
Plant Cell Monogr (4)
D.G. Robinson: The Plant Endoplasmic Reticulum
DOI 10.1007/7089_055/Published online: 24 February 2006
© Springer-Verlag Berlin Heidelberg 2006

Transport of Proteases to the Vacuole:
ER Export Bypassing Golgi?

Takashi Okamoto

Department of Biological Sciences, Tokyo Metropolitan University, Minami-osawa 1-1,
Hachioji, 192-0397 Tokyo, Japan
okamoto-takashi@c.metro-u.ac.jp

Abstract Most vacuolar proteases are transported from the endoplasmic reticulum (ER)
to vacuoles via the Golgi apparatus. However, higher plants possess a unique papain-
type protease, termed KDEL-tailed protease. This protease has a Lys – Asp – Glu – Leu
(KDEL) sequence at its C-terminus, which is known as a retention signal of soluble pro-
teins to the ER, although the protease localizes and functions in vacuoles. Investigations
on the intracellular trafficking pathway of this unique enzyme have suggested that the
protease is transported from the ER to vacuoles by bypassing the Golgi apparatus. In
this review, Golgi-dependent vacuolar trafficking of proteases is first explained, then the
Golgi-independent vacuolar transport pathway of the KDEL-tailed protease is described.

1
Vacuolar Proteases and Their Trafficking Pathways
Along the Endomembrane System

A major function of plant vacuoles is protein degradation and processing,
and many vacuolar proteases have been identified as mediators for these
proteolytic events. Recent proteomic analysis of vacuoles isolated from Ara-
bidopsis rosette leaves indicated that at least 23 kinds of proteases, including
cysteine, serine and aspartic proteases, exist in vacuoles (Carter et al. 2004).

Papain-type proteases (EC3.4.22), which possess a cysteine residue at the
active site forming a catalytic triad and generally show broad substrate speci-
ficity, are thought to be the most abundant proteases in plant vacuoles (Rawl-
ings and Barrett 1994). Cysteine proteases are initially synthesized as larger
precursor proteins with N-terminal prodomains of approximately 120 amino
acid residues. The prodomain functions as an inhibitor of the protease by
occluding the active site and is essential for correct folding of the protein
(Vernet et al. 1995; Carmona et al. 1996). Papain superfamily proteases are
widely distributed among eukaryotes (Rawlings and Barrett 1994; Betri and
Storer 1995) and are localized in lytic compartments (vacuoles or lysosomes)
or secreted.

In plant cells, it is known that vacuolar transport signals of soluble pro-
teins can be divided into three categories: sequence specific vacuolar sorting
signals (ssVSS), C-terminal signals (csVSS), and physical structural signals



126 T. Okamoto

(psVSS; Matsuoka and Neuhaus 1999; Vitale and Raikhel 1999). The typical
tetra sequence of ssVSS is an Asn – Pro – Ile – Arg (NPIR) motif on the N-ter-
minal prosequence of vacuolar proteins. Vacuolar targeting via the NPIR
motif was first identified on the polypeptide of sporamin, a storage protein
of sweet potato (Matsuoka and Nakamura 1991), and papain-type proteases
also contain the NPIR motif on the N-terminal prosequence (Matsuoka and
Neuhaus 1999). Barley aleurain is the best characterized papain-type pro-
tease in terms of the molecular mechanism of vacuolar trafficking. Holwerda
et al. (1992) revealed that the NPIR sequence on the N-terminal prosequence
of aleurain functions as a vacuolar targeting signal, and a putative receptor,
termed BP-80, for the vacuolar sorting signals was isolated from maturing Pea
cotyledons (Paris et al. 1997).

Homologues of BP-80 have been isolated in pumpkin (PV72; Shimada et al.
1997), Arabidopsis (AtELP; Ahmed et al. 1997) and mung bean (VmVSR;
Tsuru-Furuno et al. 2001), and they are called vacuolar sorting receptors
(VSRs). VSRs are type I integral membrane proteins consisting of three epi-
dermal growth factor motifs and a protease-associated region at the luminal
domains (Mahon and Bateman 2000). It has been shown that BP-80 and
AtELP bind in vitro to aleurain and AtALEU, an Arabidopsis aleurain, respec-
tively, via the NPIR sequence (Paris et al. 1997; Ahmed et al. 2000), and that
they localize in the Golgi apparatus and prevacuolar compartment (Ahmed
et al. 2000). Recently, the effects of heterologous expression of the luminal re-
gion of a PV72 tagged with an ER-retention signal, HDEL, on the intracellular
transport of AtALUE were observed (Watanabe et al. 2004). The heterologous
expression of PV72-HDEL in Arabidopsis resulted in accumulation of the pro-
form of AtALUE in leaf cells of the transgenic plants, suggesting that the VSR
mislocalized in ER trapped the proform of AtALUE, and that VSR functions
as a receptor for the protease in vivo as well as in vitro. Through these inves-
tigations, it has been suggested that papain-type protease possessing ssVSS
is transported from the ER to vacuoles via the Golgi apparatus, and that the
NPIR sequence recognized by VSR at the Golgi apparatus is a determinant for
the vacuolar traffic.

Aspartic proteases (EC3.4.23) are also major proteases found in vacuoles
(Elpidina et al. 1990; Runeberg-Roos et al. 1994; Hiraiwa et al. 1997; Ramalho-
Santos et al. 1997; Mutlu et al. 1999), and the majority of plant aspartic
proteases belong to the A1 family (Rawlings and Barret 1999; Simoes and
Faro 2004). It has been revealed that aspartic proteases are widely distributed
among vertebrates, plants, yeast, nematodes, fungi and virus (Davies 1990),
and that plant enzymes show sequence similarities to their animal counter-
parts (Runeberg-Roos et al. 1991; Codeiro et al. 1994; Hiraiwa et al. 1997).
However, it is noteworthy that plant aspartic proteases possess an inserted
sequence of approximately 100 amino acid residues between the N- and
C-terminal regions of the mature enzyme, and that this inserted sequence is
not found in animal counterparts. The plant specific insert (PSI) is highly
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similar to that of saposins, which are known as lysosomal sphingolipid-
activating proteins that appear to be required for hydrolysis of sphingolipids
by specific lysosomal hydrolases (O’Brien and Kishimoto 1991; Weiler et al.
1995). Analysis of the crystal structure of the proform of phytepsin, a bar-
ley aspartic protease, indicated that the PSI is expected to form an external
loop on the surface of the molecules and to have a putative membrane bind-
ing region, suggesting the possibility that it plays a role in vacuolar transport
via membrane-associated receptors (Kervinen et al. 1999). Direct evidence
of the involvement of PSI in vacuolar trafficking was obtained from obser-
vations of intracellular localization of phytepsin and PSI-deleted phytepsin
heterologously expressed in tobacco cells. Tormakangas et al. (2001) reported
that deletion of PSI results in secretion of mutant protease, whereas intact
phytepsin continued to localize in vacuoles in the tobacco cells. In addition,
phytepsin is known to be glycosylated and acquires complex oligosaccha-
rides, which occurs in the Golgi apparatus (Costa et al. 1997). From these var-
ious studies, it has been suggested that aspartic proteases are transported to
the vacuoles via the Golgi-complex using PSI as a transport signal, although
the possible receptor for PSI has yet to be identified.

2
Golgi-Independent Vacuolar Transport of a KDEL-Tailed Protease

2.1
KDEL-Tailed Proteases

Eukaryotic cells are divided into distinct subcellular compartments or or-
ganelles enclosed by one or more membranes. Because protein synthesis occurs
mainly in the cytosol, proteins of subcellular compartments have intracellular
localization signals that determine their final destinations. A transient sig-
nal peptide allows co-translational entry into the lumen of the ER. The ER
is the starting compartment for vesicular trafficking to the Golgi apparatus,
vacuoles and cell surface along the secretory pathway. Because secretion fol-
lowing a route mediated by the Golgi apparatus is the default destination for
proteins introduced into the ER, proteins localizing in the ER, Golgi apparatus
or vacuoles must have additional signals. Most soluble ER residents have a per-
manent C-terminal KDEL or HDEL tetrapeptide sequence, which constitutes
an ER retention signal (Munro and Pelham 1987; Pelham 1989). The tetrapep-
tide is recognized by an ERD2-KDEL receptor in the Golgi apparatus, resulting
in retrieval of H/KDEL proteins from this compartment back into the ER. The
H/KDEL system is conserved through mammals, plants and yeasts (Denecke
et al. 1992; Napier et al. 1992; Lee et al. 1993). Besides ER residents found in
other eukaryotes, higher plants have unique papain-type proteases that possess
KDEL-tails at the C-terminus, termed KDEL-tailed proteases (Akasofu et al.
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1989; Tanaka et al. 1993; Valpuesta et al. 1995; Becker et al. 1997; Guerrero et al.
1998; Schmid et al. 1998; Cercos et al. 1999).

In spite of the universal distribution of papain-type proteases, KDEL-tailed
proteases appear to be restricted to the plant kingdom. KDEL-tailed proteases
have been identified in at least 12 plant species, and most are expressed in
senescing organs such as germinated cotyledons, senescing leaves and pods
(Table 1). One such KDEL-tailed protease, designated SH-EP, was first iso-
lated from cotyledons of mung bean seedlings as the enzyme responsible for
degradation of storage proteins accumulated in protein storage vacuoles of
cotyledon cells (Mitsuhashi et al. 1986). SH-EP is synthesized on membrane-
bound ribosomes as a 43-kDa precursor through co-translational cleavage
of the signal peptide, and the precursor is processed into a 33-kDa mature
enzyme via 39- and 36-kDa intermediates during or after transport to the vac-
uoles (Mitsuhashi and Minamikawa 1989; Okamoto and Minamikawa 1998).
Interestingly, regardless of the presence of the KDEL-tail on the polypeptide,
it has been shown that mature SH-EP localizes in vacuoles (Okamoto et al.
1994). In the next section, the vacuolar transport pathway of this unique pro-
tease is explained.

2.2
Packing of KDEL-Tailed Protease into KDEL-Vesicles at the ER

Immunogold-labeling of cotyledon cells from mung bean seedlings with an
antibody against mature SH-EP revealed that a large amount of SH-EP is lo-
calized in a vesicle with a diameter of 200–500 nm (Fig. 1A; Toyooka et al.
2000). Here, the large vesicle containing KDEL-tailed protease is called the
KDEL-vesicle. Accumulation of a large amount of SH-EP was observed at
the edge or middle region of the ER, and KDEL-vesicles were frequently ob-
served close to the ER (Fig. 1A,B). In addition, the ER often terminated in
a small vesicle surrounded by a ribosome-attached membrane (Fig. 1C). This
data suggested that SH-EP synthesized in the ER is packed into KDEL-vesicles
formed at the edge or middle area of the ER, and that budding of the vesi-
cle from the ER is the first step of SH-EP transport from the ER to vacuoles.
Questions regarding whether SH-EP exists in KDEL-vesicles as proforms or
mature enzyme, and whether the KDEL-tail of SH-EP is removed when the
enzyme is packed into the KDEL-vesicles from ER thus arise. Dense labeling
of KDEL-vesicles with antibodies against the N-terminal propeptide of SH-EP
and C-terminal KDEL sequence suggested that SH-EP accumulates in the vesi-
cles as enzymatically inactive proenzyme, and that the KDEL-tail of SH-EP is
not removed during transport of proSH-EP from the ER to KDEL-vesicles.

KDEL-vesicles, termed ricinosomes, have been detected in endosperm
cells of castor bean seedlings and in cells of senescing petals from day lily
(Schmid et al. 1999). Moreover, Schmid et al. (2001) successfully isolated
KDEL-vesicles from endosperms of castor bean seedlings, and further ana-
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Fig. 1 Electron photographs showing the budding of KDEL-vesicles from ER. A Accumula-
tion of SH-EP at the edge of ER (KV′). The area where SH-EP localized was swollen. Two
KDEL-vesicles existed close to the ER. B Magnified image of the accumulation of SH-EP
at the edge of the ER (KV′). SH-EP in the lumen of the ER (arrows) seemed to be mov-
ing toward the edge of the ER where a large amount of SH-EP was accumulated (KV′).
C Ultrastructure of cotyledon cells, showing ER terminates in a small vesicle (KV′). Ar-
rowheads indicate ribosomes. D Ultrastructure of cotyledon cells, showing the existence
of vesicles similar to KDEL-vesicles (KV′) adjacent to the ER. ER, endoplasmic reticulum;
G, Golgi apparatus; KV, KDEL-vesicle; PSV, protein storage vacuole; S, starch granule; Mt,
mitochondrion; Asterisk, unidentified cell compartment, Bars, 200 nm
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lyzed the composition of matrix proteins in the vesicles by SDS-PAGE and
subsequent protein sequencing of major proteins in the gel. Surprisingly,
more than 90% of the proteins in the KDEL-vesicles were occupied by the
proform of castor bean KDEL-tailed protease, designated CysEP. This indi-
cates that KDEL-tailed proteases are highly concentrated in KDEL-vesicles,
and that the vesicles might function as a “battery” of proteases in plant cells.

2.3
KDEL-Vesicles Bypass the Golgi Apparatus

Involvement of the Golgi apparatus in vacuolar transport of KDEL-tailed
proteases has been observed in detail, since vacuolar proteins are gener-
ally transported along the secretory pathway via the Golgi apparatus, from
which vacuolar and secretory proteins are separately sorted. Despite the
immunogold-labeling of ER and KDEL-vesicles in cotyledon cells of mung
bean seedlings with anti-SH-EP antibody, the Golgi apparatus was never la-
beled with this antibody (Fig. 2A,B). On the other hand, when an antibody to
another vacuolar protease, an asparaginyl endopeptidase, was employed for
immunogold labeling, the Golgi apparatus and vacuoles were labeled, but the
KDEL-vesicle was not (Fig. 2C). This selective labeling of KDEL-vesicles and
Golgi apparatus with two kinds of vacuolar proteases indicates that cotyle-
don cells use two sorting pathways to transport proteolytic enzymes from
the ER to vacuoles, a Golgi-mediated route for asparaginyl endopeptidase
and a KDEL-vesicle mediated route for SH-EP. Moreover, a complex glycan
antibody did not label KDEL-vesicles, but it did label the Golgi apparatus
(Fig. 2D), indicating that proteins from the Golgi apparatus do not contribute
to the content or formation of the vesicles. These immuno-cytochemical stud-
ies have shown that KDEL-vesicles bypass the Golgi apparatus and directly
fuse with protein storage vacuoles (Fig. 2E,F). Bypassing the Golgi appara-
tus by KDEL-vesicles will probably be consistent even when organelle/vesicle
sizes are compared, since the diameter of KDEL-vesicles (200–500 nm) is
probably too large for discharge of their content into the Golgi apparatus
without extreme structural consequences to this organelle.

2.4
Involvement of the C-Terminal KDEL Sequence in Formation
of KDEL-Vesicles and in Efficient Vacuolar Transport

Although most plant papain-type proteases are transported to vacuoles or
secreted along the general secretory pathway, KDEL-tailed proteases are
packed into KDEL vesicles, which directly fuse with vacuoles through a Golgi
apparatus-independent pathway. The most notable difference between normal
papain-type protease and KDEL-tailed protease is the presence of a KDEL se-
quence at the C-terminus, suggesting that the KDEL-tail is involved in this



132 T. Okamoto

Fig. 2 Electron photographs showing the transport of SH-EP via KDEL-vesicles by by-
passing the Golgi apparatus. A,B The anti-SH-EP antibody did not immunogold-label the
Golgi apparatus, although the KDEL-vesicle was labeled. C Antibodies to SH-EP (10-nm
particles) and an asparaginyl endopeptidase (15-nm particles) selectively labeled the
KDEL-vesicle and the Golgi apparatus, respectively. D The anti-complex glycan antibody
(15-nm particles) and anti-SH-EP antibodies (10-nm particles) specifically immunogold-
labeled the Golgi-apparatus and KDEL-vesicle, respectively. E KDEL-vesicle immunogold-
labeled with the anti-SH-EP antibody fused with a protein storage vacuole (PSV). Gold
particles localized in the PSV as well as the KDEL-vesicle. F Ultrastructural photograph
showing that a vesicle similar to the KDEL-vesicle fuses to PSV. Arrowheads indicate the
region where the KDEL-vesicle merges with the PSV membrane. ER, endoplasmic reticu-
lum; G, Golgi apparatus; KV, KDEL-vesicle; Mt, mitochondrion; PSV, protein storage
vacuole. Bars, 200 nm
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unique vacuolar trafficking pathway. To address the possibility, SH-EP and its
KDEL-deletion mutant (SH-EP∆KDEL) were heterologously expressed in Ara-
bidopsis and intracellular localizations of these proteins were monitored. In
cells from stems, cotyledons, rosette leaves and flowers of transformed plants
expressing SH-EP, the enzyme accumulated in vesicles with diameters be-
tween 200–700 nm (Fig. 3A,B; Okamoto et al. 2003). These vesicles possibly
correspond to KDEL-vesicles, since their size and the accumulation of KDEL-
tailed protease are characteristic of KDEL-vesicles in cotyledons of mung bean
seedlings. In addition, KDEL-vesicles in transgenic plants appeared to fuse
with vacuoles (Fig. 3A). In contrast to heterologous expression of intact SH-

Fig. 3 Heterologous expression of SH-EP (A,B,E) and SH-EP∆KDEL (C,D,E) in Arabidopsis
(A–D) and tobacco BY2 cells (E,F). A,B Electron micrographs showing the development of
KDEL-vesicles in stem (C) and cotyledon cells (D) of transgenic Arabidopsis expressing
SH-EP. A KDEL-vesicle fused with a vacuole (arrowheads in panel A). C,D Electron pho-
tographs showing secretion of SH-EP∆KDEL from the cells of rosette leaves of transgenic
Arabidopsis. Gold particles from the anti-SH-EP antibody were found at extracellular
spaces and possible air spaces. E,F Intracellular localization of signal peptide (SP)-GFP-
SHEP (E) or SP-GFP-SHEP∆KDEL (F) in tobacco BY-2 cells. Small foci derived from GFP
fused with SH-EP were observed in the cells of panel E, however such signal was not
detected in the cells of panel F. Bars, 200 nm (A–D) and 50 µm (E,F)
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EP, formation of KDEL-vesicle was not detected in cells of transformed plants
expressing SH-EP∆KDEL. Furthermore, SH-EP∆KDEL was mainly secreted
and localized at the extracellular spaces and possible air spaces (Fig. 3C,D),
indicating that the mutated protease was not packed into KDEL-vesicle but
was secreted. The KDEL-tail of the protease will be essential for formation of
KDEL-vesicles and subsequent vacuolar transport via the vesicles.

Additional confirmation of involvement of the KDEL-tail in formation of
KDEL-vesicles was from GFP-labeling of the vesicles by heterologous expres-
sion of GFP-fused SH-EP or SH-EP∆KDEL in tobacco BY-2 cells. When signal
peptide (SP)-GFP-SHEP was expressed, strong fluorescence was detected in
small vesicles (Fig. 3E), and the diameter of the GFP-labeled small vesicles ap-
peared to be similar to that of KDEL-vesicles, which were detected in cells
of transformed Arabidopsis expressing SH-EP (Fig. 3A,B). In the case of SP-
GFP-SHEP∆KDEL expression in tobacco cells, such a small vesicle was not
observed, suggesting that deletion of the KDEL-tail from SH-EP resulted in
loss of formation of the KDEL vesicle.

2.5
Golgi-Independent Vacuolar Transport of Non-KDEL-Tailed Proteases

In addition to KDEL-tailed proteases, Arabidopsis RD21, a papain-type pro-
tease, and γVPE, an asparaginyl endopeptidase, are known to be vacuolar
proteases which are transported to vacuoles in a Golgi-independent manner.
RD21 and γVPE are localized in spindle-shaped vesicles, which are derived
from ER ranging in size from 0.1–10 µm, and the vesicles, termed ER-bodies,
are known to fuse with vacuoles via a Golgi apparatus-independent pathway
as for the KDEL-vesicles (Hayashi et al. 2001; Hara-Nishimura et al. 2004).
Matsushita et al. (2003) successfully identified a β-glucosidase possessing
a KDEL-tail (PYK10) as the predominant protein component of ER-bodies
(see also Hara-Nishimura in this volume). In addition, strong expression of
PYK10 protein in cells appears to be needed for formation/induction of ER-
bodies. Although involvement of the KDEL-tail of PYK10 in the formation
of ER-bodies remains to be clarified, aggregation of PYK10 at the ER where
ER-bodies are formed might occur via its KDEL-tail. RD21 and γVPE are
considered to be trapped in ER-bodies during aggregate formation of abun-
dant PYK10 in the ER, resulting in the direct ER-vacuole transport of these
non-KDEL-tailed proteases via ER-bodies (Hara-Nishimura et al. 2004).

3
Conclusions and Prospects

The vacuolar trafficking pathways of the major plant vacuolar proteases,
papain-type and aspartic proteases, are summarized in Fig. 4. Proforms of
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Fig. 4 A model of the intracellular transport pathways for papain-type and aspartic pro-
teases in plant cells. Proforms of non-KDEL papain-type proteases are transported from
ER to vacuoles via ssVSS signal (NPIR motif), which is recognized by VSR existing on the
Golgi apparatus. Proforms of aspartic proteases are also transported from ER to vacuoles
through the Golgi apparatus, in which the proenzymes are recognized by putative recep-
tor for PSI. Proforms of KDEL-tailed papain-type proteases synthesized in the lumen of ER
are packed into KDEL-vesicles probably via the KDEL-tail. KDEL-vesicles filled with the
proenzymes bud off from the ER, bypass the Golgi apparatus and fuse with vacuoles, re-
sulting in the release of proenzymes into the inside of the vacuoles. When the C-terminal
KDEL sequence was deleted from the KDEL-tailed protease, mutant protease is secreted
probably along the endomembrane system. All vacuolar proteases described in the figures
are activated by proteolytic processing after or during the transport of proenzymes to the
vacuoles

normal papain-type (without KDEL-tail) and aspartic proteases are first
transported from the ER to Golgi apparatus, and then they are recognized by
VRS and putative receptor for PSI on the Golgi apparatus, respectively, re-
sulting in transport of the proenzymes to vacuoles. After or during transport
to the vacuoles, the proenzymes are converted to mature enzymes through
proteolytic processing. In the case of KDEL-tailed proteases, proenzymes are
accumulated at the ER and packed into KDEL-vesicles without removal of
the KDEL-tail. These KDEL-vesicles, in which KDEL-tailed proteases are pre-
dominantly concentrated, bypass the Golgi apparatus and directly fuse with
vacuoles. In the vacuoles, proenzymes are converted into active form by the
removal of the N-terminal prosequence through possible autocatalysis of the
enzyme. C-terminal propeptide containing the KDEL-tail will be removed by
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other vacuolar proteases (Okamoto et al. 2001). With deletion of the KDEL-
tail from the protease, mutant proteins are not packed into KDEL vesicles, but
are mainly secreted possibly along the endomembrane system.

Why do plant cells utilize KDEL-vesicles for vacuolar transport of the
protease? It has been reported that secretion of the KDEL-tailed protease
(SHEP∆KDEL) results in growth defects of transformed plants through pos-
sible degradation of proteins existing in the extracellular space (Okamoto
et al. 2003). In general, KDEL-tailed proteases are expressed at extremely
high levels in senescing cells in which massive turnover and recapture of cel-
lular materials occur. Since the vacuolar trafficking pathway via the Golgi
apparatus appears to be saturable (Frigerio et al. 1998), plant cells may uti-
lize the KDEL-tail for aggregation of highly expressed dangerous enzymes,
such as papain-type proteases, at the ER. In addition to efficient and mas-
sive vacuolar transport of protease by large KDEL-vesicles, packing them
into KDEL-vesicles may be a way to escape saturation of the vacuolar traf-
ficking route along the endomembrane system and saturation-induced miss-
sorting of the vacuolar protease. Induction/formation of KDEL-vesicles in
cells of most tissues of transgenic plants by heterologous expression of
KDEL-tailed proteases is an example of the enormous plasticity of the ER in
plant cells.
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