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17. Phytepsin

Databanks

MEROPS name: Phytepsin

MEROPS classification: clan AA, family Al, peptidase
A01.020

IUBMB: EC 3.4.23.40

CAS registry: 78169-47-8

Species distribution: Magnoliophyta

Sequence known from: Arabidopsis thaliana, Brassica napus,
Brassica oleracea, Centaurea calcitrapa, Cicer arietinum,
Cucurbita pepo, Cynara cardunculus, Glycine max, Helian-
thus annuus, Hemerocallis sp., Hordeum vulgare, Ipo-
moea batatas, Lycopersicon esculentum, Manihot esculenta,
Nepenthes alata, Oryza sativa, Pyrus pyrifolia, Theobroma
cacao, Vigna unguiculata

Tertiary structure: Available

Name and History

Aspartic proteinases (APs) are ubiquitously expressed
throughout the plant kingdom. All plants appear to contain
the enzyme since its presence is observed in at least some
tissues of every plant so far tested. In 1997, the name
phytepsin (L. phyto, plant) was introduced to denote all
related plant APs and was adopted by NC-IUBMB. However,
in the literature, no universal name is commonly used to
represent all plant APs. Instead, the names tend to indicate
the plant species or tissue from which the specific enzyme
is purified. In this review, the name phytepsin is used to
denote plant APs in general and specific names are given
where applicable.

Phytepsins have been especially well characterized from
cardoon (Cynara cardunculus L.) and barley (Hordeum vul-
gare L.) plant tissues. Flowers of the cardoon plant contain
a milk-clotting activity that has been exploited in traditional
cheese-making in Portugal and Spain for centuries.- This
activity was eventually found to be due to a family of APs.
Three phytepsins, cynarases 1-3, were purified from car-
doon flowers and partially characterized (Heimgartner et al.,

1990; Cordeiro et al., 1992). Later these phytepsins were
renamed cyprosins 1, 2 and 3 (cynara protease with the
ending -sin) and the primary structure of cyprosin was deter-
mined (Cordeiro et al., 1994). Two other phytepsins, named
cardosin A and cardosin B (cardo is the Portuguese name of
the plant), have subsequently been extensively studied from
cardoon flowers (Verissimo et al., 1996; Ramalho-Santos
et al., 1997, 1998; Faro et al., 1999; Egas er al., 2000; Vieira
et al., 2001; Barros & Malcata, 2002) and the crystal struc-
ture of cardosin A has been solved (Frazdo et al., 1999).
Barley grains contain a prominent phytepsin activity (Morris
et al., 1985; Sarkkinen ef al., 1992; Wrobel & Jones, 1992)
suggested to initiate the hydrolysis of grain storage proteins
at the onset of germination (Mikola, 1987). Barley grain AP
was the first phytepsin for which the primary structure was
determined (Runeberg-Roos et al., 1991). The corresponding
enzyme, abbreviated HvAP, was purified from resting barley
grains and characterized (Sarkkinen ef al., 1992; Ketvinen
et al., 1993; Runeberg-Roos et al., 1994; Térmikangas et al.,
1994; Costa et al., 1997). Its modification along the route to
vacuoles has been studied (Glathe ef al., 1998) and the crys-
tal structure of the zymogen form has been solved (Kervinen
et al., 1999).

Based on these and other studies, it became apparent that
phytepsins share high sequence and structure homology, as
well as general biochemical properties, with the animal and
microbial APs. However, many phytepsins contain an extra
protein sequence of about 100 amino acids, referred to as
a plant-specific insert (PSI) or domain (e.g. Mutlu & Gal,
1999). This region has no sequence homology to mammalian
or microbial APs and thus the PSI region can be regarded
as a unique structural feature of phytepsins. Interestingly,
this structure exhibits close homology to members of the
saposin-like family of proteins, a group of lipid-binding
proteins found in various organisms (Guruprasad et al., 1994;
Liepinsh ez al., 1997; Schuette et al., 2001). Several theories
have been proposed regarding the function of the PSI region
(see below).
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Activity and Specificity

The activity of phytepsin isolated from various barley tis-
sues has been measured both as a pepstatin-sensitive protein
cleavage at pH 3.7, using hemoglobin as a substrate (Sarkki-
nen et al., 1992; Térmikangas et al., 1994), and by an elec-
trophoretic method using a native gel with immobilized edes-
tin (Wrobel & Jones, 1992; Zhang & Jones, 1995). Purified
phytepsin hydrolyzes hemoglobin and a chromophoric sub-
strate, Pro-Thr-Glu-Phe}Nph-Arg-Leu (NovaBiochem; see
Appendix 2 for full names and addresses of suppliers), opti-
mally at pH 3.5-4.1 (Sarkkinen et al., 1992; Kervinen et al.,
1993). Insulin B chain, glucagon and melittin have been used
for characterization of the hydrolytic specificity of phytepsin.
The cleavage of insulin B chain is as follows:

FVNQHLCGSHL+VEA}L4+YLVCGERGFFHYTPKA

The cleavage typically occurred between two residues with
hydrophobic side chains (Leu, Ile, Val, Phe) or next to one
hydrophobic residue. In glucagon, the Asp+Tyr bond was
also readily cleaved (Kervinen et al., 1993):

HSQGTFTSD4YSKY+H.4+DS+RR+AQDF+VQW-LAMNT .

Similar hydrolytic specificity has been observed for several
other phytepsins, although some slight variation occurs
between individual enzymes (Polanowski et al., 1985; Faro
et al., 1995; Ramalho-Santos ef al., 1996; Bleukx et al.,
1998). Besides hemoglobin, other in vitro substrates of
phytepsins include albumin, gliadin, chromophoric peptides,
casein (Mutlu & Gal, 1999), and firefly luciferase (Amidon
et al., 1999). ‘

Barley phytepsin is inhibited by pepstatin and several other
substrate—analog inhibitors which are effective against the
mammalian Iysosomal AP cathepsin D (Chapter 8) (Sarkki-
nen et al., 1992). A systematic series of synthetic inhibitors
developed against mammalian and retroviral APs have been
tested against the recombinantly produced cardoon enzyme
(cyprosin); several inhibited cyprosin with measured K; val-
ues in the nanomolar range (White ez al., 1999). Endogenous
AP inhibitors have been detected or purified from several
plant species including potato (Mare¥ et al., 1989; Maganja
et al., 1992), tomato (Hansen & Hannapel, 1992; Cater et al.,
2002), squash (Christeller et al., 1998) and Anchusa strigosa
(Abuereish, 1998). These inhibitors were effective against
mammalian APs such as cathepsin D, pepsin and yeast pro-
teinase A. Interestingly, however, AP inhibitors from potato
and tomato did not inhibit the cardoon phytepsins cyprosin
(White et al., 1999) and cardosin B (Cater et al., 2002),
respectively. The efficacy of these inhibitors against other
phytepsins is unknown.

Structural Chemistry
Primary Structure

The overall primary translation product of most phytepsins
is similar to their mammalian and microbial counter-
parts, consisting of the endoplasmic reticulum (ER) signal
sequence followed by a self-inhibition peptide of around
40 residues (propeptide) and the mature enzyme sequence
(e.g. Runeberg-Roos et al., 1991; Cordeiro et al., 1994;

Hiraiwa et al., 1997; Faro et al., 1999; Domingos et al.,
2000; Vieira ef al., 2001). The mature enzyme can be
roughly divided into N-terminal and C-terminal sequence
domains, based on the bilobal tertiary structure of the
enzyme. The primary structure of phytepsins contains sev-
eral typical sequence domains found in all APs. These
include the conserved catalytic active-site residues Asp-
Thr-Gly and Asp-Ser-Gly in the N-terminal and C-terminal
regions, respectively, although most mammalian and micro-
bial enzymes contain the Asp-Thr-Gly sequence in.both
domains. Whether the Asp-Thr/Ser-Gly variation confers
any biological significance remains to be determined. A
unique feature among many phytepsins is an extra sequence
of around 100 residues (plant-specific insert; PSI) that is
located in the C-terminal region of the protein. Due to the
PSI sequence, the primary translation product of phytepsins
(~500 amino acids) is significantly larger than those of most
mammalian enzymes. A single conserved and functional N-
glycosylation site is: also present in the PSI region (Costa
et al., 1997, Frazdo et al., 1999).

Although most phytepsins studied in detail contain close®
sequence homology, some recent results reveal that APs
represent a very diverse class of enzymes in the plant
kingdom. For instance, tobacco chloroplast nucleoids contain
a phytepsin-like enzyme with a fully conserved active-
site region, but the cDNA encoding the protein does not
include either a PSI region or the propeptide sequence
(Nakano et al., 1997). Likewise, Chen & Foolad (1997) have
reported the cloning and characterization of a phytepsin-
like proteinase of around 45kDa - (nucellin) from barley
ovaries, which is abundantly expressed after pollination. The
cDNA contains a likely signal sequence, but lacks both the
propeptide and the PSI region. A seven-member family of
glycosylphosphatidylinositol (GPI)-anchored APs has been
identified from the Arabidopsis thaliana genome (Borner
et al., 2002). In all, the Arabidopsis genome contains at least
66 putative phytepsin genes. Sixty of them contain a fully
conserved active-site sequence, whereas six members are
probably inactive due to a mutated active-site Asp residue.
In terms of their primary structures, Arabidopsis phytepsins
form a diverse group of enzymes. Interestingly, only four
of the putative Arabidopsis phytepsins contain a PSI region
(Yiji Xia, personal communication).

Tertiary Structure

Crystal structures have only been solved for cardoon (Frazio
et al., 1999) and barley (Kervinen et al., 1999) phytepsins;
both enzymes exhibit structures. typical for the AP family.
The crystal structure of a zymogen form of barley phytepsin,
solved at 2.3 A resolution, is presented in Figure 17.1. The
model includes residues 6—26 out of the 41 residue sequence
of the propeptide, the mature protein, and most of the
PSI region. The structure of the mature enzyme consists
of two similar B barrel domains with the two active-site
residues Asp36 and Asp223 (illustrated in ball-and-stick in
Figure 17.1) located in the interdomain cleft. The bottom
of the active-site cleft is covered with a six strand B sheet
shielding the internal hydrophobic core from the exterior.
The self-inactivation mechanism used by barley pro-
phytepsin, and apparently also by all closely related phytepsins,
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varies from that of the well-known gastric AP zymogen
pepsinogen (Bernstein & James, 1999; Kervinen et al., 1999).
The phytepsin propeptide wraps around the mature protein and
its N-terminal strand is involved in the formation of the inter-
domain six-stranded B sheet. The helical part of the propeptide
is located in the vicinity of the active site and, together with
the first 13 residues of the N-terminus of the mature enzyme,
fully blocks it. This conformation is anchored to the active site
both by an ionic interaction of Lys11 (see Figure 17.1) with
the active-site Asp residues and by the interactions of other
residues in the S1’" and S1 sites.

The crystal structure of cardoon enzyme (cardosin A)
has been determined to a 1.7 A resolution (Frazdo et al.,
1999). Comparison of the mature cardosin A structure to
a zymogen form of barley phytepsin suggests that only
minor conformational changes occur during activation of
plant phytepsins (Kervinen et al., 1999). Cardosin A has two
N-glycosylation sites (Asn67 and Asn257) and the crystal
structure reveals a new glycan of the plant complex type. Due
to their localization away from the active site, the glycans are
likely to be important for the stability and proper processing
of the precursor rather than for activity. The unique feature
of cardosin A among phytepsins is the presence of the Arg-
Gly-Asp (RGD) cell-attachment motif. The crystal structure
shows that the RGD motif is located at the base of the
molecule, opposite to the active site, and projects itself out of

Figure 17.1 The crystal structure of a zymogen form of
barley phytepsin. Propeptide and PSI region are shown in
dark gray and a mature enzyme in gray. Lysll as well as
the active-site residues Asp36 and Asp223 are shown in
ball-and-stick.

the molecular surface. This may indicate a protein—protein
interaction motif for this area.

Barley phytepsin structure revealed the fold and orienta-
tion of the PSI in relation to the mature part of the protein
(Figure 17.1). It is attached to the C-terminal domain of
the enzyme by two flexible polypeptide linkages, permit-
ting some freedom in the positioning of PSI relative to the
main body of the enzyme. The PSI domain comprises five
amphipathic helices forming a helical bundle with a large
internal hydrophobic core. In addition to being stabilized
by hydrophobic interactions, the tertiary structure of PSI is
maintained by three disulfide bridges (Kervinen et al., 1999).

Preparation

In most cases, phytepsins have been purified from crude
extracts by affinity chromatography using immobilized pep-
statin as an affinity matrix (Kervinen et al., 1995; Mutlu &
Gal, 1999). However, the expression level of phytepsins in
plant tissues is generally low and in most cases purifica-
tion procedures have yielded at most a milligram amount
of pure protein. In addition, the preparations often contain
several enzyme forms or processing intermediates, further
hindering detailed analyses. Bacterial and eukaryotic cell
expression systems have been tested for some phytepsins.
For example, the proform of the rice enzyme, oryzasin 1,
has been expressed in E. coli as a fusion protein linked
to glutathione-S-transferase (GST). The resulting purified
enzyme underwent autocatalytic activation and showed pro-
teolytic activity using hemoglobin as a substrate (Asakura
et al., 2000). However, a general problem with bacterial
expression methods has been the very low yield of the cor-
rectly folded product (Glathe et al., 1998; White et al., 1999).
Expression systems utilizing eukaryotic cells for the produc-
tion of phytepsins have been used more successfully. For
example, the cDNA encoding the precursor of a phytepsin
(cyprosin) from cardoon flowers was expressed in Pichia
pastoris cells and active enzyme was purified from the cul-
ture media (White et al., 1999). The baculovirus-infected
insect cell expression method was used to obtain barley pro-
phytepsin for crystallographic and other purposes (Glathe
et al., 1998; Kervinen et al., 1999). It is interesting to note
that cyprosin was purified from the cell culture media in its
fully processed and active form, whereas barley phytepsin
was produced in its zymogen form (without the ER-signal
sequence). It is not known if the observed difference in the
processing state of cardoon and barley phytepsins was due
to the use of different expression systems or is indicative of
the divergent processing mechanisms these enzymes undergo
during activation. Nevertheless, these two examples demon-
strate the usefulness of eukaryotic expression systems for
obtaining correctly folded and fully functional phytepsins in
reasonable quantities. Hopefully, these methods will be used
in the future to yield protein for the study of other phytepsin
family members.

Biological Aspects
Proenzyme Activation and Transport

Phytepsins are expressed in their zymogen form and undergo
N-terminal processing during activation. Some phytepsins
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undergo further internal processing to achieve the mature
enzyme. The PSI region is often removed during this process,
resulting in the formation of a two-chain enzyme (Verissimo
et al., 1996; Glathe et al., 1998; Ramalho-Santos et al., 1998;
White et al., 1999; Park ez al.,, 2001). The reason some
phytepsins exist as monomers and the others as two-chain
forms is not known. Both autocatalytic and heterocatalytic
steps are needed for the activation of phytepsins. These
mechanisms presumably depend both on the prevailing pH
as well as on processing proteases present in the particular
intracellular compartments traversed by the phytepsin pre-
cursor. Recombinantly produced barley phytepsin zymogen
undergoes autoproteolytic activation at pH < 4.5. However,
a comparisof of the in vitro/in vivo processing sites revealed
slight differences, indicating that additional proteases are
needed for completion of maturation in vivo (Glathe ef al.,
1998). Cardoon phytepsin (procardosin A) undergoes proteo-
lytic processing as the flower matures. In vitro studies on
procardosin A have shown that the PSI region is probably
removed through an autocatalytic mechanism, whereas pro-
cessing of the propeptide results from an action of a cysteine
or serine proteinase (Verissimo et al., 1996; Ramalho-Santos
et al., 1998).

The intracellular transport route has been studied for barley
phytepsin (Glathe et al., 1998; Tormikangas et al., 2001).
The primary translation product is synthesized and then is
translocated into the rough ER, where an ER-signal sequence
(prepeptide) is removed and the proenzyme becomes N-
glycosylated. Phytepsin apparently uses a COPII vesicle-
mediated transport mechanism to exit the ER on the way
toward the Golgi apparatus (Tormikangas ef al., 2001). At
the Golgi, the glycans are modified to a final complex type
and the proenzyme is packed into a transport vesicle destined
for vacuoles. Upon arrival in the vacuole, the acid pH
probably triggers autocatalytic activation of prophytepsin that
includes proteolytic cleavage of the propeptide and removal
of the PSI region. The protein is also slightly modified by
other proteases to yield the final mature enzyme (Glathe
et al., 1998).

Several sequence regions may play a role as targeting
signals to direct phytepsin family members to vacuoles
or to exit the cell. For barley phytepsin, the suggested
sequence regions include the NPLR-peptide in the self-
inhibitory peptide immediately prior to the N-terminus of
the mature enzyme and some areas in the PSI domain
(Guruprasad et al., 1994; Paris et al., 1996; Kervinen et al.,
1999, Tormikangas et al., 2001). The C-terminal peptide
region has also been suggested to function as an intracellular
targeting signal sequence for phytepsins (Ramalho-Santos
etal., 1998). However, the exact intracellular targeting
signal sequences and possible interactions of the phytepsin
proenzymes with other cellular proteins during transport are
still largely hypothetical.

Distribution in Organisms and Tissues

Several phytepsins have been purified from seed material.
However, phytepsins are widely expressed in various tissues
and organs. Most of the enzymes accumulate in vacuoles
or are secreted into the extracellular space. In cardoon,
cynarases as well as cardosins A and B are present in

the floral organs, pistils. These proteinases seem to be
strictly floral specific and their expression is developmentally
regulated. Appearance of mRNA encoding cyprosin starts
in early stages. of floral development and switches off at
maturation of the flower (Cordeiro et al., 1994). Closely
related -cardosin A accumulates in protein storage vacuoles
of the stigmatic epidermal papillae and in vacuoles of the
epidermal cells of the style (Ramalho-Santos et al., 1997),
whereas cardosin B accumulates in the cell wall and in'the
extracellular matrix of the transmitting tissue (Vieira et al.,
2001). This indicates that although cardoon enzymes are
homologous in their primary structures, they occupy distinct
cellular locations in the pistils.

Barley phytepsin is expressed in several tissues of the
grain (mainly in embryo, scutellum and aleurone layer),
stem, leaves, flowers, and roots (Térmikangas et al., 1994).
The enzyme has been localized by immunocytochemistry
to the scutellar and aleuronal protein storage vacuoles in
grains (Marttila et al., 1995; Bethke et al., 1996) as well as
to leaf and root cell vacuoles (Runeberg-Roos et al., 1994;
Paris et al., 1996). Within barley roots, phytepsin is abun-
dantly present in both the developing tracheary elements and
sieve cells (Runeberg-Roos & Saarma, 1998). Electrophoret- -
ically, four AP activities with different mobilities have been
detected from grain extracts (Zhang & Jones, 1995) although
it is not known if these enzymes are derived from differential
processing of the same precursor. A putative viral-type AP
is also encoded by part of the BARE-1 retroelement in the
barley genome (Vicient et al., 1999).

Two secreted phytepsins have been purified from tobacco
and tomato leaves (Rodrigo et al., 1989, 1991). An AP has
also been located in the cell wall of maize pollen (Radlowski
et al., 1996). Other diverse cellular locations for phytepsins
include the observation that a phytepsin-like enzyme has been
localized to photosystem II membranes of spinach plastids
(Kuwabara & Suzuki, 1995) and a phytepsin-like enzyme has
been purified from the chloroplast nucleoids of tobacco cells
(Murakami et al., 2000; Nakano et al., 1997). APs present in
the trapping organs of insectivorous plants are described in
Chapter 18.

Function

Phytepsins form a diverse family of APs. These enzymes
have been observed in numerous tissues of many plant
types and thus it is likely that they play an important
role in multiple proteolytic processes in cells and in the
extracellular space. Proteolytic processing by phytepsins is
likely to include modification of storage proteins, cleavage
of proproteins and zymogens, tissue degradation to facilitate
pollen growth, cellular protein degradation during apoptotic
processes, as well as playing a defensive role against
pathogens. However, the exact function of phytepsins is still
obscure. A thorough review of the role of phytepsins in
various organisms can be found in Mutlu & Gal (1999) and
so only some specific functions are briefly described here.
Phytepsins have been found in large quantities in vari-
ous germinating seeds and several purified enzymes have
been demonstrated to be capable of degrading seed stor-
age proteins in vitro (D’Hondt ef al., 1993; Voigt et al.,
1995; Hiraiwa et al., 1997; Bleukx et al., 1998). Thus these
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enzymes may directly participate in storage protein modi-
fication and degradation or they may process and activate
other hydrolases during seed: development and germina-
tion. In barley, widespread tissue distribution of phytepsin
throughout vegetative and reproductive tissues as well as.the
enzyme’s intracellular location in hydrolytic organelles, vac-
uoles, suggest that phytepsin performs numerous functions
in protein processing and turnover in different stages of the
plant life cycle (Runeberg-Roos et al., 1994; Térmikangas
et al., 1994; Paris et al., 1996). Moreover, phytepsins have
recently been associated with programmed cell death (apop-
tosis) in the developing tracheary elements of barley roots
(Runeberg-Roos & Saarma, 1998; Lindholm ez al., 2000) and
in the degenerating nucellar cells of the barley ovule (Chen
& Foolad, 1997). :
Phytepsins in cardoon floral organs likely have several
roles during flower development and reproductive events.
For example, cardosin A contains an RGD cell attachment
motif and it has been suggested that cardosin A has a role
in adhesion-mediated proteolytic mechanisms involved in
pollen recognition and. growth (Faro et al., 1999). Cardosin
B accumulates in the cell wall and in the extracellular
matrix of the transmitting tissue and thus it may have
a role in defensive mechanisms against pathogens (Vieira
et al., 2001). Likewise, an extracellular phytepsin purified
from the leaves of tomato and tobacco degrades secreted
pathogenesis-related proteins in vitro. The sensitivity of
pathogenesis-related proteins to phytepsin activity and the
co-distribution of the enzyme together with pathogenesis-
related proteins indicate that the biological action of these
defensive proteins might be regulated by phytepsins (Rodrigo
et al., 1989, 1991). Phytepsin activity has been found to
be highly elevated in certain stress situations. For example,
expression of the tomato enzyme is systemically induced
in leaves by wounding (Schaller & Ryan, 1996), as well
as expression of bean enzyme by drought conditions (Cruz
de Carvalho et al., 2001). Senescence-associated genes from
daylily petals also include a phytepsin (Panavas et al., 1999).
In Arabidopsis, recent experiments with developed knockout
lines suggest that phytepsins play multiple important roles
in a wide variety of physiological processes. These include
embryo and male gametophyte development, pollen—stigma
interaction, disease resistance response, light response and
chloroplast biogenesis (Yiji Xia, personal communication).

Distinguishing Features

Many phytepsins contain an internal region of about
100 residues (plant-specific insert; PSI) that is curiously sim-
ilar to saposins, sphingolipid-activating proteins found in
mammalian cells. Six conserved Cys residues, a glycosy-
lation site, a hydrophobicity pattern, and>conserved Pro and
Tyr/Phe residues found in the PSI domain are analogous to
those -of saposins (Guruprasad et al.," 1994; Ponting & Rus-
sell, 1995; Schuette et al., 2001). The tertiary structure -of
the PSI region (Kervinen et al., 1999) also closely resem-
bles that of the saposin-like proteins NK-lysin- (Liepinsh
et al., 1997) and lung surfactant peptide SP-B (Kurutz &
Lee, 2002). Interestingly, the sequence of the PSI region in
phytepsins is equivalent to the sequence of interchanged N-
and C-terminal domains in saposin. However, their circu-
lar permutation (swapping) does not affect the orientation

of ‘helices or overall globular structure of the PSI region
(Kervinen et al., 1999). A .recent report describes the first
circularly permutated saposin motif from an animal source,
J3-crystallin of the jellyfish lens (Piatigorsky et al., 2001).

Saposins interact with lipids and promote sphingolipid
degradation in animal cells, among other functions (e.g.
Vaccaro et al., 1999; Qi & Grabowski, 2001; Schuette et al.,
2001). Similarly, a putative membrane-binding area has been
identified in the PSI region based on the crystal structure of
barley phytepsin (Kervinen et al., 1999). Thus, the PSI region
has been proposed to function as a vacuolar targeting signal
by bringing prophytepsin into contact with membranes and
possibly also with a membrane-bound receptor in the Golgi
apparatus. This would promote a formation of phytepsin-
containing transport vesicles to release from Golgi destined
to vacuoles. It remains to be determined if this hypothesis is
correct. However, it has been shown that deletion of the PSI
region led to the secretion of truncated barley phytepsin in
tobacco cells, whereas the intact protein was transported into
vacuoles (Tormékangas ef al., 2001).

The PSI region may play a defensive role against
pathogenic attack. Egas et al. (2000) demonstrated that the
proform of cardosin A is able to interact with phospholipid-
containing membrane vesicles in vifro whereas mutant car-
dosin A lacking the PSI region did not have this ability.
This interaction of the PSI region with vesicular membranes’
induced leakage of vesicular contents. Thus, the authors
suggested that the PSI region may function as a-defen-
sive weapon by causing membrane damage to the invading
pathogen. Additionally, phytepsins are highly expressed in
some senescing or apoptotic tissues. That phytepsins can
induce membrane damage to their own cells during late auto-
lysis and thereby promote programmed cell death is another
interesting hypothesis suggested by Egas et al. (2000) that
remains to be tested. )

Some studies point to the importance of the PSI region
in proper processing or folding of the precursor protein.
Expression of the rice phytepsin, oryzasin 1, in E. coli with
or without the PSI region did not affect the enzymatic
activity of the processed enzyme. However, the pattern of
processing was changed (Asakura et al., 2000). When the
cardoon phytepsin cynarase was expressed in Pichia pastoris
cells without the PSI region, unprocessed and misfolded
precursor protein accumulated, suggesting that the PSI region
plays a role in ensuring the correct folding and processing of
the enzyme (White et al., 1999).

Related Peptidases

Phytepsins have been detected or purified from a diverse
array. of common and exotic plants. For instance, these
enzymes have been characterized from wheat (Belozersky
et al., 1989; Galleschi & Felicioli, 1994; Bleukx et al., 1998),
Arabidopsis (Mutlu et al., 1998, 1999), rice (Doi et al., 1980;
Asakura et al., 1995, 2000), sorghum (Garg & Virupaksha,
1970), hemp (St. Angelo & Ory, 1970), buckwheat (Elpidina
et al.; 1990), lotus (Shinano & Fukushima, 1971), cucum-
ber and squash (Polanowski et al., 1985), rape (D’Hondt
et al., 1993), cauliflower (Fujikura & Karssen, 1995), sun-
flower (Park et al., 2001), cocoa (Voigt et al., 1995), potato
(Brierley et al., 1996; Guevara et al., 2001) and pine (Salmia,
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1981; Bourgeois & Malek, 1991). For a more complete
list of purified enzymes, see a phytepsin review (Mutlu &
Gal, 1999).
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Further Reading

A thorough phytepsin review by Mutlu & Gal (1999) is
available. Structural comparison of the activation mechanism
of mammalian, microbial and plant APs is presented by
Bernstein & James (1999).
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