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Plant cells, like other eukaryotic cells, have com- 
partmentalized many of their metabolic processes 
into discrete organelles (Fig. 1). The processes 
whereby these organelles are formed and main- 
tained is one of the central issues in cell biology 
and has been the focus of extensive research over 
the past two decades. With the exception of a few 
proteins made within the chloroplasts and mito- 
chondria, the proteins present within the various 
subcellular organelles are all synthesized in the 
cytosol or on membrane-bound ribosomes. The 
transport and sorting of proteins to their appro- 
priate destinations is dependent on specific tar- 
geting signals present in the sequence or structure 
of the nascent protein. 

SCHEMATIC REPRESENTATION OF INTRACELLULAR 
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Fig. 1. Schematic representation of intracellular protein sort- 
ing in plants. 

The endomembrane system/secretory pathway 
consists of a series of organelles and transitional 
transport vesicles which mediate communication 
between these multiple compartments. The endo- 
plasmic reticulum (ER) is the entry point for most 
membrane and soluble proteins into the secretory 
pathway. From there, the flow of secretory pro- 
teins is directed through the organellar system, 
toward the cell surface. The accumulated evi- 
dence strongly suggests that the resident proteins 
of the ER, Golgi and other endomembrane com- 
partments such as the vacuole are actively re- 
tained or diverted from this 'bulk flow' by specific 
targeting signals (for a review see [ 19, 56]). This 
review will focus on recent advances in our un- 
derstanding of the mechanisms of plant secretory 
protein trafficking. For earlier reviews on secre- 
tory protein trafficking in mammalian and yeast 
(Saccharomyces cerevisiae) cells see Pfeffer and 
Rothman [ 100], Kornfeld and Mellman [68] and 
Pelham [99], and in plants Jones and Robinson 
[63], and Chrispeels [19]. 

The endoplasmic reticulum 

Entry of proteins into the lumen of the ER or their 
incorporation into the ER lipid bilayer is depen- 
dent on a hydrophobic signal peptide typically 
found on the amino-terminus of most secretory 
proteins [139]. Plant secretory proteins can be 
translocated both in vivo and in vitro into ER 
membranes from various organisms, such as yeast 
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[113, 128] and animal cells [17, 121, 137]. Sim- 
ilarly, bacterial and mammalian secretory pro- 
teins can be imported into the plant secretory 
system [48, 79, 120]. In mammalian cells an 11S 
ribonucleoprotein (the signal recognition particle, 
SRP), binds to the signal sequence of nascent 
secretory proteins as they emerge from the ribo- 
some, and facilitates docking of the ribosomal 
complex to the ER membrane. Identification of 
SRPs in wheat germ [ 102], and maize endosperm 
[16] which resemble the mammalian SRP, sug- 
gests that the basic mechanisms of signal peptide- 
directed targeting and translocation of the elon- 
gating polypeptide into the ER, seem to have been 
conserved in various evolutionarily divergent or- 
ganisms. The mechanism, however, by which the 
polypeptide is translocated across the lipid bi- 
layer is still speculative. One hypothesis proposes 
that the hydrophobic signal peptide partitions di- 
rectly into the lipid bilayer [14] and initiates 
translocation of the elongating polypeptide di- 
rectly through the membrane [ 140]. Alternatively, 
the signal peptide and the polypeptide are trans- 
located through a protein channel into the ER 
[9]. Recent experiments using electrophysiologi- 
cat techniques, demonstrating the existence of 
protein conducting channels in dog pancreatic 
microsomes [122], in addition to the identifica- 
tion of multisubunit membrane complexes in yeast 
required foi~ protein translocation [25 ], lend sup- 
port to the latter hypothesis. 

Within the lumen of the ER, the emerging 
polypeptide may undergo ER-specific cotransla- 
tional and posttranslational modifications such 
as cleavage of the signal peptide, disulfide bond 
formation, N-linked glycosylation, and/or prolyl 
hydroxylation (for reviews on ER-specific modi- 
fications see Jones and Robinson [63], and 
Chrispeels [ 19]). 

Protein assembly and quality control 

Following translocation, the nascent polypeptide 
chain begins to fold and to assemble within the 
ER into its correct three-dimensional structure. 
Attainment of the correct tertiary and quaternary 

structure is normally required for transport of 
secretory proteins from the ER [109] and pre- 
sumably for targeting to its final destination. Im- 
properly folded or unassembled proteins may ei- 
ther be retained or degraded within the ER 
[32, 58 ]. Although protein folding is a thermody- 
namically driven process, ER-resident proteins 
such as BiP (originally identified as the immuno- 
globulin heavy-chain binding protein and as the 
78 kDa glucose-regulated protein, grp78) and 
protein disulfide isomerase may facilitate the fold- 
ing and assembly process and help to get the 
secretory proteins on their way. 

Molecular chaperones in secretory protein assembly 
BiP, a member of the 70 kDa heat shock protein 
(hsp70) family (see [39] for review), binds tran- 
siently to newly synthesized secretory proteins 
and to abnormally folded proteins in the ER. Its 
structural and functional relationship to the 
hsp70s, which act as molecular chaperones, sug- 
gest that BiP has a role in promoting the proper 
folding and assembly of secretory proteins. In 
addition, BiP may be involved in the transloca- 
tion of polypeptides into the ER [138]. Recently, 
BiP-like proteins have been identified as compo- 
nents of the ER in plant cells [22, 23, 34, 40]. 
Comparison of the predicted amino acid se- 
quences of cDNA clones encoding the BiP ho- 
mologues from maize (b-70) [34] and tobacco 
(BPL4) [23] with the yeast BiP Kar2 [110] re- 
veals a high degree of homology between these 
proteins. The predicted amino acid sequence of 
b-70 is 93~o identical with BPL4 and 62~o iden- 
tical with Kar2 [23, 34]. Both plant BiP homo- 
logues also contain the carboxyl-terminal (C- 
terminal) ER-retention signal HDEL, suggesting 
that they are likely to be ER-resident proteins (see 
below). The ability of the tobacco BiP homologue 
to correct a temperature-sensitive BiP (Kar2) de- 
fect in S. cerevisiae [23] provides strong evidence 
that the functional role of plant BiP in the ER is 
similar to that of the yeast and mammalian BiPs. 
Although BiP is constitutively expressed, synthe- 
sis of BiP mRNA and protein can be further in- 
duced by the accumulation of secretory proteins 
in the ER [93]. Similarly, the analysis of the 
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tissue-specific expression ofBiP mRNA indicated 
that the level of the tobacco BiP homologue was 
elevated in tissues of germinating seedlings, and 
in organs containing specialized secretory tissues 
such as the anthers and stamens, which are likely 
to have a large flux of protein through the secre- 
tory pathway [23]. The maize BiP homologue 
(b-70) is overproduced during endosperm devel- 
opment in plants carrying floury-2, defective 
endosperm-B30, or mucronate mutations which are 
associated with a reduction in zein accumulation 
and altered protein body morphology (see below) 
[12, 34]. Other stress conditions which lead to 
the accumulation of malfolded proteins in the 
mammalian ER also induce BiP synthesis [69]. 
Glycan side-chains have been suggested to pro- 
mote correct protein folding as well as oligomer- 
ization [18, 58] in the ER. Therefore the induc- 
tion of BiP synthesis by tunicamycin, a potent 
inhibitor of N-linked glycosylation, in tobacco 
seedlings [23 ], in maize cell cultures [34], and in 
bean (Phaseolus vulgaris) cotyledons [22], is pre- 
sumably due to the accumulation of malfolded or 
unassembled proteins in the ER. The signaling 
mechanism which senses the presence of unfolded 
proteins in the ER and induces the transcription 
of the BiP gene(s) is unknown. 

Binding of BiP to an unfolded polypeptide is 
believed to stabilize the loose conformation of the 
structure; ATP hydrolysis is thought to release 
BiP from the complex, allowing the polypeptide 
to continue folding [ 111 ]. In tunicamycin-treated 
bean cotyledons, BiP was found to be associated 
with newly synthesized normally glycosylated 
proteins such as phytohemagglutinin (PHA), 
phaseolin, or e-amylase inhibitor. Complexes be- 
tween BiP and these proteins could be dissoci- 
ated by the addition of ATP [22], similar to the 
in vitro ATP-dependent release of proteins from 
the BiP in mammalian cells [88]. The fate of these 
complexes in vivo however is unclear since inhi- 
bition of N-linked glycosylation by tunicamycin 
does not prevent the assembly and transport of 
these glycoproteins out of the ER [22]. These 
complexes might therefore represent permanently 
malfolded proteins that may be targeted for deg- 
radation. Alternatively, BiP may associate only 

transiently with the unglycosylated proteins to 
promote their proper folding. 

Other Hsps have also been identified in the 
endomembrane system of plants. A 97 kDa ER- 
resident protein which was induced along with 
BiP in tunicamycin-treated bean cotyledons, is 
likely to be the plant homologue of the grp94, a 
member of the Hsp 90s [22]. In addition, Helm 
et al. [44] have recently identified two low mo- 
lecular mass HSPs (22 kDa and 22.7 kDa) which 
accumulate in the endomembrane system of 
Glycine max and Pisum sativum, respectively, only 
in response to high temperature stress (heat 
shock). Although the function of these proteins is 
unknown, their association with the endomem- 
brahe system and the presence of putative ER 
retention signals (see below) suggest that these 
low-molecular-weight Hsps are ER-resident pro- 
teins and that these proteins may aid in protect- 
ing or repairing heat-denatured proteins within 
the ER during heat stress. 

Protein disulfide isomerase 
The three-dimensional structure of many secre- 
tory proteins is stabilized by disulfide bridges 
which form in the ER lumen. The ER-resident 
enzyme, protein disulfide isomerase (PDI) binds 
to unfolded proteins and presumably catalyzes 
the formation and exchange of disulfide bonds 
necessary for proper protein folding [36]. Exper- 
iments by Bulleid and Freedman [15] have dem- 
onstrated that PDI is necessary for the cotrans- 
lational formation of disulfide bonds when the 
wheat storage protein 7-gliadin is imported into 
dog pancreatic microsomes. Mammalian PDI is 
a homodimer consisting of two identical subunits 
of 57 kDa, each of which contain two distinct 
regions homologous to the active site of Es- 
cherichia coli thioredoxin. Based on their homol- 
ogy to thioredoxin, these regions are believed to 
be active sites involved in disulfide bond forma- 
tion and exchange (see Freedman [36] for re- 
view). Along with its role in disulfide bond rear- 
rangement, PDI may have additional activities. 
In mammalian and yeast cells other ER proteins 
involved in the cotranslational and posttransla- 
tional processing of secretory proteins, such as 
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the/? subunit of prolyl-4-hydroxylase [ 101] and 
the glycosylation site-binding protein, [36, 72] are 
identical or related to PDI. Mammalian PDI also 
shares sequence similarity with the phosphotidyli- 
nositol-specific phospholipase C (PI-PLC) [7], 
an enzyme involved in cell signal transduction. In 
plants, PDI activity had previously been localized 
in the ER of developing wheat endosperm cells 
[ 107]. Shorrosh and Dixon [ 119] have recently 
isolated a cDNA clone from alfalfa (Medicago 
sativa) encoding a protein related to both mam- 
malian PDI and PI-PLC. The deduced amino 
acid sequence of the alfalfa PDI cDNA sequence 
contains an N-terminal hydrophobic signal se- 
quence and a C-terminal ER-retention signal 
KDEL, suggesting that the protein is a resident of 
the ER. Like BiP, synthesis of alfalfa PDI mRNA 
is induced by tunicamycin. The protein encoded 
by the PDI cDNA clone has PDI activity in 
E. coli, but it remains to be demonstrated whether 
the protein also has PI-PLC activity. 

Protein oligomerization 
Oligomerization of many proteins is essential for 
their function. Furthermore, transport of most 
oligomeric proteins from the ER is dependent on 
the assembly of the correct oligomeric structure 
[58]. Misassembled or unassembled subunits are 
generally retained within the ER. Although the 
ER-resident quality control machinery appears to 
be similar between plants and animals, it remains 
to be shown whether oligomerization of protein 
subunits is neces sary for export of oligomeric pro- 
teins from the ER in plant cells. The assembly 
and transport of phaseolin, a soluble trimeric 
storage glycoprotein from bean (P. vulgaris) seeds, 
was examined in Xenopus laevis oocytes. By in- 
jecting different levels of mRNA it has been dem- 
onstrated that trimerization of the phaseolin sub- 
units is required for the transport of phaseolin out 
of the ER in Xenopus oocytes [ 17]. The mecha- 
nism by which unassembled phaseolin monomers 
are retained within the ER is unknown. Binding 
of properly folded but unassembled proteins to 
BiP may be responsible for retention of some 
oligomeric proteins such as immunoglobulin 
heavy chains, but it does not appear to be the 

mechanism by which other unassembled proteins 
are retained in the ER [39, 58]. In addition to 
phaseolin, many other seed storage proteins such 
as glycinin, legumin and vicilin are oligomers. 
Modifications to the structure of these proteins 
have been demonstrated to affect their assembly 
[ 17, 26], intracellular transport [ 17] and stability 
[ 19]. Understanding the mechanisms of oligomer- 
ization of these proteins is therefore essential to 
efforts to improve their nutritional quality. 

Protein retention in the ER 

Evidence to date strongly suggests that export of 
soluble and membrane secretory proteins from 
the ER to the Golgi is driven by a nonselective 
process and that retention is a signal-mediated 
event [99]. Many soluble ER-resident proteins in 
mammalian cells, such as BiP, contain the C- 
terminal tetrapeptide KDEL, which is necessary 
and sufficient for retention in the mammalian ER 
[99]. In S. cerevisiae, the C-terminal HDEL is 
utilized in place of KDEL. Other related se- 
quences have also been reported to function as 
ER-retention signals in various organisms [99]. 
Plant secretory proteins have been identified 
which contain either the mammalian-like KDEL 
or yeast-like HDEL C-terminal sequences (see 
Table 1). 

Recently, both C-terminal tetrapeptides KDEL 
and HDEL have been demonstrated to function 
as ER-retention signals in plants [24, 46, 141]. 
Addition of the hexapeptide SEKDEL to the 
carboxyl-terminal end of vicilin resulted in high- 
level accumulation of the modified protein within 

Table 1. ER retention signals identified in plants 

Protein C-terminal References 
s i s a l  

Nicotiana tabacum BIP HDEL 23 
Zea mays BIP HDEL 34 
Z. mays auxin-binding protein KDEL 47, 59, 131 
Medicago sativa PDI/PI-PLC KDEL 119 
Pisurn sativum HSP 22.7 NDELK 44 
Glycine max  HSP 22.0 KQEL 44 



the ER, whereas the normal protein was rapidly 
degraded and did not accumulate in transgenic 
tobacco or alfalfa leaves. EM-immunocytochem- 
ical analysis of cells expressing the modified vi- 
cilin showed that the protein was present in large 
aggregates associated with the ER. In addition to 
KDEL, the carboxyl-terminal sequences HDEL 
and RDEL are sufficient for retention in the ER 
and nuclear envelope of the reporter enzyme 
phosphinothricin acetyl transferase (PAT) in sta- 
bly transformed and transiently transformed plant 
cells from a variety of species [24], indicating that 
the plant ER protein retention mechanism can 
recognize several sequences. However, minor 
changes to the KDEL sequence, (such as KEEL, 
SDEL, KDDL, KDEI, and KDEV), resulted in 
a partial or complete loss of ER retention. 

Other fusion proteins containing C-terminal 
KDEL sequences are only partially retained in 
the mammalian [146] or plant ER [46], indicat- 
ing that ER retention is dependent not only on the 
C-terminal sequence but also on the protein that 
carries this sequence. This was confirmed by 
Haugejorden et al. [43] who demonstrated that 
the efficiency of retention of various KDEL-like 
sequences varied according to the protein to 
which the sequence was fused. These results sug- 
gest that availability of the C-terminal sequence to 
interact with retention machinery is dependent on 
the structure of the carrier protein and that 
changes in the structure of an ER-resident protein 
could result in secretion. The majority of the 
maize auxin-binding protein (ABP) in the cell is 
found in the ER [ 116] and contains a C-terminal 
KDEL sequence [47, 59, 131 ]. However, an ABP 
located at the exterior surface of the plasma mem- 
brane is believed to be responsible for auxin per- 
ception and action [3, 78]. Immunocytochemical 
examination of the plasma membrane-associated 
ABP indicates that the protein also contains a 
C-terminal KDEL (A. Jones and E. Herman, 
personal communication). A possible mechanism 
whereby the ER-resident ABP can be released 
from the ER is suggested by the observation that 
binding of auxin to the ABP in vitro affects the 
binding of a monoclonal antibody specific for the 
C-terminus of the ABP [91]. A ligand-induced 
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conformational change in the ABP may effect the 
availability of the ER-retention signal to interact 
with the ER protein retention machinery and re- 
sult in secretion of the protein. 

ER protein retention machinery 
Evidence to date does not support a model for 
retention of ER-resident proteins containing 
KDEL-like sequences whereby they are tethered 
to other immobilized ER membrane or luminal 
receptors. Rather, it is hypothesized that the sol- 
uble ER-resident proteins which escape from the 
ER in the bulk flow of other secretory proteins, 
are continuously retrieved from the putative sal- 
vage compartment located between the ER and 
Golgi [99]. Within this compartment, ER- 
resident proteins would be trapped by receptors 
specific for the retention signal and returned to 
the ER. Putative receptors for these signals have 
been identified in mammalian and yeast cells 
[77, 136], but further analysis is required to con- 
firm their function in the retention process. To 
date, no biochemical or morphological evidence 
has been presented to demonstrate the existence 
of an analogous salvage compartment in the 
plant's secretory pathway. Similarity in the reten- 
tion signals between plants, yeast and mamma- 
lian cells, however, suggests that the mechanisms 
for lumenal ER protein retention are likely to be 
conserved. It remains to be shown whether com- 
ponents of the plant ER retention mechanism are 
homologous to those identified in other systems 
and whether plant cells have an identifiable sal- 
vage compartment (hypothetical compartment in 
Figure 1). 

ER-derived protein body formation in protein 
storage tissue 

Following their assembly and export from the ER, 
storage proteins like phaseolin and PHA are 
transported through the Golgi apparatus and are 
deposited into protein storage vacuoles. Within 
the vacuoles these proteins may associate to form 
protein aggregates. In contrast, the prolamins, the 
alcohol-soluble storage proteins of maize [73], 
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rice [70] and sorghum [130], aggregate into 
protein bodies directly within the lumen of the ER. 
The biogenesis of these ER-derived protein bod- 
ies clearly distinguishes them from protein stor- 
age vacuoles; however the mechanism(s) of pro- 
tein body assembly is as yet unclear. Maize 
prolamins known as zeins are divided into four 
distinct structural clas ses designated the e-,/?-, y-, 
and b-zeins. By immunolocalization, Lending and 
Larkins [76] have demonstrated that different 
structural zeins are deposited in an ordered pat- 
tern in the developing protein bodies. Protein in- 
teraction between the different structural classes 
of zeins has been suggested to be necessary for 
aggregation and subsequent protein body forma- 
tion [76]. Other proteins, such as BiP, which has 
been identified in ER-derived zein [ 12], and wheat 
prolamin (G. Galili, personal communication) 
protein bodies, may also be involved in the ag- 
gregation process. 

Interestingly, fusion proteins containing either 
the pea storage protein vicilin or PAT and the 
ER-retention signal KDEL accumulated in large 
aggregates within the ER of transgenic tobacco 
[24, 141] and alfalfa leaves [141] which closely 
resemble monocot ER-derived protein bodies. 
The zeins, however, do not contain carboxyl- 
terminal KDEL-like sequences for ER retention. 
In addition, data obtained from the analysis of 
/~-zeins [49] and e-zeins [94] expression in trans- 
genic tobacco seeds indicates that these proteins 
do not contain any signals necessary for ER re- 
tention. Instead of being assembled into ER- 
derived protein bodies in transgenic tobacco 
seeds, the /?-zeins accumulated to high levels 
within protein storage vacuoles [49], whereas 
newly synthesized ~-zein polypeptides were 
quickly degraded [94]. Assembly of ER-derived 
protein body in transgenic tobacco may therefore 
require the simultaneous expression of all struc- 
tural classes of zeins [94]. 

Oil body formation 

Most seeds contain storage oils which are mobi- 
lized during germination to provide energy and 

carbon compounds necessary for rapid seedling 
growth. These oil reserves are packaged into dis- 
crete spherical organelles about 1/~m in diameter 
known as oil bodies (also called lipid bodies, 
spherosomes or oleosomes). Each oil body con- 
sists of a core of triacylglycerols surrounded by a 
half-unit phospholipid membrane and a few dis- 
tinct polypeptides [ 55]. Various mechanisms for 
the biogenesis of oil bodies have been proposed. 
One model [37, 114, 142] proposes that triacyl- 
glycerols synthesized in the ER accumulate be- 
tween the two phospholipid layers of the ER 
membrane. Eventually a vesicle of triacylglycerols 
surrounded by a monolayer of phospholipids 
buds off the ER as an oil body. Alternatively, it 
has been proposed that oil bodies form de novo in 
the cytoplasm by condensation of triacylglycerols 
into naked oil droplets before or concomitant with 
the formation of the surrounding phospholipid 
monolayer [8, 45, 89]. 

Embedded in the membrane of oil bodies from 
many different plant species [45, 64, 74, 90, 104, 
133] is an abundant class of low-molecular-mass 
(16-25 kDa) hydrophobic proteins which have 
been collectively termed oleosins [ 55 ]. Like many 
integral membrane proteins, the oleosins do not 
appear to be processed by the removal of an 
amino-terminal signal sequence [45, 103]. The 
deduced amino acid sequences of the maize ole- 
osin isoforms and oleosins from carrot and 
Brassica napus, indicate that these proteins are 
composed of three similar structural domains: a 
hydrophilic amino-terminal domain, an amphip- 
athic c~-helical carboxyl-terminal domain, and a 
central hydrophobic domain [74]. 

Recent efforts toward understanding the mech- 
anisms ofoil body biogenesis have focused on the 
synthesis and timing of the oleosins insertion into 
the oil body phospholipid membrane. During seed 
maturation, the 16.5 kDa maize oleosin isoform 
is synthesized by membrane-bound polysomes. 
Huang et al. [55] proposes that these polyribo- 
somes are associated with the ER, and that the 
newly synthesized oleosins accumulate in devel- 
oping oil bodies. Alternatively, the oleosins could 
be inserted directly into oil bodies following their 
formation. In electron micrographs, ribosomes 



can be seen closely associated with the surfaces 
of oil bodies [45, 89] and may be responsible for 
the synthesis and direct insertion of the oleosins 
into the oil body membrane. A 19 kDa oleosin 
from developing B. napus is synthesized and ac- 
cumulates at a latter stage of seed development 
following oil body formation. In addition, no evi- 
dence was found for the presence of this protein 
in an ER membrane fraction [89] suggesting that 
this protein is inserted directly into the oil bodies. 
This model, however would require specific signal 
sequences and protein components similar to 
those involved in protein translocation into the 
ER. Recent analysis of the synthesis of the 19 and 
23kDa  rapeseed oleosins from microspore- 
derived embryos of B. napus indicates that these 
proteins may in fact be synthesized earlier in seed 
development than was shown by Murphy et al. 

[89], perhaps concomitant with oil body forma- 
tion [52]. 

Oleosins from a number of plants contain a 
highly homologous central hydrophobic region 
[64]. Qu and Huang [104] propose that this do- 
main, because of its hydrophobic nature and its 
conservation among the different oleosins, con- 
tains the targeting information necessary for sort- 
ing of the oleosins to the oil bodies, as well as 
serving to anchor the oleosins on the oil bodies. 
Toward the goal of understanding the mecha- 
nisms of oleosin sorting, Lee et al. [75] have re- 
cently demonstrated that the 18 kDa maize ole- 
osin isoform was correctly localized to seed oil 
bodies in transgenic B. napus indicating that 
monocots and dicots share similar mechanisms 
of oleosin sorting. 

Although the precise function of the oleosins is 
unknown, they have been proposed to maintain 
the structural integrity of the oil bodies or possi- 
bly serve as a recognition signal for lipase bind- 
ing to the oil body during seed germination. 
Lipases are induced during germination to hydro- 
lyze the storage triacylglycerols [ 55 ]. The enzyme 
is synthesized in the cytosol on free polyribo- 
somes, and after synthesis it specifically attaches, 
possibly through the oleosins, to the oil bodies 
[55]. Another possible function for the oleosins 
may be to catalyze the budding of oil bodies from 
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the ER or the de novo formation of oil bodies in 
the cytosol. 

In addition to oleosins other proteins have been 
identified which are synthesized and deposited in 
the oil bodies during seed maturation [52]. Anal- 
ysis of the mechanisms of sorting of the oleosins 
and these proteins may lead to an understanding 
of the ontogeny of oil bodies. 

The Golgi apparatus 

The Golgi apparatus plays a major role in the 
posttranslational modifications of secretory pro- 
teins and in the sorting of these proteins to their 
respective compartments. Some of these modifi- 
cations include the transformation of N-linked 
high mannose oligosaccharides to complex gly- 
cans, and the O-linked glycosylation of glycopro- 
teins such as extensins and arabinogalactans. The 
Golgi apparatus of most plant cells consists of 
hundreds of individual Golgi stacks dispersed 
throughout the cytoplasm [ 38 ], whereas in many 
animal cells the stacks are compactly arranged in 
a cap-like structure around one side of the nu- 
cleus [106]. Secretory proteins are transported 
from the ER, enter the cis- or forming face of the 
Golgi, and exit the stack at the opposite trans- or 
maturing face [87]. Processing of N-linked oli- 
gosaccharides occurs in a series of sequential re- 
actions as the glycoprotein is unidirectionally 
transported across the Golgi stack [31, 33]. Lo- 
calization of the glycosidases and glycosyltrans- 
ferases that mediate the processing of N-linked 
glycans indicates that the animal and yeast Golgi 
stack is comprised of at least three spatially and 
functionally distinct subcompartments desig- 
nated the cis-, medial- and trans-Golgi  cisternae, 
each with specific functions in glycoprotein pro- 
cessing and sorting [31, 35, 41, 100]. Ultrastruc- 
rural analysis of the individual Golgi stacks in 
suspension-cultured sycamore maple cells identi- 
fied three morphologically distinct cisternae 
[147]. Modification of N-linked high mannose 
side-chains of plant glycoproteins also occurs in 
the Golgi apparatus [33]; however, the location 
of the N-linked glycan processing enzymes has 
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not been as clearly defined as it has in the mam- 
malian Golgi. Although the major oligosaccha- 
ride processing steps appear similar between plant 
and mammalian cells [33], the complex glycans 
found in plant glycoproteins differ from both 
mammalian and yeast glycoproteins (see 
Chrispeels [19] for review). 

In addition to its role in secretory protein pro- 
cessing and trafficking, a unique feature of the 
plant Golgi apparatus is that it is extensively in- 
volved in the biosynthesis of cell wall polysac- 
charities [ 125]. EM immunolocalization was used 
to investigate the compartmentalization of the 
biosynthesis of two complex polysaccharides, the 
hemicellulose xyloglucan (XG), and the polyga- 
lacturonic acid/rhamnogalacturonan-I (PGA/ 
RG-I) and O-linked glycosylation of extensin. 
Moore et al. [86] found that the same plant Golgi 
stack can simultaneously process O-linked gly- 
coproteins and complex polysaccharides. In sy- 
camore maple (Acer pseudoplatanus) suspension 
culture cells, XGs are exclusively synthesized in 
the trans-GolN and trans-Golgi network (TGN) 
[147], whereas the PGA/RG-I polysaccharides 
appear to be assembled in a stepwise manner by 
enzymes associated within the cis-, medial- and 
trans-cisternae [147]. However, in whole plants 
the distribution of PGA/RG-I in plant Golgi 
stacks varies depending on the cell type. In ex- 
panding clover (Trifolium pratense) root cortical 
parenchyma cells PGA/RG-I is predominantly 
detected in the cis- and medial-Golgi cisternae 
[86], whereas in mucilage-secreting epidermal 
and peripheral root cap cells PGA/RG-I polysac- 
charides appear to be concentrated with the XGs 
in the trans-Golgi cisternae and TGN [80]. In 
addition, the size and morphology of the Golgi 
stacks in different cell types of Arabidopsis and 
tobacco root tips were also observed to vary 
[126]. Interestingly, the distribution of polysac- 
charides in the cell wall Varies in a cell type- 
specific manner [80], suggesting that changes in 
the functional organization of the plant Golgi ap- 
paratus could alter the sorting and subsequent 
location of polysaccharides in the cell wall and 
the extracellular space. 

Protein transport between membrane-bound 

compartments of the secretory pathway was hy- 
pothesized to be mediated by 'shuttling vesicles' 
[96]. Orci et al. [95] have shown, using an in vitro 
vesicular transport system from mammalian cells, 
that the transport (from cis to trans) of proteins 
across the Golgi apparatus is mediated by the 
budding and fusion of non-clathrin-coated trans- 
port vesicles between successive Golgi subcom- 
partments. Many of the components required for 
intra-Golgi transport have been identified and ap- 
pear to be conserved between mammalian and 
yeast cells (for review see Rothman and Orci 
[ 111 ]). One component of this process required 
for the targeting of transport vesicles from the ER 
to the Golgi and for intra-Golgi transport in yeast 
is the ras-like GTP-binding protein Yptl [ 1, 2]. 
Immunolocalization studies using antibodies 
against the yeast Yptl protein, suggest that the 
Yptl protein and its mammalian homologue are 
associated with the Golgi apparatus in both yeast 
and mammalian cells [115]. The recent identifi- 
cation of two cDNA clones from Zea mays en- 
coding proteins highly related to YPT genes from 
yeast and mouse [97] suggests that the mecha- 
nisms of vesicular transport in higher eukaryotes 
are conserved. 

At each step in the transport process, resident 
proteins of a specific compartment must be seg- 
regated from the rest of the secretory proteins as 
they move toward the cell surface. Only a few 
signals for Golgi-retention have been identified to 
date in mammalian cells [57]. However, nothing 
is known about the mechanisms that mediate the 
retention of Golgi-specific enzymes in plant cells. 

The organization of the mammalian Golgi stack 
is severely disrupted in cells treated with the fun- 
gal toxin, brefeldin A (BFA). In BFA-treated 
cells, Golgi-specific enzymes were found to be 
intermixed with the contents of the ER and export 
of proteins from the ER is blocked. These effects 
of BFA have been proposed to be the result of its 
ability to inhibit the assembly of cytosolic coat 
proteins onto membranes, thereby blocking the 
formation of coated vesicles involved in the trans- 
port of proteins from the ER to the Golgi. At the 
same time, movement of Goigi membranes into 
the ER is promoted. Presumably, a block in for- 



ward transport allows for the return of Golgi 
components to the ER via the salvage pathway 
(for review see Klausner etal. [65]). Recently, 
several laboratories have shown that BFA blocks 
protein secretion in plant cells as well ([53, 54], 
A.P. Driouich, G.F. Zhang and L.A. Staehelin, 
personal communication). However, a complete 
biochemical and morphological characterization 
of the effects of BFA on the plant secretory path- 
way has not been done. 

Another fungal toxin, the monovalent cation 
ionophore monensin, which has been used exten- 
sively to study the function of the Golgi appara- 
tus, disrupts Golgi-mediated sorting of plant vac- 
uolar and secreted proteins, presumably by 
acidification of the TGN [ 18]. The TGN is where 
proteins are sorted to the vacuoles/lysosomes or 
are secreted by default in plant and animal cells 
[63, 100]. Monensin was found to block the 
transport of PHA [18], pea vicilin [20], con- 
canavalin A (con A) [13] and pro-barley lectin 
(proBL) [ 144] to the vacuole. However, the effect 
of monensin on these missorted proteins differed. 
Whereas pea vicilin and con A accumulated in the 
cell wall and in the extracellular space in cotyle- 
dons treated with monensin, proBL and PHA 
were retained intracellularly. Similarly, monensin 
was shown to inhibit the secretion of the extra- 
cellular protein, barley aleurone e-amylase 
[53, 84], but not the acid hydrolases from sy- 
camore maple suspension cultured cells [29]. 
Monensin also does not completely inhibit the 
secretion of complex polysaccharides. In carrot 
suspension cultured cells, Moore et al. [86] found 
that XG and extensin accumulated in swollen 
vesicles on the trans-Golgi stack, whereas PGA/  
RG-I appeared to be packaged into separate ves- 
icles and secreted in the monensin-treated cells. 
These data suggest that some secretory products 
(proteins and polysaccharides such as PGA/RG-  
I) may be exported from an early Golgi compart- 
ment that is insensitive to monensin, such as the 
medial-Golgi. However, the varying effects of 
monensin on the trafficking of secretory products 
may reflect structural and functional cell type- 
specific differences in the organization of plant 
Golgi stacks. 
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Vacuolar protein targeting 

Protein transport to the lysosomes/vacuoles of 
plant, mammalian and yeast cells is dependent on 
specific signals to divert lysosomal and vacuolar 
proteins from being secreted via the default path- 
way (for review see Chrispeels [19]). The mech- 
anisms involved in sorting and targeting of mam- 
malian acid hydrolases to the lysosome have been 
extensively characterized (for review see Korn- 
feld and Mellman [68]). In mammalian cells 
newly synthesized lysosomal enzymes are tagged 
by the phosphorylation of N-linked oligosaccha- 
ride mannose side-chains, and are sorted from 
secreted proteins in the TGN by receptors spe- 
cific for mannose 6-phosphate (Man 6-P) resi- 
dues [68]. Ultimately, the information for sorting 
of these proteins is contained within the polypep- 
tide sequence or structure of the protein which 
specifies phosphorylation of the glycan side- 
chain. In contrast to Man 6-P-dependent sorting 
of mammalian lysosomal hydrolases, targeting of 
plant and yeast proteins to the vacuole is depen- 
dent on the direct recognition of elements within 
the polypeptide sequence or structure (see 
Chrispeels, [ 19] for review). In the last few years, 
a number of laboratories, including ours, have 
focused on the characterization of sorting signals 
from a number of different plant vacuolar pro- 
teins. A great benefit has been that each group 
examined a different protein, and what has 
emerged from this research is that there is no one 
targeting signal for all plant vacuolar proteins. 
The sorting determinants for each protein or 
group of proteins may be tailored to the specific 
structure of the protein. 

Tonoplast proteins 

The existence of a wide variety of protein com- 
ponents in the tonoplast has been inferred from 
the many biochemical functions of the vacuole 
and demonstrated directly by analysis of tono- 
plast proteins [27]. The tonoplast must mediate 
a wide variety of functions including ATP- 
dependent acidification, the transport of ions and 



142 

metabolites into and out of the vacuole, as well as 
mechanisms for the docking and fusion of secre- 
tory transport vesicles. Whereas the structures of 
many of the soluble vacuolar proteins are known, 
the sequences of only a few tonoplast proteins, 
such as the 16 kDa polypeptide of the H +- 
ATPase [71] and several isoforms of tonoplast 
intrinsic proteins (TIP) [51, 60] have been de- 
scribed. The deduced amino acid sequence of TIP 
shows a highly hydrophobic protein with six pre- 
dicted membrane-spanning domains which has 
been proposed to function as a solute transporter 
[61]. To date, no information is available on the 
mechanisms by which the secretory pathway de- 
livers membrane proteins to the tonoplast. H0fte 
etal. [50] have demonstrated that the seed- 
specific TIP (eTIP) is targeted to the vacuoles of 
transgenic tobacco cells. This opens the way to 
identifying the sorting determinants necessary for 
tonoplast targeting of TIP and to comparing the 
mechanisms of tonoplast and soluble vacuolar 
sorting. The possibility remains that targeting to 
the tonoplast occurs by bulk-flow. 

Sorting of soluble vacuolar proteins in plants 

Many plant vacuolar proteins are initially synthe- 
sized as precursors containing a propeptide do- 
main which is proteolytically removed prior to or 
upon deposition of the protein in the vacuole. 
Propeptides have been identified at either the 
amino- or carboxy-end of vacuolar proproteins 
which contain the information necessary to direct 
the protein to the vacuole. In addition, the tar- 
geting information for other plant vacuolar pro- 
teins may be contained within the structure of the 
mature protein. 

C-terminal propeptide sorting signals 
The Gramineae lectins from rice, wheat (WGA) 
and barley are soluble vacuolar proteins consist- 
ing of two identical subunits (reviewed in Raikhel 
and Lerner [105]). The subunits dimerize within 
the lumen of the ER to form an active N- 
acetylglucosamine-binding proprotein containing 
two glycosylated carboxyl-terminal propeptides 

(CTPPs). Prior to or concomitant with deposi- 
tion of the mature protein in the vacuole, the 
CTPPs are proteolytically removed. Wilkins et al. 
[ 144] have demonstrated that barley lectin (BL) 
is properly processed and sorted in tobacco leaf 
cells, indicating that the endomembrane systems 
of monocots and dicots share a common mech- 
anism for the posttranslational processing and 
sorting of vacuolar proteins [ 144]. Deletion of the 
CTPP resulted in secretion of the BL via the de- 
fault pathway, demonstrating that the CTPP was 
necessary for vacuolar sorting of proBL [4]. To 
examine whether the CTPP contained the essen- 
tial topogenic information sufficient for vacuolar 
sorting of proBL, the CTPP was fused to the 
carboxy-terminus of an extracellular chitinase 
from cucumber [85]. Comparison of the intrac- 
ellular and extracellular distribution of cucumber 
chitinase and the cucumber chitinase-CTPP fu- 
sion protein in protoplasts prepared from trans- 
genic tobacco plants indicated that the proBL 
CTPP redirected 70-75 ~o of the normally secreted 
reporter protein to the vacuole [5 ]. Further anal- 
ysis to define the critical structural features or 
amino acids of the CTPP vacuolar targeting sig- 
nal indicated that two independent amino acid 
stretches (FAEAI and LVAE) (see Table 2, high- 
lighted) are each sufficient for sorting ofproBL to 
the vacuole (J. Dombrowski, M. Schroeder, S.Y. 
Bednarek and N.V. Raikhel, unpublished results). 
Identification of these short amino acid stretches 
as the critical elements of a targeting signal makes 
it unlikely that the predicted amphipathic e-helical 
structure of the CTPP [4] is required for sorting. 

In contrast to the Gramineae lectins which are 
only found in the vacuole, chitinases have been 
localized in the extracellular spaces [11] and in 
the vacuoles [ 10, 83 ] of plant cells. A comparison 
of the amino acid sequences of the extracellular 
acidic chitinases (class II) and the intracellular 
basic chitinases (class I) of tobacco reveals that 
the two isoforms share a large central domain, but 
that the vacuolar isoform contains two additional 
domains: (1) an amino-terminal domain, homol- 
ogous to the small cysteine-rich protein from the 
latex ofHevea brasiliensis, hevein, and (2) a seven 
amino acid carboxyl-terminal (C-terminal) 



Table 2. Targeting motifs in representative C- and N-terminal propeptides. 
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Protein Suff./Nec. Ref. Carboxyl-terminal propeptide Seq. ref. 

Hordeum vulgare lectin + / + 5 
Oryza sativa lectin NA/NA - 
Nicotiana tabacum chitinase + / + 117 
N. tabacum /~- l,3-glucanase NA/NA - 
N. tabacum osmotin NA/NA - 
Saponaria officinalis saporin 6 NA/NA - 

VFAEAIAANSTLVAE 105 
DGMAAILANNQSVSFEGIIESVAELV 92 
NGLL.VDTM 117 
VSGGVWD S SVETNATASLVSEM 118 
YRVIFCPNGQAHPNFPIEMPGSDEVAK 123 
S SNEAN STVRHYGPLKPTLLIT 6 

Protein Suff./Nec. Ref. Amino-terminal propeptide Seq. ref. 

Ipomoea batatas sporamin A + / N A  81 
1t. vulgare aleurain + / + 54 
Solanum tuberosum 22 kDa protein NA/NA - 
S. tuberosum cathepsin D inhibitor NA/NA - 
O. sativa oryzains NA/NA - 

H S RFNPIRLPTTHEPA 42 
S S S S FADSNPIRPVTDRAASTLE-/ / - -DAAA 108 
FTSENPIVLPTTCHDDN 145 
FTSQNLIDLPS 127 
AS SGFDDSNPIRSVTDHAASA-- / / - - - -DAPA 143 

Abbreviations: Surf., signal is sufficient for redirection of a reporter protein to the vacuole; Nec., signal is necessary for vacuo- 
lar protein sorting; Seq. ref., sequence references; NA, no data available. 

propeptide [117] which is processed prior to or 
upon deposition of the tobacco chitinase in the 
vacuole [92]. Deletion of the amino-terminal 
hevein-like domain of the vacuolar chitinase from 
Nicotiana tabacum did not affect the intracellular 
retention of the protein; however, removal of the 
C-terminal propeptide resulted in secretion of the 
protein, as indicated by an increased level of chiti- 
nase activity in the intracellular wash fluid of 
transgenic N. silvestris leaves [92]. Furthermore, 
nine amino acids from the C-terminus of the basic 
chitinase (including the seven-amino-acid C- 
terminal propeptide) and a three-amino-acid 
linker region are sufficient for redirection of a 
cucumber chitinase fusion protein to the vacuole 
in transgenic tobacco plants [92]. Similar to the 
chitinases, the basic vacuolar isoform of/3-1,3- 
glucanases contains a C-terminal extension [ 118] 
not present in the acidic isoforms of /3-1,3- 
glucanases which are secreted into the extracel- 
lular leaf space in tobacco [98, 134]. The vacuo- 
lar isoforms of/3-1,3-glucanase from N. tabacum 
and N. plumbaginifolia are synthesized as gly- 
cosylated precursors and are processed to their 
mature forms by removal of the glycosylated C- 
termini [118, 134]. These results led Van den 
Bulcke et aL [ 134] to postulate that the C-terminal 
extensions of the basic/3-1,3-glucanases also con- 

tain the signals for vacuolar sorting of these pro- 
teins. The primary amino acid sequences of the 
vacuolar targeting signals from BL and the class I 
tobacco chitinase, and the C-terminal extensions 
from other vacuolar proteins are not conserved 
(Table 2). However, short amino acid stretches 
similar to the two small hydrophobic peptides 
(FAEAI and LVAE) contained in the proBL 
CTPP (see above) can be identified in the carbo- 
xyl-terminal extensions from WGA, rice lectin, 
the Class I chitinases from bean and tobacco, and 
the basic/3-1,3-glucanase isoforms from tobacco 
(Table 2). These elements may form the critical 
core of the sorting signal which is recognized by 
the vacuolar protein sorting machinery. 

The C-terminal extensions from other plant 
proteins (Table 2), such as the type I ribosome 
inactivating protein Saporin 6 [6], and the vacu- 
olar proteins osmotin [123] and thaumatin [30], 
appear to be removed, and may contain sorting 
information as well. 

One of many responses of a plant cell to inva- 
sion by pathogens (viruses, bacteria or fungi) is to 
induce the synthesis of a specific set of proteins 
known as the pathogenesis-related (PR) proteins 
[135]. The most abundant PR protein, PR-1, is 
secreted into the leaf extracellular space in re- 
sponse to pathogen infection. Immunolocaliza- 
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tion studies indicated that the PR-1 protein ac- 
cumulated not only in the extracellular space but 
also in the vacuoles of specialized cells known as 
crystal idioblasts, in leaves infected with tobacco 
mosaic virus and in the leaves oftransgenic plants 
which are constitutively expressing only the PR- 
1 protein [28]. Although the mechanisms by 
which these specialized secreted proteins are de- 
livered to the vacuoles of these cells are at this 
time only a matter of speculation [28], these re- 
sults suggest that mechanisms of protein sorting 
in plants may be mediated not only by specific 
topogenic signals, but that they may also be reg- 
ulated in a cell-specific manner. 

N-terminal propeptide sorting signals 
Many yeast and plant vacuolar proteins are syn- 
thesized as preproproteins with an amino-termi- 
nal propeptide domain which is exposed after 
cleavage of the signal sequence in the ER. The 
targeting information necessary and sufficient for 
vacuolar localization of two yeast proteins, car- 
boxypeptidase Y (CPY) and proteinase A, is con- 
tained within the amino-terminal propeptide of 
these proteins [62, 66, 132]. 

Sporamin, the most abundant protein in the 
tuberous root of sweet potato, is initially synthe- 
sized as a preproprotein with an amino-terminal 
sequence containing a hydrophobic signal peptide 
and an additional 16-amino-acid propeptide do- 
main [42] (see Table 2). In transgenic tobacco 
plants and suspension-cultured cells, prospo- 
ramin was correctly targeted to the vacuole [ 81]. 
Deletion of the amino-terminal propeptide re- 
sulted in secretion of sporamin by the transgenic 
tobacco cells [82]. Experiments to show that this 
propeptide is also sufficient for vacuolar sorting 
are in progress. The barley thiol protease, aleu- 
rain, is also processed by removal of an 
N-terminal propeptide prior to or concomitant 
with deposition of the protein in the vacuoles of 
barley aleurone cells [53] as well as in transgenic 
tobacco cells [54]. To identify the sorting deter- 
minant(s) necessary and sufficient for vacuolar 
targeting of proaleurain, Holwerda etal. [54] 
made a series of chimeric proteins containing 
peptide segments from proateurain fused to the 

N-terminus of another thiol protease, endopro- 
teinase B (EP-B) which is normally secreted by 
barley Neurone cells [67]. A 12-amino-acid pep- 
tide (SSSSFADSNPIR) (Table2) contained 
within the N-terminal aleurain propeptide redi- 
rected 52 ~o of the EP-B to the vacuole in trans- 
genic tobacco [54]. Comparison of the sporamin 
N-terminal propeptide and this sequence reveals 
a conserved sequence (NPIR) (Table 2, high- 
lighted). Substitution of either the I or N with 
glycine resulted in secretion of prosporamin (K. 
Matsuoka and K. Nakamura, personal commu- 
nication), indicating that these amino acids are 
critical residues of the sporamin vacuolar target- 
ing signal. Other secretory proteins have been 
identified which possess N-terminal propeptides 
with sequences similar to the NPIR element found 
in proaleurain and prosporamin (Table 2), and 
these may also be necessary for sorting of these 
proteins. Deletion of the amino acids SNPIR 
from the proaleurain N-terminal propeptide low- 
ered the efficiency of vacuolar sorting of aleurain 
by 65~o [54], suggesting that these residues are 
also critical for proaleurain sorting. In addition to 
the SNPIR element, the flanking amino acid seg- 
ments S S S SFAD and VTDRAAST (see Table 2) 
were necessary for the efficient sorting of aleurain 
[54]. These results led Holwerda etal. [54] to 
suggest that the proaleurain vacuolar sorting sig- 
nal may be composed of multiple domains that 
collectively mediate the efficient vacuolar target- 
ing of this protein. Alternatively, these flanking 
sequences may present the targeting signal in a 
favorable three-dimensional structure for interac- 
tion with the vacuolar protein targeting mecha- 
nism, such that disruption of this structure would 
lower the efficiency of sorting. The availability of 
the sorting information may be altered in fusion 
proteins containing targeting determinants from 
other proteins and may explain the less than 100 ~o 
efficient redirection of reporter proteins to the 
vacuole by the BLCTPP [5] and the aleurain tar- 
geting determinant (S S S S FAD S NPIR) [ 54 ]. 

Internal targeting signals 
Many soluble plant vacuolar proteins are synthe- 
sized without a cleavable propeptide, indicating 



that the vacuolar targeting information for these 
proteins must be contained within the mature 
protein. This information could consist of a lin- 
ear sequence of amino acids from two or more 
regions of the polypeptide chain that are situated 
closely together in the three-dimensional struc- 
ture of the protein. Analysis of the mechanisms of 
sorting of PHA [128], l lS  legumin [113] and 
patatin [124] has shown that all these proteins 
possess long internal polypeptide regions with 
vacuolar targeting information. A segment of the 
PHA polypeptide (amino acids 83 to 146) was 
sufficient and necessary to redirect 50~o of the 
secreted protein invertase to the vacuole in Ara- 
bidopsis protoplasts (A. von Schaewen and M. 
Chrispeels, personal communication). Examina- 
tion of the crystal structure of other legumin 
lectins [21], which are homologous to PHA, sug- 
gests that the identified PHA-targeting determi- 
nant contains a loop (amino acids 93-115) 
present at the surface of the molecule. This loop 
is likely to present the sorting information of PHA 
in an accessible structural context necessary for 
interaction with the vacuolar sorting machinery. 

Mechanisms of plant vacuolar protein sorting 

The data reviewed above demonstrate that the 
sorting information for vacuolar proteins can be 
contained within C- or N-terminal propeptides or 
within internal regions of the mature protein. In 
addition, the structure of the protein affects the 
availability of the sorting signals to interact with 
the secretory machinery and is an important fac- 
tor for efficient vacuolar protein targeting. Inter- 
estingly, double immunolocalization of ultrathin 
sections obtained from crossed plants expressing 
BL (C-terminal sorting signal) and sporamin (N- 
terminal sorting signal) indicated that both pro- 
teins are targeted to the same vacuoles in leaves 
and roots of transgenic tobacco plants (M. 
Schroeder, O. Borkhsenious, K. Matsuoka, K. 
Nakamura and N.V. Raikhel, unpublished re- 
sults). Although the primary amino acid sequence 
of C- and N-terminal sorting determinants are 
not conserved (Table 2), the results of the double 
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immunolabelling experiments suggest that both 
sorting signals are recognized by the machinery 
present in the same cell. The variability of these 
vacuolar sorting signals suggests that there may 
be multiple independent mechanisms for vacuo- 
lar protein sorting in plants. It is possible, how- 
ever, that some physicochemical properties of 
these propeptides are recognized by a common 
sorting mechanism. 
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