors of papain-like
cysteine proteases, structurally different from the cys-
tatins, the p41 invariant chain (Ii)-fragment of the MHC
class II-Ii complex104, 105 and equistatin from the sea
anemone Actinia equina106, was crucial for the establish-
ment of the thyropin family, a new family of papain-like
cysteine protease inhibitors35 classified as family I3132.
Thyropins share considerable sequence homology with
the thyroglobulin type-I domain present in eleven copies
in the prohormone thyroglobulin and in a number of other
proteins from other organisms107. These domains are
found in several functionally unrelated proteins and some
of them exhibit inhibitory activity against other types of
proteases such as aspartic and metalloproteasesreviewed in 108.
We found that equistatin, as a three-domain protein, in-
hibits aspartic protease cathepsin D in addition to papain-
like cysteine proteases109. Taken together, the available
data suggest that not all thyroglobulin domain homo-
logues are capable of exhibiting inhibitory activity against
proteases23, 107.

3. 3. Other Protein Inhibitors

There are a number of other cystatins or cystatin-re-
lated proteins which are expressed in different tissues and
cell types in human and other mammals, plants, protozoa
and other organisms. Genes encoding cystatins have been
found in various ticks, which constitute the main vector of
Lyme disease in Europe and in the U.S.A. From the sali-
vary glands of the tick Ixodes scapularis two cystatins,

syalostatin L110 and syalostatin L2111, were expressed and
characterized. Both syalostatins show 75% sequence iden-
tity and strongly inhibit cathepsin L (Ki = 4.7 nM) and
cathepsin V (Ki = 57 nM). Both syalostatins could be con-
sidered for development of anti-tick vaccines against
Lyme disease.

Numerous phytocystatins are present in plants and
exhibit homology to mammalian cystatins. Their structur-
al characteristics resemble type 1 (QVVAG region) and
type 2 cystatins in higher primary sequence similarity112

thus providing a transitional link between subfamilies
I25A (the type 1 cystatins) and I25B (the type 2 cystatins)
based on the sequence of soya phytocystatin32.
Phytocystatins from numerous plants were characterized
on the protein level, including oryzacystatins from rice113,

114, soya cystatins from soybean115, 116 and cystatins from
sugarcane117–119 and others. Phytocystatins inhibit the pa-
pain-family of cysteine proteases to different extents. It
was recently found that C-terminally extended phytocys-
tatins act as bifunctional inhibitors of papain and legu-
main120. Legumain (asparaginyl endopeptidase) belongs
to clan CD proteases, family C13, in contrast to papain, a
member of clan CA proteases (MEROPS classification).
Phytocystatins and other protein inhibitors show a great
potential as tools to genetically engineer resistance of
crop plants against pests, as shown by cowpea cystatin
against bean bruchid pests121.

Equistatin, a member of the thyropin family131, and
some other inhibitors also efficiently inhibited digestive
proteases and growth of the red flour beetle Triboleum
castaneum122, suggesting to be promising candidates for
transgenic seed technology to enhance seed resistance to
storage pests.

There are also proteins which are structurally related
to cystatins with no inhibitory activity against papain-like
enzymes. Thus, CRES (cystatin-related epididymal sper-
matogenic)123, 124, cystatin SC and TE-1 expressed in testis
and epididymis125 and some other related proteins are ten-
tatively classified into a subgroup of the type 2 cystatins.
These CREStatins show homology to cystatins, with the
exception of the two hairpin loops, which are essential for
inhibition of papain-like cysteine proteases. In line with
these, CRES was found to inhibit a serine protease pro-
protein convertase 2124. The role of this subgroup of type 2
cystatins might be regulation of proteolysis in the repro-
ductive tract as well as protection against invading
pathogens by inhibiting microbial proteases, as shown by
cystatin 11126. In addition, the three-dimensional structure
of monellin, a small protein responsible for sweet taste,
showed high similarity to the type 1 (stefins) and type 2
cystatins in their secondary and tertiary structures, despite
having no functional relationship127. Also, the only en-
dogenous protein inhibitor of metallocarboxypeptidases,
human latexin, that consists of two subdomains reminis-
cent of cystatins, does not inhibit the plant cysteine pro-
tease papain128.
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Serpins, as typical protein inhibitors of serine-type
proteases can inhibit also cysteine-type proteases includ-
ing papain family of cysteine type-proteases in cross-type
inhibition23. This was demonstrated for the human squa-
mous cell carcinoma antigen 1 (SCCA) as a potent in-
hibitor of cathepsins K, L and S129, its mouse ortholog
SQN-5, which inhibits in addition cathepsin V, but not
cathepsins B and H130, and hurpin, which appears to be
very specific and only inhibits cathepsin L (131).
Similarly, serpin endopin 2C demonstrates selective inhi-
bition of cathepsin L compared to elastase132, 133.
Physiological functions of these serpins are not complete-
ly clear yet23.

In addition, α2-macroglobulin is known as the only
protein inhibitor that can inhibit several different types
of proteases, including papain-family of cysteine pro-
teases134.

4. Mechanism of Inhibition 
of Lysosomal Cysteine 

Cathepsins

At the end of the 1980s, the first crystal structure of
a protein inhibitor of cysteine proteases, chicken egg-
white cystatin was determined, which was a critical step
towards the elucidation of the molecular mechanism of in-
hibition of cysteine cathepsins by cystatins135, 136. The
chicken cystatin molecule consists of a five turn α-helix
and a five stranded antiparallel β-pleated sheet, which is
twisted and wrapped around this α-helix. On the basis of
this structure it was proposed that there are three regions
crucial for interaction with proteases: the amino terminus
and two hairpin loops. The first loop contains a QXVXG
sequence conserved in almost all inhibitory members of
cystatins, whereas the second loop contains a Pro-Trp mo-
tif, which is also highly conserved in the cystatins. Both
loops and the amino terminus form a wedge-shaped edge,
which is highly complementary to the active site of the en-
zyme. The N-terminally truncated forms of chicken cys-
tatin confirmed the crucial importance for binding of the
residues preceding the conserved Gly-9 residue, providing
further evidence for the validity of the proposed mecha-
nism of interaction137. Finally, this mechanism, based on
the docking model135, was confirmed by the successful
preparation of recombinant human stefin B138 and the re-
sulting crystal structure of the human stefin B-papain
complex139. This complex demonstrated unambiguously
that inhibition of cysteine proteases by cystatins is funda-
mentally different from that observed for serine proteases
and their inhibitors.

Although cystatins are rather non-specific inhibitors
of cysteine cathepsins, they are capable of discriminating
between endo- and exopeptidases. The active site of true
endopeptidases, such as cathepsins S, L, K, papain and

cruzipain, is free to accommodate the cystatins. In con-
trast, the decreased affinity of exopeptidases for cystatins,
is caused by steric hindrance of the loops in carboxypepti-
dases cathepsins B52 and X62, and propeptide parts in
aminopeptidases cathepsins H56 and C63. It was recently
reported that binding of cystatin-type inhibitors to papain-
like exopeptidases can not be satisfactorily explained
solely on the basis of the stefin B-papain complex139. The
crystal structure of human stefin A-porcine cathepsin H
complex showed some distinct differences, which induced
small distortion of the structure upon the formation of the
complex140. The N-terminal residues of stefin A adapted a
form of a hook, which slightly displaced cathepsin H mi-
ni-chain and distorted a small part of the structure (Fig 4).
In addition, stefin A was found to bind deeper into the ac-
tive site of cathepsin H than stefin B into the active site of
carboxymethylated papain.

Fig. 4. Binding of the stefin A into cathepsin H active site. Stefin A
fold is shown as a green chain trace. whereas cathepsin H fold is
shown in yellow. Cathepsin H mini-chain residues are shown as red
sticks which are thicker for the main chain. The mini-chain is at-
tached to the body of cathepsin H with a disulfide shown as red-
yellow chain. The identified carbohydrate rings are shown in cyan.
The N-terminus of stefin A displaces the C-terminus of the mini-
chain by pushing its residues outside the binding cleft.

Equilibrium constants for dissociation of complexes
between human cystatins and lysosomal cysteine proteas-
es are summarized in Table 1. The affinity differences can
be explained by the differences in the active site regions of
endo- and exopeptidasessee above; 23, 61. However, it was re-
cently reported that mouse stefin A variants discriminate
between papain-like endopeptidases such as cathepsins L



= 7.2 pM) and, to a lesser extent, mouse cathepsin S (Ki
= 85.4 nM)36. These Ki values are sufficiently low to en-
sure complex formation at physiological concentrations.
In fact, the complex of human cathepsin L and p41 frag-
ment was isolated from human kidney104 and its crystal
structure was determined54. The structure of the p41
fragment demonstrated a novel fold with a three loop
arrangement bound to the active site cleft of cathepsin L.
This mode of binding resembles binding of the cystatins
to their target enzymes, thus demonstrating an example
of convergent evolution. All these findings suggest that
regulation of cysteine cathepsins by the p41 fragment is
an important control mechanism of endocytic antigen
presentation36. Similarly to the p41 fragment, equistatin
binds rapidly and tightly to cathepsin L (Ki = 0.051 nM)
and papain (Ki = 0.57 nM), but with a lower affinity to
cathepsin B (Ki = 1.4 nM)106. However, the role of equi-
statin and some other thyropins is still not well under-
stood.

5. Conclusion

An enormous progress has been made in under-
standing of protein degradation process under normal and
pathological conditions and proteases are now clearly
viewed as important drug targets. This is true also for the
cysteine cathepsins, which have been validated as relevant
targets in osteoporosis, immune disorders, cancer and
rheumatoid and osteoarthritis16, 17, 150–152. The develop-
ment of drugs based on inhibition of cysteine cathepsins
has advanced into clinical testing with compounds target-
ing cathepsins S and K, and cathepsin K inhibitors as the
most advanced of them are probably in Phase III clinical
trials. Many of the pioneering studies mentioned above
contributed significantly to the current status of these pro-
teases.
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and S, and the exopeptidases cathepsins B, C and H. The
interaction with exopeptidases is several orders of magni-
tude weaker compared to human, porcine and bovine
stefins141. The cystatins inhibit their target enzymes in the
µM to pM range. The most potent inhibitors are human
and chicken cystatins, which inhibit endopeptidases, such
as papain, cathepsin L, and cathepsin S (not shown in
Table 1). It is interesting that the replacement of the three
N-terminal residues preceding the conserved Gly of
stefin A by the corresponding 10-residues long segment
of cystatin C increased affinity of the inhibitor for cathep-
sin B by about 15-fold142, suggesting that the inhibitory
potency of cystatins can be substantially improved by
protein engineering. Human cystatin C and stefins A and
B strongly inhibits cruzipain from the protozoan parasite
T. cruzi, suggesting a possible defensive role in the host
organism after infection143. However, most of the cys-
teine proteases in Trypanosomatids, including cruzipain,
possess a catalytic domain and an unusual C-terminal ex-
tension7. It was shown, from experiments in the presence
and in the absence of the C-terminal domain, that the lat-
ter is not involved in the hydrolysis of small peptide sub-
strates65, or involved in the high stability of cruzipain
against inactivation at neutral pH144. There are additional
publications about the inhibitory properties of other cys-
tatins and their effects on cysteine proteasesreviewed in 11, 23,

29, 30, 83, 145–148.
Among thyropins the most investigated inhibitors

are the p41 Ii fragment of the MHC class II complex and
equistatin. It was previously shown that this p41 frag-
ment inhibits human cathepsin L (Ki = 1.7 pM), whereas
the activity of cathepsin S remains unaffected105. It also
inhibits cruzipain with Ki = 58 pM149. With the discovery
of new cathepsins, it became evident that human p41
fragment also inhibits human cathepsins V (Ki = 7.2
pM), K (Ki = 90 pM) and F (Ki = 0.51 nM), whereas
mouse p41 fragment inhibits also mouse cathepsin L (Ki

Table 1. Equilibrium constants for dissociation (Ki) of complexes between human cystatins and chicken
cystatin with lysosomal cysteine proteases (human cathepsins, papain and cruzipain)

Ki (nM)
Cystatin Papain Cathepsin B Cathepsin H  Cathepsin L Cruzipain
Stefin A 0.019 8.2 0.31 1.3 0.0072
Stefin B 0.12 73 0.58 0.23 0.060
Cystatin C 0.00001 0.27 0.28 <0.005 0.014
Cystatin D 1.2 >1000 7.5 18 n.d.
Cystatin E/M 0.39 32 n.d. n.d. n.d.
Cystatin F 1.1 >1000 n.d. 0.31 n.d.
Cystatin S 108 n.d. n.d. n.d. n.d.
Cystatin SA 0.32 n.d. n.d. n.d. n.d.
Cystatin SN 0.016 19 n.d. n.d. n.d.
Chicken  cystatin 0.005 1.7 0.06 0.019 0.001
L-kininogen 0.015 600 0.72 0.017 0.041

n.d. (not determined), Ki values for human cystatins30, chicken cystatin83 and cruzipain inhibition by
cystatins143
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Povzetek
Dolo~itev celotnega ~love{kega genoma je pokazala, da predstavljajo proteaze pribli`no 2 % vseh izra`enih genov ter so
tako ena od najve~jih skupin proteinov. Splo{na predstava o proteazah kot encimih, ki samo razgrajujejo proteine, se je
v zadnjem ~asu popolnoma spremenila. Tako sedaj proteaze predstavljajo pomembne signalne molecule, ki sodelujejo
pri regulaciji {tevilnih klju~nih procesov. Cisteinski katepsini predstavljajo posebno skupino papinu-podobnih cistein-
skih proteaz, ki se nahajajo predvsem v lizosomih. Poleg tega, da so klju~ni za znotrajceli~no razgradnjo proteinov, ima-
jo zelo pomembne vloge pri imunskem odzivu, procesiranju proteinov, resorbciji kosti ter {tevilnih drugih procesih.
Njihova aktivnost je strogo regulirana, pri ~emer imajo najpomembnej{o vlogo njihovi endogeni proteinski inhibitorji
cistatini in tiropini. V tem preglednem ~lanku je predstavljeno sedanje stanje poznavanja cisteinskih katepsinov in nji-
hovih endogenih inhibitorjev, vklju~no z njihovo specifi~nostjo in mehanizmom interakcij. 
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