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Aqueous extracts of thistle flowers from the genus Cynara—Cardueae tribe Cass. (Cynareae Less.), Astera-
ceae Dumortier—are traditionally used in the Mediterranean region for production of artisanal cheeses.
This is because of the presence of aspartic proteases (APs) with the ability to coagulate milk. Plant APs,
collectively known as phytepsins (EC 3.4.23.40), are bilobed endopeptidases present in an ample variety
of plant species with activity mainly at acidic pHs, and have two aspartic residues located on each side of
a catalytic cleft that are responsible for catalysis. The cleavage of the scissile peptide-bond occurs primar-
ily between residues with large hydrophobic side-chains. Even when aspartylendopeptidase activity in
plants is normally present at relatively low levels overall, the flowers of several species of the Cardueae
tribe possess APs with extremely high specific activities in certain tissues. For this reason, in the last two
decades, APs present in thistle flowers have been the subject of intensive study. Present here is a compi-
lation of work that summarizes the known chemical and biological properties of these proteases, as well
as their biomedical and biotechnological applications.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Aspartic proteases (APs) are widely distributed among verte-
brates, plants, yeasts, nematodes, parasites, fungi, and viruses, thus
ll rights reserved.
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playing key roles in a variety of physiological and pathological con-
texts (Davies, 1990; Simões and Faro, 2004).

According to the MEROPS database (Rawlings et al., 2012) cre-
ated by Rawlings & Barrett, plant APs are distributed among the
families A1, A2, A3, A11, A28, and A33 of clan AA; family A8 of
the clan AC and families A22, and A24 of clan AD. Along with pep-
sin-like enzymes from various sources, most plant APs belong to
the A1 family (the pepsin family; Rawlings et al., 2012). These phy-
toAPs are present in an ample variety of plant species and have
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been characterized and purified from different tissues such as
seeds, flowers, and leaves (Feijoo-Siota and Villa, 2011; González-
Rábade et al., 2011; Lufrano et al., 2012). Because of their diversity
plant APs have been grouped into 3 classes—i.e., typical
plant-aspartic, atypical plant-aspartic, and nucellin-like protein-
ases—depending on their putative domain organizations and their
active-site–sequence motifs (Faro and Gal, 2005). Typical plant APs
belong to the subfamily A1A, while the other two classes are
grouped almost exclusively in subfamily A1B. The Nomenclature
Committee of the IUBMB has adopted the general name phytepsins
(EC 3.4.23.40) for all typical plant APs (NC-IUBMB, 1997). In the lit-
erature, however, a universal name to refer to these peptidases is
not commonly found, and the names used tend to indicate a partic-
ular species or tissue from which each enzyme has been purified.

All the peptidases in family A1 are endopeptidases, mainly
active at acidic pH, and with two aspartic residues responsible
for catalytic activity. The two catalytic Asp residues, like the pro-
tein lobes in which they are contained, are homologous to each
other. The two domain-structure was suggested as having arisen
from an ancestral-gene duplication since retroviral, retrotranspo-
son, and badnavirus proteases (Pfam PF00077) are much smaller
and appear to be homologous to either of the two lobes of the
eukaryotic APs (Tang, 2004). APs are synthesized in a precursor
form containing an N-terminal signal peptide and a propeptide.
APs display specificity for residues with large hydrophobic side-
chains on either side of the scissile bond—e.g., Phe, Val, Ile, Leu—
at P1 and P10 (Dunn and Hung, 2000; Rawlings et al., 2012). Pepsta-
tin A—a tightly binding, reversible peptidase inhibitor—is the one
most widely used in the family A1 (Rawlings et al., 2012).

Plant APs that have been characterized from the A1 family are
mostly targeted to lytic vacuoles or to the vacuolar-protein stor-
age-body compartment, even though some of the APs are either di-
rected at the endoplasmatic reticulum or else secreted into the cell
wall or towards the apoplast (Almeida et al., 2012; González-Rábade
et al., 2011; van der Hoorn, 2008). In-silico analysis of targeting sig-
nals for most putative APs of the Arabidopsis thaliana genome is in
accordance with the expected localization in the secretory system,
but also predicts other sites, such as the chloroplast or mitochondria,
with several APs indicated as being bound to membranes (Faro and
Gal, 2005). Inactive proenzymes are in general activated autocata-
lytically at acidic pH in vitro, but the process is not always complete
under these conditions, suggesting that in vivo completion of matu-
ration might require action of other protease(s) and/or exopepti-
dase(s) (Castanheira et al., 2005; Rawlings et al., 2008).

This review focusses on characterization of the APs present in
the flowers of several species of the tribe Cardueae Cass. (Cynareae
Less.), family Asteraceae Dumortier, intensively studied as a result
of the occurrence of these peptidases. Here the known chemical
and biological properties of these proteases are summarized as
well as their biomedical and biotechnological applications.
2. Thistle flowers as producers of phytepsins

Because of the presence of APs with the ability to coagulate
milk, thistle flowers from the genus Cynara are traditionally used
in the Mediterranean region for production of artisanal cheeses
(Roseiro et al., 2003; Silva and Malcata, 2005a). Moreover, con-
sumer constraints on the use of rennets for religious reasons, diet
(e.g., vegetarianism) or opposition to genetically engineered foods
have prompted study of these enzymes as rennet substitutes
(Roseiro et al., 2003). Cynara cardunculus L. (cardoon) produces
two identified groups of typical plant APs—cardosins and cypro-
sins—in mature flowers. Even when overall aspartylendopeptidase
activity in plants is normally present at relatively low levels, these
flowers possess extremely high AP activity in certain tissues
(Cordeiro et al., 1994a; Duarte et al., 2006; Figueiredo et al.,
2006; Ramalho-Santos et al., 1996, 1997).

From C. cardunculus-dried-flower extracts, obtained at alkaline
pH (8.3), three glycosylated peptidases with milk-clotting activity
were isolated and named cynarases 1, 2, and 3 (Cordeiro et al.,
1994a; Heimgartner et al., 1990). The name cynarase was later re-
placed by cyprosin according to the AP-naming conventions
(Cordeiro et al., 1994a). The purification process included fraction-
ation by ammonium-sulfate precipitation (30–80% saturation) and
anion-exchange chromatography on DEAE-Sepharose and MonoQ
columns (Heimgartner et al., 1990). Each purified peptidase con-
sists of two subunits, one large (32.5–35.5 kDa) and one small
(13.5–16.5 kDa), that show pI microheterogeneity (at ca. 4.0) upon
analysis by two-dimensional electrophoresis (Cordeiro et al.,
1994a). Among these three peptidases, cyprosin 3 is the one most
similar to chymosin—the enzyme used to coagulate milk of differ-
ent mammals in the manufacture of cheese (Cordeiro et al., 1992).

In contrast, cardosins have been purified and characterized from
fresh stigmas of C. cardunculus (Veríssimo et al., 1995). Contrary to
expectation, cardosins and cyprosins have never been co-purified
(Pimentel et al., 2007). The purification process used for cardosins
involved extraction at acid pH followed by size exclusion on Super-
dex 200 and anion-exchange chromatography on MonoQ. At acidic
pH between 75% and 90% of total extracted enzyme activity corre-
spond to cardosin A, which enzyme in terms of specificity and kinetic
parameters proved to be similar to chymosin, whereas cardosin B,
the second most active, was similar to pepsin (Faro et al., 1995;
Ramalho-Santos et al., 1996, 1997; Veríssimo et al., 1995, 1996).
Both cardosins are glycosylated enzymes (Costa et al., 1997).

In later studies, Sarmento et al. (2009) purified and character-
ized four new APs from the pistils of C. cardunculus, thus elevat-
ing the number of APs that had been isolated, purified, and
biochemically characterized from this species to nine. These four
enzymes—cardosins E, F, G, and H—are dimeric (ca. 27 kDa and
11 kDa for the heavy and light chains, respectively), glycosylated,
and with maximum activity at around pH 4.3. The primary
structures of the three were partially determined by N- and C-
terminal sequencing and by peptide mass-fingerprinting through
both MALDI-TOF/TOF and LC-MS/MS analyses. These enzymes
resemble cardosin A more than they do cardosin B or cyprosin.
The genes for cardosin A, cardosin B, and two APs not yet iso-
lated (the cardosins C and D) were characterized and their
expression in C. cardunculus analyzed by real-time polymerase-
chain reactions (Pimentel et al., 2007).

Another member of genus Cynara that has been investigated is
C. humilis, from which species Esteves (1995) isolated only a card-
osin-A-like enzyme from its fresh flowers by acid extraction. Two
groups of investigators have compared this enzyme with chymosin
and the C. cardunculus peptidases (Esteves et al., 2002, 2003;
Vioque et al., 2000).

The presence of APs has also been reported in different anatom-
ical parts and at various developmental stages in the inflorescence
of Cynara scolymus L., commonly known as artichoke (Llorente
et al., 1997). In subsequent studies, Llorente et al. (2004) obtained,
from fresh or frozen artichoke flowers, homogenates at pH 6.0 with
maximal proteolytic activity at pH 5.0 and a pI of around 4.0.
Adsorption with activated carbon, together with anion-exchange
and affinity chromatography, led to isolation of a heterodimeric
milk-clotting proteinase consisting of a 30-plus a 15-kDa subunit.
The amino-terminal sequence of the heavy chain proved to be
identical to cardosin-A larger subunit. Furthermore, three APs were
acid-extracted from the stigmas of dried artichoke flowers at pH
3.0. This step was followed by a purification process consisting of
ultrafiltration and ion-exchange chromatography on a Q-Sephar-
ose column. These purified enzymes were named cynarases A, B,
and C (Sidrach et al., 2005).



Table 1
APs present in several species of the tribe Cardueae Cass. (Cynareae Less.). These are
members of the A1 family (MEROPS database). In the second column, sequence-
access numbers of the databases UniProtKB/TrEMBL or of GenBank are indicated
when possible and the name assigned by authors cited.

Species Enzyme Reference

Centaurea
calcitrapa

Aspartic proteinase Q96383 Domingos et al.
(1998)

Cynara
cardunculus

Cyprosin A X69193 Cordeiro et al.
(1994a)

Cyprosin B (aka cyprosin 3)
Q39476/X81984

White et al.
(1999)

Cardosin A Q9XFX3/AJ132884 Faro et al. (1995)
Cardosin B Q9XFX4/AJ237674 Faro et al. (1995)
Cardosin C Pimentel et al.

(2007)
Cardosin D Pimentel et al.

(2007)
Cardosin E P85136 Sarmento et al.

(2009)
Cardosin F P85137 Sarmento et al.

(2009)
Cardosin G P85138 Sarmento et al.

(2009)
Cardosin H P85139 Sarmento et al.

(2009)
Cynara humilis Cardosin A Esteves (1995)
Cynara scolymus Cynarase A Llorente et al.

(2004)
Cynarase B Sidrach et al.

(2004)
Cynarase C

Cirsium vulgare Cirsin JN703462 Lufrano et al.
(2012)

Onopordum
turcicum

Aspartic proteinase Tamer (1993)

Onopordum
acanthium

Onopordosin Brutti et al. (2012)
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A heterodimeric (30.0 + 16.0 kDa) glycosylated peptidase, des-
ignated cenprosin, was isolated from dried flowers of Centaurea
calcitrapa L. with a maximum activity between pH 4.0 and 5.0
(Domingos et al., 1998). The enzyme was purified in its precursor
form (of 50 kDa) by means of ammonium-sulfate precipitation fol-
lowed by ion-exchange and hydrophobic-interaction chromatogra-
phy. The primary sequence of the zymogen was deduced from the
corresponding cDNA (Domingos et al., 2000).

APs with milk-clotting activity were obtained at pH 3.0 from
fresh flowers of Silybum marianum (L.) Gaertn., commonly referred
to as the blessed milk thistle. A depigmented-enzyme preparation
gave maximal activity at pH 3.8 on haemoglobin as the substrate
(Vairo Cavalli et al., 2005). An AP named silpepsin was obtained
by size exclusion on Superdex 200 and anion-exchange chroma-
tography on a MonoQ-Sepharose column (Vairo Cavalli et al.,
2009).

At least three AP DNA precursors from flowers of Cirsium vulgare
(Savi) Ten. have been cloned, and one of them, in its zymogenic
form, (procirsin) has been characterized and expressed. The recom-
binant procirsin displays typical proteolytic features of APs—e.g.,
acidic pH optimum, inhibition by pepstatin, and a cleavage prefer-
ence between hydrophobic amino acids. This recombinant protein
also displays a high specificity towards j-casein and has milk-clot-
ting activity (Lufrano et al., 2012).

Other sources of APs with milk-clotting activity are flowers of
the thistle genera Onopordum turcicum Danin, Carduus acanthoides
L., Carduus thoermeri Weinm., Arctium minus (Hill) Bernh., and Ono-
pordum acanthium L. (Brutti et al., 2012; Cimino et al., 2010; Tamer,
1993). The enzymes from O. turcicum have been extracted at pH 5.0
and were partially purified by ammonium-sulfate precipitation,
size exclusion, and ion-exchange chromatography. They have a pI
around 3.3–3.7 and a maximal activity at pH 5.0 (Tamer, 1993).
The nature of the catalytic type of the proteases from O. turcicum
involved in milk clotting have not yet, however, been elucidated.
APs with milk-clotting activity were obtained by extraction at pH
6.0 and pH 3.0 from C. acanthoides and C. thoermeri, respectively
(Lufrano et al., 2007). The crude extracts with proteolytic and
milk-clotting activity were prepared from fresh flowers of A. minus
at pH 7.0, partially purified (Sephadex G-25), and characterized. An
analysis of the crude extract by isoelectric focussing and zymo-
gram showed only one active band (of pI 5.0), with an activity
inhibited by pepstatin (Cimino et al., 2010). Milk-clotting activity
has also been reported for extracts obtained at pH 3.0 from fresh
flowers of O. acanthium. The partially purified enzyme preparation,
because of the presence of APs with a pI of 4.4, showed maximal
activity at pH 2.5 on haemoglobin as the substrate (Brutti et al.,
2012).

Table 1 summarizes names given to APs of different organisms
of the tribe Cardue that have been studied and sequence-accession
numbers when available. The amino-acid sequences of the thistle-
APs (Fig. 1), when compared with those of phytepsin or pepsin,
form a separate group from either of the other two—cf. the phylo-
genetic tree shown in Fig. 2. Pimentel et al. (2007) have proposed
that an AP ancestral gene duplicated and gave rise to cyprosins
and cardosins during evolution of C. cardunculus and that thereaf-
ter duplications occurred within both groups.
3. Molecular structure of typical plant APs from thistle flowers

Up to now, the APs purified, cloned, and characterized from
flowers of species of the Cardueae tribe belong to the group of typ-
ical peptidases from the family A1. These peptidases are initially
translated as inactive single-chain precursors, the zymogens, and
subsequently processed to the mature form of the enzymes. The
primary structure of the precursors is characterized by the pres-
ence of a signal sequence that directs the zymogen to the endo-
plasmic reticulum, followed by a propeptide of approximately 40
amino acids (a prosegment), an N-terminal domain, the plant-spe-
cific insert (PSI), and a C-terminal domain (Fig. 3). The primary
structure of the precursors is well-conserved among typical plant
APs (Dunn, 2002; Simões and Faro, 2004). Mature forms of known
thistle-flower APs, as described in Section 3, have two chains: a
heavy one of about 30 kDa—the N-terminal domain—and a light
one of about 15 kDa—the C-terminal domain (Cordeiro et al.,
1994b; Domingos et al., 2000; Ramalho-Santos et al., 1998; Vieira
et al., 2001).

With respect to tertiary folding of the thistle-flower APs, the
crystallographic structure at high resolution (1.7 Å) has been
determined only for mature cardosin A from C. cardunculus. By this
technique, the molecule (PDB code: 1B5F; Fig. 4) is seen to be com-
posed of two glycosylated polypeptide chains of 31 and 15 kDa in
the form of two distinct lobes that are homologous in their poly-
peptide-chain folding. The secondary structure follows the pep-
sin-like single-chain–folding topology. Essentially it consists of a
double-W formed by two interlocked motifs, each comprising a
loop and a strand that together resemble the Greek letter W
(Castillo et al., 1999; Frazão et al., 1999). The active site is located
between those two domains at the bottom of a large cleft. The two
halves of the enzyme act as independent folding structures that
move relative to one other and contribute a single catalytic aspar-
tate each (Asp35 and Asp218) in a co-planar arrangement of the
two carboxylate residues (Frazão et al., 1999). This three-
dimensional ordering is also found in almost all the PDB structures
of APs, even though—and in striking contrast to the abundant pre-
vious structural findings—a refinement of the crystalline structure
of apoplasmepsin II has suggested that the two carboxylate
groups in the catalytic dyad are non-coplanar. Furthermore, the



Fig. 1. Amino acid sequence alignment of thistle APs. The regions corresponding to the N-terminal signal peptide ( ), the prosegment ( ) and the plant-specific insert
( ) are indicated by arrows over the corresponding sequences. Potential N-glycosylation sites are grayed out and the catalytic triads are boxed. Sequence of the enzymes
used for the alignment are cenprosin, CAA70340.1; cyprosin A, CAA48939.1; cyprosin B (aka cyprosin 3), CAA57510.1; cardosin A, CAB40134.1; cardosin B, CAB40349.1;
cardosin E, P85136; cardosin F, P85137; cardosin G, P85138; cardosin H, P85139; and cirsin, AFB73927.2. The available sequences of cyprosin A and cardosins E, F, G, and H
are not complete.
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Fig. 1. (continued)

Fig. 2. Phylogenetic relationship among several thistle-flower AP. Phylogenetic analysis was carried out by the neighbor-joining method, with the distance indicated
according to Grishin and the (protein), phytepsin precursor and pepsinogen are also included. On the basis of the thistle-AP family tree, the APs can be divided into two
groups. Sequence of the enzymes used for construction of the tree were pepsinogen, AAI71897.1; phytepsin, P42210; cenprosin, CAA70340.1; cyprosin A, CAA48939.1;
cyprosin B (aka cyprosin 3), CAA57510.1; cardosin A, CAB40134.1; cardosin B, CAB40349.1; cardosin E, P85136; cardosin F, P85137; cardosin G, P85138; cardosin H, P85139;
cirsin, AFB73927.2.

20 S. Vairo Cavalli et al. / Phytochemistry 92 (2013) 16–32
non-coplanar arrangement may be necessary for initiating the cat-
alytic mechanism—before formation of the tetrahedral intermedi-
ate—as suggested from results obtained by crystallographic
studies, molecular-dynamics simulations of the HIV protease, and
quantum–mechanical and molecular-mechanics simulations of b-
secretase (Friedman and Caflisch, 2010). Accordingly, the co-planar



CardosinA
(AJ132884)

CardosinB
(AJ237674)

CyprosinA
(X69193)

CyprosinB (X81984) 
Cenprosin(Y09123) 
Cirsin(JN703462)

DTG DSG

N-terminal domain

pre pro PSI C-terminal domain

Fig. 3. Schematic representation of the domain organization of thistle-AP precursors from Cynara cardunculus (cardosin A and B and cyprosin A and B), Centaurea calcitrapa,
and Cirsium vulgare (cirsin). Accession numbers for each sequence are indicated in brackets and complete sequences colored. All the enzymes include a signal peptide (pre), a
propeptide (pro), and a plant-specific insertion (PSI domain) separating the two chains of the mature form (N- and C-terminal domains). Uncolored segments of cyprosin A
represent sequences not available on databases consulted. Positions of conserved catalytic motifs, DTG and DSG, and N-glycosylation sites (n) are indicated. Adapted from
Pissarra et al. (2007).
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conformation of the APs observed in crystalline structures would
likely be a result of the low temperatures required in crystallo-
graphic preparations. For plant APs, however, a more in-depth
analysis is still needed for elucidating the three-dimensional
arrangement of the catalytic site. The aspartates in plant-AP se-
quences are contained in two conserved catalytic motifs: Asp-
Thr-Gly (DTG) and Asp-Ser-Gly (DSG)—those differing from the
characteristic counterpart animal and microbial catalytic motifs
(DTG/DTG, Fig 3B). A water molecule bound to both aspartate car-
boxyls by hydrogen bonding is the putative nucleophile in the
hydrolytic mechanism (Frazão et al., 1999).

The crystal structure of cardosin A has an extra b-hairpin of 20
residues in the N-terminal domain that is folded down onto the ac-
tive-site cleft and encloses substrates and inhibitors there (Frazão
et al., 1999). This flexible loop is known as the flap (Fig. 4B), and
constitutes an asymmetric feature of the structure of pepsin-like
peptidases. The flap carries residues essential for specificity, that
can interact with substrates as part of the S1 subsite contributing
to hydrolytic specificity (Andreeva and Rumsh, 2001; Hong and
Tang, 2004; Rawlings and Bateman, 2009). During the catalytic cy-
cle, however, the flap must open to allow entrance of the sub-
strates into the cleft and release of the hydrolytic products (Hong
and Tang, 2004).

Three disulfide bridges have been found in mature cardosin A at
conserved positions within the A1 family. Two of those secondary-
structure linkages are within the heavy chain (Cys45-Cys56 and
Cys206-Cys210) and the third within the light chain (Cys249-
Cys282). In addition to these secondary structures within each of
the chains, the heterodimer is held together by hydrophobic inter-
actions and hydrogen bonds. An additional conserved feature of
the APs is a cis peptide bond between Thr22 and Pro23, with this
latter cis-Pro being located at the tip of the VIb b-turn (Frazão
et al., 1999). The cis peptide bonds in which proline (Xaa-Pro) is in-
volved are preferentially located near the protein’s surface, primar-
ily in bends and turns, and would play a key role in the mechanism
of protein folding (Pal and Chakrabarti, 1999; Stewart et al., 1990).

All phytepsins from cardoon flowers, cardosins, and cyprosins
are glycosylated enzymes. Cardosin A has two N-linked glycosyla-
tion sites (at Asn67 and Asn257) occupied by oligosaccharides
resistant to the removal by endoglycosidase H, the resistance of
which is indicative of prior Golgi processing (Costa et al., 1997;
Duarte et al., 2008). In both subunits of cardosin A, the oligosaccha-
rides identified are of the plant-modified type with a proximal fu-
cose and xylose (Costa et al., 1997). These glycans are located on
the enzymatic surface away from the active-site cleft (cf. Fig. 4),
and therefore the possibility that the oligosaccharide chains play
a significant role in enzymatic activity and specificity is unlikely.
Rather, those sugar residues may enhance conformational stabil-
ization and/or correct protein processing (Frazão et al., 1999).
The cardosins E, F, G, and H isolated from C. cardunculus flowers
are glycosylated heterodimers, but the nature of those glycans re-
mains unknown (Sarmento et al., 2009). Cyprosins, also from car-
doon flowers, are likewise heterodimeric enzymes containing
high mannose-type glycosylations. One of those enzymes has gly-
cosylation on the Asn398 and Asn445 residues (Cordeiro et al.,
1994a), while in another cyprosin isoform amino-acid sequence
the Asn139 and Asn400 were identified as putative glycosylation
sites (White et al., 1999). In both of these examples, one of those
glycosylated sites was localized in the PSI domain. Finally, two
putative N-glycosylation sites in procirsin (of C. vulgare) were also
predicted at these same residues Asn139 and Asn400 (Lufrano
et al., 2012).



Fig. 4. Cartoon representation of a cardosin-A molecule (PDB 1B5F; Frazão et al., 1999). A. The molecule contains two glycosylated peptide chains (31 kDa in deep purple and
15 kDa in light gray). The folding of cardosin A is typical of the A1 family. The protein is bilobed with two domains separated by the large cleft where the active site is located
(indicated by an arrow); the Asp35 and Asp218, within the active site, are shown in orange and in ball-and-stick representation. The two glycans, represented also as ball and
sticks, are N-linked to Asn67 and Asn178, cyan, red and blue balls represent C, O, and N atoms, respectively. Disulfide bonds, as well as Cys involved in the bridges, are shown
in yellow. B. The cardosin A active site. The residues of the catalytic triads are shown in ball-and-stick representation; Asp35 and Asp218 are in orange, Thr33 in green, Gly34
and Gly217 in pink and Ser216 in lyme. The electron density of the flap is shown as a deep purple mesh. (For visualization of these indications of color in the figure, the reader
is referred to the web version of this article.)
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The motif Arg-Gly-Asp (RGD, residues 246–248)—this, in mam-
malian proteins, being typically associated with a functional inte-
grin cell-attachment ligand—was found in the C-terminal portion
of the 31-kDa chain of cardosin A. This sequence is located in a loop
that connects two strands on the enzyme surface opposite to the
active-site groove (Faro et al., 1999; Frazão et al., 1999). Another
amino-acid motif that has been identified from the crystalline
structure of cardosin A, Lys-Gly-Glu (KGE, residues 455–457) mim-
ics the RGD motif in terms of charge distribution and position rel-
ative to the protein core (Simões et al., 2005). The cardosins E, F, G,
and H share the RGD motif—and presumably the KGE motif as were
(Sarmento et al., 2009)—with cardosin A.
Table 2
Interaction of pepstatin A with natural and recombinant APs from Cynara cardunculus
flowers.

Endopeptidase Pepstatin Ki (nM)

Cyprosin 3a <0.1
Cyprosin BR

⁄,b 0.5
Cardosin Ac 3
Cardosin AR

d 1.5
Cardosin Bc 1

R Recombinant.
⁄ aka cyprosin 3.
Data are taken from: aCordeiro et al. (1998); bWhite et al. (1999); cVeríssimo et al.
(1996), dCastanheira et al. (2005).
4. Activities and specificities

APs tend to bind 6–10 peptide residues of the polypeptide sub-
strates in their active site and, as already stated, cleave those pep-
tides at two aspartic-acid–containing catalytic sites. None of the
peptidases in family A1 require cofactors, and all are inhibited by
pepstatin A. Table 2 lists the Ki values of this inhibitor for several
Asteraceae APs. The AP-specificity typically favors bonds with resi-
dues containing large hydrophobic side-chains on each side of the
scissile bond, but several AP members have more restricted speci-
ficities that enable the protein-processing functions (Rawlings
et al., 2012).

Like the majority of other milk-clotting enzymes, thistle APs
cleave j-casein at the bond Phe105-Met106 (Lufrano et al., 2012;
Ramalho-Santos et al., 1996; Sampaio et al., 2008). Some of these
enzymes cleaved as- and b-caseins in different peptide bonds
according to the APs’ specificity (Table 3). Cardosin B also degraded
ovine as- and b-caseins, but not to the same extent. In unfraction-
ated sodium-caseinate preparations, as-caseins were more suscep-
tible to proteolysis by cardosin B than b-casein, whereas with
purified caseins, the opposite was observed (Silva and Malcata,
1999).

Cyprosin 3 has shown higher clotting activity with ewe’s milk
than chymosin, as well as a more specific hydrolysis of proteins
in that type of milk (Cordeiro et al., 1992). The three cyprosins have
a pH optimum around 5.1 with bovine casein as substrate. Through
the use of a fluorometric protease-activity assay, based on release
of trichloroacetic-acid-soluble fluorescent peptides from
fluorescein-isothiocyanate-labelled casein, cyprosin 3 was found
to have the highest specific activity and cyprosin 1 the lowest
(Heimgartner et al., 1990). The use of a library of 46 synthetic
chromophoric octapeptides with systematic variation in the
amino-acid residues confirmed that three isoforms of cyprosin 3
preferentially cleaved peptide bonds between two hydrophobic
amino acids. From a set of four selected peptides, Lys-Pro-Ile-Val-
Phe-Nph-Arg-Leu gave the lowest Km values (15–25 mM), while
Lys-Pro-Ile-Leu-Phe-Nph-Arg-Leu showed the highest kcat values
(34–85 s�1). The reader is referred to Table 4 for more detailed
comparison of the substrates and kinetic parameters. The Ki values



Table 3
Specificity of action of cardosin A and cardosin B from Cynara cardunculus upon isolated bovine, caprine and ovine as1-, b-, and j-caseins. To our knowledge, the independent
action of cardosin A on ovine caseins has not been made available to date.

Endopeptidase Bovine caseins

as1-Casein b-Casein j-Casein

Cardosin A Phe23-Phe24
Phe153-Tyr154
Trp164-Tyr165
Tyr165-Tyr166a

Leu127-Thr128
Leu165-Ser166
Leu192-Tyr193b

Phe105-Met106 b

Cardosin B Phe23-Phe24
Phe150-Arg151
Phe153-Tyr154
Trp164-Tyr165a

Leu165-Ser166
Leu192-Tyr193c

Phe105-Met106c

Caprine caseins

as1-Casein b-Casein j-Casein

Cardosin A and cardosin B Phe153-Tyr154d Leu127-Thr128 Lys116-Thr117e

Leu190-Tyr191d

Ovine caseins

as1-Casein b-Casein j-Casein

Cardosin B Leu156-Asp157
Trp164-Tyr165f

Leu127-Thr128
Leu165-Ser166
Leu90-Tyr191f

Phe105-Met106f

Data are taken from: aRamalho-Santos et al. (1996); bPires (1998a); cPires (1998b); dSilva and Malcata (2000b); eSilva and Malcata (2005a); fSilva and Malcata (1999).
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for pepstatin A were below 0.1 nM for the three isoforms. The pH
optimum for cyprosin 3 proved to be around 4.1 with the synthetic
peptide Lys-Pro-Leu-Gln-Leu-Nph-Arg-Leu as substrate (Cordeiro
et al., 1998). The kinetic parameters for the hydrolysis of Lys-
Pro-Ile-Glu-Phe-Nph-Arg-Leu by a purified preparation of recombi-
nant wild-type cyprosin from Pichia pastoris, when compared with
those of the natural cyprosin 3, were consistent with a pH opti-
mum between 4.5 and 5.0. The kcat and Km values determined for
the naturally occurring isoform (29 ± 3 s�1 and 25 ± 5 lM, respec-
tively) were 3-fold higher and 2-fold lower than the corresponding
respective values derived at pH 5.0 for the recombinant enzyme.
Table 4
Kinetic parameters for hydrolysis of synthetic peptides by naturally occurring and recomb

Endopeptidase Substrate

Cyprosin 3aa Lys-Ser-Ala-Lys-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Gln-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Val-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Leu-Phe⁄Nph-Arg-Leu

Cyprosin 3ba Lys-Ser-Ala-Lys-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Gln-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Val-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Leu-Phe⁄Nph-Arg-Leu

Cyprosin 3ca Lys-Ser-Ala-Lys-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Gln-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Val-Phe⁄Nph-Arg-Leu
Lys-Pro-Ile-Leu-Phe⁄Nph-Arg-Leu

Cyprosin BR
�b Lys-Pro-Ile-Val-Phe⁄Nph-Arg-Leu

Cardosin Ac Lys-Pro-Ala-Glu-Phe⁄Nph-Ala-Leu
Leu-Ser-Nph⁄Ahx-Ala-Leu-OMe

Cardosin AR
d Lys-Pro-Ala-Glu-Phe⁄Nph-Ala-Leu

Cardosin Bc Lys-Pro-Ala-Glu-Phe⁄Nph-Ala-Leu
Leu-Ser-Nph⁄Ahx-Ala-Leu-OMe

Cardosin Ee Lys-Pro-Ala-Glu-Phe⁄Nph-Ala-Leu

Cardosin Ge Lys-Pro-Ala-Glu-Phe⁄Nph-Ala-Leu

Procirsinr
f (MCA)Lys-Lys-Pro-Ala-Glu-Phe⁄Phe-Ala-Leu-Lys(DNP)

a, b, and c are isoforms of cyprosin 3.
R recombinant.
� aka cyprosin 3.
⁄Indicates scissile bond.
Nph is p-NO2-Phe; MCA is 7-amino-4-methylcoumarin amide; DNP is 2,4-dinitrophenyl
Data are taken from: aCordeiro et al. (1998); bWhite et al. (1999); cVeríssimo et al. (199
The temperature dependence of the specificity constant (kcat/Km)
for this chromogenic-substrate hydrolysis by recombinant cypro-
sin increased progressively in magnitude, reaching a maximum va-
lue at 55 �C. Recombinant cyprosin displays a remarkable stability
at temperatures up to 55 �C and at pH values as high as 6.0 (White
et al., 1999). These researchers also studied the primary specificity
of recombinant cyprosin using an inhibitor-peptide library—in
which statine was retained as the centerpiece, occupying the P1–
P10 positions—and systematically examined the effect of substitu-
tions in other positions. Some of those inhibitors were found to
have subnanomolar potencies against the plant enzyme.
inant APs from flowers of the Asteraceae family.

Km (mM) kcat (s�1) Optimun pH

221 16
38 21
15 18
98 35

267 15
30 13
19 15
58 54

279 37
38 70
26 64
36 86

25 � 10–3 29 4.5–5.0

0.11 55 4.5
0.64 13

0.22 43 4.0–4.5

0.11 89
0.08 86 5.0

0.64 25

0.37 35

7.1 4 4.0

.
6); dCastanheira et al. (2005); eSarmento et al. (2009), fLufrano et al. (2012).
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In the example of cardosin A, cleavage of the b-chain of oxidized
insulin (Table 5) occurred at the bonds Leu15-Tyr16, Leu17-Val18,
and Phe24-Phe25 (Veríssimo et al., 1995). The optimum pH for
hydrolysis of the synthetic peptide Lys-Pro-Ala-Glu-PheNph-Ala-
Leu was 4.5, and values determined for the apparent active-site
ionization constants pKe1 and pKe2 of the free enzyme were
2.5 ± 0.2 and 5.3 ± 0.2, respectively. Proteolytic activity was inhib-
ited by pepstatin A (Ki = 3 nM) and diazo-acetyl-nor-leucine
methyl ester (aka DAN; Veríssimo et al., 1996). The primary spec-
ificity of both recombinant and natural cardosin A was investigated
through use of two peptide libraries. While both enzymes had a
preference for tyrosine and phenylalanine in the P10 position, at
P1, phenylalanine was the only amino acid accepted in the S1
pocket readily, though leucine was as well but only moderately
(Castanheira et al., 2005).

Cardosin B has a slightly broader specificity than cardosin A.
Cleavage of the oxidized insulin b-chain by cardosin B occurred be-
tween the following bonds: Glu13-Ala14, Ala14-Leu15, Leu15-
Tyr16, Leu17-Val18, Phe24-Phe25, and Phe25-Tyr26. The pH
dependence of the kinetic parameters Km, kcat, and kcat/Km for card-
osin B was investigated with the peptide substrate Leu-Ser-Nph-
Ahx-Ala-Leu-OMe, and the following respective values for the
apparent active-site ionization constants pKe1 and pKe2 of the free
enzyme were determined at 3.73 ± 0.09 and 6.7 ± 0.1 (Veríssimo
et al., 1996).

With respect to activity, cardosins E, F, G, and H resemble card-
osin A more than they do cardosin B or cyprosin, with cardosins E
and G being more active than cardosin A towards the synthetic
peptide Lys-Pro-Ala-Glu-Phe-Nph-Ala-Leu. When the specificity
of cardosins E, F, G, and H was assessed by cleavage of the b-chain
of oxidized insulin, the four enzymes were able to cleave that sub-
strate at the same peptide bonds as cardosin A (Table 5). Neverthe-
less, the selectivity of these enzymes varied in terms of the velocity
exhibited with each scissile peptide bond (Sarmento et al., 2009).

Cenprosin showed maximal activity with fluorescein–isothiocy-
anate–haemoglobin at pH 3.5 (Domingos et al., 2000).

The activity of recombinant procirsin (the cirsin zymogen) was
tested with a series of fluorogenic substrates. Only the typical AP
fluorogenic substrate (MCA)Lys-Lys-Pro-Ala-Glu-Phe-Phe-Ala-
Leu-Lys(DNP) was significantly cleaved, with a maximum activity at
pH 4.0. Kinetic parameters were determined at this pH (Km:
7.13 ± 1.30 lM and kcat: 4.24 ± 0.05 s�1, with a catalytic efficiency of
594 mM�1 s�1). Substrates designed for proteases described as
atypical APs, (MCA)Lys-Leu-His-Pro-Glu-Val-Leu-Phe-Val-Leu-Glu-
Lys(DNP) and (MCA)Lys-Lys-Leu-Ala-Asp-Val-Val-Asn-Ala-Leu-Glu-
Lys-Lys(DNP) were poorly cleaved and not cleaved at all, respectively.
No hydrolysis was observed with the fluorogenic BACE-1 substrate
(MCA)Lys-Ser-Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe-Lys(DNP), the re-
nin substrate 1-Arg-Glu(EDANS)Ile-His-Pro-Phe-His-Leu-Val-Ile-
Table 5
Thistle-AP specificity towards insulin b-chain compared to phytepsin from Hordeum
vulgare. Arrows indicate the cleavege sites.

Data taken from: aVeríssimo et al. (1995); bSarmento et al. (2009); cLufrano et al.
(2012); dKervinen et al. (1993).
His-Thr-Lys(DABCYL)Arg, or the HIV-protease substrate 1-Arg-
Glu(EDANS)Ser-Gln-Asn-Tyr-Pro-Ile-Val-Asn-Lys(DABCYL)Arg. The
most susceptible cleavage site was at Leu15-Tyr16 when oxidized
insulin b-chain was hydrolyzed with recombinant procirsin
(Lufrano et al., 2012).
5. Tissue localization

In-situ localization studies have shown that APs are not ran-
domly distributed within plants. Rather, they are located in differ-
ent specific tissues depending on the species (Simões and Faro,
2004). Moreover, in each part of the cell, proteolytic activity is per-
formed by a separate protease specifically targeted to particular
subcellular compartments (Pesquet, 2012).

This cellular anatomical specificity of plant APs has suggested a
huge number and wide diversity of these enzymes, where charac-
teristic may account for the finding that genes encoding the cypro-
sins and the cardosins are organized as a multigene family
expressed during early stages in the development of the C. cardun-
culus flowers (Pimentel et al., 2007). Cordeiro et al. (1994b) have
demonstrated by Northern blotting that synthesis of the mRNA
encoding cyprosin starts during the early stages of floral develop-
ment and switches off upon flower maturation. In addition, cardo-
sin mRNA was detected in young inflorescences, but not in pistils
of fully opened ones, thus indicating that the expression of the
structural gene is developmentally regulated (Faro et al., 1999;
Vieira et al., 2001). Furthermore, mRNA and protein analyses of
both cardosins suggested that the two enzymes accumulate during
seed maturation and that cardosin A is later synthesized de novo
when the radicle emerges (Pereira et al., 2008).

Cyprosins accumulate in flowers only and in particular in ma-
ture flowers. Using immunostained Western blots with polyclonal
antibodies against the large subunit of cyprosin 3; Cordeiro et al.
(1994a) detected the presence of cyprosin, in low amounts, in very
young flowers. These authors demonstrated that the amount of en-
zyme increased towards the later stages of development and was
mostly present in the violet-colored parts of the styles and corollas,
they also localized cyprosins in the epidermal cell layer of the
styles by immunogold labelling.

The expression of cardosin A was found to occur from the begin-
ning of flower development and was highly restricted to the pistils.
Fig. 5 shows a schematic representation of the thistle gynoecium.
Cardosin A accumulated mainly in the protein-storage vacuoles
of stigmatic papillae (Fig. 5A), but was also located in subepidermal
parenchymal layers of the stigma. At a much lower proportion or
abundance, cardosin A was present in the large central vacuole of
style epidermal cells, but was not detected in cytoplasm, cell wall,
or organelles (Duarte et al., 2006; Pissarra et al., 2007; Ramalho-
Santos et al., 1997). In the embryo (C. cardunculus), the cardosin-
A precursor form was seen to accumulate in protein bodies and cell
walls, a different localization from that described in cardoon flow-
ers, thus suggesting a tissue-dependent pattern for accumulation
of the protein (Pereira et al., 2008; Pissarra et al., 2007).

Localization of cardosin B is clearly different from that of card-
osin A, since the former was reported as accumulating in the inner
region of pistils until the later stages of floral development. More-
over, the presence of this cardosin in the transmitting tissue in-
creased from the upper region of the stigma to the lower style
(Fig. 5A and B), with the same accumulation occurring also on
the ventral surface of the ovary wall and in the nucellus (Duarte
et al., 2006; Figueiredo et al., 2006; Vieira et al., 2001). This local-
ization led Pissarra et al. (2007) to suggest that cardosin B seemed
to establish an inner route from the upper stigma to the embryo
sac in the ovule (c.f. Fig. 5). Immunocytochemistry, with a mono-
specific antibody, localized cardosin B on the cell wall and in the



Fig. 5. Schematic diagram of a thistle gynoecium. (A) Transverse section of the stigma. (B) Transverse section of the style. (C) Longitudinal section of the ovary. The
gynoecium consists of a single compound pistil of two carpels, a single two-cleft style, and an inferior ovary with one locule and one basal ovule. The stigma is bifid and
covered by the stigmatic papillae (Faro et al., 1998; Singh, 2004).
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extracellular matrix of the floral transmitting tissue (Vieira et al.,
2001). When cardosin B was expressed in two different heterolo-
gous systems (e.g., the dexamethasone-inducible expression in
transgenic Arabidopsis and the Agrobacterium-mediated transient
expression in Nicotiana tabacum abaxial leaf epidermis), the prote-
ase was found mainly in the vacuole, but was also detected on the
cell wall (Soares da Costa et al., 2010).
6. From proenzymes to mature peptidases

6.1. Zymogen inactivation

In the prophytepsin crystal structure, anchorage of the proseg-
ment and part of the N-terminus in the active-site cleft is achieved
by ionic interactions between the Lys11/Tyr13 of the mature-en-
zyme sequence and catalytic aspartic acids at the bottom of the
cleft (Kervinen et al., 1999). The Lys/Tyr sequence is also found
in mammalian-AP-zymogen propeptides and on well established
evidence appears to be responsible for the ionic interactions with
Asp residues of the active site (Richter et al., 1998). Many plant
APs, such as cyprosin, contain a Lys/Tyr sequence in a position
equivalent to the Lys11/Tyr13 of prophytepsin (Hordeum vulgare
L.), and an inactivation mechanism similar to the one proposed
for this propeptidase has been suggested there as well (Simões
and Faro, 2004; White et al., 1999). Even when procirsin has this
sequence in position Lys10/Tyr12, a recombinant procirsin remains
active is indeed notable (Lufrano et al., 2012) and highlights the
need for conducting further studies on the AP-precursors activa-
tion/inactivation mechanisms.

Castanheira et al. (2005) proposed that the procardosin-A pro-
peptide—as prosegments of many other AP zymogens—has a role
in its own inactivation. Cardosin A and cardosin B, however, do
not contain the aforementioned sequence, neither in the proseg-
ment nor in the N-terminus of the mature enzyme (Simões and
Faro, 2004).
6.2. Processing

Cardosins, cyprosins (C. cardunculus), cenprosins (C. calcitrapa),
and cirsin (C. vulgare), like typical plant APs, are synthesized as
zymogens that require enzymatic processing for maturation
(Brodelius et al., 2005; Domingos et al., 2000; Lufrano et al.,
2012; Ramalho-Santos et al., 1998).

The in vitro processing of native procardosin A was likewise
found to be sequential, starting with a cleavage between the 31-
kDa fragment and a PSI with the consequent accumulation of an
intermediate form that was only partially processed. Next cleavage
occurred at the C-terminal of the PSI before final removal of the
prosegment (Ramalho-Santos et al., 1998). The in vitro processing
of the recombinant procardosin A was also found to be a multistep
process, but in this instance the first step was excision of the pro-
peptide to generate an active intermediate with the PSI domain
still present in the structure. Removal of the PSI was subsequently
effected by sequential cuts out of the precursor. In vitro activation
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of this recombinant procardosin led ultimately to generation of an
active form, where the two polypeptide chains still remained asso-
ciated by a disulfide linkage (Castanheira et al., 2005). On the basis
of their findings, Castanheira et al. (2005) proposed that comple-
tion of in vivo maturation might require action of another protease
or exopeptidase(s). Duarte and colleagues (2008) followed process-
ing of an isoform of cardosin A by heterologous expression in two
systems (a transient form in tobacco, and an inducible one in Ara-
bidopsis thaliana). The resulting data suggested that cleavage at the
N-terminus of the PSI preceded prosegment removal, so as to pro-
duce an intermediate form of 35 kDa beforehand and a mature
form of 31 kDa afterwards. As the prior intermediate form of
50 kDa predicted by the initial cleavage of procardosin A at the
C-terminus of the PSI was rarely seen, the cut in the N-terminal
PSI should either immediately precede or else occur very shortly
after excision of the C-terminus. Thus, removal of the PSI took
place before the loss of the prosegment, in contrast to the model
for the maturation of plant APs, the well characterized AP phytep-
sin from barley (Duarte et al., 2008). These in vivo results differed,
however, from those in vitro described by Castanheira et al. (2005),
again reinforcing the idea that other enzymes, and not simply a
drop in the pH, are necessary for activation. Processing of the pro-
phytepsin from barley was also shown to be incomplete in vitro,
and markedly different from the maturation pattern observed
in vivo (Duarte et al., 2008; Glathe et al., 1998).

When cardosin B was transcribed by dexamethasone-inducible
expression in Arabidopsis and by Agrobacterium-mediated transient
expression in tobacco epidermal cells, processing of the enzyme
was sequential. The signal peptide was first removed upon primary
translation product’s entrance into the endoplasmic reticulum, and
an initial cleavage occurred between the heavy chain and the PSI.
The latter was next eliminated by scission between this region
and the light chain, and finally the prosegment was deleted to pro-
duce cardosin B’s fully processed form, in which heavy and light
chains are held together by hydrophobic interactions and hydrogen
bonds (Soares da Costa et al., 2010).

When cyprosin 3 (aka cyprosin B) was expressed in Pichia pas-
toris, processing of the initial protein translation product started
with elimination of the prosegment. In contrast to the naturally
occurring cyprosin, the light chains remained attached by disulfide
bonding to the heavy chains in this system. Removal of the PSI in
plants must therefore take place at a slightly different location
from those sites observed in P. pastoris. The processing steps were
only marginally affected by inclusion of the aspartic proteinase
inhibitor, pepstatin, in the culture medium of the Pichia cells. In
this system, processing likely takes place through action of host-
cell peptidases at exposed sites that are susceptible to heterocata-
lytic attack (White et al., 1999).

The cenprosin proform (65 kDa) isolated from fresh flowers of C.
calcitrapa was reported to undergo in vitro autoproteolytic process-
ing at pH 3.0 and pH 5.0. Although cleavage sites were not deter-
mined, the molecular masses of the intermediate forms
estimated by sodium-dodecylsulfide–polyacrylamide-gel electro-
phoresis—50, 43, 30, 21, and 16 kDa—were in good agreement with
those found for cardosin A (Domingos et al., 2000).

The cirsin zymogen expressed in E. coli has been shown to be ac-
tive without autocatalytic cleavage of its proenzyme-specific do-
main. This feature contrasts with the autoactivation through
acid-triggered prosegment removal described for recombinant
cardosin and cenprosin (Lufrano et al., 2012).

6.3. Targeting

As mentioned in Section 3, thistle APs enter the secretory path-
way because of the presence of a signal peptide responsible for
their translocation into the ER. Ramalho-Santos and coworkers
(1998) suggested that the C-terminal sequence VGFAEAA, found
in cardosin A and in other plant APs, may represent a putative vac-
uolar targeting signal in APs for this ultimate localization. This se-
quence is highly similar to the VFAEAIA array found in barley lectin
that was proven to be sufficient for the vacuolar targeting of the
protein. As will be discussed in Section 6.4, the PSI was also pro-
posed as a vacuolar-sorting signal.

In the cardoon, cardosin A is synthesized as a preproenzyme
of 66 kDa that is translocated into the ER, where the signal pep-
tide is then excised and the protein becomes glycosylated at its
two predicted N-glycosylation sites. As mentioned briefly in Sec-
tion 3, both sites, Asn 70 and Asn 363, are occupied by oligosac-
charides predominantly resistant to removal by endoglycosidase
H, thus indicating prior processing in the Golgi (Costa et al.,
1997). When cardosin A was expressed in tobacco-leaf epidermis
and in Arabidopsis seedlings, the enzyme was correctly sorted to
the vacuole, but in both those heterologous systems the N-gly-
can derivatives were complex and acquired partial endoglycosi-
dase-H resistance during transport. Inhibition of ER-Golgi traffic
by coexpression of either dominant inhibitory form of the Sar1
and Rab-D2 GTPases—which hydrolases block ER-to-Golgi traffic
via different mechanisms—led to an accumulation of procardosin
A, whose buildup meant that transport of this proenzyme to the
Golgi was taking place in COPII-coated vesicles. Moreover, brefel-
din A—a drug that causes Golgi fusion with the ER, thus inhibit-
ing anterograde transport of secreted products and vacuolar
markers—inhibited processing of cardosin A in tobacco protop-
lasts. A 35-kDa intermediate of mature cardosin was found in
the vacuole fraction, suggesting that the final step in the post-
translational processing occurred in that compartment. Once
cardosin A reached the vacuole—in contrast to phytepsin, whose
protease was degraded in vacuoles of tobacco protoplasts—the
cardosin was found to be stable for several days in tobacco
leaves and protoplasts, and also in Arabidopsis-seedling vacuoles
(Duarte et al., 2008).

Like cardosin A, cardosin B has two putative N-glycosylation
sites, Asn138 and Asn252; but, in contrast to the glycosylation
pattern of cardosin A, the glycans bound to cardosin B—both in
naturally occurring or recombinant cardosin B (expressed in Ara-
bidopsis and Nicotiana tabacum)—are sensitive to endoglycosi-
dase-H digestion. This glycosylation pattern implies that
glycans are of the high-mannose-type and suggests that either
those sugars are inaccessible to the Golgi processing enzymes.
Soares da Costa and coworkers (2010, 2011) suggested that this
is a result of the cardosin B conformation, or the protein leaves
the Golgi at an early step before the Golgi modifying enzymes
are able to derivatize them. In the Golgi, the enzyme is trans-
ported through the organelle in a RAB-D2a-dependent route
and is delivered to the vacuole via the prevacuolar compartment
in a RAB-F2b-dependent pathway (Soares da Costa et al., 2010,
2011).

Since cardosin B was secreted in cardoon pistils, localization
of the enzyme in vacuoles of the cardoon-ovary cells, as well
as in heterologous systems, suggested that the differential tar-
geting of cardosins A and B in cardoon pistils resulted principally
from differences in cells in which those two proteins were ex-
pressed (Soares da Costa et al., 2010, 2011). These authors de-
duced that complete processing of cardosin B was occurring in
the endoplasmatic reticulum before transport to the Golgi. Based
on observations obtained thus far on previously published re-
sults with cardosins, the mechanisms of protease assembly and
transport through the endomembrane system may be tissue-
dependent as a result of the differentiation of trafficking path-
ways according to environmental stimuli and signals received
from the adjacent cells (Oliveira et al., 2010; Soares da Costa
et al., 2011).
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6.4. Plant-specific inserts (PSIs)

A unique feature of typical plant AP precursors is the presence
of an internal domain, known as the plant-specific insert (PSI),
whose function is as yet not completely understood. According to
the three-dimensional structure of the phytepsin precursor, this
additional sequence of approximately 100 residues is thought to
form an external loop on the surface of the protein (Kervinen
et al., 1999). The PSI structure resembles that of saposin-like pro-
teins (aka the SAPLIPs), a group of lipid-interacting species that
have various cellular functions and feature a characteristic location
of six cysteines and several hydrophobic residues (Munford et al.,
1995). PSIs have been called swaposins, because of a reverse
homology of the N- and C-termini of the PSI, in which two respec-
tive termini of a given PSI are ‘‘swapped’’ with opposite termini of
two different saposins. As a consequence, protein primary struc-
tures result with different connectivities, but with similar overall
three-dimensional shapes (Brodelius et al., 2005; Bryksa et al.,
2011; Egas et al., 2000; Törmäkangas et al., 2001). In fact, a rear-
ranged form of cyprosin recombinant PSI—in which the N- and
C-terminal sequences were swapped to resemble the structural
arrangement observed in saposins—functioned as an efficient acti-
vator of a human glycohydrolase in vitro with comparable activity
to that of saposin C (Brodelius et al., 2005). The PSI domain of crys-
talline barley prophytepsin contained a ‘‘closed’’ tertiary structure
similar to that of NK-lysin and saposin B, but the crystalline recom-
binant potato PSI exhibited a tertiary structure similar to open V-
shaped configuration of saposin C (Bryksa et al., 2011).

The functions of the PSIs are still unclear. These domains, how-
ever, have been proposed to function as vacuolar-targeting signals
in a way similar to involvement of saposins in the cotransport of
procathepsin D to the lysosome (Domingos et al., 2000; Simões
and Faro, 2004; Soares da Costa et al., 2010). When procyprosin
was expressed in P. pastoris cells, the mature enzyme was secreted
by the yeast into the medium, therefore suggesting the enzyme’s
PSI did not contain the appropriate intracellular targeting signals
functional for Pichia (White et al., 1999).

Plant APs are found as either monomeric or heterodimeric
forms. Whereas the monomeric APs retain the PSI, the heterodi-
mers lose their PSIs during proteolytic maturation, and as men-
tioned in Section 3, all known thistle APs are heterodimeric.
Ramalho-Santos et al. (1998) have proposed that the mechanism
by which the PSI is removed from procardosin A involves a specific
conformation of the precursor. Since the PSI domain contains five
amphipathic helices linked to each other by three disulfide bridges
appropriately positioned to give helical hydrophobic domains, the
PSI is able to interact with a membrane during procardosin-A
intracellular transport so as to achieve the proper conformation
for processing at the PSI-cleavage sites. In fact, a recombinant PSI
from procardosin A was found to interact with phospholipid mem-
branes to promote release of the aqueous contents of phospholipid
vesicles in a pH-dependent manner, with higher leakage activity
occurring at acidic pHs. A similar dependence has also been found
for saposins C and D with respect to their ability to bind and there-
after induce leakage in synthetic vesicles (Egas et al., 2000).

The sequence encoding the entire PSI was deleted from procard-
osin A and procirsin and the mutants expressed in E. coli in order to
evaluate the significance of the PSI domain in the proteolytic pro-
cessing and activity of the wild-type proenzymes. The mutant pro-
cardosin A without the PSI domain was easily auto-activated at
acid pH and behaved like the natural enzyme in terms of primary
specificity (Castanheira et al., 2005), whereas expression of a PSI-
deleted procirsin led to an inactive protein, thus suggesting a crit-
ical role for this internal segment in the folding of the mature cirsin
(Lufrano et al., 2012). Both mutants were expressed by the same
procedure.
In a similar approach, White and coworkers (1999), deleted
nucleotides encoding the PSI of procyprosin 3 and replaced five
residues (Lys238-Gly-Val-Met-Ser242) immediately preceding
the PSI with the corresponding residues (Val238-Pro-Leu-Ile-
Gln242) from human cathepsin D, a sequence known to form a sur-
face loop in this region of the human enzyme. The expression of
this insert-deleted construct in Pichia resulted in production of
lower amounts of an inactive recombinant protein. These research-
ers claimed that in Pichia the PSI appeared to be essential for insur-
ing that the nascent polypeptide was folded properly into a form
such that subsequent processing would produce mature enzyme
(White et al., 1999). Nonetheless, findings from the expression of
this inactive mutant of procyprosin 3 were in agreement with data
reported for expression of the PSI-deleted procirsin, and that corre-
spondence was consistent with the high degree of similarity be-
tween the amino-acid sequences and the structures of both
enzymes (Lufrano et al., 2012), thus suggesting that the PSIs of
these enzymes might be involved in the correct folding of the
respective proteins.

As observed by Cordeiro et al. (1994b), the PSI sequences exhi-
bit a high diversity (cf. Fig. 1), one greater than the sequence diver-
sity of the parent APs themselves, and this variation might have
resulted from adaptations necessary during evolution. The PSIs in
plant APs may, therefore, have different functions depending on
the enzyme in question (Törmäkangas et al., 2001; Brodelius
et al., 2005; Terauchi et al., 2006; Duarte et al., 2008) .
7. Physiological roles

The great diversity of APs within either the same plant or tissue
suggests existence of different roles for each AP that may be re-
lated to specificity, catalytic efficiency, and/or subcellular localiza-
tion (Mazorra-Manzano et al., 2010). The APs of C cardunculus are
encoded by a multigene family composed of several members,
and in this species—with the cardosins and cyprosins coexisting
within the same plant—both types of APs are expressed in early
stages of floral development (Pimentel et al., 2007; Ramalho-
Santos et al., 1997; Vieira et al., 2001). Even though the biological
roles of the cardosins and the cyprosins in the cardoon flowers are
not completely understood, the pistil-specific localization of both
enzymes suggests a possible participation in several flower-
associated phenomena—such as flower senescence, defense
mechanisms against insects and/or pathogens, and reproduction
(Sarmento et al., 2009; Soares da Costa et al., 2010). Therefore,
Cordeiro et al. (1994b) have proposed that cyprosins in flowers
have a role in senescence, since these enzymes specifically accu-
mulate and have maximum activity in mature organs. The specific
localizations of cardosin B in the cell wall and the extracellular ma-
trix of the transmitting tissue of the style have led researchers to
think that this enzyme may be involved in expansion or loosening
of transmitting-tract extracellular matrix to accommodate the
growing pollen tube. However, because of the cardosin’s relatively
high abundance within the extracellular matrix of this tissue, its
broad specificity, and its high specific activity, a defensive function
has also been proposed, (Vieira et al., 2001). Cardosin B has also
been implicated in development of the embryo sac where that
cardosin is also localized, along with being associated as well with
events of programmed cell death in the nucellus (Figueiredo et al.,
2006).

As mentioned earlier in Section 3, cardosins A, C, E, F, G, and H
possess RGD and KGE motifs; with the first of these being a well-
known cell-attachment motif characteristic of integrin-binding
proteins and the second one mimicking the RGD in both structure
and charge. A possible function of RGD-containing cardosins has
been suggested related to the adhesion-mediated proteolytic
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mechanisms associated with pollen-tube extension. These mecha-
nisms function in a similar way to the proteases that act together
with integrin during cell proliferation and invasion (Faro et al.,
1999; Pimentel et al., 2007). Phospholipase Da has been identified
as a cardosin-A–binding protein. Interaction of both these enzymes
is mediated by the phospholipase-Da C2 domain, a microenviron-
ment that has been suggested to be facilitating protein–protein
interactions. Nevertheless, cardosin B—it harboring RGN and EGE
instead of RGD and KGE motifs—does not bind phospholipase Da.
Simões and coworkers (2005) suggested that formation of a com-
plex between cardosin A and phospholipase Da indicated possible
actions (concerted and/or synergistic) in degenerative processes,
such as those observed during stress responses, plant senescence,
and/or pollen–pistil interactions.

Besides the proposed physiological functions related to prote-
ase activity per se, and those associated with the cell-attachment
motifs, the PSI domain of plant APs could have roles based on its
membrane-interacting properties that are independent of the
remainder of the proenzyme (Bryksa et al., 2011). Finally, the leak-
age produced by PSI in synthetic vesicles may simulate an analo-
gous function in vivo in the defense against pathogens or in
programmed cell death (Egas et al., 2000).

Brodelius and coworkers (2005) suggested that the PSI may be
involved in regulation of sphingolipid metabolism, because of PSI’s
tissue localization and saposin-C-like activity in vitro by recombi-
nant cyprosin PSI. In addition, they proposed, as a possible function
of the PSI, a role in the biogenesis of membranes in tissues under-
going high growth rates, such as flowers under development after
opening and the primordial root in the embryo, where the turnover
of lipids is high. Furthermore, procardosin A seemed to be acting as
a bifunctional enzyme that could participate in the processing and/
or degradation of seed-storage proteins, as well as in membrane-li-
pid conversion during water uptake and solute leakage in actively
growing tissues since the proenzyme was found to accumulate in
the protein bodies and cell walls of embryos (Pereira et al., 2008;
Pissarra et al., 2007).
8. Biotechnological and biomedical applications

The several biotechnological and biomedical applications of
thistle-flower APs reviewed in this section include manufacture
of cheeses—a process which dates back to the period when the Ro-
mans occupied the Iberian Peninsula—along with other absolutely
contemporary uses that are considered either potential or at pres-
ent under evaluation.

In view of the specific action of the cardosin A from C carduncu-
lus on collagen, this enzyme has been proposed for possible assis-
tance in technical medical procedures or for remodelling the
extracellular matrix. In addition, it has been evaluated for dissoci-
ating the embryonic cortex in order to establish primary neuronal
cultures (Duarte et al., 2005, 2007). Neurons treated with cardosins
exhibit normal morphology and function when compared to cul-
tures prepared with the widely used trypsin-dissociation method
(Duarte et al., 2007). Furthermore, use of cardosins resulted in an
improvement of neuronal regeneration at an early stages of culture
after cell dissociation (Duarte et al., 2009).

Immobilization of cardosin A in chitosan sponges by entrap-
ment did not induce alterations in the specificity of the enzyme,
thus maintaining the ability to hydrolyze type-I collagen. The bio-
compatibility of that form of immobilized cardosin A was tested in
rats submitted to abdominal surgery (Pereira et al., 2005). Accord-
ing to the outcome observed, the authors proposed that these
chitosan sponges would be promising vehicles for introduction of
cardosin A into the abdominal cavity for prevention and reduction
of adhesion formations.
In addition, because of their stability in aqueous-organic bipha-
sic systems, cardosins A and B were able to catalyze the enzymatic
synthesis of dipeptides and tripeptides in such media (Sarmento
et al., 1998, 2004; Shnyrova et al., 2006).

8.1. Cheese preparation

Cardoon-flower aqueous extracts, as a rich source of milk-clot-
ting peptidases, have been widely used for manufacture of tradi-
tional artisanal Portuguese, Spanish, and Italian cheeses
(Aquilanti et al., 2011; Cordeiro et al., 1992; Veríssimo et al.,
1995). Because of their unique texture, flavor, and aroma, these
cheeses are marketed under the Registry of the Protected Geo-
graphical Indications and Designation of Origin.

Farmers collect cardoon flowers during the months of June and
July and store them in dry places until use during autumn and win-
ter. Aqueous extracts of the flowers of C. cardunculus, C. humilis,
and/or C. scolymus have proven to be successful catalytic substi-
tutes for animal rennet, and have thus been used since antiquity
in the manufacture of goat and ewe cheeses in several rural areas
of the Iberian Peninsula—viz Serra da Estrela, Serpa, Azeitão, Los
Pedroches, La Serena, Flor de Guía, and Torta del Casar (Delgado
et al., 2010; Reis and Malcata, 2011; Reis et al., 2000; Silva and
Malcata, 2000a; Sousa and Malcata, 1997).

In general, the enzymatic coagulation of milk is a two-stage
process. The predominant step in the early phases of the renneting
reaction is specific proteolysis of the j-casein molecules at the
Phe105-Met106 bond in bovine and ovine j-casein and at the
Lys116-Thr117 bond in caprine j-casein, with both substrates
splitting the protein into two molecules: the hydrophobic para-
j-casein and the hydrophilic caseinomacropeptide. The second
phase comprises coagulation of casein micelles after destabiliza-
tion by proteolytic attack (Dalgleish, 1987; Silva and Malcata,
2005a). The vegetable rennet, in addition to its clotting capacity,
has a strong proteolytic activity that eventually leads to an exten-
sive breakdown of the caseins in the cheese matrix, thus contribut-
ing to the special features of the final product (Macedo and
Malcata, 1997). The ripening time of calf-rennet–produced cheeses
made from ewe’s milk can be accelerated by adding different
amounts of cardoon enzymes without losing any organoleptic
properties of the control cheeses (Galán et al., 2008).

With an aim at achieving a standardization of the vegetable ren-
net along with a preservation of the organoleptic characteristics of
those Mediterranean varieties, these cheeses have been the subject
of intense research efforts (Aquilanti et al., 2011; Macedo and Mal-
cata, 1997; Ordiales et al., 2012; Pereira et al., 2011; Pinho et al.,
2001; Sousa and Malcata, 1997). The current state of Portuguese
ovine and caprine cheeses has been reviewed comprenhensively
by Reis and Malcata (2011).

The presence of a cardosin A-like enzyme in C. humilis is respon-
sible for its milk-clotting activity (Esteves et al., 2002). The action
of cardosin A from C. cardunculus and C. humilis on ovine and cap-
rine caseins has been well documented (Ramalho-Santos et al.,
1996; Silva and Malcata, 2000a, 2000b; Sousa and Malcata,
1998). For more detailed information, the reader is referred to Ta-
ble 3. The use of either of those species as vegetable rennets has no
significant effect on the resulting cheeses’ chemical components,
flavor, or aroma, or on the water activity of the cheeses from ewes’
milk, although higher lactic-acid contents were observed with the
enzymes from the former source (Vioque et al., 2000).

Other researchers (Raposo and Domingos, 2008; Reis et al.,
2000) have demonstrated the existence of milk-clotting activity
in the flowers of C. calcitrapa (Asteraceae). The greatest limitation
to the widespread use of APs of this species in the preparation of
cheeses is the low yield of the final product, along with heteroge-
neity of the proteinase profile from the flowers. The use of plant-
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cell culture for the production of biomass as an alternative for the
intensive production of these proteinases without dependence on
seasonal flowering has been proposed (Lourenço et al., 2002;
Raposo and Domingos, 2008). Extracts of purple starthistle flowers
have also been tested as potential proteolytic additives in the
ripening of commercial bovine cheeses, since those preparations
produced significant changes in the composition of the cheeses
and increases in degradation of both the as- and the b-caseins.
The cheeses obtained from that rennet, however, had a slightly
more bitter taste than control cheeses (Reis et al., 2000).

As mentioned in Section 2, the presence of APs with milk-clot-
ting activity has also been detected in crude aqueous extracts of
flowers from several species of the Asteraceae (Brutti et al., 2012;
Cimino et al., 2010; Lufrano et al., 2007; Tamer, 1993; Vairo Cavalli
et al., 2005). Aqueous extracts of the flowers of O. acantium were
found to be a suitable vegetal curd when used to obtain semihard
cheeses from bovine milk (Brutti et al., 2012). The flowers of S.
marianum were proposed as an alternative source of vegetable ren-
net. Different peptide profiles were observed in goat’s and ewe’s
caseinates through a hydrolysis brought about by blessed-milk-
thistle extracts, with less extensive degradation occurring than
with bovine caseins and the same enzyme extract (Vairo Cavalli
et al., 2005, 2008).

8.2. Production of bioactive peptides

Bioactive peptides present in the amino-acid sequence of food
proteins are of particular interest in nutrition and food science, be-
cause those protein fragments have been shown to play physiolog-
ical roles (Meisel, 1997; Silva and Malcata, 2005b). Current
research encompassing bioactive peptides is the subject of inten-
sive scientific efforts worldwide.

Bioactive peptides have been found in cheese-like model sys-
tems mimicking the real cheeses manufactured with sheep’s and
goats’s milk that has been renneted with C. cardunculus proteases.
Ripened cheeses contain numerous peptides originating mainly
from breakdown of caseins during ripening. Antioxidant capabili-
ties and inhibition of the angiotensin-converting enzyme (ACE)
are among bioactivities attributed to these peptides. The YQEP
(f191–194), VPKVK (f95–99), and YQEPVLGP-⁄ (f206-⁄) peptides
from b-casein along with the RPK (f16–18) and RPKHPIKH-⁄(f16-
⁄) from as1-casein have ACE-inhibitory activity, while peptides re-
leased upon cleavage of the peptide bond Leu190-Tyr191 (present
in ovine or caprine b-casein), and corresponding to the sequence
YQEP-⁄ (f191-⁄) of b-casein, have antioxidant activity (Silva et al.,
2006).

Bovine whey-protein concentrates, as well as purified proteins
from whey after hydrolysis by the proteases from cardoon flowers,
also released highly potent ACE-inhibitory peptides. Among all the
peptides obtained in this manner, the bioactive fragments gener-
ated from a-lactalbumin—viz KGYGGVSLPEW (f16–26), DKVGINY
(f97–103), KVGINYW (f98–104), DKVGINYW (f97–104), as well
as the decapeptide DAQSAPLRVY (f33–42) from b-lactoglobulin—
were different from previously reported peptides obtained by
hydrolysis of the same substrate with other proteases (Tavares
et al., 2011a,b). Even when the peptides were partially hydrolyzed
after simulated gastrointestinal digestion, the overall ACE-inhibi-
tory activity was not severely affected (Tavares et al., 2011a). Fur-
thermore, whey-protein concentrates hydrolyzed with C.
cardunculus extracts—as well as the ultrafiltration fraction of
molecular weight below 3 kDa, fractions 16–26 and 97–104, from
a-lactalbumin and the fraction 33–42 from b-lactoglobulin—had
antihypertensive effects upon adminitration by gastric intubation
to hypertensive rats. Moreover, the hydrolyzed concentrate and
fraction 16–26 from a-lactalbumin (KGYGGVSLPEW) showed
ACE-inhibitory activity in vivo: the pressor effect of angiotensin I
was significantly lower and the response to bradykinin increased
when hypertensive rats were pretreated with either product. In
view of these results, Tavares et al. (2012) proposed that whey-
protein concentrates hydrolyzed by C. cardunculus extracts would
be an effective nutraceutical ingredient for the formulation of func-
tional foods aimed at hypertension control.

Two ovine caseinomacropeptide-derived peptides—TAQVTSTEV
(f163–171) and QVTSTEV (f165–171)—obtained by tryptic hydro-
lysis, have been reported to have antithrombotic activity. Since a
peptide with an equivalent sequence—TVQVTSTAV (f161–169)—
has been identified upon the hydrolysis of bovine caseinomacro-
peptide by aqueous extracts of C. cardunculus (Tavares et al.,
2011b), the production of peptides with antithrombotic activity
constitutes another potential biomedical application to be ex-
plored for these extracts.
9. Conclusions

The known chemical and biological properties of typical APs
present in the flowers of the Cardueae tribe are summarized as
well as their biomedical and biotechnological applications. Even
when aspartylendopeptidase activity in plants is normally present
at relatively low levels overall, the flowers of the thistle possess ex-
tremely high AP activities in certain tissues. In spite of all the data
gathered in the last two decades, certain nagging questions still re-
main regarding: regulation of catalysis; the biologically relevant
target substrates; possibility of different roles for the proenzymes
and the mature enzymes; significance of the heterogeneity of these
enzymes in each thistle species; purpose of the independent do-
main PSI in the precursor form, and whether or not PSI still has a
function when exscinded from the enzymatic precursor. Neverthe-
less, the recent rapid progress in the study of enzyme function and
structure–function relationships would lead us to believe that
these pressing questions will be resolved within the foreseeable
future.

Acknowledgements

We would like to acknowledge the financial support to ANPCyT,
Argentina (PICT 02224), University of La Plata (Project X-613). S.E.
Vairo Cavalli is member of CONICET Research Career Program; D.
Lufrano and M.L. Colombo are awarded fellowship of CONICET.
We also thank Dr. Donald F. Haggerty, a retired career investigator
and native English speaker, for editing the final version of the man-
uscript and Dr. Sebastián Trejo for helping with the processing of
Fig. 4.

References

Almeida, C., Pereira, C., Soares da Costa, D., Pereira, S., Pissarra, J., Simões, I., Faro, C.,
da Costa, D., 2012. Chlapsin, a chloroplastidial aspartic proteinas from the green
algae Chlamydomonas reihardtii. Planta 236, 286–296.

Andreeva, N.S., Rumsh, L.E.V.D., 2001. Analysis of crystal structures of aspartic
proteinases: on the role of amino acid residues adjacent to the catalytic site of
pepsin-like enzymes. Protein Sci. 10, 2439–2450.

Aquilanti, L., Babini, V., Santarelli, S., Osimani, A., Petruzzelli, A., Clementi, F., 2011.
Bacterial dynamics in a raw cow’s milk Caciotta cheese manufactured with
aqueous extract of Cynara cardunculus dried flowers. Lett. Appl. Microbiol. 52,
651–659.

Brodelius, M., Hiraiwa, M., Martilla, S., Al Karadaghi, S., Picaud, S., Brodelius, P.,
2005. Immunolocalization of saposin-like insert of plant aspartic proteinases
exhibiting saposin C activity. Expression in young flower tissues and in barley
seeds. Physiol. Plant. 125, 405–418.

Brutti, C.B., Pardo, M.F., Caffini, N.O., Natalucci, C.L., 2012. Onopordum acanthium L.
(Asteraceae) flowers as coagulating agent for cheesemaking. LWT – Food
Science and Technology 45, 172–179.

Bryksa, B.C., Bhaumik, P., Magracheva, E., De Moura, D.C., Kurylowicz, M., Zdanov, A.,
Dutcher, J.R., Wlodawer, A., Yada, R.Y., 2011. Structure and mechanism of the
saposin-like domain of a plant aspartic protease. J. Biol. Chem. 286, 28265–
28275.

http://refhub.elsevier.com/S0031-9422(13)00154-4/h0005
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0005
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0005
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0010
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0010
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0010
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0015
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0015
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0015
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0015
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0020
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0020
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0020
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0020
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0025
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0025
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0025
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0030
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0030
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0030
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0030


30 S. Vairo Cavalli et al. / Phytochemistry 92 (2013) 16–32
Castanheira, P., Samyn, B., Sergeant, K., Clemente, J.C., Dunn, B.M., Pires, E., Van
Beeumen, J., Faro, C., 2005. Activation, proteolytic processing, and peptide
specificity of recombinant cardosin A. J. Biol. Chem. 280, 13047–13054.

Castillo, R.M., Mizuguchi, K., Dhanaraj, V., Albert, A., Blundell, T.L., Murzin, A.G.,
1999. A six-stranded double-psi beta barrel is shared by several protein
superfamilies. Structure 7, 227–236.

Cimino, C.V., Liggieri, C.S., Priolo, N.S., Bruno, M.A., Vairo-Cavalli, S.E., 2010. Arctium
minus (Hill) Bernh. (Asteraceae) aspartylendopeptidases with potential
application in the formulation of nutraceutical products. Mol. Med. Chem. 21,
11–16.

Cordeiro, M., Lowther, T., Dunn, B., Guruprasad, K., Blundell, T., Pais, M., Brodelius,
P., 1998. Substrate specificity and molecular modelling of aspartic proteinases
(cyprosins) from flowers of Cynara cardunculus subsp. flavescens cv. cardoon.
Adv. Exp. Med. Biol. 436, 473–479.

Cordeiro, M., Pais, M., Brodelius, P., 1994a. Tissue specific expression of multiple
forms of cyprosin (aspartic proteinase) in flowers of Cynara cardunculus. Physiol.
Plant. 92, 645–653.

Cordeiro, M.C., Jakob, E., Puhan, Z., Pais, M.S., Brodelius, P.E., 1992. Milk clotting and
proteolytic activities of purified cynarases from Cynara cardunculus – a
comparison to chymosin. Milchwissenschaft 47, 683–687.

Cordeiro, M.C., Xue, Z.T., Pietrzak, M., Pais, M.S., Brodelius, P.E., 1994b. Isolation and
characterization of a cDNA from flowers of Cynara cardunculus encoding
cyprosin (an aspartic proteinase) and its use to study the organ-specific
expression of cyprosin. Plant Mol. Biol. 24, 733–741.

Costa, J., Ashford, D., Nimtz, M., Bento, I., Frazäo, C., Esteves, C.L., Faro, C.J., Kervinen,
J., Pires, E., Veríssimo, P., Wlodawer, A., Carrondo, M., 1997. The glycosylation of
the aspartic proteinases from barley (Hordeum vulgare L.) and cardoon (Cynara
cardunculus L.). FEBS J. 243, 695–700.

Dalgleish, D.G., 1987. The enzymatic coagulation of milk. In: Fox, P. (Ed.), Cheese:
Chemistry, Physics and Microbiology. Elsevier, London, pp. 63–111.

Davies, D., 1990. The structure and function of the aspartic proteinases. Annu. Rev.
Biophys. Biophys. Chem. 19, 189–215.

Delgado, F.J., González-Crespo, J., Cava, R., García-Parra, J., Ramírez, R., 2010.
Characterisation by SPME–GC–MS of the volatile profile of a Spanish soft cheese
P.D.O. Torta del Casar during ripening. Food Chem. 118, 182–189.

Domingos, A., Cardoso, P.C., Xue, Z., Clemente, A., Brodelius, P.E., Pais, M.S., 2000.
Purification, cloning and autoproteolytic processing of an aspartic proteinase
from Centaurea calcitrapa. Eur. J. Biochem. 267, 6824–6831.

Domingos, A., Xue, Z.T., Guruprasad, K., Clemente, A., Blundell, T., Pais, M.S.,
Brodelius, P.E., 1998. An aspartic proteinase from flowers of Centaurea
calcitrapa. Purification, characterization, molecular cloning, and modelling of
its three-dimensional structure. Adv. Exp. Med. Biol. 436, 465–472.

Duarte, A.S., Duarte, E.P., Correia, A., Pires, E., Barros, M.T., 2009. Cardosins improve
neuronal regeneration after cell disruption: a comparative expression study.
Cell Biol. Toxicol. 25, 99–108.

Duarte, A.S., Pereira, A.O., Cabrita, A.M.S., Moir, A.J.G., Pires, E.M.V., Barros, M.M.T.,
2005. The characterisation of the collagenolytic activity of cardosin a
demonstrates its potential application for extracellular matrix degradative
processes. Curr. Drug Discov. Technol. 2, 37–44.

Duarte, A.S., Rosa, N., Duarte, E.P., Pires, E., Barros, M.T., 2007. Cardosins: a new and
efficient plant enzymatic tool to dissociate neuronal cells for the establishment
of cell cultures. Biotechnol. Bioeng. 97, 991–996.

Duarte, P., Figueiredo, R., Pereira, S., Pissarra, J., 2006. Structural characterization of
the stigma-style complex of Cynara cardunculus (Asteraceae) and
immunolocalization of cardosins A and B during floral development. Can. J.
Bot. 84, 737–749.

Duarte, P., Pissarra, J., Moore, I., 2008. Processing and trafficking of a single isoform
of the aspartic proteinase cardosin A on the vacuolar pathway. Planta 227,
1255–1268.

Dunn, B.M., 2002. Structure and mechanism of the pepsin-like family of aspartic
peptidases. Chem. Rev. 102, 4431–4458.

Dunn, B.M., Hung, S.H., 2000. The two sides of enzyme-substrate specificity: lessons
from the aspartic proteinases. Biochim. Biophys. Acta (BBA) – Protein Struct.
Mol. Enzymol. 1477, 231–240.

Egas, C., Lavoura, N., Resende, R., Brito, R.M.M., Pires, E., Pedroso de Lima, M.C., Faro,
C., 2000. The saposin-like domain of the plant aspartic proteinase precursor is a
potent inducer of vesicle leakage. J. Biol. Chem. 275, 38190–38196.

Esteves, C.L., 1995. Comparative study of biochemical characteristics of the rennets
from Cynara cardunculus L., Cynara scolymus L. and Cynara humilis L. M.Sc. thesis,
University of Coimbra, Portugal.

Esteves, C.L., Lucey, J.A., Wang, T., Pires, E., 2003. Effect of pH on the gelation
properties of skim milk gels made from plant coagulants and chymosin. J. Dairy
Sci. 86, 2558–2567.

Esteves, C.L.C., Lucey, J.a., Pires, E.M.V., 2002. Rheological properties of milk gels
made with coagulants of plant origin and chymosin. Int. Dairy J. 12, 427–434.

Faro, C., Gal, S., 2005. Aspartic proteinase content of the Arabidopsis genome. Curr.
Protein Pept. Sci. 6, 493–500.

Faro, C., Ramalho-Santos, M., Vieira, M., Mendes, A., Simões, I., Andrade, R.,
Veríssimo, P., Lin, X., Tang, J., Pires, E., 1999. Cloning and characterization of
cDNA encoding cardosin A, an RGD-containing plant aspartic proteinase. J. Biol.
Chem. 274, 28724–28729.

Faro, C.J., Veríssimo, P., Lin, Y., Tang, J., Pires, E., 1995. Cardosin A and B, aspartic
proteases from the flowers of cardoon. Adv. Exp. Med. Biol. 362, 373–377.

Faro, C., Ramalho-Santos, M., Veríssimo, P., Pissarra, J., Frazão, C., Costa, J., Lin, X.,
Tang, J., Pires, E., 1998. Structural and functional aspects of cardosins. Adv. Exp.
Med. Biol. 436, 423–433.
Feijoo-Siota, L., Villa, T.G., 2011. Native and biotechnologically engineered plant
proteases with industrial applications. Food Bioprocess Technol. 4, 1066–1088.

Figueiredo, R., Duarte, P., Pereira, S., Pissarra, J., 2006. The embryo sac of Cynara
cardunculus: ultrastructure of the development and localisation of the aspartic
proteinase cardosin B. Sex. Plant Reprod. 19, 93–101.

Frazão, C., Bento, I., Costa, J., Soares, C.M., Veríssimo, P., Faro, C., Pires, E., Cooper, J.,
Carrondo, M.A., 1999. Crystal structure of cardosin A, a glycosylated and Arg–
Gly–Asp-containing aspartic proteinase from the flowers of Cynara cardunculus
L. J. Biol. Chem. 274, 27694–27701.

Friedman, R., Caflisch, A., 2010. On the orientation of the catalytic dyad in aspartic
proteases. Proteins 78, 1575–1582.

Galán, E., Prados, F., Pino, A., Tejada, L., Fernández-Salguero, J., 2008. Influence of
different amounts of vegetable coagulant from cardoon Cynara cardunculus and
calf rennet on the proteolysis and sensory characteristics of cheeses made with
sheep milk. Int. Dairy J. 18, 93–98.

Glathe, S., Kervinen, J., Nimtz, M., Li, G.H., Tobin, G.J., Copeland, T.D., Ashford, D.A.,
Wlodawer, A., Costa, J., 1998. Transport and activation of the vacuolar aspartic
proteinase phytepsin in barley (Hordeum vulgare L.). J. Biol. Chem. 273, 31230–
31236.

González-Rábade, N., Badillo-Corona, J.A., Aranda-Barradas, J.S., Oliver-Salvador,
M.D.C., 2011. Production of plant proteases in vivo and in vitro – a review.
Biotechnol. Adv. 29, 983–996.

Heimgartner, U., Pietrzak, M., Geertsen, R., Brodelius, P.E., da Silva Figueiredo, A.C.,
Pais, M., 1990. Purification and partial characterization of milk clotting
proteases from flowers of Cynara cardunculus. Phytochemistry 29, 1405–1410.

Hong, L., Tang, J., 2004. Flap position of free memapsin 2 (beta-secretase), a model
for flap opening in aspartic protease catalysis. Biochemistry 43, 4689–4695.

Kervinen, J., Sarkkinen, P., Kalkkinen, N., Mikola, L., Saarma, M., 1993. Hydrolytic
specificity of the barley grain aspartic proteinase. Phytochemistry 32, 799–803.

Kervinen, J., Tobin, G.J., Costa, J., Waugh, D.S., Wlodawer, A., Zdanov, A., 1999.
Crystal structure of plant aspartic proteinase prophytepsin: inactivation and
vacuolar targeting. FEBS J. 18, 3947–3955.

Llorente, B.E., Brutti, C.B., Caffini, N.O., 2004. Purification and characterization of a
milk-clotting aspartic proteinase from globe artichoke (Cynara scolymus L.). J.
Agric. Food Chem. 52, 8182–8189.

Llorente, B.E., Brutti, C.B., Natalucci, C.L., Caffini, N.O., 1997. Partial characterization
of a milk clotting proteinase isolated from artichoke (Cynara scolymus L.,
Asteraceae). Acta Farm. Bonaerense 16, 37–42.

Lourenço, P.M., de Castro, S., Martins, T.M., Clemente, A., Domingos, A., 2002.
Growth and proteolytic activity of hairy roots from Centaurea calcitrapa: effect
of nitrogen and sucrose. Enzyme Microb. Technol. 31, 242–249.

Lufrano, D., Faro, R., Castanheira, P., Parisi, G., Veríssimo, P., Vairo-Cavalli, S., Simões,
I., Faro, C., 2012. Molecular cloning and characterization of procirsin, an active
aspartic protease precursor from Cirsium vulgare (Asteraceae). Phytochemistry
81, 7–18.

Lufrano, D., Vairo Cavalli, S., Priolo, N., 2007. Acción de peptidasas aspárticas de
flores de Carduus acanthoides y Carduus thoermeri sobre caseinatos bovino y
caprino. Tecnol. Láctea Latinoam. 48, 52–55.

Macedo, A.C., Malcata, F.X., 1997. Technological optimization of the manufacture of
Serra cheese. J. Food Eng. 31, 433–447.

Mazorra-Manzano, M.a., Tanaka, T., Dee, D.R., Yada, R.Y., 2010. Structure–function
characterization of the recombinant aspartic proteinase A1 from Arabidopsis
thaliana. Phytochemistry 71, 515–523.

Meisel, H., 1997. Biochemical properties of bioactive peptides derived from milk
proteins: potential nutraceuticals for food and pharmaceutical applications.
Livest Prod. Sci. 50, 125–138.

Munford, R.S., Sheppard, P.O., O’Hara, P.J., 1995. Saposin-like proteins (SAPLIP) carry
out diverse functions on a common backbone structure. J. Lipid Res. 36, 1653–
1663.

NC-IUBMB, 1997. Nomenclature Committee of the IUBMB [WWW Document]. URL
<http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/4/23/40.html> (accessed
11.3.12).

Oliveira, A., Pereira, C., Costa, D.S.D., Teixeira, J., Fidalgo, F., Pereira, S., Pissarra, J.,
2010. Characterization of aspartic proteinases in C. cardunculus L. callus tissue
for its prospective transformation. Plant Sci. 178, 140–146.

Ordiales, E., Martín, A., Benito, M.J., Hernández, A., Ruiz-Moyano, S., Córdoba,
M.D.G., 2012. Technological characterisation by free zone capillary
electrophoresis (FCZE) of the vegetable rennet (Cynara cardunculus) used in
‘‘Torta del Casar’’ cheese-making. Food Chem. 133, 227–235.

Pal, D., Chakrabarti, P., 1999. Cis peptide bonds in proteins: residues
involved, their conformations, interactions and locations. J. Mol. Biol. 294,
271–288.

Pereira, A.O., Cartucho, D.J., Duarte, A.S., Gil, M.H., Cabrita, A.M.S.,
Patricio, J.A., Barros, M.M.T., 2005. Immobilisation of cardosin A in chitosan
sponges as a novel implant for drug delivery. Curr. Drug Discov. Technol. 2,
231–238.

Pereira, C., Soares da Costa, D., Pereira, S., de Moura Nogueira, F., Albuquerque, P.M.,
Teixeira, J., Faro, C., Pissarra, J., 2008. Cardosins in postembryonic development
of cardoon: towards an elucidation of the biological function of plant aspartic
proteinases. Protoplasma 232, 203–213.

Pereira, C.I., Franco, M.I., Gomes, M.P., Malcata, F.X., 2011. Microbiological,
rheological and sensory characterization of Portuguese model cheeses
manufactured from several milk sources. LWT – Food Sci. Technol. 44, 2244–
2252.

Pesquet, E., 2012. Plant proteases-from detection to function. Physiol. Plant. 145,
1–4.

http://refhub.elsevier.com/S0031-9422(13)00154-4/h0035
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0035
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0035
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0040
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0040
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0040
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0045
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0045
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0045
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0045
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0050
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0050
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0050
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0050
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0055
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0055
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0055
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0060
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0060
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0060
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0065
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0065
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0065
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0065
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0070
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0070
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0070
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0070
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0075
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0075
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0080
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0080
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0085
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0085
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0085
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0090
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0090
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0090
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0095
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0095
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0095
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0095
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0100
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0100
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0100
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0105
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0105
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0105
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0105
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0110
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0110
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0110
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0115
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0115
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0115
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0115
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0120
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0120
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0120
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0125
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0125
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0555
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0555
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0555
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0130
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0130
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0130
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0135
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0135
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0135
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0140
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0140
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0145
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0145
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0150
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0150
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0150
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0150
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0155
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0155
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0570
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0570
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0570
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0160
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0160
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0165
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0165
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0165
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0170
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0170
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0170
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0170
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0175
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0175
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0180
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0180
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0180
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0180
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0185
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0185
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0185
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0185
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0190
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0190
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0190
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0195
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0195
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0195
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0200
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0200
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0205
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0205
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0210
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0210
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0210
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0215
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0215
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0215
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0220
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0220
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0220
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0225
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0225
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0225
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0230
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0230
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0230
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0230
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0235
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0235
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0235
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0240
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0240
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0245
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0245
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0245
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0250
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0250
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0250
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0255
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0255
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0255
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/4/23/40.html
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0260
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0260
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0260
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0265
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0265
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0265
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0265
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0270
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0270
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0270
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0275
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0275
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0275
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0275
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0280
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0280
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0280
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0280
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0285
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0285
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0285
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0285
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0290
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0290


S. Vairo Cavalli et al. / Phytochemistry 92 (2013) 16–32 31
Pimentel, C., Van Der Straeten, D., Pires, E., Faro, C., Rodrigues-Pousada, C., 2007.
Characterization and expression analysis of the aspartic protease gene family of
Cynara cardunculus L. FEBS J. 274, 2523–2539.

Pinho, O., Ferreira, I., Mendes, E., Oliveira, B.M., Ferreira, M., 2001. Effect of
temperature on evolution of free amino acid and biogenic amine contents
during storage of Azeitao cheese. Food Chem. 75, 287–291.

Pires, E., 1998a. Cardosin A. In: Barret, A., Rawlings, N., Woessner, J. (Eds.),
Handbook of Proteolytic Enzymes. Academic Press, London, pp. 843–844.

Pires, E., 1998b. Cardosin B. In: Barrett, A., Rawlings, N., Woessner, J. (Eds.),
Handbook of Proteolytic Enzymes. Academic Press, London, pp. 844–846.

Pissarra, J., Pereira, C., da Costa, D., 2007. From flower to seed germination in Cynara
cardunculus: a role for aspartic proteinases. Int. J. Plant Dev. Biol. 1, 274–281.

Ramalho-Santos, M., Pissarra, J., Veríssimo, P., Pereira, S., Salema, R., Pires, E., Faro,
C.J., 1997. Cardosin A, an abundant aspartic proteinase, accumulates in protein
storage vacuoles in the stigmatic papillae of Cynara cardunculus L. Planta 203,
204–212.

Ramalho-Santos, M., Veríssimo, P., Cortes, L., Samyn, B., Van Beeumen, J., Pires, E.,
Faro, C., 1998. Identification and proteolytic processing of procardosin A. FEBS J.
255, 133–138.

Ramalho-Santos, M., Veríssimo, P., Faro, C.J., Pires, E., 1996. Action on
bovine alpha s1-casein of cardosins A and B, aspartic proteinases from the
flowers of the cardoon Cynara cardunculus L. Biochim. Biophys. Acta 1297,
83–89.

Raposo, S., Domingos, A., 2008. Purification and characterization milk-clotting
aspartic proteinases from Centaurea calcitrapa cell suspension cultures. Process
Biochem. 43, 139–144.

Rawlings, N.D., Bateman, A., 2009. Pepsin homologues in bacteria. BMC Genomics
10, 437.

Rawlings, N.D., Bateman, A., Barrett, A.J., 2012. MEROPS: the database of proteolytic
enzymes, their substrates and inhibitors. Nucleic Acids Res. 40, D343–D350.

Rawlings, N.D., Morton, F.R., Kok, C.Y., Kong, J., Barrett, A.J., 2008. MEROPS: the
peptidase database. Nucleic Acids Res. 36, D320–D325.

Reis, P.J.M., Malcata, F.X., 2011. Current state of Portuguese dairy products from
ovine and caprine milks. Small Ruminant Res. 101, 122–133.

Reis, P.M., Lourenço, P.L., Domingos, A., Clemente, A.F., Salomé Pais, M., Malcata, X.,
2000. Applicability of extracts from Centaurea calcitrapa in ripening of bovine
cheese. Int. Dairy J. 10, 775–780.

Richter, C., Tanaka, T., Yada, R.Y., 1998. Mechanism of activation of the gastric
aspartic proteinases: pepsinogen, progastricsin and prochymosin. Biochem. J.
335, 481–490.

Roseiro, L.B., Barbosa, M., Ames, J.M., Wilbey, R.A., 2003. Cheesemaking with
vegetable coagulants—the use of Cynara L. for the production of ovine milk
cheeses. Int. J. Dairy Technol. 56, 76–85.

Sampaio, P.N., Fortes, A.M., Cabral, J.M.S., Pais, M.S., Fonseca, L.P., 2008. Production
and characterization of recombinant cyprosin B in Saccharomyces cerevisiae
(W303-1A) Strain. J. Biosci. Bioeng. 105, 305–312.

Sarmento, A.C., Lopes, H., Oliveira, C.S., Vitorino, R., Samyn, B., Sergeant, K., Debyser,
G., Van Beeumen, J., Domingues, P., Amado, F., Pires, E., Domingues, M.R.M.,
Barros, M.T., 2009. Multiplicity of aspartic proteinases from Cynara cardunculus
L. Planta 230, 429–439.

Sarmento, A.C., Silvestre, L., Barros, M., Pires, E., 1998. Cardosins A and B,
two new enzymes available for peptide synthesis. J. Mol. Catal. B: Enzym. 5,
327–330.

Sarmento, C., Oliveira, C., Pires, E., Amado, F., Barros, M., 2004. Reverse hydrolysis by
cardosin A: specificity considerations. J. Mol. Catal. B: Enzym. 28, 33–37.

Shnyrova, A.V., Oliveira, C.S., Sarmento, A.C., Barros, M.T., Zhadan, G.G., Roig, M.G.,
Shnyrov, V.L., 2006. Effect of acetonitrile on Cynara cardunculus L. cardosin A
stability. Int. J. Biol. Macromol. 39, 273–279.

Sidrach, L., García-Cánovas, F., Tudela, J., Rodríguez-López, J.N., 2005. Purification of
cynarases from artichoke (Cynara scolymus L.): enzymatic properties of
cynarase A. Phytochemistry 66, 41–49.

Silva, S.V., Malcata, F.X., 1999. On the activity and specificity of cardosin B, a plant
proteinase, on ovine caseins. Food Chem. 67, 373–378.

Silva, S.V., Malcata, F.X., 2000a. Action of cardosin A from Cynara humilis on ovine
and caprine caseinates. Enzyme Microb. Technol. 67, 449–454.

Silva, S.V., Malcata, F.X., 2000b. Comparative catalytic activity of two plant
proteinases upon caprine caseins in solution. Food Chem. 71, 207–214.

Silva, S.V., Malcata, F.X., 2005a. Studies pertaining to coagulant and proteolytic
activities of plant proteases from Cynara cardunculus. Food Chem. 89, 19–26.

Silva, S.V., Malcata, F.X., 2005b. Caseins as source of bioactive peptides. Int. Dairy J.
15, 1–15.

Silva, S.V., Philanto, A., Malcata, F.X., 2006. Bioactive peptides in ovine and caprine
cheeselike systems prepared with proteases from Cynara cardunculus. J. Dairy
Sci. 89, 3336–3344.

Simões, I., Faro, C., 2004. Structure and function of plant aspartic proteinases. FEBS J.
271, 2067–2075.

Simões, I., Mueller, E.-C., Otto, A., Bur, D., Cheung, A.Y., Faro, C., Pires, E., 2005.
Molecular analysis of the interaction between cardosin A and phospholipase
D(alpha). Identification of RGD/KGE sequences as binding motifs for C2
domains. FEBS J. 272, 5786–5798.

Singh, G., 2004. Asteraceae. In: Plant Systematics: An Integrated Approach. Science
Publishers, INC, New Hampshire, pp. 472–474.
Soares da Costa, D., Pereira, S., Moore, I., Pissarra, J., 2010. Dissecting cardosin B
trafficking pathways in heterologous systems. Planta 232, 1517–1530.

Soares da Costa, D., Pereira, S., Pissarra, J., 2011. The heterologous systems in the
study of cardosin B trafficking pathways. Plant Signal. Behav. 6, 895–897.

Sousa, M.J., Malcata, F.X., 1997. Comparison of plant and animal rennets in terms of
microbiological, chemical, and proteolysis characteristics of ovine cheese. J.
Agric. Food Chem. 45, 74–81.

Sousa, M.J., Malcata, F.X., 1998. Proteolysis of ovine and caprine caseins in solution
by enzymatic extracts of Cynara cardunculus. Enzyme Microb. Technol. 22, 305–
314.

Stewart, D., Sarkar, A., Wampler, J., 1990. Occurrence and role of cis peptide bonds in
protein structures. J. Mol. Biol. 214, 253–260.

Tamer, I.M., 1993. Identification and partial purification of a novel milk clotting
enzyme from Onopordum turcicum. Biotechnol. Lett. 15, 427–432.

Tang, J., 2004. Pepsin A. In: Barrett, A.J., Rawlings, N.D., Woessner, J.F. (Eds.),
Handbook of Proteolytic Enzymes. Elsevier, London, pp. 19–28.

Tavares, T., Contreras, M.D.M., Amorim, M., Pintado, M., Recio, I., Malcata, F.X.,
2011a. Novel whey-derived peptides with inhibitory effect against angiotensin-
converting enzyme: in vitro effect and stability to gastrointestinal enzymes.
Peptides 32, 1013–1019.

Tavares, T., Contreras, M.M., Amorim, M., Martín-Álvarez, P.J., Pintado, M.E., Recio, I.,
Malcata, F.X., 2011b. Optimisation, by response surface methodology, of degree
of hydrolysis and antioxidant and ACE-inhibitory activities of whey protein
hydrolysates obtained with cardoon extract. Int. Dairy J. 21, 926–933.

Tavares, T., Sevilla, M.-Á., Montero, M.-J., Carrón, R., Malcata, F.X., 2012. Acute effect
of whey peptides upon blood pressure of hypertensive rats, and relationship
with their angiotensin-converting enzyme inhibitory activity. Mol. Nutr. Food
Res. 56, 316–324.

Terauchi, K., Asakura, T., Ueda, H., Tamura, T., Tamura, K., Matsumoto, I., Misaka, T.,
Hara-Nishimura, I., Abe, K., 2006. Plant-specific insertions in the soybean
aspartic proteinases, soyAP1 and soyAP2, perform different functions of
vacuolar targeting. J. Plant Physiol. 163, 856–862.

Törmäkangas, K., Hadlington, J.L., Pimpl, P., Hillmer, S., Brandizzi, F., Teeri, T.H.,
Denecke, J., 2001. A vacuolar sorting domain may also influence the way in
which proteins leave the endoplasmic reticulum. Plant Cell 13, 2021–2032.

Vairo Cavalli, S., Claver, S., Priolo, N., Natalucci, C., 2005. Extraction and partial
characterization of a coagulant preparation from Silybum marianum flowers. Its
action on bovine caseinate. J. Dairy Res. 72, 271–275.

Vairo Cavalli, S., Silva, S., Cimino, C., Malcata, F.X., Priolo, N., Vairocavalli, S., 2008.
Hydrolysis of caprine and ovine milk proteins, brought about by
aspartic peptidases from Silybum marianum flowers. Food Chem. 106, 997–
1003.

Vairo Cavalli, S.E., Lufrano, D., Cimino, C.V., Faro, C., Veríssimo, P., Pires, E., 2009.
Proteasas de Asteraceae. In: Caffini, N.O. (Ed.), Enzimas Proteolíticas de
Vegetales Superiores. Aplicaciones Industriales. Ciencia y Tecnología para el
Desarrollo (Cyted), Buenos Aires, pp. 25–40.

Van der Hoorn, R.A.L., 2008. Plant proteases: from phenotypes to molecular
mechanisms. Annu. Rev. Plant Biol. 59, 191–223.

Veríssimo, P., Esteves, C.L., Faro, C.J., Pires, E., 1995. The vegetable rennet of Cynara
cardunculus L. contains two proteinases with chymosin and pepsin-like
specificities. Biotechnol. Lett. 17, 621–626.

Veríssimo, P., Faro, C., Moir, a.J., Lin, Y., Tang, J., Pires, E., 1996. Purification,
characterization and partial amino acid sequencing of two new
aspartic proteinases from fresh flowers of Cynara cardunculus L. FEBS J. 235,
762–768.

Vieira, M., Pissarra, J., Veríssimo, P., Castanheira, P., Costa, Y., Pires, E., Faro, C., 2001.
Molecular cloning and characterization of cDNA encoding cardosin B, an
aspartic proteinase accumulating extracellularly in the transmitting tissue of
Cynara cardunculus L. Plant Mol. Biol. 45, 529–539.

Vioque, M., Gómez, R., Sánchez, E., Mata, C., Tejada, L., Fernández-Salguero, J., 2000.
Chemical and microbiological characteristics of ewes’ milk cheese
manufactured with extracts from flowers of Cynara cardunculus and Cynara
humilis as coagulants. J. Agric. Food Chem. 48, 451–456.

White, P.C., Cordeiro, M.C., Arnold, D., Brodelius, P.E., Kay, J., 1999. Processing,
activity, and inhibition of recombinant cyprosin, an aspartic proteinase from
cardoon (Cynara cardunculus). J. Biol. Chem. 274, 16685–16693.

Sandra Vairo Cavalli obtained her Ph.D. in Sciences from
the UNLP, where she studied aspartic peptidases of flowers
of Silybum marianum and its potential uses in the dairy
industry. Her postdoctoral work has focused on plant APs
with application to food industry under supervision of Prof.
Priolo. She is currently teaching Biology in the Biological
Sciences Department at the School of Sciences, UNLP. As a
full time researcher at LIPROVE, she is leading the aspartic
proteases research team. Whilst her major interest is in
plant proteases, she is working on other projects including
defensins and bioactive peptides released by proteolysis
from dietary proteins.

http://refhub.elsevier.com/S0031-9422(13)00154-4/h0295
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0295
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0295
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0300
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0300
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0300
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0305
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0305
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0310
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0310
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0315
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0315
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0320
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0320
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0320
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0320
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0325
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0325
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0325
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0330
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0330
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0330
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0330
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0335
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0335
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0335
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0340
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0340
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0345
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0345
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0350
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0350
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0355
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0355
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0360
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0360
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0360
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0365
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0365
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0365
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0370
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0370
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0370
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0375
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0375
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0375
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0380
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0380
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0380
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0380
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0385
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0385
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0385
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0390
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0390
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0395
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0395
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0395
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0400
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0400
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0400
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0405
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0405
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0410
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0410
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0415
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0415
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0420
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0420
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0425
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0425
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0430
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0430
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0430
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0435
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0435
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0440
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0440
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0440
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0440
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0560
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0560
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0450
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0450
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0455
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0455
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0460
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0460
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0460
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0465
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0465
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0465
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0470
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0470
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0475
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0475
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0480
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0480
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0485
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0485
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0485
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0485
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0490
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0490
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0490
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0490
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0495
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0495
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0495
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0495
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0500
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0500
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0500
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0500
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0505
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0505
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0505
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0510
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0510
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0510
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0515
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0515
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0515
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0515
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0565
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0565
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0565
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0565
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0525
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0525
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0530
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0530
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0530
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0535
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0535
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0535
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0535
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0540
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0540
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0540
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0540
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0545
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0545
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0545
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0545
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0550
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0550
http://refhub.elsevier.com/S0031-9422(13)00154-4/h0550


32 S. Vairo Cavalli et al. / Phytochemistry 92 (2013) 16–32
Daniela Lufrano graduated in 2008 as a biochemist
from the National University of La Plata (UNLP). She
obtained her Ph.D. in Sciences at the Laboratorio de
Investigación de Proteínas Vegetales (LIProVe, UNLP).
Her Ph.D. project was focused on APs from Asteraceae
family, with an emphasis in the plant specific insert
potential biotechnological uses. Currently, she is a
postdoctoral fellow of CONICET and a teaching assistant
of physical chemistry at the Department of Chemistry,
School of Sciences (UNLP).
María Laura Colombo graduated from the University of
La Plata in 2009 with a Bachelor’s degree in Biotech-
nology and Molecular Biology. She is a teaching assis-
tant in Plant Biology at the Department of Biological
Sciences, School of Sciences, and is working toward her
Ph.D. in Sciences at LIProVe, UNLP. Her Ph.D. project is
focused on antimicrobial proteins and peptides from
flowers of the Asteraceae family, especially aspartic
proteases and defensins. She was an awarded fellowship
of Erasmus Mundus at the Universidad Politécnica de
Valencia (Valencia, Spain).
Nora Silvia Priolo obtained her Ph.D. in Biochemistry
Sciences in the University of La Plata in 1979. She is
currently Professor of Plant Biology in the Biological
Sciences Department at the School of Sciences, UNLP.
Her research work is carried out in LIProVe, where she
leads a research group specialized in the isolation,
purification and characterization of plant proteases and
their biotechnological applications. She is responsible
for projects and grants from UNLP and ANCyPT and
bilateral research agreements with Portugal and Spain.


	Properties and applications of phytepsins from thistle flowers
	1 Introduction
	2 Thistle flowers as producers of phytepsins
	3 Molecular structure of typical plant APs from thistle flowers
	4 Activities and specificities
	5 Tissue localization
	6 From proenzymes to mature peptidases
	6.1 Zymogen inactivation
	6.2 Processing
	6.3 Targeting
	6.4 Plant-specific inserts (PSIs)

	7 Physiological roles
	8 Biotechnological and biomedical applications
	8.1 Cheese preparation
	8.2 Production of bioactive peptides

	9 Conclusions
	Acknowledgements
	References


