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ABSTRACT

Proteases are widespread enzymes that control
protein functions inside and outside a cell. Their
well directed action is predominantly ensured by
the availability of various more or less specific
inhibitors, which themselves may be proteins.
Cysteine proteases namely the thiol-dependent
cathepsins are the most important intracellular
proteolytic enzymes. The control of their activities
is realized by limited proteolysis of their polypeptide
chain, a change of the redox potential of their
environment or by the inhibition via small peptide
analogues as well as proteinaceous inhibitors.
The by far most important protein inhibitors of
cysteine proteases widely distributed are those of
the chagasin and the cystatin family, respectively,
well-known as relatively small (~10-12 kDa) and
very robust monomeric proteins. Orthologous
sequences are also found as oligo- and multi-
domain single chain proteins consisting of up to
eight cystatin domains that probably arise as a
result of multiple events of gene duplications.
Moreover, single and multiple cystatin domains
that precede the prosequences of particular
cathepsins, known as cathepsin F, can be
identified in data bases. In these predicted and
partially characterized proteins up to 17 cystatin
domains are found, which in most cases are
recognizable due to their typically conserved
protease binding motifs. Although it may suggest
itself that these domains are involved in the
control of enzyme activities of endogenous and

*scholze@biologie.uni-osnabrueck.de

exogenous proteases for the purpose of cell
protection, the significance of multiple cystatin
domains in these proteases is still completely
unknown.
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INTRODUCTION

Cystatins are well studied cysteine protease
inhibitors found in all kingdoms of life, implying
eukaryotes and Bacteria, but not Archaea [1].
This widespread protein family features relatively
small, single chain proteins (M, 11,000 to 18,000)
characterized by the presence of a conserved
QXVXG motif in their primary structure
functioning as the main protease binding region
[2]. The functions of members of this protein class
are primarily the inhibition of proteolytic activities
of cysteine peptidases of the papain-type which
represent a major protease class in all kingdoms
of organisms, both intra- and extracellularly [3].
In addition to the monomeric cystatins, several
proteins containing more than one cystatin domains
are found to be involved in a lot of physiological
processes, such as blood coagulation, or are
components of the kallikrein-kinin-system involved
in inflammation or blood pressure regulation
[4]. Those important members of the cystatin-
superfamily are the kininogens and other serum
proteins, namely the fetuins participating in transport
processes of several substances in the blood [5, 6].
Although diverse studies concerning the biological
roles of these multi-domain proteins have already
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been done, the detailed contributions of the cystatin
domains within these processes are still uncertain
[3, 7]. The upcoming knowledge of sequence
data available from the vast number of genome
sequencing projects enables the identification of
further putative proteins containing single- and
polycystatin sequences. These in turn are found as
discrete open reading frames or as constituents of
various cysteine peptidase encoding genes whose
real functions wait to be discovered. Ideas to this
are described in the following.

Monocystatins

Monomeric cystatins are subdivided into type |
cystatins (stefin A and B syn. cystatin A and B) and
type Il cystatins (the true cystatins) [2]. Solely
true cystatins (for example cystatin C) possess
two intramolecular disulphide bonds near their
C-termini [8]. Apart from the stefins [9], all
monocystatin sequences encoded in animal genes
(except protists), and almost all examples of plant
and bacterial origins, respectively, are equipped
with signal sequences suggesting that these proteins
fulfil their main tasks non-cytoplasmatically or
extracellularly [2]. The most important protease
binding motif of cystatins, QXVXG and relatives,
is known to build up the first hairpin loop
representing the central part of the wedge-shaped
structure of the cystatin molecule, as evaluated by
X-ray crystallography [10]. The protease binding
region also includes the N-terminal glycine residue
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and, in case of type Il cystatins, the RP-sequence
close to the C-terminus designing the third minor
binding site [10]. In all examples of monocystatin/
protease interactions studied so far, the molar
ratio of protease and bound inhibitor observed is
1:1. The binding of a cystatin molecule to its
target protease is very tight, but not covalent, with
Ki’s in the picomolar range [11]. Forming of the
protease/inhibitor complex, in which the active
site of the protease is completely masked by the
inhibitor molecule thereby blocking the access of
a substrate, does not induce large conformational
changes within both binding partners [12].

As already mentioned, cystatins are only found in
eukaryotes and Bacteria; out of which bacterial
cystatins never contain more than one cysteine
residue in their amino acid sequence, so that
they are unable to form intramolecular disulphide
bonds (Fig. 1). This fact, together with the
comparatively low molecular sizes (less than 90
residues) and the absence of the PW-motif in their
primary structures [9], suggests that bacterial
cystatins are more related to type | cystatins
(stefins) than to type Il cystatins. By contrast,
phytocystatins (exclusively from angiosperms) are
more related to animal cystatin C than to cystatin
A and B, respectively, which is reflected in
the presence of a sequence triplett near their
C-terminus forming the second hairpin loop
(Fig. 1) [13]. Furthermore, it is obvious that those
residues preceding the PW-motif in the second
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Fig. 1. Alignment of mono-cystatin sequences from plant, insect and bacterium compared to human cystatin
A and C. Searches for mono-cystatin sequences was performed by BLAST searches of the NCBI database
(http://www.ncbi.nlm.nih.gov/blast). Multiple alignments were performed using the ClustalW algorithm
(http://mobyle.pasteur.fr/cgi-bin/portal.py) [29]. Identical residues are shown in black, strongly similar ones
in grey; bars above the sequences indicate the three main protease binding motifs.
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hairpin loop of plant cystatins in most cases
are lysines, occasional arginines, whereas this
position in animal cystatins is frequently occupied
by glutamine residues. This observation generally
emphasizes the importance of a polar residue at
this position; in case of plant cystatins, positively
charged amino acids are favoured here.

Oligocystatins

Gene sequences deposited in the data base
encoding polypeptide chains composed of two
or more cystatin domains so far are only found
in eukaryotes, but not in prokaryotes. Predicted
proteins consisting of solely two cystatin
monomers (dicystatins) can be identified in genes
of a minor number of insects and molluscs such as
the water flea Daphnia pulex and Daphnia magna,
respectively, and the mollusc Haliotis diversicolor
supertexta. Additionally, numerous different plant
species as well as the green alga Coccomyxa
are equipped with genes encoding dicystatins
[14]. Whereas the individual cystatin domains
of animal dicystatins may be evolved by simple
gene duplications, the situation in the plant
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counterparts looks quite differently. Comparisons
of the individual cystatin domains of dicystatins
from different plant sources reveal that either of
their two cystatin domains altogether show greater
discrepancies among each other than the respective
domains from different dicystatins (Fig. 2). This
manifests itself in that sequence alignments of the
first domains from different plant species alone
reveal more than 80% identity, whereas alignments
of each of the anterior and posterior domains of a
particular dicystatin display sequence identities
of only about 20%. As can further be taken from
Fig. 2, the glutamine residues occupying the first
position of the pentapeptide motif in the first
cystatin domain of many plant dicystatins each
are frequently replaced by glutamates followed by
two aliphatic and two acidic residues in the
respective motif of the second domain. The fact
that the sequences of the second cystatin domains
of most plant dicystatins in each case deviate
more considerably from those of the first domains
is also expressed in the absence of the turn-forming
proline and the following tryptophan residue
forming the second hairpin loop. From this, it

Fig. 2. Alignment of sequences of single cystatin domains from plant dicystatins. Identical residues are
shown in black, strongly similar ones in grey; bars above the sequences indicate the three main protease
binding motifs. Sequence searches and alignments were performed as described in the legend of Fig. 1.
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can be concluded that the primary structures of
phytodicystatins are obviously not the products
of single gene duplications, but may rather be
derived from fusions of separately developed
genes (convergent evolution) after lateral gene
transfer (Fig. 3).

Gene sequences deposited in the data base
encoding polypeptide chains consisting of more
than two cystatin monomers can be found in the
genomes of the mentioned avertebrates as well as
of angiosperms. These include open reading
frames from the water flea Daphnia pulex and
the abalone Haliotis discus hannai, respectively.
Tricystatins have been identified in the genomes
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of the crop plants tomato and bean, and have
already been purified from seeds of sun flower
[15]. In this regard, it can be seen straight away
that the animal examples are distinguished from
their plant counterparts in a particular exchange of
the glutamine residue by a glutamate at the first
position of the pentapeptide motif constituting the
first hairpin loop (Fig. 4). It can generally be
observed that the particular first positions of
the tripeptide motifs in each of the three cystatin
domains of animal tricystatins forming the second
hairpin loop are occupied by glutamines, whereas
those positions in their herbal counterparts
are exclusively faced by lysine/arginine residues.
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Fig. 3. Horizontal cladogram of sequences of both cystatin domains from plant dicystatins. Each cystatin
domain occupy separate and trans-species clades. The dendrogram was created by the Neighbour-Joining
method [30]. Insert shows a schematic representation of tricystatin molecules from plants and insects.
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Fig. 4. Alignment of sequences of single cystatin domains from plant tricystatins. Identical residues are
shown in black, strongly similar ones in grey; bars above the sequences indicate the three main protease
binding motifs. Sequence searches and alignments were performed as described in the legend of Fig. 1.
Insert shows a schematic representation of a tricystatin molecule.
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This in turn suggests that neutral or positively
charged polar residues are important for protease
binding at this site. Note that oligocystatins in
most cases are equipped with signal sequences
suggesting that their main functions are
extracellular. These tasks rather imply the defence
of pests than the performance of own housekeeping
processes.

Polycystatins

A gene encoding a single protein solely composed
of six cystatin units is found in the genome of the
tobacco hornworm Manduca sexta. The polypeptide
chain of this hexacystatin (M, 70 kD, pl 8.8) is
recognizable by containing not less than six
exemplars of the strictly conserved canonical
sequence motifs, QVVSG. In this polycystatin, the
cystatin domains 1 and 3 are completely identical,
the sequences of the other cystatin units differ
only marginally from each other. Typical features
of the individual cystatin modules of this
hexacystatin comprise two successive glycine
residues close to the individual N-terminal regions
of each cystatin unit (Fig. 5); solely glutamine
residues precede the PW motifs as parts of the
second hairpin loops near their C-termini. The
high similarity of the respective cystatin domains
in this multi-domain protein is also expressed by
the phylogenetic tree, as shown in Fig. 6 (upper
scheme), which gives an impression of the branching
events during evolution. The canonical and
symmetrical appearance of multiple and strongly
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conserved cystatin domains in this protein
suggests its emergence from a single precursor by
simple gene duplications at recent times.

A gene encoding a protein composed of actually
eight cystatin repeats is found as elicitor-inducible
protein in the tomato Solanum lycopersicum and
in the potato Solanum tuberosum [16, 17, 18, 19].
The primary structures of their various central
pentapeptide motifs together with the C-terminal
canonical tripeptides in each cystatin domain of
these octameric cystatins differ more considerably
from each other than those of the mentioned
hexacystatin of M. sexta, although the repetitive
occurrences of the typical canonical cystatin
motifs (QXVXG{24}R/KEW) in these angiosperms
are undoubtedly discernible (Fig. 6, lower scheme)
[18, 19]. The major sequence divergence of the
individual cystatin units of the potato and tomato
octacystatins indicate major distances among
incidents of gene duplications and subsequent
mutations than in the M. sexta protein (Fig. 6).
The physiological role of this polycystatin has
been supposed to be protease inhibition during
tuber growth or a general protective role against
proteolytic attacks [17, 20, 21].

Cystatin/cathepsin F-chimaera

Further cystatin sequences are deposited in
the sequence data base encoding proteins which
represent chimera of cystatins and papain-like
cysteine proteases. Cysteine proteases of the
papain-type, classified as Clan CA, family C1A,
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=

Fig. 5. Alignment of sequences of cystatin domains from the hexacystatin of M. sexta. Different residues are
designated, identical residues are denoted by a dot. Sequence alignments of the cystatin domains were
performed as described in the legend of Fig. 1. Domains 1 and 3 are identical.
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Fig. 6. Phylogenetic relationship of cystatin domains of poly-cystatins. Upper schemes,
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dendograms of

cystatin domains from M. sexta (left) and S. tuberosum (right). The dendrograms were created as described
in the legend of Fig. 3. Lower schemes, domain structures of poly-cystatins from M. sexta (upper string) and

S. tuberosum (lower string).

in the MEROPS database, are hydrolytic enzymes
assuming a vesicular and extracellular position
of action [2, 22]. These enzymes are usually
synthesized as zymogens or proenzymes and later
on are converted to their active forms by limited
proteolyses. The precursors of papain-like proteases
usually contain N-terminal extensions of about
60 amino acid residues each forming a-helical
domains that cover the substrate-binding site,
thereby preventing the approach of a substrate
before the enzyme has arrived at its target location
[23, 24]. During zymogen activation, this peptide
region is removed by proteolytic cleavage either
autocatalytically or by the action of another
protease activity resulting in a conformational
change that facilitates the access of a substrate to
the active site [25]. The propeptide sequences in
turn in some cases are homologous to another
inhibitor type of cysteine peptidases known as 129
that also exists as individual protein [9, 26].
A protease comprising a papain-type protease
sequence at its C-terminal section and an 129
domain at its N-terminus is classified as cathespin
F, an enzyme which plays an important role in the
formation of peptides for antigen presentation in
mammals [27, 28].

Surprisingly, a lot of genes encoding complete
cystatin modules arranged N-terminally to the 129
propeptide region of cathepsins F can be traced in
data bases. In these derived proteins, the cystatin

domains are parts of the prosequence of the
particular cysteine protease and may be enclosed
as single or as multiple copies. The calculated
molecular masses of the predicted protein products
range from 50 to 300 kD, and many of them are
additionally equipped with signal sequences.
Monocystatin domains residing N-terminally to
cathepsin F are found in mammalians, including
Homo sapiens, and in amphibians, fishes, insects
and worms; their domain organization is depicted
in Fig. 7 (upper pictogram). Chimeric proteins
containing two successive cystatin domains
N-terminally connected to their particular cathepsin
F are solely found in insects of the order
Hymenoptera, such as ants, bees and wasps, and
in some Hemiptera and Diptera. The primary
structures of the individual cystatin domains of
these chimeric proteins often deviate more strongly
from each other than those observed in the
mentioned polycystatins. That manifests itself in
the nature of their respective first cystatin domains,
whose sequence tripletts forming the second hairpin
loop each are generally more related to plant than
to animal cystatins, an observation which suggests
the adoption of these cystatin genes by various
lateral gene transfers from multiple sources at
different times.

Open reading frames encoding chimeric proteins
composed of cathepsin F and three or more
cystatins are found in insects, such as the jumping
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Fig. 7. Schematic representation of domain structures of cystatin/cathepsin F-chimaera. Upper pictogram,
Chimeric protein consisting of one or more cystatin domains (short tube), an 129 inhibitor domain (cube) and a
cathepsin unit (long tube). Lower pictogram, the same as in the upper one plus an undefined polypeptide region
and an N-terminal cystatin unit; m denotes values from 1 to 17, n is up to 5.

ant Harpegnathos saltator (3 cystatin domains),
the stink bug Plautia stali (4), the malaria
transmitting mosquito Anopheles gambiae (5), the
red flour beetle Tribolium castaneum and the
silkworm Bombyx mori (9), respectively. An
example of a gene coding for a chimeric protein
containing not less than 17 cystatin domains
located N-terminally to its cathepsin F sequence is
found in the mentioned moth M. sexta. In this
predicted multi-domain protein, a block of nine
canonical cystatin sequences correspond to that
found in the hexacystatin protein from the same
organism, whereas the residual cystatin domains
more strongly diverge from each other (Fig. 7,
lower pictogram). In other examples of multi-
domain proteins found in the data base containing
both cathepsin F and cystatin units, the sections
containing the cystatin domains may be interrupted
by large segments of sequences of unknown
significance. These segments characterized by a
high content of diglycine motifs are found in
some mosquitoes, such as Anopheles and Culex
species. In these predicted proteins the undefined
sequence segments always start after the end of
the first cystatin domain and may consist of up to
900 residues; further up to five cystatin domains
follow and reside directly in front of the 129
sequence. The significance of all these chimeric
proteins is still unknown.

CONCLUSION

The protein group of cystatins comprise an
important class of cysteine protease inhibitors
and is found in all kingdoms of life except
Archaea. Sequence comparisons reveal that cystatin
monomers of vertebrate and plant origins are

more related to cystatin C than to cystatin A or
B (stefins), whereas monomeric cystatins from
protists as well as from bacteria rather resemble
stefins A/B. However, cystatins not only are
found as individual and relatively small proteins,
but also in terms of large single-chain proteins, in
which several cystatin domains are lined up like
pearls on a string. The evolutional divergence of
the single cystatin domains in these proteins is
quite different, ranging from rather identity in the
Manduca hexacystatin to greater variety in
divalent plant cystatins. Multi-domain cystatins
may either be composed of solely up to eight
individual cystatin units, or may be made up of
one or many cystatin units N-terminally attached
to the proform of cathepsin F, which itself
consists of a particular papain-like cysteine
protease and the cysteine protease inhibitor 129. In
some of these multi-domain cysteine proteases,
the stretch of multiple cystatin sequences is
interrupted by large regions of diglycine-rich
regions of unknown significance. It is supposed
that the cystatin units found in plant and insect
proteins are involved in the defense of pathogens.
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