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Abbreviations 

CCV clathrin coated vesicle 
DV dense vesicle 
EDTA ethylenediaminetetraacetic acid 
ER endoplasmic ret iculum 
EtOH ethanol 
GFP green f luorescent protein 
GUS ß-glucuronidase 
LV lytic vacuole 
MOPS 3-[N-Morpholino]propanesulfonic acid 
NR neutral red 
0.M over night 
PAGE Polyacrylamide gel electrophoresis 
PCR polymerase chain reaction 
PEG polyethylene-glycol 
pps protoplasts 
PSV protein storage vacuole 
R.T. room temperature 
SDS sodium dodecyl sulphate 
SV small vacuole 
TIP tonoplast intrinsic proteins 
TCA trichloracetic acid 
VSD vacuolar sorting determinant 
VSR vacuolar sorting receptor 

Abbreviations used only in single subchapters are explained in the text. 
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Chapter 1 

GENERAL INTRODUCTION 

Vacuoles are typical compartments of plant cells, their origin, 
evolution and function have been studied for over half a century. The 
vacuoles are derived from the endoplasmic reticulum (ER), where i t s 
protein components, both soluble and membrane-bound, are synthesised. 
Thus, the vacuoles belong to the secretory pathway of plants. The plant 
vacuoles share many general characteristics with homologous 
compartments in mammalian cells (lysosomes) and fungi but they f u l f i l 
a variety of original functions. 
This thesis investigates the mechanisms involved in the vacuolar 
targeting of soluble proteins. The main tool to elucidate the different 
targeting systems to the vacuole is the use of reporter proteins. 
Because of their multiple functions, the plant vacuoles present higher 
complexity than equivalent compartments in the others eukaryotes and 
the following paragraphs will focus on the plant cell to provide an 
overview as complete as possible about the present state of knowledge. 

THE SECRETORY PATHWAY. 
All eukaryotic cells have many specialised compartments, defined by a 
complex membrane system. The targeting of many different kinds of 
molecules to different compartments requires many elaborate systems. 
The secretory pathway is one-of the most complex among these 
transport routes. Trafficking between the various organelles is thought 
to be primarily mediated by small carrier vesicles. The basic molecular 
components involved in the formation of these vesicles have been 
defined in yeast and mammalian cells and related components have been 
then identified in plants. 
The basic organisation of the plant secretory system is morphologically 
similar to that of other eukaryotes but there are a number of features 
that distinguish it. For example, the de novo assembly of the cel l-plate 
during plant cell division has no counterpart in other systems. 
The basic secretory pathway includes several discrete organelles, 
among them the ER and the Golgi apparatus, involved in the assembly, 
post-translational modification, trafficking and correct localisation o f 
newly synthesised proteins to the plasma membrane and vacuoles. Each 
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ol these organelles is the subject of current investigations and appears 
more complex than originally expected. 
In this introduction I focus on the plant secretory system. For 
additional discussion on yeast and mammalian secretory pathway, I 
refer the reader to recent reviews (Bryant and Stevens, 1998; Harter 
and Wtetand, 1996; Schekman and Orci, 1996). 

THE ENDOPLASMIC RETICULUM. 
For proteins and lipids the secretory pathway begins with the ER. In 
general, soluble proteins that enter the secretory pathway are inserted 
across the membrane of the ER during their synthesis (co-
translationally) on membrane-bound ribosomes. 
Once in the ER lumen, a newly synthesised protein will be retained 
there, or directed to a specific organelle within the pathway depending 
upon information contained within its polypeptide chain. This 
information is encoded either by the primary structure or by 
determinants formed from its three dimensional structure as the 
protein folds into a stable conformation with the assistance of ER 
chaperone proteins. An other process selects certain proteins for export 
from the ER (Balch et al., 1994; Barlowe et al., 1994) and concentrates 
them into vesicles that transport them to cis-Golgi cisternae 
(Staehelin and Moore, 1995) (see Figure 1). 
Proteins are co- and post-translationally modified in the ER, before 
they acquire the correct conformation required for further transport 
steps. First, the small signal peptide necessary to enter the ER is co-
translationally cleaved by a signal peptidase. Then, many post-
translational modifications can occur: N- and O-glycosylations, prolyl 
hydroxylation and disulphide bond formation. Finally proteins acquire 
their final conformation, assisted by chaperone proteins resident of the 
ER (endoplasmins, e.g. calreticulin, calnexin, BiP, PDI) (Bednarek and 
Raikhel, 1992; Denecke, 1996). All these processes are conserved among 
eukaryotes, and in plants the main components have also been identif ied 
(Gomord et al., 1997; Welters, 1996). 
After leaving the ER, a soluble protein that lacks specific information 
for retention or sorting to a particular organelle of the secretory 
pathway will pass through the Golgi complex and be packaged into 
vesicles that fuse with the plasma membrane and release the protein to 
the cell exterior, by the so-called default pathway (Denecke et al., 
1990). 
Some proteins that should not to leave the ER have a signal containing 
this information. The proteins BiP and PDI, mentioned above, reside in 
the ER and have at their C-terminus a tetrapeptide which is highly 
conserved through all eucaryotes. Both tetrapeptides HDEL (usual in 
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yeast) and KDEL (usual in animals) are sufficient for ER retention in 
plants. The C-terminal peptide HDEF of the tomato RNAse LX1 is also 
necessary and sufficient to direct this and other proteins to the yeast 
ER (Kaletta et ai, 1998). The retention mechanism may involve vesicles 
recycling between ER and Golgi. This theory is supported by evidence in 
yeast and animals (Ferro-Novick and Jahn, 1994; Hong and Tang, 1993). 
In plants, even the existence of such a retrograde transport from Golgi 
to ER is still discussed {Gomord er ai, 1997; Klausner et at., 1992} but 
the discovery of a receptor for H/KDEL (Bar-Peled et ai. 1995; Welters, 
1996) in A. thaliana supports the existence of a retrograde transport. 

THE GOLGI APPARATUS. 
An overview of the function and structure of the Golgi stacks is 
essential to our comprehension of protein targeting. 
The Golgi apparatus of plant cells is a very dynamic organelle engaged 
in the synthesis of complex polysaccharides of the cell wall matrix, the 
processing of N-linked glycans of glycoproteins and O-glycosylation of 
cell wall proteins. 
The Golgi is composed of a number of flattened membranous cisternae. 
Unlike animal cells in which the stacks are interconnected by tubular 
elements and clustered around the nucleus (Mellman and Simons, 1992), 
plant cells contain up to several hundred individual Golgi stacks (or 
dictyosomes) dispersed in the cytoplasm (Harris, 1986). 
Each higher plant Golgi stack consists of 3 to 10 cisternae displaying a 
morphological polarity from the eis to the trans face. Morphological 
parameters such as width of the cisternae, the spacing between the 
cisternae, the staining of cisternal membranes and contents, as well as 
the location of intercisternal elements and of the trans Golgi network 
(TGN), permitted to define precisely Golgi cisternae (Staehelin and 
Moore, 1995). 

A recent major controversy about the functioning of the-Golgi apparatus 
concerns the progression of the secretory material and membrane from 
the ER to the c/s-face of the stack, across to the frans-face of the 
stack and before exit. Two basic models have been proposed: 
The vesicle shuttle model suggests that there is a sequential vesicle-
based transport of products through the stack from cisterna to cisterna. 
The cisternal maturation/progression model suggests that the 
functional gradient of the cisternae in the stack is generated by a 
progressive maturation of the eis cisternae into frans cisternae. These 
two models do not have to be mutually exclusive. 

The presence of a vesicle-based pathway for protein transport from ER 
to the Golgi has recently been supported by evidence showing that the 
fungal metabolite brefeldin A (see below), which inhibits the formation 
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CW 
Figure 1: The plant secretory pathway. Drawn by J.C. Rogers 
PSV: Protein Storage Vacuole 
PVC: Pre-Vacuolar Compartment 
LV: Lytic Vacuole 
PV: Pre-Vacuole 
SDV: Smooth Dense Vesicles 
CCV: Clathrin Coated Vesicles 
a. T. 8: TIPs 
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of certain classes of vesicles, also blocks the transport of sporamin {a 
sweet potato storage protein) from ER to the Golgi apparatus i n 
transgenic tobacco cells (Holwerda et al., 1992). Small coated vesicles 
can be seen in many electron micrographs of plant Golgi. It was 
originally assumed that these coated vesicles were the plant equivalent 
of the coatomer-coated COPI vesicles first described for mammalian 
cells by Rothman (1994). There is now evidence that COPI vesicles may 
be primarily involved in retrograde transport from the Golgi to the ER 
(Letourneur era/., 1994). A new class of coated vesicles (discovered in 
yeast), the COPII vesicles, may in fact mediate the anterograde 
transport of material from ER to Golgi (Schekman and Orci, 1996). The 
initial stage in the binding of COPII-vesicle coat components to the 
cytosolic face of the ER is facilitated by small GTP-binding proteins 
that interact with ER resident proteins (Davies, 1994; Lin et al., 1992; 
Schekman and Orci, 1996). 

A vesicle-based flow of membrane from the ER into the c/s-Golgi should 
be balanced by a secretory vesicle-based loss of membrane from the 
frans side of the stack. 
The cisternal maturation model proposes a de novo synthesis of 
cisternae on the eis face and decay of old cisternae on the trans side by 
vesiculation. A single cisterna will thus appear to traverse the Golgi 
stack (Mironov et al., 1997). The strongest -support for this model has 
come from ultrastructural studies on scale-forming unicellular 
protists, which have Golgi stacks composed of numerous cisternae in 
which the scales form and mature without ever leaving the cisternae 
(Becker et al., 1995). A recent work in animal cells has shown that 
procollagen type I was secreted by moving along the Golgi stacks 
without leaving the lumen of the cisternae (Bonfanti et al., 1998). It i s 
possible that cisternal maturation may coexist with other intra-Golgi 
traffic mechanisms, such as anterograde carrier vesicles. Anterograde 
cargo proteins have been immunolocaiized within COPI vesicles near the 
Golgi apparatus in animal cells (Orci et al., 1997). In any case the 
cisternal maturation mechanism seems involved in the transport of 
supramolecular aggregates. 

THE PLANT CELL VACUOLES. 
Plant cell vacuoles have many different functions (Wink, 1993): they 
may contain hydrolytic enzymes that function in an environment with an 
acidic pH (Boller and Kende, 1979); they may contain high 
concentrations of secondary metabolic products such as alkaloids, 
glycosides, organic acids and anthocyanins (Wink, 1993), or they may 
store proteins. Vacuolar storage proteins are most prominent in seeds 
but also may occur in many different vegetative tissues (Herman et al., 
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1994). Vacuoles with proteases active at an acidic pH (so called lytic or 
vegetative vacuoles) and protein, storage vacuoles are structurally and 
functionally distinct organelles (Hoh ef al., 1995; Paris et al., 1996). 
The secretory pathway of the plant cell is more complex than in yeast, 
because plant cells can store proteins within a vacuolar compartment. 
To keep storage proteins separated from active proteases in dist inct 
vacuoles, plant CeIIs11 must generate at least two biochemically and 
structurally distinct types of tonoplast membranes. These different 
kinds of tonoplasts must form separate vacuoles with dist inct 
transport pathways that allow sorting of soluble proteins to their 
different destinations. 

Two general models have been offered for vacuole biogenesis (Robinson 
and Hinz, 1997): in one model vacuoles are proposed to originate from a 
Golgi associated tubular network of membranes (Marty ef at., 1980). An 
alternative model suggests that vacuoles originate directly from the ER 
(Hilling and Amelunxen, 1985). 
Studies of vacuole function and biogenesis were greatly assisted by the 
finding that plant vacuole tonoplast contain abundant integral 
membrane proteins, the Tonoplast Intrinsic Proteins (TIPs) (Johnson ef 
al., 1989). TIPs have six membrane-spanning regions and belong to a 
family of proteins that mostly function as aquaporins, channels that 
facilitate water transport (Chrispeels and Maurel, 1994} (see below). 
Aquaporins are required to maintain vacuole function (Chrispeels and 
Maurel, 1994) and all TIPs could have this same function. However 
TIPs are very abundant proteins, they seem to be in excess of the 
amount needed for water transport and could thus also have a structural 
function PROGCOMPENRfu (Hoh et al., 1995; Jauh et al., 1998; 
Paris et al., 1996) . 

Plant cells have several functional types of vacuole and a specific 
isoform of TIP is associated with a specific type. It has been 
demonstrated that a TIP isoform, the _-TIP PROGCOMP ENRfu 

(Johnson ef al., 1989), is specifically present in protein storage 
vacuole (PSV) tonoplast, while the TIP-Ma27 isoform (Marty-Mazars ef 
al., 1995), later called y-TIP, was identified in vacuoles with active 
proteases and acidic pH, termed lytic or vegetative vacuoles (LV) both 
in pea and barley (Höh et at., 1995; Paris and Rogers, 1996). The a-TIP 
is abundant in seeds, reflecting the abundance of PSV, but it is also 
present in PSV in root tip cells that contain barley lectin as a storage 
protein (Paris ef al., 1996). Interestingly, a single cell in pea or barley 
root tips could contain vacuoles labelled separately with a-TIP or y-TIP 
(Paris ef al., 1996). But there are more than two TIPs and the situation 
is not yet clear. TIP gene family members that are expressed at 
measurable levels in Arabidopsis include a, y and 6-TIP and DIP, a 
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similar transmembrane protein expressed in dark-grown seedlings 
(Culianez-Macia and Martin, 1993). While a-TIP is associated with PSV 
and Y-TIP with LV (Hoh et al., 1995; Paris ef al., 1996), ô-TIP seems to 
determine the transformation of a degradative ,vacuole into a storage 
vacuole in vegetative tissues (Jauh et al., 1998) indicating that TIP 
isotorms may determine vacuole identity. Classification of vacuole 
types based on their complement of TIP proteins is not a simple task 
when we consider that vacuoles can also be identified where a- and y-
TIP, y and 6-TIP, and a- and S-TIP are both present in the same tonoplast 
(Paris et al., 1996). 
A recent study confirmed that there are two separate pathways to 
vacuoles for membrane proteins (Jiang and Rogers, 1998) and thus 
probably for tonoplast formation. The cytoplasmic tail of a-TIP but not 
y- TIP could prevent the traffic of a reporter protein fused to BP-80 
(see later), affecting a pathway via the Golgi to the LV, while a direct 
ER to PSV pathway was not affected. 

SORTING OF SOLUBLE PROTEINS TO VACUOLES 

THE VACUOLAR SORTING DETERMINANTS 
In mammals, soluble proteins targeting to the lysosome, the l y t i c 
compartment, is frequently mediated by mannose 6-phosphate residues 
in glycosyl side chain of the glycoproteins (Kornfeld, 1990). While some 
acid hydrolases in plants are glycoproteins (Gaudreault and Beevers, 
1983) they were found to contain no mannose 6-phosphate, nor could an 
M-6-P receptor be detected (Gaudreault and Beevers, 1984; Leborgne 
and Hoflack, 1997). Soluble protein targeting in plants is instead 
mediated by short peptide sequences within amino-terminal or carboxy-
terminal propeptides of a propeptide, or inside the protein sequence 
(Matsuoka and Neuhaus, 1999). 
One group of VSD was termed originally NTPP (N-terminal propeptide), 
examples of which were found in the N-terminal propeptides of sweet 
potato prosporamin (Matsuoka and Nakamura, 1991) and barley 
proaleurain (Holwerda et al., 1992). The second group of VSD was 
originally termed CTPP (C-terminal propeptide) as they were identif ied 
in the C-terminal propeptides of barley lectin (Matsuoka et al., 1995) 
and tobacco chitinase A (Neuhaus et al., 1991). The third group of 
internal determinants was described for certain seed storage proteins 
(Chrispeels, 1994; Nakamura et ai, 1993). 
The vacuolar sorting determinants have recently . been reviewed 
(Matsuoka and Nakamura, 1991; Neuhaus and Rogers, 1998) and a new 
nomenclature was proposed. The determinants found in N-terminal 
propeptides require a conserved amino acid sequence probably 
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recognised by a sorting receptor. They also function when placed 
elsewhere in the protein {Koide et ai,, 1997); for these reasons they 
have been termed "sequence-specific VSD" (ssVSD); in contrast, the C-
terminal propeptide determinants have little discernible requirement 
for a conserved sequence, but they must be placed at the C-terminus of 
a protein; they have thus been renamed "C-terminal VSD" {ctVSD); 
finally it has not been possible yet to define any conserved amino acid 
sequence involved in the function of the internal determinants of 
storage proteins, they have been termed "physical structure VSD" 
(psVSD) but doubts about the separate identity of this category persist. 
In the following paragraphs the new classification will be used. 

THE SEQUENCE SPECIFIC VACUOLAR SORTING DETERMINANTS (ssVSD) 
The ssVSD was first defined in the propeptides of sweet potato 
prosporamin and barley proaleurain. Sporamin is an abundant storage 
protein in sweet potato tubers. It is stored in vacuoles w i th 
characteristics of LVs rather than PSVs {Matsuoka et al., 1990). After 
cleavage of the signal peptide, prosporamin carries a 16 amino acid N-
terminal propeptide that is removed to form mature sporamin in sweet 
potato tubers. When expressed in tobacco suspension culture cells, 
sporamin is sorted to the vacuole (Nakamura era/., 1993). Expression of 
a mutant lacking the 16 amino acid propeptide resulted in secretion of 
sporamin, demonstrating that the propeptide contains the essential 
vacuolar sorting determinants (Matsuoka and Nakamura, 1991). 
Barley aleurain is a cystein protease closely related to mammalian 
cathepsin H (Holwerda and Rogers, 1993). It is synthesised as a 
proenzyme and transported to an acidified, post-Golgi compartment 
where it is processed to the mature form (Holwerda and Rogers, 1990).-
In aleurone cells aleurain was localised by immune-electron microscopy 
to compartments morphologically and physically distinct from protein 
storage vacuoles (Holwerda and Rogers, 1990). These facts all argue 
strongly that proaleurain is stored in an acidic vacuolar compartment 
with active proteases, so aleurain has been used as a marker to define 
lytic vacuoles (Paris et al., 1996). 

Comparison of the prosporamin and proaleurain VSDs demonstrated the 
presence of a conserved central motif NPIR (one letter code for amino 
acids). The presence of an essential conserved sequence within sorting 
determinants from two completely different types of proteins suggests 
that the sequence might be recognised by a sorting receptor. The moti f 
SNPIR in the propeptide of barley aleurain was sufficient to redirect a 
secreted protease to the vacuole of tobacco cells (Holwerda et a/., 
1992), although the efficiency of targeting depended on the presence of 
other contiguous determinants (SSSSFADSiJPJBVTDRAST). The sorting 
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efficiency of the sporamin propeptide is sequence dependent. 
Replacement of lie within the NPIR motif by a GIy, caused 95% of 
prosporamin to be secreted (Nakamura etat., 1993). It can also function 
as a VSD when fused to an unrelated protein such äs the barley lectin or 
moved to the C-terminus (Koide et al., 1997). 

A VACUOLAR SORTING RECEPTOR 
As clathrin-coated vesicles (CCVs) were known to function in t ra f f i c 
from Golgi to the lysosome/vacuole in mammalian and yeast cells, a 
systematic work was done to search for a ssVSD-binding receptor in 
membranes purified from CCVs from developing peas. A single -8OkDa 
protein was identified that bound to the propeptide of proaleurain in a 
pH-dependent manner. It was named BP-80 (Kirsch et al., 1994). 
Subsequent studies used different affinity columns to assess binding of 
BP-80 to the amino-terminal targeting propeptide of prosporamin from 
sweet potato {high affinity) and to the ctVSD of barley lectin ( l i t t l e 
affinity) (Kirsch et al., 1996). These results also confirmed the crucial 
role of a four amino acid motif (NPIR) in aleurain and sporamin 
propeptides. 

Shimada at al. (1997) identified two proteins of 72 and 82 kDa in 
preparations of (storage protein) "precursor accumulating vesicles" 
from developing pumpkin cotyledons. These proteins are homologues of 
BP-80. 
Using amino acid sequence data from the N-terminus and two internal 
tryptic peptides from BP-80, an Arabidopsis EST clone was identi f ied, 
representing another BP-80 homologue. This clone served as a probe for 
the isolation of the BP-80 cDNA and three homologues from developing 
peas, and for another homologue from Arabidopsis. Database searches 
also identified EST clones encoding homologues from rice and maize 
(Paris and Rogers, 1996; Paris er at., 1997). As of spring 1999, six 
different homologues have been sequenced in Arabidopsis alone (EMBL 
databases). This protein family has been termed VSR (Vacuolar Sorting 
Receptor) family {Paris era/., 1997). The VSR proteins represent anew 
gene family with the following novel characteristics: the first -400 
amino acids represent a unique region without homologies in the yeast 
or mammalian gene databases. This unique region is followed by three 
Cys-rich repeats (EGF repeats), one of which is predicted to co-ordinate 
calcium ions. Then a short Ser and Thr-rich sequence follows, preceding 
the transmembrane domain. The cytoplasmic domain sequences are 
highly conserved for the first three-quarters and then diverge. AM, 
however, contain a form of the Tyr-motif (Tyr-X-X-0, where 0 is a 
large, hydrophobic amino acid)), YMPL; this motif has been demonstrated 
to mediate incorporation into CCVs in mammalian systems (Boll et al., 
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1996; Ohno et al., 1995). Thus it is likely that all of the members of the 
VSR family are assembled into CCVs. Consistent with this prediction, 
BP-80 is highly enriched in preparations of pea CCVs lacking detectable 
storage proteins, while "pea smooth dense vesicles preparations are 
highly enriched in storage proteins but have little delectable BP-80 
(Robinson et ai, 1998a; Robinson et ai, 1998b). 
Immunogold electron microscopy using the antibodies directed against 
an N-terminal BP-80 propeptide demonstrated specific labelling o f 
Golgi and of -250 nm compartments that were found often adjacent to 
large vacuoles. Some of these compartments appeared to be in the 
process of fusing with the large vacuoles (Paris ef a/., 1996). The large 
vacuoles were labelled in their tonoplast by TIP-Ma27 and therefore 
were lytic vacuoles. These observations are consistent with what i s 
known of protein traffic to the vacuole in yeast. There, the vacuolar 
sorting receptor VpslOp (Cooper and Stevens, 1996) binds its ligand in 
the Golgi and delivers it to an acidified prevacuolar compartment that 
contains active proteases (Piper et al., 1995). 
However the plant VSR proteins and yeast VpslOp share no homology. 
Probably plants require a specialised receptor because of the complex 
pattern of protein sorting to different vacuoles in plant cells (Paris ef 
at., 1996). The observation that several different genes for VSR 
proteins are expressed in the same plant tissue (at least four in 
developing pea seeds) can be explained by the necessity to express 
different VSRs with different ligand binding specificities. 

THE C-TERMINAL VACUOLAR SORTING DETERMINANTS (CtVSD) 
Several C-terminal propeptides have been positively identified: in 
barley lectin (Dombrovski ef al., 1993), in a chitinase, a gtucanase and' 
an osmotin from tobacco (Melchers et al., 1993; Neuhaus et al., 1991; 
Sticher et al., 1992), in the 2S albumin storage proteins from Brazil nut 
(Saalbach et ai, 1991) and pea (Higgins et al., 1986) and in phaseolin 
(Frigerio et al., 1998). 
Deletion of these propeptides from the precursor proteins result in a 
secreted form of the protein. In the case of tobacco chitinase A, the 
fusion of the C-terminal propeptide to several reporter proteins 
(cucumber chitinase, hen egg white lysozyme, rat ß-glucuronidase, GFP) 
indicated that it is both necessary and sufficient for vacuolar targeting 
(Di Sansebastiano et ai, 1998; Freydl et ai, 1995; Neuhaus et ai, 1991). 
In contrast to sequence-specific VSDs, no essential motif was common 
to the studied ctVSD. In the case of the C-terminal propeptide 
(GLLVDTM) of tobacco chitinase A, all partial deletions strongly reduced 
the percentage of intracellular accumulation, only the terminal Met was 
dispensable (Neuhaus ef a/., 1994). Single and multiple replacements 

16 



affected sorting to varying degrees, but no general rule could be 
deduced from them. When the length of the ctVSD was kept constant, no 
replacement of a single amino acid was sufficient to cause complete 
secretion, whether the charge was reversed, or several hydrophobic 
residues were replaced by hydrophilic residues or vice versa. The single 
most effective replacement was unexpected, in fact GIy at the place of 
the terminal Met reduced the sorting efficiency by more than 50% while, 
as mentioned, the complete deletion of Met had no effect on retention 
(Neuhaus et al., 1994). 

Partial deletions of the propeptide of barley lectin established that no 
single portion of its 15 amino acids is essential {Dombrovski et al., 
1993). Instead, the first four or the last four residues each were 
sufficient. Furthermore, a minimal length of three amino acids beyond 
the processing site was sufficient for a significant vacuolar targeting. 
Again, C-terminal GIy were most detrimental to vacuolar sorting, as 
was a terminal N-glycosylation site. 

Quantitative analysis of sorting efficiency indicated that there are 
differences depending on the sequence but many random sequences also 
showed varying sorting efficiencies. Sorting determinants without 
strongly conserved motif are also known for the ER-targeting signal 
peptides and for the transit peptides of mitochondrial or chloroplastic 
proteins. (Chrispeels, 1991; Glick et al., 1992; Schnell etal., 1994) 
A more precise model for the preferences of a sorting system with no 
conserved motif can be obtained by compiling the sequences of as many 
examples as possible from natural proteins, an approach that was 
successful for ER-targeting signal sequences (von Heijne, 1986) and 
mitochondrial transit peptides but it is severely limited by the small 
number of protein families were such a C-terminal VSDs has been 
identif ied. 
A low sequence specificity for a short peptide would predict a low 
binding affinity for a receptor protein, which could be functionally 
acceptable for the vacuolar sorting system. A low affinity may be 
compensated by the high surface to volume ratio in the Golgi apparatus. 
Differently from ssVSDs, C-terminal VSDs can be easily acquired or 
lost by point mutations or small insertions or deletions without 
affecting the proper folding of the protein. These facts may explain why 
several attempts to identify a receptor have failed so far. Screening of 
expression libraries with a labelled peptide, anti-idiotypic antibodies, 
affinity columns (J-M. Neuhaus, personal communications), as well as 
the yeast two-hybrid system (D. Humair, personal communications), did 
not detect any receptor when attempted in this laboratory or other 
laboratories. 
An alternative explanation for ctVSD function is still possible. The 
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final step in protein folding may involve binding of the C-terminus to 
the surface of the folded core (Fedorov and Baldwin, 1997). If the three-
dimensional structure of proteins is a determinant for sorting them 
into vesicles in the PSV pathway, removal of C-terminal propeptide 
could substantially affect that determinant. This kind of mechanism is 
however difficult to reconcile with very short ctVSDs such as those of 
chitinases and with the successful fusion of the VSD to reporter 
proteins (Di Sansebastiano et al., 1998). 

THE PHYSICAL STRUCTURE VACUOLAR SORTING DETERMINANTS (psVSD) 
There is a third heterogeneous group of proteins for which neither of 
the two first categories of VSD seem to apply. They are known or 
supposed not to have propeptides, or if propeptides are present, they 
have been shown not to be required for vacuolar sorting. The sorting 
determinant must somehow be carried within the mature polypeptide. 
An internal ssVSD is possible, but for several seed storage proteins, 
another sorting system is likely to be involved. These are the v i c i l i n -
like and legumin-Iike proteins that accumulate into dense vesicles at 
the trans side of the Golgi andare transported without involvement of 
clathrin-coated vesicles (Robinson et ai, 1998b). They accumulate in 
protein storage vacuoles distinct from the lytic vacuoles that pre­
existed in these cells. As proposed by Vitate and Chrispeels (Vitale and 
Chrispeels, 1992), aggregation is a possible sorting mechanism. Sorting 
by aggregation is known to occur in animal cells, where it is possibly 
induced by the lower pH of the secretory granules (Castle et al., 1997). 
Determinants for aggregation would likely be associated w i th 
hydrophobic regions on the surface of the molecule, formed by folding of 
the three dimensional protein structure. In this regard, it is interesting 
that the precursor to the pea storage protein legumin, prolegumin, when 
isolated from ER and Golgi vesicles, is much more hydrophobic and binds 
much more tightly to membranes than the mature protein (Hinz et at., 
1997) 

EVIDENCE FOR TWO FUNCTIONALLY DISTINCT SORTING PATHWAYS 
The existence of more than one vacuolar compartment has been observed 
in many cell types and different functions have been proven for these 
compartments. There are at least two types of vacuoles in root t ip 
cells, one being the target compartment of ssVSD-targeted proteins 
such as aleurain, while the other compartment is the destination of 
ctVSD-targeted proteins such as barley lectin (Paris and Rogers, 1996). 
In developing pea cotyledons it is also clearly possible to distinguish 
storage vacuoles from lytic vacuoles as well as the corresponding dense 
vesicles and clathrin coated vesicles (Robinson etat., 1998b). In mature 
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plant tissues however, barley lectin and sporamin were found together 
in aggregates in the central vacuole of transgenic tobacco (Schroeder et 
al., 1993). This finding indicates that pathways for sorting proteins 
with the two types of VSD may end in separate vacuoles or ult imately 
converge on the central vacuole {Paris et al., 1996). 
Matsuoka et al. (1992) developed a system in tobacco suspension culture 
cells (BY2) to test the effects of compounds known to affect sorting 
processes in yeast and mammalian celts. Two reporter proteins were 
used: sporamin and barley lectin with either their own propeptide or the 
propeptide of the other protein. Thus, the functions of the prosporamin 
ssVSD and barley lectin ctVSD were tested separately on two dif ferent 
proteins. Without any propeptide both sporamin and barley lectin were 
secreted from the cells, while with either propeptide the reporter 
proteins were efficiently sorted to the vacuole. But even if proteins 
were found in the same compartment, sorting mechanisms depended on 
the VSD, as it was possible to inhibit selectively one of the two 
pathways. Wortmannin, an inhibitor of phosphatidylinositol 3- and 4 -
kinase in mammalian cells and of phospholipid synthesis in plant cel ls 
(Matsuoka et al., 1995), caused almost complete inhibition of ctVSD-
mediated transport to the vacuole at a concentration, 33uM, that had 
little or no effect on ssVSD-mediated transport to the vacuole 
(Matsuoka and Nakamura, 1992). 

It is known that the proteins with a ssVSD are transported by CCVs in a 
wortmannin-insensitive manner, but we don't know yet whether the 
wortmannin-sensitive pathway (ctVSDs) is identical to the pathway 
involving smooth dense vesicles (psVSDs), as there are no reports yet of 
its effects on sorting of proteins with a psVSD. 

SORTING OF ONE PROTEIN TO BOTH PSV AND LV COMPARTMENTS 
The barley aspartic proteinase is present in both PSVs and LVs (Paris e f 
a!., 1996). Two potential VSDs are present in the proenzyme sequence. 
The sequence NPLR is found in the N-terminal propeptide, a motif that 
functions as well as NPIR when placed in the prosporamin ssVSD (Koide 
et ai, 1997). Additionally, in comparison to yeast and mammalian 
aspartic proteases, the barley enzyme and other plant homologues have 
a central insert of 104 amino acids that closely resembles the sequence 
of mammalian saponins (Guruprasad et al., 1994). Saponins interact 
with certain lysosomal enzymes and are thought to be involved in the 
membrane-associated mannose-6-phosphate-independent pathway f o r 
targeting proteins to lysosomes (Staab et al., 1994). Experiments in 
tobacco suspension culture cells have shown that, while the intact 
proenzyme was efficiently targeted to the vacuole, a mutated form w i th 
an intact N-terminal propeptide, but where the "saponin" insert had 

19 



been deleted, was secreted from the cells (Tormakangas, 1997). 
It is possible that the topological distribution of different sorting 
mechanisms within the Golgi may be important in determining how a 
protein with two possible VSDs is sorted; in (act some proteins w i th 
potential ssVSDs could take part in an aggregation process in the c is -
Golgi and would thus have little opportunity to interact with the 
receptor if its site of action is located in the trans-Golgi (Neuhaus and 
Rogers, 1998). 

The importance of VSD position has been shown as well by the 
observation that a same propeptide may function with two sorting 
systems. This was found when the propeptide of sporamin was moved to 
a C-terminal position (Koide et a/., 1997). Mutation of the lie to GIy had 
much less effect on vacuolar sorting when the propeptide was at the C-
terminus but wortmannin only then strongly inhibited vacuolar 
transport when the lie to GIy mutation was present in the propeptide at 
the C-terminus. Thus this mutation appeared to reveal functional 
characteristics of a ctVSD in this sequence when placed at the C-
terminus. The ER retention signal may also mediate vacuolar sorting. 
When sporamin carrying an HDEL extension was expressed in tobacco 
BY2 cells, a significant fraction escaped from the ER and was recovered 
in the vacuole (Gomord et ai, 1997). In fact the HDEL peptide resembles 
a ctVSD. A function of HDEL as a ctVSD would enable plant cells to send 
ER proteins to a vacuole if they escaped the retrieval system or as a 
means to change the localisation during development. 

TRANSPORT OF INTEGRAL MEMBRANE PROTEINS TO VACUOLES 
Since 1992 it is known that clathrin coated vesicles play a direct role 
in the sorting of soluble proteins in yeast but with the first evidence of 
the role of CCV, evidences appeared as well for the existence of an 
independent pathway for integral membrane proteins. By using yeast 
strains with a temperature-sensitive allele of clathrin heavy chain, 
Seeger and Payne (1992) showed the importance of clathrin for sorting 
of soluble proteins but at the same time they showed the normal 
targeting to the vacuole of proteins associated to tonoplast, such as 
alkaline phosphatase. To determine whether a similar situation is found 
in plant cells the effect of two drugs, BFA and monensin, was studied on 
tobacco protoplasts (Gomez and Chrispeels, 1993). These drugs block 
protein transport by interfering with specific vesicle transport steps 
(see below). Neither drug could block the delivery of a-TIP to the 
tonoplast at concentrations that effectively inhibited transport of 
phytohemagglutinin (PHA), a soluble protein. 

Jiang and Rogers (1998) confirmed recently that a-TIP targeting is not 
sensitive to BFA but also showed that targeting of other membrane 
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proteins like BP-80 {see below) or y-TIP were drastically affected. In 
this study a reporter protein was used which is able to acquire Golgi-
specific modifications of Asn-linked glycans, proving the transit of BP-
80 and y-TIP through the Golgi. It seems that two separate pathways to 
vacuoles are possible for membrane proteins: a direct pathway from B=I 
to PSV1 and an indirect pathway via the Golgi to the LV. However, a-TIP 
was detected in dense vesicles along with storage proteins, indicating 
that it must have passed through the Golgi. 
While a-TIP is a specific marker for PSV, it is not clear whether a-TIP 
passes through a small PSV before arriving in the central vacuole. It i s 
possible that cells establishing and maintaining separate PSVs and LVs 
need not only the specific TIPs but also several other proteins 
characterising the two types of tonoplast. 
The molecular mechanisms involved in targeting of TIPs to their 
destinations are essentially unknown. Targeting of integral membrane 
proteins to the appropriate tonoplast may depend on processes simi lar 
to those involved in vacuole biogenesis (see later). 

ENDOCYTOSIS AND VACUOLES. 
Markers internalised by endocytosis have been observed in a variety of 
vesicles and endomembranes near the Golgi apparatus and the vacuole 
(Low and Chandra, 1994). On the basis of immunocytochemical studies 
in meristematic cells it has been recently hypothesised that a minority 
of tonoplast proteins can follow an alternative exocytic-endocytic 
route to the vacuole (Robinson et al., 1996). According to th is 
suggestion, a few newly synthesised proteins destined to the tonoplast, 
including the two H+proton pumps (V-ATPase and H+PPase) and the 
aquaporin, y-TIP, can escape the direct intracellular pathway to the 
vacuole and first move to the plasma membrane by exocytosis and are 
then targeted to the tonoplast (Matile, 1997) in away which resembles 
the endocytic pathway to lysosomes in animal cells (Kornfeld and 
M el I man, 1989). 

Although they already contain a large central vacuole, cells from 
sycamore (Aubert et al., 1996), tobacco (Moriyasu and Ohsumi, 1996) 
and rice (Chen et al., 1994) are capable, in starvation conditions, of 
reinitiating complete sequences of autophagy in their peripheral 
cytoplasm as yeast ceils do (Baba et al., 1994). 
Conventional electron microscopy and subcellular fractionation studies 
provide evidence for plant cell structures morphologically and 
functionally homologous to compartments that were shown to perform 
endocytosis in animal cells (Low and Chandra, 1994). 
There is a general agreement on the loading of small vacuoles w i th 
molecules internalised by endocytosis (Owen et ai, 1991), but results 
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differ concerning the convergence of endocytotic compartments in the 
central vacuole (Fowke et al., 1991; Low et al., 1993). 
It is clear that endocytic vesicles do belong to the vacuolar apparatus 
but their direct contribution in the construction of the central vacuole 
remain a subject of debate. 

VACUOLE BIOGENESIS 
It is still not clear how the vacuoles are generated. In different tissues 
vacuoles and their tonoplast can have different components and 
characteristics. Vacuole development has been investigated using 
different approaches: transmission electron microscopy (Buvat, 1962), 
biochemical studies of the changes accompanying cell enlargement 
(Maeshima, 1990), and studies of the mechanisms by which proteins are 
targeted to the vacuole (Bednarek and Raikhel, 1992; Hofte et al., 1991). 
A complementary and novel approach is to study vacuole reformation in 
evacuolated cells. Vacuoles may be removed from plant protoplasts by 
high-speed centrifugation through a continuous density gradient (Lörz 
et al., 1981). Evacuolated protoplasts are viable and can regenerate 
vacuoles and cell walls in culture (Wu and Tsai, 1992), thus they 
provide a convenient in vitro system in which to study synchronous 
development of vacuoles in large numbers of cells. Vacuole regeneration 
in evacuolated tobacco and petunia protoplasts has been shown to occur 
after culture for 12-44 h (Erdmann et ai, 1989). Reappearance of the 
vacuole in tobacco is accompanied by increased levels of hydrolytic 
enzymes and tonoplast H+-PPiase activity, neutral red uptake 
(indicating the acidic nature of the developing vacuoles), and the 
reappearance of a 41 kD vacuolar protein of unknown function 
(Hörtensteiner er al., 1992). Inclusion of bafilomycin A, a" specific 
inhibitor of the vacuolar H+-pumping ATPase: (Sze et al., 1992), in the 
culture medium decreased uptake of neutral red, but did not prevent 
vacuole regeneration (Hörtensteiner et al., 1992). Vacuole formation in 
evacuolated petunia protoplasts is associated with the accumulation of 
flavonoids, followed by synthesis of vacuole-associated ethylene-
forming activity (Erdmann et al., 1989). Protoplasts cultured in the 
presence of cycloheximide failed to develop vacuoles, showing that 
protein synthesis is required. Hörtensteiner et al. (Hörtensteiner et al., 
1994) found that the strongly inhibitory effects of 10-100 ug/ml 
cycloheximide were completely reversible when evacuolated 
protoplasts were washed with inhibitor-free medium. 
DISSECTION OF THE PLANT SECRETORY PATHWAY WITH 
BREFELDIN A 
Brefeldin A (BFA) is a lipophilic fungal toxin that has become a major 
tool lor cell biologists interested in studying vesicle-mediated 
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trafficking in animal and plant cells. Differential BFA sensitivity of 
different steps of the secretory pathway could allow the dissection of 
the pathway in a reversible way. More than other drugs affecting 
membrane trafficking, BFA needs here a thorough introduction. 
In plants as in animal cells, BFA exerts its primary effects through 
perturbations of vesicular transport in the secretory pathway. 
In BFA-sensitive mammalian cells (cells that respond to 1-10ug/ml 
BFA), the block in secretion has been traced to the ER-to-Golgi 
transport step and has been shown to be caused by the disassembly of 
the Golgi complex and the subsequent redistribution of resident Golgi 
enzymes into the ER (Klausner et al., 1992). 
In plant cells, a treatment with 2.5 to 10 ug/ml BFA both blocked 
secretion and altered glycosylaiion patterns of glycoproteins and 
complex polysaccharides, but did not cause any breakdown of Golgi 
stacks in sycamore maple cells. Instead, a loss of TGN cisternae, an 
increase in the number of trans-Uke Golgi cisternae, and the 
accumulation of large numbers of trans-Go\g\ derived vesicles in the 
adjacent cytoplasm were seen. At 50 ug/ml BFA the Golgi stacks 
disintegrated. These two types of BFA responses have been confirmed in 
other plant systems and should be viewed as part of continuum of BFA 
effects. 
BFA can probably block vesicular transport in at least two sites, 
between the ER and the Golgi, and between the Golgi and the TGN 
(Driouich et al., 1993; Staehelin and Driouich, 1997). BFA inhibition of 
vesicular transport "upstream" from the Golgi stacks leads to 
inhibition of secretion and to the disintegration of Golgi stacks, 
whereas inhibition of the "downstream" site causes inhibition of 
secretion without Golgi breakdown. 
The effects of BFA have been attributed to at least two mechanisms. 
One is the release of coat proteins, including the coatomer (a major 
protein complex involved in coat protein I (COPI)-coated vesicle 
formation) and the small GTP-bindtng protein ARF (ADP-ribosylation 
factor) from Golgi membranes (Chardin and McCormick, 1999). 
The gradual effect of BFA has been explained in animal cells by the fact 
that mammalian cells contain at least three classes of Art exchange 
factors with high, moderate, or low sensitivity to BFA. The collapse of 
the Golgi complex caused by BFA is most likely due to the inhibition of 
Arf exchange factors; however, it is not clear which ones are the most 
important targets that explain the morphological effects. 
Sec7, a protein required for ER through Golgi transport in yeast, 
displays guanine nucleotide exchange activity for Arf1 and has been 
used for detailed biochemical studies. The result of these studies is 
that BFA is an uncompetitive inhibitor that binds to the transient 
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complex formed between Arf-GDP and Sec7, leading to an abortive Ar f -
GDP:BFA:Sec7 domain complex. BFA causes thus endogenous ArII-GDP to 
block activation of other Arf1 molecules by this particular exchange 
factor (Chardin and McCormick, 1999). 
The second recently discovered mechanism could explain the complexity 
of the action of BFA. It consists in the activation of the endogenous 
ADP-ribosylation of two cytosolic proteins of 38 KDa (glyceraldehyde-
3-phosphate dehydrogenase, a multifunctional protein involved in 
several cellular processes), and 50 KDa (BARS, a protein of unknown 
function) {Spanò et al., 1999). 

OTHER TRANSPORT PROCESSES ACROSS THE VACUOLAR 
MEMBRANE 

TRANSPORT OF CYTOPLASMIC PROTEINS TO VACUOLES 
Several plant proteins reach the vacuoles by different processes 
completely independent from sorting of soluble proteins described so 
far. Some proteins synthesised on free ribosomes are transported 
directly from the cytoplasm to the vacuole without entering the 
secretory pathway, e.g. a soybean lipoxygenase (Tranbarger et al., 
1991), as well as some Late Embryogenesis Abundant (LEA) proteins 
(Maritila ef ai, 1996). 

VACUOLAR PROTON PUMPS 
Transport processes across membranes depend in many cases on the 
protonmotive force (DpH and D^) generated by the pumps residing in the 
respective membrane. The tonoplast contains two different type of 
proton pumps, PPases (Rea et al., 1992) and ATPases (Sze et ai, 1992}-. 
Vacuolar-type ATPases (V-ATPases) are multimene complexes present 
on the endomembrane system of eucaryotic cells (Sze et al., 1992). They 
show some homologies to the F-ATPases present on the plasma' 
membrane of eubacteria and on the inner membrane of mitochondria and 
chloroplasts. Like the F-ATPases the V-ATPases form a characteristic 
"head and stalk" structure. The V-ATPases can be distinguished from 
other ATPases through their highly specific inhibition by some 
antibiotics such as bafilomycin. V-ATPases are also found on other 
plant endomembranes such as the Golgi apparatus or the endoplasmic 
reticulum. However, it is still a matter of discussion whether the V-
ATPase on these membranes is functional. The tonoplast H+-PPase is 
found widely distributed in higher plants as well as in algae, 
liverworts, mosses and ferns. Homologous proteins are found in some 
bacteria, however none has so far been found in animals or fungi. The 
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tonoplast H*-PPase is a monomeric enzyme of about 87 KD that is 
strictly dependent on Mg2+ and is activated by K+ (Rea and Poole, 1993). 

CHANNELSAND CARRIERS 
Plant vacuoles may exercise different roles depending on the nutrit ional 
state of a plant or the function of the considered tissue. Therefore 
transport mechanisms may differ for different types of vacuoles. A 
substrate lor which different vacuolar transport mechanisms have been 
described in different plants is sucrose, which is accumulated wi th in 
sugarbeet tuber vacuoles by an H+ antiport mechanism, while in barley 
or tomato, as well as in sugar cane stalk tissue, facilitated diffusion is 
observed. Similar differences as for sucrose may exist for glucose. In 
contrast to the members of the fructan family, which are not 
transported across the tonoplast, some members of the raffi nose fami ly 
are taken up by an H+ antiport mechanism in plants accumulating these 
sugars {Pollock and Kingston-Smith, 1997). Amino acid concentrations 
are often lower in the vacuole that in the cytosol. A transporter that i s 
modulated by free ATP catalyses the transfer of most amino acids 
across the tonoplast. A similar transport system has also been 
described for the exchange of peptides, polyamines, cations and 
inorganic anions. Since the free ATP level is low in the cytosol and 
therefore only a very low transport activity of this transport system 
can be observed under physiological conditions, this transport system 
may play a role either in cytosolic homeostasis or as H+-shunt 
mechanism (Allen and Sanders, 1997). Inorganic and organic anion 
uptake is driven by the Dy (see above). Malate and citrate are the main 
organic acids accumulated in large quantities within the vacuole. 
Inhibition experiments suggest that one carrier or channel is 
responsible for the uptake of most di- and tricarboxylates. Patch clamp 
studies indicate that a separate channel is involved in the export of 
organic acids. Furthermore inorganic anions such as chloride and nitrate 
most probably use a different transport system. In the case of nitrate i t 
must be postulated that an additional force is driving its vacuolar 
uptake, since the observed membrane potential difference would not 
allow to drive the concentration difference observed between the 
cytosol and the vacuole. In stornata vacuoles evidence was shown that 
chloride channels are activated by a protein kinase (Allen and Sanders, 
1997). Several cation permeable channels have been observed in the 
vacuolar membrane. The so-called slow vacuolar channel opens mainly 
at cytosolic positive membrane potentials, shows a permeability for 
potassium, and is activated in the presence of Ca2*. The fact that 
calmodulin antagonists inhibit SV channels indicates that the effects of 
Ca2* are mediated by calmodulin. In contrast, the channels known as 
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fast vacuolar channels have a higher open probability at cytosolic 
negative membrane potentials and are activated by low cytosolic Ca2+ 

concentrations. Additionally, in guard cells a K* channel thought to have 
a role in facilitating vacuolar K+ release was described. For different 
plants a Na+ZH+ exchange mechanism which may play a crucial role in 
salt tolerance, has been demonstrated, while a KVH+ antiport also 
seems to exist in some cases but has not been described in detail 
{Blumwald and GeIIi, 1997). Three different calcium channels have been 
reported to reside on the vacuolar membrane: 1) an IP3-dependent 
channel that allows the release of calcium after activation with IP3, 2) 
a cyclic ADP-ribose (cADPR) dependent channel which is also 
responsible for the release of Ca2+ from the vacuole. 3) A Ca2+ channel 
which is activated on membrane hyperpolarization. This channel is 
potently inhibited by La3+ and Gd3+. Vacuolar calcium uptake is mediated 
by a Ca2+VH+ exchange mechanism and by a Ca2+-ATPase (Blumwald and 
GeIIi, 1997). 

OTHER FUNCTIONS OF THE PLANT VACUOLES 

THE VACUOLE AS WATER RESERVE: THE AQUAPORINS. 
Due to its large size, the central vacuole of plants plays an important 
role as water reserve and hence in water stress. For a long time water 
fluxes across biological membranes were thought to occur simply 
through the lipid bilayer. However, during the last years it was shown 
that in many cases special proteins, so called aquaporins, mediate the 
exchange of water between the extracellular medium and the cell as 
well as within the cell. For vacuoles different types of aquaporins have 
been described. The best knowns are the a- and the y-TIPs (tonoplast 
intrinsic proteins; see below). y-TIPs can be found mainly in the large 
central vacuole and are strongly expressed in young, expanding tissue as 
well as in vacuoles of moving cells like Mimosa pulvini. a-TIPs are 
preferentially present in storage vacuoles where they are probably 
involved in dehydration. Interestingly, water permeability of a-TIPs, 
but not y-TIPs, is induced by phosphorylation (Chrispeels et al., 1997; 
Maurel et al., 1997). 
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THE VACUOLE AS DETOXIFICATION.COMPARTMENT: THE ABC 
TRANSPORTERS. 
A classical function of the central vacuole is the role as storage 
compartment for potentially toxic metabolites, like phenols or 
alkaloids which may serve as repellents for herbivores or which are 
toxic for micro-organisms. Beside such plant-born substances, 
potentially loxic chemicals or pesticides (xenobiotics) can be modified 
by the plant and stored within the vacuole. An efficient detoxification 
step requires transport mechanisms that enable a strong accumulation 
of the potentially toxic compound within the vacuole. In several cases, 
e.g. for coumarytglucosides or flavonoids, it has been shown that proton 
antiport mechanisms drive the vacuolar accumulation. Furthermore, 
trapping mechanisms like protonation or conformational changes have 
been observed to be involved in vacuolar accumulation of secondary 
compounds. Metabolism of xenobiotics to glucosides or to glutathione 
conjugates is usually considered a detoxification process (Kreuz et ai, 
1996), but these products may exert other biological act iv i t ies. 
Vacuolar transport of glutathione conjugates is not energised by the 
vacuolar proton gradient but directly by ATP. On the molecular level, i t 
has been shown that several proteins can mediate glutathione conjugate 
transport in plants. These proteins belong to the ABC (ATP binding 
cassette) family and are highly homologous to those encoding 
glutathione conjugate transporters of fungi and animals (Rea et ai, 
1998). It is interesting to note that in animals glutathione conjugates 
are transported through the plasma membrane and are excreted in the 
extracellular fluid while in plants these conjugates are transported 
into the vacuole through the tonoplast. Direct energization by ATP 
allows a plant to create a high gradient between the cytosol and the 
vacuole and it is therefore supposed that the plant uses this type of 
transporter where the potential toxicity of a product is very high. 

THE ROLE OF VACUOLES IN SENESCENCE 
Plant cell senescence is subject to hormonal regulation, and the 
potential role of vacuoles in the compartmentation of calcium ions, 
signal transduction and gene expression must be considered. Moreover 
the temporary storage of intermediary metabolites such as organic 
acids and amino acids continues to function in vacuoles as cells are 
induced to senesce. The compartmentation of unspecific hydrolases has 
been proposed in the past (Matile, 1997) as the function of vacuole in 
cell senescence but the mechanism and subcellular organisation of 
protein breakdown in senescent cells have so far not been elucidated. 
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THE USE OF REPORTER PROTEINS 

Studies of the timing and cellular localisation of a gene expression as 
well as protein localisation in vivo are often essential to understand 
the integration of a gene's function at the level of the organism. The 
first reports pertinent to the localisation of gene expression used 
immunocytochemistry with fluorescence-labelled protein-specific 
antibodies. Later, thanks to the development of molecular techniques, 
fluorescence in situ hybridisation (FISH) made it possible to determine 
precisely in which cells the gene under study is transcribed. More 
recently, reporter gene systems have dramatically changed the approach 
for in situ localisation of gene expression, since detection of 
expression of a reporter gene is much simpler than either 
immunocytochemical or FISH detection techniques, Among the reporter 
genes described so far, the lacZ and uidA (gusA) genes from E. coli, 
coding for ß-galactosidase and ß-glucuronidase (GUS) respectively, are 
the most widely used in molecular research. Because of the presence of 
endogenous ß-glucuronidase in animals and of endogenous ß-
galactosidase in plants, lacZ is used in animals, while uidA is mostly 
used in plants. Although GUS has already proven to be a valuable marker 
gene for higher plants, there are other markers that may prove to be 
more useful in the future, as for example the green fluorescent protein 
(GFP) of Aequoria victoria (Chalfie, 1995). 

THE GUS GENE IN THE PLANT CELL 
In plants, the lacZ system (Helmer et al., 1984) is often not useful, 
because of the high endogenous ß-galactosidase activity. In contrast, 
the low level of endogenous GUS activity in nearly all higher plants has 
made the gus reporter gene a powerful tool for the assessment of the 
gene activity in transgenic plants (Jefferson, 1987). However, several 
groups have recently expressed concerns that GUS histochemistry is 
prone to certain types of artefacts. 
The major advantage of the GUS reporter system lies in its sensit ivi ty, 
simplicity and flexibility, due to the range of substrates available. The 
histochemical GUS assay proposed (Jefferson, 1987) uses such a 
substrate, namely 5-bromo-4-chloro-3-indolyl-ß-D-glucuronide (X-glu, 
also abbreviated X-gluc or X-glucU), which is hydrolysed in presence of 
GUS to yield a colourless soluble intermediate that undergoes oxidative 
dimerization to the final product (Guivarch et al., 1996). The end 
product, diX-indigo, forms blue crystals that are visible by l ight 
microscopy, are stable through fixation, dehydration and embedding and 
thus are compatible with preparation of permanent slides. X-glu 
localisation is prone to obvious sources of artefact that can also affect 
other techniques, such as irregularity of substrate penetration, but also 
to the diffusion of the intermediate into other compartments before the 
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insoluble end-product is formed. Another potential flaw with any 
reporter gene is that in certain cases the reporter coding sequence 
itself can affect the expression pattern. 

THE GFP IN THE PLANT CELL 
The jellyfish {Aequorea victoria ) green-fluorescent protein (GFP) 
possesses a number of desirable traits as a universal reporter in l iving 
tissues as it requires only blue or UV light for green fluorescence 
emission without any exogenous substrate (Chalfie et al., 1994; Heim et 
al., 1995; Heim et al., 1994; Heim and Tsien, 1996)). Indeed the protein 
itself is fluorescent, and thus all problems related to substrate 
penetration or reaction product diffusion are eliminated. 
The successful use of GFP as a compartment marker in plants depends 
on its production in sufficient amounts, on its proper post-transtational 
folding, on oxidative formation of its fluorophore and finally on i t s 
correct targeting within the cell. 

In addition, fusion proteins can be easily made to provide a fluorescent 
tag without disturbing the native function and compartmentation 
(Grebenok et al., 1997); the GFP tolerates both N- and C-terminal 
extensions, and thus can be used in subcellular localisation studies in 
confocal microscopy of living tissues. 
Although the expression of the jellyfish GFP has been successful in 
many heterologous systems, its application in higher plants and 
especially in the secretory system required a few modification of the 
coding sequence of the gene. 
A modified version of the GFP (mGFP4) has been produced where the AU 
content of the m RNA was decreased in order to eliminate an aberrant 
splicing (Heim et al., 1994) occurring in the plant cell. Further 
mutations were made to improve-the thermostability (Siemering er al., 
1996), increasing the protein stability in the secretory pathway at the 
normal physiological conditions. 
Genetic manipulations were performed also in attempts to alter the 
fluorescent properties of GFP. Random and site-directed mutagenesis 
produced potentially useful mutants with single and multiple amino 
acid substitutions that exhibit excitation and emission spectra 
different from those of wtGFP. Among the most promising are brighter 
mutants, such as S65T (Heim et al., 1995) or the similar GFPmutl 
(F64US65T) (Cormack et ai, 1996), and mutants with shifted spectral 
peaks, such as P4 (Y66H) and P4-3 (Y66H/Y145FJ (Heim and Tsien, 
1996). Mutants with shifted absorbance and emission peaks allow the 
multiple labeling necessary for protein colocalisation experiments 
(Rizzuto et al., 1996). 
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OUTLINE OF THE THESIS 
This thesis was built around three main groups of results, which will be 
reported in chapters 2, 3 and 4. Other results are reported in the form 
of annexes; these may be helpful for further developments but remained 
at the level of preliminary observations. 
Chapter 2 reports the discovery of two different vacuolar 
compartments in tobacco protoplasts, using green fluorescent protein 
(GFP) as reporter protein. This chapter was already published as a paper 
(Di Sansebastiano et a/., 1998). You will find annexed to chapter 2 a 
report of results obtained with another reporter protein, rat ß -
glucuronidase, both in protoplasts and transgenic tobacco plants; these 
results confirm and support results with GFP. 
Chapter 3 characterises more completely the vacuolar compartments 
previously identified, using new fusion proteins as reporters and 
investigating the biogenesis of the observed compartments. This 
chapter is going to be submitted for publication soon. 
Annexed to chapter 3, you will find preliminary results of the 
immunological characterisation of the vacuoles described in th is 
chapter. 
Chapter 4 presents data about molecular sorting and processing of the 
GFP fusion proteins described in the previous chapters. It includes the 
evidences of a different sensitivity of vacuolar proteins sorting to the 
drug BFA that affects specific membranes. 
Chapter 5 describes the sorting of reporter GFPs in transgenic plants of 
two different species: Nicotiana tabacum and Arabidopsis thaliana. 11 
includes a very preliminary description of Arabidopsis plants that we 
intend to use as model plants for the further study of vacuolar 
targeting. 
Chapter 6 describes material and methods important for the 
experiments reported in this thesis. Full detailed protocols are reported 
especially tor methods optimised during the experimentation. 
Chapter 7 presents a general discussion of the results of this thesis. 
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Chapter 2 

Specific accumulation of GFP in a non-acidic 
vacuolar compartment via a C-terminal propeptide-

mediated sorting pathway 

Gian-Pietro Di Sansebastiano, Nadine Paris, Sophie Marc-Martin and 
Jean-Marc Neuhaus. The Plant Journal (1998) 15, 449-457 

Summary 
The green fluorescent protein (GFP) from A. victoria can be detected in 
living plant cells after transient transformation of protoplasts. 
Expression of the GFP can be used to monitor protein trafficking in a 
mixed cell population and also to study the different function and 
importance of organelles in different cell types. 
We developed a vacuolar form of GFP that was obtained by replacing the 
C-terminal ER-retention motif of mGFP5-ER by the vacuolar targeting 
peptide of tobacco chitinase A. 
The vacuolar GFP was transported and accumulated in the vacuole as 
expected. However we found two patterns of GFP accumulation after 
prolonged incubation (18-24h) depending on the cell type. Most 
chloroplast-rich protoplasts had a fluorescent large central vacuole. In 
contrast, most chloroplast-poor protoplasts accumulated the GFP in one 
smaller vacuole but not in the large central vacuole which was visible 
under a light microscope in the same cell. This di f ferent ia l 
accumulation reflected the existence of two different vacuolar 
compartments as described recently by immunolocalization of several 
vacuolar markers. We were able to characterise the vacuolar 
compartment to which GFP is specifically targeted as non-acidic since 
it does not accumulate neutral red, while acidic vacuoles did not 
accumulate GFP. 
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Introduction 
The secretory pathway is one of the most complex transport routes i n 
eucaryotic cells. Studies of vesicular trafficking in vivo can be 
addressed in real time by using the reporter protein GFP. The je l l y f i sh 
{Aequorea victoria) green-fluorescent protein (GFP) possesses a number 
of desirable traits as a universal reporter in living tissues and requires 
only blue or UV light for green fluorescence emission without any 
exogenous substrate (Heim et al., 1994). 

The successful use of GFP as a compartment marker in plants depends 
on its production in sufficient amounts, on its proper post-translational 
folding, on oxidative formation of its fluorophore and finally on i t s 
correct targeting within the cell. A modified version of the GFP 
(mGFP4) has been recently produced where the AU content of the mRNA 
was decreased in order to eliminate an aberrant splicing. Further 
mutations were made to improve the thermostability of GFP. The 
resulting GFP (mGFP5) was successfully targeted to the endoplasmic 
reticulum (ER) by adding a signal peptide and the ER-retention moti f 
HDEL (Haseloff et ai, 1997; Siemering étal., 1996). 
Analysis of soluble vacuolar proteins in plants has revealed the 
existence of three classes of vacuolar sorting signals (VSS) (Neuhaus 
and Rogers, 1998): (1) a sequence-specific signal mostly found in N-
terminal propeptides as in sporamin or aleurain, (2) internal surface 
determinants as in phytohemagglutinin and (3) C-terminal propeptides 
as in tobacco chitinase A or barley lectin. No conserved motif could be 
identified for the C-terminal propeptides, but sorting could be 
prevented by blocking the C-terminus with glycine residues or a 
glycosylation site (Dombrovski et ai, 1993; Neuhaus et ai, 1994). 
Comparison of the sequence requirements for the three classes" of VSDs ~ 
strongly suggests that the sorting system for C-terminal propeptides 
differ from the sorting system for the other VSDs (Holwerda et al., 
1992; Nakamura et al., 1993; Neuhaus et al., 1991). The existence of at 
least two different sorting pathways for vacuolar proteins is also 
suggested by the inhibitory effect of wortmannin, a phosphatidyl-
inositol 3-kinase inhibitor, on vacuolar targeting of a soluble protein 
with a C-terminal VSS but not of a protein with a sequence-specific 
VSS (Matsuoka ef a/., 1995). Recently, the coexistence of functionally 
distinct vacuolar compartments has also been shown in non-
differentiated plant cells using immunolabeling with vacuolar marker 
antibodies (Paris et al., 1996). The vacuolar targeting was thus 
proposed to use (at least) two pathways; one would be mediated by a C-
terminal VSS and would lead to a storage compartment while the other 
would be mediated by a sequence-specific VSS and would lead to a ly t ic 
compartment. 
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To visualise the dynamics of vacuolar sorting along a C-terminal VSS-
mediated pathway, we used the secreted GFP fused to the VSS from 
tobacco chitinase. This VSS has been shown to be sufficient to redirect 
a secreted form of chitinase to the vacuole (Neuhaus et al., 1991). 

Results 
Constructs and controls. 
The plant-adapted mGFP4 {Haseloff et al., 1997) was used as a control 
cytosolic form (Figure 1). For the secretory pathway, we used the 
thermostable, ER-retained mGFP5-ER (Siemering et al., 1996), which 
contains also the signal sequence from an Arabidopsis chitinase, and 
from which we removed the C-terminal HDEL motif to obtain the 
secreted SGFP5. We also replaced the C-terminus either by a KDEL 
motif, giving another ER-retained GFP (SGFP5K) or by the VSS from 
tobacco chitinase A, giving the SGFP5T (Figure 1). We transiently 
transformed tobacco protoplasts with the control constructs, GFP4, 
SGFP5 and SGFP5K, to check the ability of our system to properly sort 
soluble proteins. As expected, the secreted form was not accumulating 
inside the cell and was not detected in the medium where it was 
probably degraded or diluted (data not shown). The cytosolic (not shown) 
and the ER forms (see below) of GFP were accumulating in their 
respective compartment leading to their typical patterns (Haseloff et 
al., 1997), The GFP forms that were retained in the cells were also a 
useful tool to optimise our transformation efficiency, which we 
estimated by the percentage of GFP-accumulating protoplasts. The 
transformation efficiency routinely reached 50%, but could reach up to 
80%. 

Vacuolar GFP. 
When the construct SGFP5T with the vacuolar sorting sequence of 
tobacco chitinase was expressed transiently overnight, we observed 
green fluorescence in the majority of the cells (Figure 2a, le f t 
protoplast) while some other cells remained unlabelled (Figure 2a, r ight 
protoplast). The GFP fluorescence accumulated in an homogenous way in 
the whole cell as shown in the Figure 2b representing the same two 
cells under dual illumination (UV and white light). The green 
fluorescence was unfortunately partially masked by the red natural 
fluorescence emitted by the chloroplasts. In addition, the chloroplasts 
also absorbed some of the incident UV light and of the emitted green 
light resulting in a lower intensity of the GFP signal of compartments 
located below them. 
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Figure 1: Schematic representation of GFP constructs. 
GFP4 and GFP5 are plant-adapted GFP sequences (Haseloff et al., 1997). 
The C-terminal amino acid sequences ol the tusion proteins are 
presented; (*) stop codon; bold: C-terminal VSS of tobacco chitinase. 
B: BamHI. Bg: BgIII. E: EcoRI. H: Hindlll. P: Pstl. Pv: Pvull. S: Sail. 
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For these reasons, if the red signal was eliminated by a filter this only 
resulted in dark shadows in place of the chloroplasts without improving 
the image quality (not shown). We therefore decided to present images 
in real colours with both green (GFP) and red (chlorophyll) fluorescence, 
where the yellow represents a mixture of the two signals when 
chloroplasts happen to be below a green fluorescent compartment. 
Because GFP was not accumulating in small structures, confocal 
microscopy was not convenient. 
In some cells the SGFP5T was found to accumulate within a smaller 
structure (Figure 2c) often adjacent to the chloroplasts on one side of 
the protoplast. Importantly, in this same cell a large centrat vacuole 
was also clearly visible by light microscopy but showed no green 
fluorescence (Figure 2d). We observed movement of the small green 
structure with respect to the chloroplasts indicating that these cells 
were metabolically active. 
Upon prolonged observation under the microscope, some protoplasts 
were observed to burst and a fluorescent vacuole was seen to evaginate 
from the cell envelope (Figure 3a). If the vacuole happened to burst 
while we were observing the cell, the fluorescent content was released 
into the medium while the tonoplast remained unstained. This confirmed 
that the SGFP5T accumulated in the vacuole as a soluble protein. 
To further confirm the localisation of SGFP5T, we isolated vacuoles 
from protoplasts which had been incubated in presence of a cell wa l l 
synthesis inhibitor, dichloro-benzonitrile. The protoplasts were lysed 
by a thermal shock and vacuoles were harvested by floatation (Gomez 
and Chrispeels, 1993). Among the isolated vacuoles we could observe 
not only the large vacuoles of -50 mm (Figure 3b, left) of cells as 
shown in Figure 2a, but also the small fluorescent vacuoles less than 1 0 
mm (Figure 3b, right) observed in the other cell type (Figure 2c). In the 
pelleted cell debris examined after vacuole isolation, a faint labelling 
of the ER and the nuclear envelope was sometimes visible, due to the 
presence of residual GFP in the ER, but we never found large green 
fluorescent structures while we could stain nuclei by ethidium bromide. 
These results ruled out that the small fluorescent structures could be 
nuclei and thus supported their vacuolar nature. 

The two sizes of vacuoles correlate with two cell types. 
The starting material used for transient expression of SGFP5T was a 
heterogeneous population of protoplasts derived from the various cel l 
types present in the tobacco leaf blade. Two main cell populations could 
be distinguished: large cells of the palisade mesophyll had many 
chloroplasts, while other cells of various sizes had less than ten 
chloroplasts and probably derived from the spongy mesophyll. We found 
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Figure 2: Protoplasts expressing the vacuolar SGFP5T. 
Pictures a and c show true colour fluorescence obtained with UV l ight; 
pictures b and d were obtained with combined light, UV + visible, 
allowing simultaneous observation of the whole cell and of GFP. 
Chloroplasts emitted red fluorescence, while GFP fluoresced in green. 
Superposition of both signals yields a yellow colour, a+b) Chloroplast-
rich cells, on the left a transformed cell, on the right an untransformed 
cell, c+d) Chloroplast-poor cell. Magnification X230. 

Figure 3: Vacuolar localisation of SGFP5T. 
a) Bursting .protoplast with an evaginating fluorescent vacuole. 
b) Isolated fluorescent large and small vacuoles. Magnification X230. 

Figure 4: Confocal microscope images from single protoplasts, 
emphasising the role of the ERa) and b) Consecutive sections close to 
the surface of a protoplast expressing the ER-retained SGFP5K for 24 
hours, c) and d) Consecutive sections close to the surface of a 
protoplast expressing the vacuolar SGFP5T for six hours. Compare the 
nuclear envelope staining in b and d. e) Stack of six consecutive 
sections of a protoplast accumulating the vacuolar SGFP5T in a small 
vacuole for 24 hours. Residual ER-like fluorescence is visible next to 
the centrally located bright vacuole in strands crossing the unstained 
large vacuole and along the periphery. Magnification X1400 (a to d) and 
X2350 (e). 
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a correlation between the pattern of vacuolar accumulation of GFP and 
the cell type 18-24h after transformation. As shown in Table I, 60% of 
the chloroplast-rich protoplasts had a big fluorescent vacuole (Figure 
2a; left protoplast), while 68% of the chloroplast-poor protoplasts 
accumulated the GFP in a smaller vacuole that was far from occupying 
the entire internal space (Figure 4e). We also found an ER-type of 
staining (see below) sometimes associated with other much smaller 
structures in both cell types. 
The presence of a large GFP accumulating vacuole seemed thus clearly 
associated with cells from palisade mesophyll while smaller GFP 
accumulating vacuoles were mainly found in spongy mesophyll cells. 

TABLE I: GFP patterns in two protoplast subpopulations expressing 
SGFP5T. 
After 24 hours of expression, GFP was observed in a large vacuole (LV), 
in a small vacuole (SV) or in ER-like structures through the entire cel l 
(ER). Protoplasts expressing GFP were classified into two 
subpopulations according to the number of their chloroplasts. Results 
are expressed in percentage within each population analysed, 100% 
corresponding to the total number of cells observed in either 
chloroplast-rich (n=494) or chloroplast-poor (n=153) protoplasts for 
three independent transformations. In parenthesis we report the 
observed minimal and maximal percentage in the independent 
experiments (min-max). 

Localisation 

Subpopulation 
chloroplast-rich 

(n=494) 
chloroplast-poor 

(n=153) 

LV 

60% 
(58-67) 

3% 
(0-5) 

SV 

1% 
(0-2) 
68% 

(63-75) 

ER 

39% 
(33-41) 

29% 
(23-37) 

39 



Transient expression of vacuolar GFP highlights some steps of the 
protein transport. 
Six hours after transformation with the vacuolar SGFP5T, the 
fluorescence was observed in the ER and nuclear envelope (Figure 4c and 
d and 5aj, as shown by the similarity with the pattern observed w i th 
the ER-retained SGFP5K for six to 24 hours (Figure 4a and b). The same 
pattern was observed in chloroplast-rich and chloroplast-poor 
protoplasts. At the same early time point, the secreted SGFP5 produced 
the same pattern (not shown), as did also the ER-specific dye DiOC6(3) 
(Grabski et ai., 1993), confirming that it corresponds to an early ER 
accumulation pattern shared by every protein transiting through the 
secretory pathway. As shown in Table II, this ER pattern was present 
after 6 hours in a large majority of both cefi types expressing the 
vacuolar SGFP5T. 
Between six and twelve hours, this ER labelling became more intense 
and we started to detect larger structures. These vacuolar o r 
prevacuolar compartments were visible in both chloroplast-poor (Figure 
5b) and chloroplast-rich (Figure 5d) subpopulations. After 14 hours, 
some chloroplast-rich cells already contained a much larger fluorescent 
vacuole (Figure 5e). 
After 18 hours, we quantified the GFP accumulation patterns for both 
cell types (Table II) and we found that 40% of the fluorescent palisade 
protoplasts had already reached the final stage of the large fluorescent 
vacuole described previously while the ER staining was no longer 
visible in these same cells. Similarly, 40% of the chloroplast-poor 
protoplasts already accumulated the GFP in a typical single small 
vacuole after 18 hours, while the large vacuole remained unstained 
(Table II). At this stage, the ER pattern was still highly represented i n ' 
both cell types. 
From 24 hours on after transformation the labelling patterns no longer 
changed. In this final stage, 59% of the chloroplast-rich cells had a 
green large central vacuole (Figure 5f, Table II) and 75% of chloroplast-
poor cells contained a small green vacuole (Figure 5c, Table II) that is 
typical for this cell type (Figure 2d). We followed for up to 2 hours the 
evolution of selected cells with a small vacuole but never could observe 
any transition from small to large fluorescent vacuoles. This confirmed 
that a small vacuole represents the final destination for GFP in 
chloroplast-poor protoplasts. In both cell types, but more easily in cel ls 
with a small green vacuole, it was sometimes still possible to observe 
limited and faint green fluorescence in portions of the ER (Figure 4e). 
Even after along incubation time, a proportion of both cell types s t i l l 
exhibited only ER staining (Table II). 
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The transient expression system allowed the observation of some steps 
of protein transport. Since GFP synthesis continued during the 
incubation it is reasonable to detect some ER staining while GFP is 
accumulating in a large or small vacuole, depending on the cell type. At 
least for chloroplast-poor cells, we could clearly identify two 
coexisting vacuolar compartments; a small vacuole which is the f inal 
destination for SGFP5T and a large vacuole which remained unstained, 

TABLE II: Localisation of vacuolar SGFP5T in tobacco protoplasts after 
various time of transient expression. 
Cells with typical GFP-accumulation patterns, ER-like (ER), small 
vacuole (SV) or large vacuole (LV) were counted in either chloroplast-
rich (Cp-rich) or chloroptast-poor (Cp-poor) protoplasts at various 
times after transformation. Results from a single experiment are 
expressed in percentage, 100% corresponding to the number (n) of GFP-
accumulating cells in each subpopulation. 

Localisation 
Time 

Subpopulation 

Cp-rich (n=124) 
6h 

Cp-poor (n=60) 

Cp-rich (n=141) 
18h 

Cp-poor (n=80) 

Cp-rich (n=157) 
24h 

Cp-poor (n=88) 

ER 

98% 

100% 

52% 

60% 

38% 

23% 

SV 

2% 

0% 

8% 

40% 

3% 

75% 

LV 

0% 

0% 

40% 

0% 

59% 

2% 
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The C-terminal VSS from tobacco chitinase A targets GFP to a pH-
neutral compartment. 
Many plant vacuoles are acidified by ATP- and pyrophosphate-driven 
protein pumps located in the tonoplast. The low pH may be important for 
vacuoles with a primarily lytic function while storage vacuoles need 
not to be acidic. The coexistence of different vacuolar compartments 
has recently been shown in single barley cells by immunostaining (Paris 
er a/., 1996). A presumably acidic compartment accumulated the th io l 
protease aleurain, while the other compartment accumulated the 
storage protein barley lectin. 

To probe the pH of vacuoles in our protoplast population, we chose 
neutral red (NR), which has been extensively used for the vital staining 
of vacuoles (Ehara et al., 1996). This dye can diffuse through 
membranes," but after protonation it is trapped within acidic 
compartments. The red coloration is therefore an indicator of the pH 
difference between cytoplasm and vacuole. Accumulation often leads to 
precipitation of the dye. We ensured that the presence of NR inside the 
cell was specific by rinsing the protoplasts before observation. 
In control untransformed protoplasts, the large central vacuole of 98% 
of chloroplast-poor cells was red while a very small percentage of 
these cells remained unstained. In chloroplast-rich cells, a signif icant 
proportion (20%) of the large vacuoles remained NR-negative, while in 
the other 80% the colour varied from light pink to red (see also Figure 
6c and d, right protoplast) and even precipitation was sometimes 
observed, in both subpopulations, small red vacuoles were only visible 
among neighbouring chloroplasts when NR precipitation occurred. 
Intracellular movement of organelles indicated that unstained cells 
were still metabolically active. 

We further asked whether the GFP-accumulating compartments were 
also accumulating NR. We therefore stained tobacco protoplasts with NR 
after 24 hours of SGFP5T expression. The proportions of GFP patterns 
were not affected by the NR staining procedure. The distribution of 
large NR-labelled vacuoles was identical in transformed cells as in 
control protoplasts. We selected under UV light 51 cells with a GFP-
accumulating large vacuole such as in Figure 6a and we found after 
switching on to the visible light that each of these large vacuoles was 
NR-negative (Figure 6b). Similarly, we selected 15 cells with a small 
GFP-stained vacuole such as in Figure 6c (left) and found that, under 
visible light, 14 of them contained a large NR-stained vacuole {Figure 
6d, left) while one of them remained devoid of any NR staining. In 
protoplasts with a large green vacuole, we could sometimes observe a 
precipitate of NR, as a dark grain under visible light, indicating the 
presence of a small acidic compartment. 
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To confirm the differential vacuolar localisation of SGFP5T and NR, we 
isolated vacuoles from NR stained protoplasts expressing SGFP5T. 
Already during lysis we could observe separate green (Figures 7a and 
7b, left) and red (Figures 7a and 7b, right) vacuoles emerging from 
lysing protoplasts. Some of the membranes from which the vacuole 
emerges fluorescence in Figure 7a shows a more intense green 
fluorescence, a hint to the presence of some SGFP5T in other 
compartments than the large vacuole also in this cell type. From the 
large vacuoles we obtained, the GFP accumulating population (Figure 7c, 
right) was always devoid of any NR accumulation and therefore was 
impossible to photograph under white light (Figure 7d, right). Simi lar ly 
NR-accumulating large vacuole (Figure 7d, left) were invisible in UV 
(Figure 7c, left) since they did not contain any GFP. 
These results showed clearly that the GFP accumulating vacuoles were 
non-acidic compartments in both cell types. At least for chloroplast-
poor cells, a large acidic compartment was also present but it never 
contained any GFP. 
To check if the acidity of some vacuoles might have caused the loss of 
part of the vacuolar GFP signal in certain cells, we tested whether 
preventing the acidification of the vacuole would affect the percentage 
of GFP-accumulating vacuoles. The expression of SGFP5T was observed 
in protoplasts in the presence of NH4CI (10-5OmM) or monensin (5-10 
mM). We found that while NR staining was strongly reduced, these 
compounds had no effect on GFP distribution. Bafilomycin A was also 
tested with inconclusive results. We cannot rule out however that a 
small percentage of the GFP did reach the acidic compartment and was 
degraded proteolytically, even at neutral pH. It is interesting to note 
that no fluorescence could be observed in the cell wall in leaves 
infected with a PVX vector encoding another secreted GFP (Boevink et 
al., 1996). This could mean that GFP is unstable in some cel l 
compartments. 
We used the lipid kinase inhibitor wortmannin that has been shown to 
block specifically C-terminal VSS-mediated vacuolar sorting but not to 
affect the sequence-specific VSS-mediated vacuolar sorting (Nakamura 
er al., 1993). We incubated protoplasts during the whole time of 
expression with various concentrations of wortmannin and found a 
maximal effect at 35 mM. GFP no longer accumulated in either large or 
small vacuoles but was visible in the endoplasmic reticulum for a long 
time and then gradually disappeared being either degraded or secreted 
by a default pathway. Because the inhibitor was present for the entire 
duration of expression, all GFP produced during 24 hours was affected. 
The dose which affected the GFP distribution was in accordance w i th 
published results (Matsuoka et al., 1995). Thus the targeting of GFP to a 
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non-acidic vacuole in our tobacco protoplasts is wortmannin-sensitive 
as typical for a C-terminal VSS-dependent pathway. 

Figure 5: Time course of the transiently expressed SGFP5T in 
chloroplast-poor cells (b and c), compared to chloroplast-rich cells (a, 
d to f) under UV light. 
a) 5-6 hours after transformation, the ER contained most of the GFP. b) 
12-15 hours after transformation, in cells with tew chloroplasts small 
compartments were filled with GFP. c) After 24 hours or more, 
chloroplast-poor cells reached a final state with a small green vacuole. 
d) 12-15 hours alter transformation, in chloroplast-rich cells, GFP 
appeared limited to small vacuoles, as in the chloroplasts-poor 
protoplasts, e) After 18 hours larger vacuolar compartments became 
visible, f) After 24 hours GFP occupied the large central vacuole. 
Magnification X230. 

Figure 6: Distinct accumulation of SGFP5T and neutral red in 
protoplasts expressing SGFP5T. 
a and b correspond to c and d, respectively, under different il lumination: 
UV light (a and c); visible light (b and d), a+b) A chloroplast-rich cel l 
accumulated GFP in the large vacuole and NR was not visibly 
accumulated, c+d) A chloroplast-poor cell accumulated NR in the large 
vacuole while GFP was restricted to a smaller compartment (on the le f t 
of the picture). A chloroplast-rich cell with no visible GFP accumulated 
NR in the large vacuole (on the right of the picture). Magnification X230. 

Figure 7: Specific accumulation of SGFP5T and neutral red in dist inct 
vacuoles. 
Cells were lysed by a thermic shock and vacuoles were purified. 
Pictures a and c were obtained with UV light, b and d with visible light. 
a+b) During the lysis, NR-accumulating and green fluorescent vacuoles 
could be observed to come out of the cells. In a, green fluorescence 
could be also observed in the endomembranes of the lysed cell on the 
left, in addition to the green fluorescent vacuole. In b, the red vacuole 
is visible in the right cell, c+d) Shows the same field containing two 
purified vacuoles under UV light (c) and under visible light (d). 
Magnification X230. 
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Discussion 
Based on previous studies of vacuolar targeting in plants, we have now 
developed a vacuolar marker visible in living cells. As expected, the 
vacuolar GFP was generally seen to accumulate in the central vacuole of 
protoplasts. Unexpectedly however, a subpopulation of protoplasts, 
characterised by a low number of chloroplasts, presumably spongy 
mesophyll cells,-accumulated the GFP in a single small vacuole dist inct 
from the central vacuole. 

Due to the transient expression of the marker protein, we could observe 
the movement of GFP synthesised in a burst of expression within the 
protoplast secretory pathway. Both vacuolar and secreted forms were 
seen to accumulate first in the ER. In the palisade-type protoplasts the 
vacuolar GFP could then be seen to accumulate in a single small vacuole 
which later disappeared when these cells typically accumulated the GFP 
in a large central vacuole. This suggests that palisade-type cells f i r s t 
accumulate GFP in a "prevacuolar" compartment, the content of which 
later becomes part of the large central vacuole. In contrast, in the 
chloroplast-poor protoplasts the GFP accumulated in a small vacuole 
and remained there stably, although a large vacuole was also present in 
the same cells. 

In both cell types and independently of the fact that the GFP-
àccumulating compartment was large or small, the pathway by which 
GFP was targeted to the vacuole was sensitive to wortmannin showing 
that it is specific and typical for a C-terminal VSD mediated vacuolar 
sorting (Matsuoka et ai, 1995). A current model (Okita and Rogers, 
1996; Paris and Rogers, 1996} proposes that sequence-specific VSDs 
target soluble proteins to a lytic compartment while C-terminal VSDs 
direct proteins to a storage vacuole. We predici that the sorting system 
based on sequence-specific VSDs-would target the GFP to a di f ferent 
compartment and would not be sensitive to wortmannin. Preliminary 
results were obtained with GFP fused to a sequence-specific VSS. The 
GFP was expressed since we could observe an ER-like pattern at early 
expression times. At later times the fluorescence was weak and 
distributed in a pattern different from the pattern observed with the 
vacuolar SGFP5T described here, indicating differential sorting in our 
protoplast system. 

We further characterised the vacuolar compartments of tobacco 
protoplasts in terms of acidity using NR, assuming that a ly t ic 
compartment should be more acidic than a storage vacuole. We found 
that, independently of their size, the GFP accumulating vacuoles shared 
the common feature of being non-acidic as they never accumulated NR 
In the case of chtoroplasts-poor cells a small green fluorescent vacuole 
coexisted with a large vacuole which occupied most of the cell volume 
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and accumulated NR. This lead us to the conclusion that the large 
central vacuole varies in term of acidity depending mainly on the cell 
type and that its pH is linked to its ability to accumulate GFP. The 
subpopulation of protoplasts where two vacuolar compartments coexist, 
one accumulating the GFP and the other accumulating NR, may be similar 
to some barley root tip cells that were found to accumulate barley 
lectin (a C-terminal VSS-containing protein) in a lunctionally dist inct 
compartment from aleurain, a sequence-specific VSS-containing 
protease (Paris and Rogers, 1996). In these particular protoplasts the 
presence of two distinct vacuolar compartments, an acidic (lytic) and a 
non-acidic (storage) vacuole, allows us to test if this type of cells are 
able to properly sort soluble proteins carrying VSDs to their specific 
vacuolar destination. Here we.showed that it is the case for C-terminal 
VSDs as we obtained an exclusive and specific labelling of the storage 
compartment in living cells while the lytic compartment could be 
colabelled by NR. Whether these two distinct compartments coexist in 
all cell types isolated from tobacco leaves is difficult to conclude, 
since in chloroplast-rich cells a smaller NR-accumulating compartment 
can only occasionally be seen but may be often masked by the large 
number of chloroplasts. That not all plant cells do contain two 
functionally distinct vacuoles (Paris et ai., 1996) explains why proteins 
targeted by the two different VSS types may accumulate in the same 
vacuole (Schroeder et ai, 1993). 

Our results strongly support the existence of two vacuolar 
compartments that correspond to the destinations for the two different 
VSS-mediated pathways where C-terminal VSDs send proteins to a non-
acidic storage vacuole in a wortmannin-sensitive way. While the 
existence of at least two vacuole types was already known'(Hohl er al:, 
1996; Paris et ai, 1996), it is now possible to study specifically the 
biogenesis of the non-acidic vacuole in living cells. Ideally, two GFP 
isoforms with different colours will even allow simultaneous staining 
of both vacuolar compartments in living plant cells. 

48 



Experimental procedures 

Fusion oene constructs 
The Plasmids pBIN-mGFP4 and pBIN-mGFP5-ER encoding a cytosolic and an ER-targeted 
GFP respectively, and adapted for expression in plants, were kindly given by D. Haseloff 
(Cambridge, UK). For C-terminal fusions and transient expression in protoplasts, the coding 
sequences were cloned into the plasmid pGYI (Neuhaus etat., 1991) between 35 S promoter 
and termination sequences. The coding sequence from pBIN-mGFP4 was isolated as a BamHI-
Sact fragment, blunt ended with Klenow polymerase, cloned into the Smal site of pGY1, 
producing plasmid pGFP4, which encodes a cytosolic GFP(E. Freydl. Zurich). The 3' BamHI 
site was destroyed by partial BamHI digestion, filling up and religation. A Nhel site was 
Introduced 5' ol the start codon by PCR using the primer 1 (tctgc lagcg caatg agtaa aggag 
aagaa c; restriction site in bold.) and a 3' reverse vector primer 2 (tgtag agaga gactg gtgat 
ttc). An Nhel site was introduced in the same reading frame into the coding sequence of 
tobacco chitinase A, at the end of the sequence encoding the signal sequence using a 5' forward 
vector primer 3 (tgacg cacaa tccca ctatc cttcg ca) and primer 4 (gttct gcgct agcag aaagc agtag 
g). This allowed to construct plasmid pSGFP4, encoding a GFP fused to the signal sequence of 
chitinase A. Furthermore a BgIH site was introduced at the end of the coding sequence of the 
GFP, using 5' forward vector primer 3 and primer 5 (gtcga ctcta gagat ctttg tatag ttcat c ) . 
This replaced the stop codon by GIu and Ser codons. The BgIII site was used to add the sequence 
encoding the vacuolar targeting peptide from tobacco chitinase A from plasmid pSCM34 
encoding the KD-7 mutant which contains a BgIII site in the same reading frame, (Neuhaus el 
al., 1994} resulting in plasmid pSGFP4T. In another construction, a C-terminal STKDEL 
sequence contains an ER-retention signal was introduced by PCR using the forward primer 1 
and primer 6 (cctgc agtca gagct cgtcc ttggt cgact tgtat agttc ate). This also introduced Sail and 
Sacl sites within the coding sequence and a Pstl site after the stop codon in the result ing 
plasmid pSGFP4K. 

The BamHI-Pvull fragments from pSGFP4, pSGFP4T and pSGFP4K were then replaced by the 
corresponding fragment from pBIN-mGFP5-ER containing the sequence encoding the signal 
peptide of Arabidopsis chitinase and most ot the thermostable GFP. This produced the 
PlasmidspSGFP5, pSGFPST and pSGFP5K which were mostly used in this work (Figure 1 ) . 
Plasmids were isolated by alkaline lysis in presence of SOS (Sambrook et al., 1989) and 
purified on an ethidium bromide-CsCI density gradient. 

Protoplast transient expression 
Nicotiana tabacum cv. SRI protoplasts were isolated following the protocol of Nagy and 
Maliga (Nagy and Maliga. 1976), cultured and rinsed using the indicated media and 
transformed by PEG-mediated direct gene transfer essentially as described {Freydl et al., 
1995; Negrutiu étal., 1987). Ten micrograms plasmid were used for the transformation of 
600'0OO protoplasts. Alter two hours protoplasts were rinsed to remove the PEG, 
resuspended in 2 ml culture medium and incubated at 26"C in the dark. Protoplasts were 
observed by fluorescence microscopy in their culture medium at different times after 
transformation. Transformation efficiency depended on the use of CsCI-purified plasmid and 
the use of a low protoplast density (up to 80% when reducing the number of protoplasts to 
200'000 per transformation). It was also somewhat variable from one plasmid preparation 
to the next. 

Vacuole isola(JQn 
Vacuoles were isolated essentially as described (Gomez and Chrispeels, 1993). The 
protoplast suspension was supplemented with the cell wall synthesis inh ib i tor 
dichlorobenzonitrile at 2 mg/ml (not 2mg/ml as erroneously printed in the reference). 
After 24 hours incubation, protoplasts were pelleted and resuspended in a lysis buffer 
(0.2M mannitol, 10% Ficoll 400, 2OmM EDTA. 2mM DTT. 5mM HEPESpHS, 150mg/ml 
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BSA) prewarmed al 42°C. The lysate was overlaid with an equal volume of a cold 5% Ficoll 
buffer (a 1:1 mixture of lysis buffer and vacuole buffer) and trten with 0.25 volume of 
vacuole buffer (0.6 M mannitol. 1OmM HEPES pH7.5, 150mg/ml BSA). After centrifugalion 
(or 20 min. at 1500 g, vacuoles were collected from the upper interphase and observed by 
fluorescence microscopy. The pellet was also checked for fluorescent particles and nuclei 
were stained with ethidium bromide at various concentrations. 

Neutral red (Fluka, Buchs, Switzerland) was dissolved directly in the culture medium at the 
concentration of 10 mg/ml. Final concentration for staining was 1 mg/ml. Cells were 
incubated with NR for 30 min. at room temperature. One volume ol osmoticum was added, 
cells were centriluged 5' at 8Og, resuspended in 1 volume of fresh culture medium and 
evaluated within 30 min. 
The following inhibitors were added to the culture medium used to resuspend the protoplasts 
after rinsing the PEG and were present for the entire incubation tine. 
NH4CI (Merck, Darmstadt, Germany) was filter sterilised as a 1M stock solution and added 
to the protoplast suspensions at concentrations of 5, 10, 20 and 5OmM (Ehara er al., 1 9 9 6 ) . 
Monensin (Sigma, Buchs, Switzerland) was dissolved in ethanol and used at the f inal 
concentrations of 5 and 1OmM (Ehara el al., 1996). Bafilomycin A1 (Calbiochem. Lucerne, 
Switzerland) was dissolved in DMSO and used at concentrations of 2.5, 5 and 10 pM 
(Matsuoka et al., 1997). Wortmannin (Sigma, Buchs. Switzerland) was dissolved in OMSO 
in a 1OmM stock solution. Final concentrations of 15, 25, 35 and 45 uM were used 
(Nakamura et al., 1993). 

Fluorescence microscopy 
Protoplasts were observed with an Olympus BH2 microscope equipped with a mercury short 
arc lamp (OSRAM HBO). Pictures were taken on Kodak EIiIeII 400 colour film with an 
exposure time of 10 sec. 
Confocal images were obtained with a confocal laser-microscope Leica OMR using the Leica 
TCS 4D operating system. GFP was detected with the filter set for FITC. 
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Annexe to chapter 2 

Rat ß-glucuronidase as a reporter protein for the 
analysis of the plant secretory pathway. 

The results in this chapter have been useful to confirm and support results reported in 
chapter 2 and anticipated results reported in chapter A . 

Introduction 
Analysis of soluble vacuolar proteins in plants has revealed the 
existence of three classes of vacuolar sorting signals (VSD) (Matsuoka 
and Neuhaus, 1999; Neuhaus and Rogers, 1998): (1) a sequence-specific 
signal mostly found in N-terminal propeptides as in sporamin or 
aleurain, (2) internal surface determinants as in Phytohämagglutinin 
and (3) C-terminal propeptides as in tobacco chitinase A or barley 
lectin. No conserved motif could be identified for the C-terminal 
propeptides, but sorting could be prevented by blocking the C-terminus 
with glycine residues or a glycosylation site {Dombrovski et al., 1993; 
Neuhaus et al., 1994). 

The vacuolar targeting was proposed to use (at least) two pathways; 
one would be mediated by a C-terminal VSD and would lead to a storage 
compartment while the other would be mediated by a sequence-specific 
VSD and would lead to a lytic compartment. 
To investigate the dynamics of vacuolar sorting along a C-terminal 
VSD-mediated pathway, before that the GFP system was functional, we 
decided to use a secreted form of glucuronidase (GUS) fused to the 
ctVSD from tobacco chitinase A. This VSD has been shown to be 
sufficient to redirect a secreted form of chitinase to the vacuole 
(Neuhaus et al., 1991). 
E. coli GUS was found not to be a good reporter enzyme for secretion 
studies because of the position of its cysteine residues and of a cryptic 
N-glycosylation site (Pineiro et al., 1995). A related enzyme was thus 
chosen as a new secretory reporter protein: rat preputial ß -
glucuronidase (RGUS), an enzyme that is targeted to the lysosome in 
animal cells by means of mannose-6-phosphate residues on some of i t s 
glycan side chains (Powell et al., 1988). RGUS should thus be we l l 
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suited for the secretory pathway also in plants and could be targeted to 
different compartments of plant cells by different targeting 
propeptides, to study vesicular trafficking in vivo and the effect of 
drugs and chemicals known to effect proteins sorting. 

Chemical tests on the sorting machinery 
In this work I tested the effect of wortmannin, brefeldin A (BFA), 
bafilomycin A1 (BafA1), monensin and NH4CI on the sorting of RGUS 
fusion proteins. 
The fungal metabolite wortmannin is a potent and specific inhibitor of 
mammalian Pl 3- and 4-kinase (Arcaro and Wyman, 1993; Yano et al., 
1993}. It has been demonstrated that phosphatidyl inositol {PI) 3 and 4 -
kinase activity is involved in vesicle transport and membrane structure 
in various cell types (Hong and Verma, 1994; Schu et al., 1993) and thus 
wortmannin is expected to disrupt membrane transport and structure. In 
tobacco cells wortmannin had no effect on protein synthesis up to 33 
uM, while 100 uM caused a decrease of protein synthesis by -70% 
(Matsuoka et ai, 1995). 
Brefeldin A (BFA) is a lipophilic fungal toxin with an effect on different 
steps of the secretory pathway. In plants as in animal cells, BFA exerts 
its primary eflects through perturbations of vesicular transport in the 
secretory pathway, interfering with the coat assembly (see general 
introduction). 
Bafilomycin A1 (BafAl) is a potent inhibitor of the vacuolar ATPase (V-
ATPase) in the tonoplast (Bowman et al., 1988). In yeast cells, there is 
evidence that the acidification by the V-ATPase of vacuoles or of 
prevacuolar compartments is required for the sorting of several soluble 
and some membrane proteins to the vacuoles (Rothman et al., 1989; 
Morano and Klionsky, 1994; Yaver et al., 1993). In plant cells, the 
possible requirement for the acidification of the Golgi complex in the 
sorting of proteins has been suggested by many investigations (Gomez 
and Chrispeels, 1993; Hasenfratz et al., 1995; Matsuoka er al., 1997). 
Proton pumps have a great importance, of which plant cells contain 
three different kinds, namely the plasma membrane-type ATPase (P-
ATPase), the ^-pyrophosphatase (H+-PPase) of the tonoplast and a 
vacuolar ATPase nitrate-sensitive (V-ATPase) that is found in a wide 
variety of endomembranes, such as those of tonoplast (Hurley and Taiz, 
1989; Matsuura-Endo et al., 1992) the Golgi complex (Herman et al., 
1994; Oberbeck et ai, 1994), clathrin-coated vesicles (Oberbeck et al., 
1994), ER (Herman et al., 1994) and plasma membrane tonoplast (Hurley 
and Taiz, 1989). BafAl was found to affect the transport and processing 
of the sporamin precursor, a vacuolar protein with a ssVSD (Matsuoka et 
al., 1997). 
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However the V-ATPase is not essential for maintenance of vacuolar 
acidity (Brauer et al., 1997). 
Monensin is a ionophore which destroys the concentration gradient of 
protons, potassium or sodium ions across membranes. It induces the 
elevation of the pH in the vacuole to slightly above 7, the pH of the 
cytoplasm. Ammonium salts (NH4CI) have also a strong effect on 
vacuolar pH (Ehara et ai, 1996). 

Results 
Transient expression of RGUS fusion proteins. 
To assure the vacuolar targeting of this new reporter protein, we tested 
by transient expression, different constructs in tobacco protoplasts, 
after a PEG-mediated direct gene transfer. We tested a non-modified 
RGUS protein, a RGUS where 15 amino acids were deleted at the C-
terminus (RGUSD15) and a RGUS were the C-terminal 15 amino acids 
were substituted by the C-terminal propeptide of tobacco chitinase A: 
LLVDTM (Freydl-ef al., 1995; Matsuoka et al., 1995) (RGUSD15+T). 
The RGUS sequence was cloned behind the 35S promoter in the plant 
expression vector pGY1 and used for transient expression in tobacco 
protoplasts. After an expression time from 18 to 24 hours, protoplasts 
were harvested and separated from the culture medium. After cell lysis, 
the soluble fraction and an aliquot of the culture media were used to 
measure the glucuronidase activity on the substrate 4 -
methylumbelliferyl ß-D-glucuronide (4-MUG). 

To determine the distribution of RGUS in the different cel l 
compartments and to correct for the variable yield of vacuoles, we 
selected an endogenous enzyme for comparison. We chose the a-
mannosidase and we measured the activity of this vacuolar enzyme wi th 
the substrate, 4-methyl-umbelliferyl a-D-mannopyranoside (4-MUM), a 
molecule producing the same fluorescent hydrolysis product (4-methyl-
umbelliferone) as the ß-glucuronidase substrate 4-MUG. In our 
experiments we determined that 85 to 95% of the activity of a-
mannosidase was intracellular. The enzymatic activity found in the 
extracellular fraction could come from cells lysed early in the 
experiment releasing their vacuolar content before they produced 
notable amounts of glucuronidase. The soluble fraction of lysed cells 
contains not only the soluble proteins from vacuoles but also from other 
compartments, so we determined whether the measured activity was 
mainly due to vacuolar proteins. We isolated vacuoles from gently lysed 
protoplasts and compared the ratio, of glucuronidase to mannosidase 
activity in the total intracellular fraction and in the vacuolar fraction. 
The ratio was constant or even increased in the vacuolar fract ion, 
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showing that all glucuronidase activity resided in the vacuolar 
compartment. We performed preliminary experiments using only the 
total intracellular fraction because it was a more abundant and simple 
source of the reporter enzyme. 

Differential accumulation of FtGUS forms. 
The original rat GUS (RGUS) enzyme is recognised by the plant cel l 
essentially as a vacuolar protein (Neuhaus, personal communication). 
Since it has C-terminal propeptide, this could be involved in vacuolar 
targeting in the plant cell. The C-terminus of rat ß-glucuronidase has 
no clear homology with plant C-terminal VSDs. In tobacco protoplasts a 
large part of the RGUS was sorted by the default pathway to the culture 
medium, so that only 65% of the RGUS activity was detected inside the 
cells, in the soluble intracellular fraction. Deletion of the whole 
propeptide (19 amino acids) resulted in. a secreted glucuronidase but 
with in a much reduced expression level. Deletion of the last 15 amino 
acids, leaving 4 amino acids of the propeptide, resulted in a perfectly 
active enzyme. This new form of rat ß-glucuronidase (RGUSD15)was no 
more recognised by the vacuolar sorting system, as only 7% of the to ta l 
activity was recorded in the intracellular soluble fraction. This low 
residual activity is probably not vacuolar since it was undetectable in 
purified vacuoles. From this deleted version of RGUS, the third and most 
important construct for this work was obtained by fusion with the 
ctVSD (6 amino acids) from tobacco chitìnase A (RGUSD15+T). It was 
expected to be vacuolar and 86% of the total ß-glucuronidase act iv i ty 
was found in the intracellular traction and after vacuole isolation 
showed to be specifically localised in this compartment {Table I). 

TABLE I: 
Intracellular retention of different RGUS fusion proteins. 
In parenthesis we report the observed minimal and maximal percentage 
in the independent experiments (min-max), n= number of independent 
experiments. 

Enzyme 
retention 

RGUSD15+T 
n=16 
86% 

(59-100) 

RGUSD15 
n=9 
7% 

(0-15) 

RGUS 
n=6 
65% 

(36-86) 
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Effects of drugs on vacuolar sorting of RGUS. 
Having set up this model system to study vacuolar targeting of soluble 
proteins, we decided to trace the pathway followed by the sorting of 
proteins with a ctVSD like tobacco chitinase A. 
It was also important to test if RGUSD15+T was a valid reporter for the 
entire category of proteins with ctVSDs. To verify how general th is 
pathway is, we tested the effect of wortmannin. This drug affects the 
sorting of chitinase A and barley lectin, both with a ctVSD, and does not 
affect other proteins with ssVSD like sporamin (Matsuoka et al., 1995). 
To verify the importance of the Golgi apparatus for soluble protein 
sorting we found in brefeldin A a valid tool that can block Golgi t ra f f i c . 
Finally we tested the importance of the pH gradient across the 
tonoplast, using drugs that affect proton transport {monensin and 
bafiiomycin A) or chemicals with a direct effect on proton distr ibut ion 
(NH4CI). 

Effect of wortmannin. 
As expected wortmannin affected the vacuolar targeting of RGUSD15+T. 
While transient expression of RGUSD15+Tfor 24 hours without drug 
treatment resulted in the detection of 88% of the enzymatic activity in 
the intracellular fraction, addition of wortmannin to the culture 
medium from the beginning of the expression caused a mistargeting of 
glucuronidase to the medium of the cells, strongly reducing the 
enzymatic activity detected inside the cell. A drug concentration of 1 5 
uM did not cause a significant reduction of intracellular enzymatic 
activity but a concentration of 25 uM reduced the intracel lular 
retention of glucuronidase to 65%. Drug concentrations higher than 35 
uM caused the almost complete missorting of the enzyme, as only 8% of 
total activity was detected inside the cell, probably as a fraction of 
proteins not yet arrived to their final destination, as also observed for 
the secreted form of the enzyme in the absence of wortmannin. 
The activity of the control enzyme a-mannosidase suffered only a very 
low effect from the drug treatment, probably because the vacuole 
already contained high amounts of this protein before the treatment 
began. Only newly synthesised proteins could be rnissorted in presence 
of the drug (Figure 2). 
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FIGURE 2: Enzyme retention in presence of wortmannin. 
Variation of the intracellular retention of the vacuolar RGUS 
(RGUSD15+Tin blue) or of the secreted RGUS (RGUSD15 in violet), in 
transiently transformed tobacco protoplasts. In the same cells the 
constitutively expressed mannosidase (in yellow) was only weakly 
missorted. 

100% 

15fM 2SpM 35pM 45pM 55(JM 

[wortmannin] 

- RGUSD15+T 
RGUSDI5 
Mannosidase 
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Effect of brefeldin A. 
From previous studies and published observations (Dnouich et al., 1993; 
Staehelin et al., 1997), we knew that a dose of 100 ug of BFA per ml of 
culture medium would block any Golgi trafficking. We added BFA from 
the beginning of transient expression and measured enzymatic act iv i ty 
24 hours later. 
BFA affected the secreted as well as the vacuolar form of 
glucuronidase. In cells treated with 100 ug/ml BFA, the secreted 
glucuronidase (RGUSD15) was retained inside the celt at 29%; the 
vacuolar form (RGUSD15+T) in contrary reduced its intracellular 
activity to 55%. 
These results would need further investigation because the effect of 
this drug concentration appeared more extreme than the effect of 
wortmannin on resident mannosidase, the intracellular activity of 
which was reduced to 54%. 

Effect of pH variations. 
The ionophores used here should elucidate the importance of 
acidification throughout the secretory pathway for protein sorting. 
The role of the vacuolar ATPase was tested using its potent inhibitor 
bafilomycin A1 (BafA1). Protoplasts were cultivated in the presence of 
10 uM BafA1 for 24 hours. Enzymatic activity was then measured as 
usual in the intracellular soluble fraction and in the culture medium and 
used to obtain a retention value. Secreted RGUSD15 continued to be 
secreted, being detectable inside the cell only as 6% of total act iv i ty. 
Vacuolar RGUSD15+Twas missorted, as we found only 47% inside the 
cell. Control cells from the same experiment showed as usual 88% of 
intracellular enzymatic activity. Mannosidase localisation in these 
cells was only weakly affected. 
To test the importance of the concentration gradient of protons, 
potassium or sodium ions across membranes we used monensin. 
concentrations of monensin from 5 to 10 uM did not affect RGUSD15+T 
at all, nor did NH4CI. NH4CI is a weak base which has a strong effect on 
vacuolar pH. NH3 diffuses through membranes and is trapped as NH4

+ 

after reprotonation in the vacuole, causing a pH increase inside the 
compartment (Ehara et al., 1996). Concentrations of NH4CI from 5 to 50 
mM had no effect in RGUS or mannosidase vacuolar targeting even when 
the vacuolar pH was raised to 7. 
All these chemicals had no effect on RGUSD15 secretion (Table II). The 
efficacy of treatments was controlled by the observation of neutral red 
accumulation (Chapter 2; Di Sansebastiano et al., 1998). 
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TABLE II: 
RGUS retention after treatment with various drugs. 

No treatment 

Wor tmannin 
3 5 g M 
Brefeldin A 
1 O O u q / m l 
Bafylomicin A1 
1 O p M 
Monensin 
1 O u M 
N H 4 C I 

5OmM 

RGUSD15+T 
90% 

8% 

55% 

47% 

90% 

96% 

RGUSD15 
3% 

4% 

29% 

5% 

3% 

3% 

Mannosidase 
96% 

71% 

54% 

80% 

95% 

96% 

Stable expression of RGUS fusion proteins in tobacco plants. 
RGUSD15 and RGUSD15+T were introduced into tobacco by 
Agrobacterium-mediated transformation. The transformation efficiency 
was very low, so we had to repeat the experiment several times. 
Out of 26 primary transformants, both with RGUSD15 and RGUSD15+T, 
only two clones produced a T2 generation with good glucuronidase 
expression level (in both cases the vacuolar form). 
The T1 (progeny) of the first regenerated plant {expressing 
RGUSD15+T) segregated kanamycin resistance as a hemizygote. We have 
now both homozygous and heterozygous T2 seedlings. The second T1 
plants segregated kanamycin resistance 1 to 1; T2 plants showed 
segregation as homozygous, or as normal heterozygous or with a 
proportion of 5:1, demonstrating the presence ol at least two inserts. 
The presence of the transgene was tested only by PCR and no Southern 
analysis was performed so that this interpretation remains speculative. 
The important point to consider here is the reporter protein distribution 
in these two plants, both expressing the vacuolar form of glucuronidase, 
RGUSD15+T. 
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Stable expression of RGUSD15+T. 
The transformant generated with a single insert was further 
characterised and showed no visible physiological alteration. 
Histochemical GUS assays confirmed the expression of the reporter 
protein in all plant cells but its accumulation was not homogenous. 
If tissues were infiltrated with the X-Gluc solution for less then 6 
hours, GUS activity produce a visible staining only in few cells (Figure 
3c). Over 10 hours incubation time was necessary to reveal a blue 
staining in all tissues, with compartments in which the indigo crystals 
were more or less concentrated, as shown in the figure 3. 
This coloration was slower than expected, which could be due to a low 
enzymatic activity in the tissues, as found when tested by the 
enzymatic test used for protoplasts (3-20 times lower than in the 
transient expression essay). 
We had no doubt of the presence of the reporter gene, confirmed as we l l 
by PCR analysis. We suppose that the turnover of ß-gtucuronidase in 
differentiated cells was faster than in protoplasts. 
Surprisingly, when protoplasts were prepared from transgenic plants, a 
very high enzymatic activity were detected (see also similar results 
with GFP in chapter 5). In protoplasts from transgenic plants 
RGUSD15+T was retained at 95%. 
Wortmannin affected the sorting of RGUS in transgenic plants in the 
same way as for the a-mannosidase reference enzyme: a 25 uM 
concentration was necessary to detect a small reduction to 90% of 
enzyme retention, 35 pM caused a reduction to 77%, while 45 pM caused 
a reduction to 73%. 
As observed for mannosidase activity in protoplasts, detection of so 
limited variations is due to the presence of ß-glucuronidase 
accumulated in the vacuole prior to the treatment, which hides the 
possible effects on sorting of newly made ß-glucuronidase. 
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FIGURE 3: 
RGUSA1S+T staining in di f ferent t issues of a transgenic plant. 
a) Leaf epidermis; b) mesophyll and one tricorne; e) root t ip ; d) root 
hair. 
Magnif icat ion X l72 . 
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Discuss ion 
Rat preputial ß-glucuronidase (RGUS) was found to be an additional 
useful reporter to study the plant secretory pathway. Deletion of 15 aa 
from its C-terminal propeptide produced a secreted RGUS form, 
representing a tool for the study of secretion. Fusion to this secreted 
RGUS with the ctVSD from tobacco chitinase A produced a vacuolar 
RGUS form suitable for the study of vacuolar targeting. These reporter 
proteins proved to be good tools for our study in the system of transient 
expression in tobacco protoplasts. 
We were able to confirm the efficacy of the ctVSD selected for our 
study and the sensitivity of its sorting to different drugs. RGUSD15+T 
sensitivity to wortmannin allowed to an assimilation of its sorting 
pathway, to the sorting pathway of tobacco chitinase A and possibly to 
the sorting pathway of other storage proteins rather than to sorting 
pathways characteristic of vacuolar proteases. Wortmannin affected 
the vacuolar targeting of RGUSD15+T at the same concentration 
affecting targeting of barley lectin (Matsuoka and Nakamura, 1992). 
Brefeldin A caused a general disturbance on the secretory pathway, 
affecting the vacuolar as well as the secreted RGUS. 
When we tested the importance of vacuole acidification in the targeting 
of RGUSD15+T, we confirmed a possible role of the V-ATPase but not of 
the vacuolar pH itself. Indeed bafilomycin A1, acting directly on the V-
ATPase, induced missorting of RGUSD15+Tbut the ionophore monensin 
or the weak acid NH4CI that both destroy the pH gradient across the 
tonoplast had no effect. 
These observations encouraged the use of the transient expression in 
protoplasts as a tool for our research but also revealed the limits of 
reporter enzymes. Because they cannot be localised visually, 
fractionation is necessary to identify the targeted compartments. The 
vacuoles are however so fragile that it is very difficult to avoid the 
contamination of other fractions by vacuolar enzymes. 
We faced major difficulties in obtaining transgenic plants with a useful 
expression level of RGUS to study its localisation in different tissues. 
Staining of transgenic tissues needed a stronger treatment than usually 
needed to detect the £ coli GUS, which indicates a much lower level of 
enzyme accumulation and raises doubts about the correspondence of X-
Gluc staining with GUS activity. 
The vacuole in which this enzyme is accumulated is lytic in the 
differentiated cells and reduces the enzyme activity, but from the very 
beginning of protoplast generation, hormonal induction determines the 
formation of a new separated vacuole with less lytic activity (see 
chapter 3). Indeed it is the use of GFP fusion proteins that elucidated 
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the reasons of this rapid increase of detectable vacuolar proteins in 
protoplasts compared to plant tissues. 
Many considerations in the previous paragraphs were possible only after 
the characterisation of the protoplast system using the GFP reporter; at 
the same time this work was useful to confirm the basis on which the 
further work was based and to give a parallel approach to the 
investigation of the fate of other reporter proteins in the differentiated 
tissues. 
From histochemical GUS assays, we think that RGUSD15+T, like SGFP5T, 
is present in all vacuoles of a differentiated tissue, but is degraded 
because these vacuoles resulted of the fusion of the lytic compartment 
with the storage vacuole where the reporter proteins appear to be 
targeted in the protoplasts. 
We consider the reported results as an important step in the 
establishment of the transient expression system we then used wi th 
GFP. We demonstrated here that the sorting of fusion proteins with the 
ctVSD can be followed in protoplasts and that drugs can be used to 
affect the protein sorting in these living cells. 

Experimental procedures 

Protoplast transient expression 
Nicotiana tabacum cv. SR1 protoplasts were isolated following the protocol of Nagy and 
Maliga (Nagy and Maliga, 1976), cultured and rinsed using the indicated media and 
transformed by PEG-mediated direct gene transfer essentially as described (Freydl ef a/., 
1995; Negrutiu et al., 1987). Ten micrograms plasmid were used for the transformation of 
600'000 protoplasts. After two hours protoplasts were rinsed to remove the PEG, 
resuspended in 2 ml culture medium and incubated at 26°C in the dark. 

Inhibitors 
The following inhibitors were added Io the culture medium used to resuspend the protoplasts 
after rinsing the PEG and were present for the entire incubation time. 
NH4CI (Merck, Darmstadt, Germany) was filter sterilised as a 1M stock solution and added 

to the protoplast suspensions at concentrations of SOmM (Ehara et al., 1996). Monensin 
(Sigma, Buchs, Switzerland) was dissolved in ethanol and used at the final concentrations of 
10 uM (Ehara el al., 1996). Bafilomycin A1 (Calbiochem, Lucerne, Switzerland) was 
dissolved in DMSO and used at concentrations of 10 uM (Matsuoka et al., 1997 ) . 
Wortmannin (Sigma, Buchs, Switzerland) was dissolved in DMSO in a 1OmM stock solution. 
Final concentrations of 35 uM were used (Nakamura et al., 1993). Brefeldin A (FLUKA, 
Buchs, Switzerland) was dissolved in methanol and used at the final concentration of 
100ug/ml . 

Protein extraction from, protoplasts and enzymatic tests. 
Proloplasts were harvested by centrifugation, resuspended in 0.1 M Na-acetate pH 5 and 
lysed by 3 cycles of freezing (in liquid nitrogen) and thawing. 
The soluble proteins were separated from insoluble residues by centrifugation. The 
extraction buffer (0.1 M Na-acetate pH 5) was directly used to measure enzymatic activi ty 
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of RGUS and a-manr»osidase (the constitutive enzyme used as internal contro l ) . 
Measurements were made in a microplate fluorescence reader FL500 (Bio-Tek 
Instruments). 
The reaction substrate was 4-Methyl-Umbell i feryl-ß-D-Glucuronide (BIOSYNTH, Staad, 
Switzerland) to test RGUS activity and 4-Methyl-Umbell i feryl-a-O-Mannoside (SIGMA, 
Steinheim, Germany) to test mannosidase activity. Tests in normal condition were 
normalised by comparing RGUS activity to the internal control (a-mannosidase). 

Plant transformation. 
Nicotians tabacum plants (cv. SR1), were transformed with the Agrobacterium tumefaciens 
strain PM6000 (a sub-clone of GV3101, lrom F. Meins, FMI, Basel) and the plant b inary 
transformation vector pCIB200 (maintainable in E coll under kanamycin selection). 
The procedure is similar to that published by Burow et al. (1990) with minor modifications 
to speed up the method as suggested by Fisher and GuiUinan (1995). 
A. tumefaciens GV3101 was transformed by triparental mating using the £ coli helper 
strain HB101 pRK2013. 

Histochemical RGUS staining. 
Tissues from transgenic plants were vacuum infiltrated in 1 ml X-Gluc buffer (10 mg X * 
Glue (5-Bromo-4-ch loro-3- indoly l -ß-D-g lucuron ic acid Cyclohexylammonium; 
BIOSYNTH, Staad, Switzerland) were dissolved in 10OuI dimethyl formamide and diluted i n 
10 ml of 10OmM Na phosphate buffer, pH 7) and incubated 10-16 hours at RT. The X-Gluc 
butter was removed and the stained samples were fixed by incubating 10 min in 1 ml FAE 
(5% formaldehyde, 5% acetic acid, 20% ethanol in water) at R. T. Chlorophyll was 
eliminated by washing first in 50% ethanol, then in 100% ethanol, untili complete 
chlorophyll elimination. 
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Chapter 3 

The central vacuole regenerated by miniprotoplasts 
is a lytic vacuole, not a storage vacuole. 

Identification through the use of GFP targeted to 
either type of vacuole. 

Gian-Pietro Di Sansebastiano, David Humair, Nadine Paris, Sophie Marc-
Martin and Jean-Marc Neuhaus. Manuscript in preparation. 

Summary 
Vacuole development has been investigated using several approaches. A 
complementary and novel approach is the study of vacuole regeneration 
in evacuolated cells, providing a convenient in vitro system in which to 
study synchronous development ot vacuoles in large numbers of cells. 
Using the knowledge accumulated on the sorting of soluble proteins in 
plants, we revisited the regeneration of vacuoles in tobacco 
miniprotoplasts. Two different VSDs were compared: a C-terminal VSD 
from tobacco chitinase A and a sequence-specific VSD from barley 
aleurain, which target proteins to a storage and lytic vacuole 
respectively. Both VSDs were fused to the reporter protein GFP and 
visualised by confocal microscopy. The trafficking and final location of 
the two GFPs differed and the newly formed vacuoles of 
miniprotoplasts were differently labelled. 
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Introduction 
In contrast to yeast or mammalian celts, plant cells may contain 
separate vacuoles. Some vacuoles have storage or digestive functions, 
others have not yet a clear function but all of them seem to be 
characterised by the presence of specific tonoplast intrinsic proteins 
(TIPs). Protein storage vacuoles (PSVs) are marked by the presence of 
a-TIP, lytic or degradative vacuoles (LVs) are marked by the presence 
of y-TIP (Paris et al., 1996) and a third kind of vacuole used to store 
pigments are marked by S-TIP (Jauh er al., 1998). Vacuole development 
has been investigated using several approaches: transmission electron 
microscopy (Buvat, 1982), biochemical studies of the changes 
accompanying eel! enlargement (Maeshima, 1990), and studies of the 
mechanisms by which proteins are targeted to the vacuole (Bednarek 
and Raikhel,~1992; Höfte and Chrispeels, 1992). 
A complementary approach is the study of vacuole regeneration in 
evacuolated cells. Vacuoles can be removed from plant protoplasts by 
high-speed centrifugation through a continuous density gradient (Lörz 
et al., 1981). Evacuolated protoplasts (miniprotoplasts) are viable and 
can regenerate vacuoles and cell walls in culture (Wu and Tsai, 1992), 
thus providing a convenient in vitro system in which to study 
synchronous development of vacuoles in large numbers of cells. Vacuole 
regeneration in evacuolated tobacco and petunia protoplasts has been 
shown to occur after culture for 12 to 44 h (Erdmann et al., 1989). 
Reappearance of the vacuole is accompanied by increased levels of 
hydrolytic enzymes, tonoplast H* Pyrophosphatase activity, neutral red 
uptake (indicating the acidic nature of the developing vacuoles), and the 
reappearance of a 41 kD vacuolar protein of unknown function 
(Hörtensteiner et al., 1992). Inclusion of bafilomycin A, a specific 
inhibitor of the vacuolar H+-pumping ATPase, in the culture medium 
decreased the uptake of neutral red, but did not prevent vacuole 
regeneration (Sze et al., 1992). Vacuole formation in evacuolated 
petunia protoplasts is associated with the accumulation of flavonoids, 
followed by the synthesis of vacuole-associated ethylene-forming 
activity (Erdmann et al., 1989). Protoplasts cultured in the presence of 
cycloheximide failed to develop vacuoles, showing that protein 
synthesis is required, but the strong inhibitory effect of cycloheximide 
was completely reversed when evacuolated protoplasts were washed 
with inhibitor-free medium (Hörtensteiner er al., 1994). 
The sorting of a number of vacuolar proteins has been investigated and 
their vacuolar sorting determinants (VSDs) have been determined. 
Coupling the knowledge of such sorting determinants to the use of 
reporter proteins, it is possible to revisit some of the observations 
about vacuole regeneration and vacuolar sorting. In this paper two 
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different VSDs are compared: a C-terminal VSD from tobacco chitinase 
A and a sequence-specific VSD from barley aleurain, which target 
proteins to a storage and lytic vacuole respectively (Neuhaus and 
Rogers, 1998). Both VSDs were fused to the reporter protein GFP. The 
differences in localisation were visualised by confocal microscopy of 
living protoplasts and miniprotoplasts expressing transiently the hybrid 
GFPs. The trafficking and final location differed and only one of the two 
reporters labelled the newly formed vacuole of miniprotoplasts. 

Results 
Two different vacuolar sorting determinant target GFP to different 
compartments: comparison between SGFP5T and AGFP5/6. 
Expression of a GFP (SGFP5T) targeted to the vacuole by the C-terminal 
propeptide of tobacco chitinase A revealed that the reporter protein 
was sorted to pH-neutral vacuoles but not to acidic vacuoles. This was 
interpreted as reflecting the existence of two different types of 
vacuoles, the pH-neutral vacuole corresponding to a storage vacuole, 
while the acidic vacuole would correspond to a lytic vacuole. The size 
of the two vacuoles differed in different protoplast types: chloroplast-
rich protoplasts accumulated SGFP5T mainly in the large vacuole, 
chloroplast-poor protoplasts accumulated SGFP5T in small vacuoles (Di 
Sansebastiano et ai., 1998). The patterns observed with SGFP5T in both 
cell types are shown in figure 1. 

To label lytic vacuoles, we fused the same GFP5 variant (Siemering et 
ai., 1996) with the 150 amino acids long N-terminal propeptide of 
barley aleurain, a thiol protease targeted to the lytic vacuole (Holwerda 
et ai., 1992). The resulting GFP (AGFP5) was only visible in 
compartments smaller than 2 urn -and often clustered around the nucleus 
{not shown). No vacuoles were visible as with SGFP5T, the GFP targeted 
to the storage vacuole. Since the fluorescence intensity was much 
smaller for AGFP5 than for SGFP5T, we quantified by immunoblots the 
GFP in the medium and in total protoplast extracts. AGFP5 was never 
found in quantities comparable to vacuolar SGFP5T or secreted SGFP5 
(not shown). We suspected that AGFP5was rapidly degraded in its f ina l 
target compartment and was thus only visible in the small unidentified 
compartments described above which could be intermediate in the 
transport pathway. To increase the detection limit of this reporter 
protein we introduced into AGFP5 the mutations F64L/S65T (Cormack et 
ai., 1996). The resulting brighter GFP was named AGFP6. Now we could 
visualise fluorescence in a higher number of protoplasts in the same 
small compartments (Figure 2a,c) seen with AGFP5. Many protoplasts 
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TABLE I: 
GFP patterns in two protoplast subpopulations expressing SGFP5T or 
AGFP6. 
After 24 hours of expression, SGFP5T was observed in a large vacuole 
(LV), in a small vacuole (SV, Figure 1b) or in ER-like structures (ER); 
AGFP6 was observed in small compartments (SC, Figure 2a) or in a large 
vacuole (LV). 
Results are expressed in percentage within each population analysed, 
100% corresponding to the total number of cells observed in either 
chloroplast-rich or chloroplast-poor protoplasts for three independent 
transformations. In parenthesis we report the observed minimal and 
maximal percentage in the independent experiments (min-max.). 

LV 

SC <AGFP6) 
SV&ER 

(SGFP5T) 

AGFP6 
Chlor.-rich 

n=154 
1 8 % 

( 1 2 - 2 5 ) 
8 2 % 

( 7 5 - 8 8 ) 

Chlor.-poor 
n=192 
1 5 % 

( 1 4 - 1 7 ) 

8 5 % 
( 8 3 - 8 6 ) 

SGFP5T 
Chlor.-rich 

n=227 . 

7 5 % 
(58 -88 ) 

2 5 % 
( 1 2 - 4 2 ) 

Chlor.-poor 
n=110 

6% 
(0 -15 ) 
9 4 % 

( 1 0 0 - 8 5 ) 

FIGURE 1: Fluorescence patterns of GFP targeted lo a storage vacuole 
(SGFP5T). Confocal images (1pm section) of tobacco protoplasts 
expressing SGFP5T for 24 hours, a) and b) Chloroplast-rich' ' 
protoplasts; c) and d) chloroplast-poor protoplasts; a) and c) more 
frequent patterns; b) and d) less frequent patterns (see Table I). Bar= 
10pm. 

FIGURE 2: Fluorescence patterns of GFP targeted to a lytic vacuole 
(AGFP6). Confocal images (1pm section) of tobacco protoplasts 
expressing AGFP6 for 24 hours, a) and b) Chloroplast-rich protoplasts; 
c) and d) chloroplast-poor protoplasts; a) and c) more frequent 
patterns; b) and d) less frequent patterns (see Table I). Bar= 10um. 
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FIGURE 1 

FIGURE 2 
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also showed a large green vacuole (Figure 2b, d). Contrary to the SGFP5T 
there was no apparent difference in pattern distribution between 
chloroplast-rich and chloroplast-poor protoplasts. When a large 
fluorescent vacuole was visible ih a chloroplast-poor cell transformed 
with AGFP6, it was often also possible to identify several non-
fluorescent compartments (Figure 2c). Apart from the nucleus, these 
areas could correspond to the smaller vacuoles that were found to 
accumulate SGFP5T in the same cell type (Figure 1d). We quantified the 
distribution of large vacuoles in cells transformed with AGFP6 and 
found 18% of chloroplast-rich protoplasts with a large fluorescent 
vacuole (Table I). This percentage was approximately complementary to 
the percentage (75%) of large vacuoles observed in protoplasts 
transformed with SGFP5T under the same conditions. Chloroplast-rich 
protoplasts come presumably all from palisade mesophyll and are thus 
probably a single cell type. 

In contrast in chloroplast-poor protoplasts there was no such 
complementarity, but we could see large vacuoles accumulating AGFP6 
in 15% of these cells, more than twice the frequency observed w i th 
SGFP5T. Chloroplast-poor protoplasts could include cells from the 
epidermis, trichomes, guard cells, and mesophyll, they present thus a 
complex mixture to analyse, but we still could observe signif icant 
difference in the distribution of large fluorescent vacuoles between the 
two reporters. It was still clear that ctVSD and ssVSD targeted soluble 
proteins to different vacuoles. 

In our normal experimental conditions we were never able to visualise 
AGFP6 in the ER. We incubated protoplasts at low temperature to slow 
down AGFP6 transit through the ER. After incubation at 14°C for 8 
hours, the nuclear envelope became partially fluorescent and smaller 
compartments became visible in the neighbouring cytoplasm (Figure 3a). 
The ER was labelled by AGFP6 in a pattern very similar to the pattern 
observed for SGFP5T under the same conditions (Figure 3b). This 
indicates that AGFP6 leaves the ER at normal temperatures much faster 
than SGFP5T, possibly too fast for the fluorophore to form. 
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FIGURE 3: Fluorescence patterns of vacuolar GFPs in cells incubated at 
14°C. Confocal images (1um section) of tobacco protoplasts cultivated 
in the same conditions, expressing vacuolar GFPs for 8 hours, a) 
Protoplasts expressing AGFP6; b) protoplasts expressing SGFP5T; in 
both protoplasts the nuclear membrane and the ER are visible. Note the 
typical small compartments accumulating AGFP6 in a). Bar= 10um. 

FIGURE 4: Neutral Red staining of protoplasts expressing AGFP6. 
Confocal images in transmitted light (a and c) or green fluorescence (b 
and d) of protoplasts expressing AGFP6 and stained by neutral red. a + 
b) The left cell showed no fluorescence and accumulated NR, the right 
cell was fluorescent and did not accumulate NR; c + d) both cells 
accumulated" NR and the cell on the right also showed green 
fluorescence. Bar= 10pm. 

FIGURE 5: Regeneration of a large central vacuole by miniprotoplasts. 
Confocal images (1pm section) of tobacco miniprotoplasts at different 
times after evacuolation. a-c) SGFP5T expressing miniprotoplasts 
within 8, 36 or 52 hours after evacuolation; d - f ) AGFP6 expressing 
miniprotoplasts 8, 36 or 52 hours after transformation. Bar= 10pm. 
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The fluorescence enhancing mutations F64L/S65T in GFP6 did not 
influence GFP sorting but increased the apparent transformation 
efficiency. 
The use of GFP6 instead of GFP5 was necessary to visualise the l y t i c 
compartment but it could have altered sorting. We therefore ver i f ied 
with the GFP targeted to the storage vacuole that the mutations did not 
affect sorting. When comparing SGFP5T and SGFP6T, we observed a 20% 
increase of the number of fluorescent protoplasts. The pattern of GFP 
labelling was conserved, excepted that ER labelling was more vis ible, 
even after a long expression time. We concluded that the mutations 
lowered the detection limit of GFP so that residual GFP in the ER was 
now more often visible. Indeed, after treatment with cycloheximide, the 
ER fluorescence strongly decreased (not shown). Therefore we chose to 
continue to use the SGFP5T which gave a sufficient signal for the 
comparison with AGFP6. 
The apparent transformation efficiency depended on the intensity of the 
obtained fluorescence. With both VSDs, the GFP6 was visible in a higher 
proportion of protoplasts than the GFP5 and GFP targeted to the storage 
vacuole was visible in more cells than GFP targeted to the lytic vacuole. 
Since we used the same vector and the same transformation protocol 
for both vacuolar GFPs, we expect a similar rate of GFP synthesis. 

AGFP6 accumulate in lytic acidic vacuoles. 
Throughout the experiments vacuoles containing AGFPS only showed a 
faint fluorescence compared to vacuoles containing SGFP5T. The 
detection must then depend on the stability of the protein. This implies 
that GFP is rapidly degraded in the compartment that accumulates 
AGFP6. Indeed the proportion of fluorescent protoplasts in a population 
expressing AGFP6 decreased from 20% after 24h to only 3% after 48h. 
The lower pH of the lytic compartment can also partially explain the 
difference in visible fluorescence between SGFP5T and AGFP6. pH can 
influence the quantum yield of GFP and the F64L/S65T GFP (GFP6) is 
known to be pH sensitive (Cormack et al., 1996). To elucidate the nature 
of these vacuoles we stained the protoplasts with neutral red (NR) (Di 
Sansebastiano et al., 1998). In many cases the green fluorescence of 
AGFP6 was visible in the same compartment as NR staining (Figure4), a 
situation never observed in cells expressing SGFP5T or SGFP6T. 
Surprisingly we observed that the proportion of stained vacuoles 
decreased compared to control protoplasts or those expressing SGFP5T. 
While in these two populations more than 70% of all chloroplast-r ich 
cells (fluorescent or not) showed NR stained large vacuoles, only 48% of 
corresponding protoplasts transformed with AGFP6 accumulated neutral 
red. For chloroplast-poor protoplasts, control or SGFP5T expressing 
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cells accumulated NR at about 95%, this proportion dropped to 74% wi th 
AGFP6 expressing cells. It is thus evident that AGFP6 can accumulate 
in acidic vacuoles from which SGFP5T was excluded. However, 
overexpression of AGFP6 seems to affect the acidification of the ly t ic 
vacuoles. 

TABLE H: 
GFP accumulation in regenerated large central vacuoles in 
miniprotoplasts. 
Large central vacuoles became visible after 30-36h. The percentage of 
fluorescent large vacuoles was calculated for cells showing any green 
fluorescence. 

SGFP5T 
AGFP6 

36h 
after evacuolation 

0% (n=144) 
97% (n=161> 

48h 
after evacuolation 

36% (n=245) 
84% (n=208) 
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Vacuole regeneration in transformed miniprotoplasts. 
Protoplasts are cells from which the cell wall has been removed and to 
which an important hormonal stimulation has been applied. It cannot be 
easily decided whether the observed compartments of the secretory 
pathway remain unchanged during the experiment or whether they 
changed their properties or even formed de novo due to the 
dedifferentiation process induced by the digestion and culture 
conditions. To distinguish between targeting to a pre-existing vacuole 
and formation of a new vacuole in transformed protoplasts, we used 
evacuolated miniprotoplasts. 

Because evacuolation is based on the large density difference between 
chloroplasts on one side and vacuoles on the other side, it works 
therefore best with chloroplast-rich protoplasts, while other 
protoplasts are mostly lost in the procedure. We thus followed vacuole 
regeneration in a single cell type, which happened to be the cell type 
that showed the larger difference in accumulation of the two dif ferent 
GFPs in large vacuoles. 

In evacuolated protoplasts expressing SGFP5T, fluorescence 
accumulated within the first 3 to 4 hours in discrete areas of the ER, 
while after 6-8 hours, it was more evenly distributed throughout the ffl 
and also accumulated in some larger compartments {Figure 5a). Clearly 
visible large vacuoles only appeared after 24-36 hours of incubation, 
but they did not contain GFP (Figure 5b). The reporter protein 
accumulated further in the same compartments seen after 6-8 hours. 
Only after 48 to 78 hours did we see from 29 to 51% of cells in which 
GFP now occupied the large central vacuole. We could thus observe that 
the initial formation of a central vacuole was different from the 
SGFP5T transport pathway (Table II). 

When AGFP6 was expressed, miniprotoplasts started a few hours after 
evacuolation to accumulate GFP in the small compartments (Figure 5d) 
described above as the early pattern for normal protoplasts (Figure 2a). 
After 36-48 hours almost all transformed cells had large central 
vacuoles labelled with GFP (Figure 5e). In few cells (around 7% after 36 
h) it was possible to distinguish a non-labelled vacuole even if there 
was an intense GFP fluorescence in peripheric small compartments. The 
proportion of fluorescent cells with large vacuoles excluding GFP was 
always very low and it was possibly due not to the exclusion of the 
protein from the central vacuole but to detection problems. With t ime 
(over 48 h) AGFP6 fluorescence strongly decreased in all cells. 
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DISCUSSION 
In this paper we describe the sorting of two chimeric proteins obtained 
by the fusion of GFP to two VSDs, a C-terminal propeptide derived from 
tobacco chitinase A and an N-terminal propeptide derived from barley 
aleurain. These two proteins have been selected because they have been 
shown to follow different pathways (Holwerda et al., 1992). 
Confocal laser scanning microscopy was used to visualise the different 
steps of the two sorting systems. This revealed an interesting 
difference between the patterns of GFP accumulation for the two 
constructs. The pattern of SGFP5T accumulation described in a previous 
paper (Di Sansebastiano et a/., 1998) led us to conclude that this GFP 
fusion protein transited through the ER and was accumulated either in 
small vacuoles or in the large central vacuole. In contrary AGFP6, 
described for the first time, after having resided a very short time in 
the ER, transited through small compartments, not described until now. 
In some cells the AGFP6 then reached the large central vacuole but 
presented different distributions in different protoplast subpopulations 
compared to SGFP5T. 
First large vacuoles accumulating AGFP6 were equally rare in 
chloroplast-rich and chloroplast-poor protoplasts, a very different 
pattern than observed with SGFP5T. If we consider only chloroplast-
rich protoplasts, we can see a clear correspondence in the percentage of 
cells in which AGFP6 occupied the large vacuole and cells in which 
SGFP5T was limited to small vacuoles and ER. The two markers can 
label essentially all large vacuoles. 
Second in large vacuoles, the AGFP6 fluorescence was much fainter than 
SGFP5T. This can be due to the acidic pH of the compartment which i s" 
known to influence GFP emission (Robey er a/., 1998), or to a reduced 
concentration of GFPdueto faster degradation. This latter possibil i ty 
is supported by the faster degradation of AGFP6 in cells treated w i th 
cycloheximide, an inhibitor of protein synthesis (data not shown). Even 
without cycloheximide the stability of the two reporters was different. 
After two days very little fluorescence remained in AGFP6 expressing 
protoplasts while SGFP5T expressing protoplasts were s t i l l 
fluorescent. 
The most important argument for a difference between AGFP6 and 
SGFP5T vacuoles was neutral red (NR) accumulation. Some protoplasts 
didn't accumulate NR in their large vacuoles, but were viable as 
indicated by cytoplasmic movements and NR accumulation in small 
compartments. These cells corresponded to a fifth of the to ta l 
population used for transient expression. This proportion was the same 
in control cells and cells transformed by SGFP5T. The cells with a large 
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vacuole that did not accumulate NR were all chloroplast-rich and 
SGFP5T was found to accumulate only in such large neutral vacuoles. 
The pH of SGFP5T accumulating vacuoles was thus higher than 6, the pH 
of the medium. Rarely, as reported in table I, some chloroplast-poor 
protoplasts accumulated SGFP5T in the large vacuole, but when this 
situation was observed in NR stained cells, the dye never colocalised 
with GFP. In contrary colocalisation of AGFP6 and NR was found in the 
majority of cells with a fluorescent vacuole. NR however, seemed to be 
accumulated less in AGFP6 transformed cells than in SGFP5T 
transformed cells or in control cells. When NR and GFP fluorescence 
were colocalised the NRaccumulation was often weak and difficult to 
document in photographs. In comparison with the identity of NR 
accumulation in SGFP5T and control protoplasts, we can argue that 
AGFP6 influenced the vacuole acidification, which could explain the 
reduced NR accumulation. We postulate that the pathway used by ly t i c 
enzymes to the lytic vacuole, which is also responsible for 
acidification, sorted AGFP6. The overload of this pathway with the 
chimeric protein increased the volume or the buffering capacity of the 
lytic vacuole without a corresponding increasing rate of acidif ication. 
We assume that the AGFP6 is targeted to the lytic vacuole because o f 
three considerations: first the ssVSD derives from a protease targeted 
to the lytic vacuole, second AGFP6 undergoes a rapid degradation, th i rd 
low pH is generally associated to the lytic compartment. 
Having shown that SGFP5T and AGFP6 are transported through dif ferent 
pathways to different vacuoles, we used these proteins to monitor 
vacuole regeneration in evacuolated protoplasts. We observed that 
evacuolated protoplasts regenerate several smalt prevacuolar 
compartments at the same time, some containing SGFP5T, while others 
contained AGFP6. Out of some of these prevacuoles the large central 
vacuole of the cell was formed after 36 hours. AGFP6 was almost 
always present in this main compartment and its fluorescence was very 
bright. SGFP5T remained limited to small vacuoles. While its quantity 
increased, SGFP5T was not observed in the newly formed large central 
vacuole before 48 hours after evacuolation, when some large green 
vacuoles began to appear. We did not observe any intermediate 
compartment with a volume between the small vacuoles and the large 
central vacuole, it is thus probable that the large vacuole became 
fluorescent through fusion with some prevacuole containing a large 
amount of SGFP5T. After more than 2 days, SGFP5T was found in 
increasing numbers of large vacuoles. It seems that the vacuole that re ­
establishes the normal cell volume is generally identical with the ly t ic 
vacuole accumulating AGFP6; it always excluded SGFP5T but in a few 
cells we could not exclude the presence of a third type of vacuole 

81 



excluding AGFP6 as well. A few cells in fact were occasionally 
observed with AGFP6 fluorescence but a non-fluorescent large vacuole. 
From the simple comparison of GFP sorting in protoplasts and vacuoles 
regeneration in miniprotoplasts, we tried to represent the system here 
described, in a model (Figure 6): 
Miniprotoplasts regenerate from the start different kinds of vacuoles. 
At the beginning of regeneration storage vacuoles and lytic vacuoles 
both have a small volume. SGFP5T labels small storage vacuoles and the 
ER, AGFP6 labels a larger number of lytic prevacuoles (Figure 6a). 
The miniprotoplasts take from 36 to 48 hours to regenerate a vacuole 
with a normal volume, but already after 24 hours the lytic vacuole 
occupies most of the intracellular space. One single lytic vacuole 
receives all. AGFP6 from the characteristic prevacuoles so that these 
compartments are no more abundant in cells where the large vacuole 
has formed. In contrary SGFP5T continues to be accumulated in small 
vacuoles of variable size (Figure 6b). These compartments are true 
vacuoles because they persist in many protoplasts as compartment for 
the definitive accumulation of SGFP5T but later and in some cells only, 
they fuse with each other and with the lytic vacuole. In this case they 
could be called provacuoles to indicate their potential to become 
independent vacuoles. 

We ignore the criteria by which the miniprotoplasts regulate the fusion 
of the large lytic vacuole with the smaller storage provacuoles. Our 
data indicate that this fusion happens in around 36% of cells (Figure 
6c). 
In the end, miniprotoplasts regenerated two types of vacuolar 
complexes: in more than the half of the cells the lytic central vacuole 
remained separate from the surrounding storage provacuoles, in the 
other cells the lytic vacuole and the storage provacuoles fused to a 
unique compartment. 
The fusion between vacuoles must be regulated by some determinants 
on their tonoplasts. Because the vacuoles are competent for fusion only 
some time after their formation, the fusion determinants will either 
need time to accumulate sufficiently or will arrive to the tonoplast 
through an independent pathway. 
The situation observed in miniprotoplasts is well comparable with the 
situation observed in normal protoplasts transiently expressing GFPs. 
SGFP5T labels initially the storage provacuoles (Figure 6d); if the pre­
existing vacuole is a storage vacuole, the provacuoles will fuse with i t 
(Figure 6e); if the pre-existing vacuole is a lytic one, the provacuoles 
will become separate storage vacuoles (Figure 6f). In normal 
protoplasts we can not exclude the existence of a third kind of vacuole 
from which both SGFP5T and AGFP6 are excluded (Figure 6g). This third 
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kind of vacuole could be typical of most chloroplast-poor cells, but rare 
in chloroplast-hch cells, from which the miniprotoplasts were derived. 
Anyway, each time we define the identity of a vacuole on the basis ot 
the GFP accumulation, we have to consider the possibility that GFP is 
rapidly degraded so that it is not visible. Vacuoles from which AGFP6ÌS 
apparently excluded could simply be more degradative than others. It is 
possible that lytic vacuoles have different degradative activity just as 
they have variable pH as visualised by NR. 
On the basis of the suggested model we intend to complete 
immunological characterisation of tonoplast membranes and to 
investigate by the use of drugs, the mechanisms responsible of vacuoles 
fusion. Comparing our results with published results (Jauh et al., 1998), 
we think it will be possible to associate early SGFP5T vacuoles with a-
TIP {see annexe) and AGFP6 vacuoles with y-TIP, while the central 
vacuole formed by the fusion of the two types of vacuoles after more 
than 48 h could be associated with 6-TIP. 
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FIGURE 6: Model of vacuole biogenesis in miniprotoplasts and 
protoplasts. SGFP5T labelling is indicated in light green, AGFP6 
labelling is indicated by dark green. The percentage of cells with each 
pattern is reported in black for chloroplast-rich cells and in red for 
chloroplast-poor cells. 
Situation in miniprotoplasts: 
a) 8 hours after evacuolation no large central vacuole is visible. 
SGFP5T labels ER and small provacuoles, AGFP6 labels small ly t ic 
prevacuoles. b) 36 hours after evacuolation the large central vacuole is 
a lytic vacuole labelled by AGFP6; c) 52 hours after evacuolation around 
36% of cells have fused the lytic central vacuole with the storage 
provacuoles. 
Situation in normal protoplasts: 
d) At the beginning of transient expression GFP has not reached yet the 
pre-existing central vacuole: AGFP6 is in the lytic prevacuoles while 
SGFP5T is in newly formed storage provacuoles; e) if the pre-existing 
vacuole is a storage vacuole, it will rapidly fuse with the newly formed 
storage provacuoles while lytic prevacuoles will accumulate in the 
cytoplasm; f) if the pre-existing vacuole is a lytic vacuole it will fuse 
with the lytic prevacuoles and will remain separate from the newly 
formed storage vacuoles; g) a third kind of vacuole could be 
incompeteni for fusion with either newly formed storage provacuoles or 
lytic prevacuoles. 
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Experimental procedures 

Fusion gene constructs 
The pSGFP5 and pSGFPST plasmids have been described {Di Sansebastìano et al., 1998). 
GFP6 was obtained by directed mutagenesis of F64 to L and S65 to T (ctcact). 
We introduced by PCR a Nhel site at the beginning of the coding sequence for GFP5 or GFP6 
(qctagcqcaalg) and at the 3' end of the Aleurain N-terminal fragment (ccg&sgcc) wi th 
appropriate primers. pAGFPS plasmid was obtained by the substitution of the signal sequence 
of pSGFP5 with the first 431 bases {143 amino acids) of Barley aleurain cDNA (Rogers et 
al., 198S) as a fragment BamHI/Nhel. 
Plasmids were Isolated by alkaline lysis in presence of SDS (Sambrook ef al., 1989) and 
purified on an ethidium bromide-CsCI density gradient 

Protoplast and miniprotoolast transient expression 
Nicotians tabacumo/. SR1 protoplasts were isolated, transformed and stained with neutral 
red (Fluka, Buchs. Switzerland) as described (Di Sansebastìano et al., 1998). 
Protoplasts were evacuolated 2 hours after transformation essentially as described by 
Newell et al. (1998) and purified as described by Hörtensleiner et al. (1992) with few 
modifications. Miniprotoplasts were centrifugea 10 min at 200 g in a Percoli step gradient 
1,5 ml 60% Percoli solution (Mannitol0.5 M, CaCI2 I mM, MES10 mM), 5 ml 4 0 % 
solution, 1,5 ml 20% solution, finally the 2ml o l evacuolation solution containing the 
evacuolated protoplasts. Miniprotoplasts were washed and incubated in the same conditions 
for normal protoplasts. 

Confocal laser scanning microscopy and data collection 
Images were obtained with a confocal laser-microscope Leica DMR using the Leica TCS 4D 
operating system. GFP was detected with the filter set for FITC while chlorophyl l 
epifluorescence was detected with the filter set for TRITC. 
The stored digital images were pseudocoiored as red or green images, using Photoshop 4.1 
(Adobe, Mountain View, CA) corresponding to the real red or green colours. Negative cells did 
not show any green fluorescence for the selling at which images were usually collected, 
except chlorophyll epifluorescence. 
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Annexe to chapter 3 

SGFP5T is accumulated in vacuoles marked by the 
presence of ct-TIP 

The preliminary results presented in !his annexe encourage further investigation of the TIP 
composition of tonoptasts, coupled with GFP transient expression. 

Introduction 
It is not clear yet how plant cells can regenerate and maintain 
functionally distinct vacuoles. 
Tonoptast membranes contain abundant tonoplast intrinsic proteins 
(TIPs) that may function as aquaporins, but their abundance seems far 
in excess of what is required for water transport {Neuhaus and Rogers, 
1998). Protein storage vacuoles (PSVs), containing seed-type storage 
proteins, are marked by the presence of a-TIP, and lytic vacuoles (LVs) 
are marked by the presence of y-TIP (Hoh ef al., 1995; Paris et al., 
1996). A third type of vacuole differentiates when 5-TIP is inserted 
into the tonoplast of a lytic vacuole (Jauh et ai, 1998). 
These observations indicate that a specific TIP isoform correlates w i th 
a specific vacuole function (Jauh et al., 1998; Jiang and Rogers, 1998). 
To characterise the separate vacuoles that a tobacco protoplast is able 
to generate, we want to identify each tonoplast with anti-TIP 
antibodies. We present here some preliminary results indicating the 
applicability of this strategy as well as the limits of our material. 
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Results 
Anti a-TIP antibodies label selectively one of the regenerating vacuoles 
in miniprotoplasts 
Evacuolated protoplasts (see chapter 3) were harvested and fixed at 
different time intervals after the start of vacuole regeneration. These 
cells have regenerate vacuoles and thus probably different kinds of 
tonoplast membranes well separated. We labelled wilh antibodies 
against a-TIP fixed cells in which SGFP5K, SGFP5T, SGFP6T or AGFP6 
were expressed. 
At the initial stages of regeneration, after 24 hours, a-TIP antibodies 
labelled specifically the tonoplast of the vacuoles containing SGFP5Tor 
SGFP6T while AGFP6 containing vacuoles were generally not labelled 
(Figure 1). The presence of this epitope confirmed the identification of 
the SGFP5T containing vacuole with the PSV. 

D iscuss ion 
We performed some preliminary experiments and we planned to 
investigate the tonoplast constitution ol the observed compartments 
using anybodies against TIPs. So far we confirmed that the 
regenerating vacuoles containing SGFP5T contained a-TIP, while this 
epitope was excluded from tonoplast of regenerating vacuoles 
containing AGFP6. We believe that the SGFP5T accumulating 
compartment is the storage vacuole, while the AGFP6 accumulation 
compartment is the lytic vacuole. At the same time it is not possible to 
exclude that in protoplasts from the leaf blade, these definition do not 
correspond exactly to the functions of the two vacuoles till now 
identified. In fact lytic and storage vacuoles have been usually 
characterised in specialised cells like barley aleurone cells (Holwerda 
et al., 1990) or root tip cells (Paris et al., 1996). The PSV of these cells 
could share some function with the LV remaining separated. 
We will continue our immunological characterisation but we evidenced 
the limits imposed by our material are evident. Protoplasts from green 
tissues have such a density of chloroplasts that the red fluorescence of 
chlorophyll almost completely prevents the use of rhodamine as label 
for immunofluorescence, why the use of fluorescein is prevented by the 
fluorescence of GFP itself. Chloroplasts represent a problem, disturbing 
the recognition of the tonoplast and confusing with their 
autofluorescence due to the chlorophyll, the antibody fluorescent signal. 
Other cell types have to be prepared and evacuolated, more suitable for 
immunological labelling. 

90 



• 

FIGURE 1: Anti a-TIP antibodies label the tonoplast of SGFP5T 
accumulating vacuoles. 
Cells were fixed 24 h after the beginning of regeneration. 
a) The immunolabelled membrane (arrow) defines the vacuole 
containing SGFP5T; b) the AGFP6 accumulating vacuole (LV) is not 
labelled by the a-TIP antibodies that immunolabel a second 
compartment (arrow). Bar= 10pm. 

Experimental procedures 
Immunofluorescence staining 
Miniprotoplasts were fixed at various times of vacuole regeneration and immunolabelled, 
using the methods described by Paris et al. (1996). 
Primary antibodies anti a-TIP antibodies were a kind gift of John Rogers (Johnson ef al., 
1989); anti-rabbit secondary antibodies were conjugated to lissamine Rhodamine. 
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Chapter 4 

Characterisation and comparison of the two 
vacuolar sorting systems in tobacco cells 

The results reported here have been presented in part as a poster: 

Di Sansebastiano G.P., Paris N., Marc-Martin S., Neuhaus J-M. 
March 1999; 6th International Botanical Microscopy Meeting Plant Cell 
Biology; Royal Microscopical Society. St Andrews, UK. 

Summary 
We have shown that the N-terminal propeptide of the barley aleurain 
and the C-terminal propeptide from tobacco chitinase A mediate 
Iransport to different vacuoles. We report now that the transport 
system also differ markedly as indicated by the differential effects of 
Brefeldin A and by the difference in glycosylation of GFPs targeted to 
the two vacuoles. The two sorting machineries have dif ferent 
intermediate compartments as evidenced by brefeldin A (BFA) 
differential effect and confocal imaging. BFA (from 10 to 100 pg/ml) 
had a strong effect on SGFP5T pattern distribution. In presence of the 
drug SGFP5T did not arrive to the final vacuolar destination. The BFA 
dose necessary to complete disruption of Golgi was 50^g/ml, as the 
Golgi was no more detectable immunologically in protoplasts using 
JIM84 antibodies. GFP fused to the N-terminal vacuolar sorting 
determinant of barley aleurain (AGFP6) appeared to be targeted to the 
central vacuole or restricted to small compartments and BFA had no 
effect of these two patterns even at highest doses which disrupted 
completely the Golgi apparatus. BFA can probably block vesicular 
transport in at least two sites, between the ER and the Golgi, and 
between the Golgi and the TGN. BFA inhibition ol vesicular transport 
"upstream" from the Golgi leads to inhibition of secretion and to the 
disintegration of Golgi stacks, whereas inhibition of the "downstream" 
site causes inhibition of secretion without Golgi breakdown. 
Differential sensitivity of GFP fusion proteins to this drug could 
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represent the occasion to further elucidate proteins sorting in the 
secretory pathway and especially the role of the Golgi. 

I n t r oduc t i on 
Vacuolar proteins can have three different kinds of vacuolar sorting 
determinants (VSDs). These determinants have been shown to be 
necessary to target proteins to the different types ol vacuoles that can 
coexist in a single plant cell. Very little is known about mechanisms of 
sorting and the intermediate compartments involved. In mammalian and 
yeast cells clathrin coated vesicles (CCVs) are known to function in 
traffic from Golgi to the lysosome/vacuole. In analogy, a receptor for 
the ssVSD (see general introduction) has also been identified in CCVs in 
plants. From CCVs from developing pea {Pisum sativum) a single -8OkDa 
protein was purified by affinity binding to the propeptide of proaleurain 
and was named BP-80 {Kirsch er al., 1994). Partial peptide sequence 
allowed the isolation of the cDNA from pea and from other species. This 
protein family was named VSR (vacuolar sorting receptors) (Paris et al., 
1997). By electron microscopy (EM) it was possible to see CCV assembly 
in the TGN (Satiat-Jeunemaitre and Hawes, 1993) but it is not yet clear 
where the interaction of the VSR with the VSD takes place. Much less i s 
known about the sorting system for proteins with ctVSDs. They need an 
accessible C-terminus to be recognised by their sorting system 
(Neuhaus era/., 1994 ). Despite many attempts, it was not possible yet 
to identify a receptor in any of the intermediate compartments (Golgi, 
CCVs, and dense vesicles) supposed to be involved in the sorting. Dense 
vesicles containing storage proteins were seen forming from the Golgi 
stacks by EM, they were shown to accumulate proteins sorted according 
to the third type of VSD, the structure-dependent VSD of s"e"ed storage 
proteins, which causes aggregation of proteins after some maturation 
steps occurred in the Golgi (Robinson era/., 1998a). 
Drugs affecting the membrane organisation or membrane proteins 
interactions are convenient tools to investigate the molecular aspects 
of the process. It has been demonstrated that phosphatidyl inositol (Pl) 
3-kinase activity is involved in vesicular transport in yeast and 
animals (Hong and Verma, 1994; Schu et al,, 1993). In plant cel ls 
(tobacco BY2) treated with 33 nM wortmannin, a PI-3-kinase inhibitor, 
sorting of proteins with ctVSDs was severely affected. Almost all the 
newly synthesised reporter protein was secreted. No elfect was 
recorded at this dose on sorting of proteins with ssVSDs (Matsuoka ef 
al., 1995). Another drug was found to affect vesicle formation: 
Brefeldin A (BFA) is a lipophilic fungal toxin that has become a major 
tool of cell biologists interested in studying vesicle-mediated 
trafficking in animal and plant cells (Staehelin et a/., 1997; Chardin et 
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al., 1999). In plants as in animal cells, BFA exerts its primary effects 
through perturbations of vesicular transpori at different levels of the 
secretory pathway. Differential sensitivity of different steps of the 
secretory pathway to this drug could allow the dissection of the 
pathway in a reversible way. 
Low BFA doses (2.5-10 ng/ml) both blocked secretion and altered 
glycosylation patterns of glycoproteins and complex polysaccharides in 
sycamore maple but did not cause any breakdown of Golgi stacks cells. 
At 50 jig/ml BFA however the Golgi stacks disintegrated (Driouich et 
al., 1993; Staehelin and Driouich, 1997). These two types of BFA 
responses have been confirmed in other plant systems and should be 
viewed as part of continuum of BFA effect. BFA can probably block 
vesicular transport in at least two sites, between the ER and the Golgi, 
and between the Golgi and the TGN (Staehelin and Driouich, 1997). 
This gradual effect of BFA has been explained in animals cells by the 
finding that this drug affects some of the proteins that activate 
different ADP-ribosylation factors (ARFs), inhibiting the guanine 
nucleotide exchange of this small GTP-binding proteins (see general 
introduction). It has been shown that mammalian cells contain at least 
three classes of ARF exchange factors with high, moderate or low 
sensitivity to BFA (Chardin and McCormick, 1999). 
It is known that ARFs regulate the membrane association of coat 
proteins involved in intracellular membrane trafficking. ARFs control 
the membrane association of clathrin coat adapters AP-I , AP-3 and the 
nonclathrin coat COPI, whereas a similar protein, SaMp, controls the 
membrane association of nonclathrin coat COPI! (Ooi et al., 1998). ARFs 
could be a molecular switch that acts as a transducer ot diverse signals 
influencing several sites of coat assembly (Ooi et al., 1998), which can 
thus be affected by BFA. With -the use of BFA on our model system i n 
tobacco protoplasts we aim to determine more precisely the transport 
pathways for proteins with ssVSDs or ctVSDs. 

Results 
Transport of two differently targeted vacuolar GFPs follows different 
kinetics. 
To investigate the processing of our reporter proteins I extracted from 
protoplasts the total soluble proteins and I probed these proteins w i th 
specific antibodies against GFP. The different GFP fusion proteins can 
be distinguished by Western blotting according to their size (Figure 1a). 
Secreted GFP(SGFPS) was the smallest. As expected its size was the 
same as cytosolic GFP since signal sequence processing happens 
cotranslationally in the ER and it was thus not possible to observe 
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accumulation of immature SGFP5. The GFP retained in the ER (SGFP5K), 
was slightly larger than SGFP5 because of its 6 additional C-terminal 
amino acids. For the vacuolar isoform SGFP5T, the difference between 
immature and mature protein was clearly visible and both forms were 
found after 24 h transient expression. The precursor is longer by 7 
amino acids than the secreted isoform and presumably also than the 
mature vacuolar isoform. The other vacuolar GFP (AGFP6) was found to 
have a much larger size than the other isoforms as expected for i t s 
precursor VSD form, because it includes not only the 15 aa containing 
the N-terminal vacuolar sorting determinant but also further 143 aa of 
the propeptide of aleurain that we think to be necessary for the correct 
exposition ol the sorting determinant (Coulombe et ai, 1996). Like the 
other GFPs with sorting determinants, AGFP6 was expected to be 
processed but only one protein form was observed by western blot. To 
visualise the maturation process of the two vacuolar GFPs, and in 
particular of AGFP6, it was necessary to perform pulse-chase 
experiments. Only when the AGFP6 was labelled by 35s, was it possible 
to visualise a maturation step from a high MW form to the form 
observed by western blotting within the first hour after synthesis 
(Figure 1b). Processing was very fast, as described for aleurain from 
which the propeptide came (Holwerda and Rogers, 1990). SGFP5T 
showed a very slow maturation: some of the protein synthesised in the 
one hour pulse, was still unprocessed 24 hours later (Figure 1c). Thus, 
while AGFP6 was processed in less than three hours, it took six hours 
for SGFP5T to be processed to 50%. 
All signal and targeting peptides fused to GFP have been recognised and 
processed as expected with the only exception of the AGFP6 N-terminus. 
The precursor form of AGFP6 had an apparent size of 42 KO, while the 
mature of 41 KD. The decrease in size may correspond to the removal of 
the first 15 aa of the propeptide which correspond to the VSD (Figure 
1a). We had found in preliminary experiments that the whole prosegment 
included in AGFP6 was necessary for the visualisation of this vacuolar 
GFP. AGFP versions with shortened prosegment were not visible. We are 
now investigating if the prosegment is necessary to the sorting 
(Coulombe et ai., 1996) or folding of GFP. 
These observations of the kinetics of GFP processing, confirmed the 
differences described in the previous chapter: SGFP5T spend in the ER a 
much longer time than AGFP6. Indeed AGFP6 was only visible in the Bi 
if sorting was slowed down by incubation of the cells in the cold (14°C). 
No differences were observed neither in size nor in kinetics between 
GFP5 and GFP6 versions of the same chimeric construct. 
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FIGURE 1: Immunological comparison of the differently targeted GFPs. 
a) Western blot analysis of GFP in protoplast extracts after 24 h 
expression. The cytosolic GFP5 (first lane) and the secreted SGFP5 (last 
lane) have an apparent size of 28 kD; the vacuolar AGFP6 has an 
apparent size of 41 kD; SGFP5K, retained in the ER, has a slightly larger 
size than the secreted form due to the additional 6 C-terminal amino-
acids; for SGFP5T two forms are visible, the precursor with seven aa 
more than the secreted form, an other one reduced to the same size of 
secreted form, and the mature form, processed to the size of the latter; 
the SGFP5TGL80 contains a glycosylation site and is glycosylated, as 
indicated by the higher apparent size, b) Pulse-chase analysis of the 
processing of AGFP6: a 2 hours pulse was followed by a chase for the 
indicated time. 30 min after the start of the chase, AGFP6 has still i t s 
N-terminal VSD, after 1 hour around 50% of the protein has been 
processed, after 6 hours only the mature form is detectable, c) Pulse-
chase analysis of the processing of SGFP5T: 1 hour pulse was followed 
by a chase for the indicated time. 24 hours after the star of chase, a 
part of the protein produced during the pulse is still unprocessed. 
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Lack of competition of two proteins in the sorting system for ctVSDs. 
AGFP6 sorting was characteristic of a vacuolar protein specifically 
recognised by its receptor, we tried to test the kind of interactions 
responsible of SGFP5T sorting. We co-transformed protoplasts with a 
constant quantity of plasmid RGUSD15+T (see chapter 3), encoding the 
easily measurable vacuolar RGUS, and different quantities of plasmid 
SGFP5T. We tried to saturate the sorting machinery with SGFP5T to 
observe a reduction of RGUSactivity in the vacuole and an increase of 
RGUS activity in the extracellular space, due to missorting. RGUSD15+T 
was sorted to the vacuole with the same efficiency, both in presence of 
carrier DNA and of SGFP5T. The amount of SGFP5T could unfortunately 
not be determined and was evaluated only on the basis of the amount of 
plasmid DNA used. IOpg plasmid DNA coding for RGUSD15+Tresulted in 
the same GUS activity in cotransformation with 50^g carrier DNA as 
well as with up to 50ng plasmid DNA coding for SGFP5T. 

Competition of the two sorting systems for the same protein. 
To compare the receptor-mediated sorting of AGFP6 with the sorting of 
SGFP5T, we produced a GFP reporter fused to both N-terminal and C-
terminal VSDs (AGFP6T). The result showed a complete prevalence of 
ssVSD. AGFP6T was not distinguishable from AGFP6, both in terms of 
kinetics and of final localisation. 
This result indicates either dominance of the sorting system based on 
ssVSD if both sorting events occur in the same compartment, or the 
occurrence of this sorting event at an earlier step of the secretory 
pathway. 

Effects of brefeldin A on protein sorting. 
Comparison between the two sorting machineries was also possible 
with drugs affecting different steps of the secretory pathway. 
We used BFA, a drug affecting the formation of different coated 
vesicles. A BFA concentration known to be sufficient to affect steps 
both up-stream and down-stream of the Golgi apparatus was f i r s t 
tested in our transient expression system. Protoplasts were then fixed 
and immunolabeled with JIM84 antibody, known to label the Golgi. We 
confirmed that 50ng/ml of BFA induced the complete disorganisation of 
Golgi (Figure 2). 
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We then treated tobacco protoplasts expressing transiently the reporter 
proteins with 3 different BFA concentration: 10, 50 and 100 pg/ml. 
SGFP5T was not sorted any more in the way described in the previous 
chapters but accumulated in small compartments characteristically 
induced by BFA (Figure 3). The lower dose was just as effective as 
higher doses but its effect was more easily reversed after cell washing 
with drug free medium. 
Sorting of AGFP6 was not affected by the drug, up to 100ug/ml (Figure 
4a). Only in very rare occasions did some cells show a complete 
reorganisation of endomembranes and a redistribution of AGFP6 in the 
ER. BFA reduced the maturation of SGFP5T proform already at low 
doses, while in contrast it had no visible effect on AGFP6 maturation 
(Figure 5}. 

FIGURE 2: lmmunolabeling of the Golgi compartment of tobacco 
protoplasts with JIM84 antibodies. 
a) In control cells the antibodies reveal small structures proposed to be 
the Golgi stacks; b) in cells treated with 50 ug/ml of BFA, Golgi 
structures are no more detectable. 

FIGURE 3: SGFP5T fluorescence in a cell treated with 50 ug/ml BFA (a) 
compared to a non-treated control cell (b). 

FIGURE 4: AGFP6 fluorescence in a cell treated with 50 ug/ml BFA (a) 
compared to a non-treated control cell (b). ' 
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FIGURE 2 

FIGURE 3 

FIGURE 4 
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Production of glycosylated GFPs as reporters of processing events in 
the Golgi 
While the signal peptides of our reporter GFPs were processed during 
the synthesis in the ER, the VSDs were probably processed after 
arriving in the vacuole. To investigate GFP transit through the Golgi, we 
introduced N-glycosylation sites in different positions ol the GFP 
sequence. N-glycans are added to proteins in the ER and processed to a 
high-mannose form (6-9 Man). High mannose glycans can be modified in 
the Golgi to complex glycans, which are resistant to endoglycosydase H 
(Endo H). Endo H resistance is thus a marker of passage of a glycoprotein 
through the Golgi. Endo H sensitivity however is less informative, as not 
all N-glycans are modified in the Golgi (Lerouge er al., 1998), unless the 
same protein targeted to a different compartment can be found to 
became resistant. 
We expected that a glycan added in the ER would be then modified when 
(if) the GFP would transit through the Golgi (Figure 6). 
GFP has a barrel structure formed by a ß-pleated sheet. Both termini 
are on one side of the barrel. We prepared GFP variant with a 
glycosylation site exposed on the same side (GL80) and another GFP 
with a glycosylation site on the opposite side of the barrel (GL133) 
(Figure 7). The GL80 and GL133 sites were glycosylated (GL133 only 
partly) when inserted in SGFP5T but not glycosylated when inserted in 
AGFP6. It is possible that the GL80 site was not accessible for 
modifying enzymes in the presence of the large N-terminal prosegment 
of AGFP6, but I have no explanation for the absence of glycosylation 
from site GL133. Only if it was possible to produce a glycosylated 
AGFP6, it could be possible to observe if this protein transits through 
the Golgi. 
As a test of glycan modification in SGFP5TGL80, I tested the resistance 
of glycosylation GL80 to the Endo H and I found it to be always sensitive 
(Figure 8). To become resistant, GL80 would have to come in contact 
with enzymes located in the Golgi, but we cannot decide whether GL80 
was simply not accessible for these enzymes, or whether SGFP6TGL80 
was not transiting through the Golgi. To complete the investigation, 
other glycosylation sites have to be tested and one of them has already 
been made (GL172). 
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FIGURE 5: Western blot of the soluble content (S) or the microsomal 
traction (P) of cells treated with different doses of BFA. 
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FIGURE 6: Glycosylation can be used as an investigation tool. The N-
glycans can be modified in the Golgi and later in the vacuole, becoming 
resistant to the endoglycosydase H. This modification can be used as a 
test of transit through the Golgi. 
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FIGURE 7: The glycosylation sites tested in different GFP constructs 

are located at 3 alternative positions: aa 80, 133 or 172. 
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FIGURE 8: EndoH resistance test on glycosylated GFPs. The N-glycan of 
SGFP6TGL80 gtycan is removed by EndoH, therefore it has not been 
modified; AGFP6GL80 has not been glycosylated at all. 
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Discussion 
In this chapter I completed the characterisation of the different GFPs 
used in this thesis, confirming the existence of two separate sorting 
machineries, with different processing kinetics. I identified in BFA an 
important tool to differentiate the two classes of VSDs and I could 
propose experiments for further investigations. A large range of 
alternative explanations is still possible for the mode of action of the 
two VSDs, especially of the ctVSD. 

It was so far impossible to identify a sorting receptor for ctVSDs. It i s 
probably due to the low sequence specificity necessary for the 
interaction but it could also be due to a receptor-free sorting, mediated 
by aggregation as hypothesised for psVSD (see general introduction). 
Aggregation has already been proposed as a non-receptor mediated 
sorting mechanism (Vitale and Chrispeels, 1992) as in animal cells. In 
legumes, oligomerization is an important determinant of transport 
(Vitale et al., 1995). The preliminary experiment I performed to test the 
possibility to saturate the targeting machinery for ctVSD was not 
sufficient to give supplementary informations. I verified the 
difficulties to saturate this system but this difficulty was expected 
from a receptor with low specificity for the ligand, able to sort many 
different proteins. In addition, a tetrameric protein like RGUSwith four 
available VSDs may be hard to compete with a monomeric protein l ike 
SGFP5T. 

The sorting system for ssVSDs is clearly distinct from the system for 
ctVSD. It is known that ssVSD-carrying proteins are exported from the 
Golgi apparatus to lytic vacuoles by means of clathrin-coated vesicles. 
The surprising evidence found until now suggests the need of revisit ing 
Golgi function because its integrity was not necessary for this sorting 
pathway. In presence of BFA concentrations known to affect the Golgi 
structure, we observed no alterations in AGFP6 pattern and no change in 
its maturation. 
To answer this question I think we found a promising tool w i th 
glycosylation but it will be necessary to produce a glycosylated AGFP6. 
If a glycosylated AGFP6 is not modified, it will be necessary to induce 
the modification artificially, to prove that, in presence of the 
necessary enzymes, it can happen. Indeed we already planned a possible 
strategy: modification of the glycans could be induced by bringing Golgi 
enzymes into the ER with high concentrations of BFA. 
The current hypothesis to explain the different responses of plants to 
BFA is the existence of multiple BFA-binding sites at different levels 
of the secretory pathway. So far we don't know if there is a class of 
transport vesicles independent from ARFs, which can be formed 
independently from the correct structure of the Golgi apparatus. To 
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justify the observation of normal sorting patterns to the lytic vacuole 
for AGFP6 even in BFA-treated cells, we hypothesise that transport 
vesicles could be formed on the ER itself, where the Golgi is re-sorbed. 
Moreover it is important to consider that one of the possibil i t ies 
explaining the dominant effect of ssVSD on ctVSD is that the most 
important sorting step for ssVSD proteins happens already in the ER 
even in normal conditions. It is possible that ARF-independent vesicles 
forming normally at the Golgi trans side, could form elsewhere 
whenever the concentration of its components is sufficient. In our 
reporter protein we don't observe alteration of the maturation process 
because there are no visible maturation steps occurring in the Golgi. To 
investigate the role of Golgi we have to use a reporter protein that w i l l 
be modified in the Golgi. A protein with modifiable glycans or sites for 
Kex-2-like Golgi proteases could possibly show an alteration of these 
steps without mistargeting. In the case of barley aleurain, it was shown 
that the proteolytic processing was inhibited by BFA in barley aleurone 
cells and in tobacco protoplasts (Holwerda and Rogers, 1990). This 
processing step was supposed to happen in a post-Golgi location but no 
clear informations indicate any involvment ol this step in correct 
targeting. As reported above I did recover the correct proteolytic 
cleavage of the aleurain propeptide in AGFP6 expressed in tobacco. I 
will discuss these results in the next chapter, where I will show that 
processing is different in Arabidopsis than in tobacco. 
The relations between Golgi structure and vesiculation demand further 
investigation and in our experimental results we see an invitation to 
revise the role of the Golgi. 
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Experimental procedures 

Protoplasts preparation 
Protoplasts were prepared and transformed as described in chapter 2. Brefeldin A was 
supplemented to the culture medium immediately after or up to 2 hours after 
transformation. Reversibility of the treatment was tested harvesting protoplasts after 
incubation in presence of BFA for different times and resuspending them in fresh medium fo r 
six hours. 

Protein extraction 
Plant tissue samples {<0.2 g) were reduced to powder in liquid nitrogen and incubated at 
1000C tor 30 min in the extraction buffer (TBS 1 % and SDS 2%). Insoluble residues were 
eliminated by centrifugation for 5 min at 14000 g. Total soluble proteins were precipitated 
by 10% TCA and washed with acetone. 
Protoplasts were harvested and resuspended in the extraction butfer (TBS 1 % and SDS2%) . 
Cells were lysed by 3 consecutive freezing-thawing cycles. To separate vacuolar content 
from most of the microsomal fraction, cells residues were separated by extract from soluble 
fraction after just one freezing. 
Western blotting 
The proteins were separated in Polyacrylamide gels with SDS (4% stacking gel, 1 5 % 
separation gel) using the protocol described by Laemmli et al. (1972), in the minigel 
system "Mini-Protean Il Dual Slab Gel System" from Biorad. 200 V were applied and an 
electrophoresis butfer (25mM Tris; 192 mM Glycine; 0 . 1 % SDS) at pH 8.3 was used. 
The protein separated on SDS-gel were electrophoretically transferred on a ni tro-cel lulose 
membrane (BA83; 0.2pm; Schleicher and Schuell), it was used a "semi-dry" apparatus 
(Sarloblot Il Sartorius ) (Towbin et al., 1979). 

Immunolabgling 
The western blot was incubated in 100 ml milk-TBS 5% (20 mM Tris-CI pH7.5; 500 mM 
NaCl; 5% w/v milk powder ) to saturate the nitro-cellulose membrane with proteins tor 4 5 
min. 
GFP detection was obtained using anti GFP (Molecular Probes A6455) primary antibodies 
and anti-rabbit secondary antibodies coupled to lissamine rhodamine. 

PULSE-CHASE labelling pf GFP in the transient expression system, 
To perform pulse-chase experiments "protoplasts were transformed as usual, except that the 
amount was double. PRO-MIX (70% L-[3 5S] methionine and 30% (35S] cysteine; 
Amersham, UK) cell labelling mix (3 Mbq/ ml) was added 2 h aller transformation and 
chased with 1 mM cold methionine and 0.5 mM cold cysteine. 
A 1 hours pulse was sufficient for SGFP5T but not for AGFP6, for which a two hours pulse 
was necessary. Labelled proteins were immunoprecipitated as described in chapter 6. 
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Chapter 5 
TOBACCO AND ARABIDOPSIS DIFFER IN THE 

ORGANISATION OF THEIR VACUOLAR SYSTEMS. 

This chapter collects the preliminary results on transgenic plants expressing desired 
reporter GFPs and anticipates further developments on the subject of this thesis. 

Summary 
Green fluorescent protein (GFP) allows the direct visualisation of gene 
expression and subcellular localisation of fusion proteins, in l iv ing 
cells. The localisation of different GFP fusion proteins in the secretory 
system was studied in stably transformed plants. 
In this chapter I present some of the preliminary data obtained from the 
observation of transgenic tobacco and arabidopsis plants. I want to 
focus the reader's attention on the evident differences in vacuole 
organisation in tobacco and arabidopsis transformants. 
The GFP fusion proteins label the vacuolar complexes of the transgenic 
arabidopsis and make these plants suitable for mutagenesis and gene-
tagging experiments. 
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Introduction 
Reporter proteins for gene expression in plants, like ß-glucuronidase 
(see annexe to chapter 2) or luciferase, can be identif ied 
histochemically in alt tissues but they require generally a destructive 
test or the presence of cofactors. The necessity to destroy the sample 
for analysis or to use other invasive techniques makes the testing of 
primary transformants more difficult, makes it difficult to follow the 
time course of gene expression or of protein sorting in living plants and 
slows down the screening of segregating populations of seedlings. The 
green fluorescent protein (GFP) allows the direct visualisation of gene 
expression and also of the subcellular localisation of fusion proteins in 
living cells, without the need for destructive techniques, as required by 
ß-glucuronidase, or addition of cofactors as required for the luciferase 
assay (Haseloff ef al., 1997). 
GFP has been successfully expressed in protoplasts for the study of the 
secretory system in vivo (chapters 2 and 3) and the study of GFP fusion 
proteins in different plant systems is on the way in our laboratory 
since a couple of years. The distinct locations of different GFP fusion 
proteins in the secretory system of stably transformed plants 
confirmed the complexity of this membrane system. 
In this chapter I present some preliminary data obtained from the 
observation of transgenic tobacco and arabidopsis. I want to focus the 
reader's attention not so much on the characterisation of the GFP 
accumulation in these plants, which is far from being complete, but on 
the evident differences emerging from this preliminary examination. 11 
seems that lytic and storage vacuoles are differently distributed in 
different tissues of the same plant and in tissues of different plant 
species. 
GFP accumulation in transgenic arabidopsis makes this plant suitable 
for the research of sorting mutations and of the responsible genes, 
using the gene tagging approach. Gene tagging is a technique by which 
transposons or introduced DNA with a known sequence insert into a 
desired gene. The inserted foreign DNA both mutates the gene and serves 
as a vehicle for the isolation of the flanking plant DNA. In Arabidopsis, 
the T-DNA (transfer DNA) of Agrobacterium tumefaciens has been used 
as an insertional mutagen, and several genes have been isolated and 
characterised this way{Richardson et ai, 1998}. Arabidopsis has many 
attributes that make it a useful organism for gene-tagging studies: it is 
a small, rapid cycling, self-fertilising member of the Brassicaceae 
family (Meyerowitz and Pruitt, 1985); it has a very small genome 
(estimated to be 70.000 kb) with little repetitive DNA (Leutwiter et al., 
1984). The complete genomic sequence will be known in a year or two, 
but a large part is already available. 
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It has generally been recognised that the tissue culture process induces 
a high frequency of somaclonal variants. The whole-plant 
transformation method originally developed by Feldman and Marks 
(Feldmann and Marks, 1987) circumvents potential problems related to 
tissue culture-based transformation methods. 
With the recent protocols of in planta infiltration {Bechtold et al., 
1993; Richardson et a/., 1998) it is now feasible to tag all of the genes 
in the Arabidopsis genome. For example, Feldmann et al. (1991) 
calculated that a collection of 50'000 T-DNA transformants would give 
a 95% probability of having an insert in an average Arabidopsis gene. 
The main problem nowadays is the possibility to identify the mutants. 
For the targeting to the vacuoles, mutations may either prevent normal 
plant development by disturbing the regulated changes in cell volume or 
in contrary they may cause no visible phenotype at all if the 
mistargeted proteins are not essential. It is the use of model plants in 
which a visible reporter protein (GFP) is expressed that makes possible 
the screening for otherwise undetectable mutations. 

Results 
Production of transgenic tobacco plants and GFPs detection 
The aim of this work was to produce a few clones expressing the 
desired transgenes to compare the localisation of GFP in dif ferent 
tissues. 
Nicotiana tabacum (cv SR1) plants were transformed by a rapid and 
efficient protocol {Fisher and Guiltinan, 1995) using a pBIN-derived 
vector (Haseloff et al., 1997) containing the selection gene NPTII that 
confers resistance to kanamycin, in the Agrobacterium tumefaciens 
strain GV3101. 
In the context of this work tobacco was transformed with four 
different GFP constructs. We used a pBIN derivative encoding a secreted 
GFP (pBlN-SGFP5), a GFP retained in the ER (pBIN-SGFP5K), a vacuolar 
GFP targeted to PSV (pBIN-SGFP5T) and a vacuolar GFP targeted to the 
LV (pBIN-AGFP6). We observed a very low regeneration rate "per 
callus", in other words not all independent calli regenerated plants. The 
regeneration rate appeared dramatically low especially for SGFP5. 
After this problem of shoot regeneration, we then faced problems in 
GFP detection. While it was somehow expected that SGFP5 might not be 
detectable because it has been reported to be unstable in the 
extracellular space, we were surprised by the total absence of 
fluorescence in plants transformed with AGFP6. 
SGFP5T showed an interesting but also surprising fluorescence 
distribution: in fact small fluorescent compartments appeared only in 
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few cell types. One small fluorescent compartment was visible in each 
guard cell of stornata (Figure 1a), while a variable number of small 
compartments were visible in elongating root cells, epidermis celts at 
the base of trichomes or other cells from young elongating tissues like 
hypocotyl (Figure 1b). Plants transformed with SGFP5K showed only a 
faint fluorescence labelling, essentially the ER. 

Expression level and accumulation of GFP in transgenic tobacco plants. 
The GFP coding sequence used for our transformations was already 
plant-adapted (Haseloff et al., 1997) so that the absence o f 
fluorescence had to be due either to a very low expression or to GFP 
degradation. The calli generated from non fluorescent plants were 
fluorescent, both for SGFP5T and SGFP5K (Figure 2). We tested GFP 
expression in different plants by RNA blotting (northern blotting), using 
total RNA extracted from leaves and from calli derived from leaves of 
the same plants. A comparable GFP mRNA expression was detected in 
both tissues (Figure 3: two clones with SGFP5T and one with SGFP5K; 
see also Figure 6: one clone with SGFP5T and one with AGFP6). We 
confirmed that there was no silencing of the transgene in transformed 
plants where no fluorescence was visible. 
Protoplasts prepared from plants expressing SGFP5T or SGFP5K showed 
a rapid increase of fluorescence, following the same pattern of GFP 
accumulation as described for transient expression. Stably expressed 
SGFP5K labelled the large vacuoles of these protoplasts more 
frequently than in control experiments of transient expression. AGFP6 
was no more detectable in protoplasts than in leaves. Considering that 
this GFP form was detected at a lower level than the other constructs 
and was more rapidly degraded than the others in transiently 
transformed protoplasts, it may just be produced at a level too low to 
allow detection. I have not yet verified other possibilities to explain 
why these plants did not accumulate AGFP6. I have no proof yet that the 
gene was not disrupted during insertion. 
When SGFP5T was extracted from protoplasts derived from transformed 
plants it showed a higher proportion of mature protein, than observed in 
the proteins extracted from leaves (Figure 4). This observation 
confirms that protoplast production changes the sorting and processing 
machinery of the differentiated mesophyll cell. 
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FIGURE 1: SGFP5T accumulation in transgenic tobacco: a) stornata; b) 
detail of a small compartment in a cell of the hypocotyle, the same rare 
compartments are observed in other tissues. Bar= 20pm. 

FIGURE 2: Regenerating calli 
tissues, a) SGFP5T; b) SGFP5K. 

from SGFP5T and SGFP5K transformed 
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FIGURE 3: Northern blot of total RNA from transgenic tobaccos. For two 
independent clones transformed with SGFP5T and one with SGFP5T, RNA 
was extracted from leaves and calli. In the blot there are as well three 
controls, one negative with a wt SR1 tobacco, two transformants 
containing GFPFLA (FLA8) and OLVGFP5 (OLVO) (Grieco, 1999) that show 
the GFP fluorescence. 

Pro top las ts Leaves 

FIGURE 4: Western blot of different GFP forms. NP432 and FLA8 are 
used as controls; SGFP5T is visible in the mature form and in i t s 
proform. The proform is more abundant in leaves, the mature form is 
more abundants in protoplasts. 
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GFP accumulation patterns in transgenic Arabidopsis plants 
Transgenic arabidopsis plants were produced following a standard 
method of in planta infiltration (Bechtold et al., 1993) in collaboration 
with R. Flückiger. The characterisation and comparison of these plants 
is the subject of R. Flückiger's diploma thesis (Flückiger, 1999). 
Contrary to tobacco, transgenic arabidopsis showed a strong 
fluorescence in most tissues. 

We obtained plants expressing the secreted version of the GFP reporter 
SGFP5 (see chapter 2 and 4) and two vacuolar constructs, SGFP5T 
(chapter 2, 3 and 4) and AGFP6 (chapter 3 and 4). Homozygous plants 
expressing these fusion proteins are now being characterised in more 
detail by R. Flückiger by the simple observation with a low 
magnification fluorescent microscope. They can be clearly 
distinguished. 

The secreted SGFP5 is characterised by the accumulation of GFP in the 
intercellular space of all tissues and does not show strong GFP 
accumulation in young tissues. Two tissues, in which it is easy to 
identify this secreted GFP are the root (Figure 5a, b) and the leaf 
epidermis (Figure 7a). In such tissues sample preparation needs no 
excessive manipulation and differences with vacuolar constructs are 
evident. 
The (storage) vacuolar SGFP5T shows in most tissues an accumulation 
in small vacuolar compartments, while only fully expanded leaves and 
stornata exhibit large fluorescent vacuoles. As for the secreted GFP, 
this fusion protein has a clear and characteristic pattern in the root 
(Figure 5c, d) and in the leaf epidermis (Figure 7b): in both tissues 
SGFP5T is accumulated in small vacuolar compartments. 
The (lytic) vacuolar AGFP6 is accumulated in large vacuoles in most 
tissues but it also shows an evolution from small compartments to 
large vacuoles. For example along the root it is possible to recognise 
the region of elongation, where AGFP6 is restricted to small vacuoles, 
whereas in mature roots the large central vacuole is Huorescent(Figure 
6). Again, apart from roots, the leaf epidermis shows the most clear and 
accessible pattern which allows to recognise the differences with the 
other vacuolar GFP (SGFP5T) and the secreted SGFP5. AGFP6 is 
accumulated in the large vacuole of epidermis cell, but is not visible at 
all in guard cells (Figure 7c). 
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FIGURE 5: Fluorescent pattern in Arabidopsis roots of the secreted 
SGFP5 (a and b) and (storage) vacuolar SGFP5T (c and d) GFP 
distribution in mature roots (a and c) and root tips (b and d) of 
Arabidopsis transgenic plantlets. 
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FIGURE 6: AGFP6 distribution in the root of a transgenic Arabidopsis 
plantlet. a) Mature root; b) elongating root; c) root tip. 
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FIGURE 7: GFP fluorescence in the leaf epidermis of transgenic 
Arabidopsis plants, a) secreted SGFP5; b) vacuolar SGFP5T; c) 
vacuolar AGFP6. 
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Comparison of fluorescent patterns between tobacco and Arabidopsis 
While GFP fluorescence was always visible in arabidopsis, in tobacco i t 
was rarely detectable. At the RNA level, the GFP transgenes were 
clearly expressed both in arabidopsis as in tobacco plants but 
differences in the expression levels were detected (Figure 8). AGFP6 
was not detectable in protein extracts from tobacco leaves but it was 
well detectable in extracts from arabidopsis (Figure 9). The AGFP6 
detected in arabidopsis showed an apparent molecular weight close to 
that of the mature SGFP5T, indicating an essentially complete 
processing of the aleurain propeptide. Proteases present in the vacuole 
are expected to be responsible for this last processing step, 
characteristic of the final accumulating compartment. In tobacco 
protoplasts transiently expressing AGFP6, it was detected with a larger 
apparent size, indicating that most of the prosegment remained part of 
the mature GFP (see chapter 4). 
A last example of the difference between the vacuolar compartment of 
tobacco and Arabidopsis emerged from this comparison: the clearly 
different distribution of SGFP5T in guard cells. In tobacco SGFP5T was 
accumulated in one small vacuole per guard cell while a diffuse 
fluorescence was visible in the whole arabidopsis guard cells (Figure 
10). 
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Figure 8: Northern blot of total RNA extracted from Arabidopsis and 
tobacco transgenic plants. With some variation of quantity; the tobacco 
clone SGFP5T(B) has a higher GFP expression than the Arabidopsis clone 
AGFP6(A4), but is not as fluorescent as A4. 
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Figure 9: Western blot of proteins extracted from transgenic 
Arabidopsis and tobacco plants. Anti-GFP antiserum does not detect 
anything in the tobacco clone AGFP6(1), while in the Arabidopsis clones 
AGFP6(A1) and (A4) the detected protein has the same apparent size of 
the mature SGFP5T. 

Figure 10: Stornata from tobacco (a) and Arabidopsis (b). 
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Discussion 
The identification of differences between two popular model plants can 
contribute to avoid incorrect interpretations as well as difficulties in 
conciliating results obtained in different laboratories on different 
plants. Here I present preliminary results indicating a different 
distribution of vacuolar soluble proteins in different plant species as 
well as in tissues of the same plant. 

In transgenic tobacco plants AGFP6 is not detectable, while SGFPSTi s 
accumulated only in few cells, the guard cells, some elongating root 
cells and rarely, the trichome's basal cell. 
In transgenic Arabidopsis plants AGFP6 and SGFP5T are accumulated in 
some cells in distinct vacuolar compartments, while in other cells they 
are accumulated in a single central vacuole. 
I propose that the tobacco and arabidopsis vacuolar complexes appear 
very different in GFP accumulation but differ in fact only in the 
proteolytic activity of the LV. 
The lytic vacuole marker AG F P6 seems to be targeted generally to the 
vacuole with the most important volume. This marker is found in small 
compartment only in not fully expanded cells. In tobacco this vacuole 
must be so active in protein degradation that AGFP6 is too rapidly 
degraded to accumulate, while in contrary in arabidopsis this vacuole 
accumulates AGFP6 because it has a lower degradative activity. Cells in 
which only one vacuole is generated by the fusion of the PSV and the LV 
accumulate AGFP6 together with SGFP5T. This situation seems to be 
common to the majority of differentiated tissues but not to 
protoplasts. As the very degradative unique tobacco vacuole degrades 
both GFPs, we see SGFP5T only if the PSV remains separate from the 
LV. 

In chapter 3 we saw that the -LV seems to be responsible of re ­
establishing cell turgor. In miniprotoplasts this vacuole remains 
separate from the vacuoles containing SGFP5T at least until the cel l 
reaches its full expansion. By analogy we can imagine that other cells in 
which the volume is changing also maintain separate vacuoles. Indeed in 
tobacco we see small PSV containing SGFP5T in elongating root cel ls 
and guard cells, cells that actively change their volume. Nevertheless 
not all expanding cells present this characteristic so that an absolute 
link cannot be established. Another possibility is that the presence of 
separate PSV and LV vacuoles is common to cells that recently divided 
and developed a new function. Again we find in this category the 
tobacco cells that show small vacuoles containing SGFP5T: elongating 
root cells, guard cells and basal cells of trichomes. 
In arabidopsis we observe small vacuoles containing SGFP5T in a l l 
these cell types, as well as in many others. Guard cells represent an 
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exception: in fact, while SGFP5T is accumulated both in small 
compartments and in the large central vacuole, AGFP6 is not 
accumulated at all. 
An argument to support the idea that the vacuolar complex in tobacco 
and arabidopsis is only apparently different is the presence in 
arabidopsis of a specific proteolytic activity not detectable in tobacco. 
If we consider the AGFP6 accumulation, we observed in arabidopsis the 
accumulation of a mature form we did not see in tobacco cells 
(protoplasts or plant tissues). This mature form must be due to a 
specific proteolytic activity in the vacuole. We postulate that i n 
tobacco the vacuole has a much stronger proteolytic activity and 
degrade completely the GFP. To know if tobacco vacuoles are indeed 
more degradative than arabidopsis vacuoles, it will be necessary to 
measure their proteolytic activity (Hortensteiner ef al., 1992). 
The production of transgenic plants was necessary to study the vacuolar 
system in natural conditions and not only in artificial systems l ike 
protoplasts. There are not yet definitive results about the differences 
between the tobacco and arabidopsis vacuolar system. The 
characterisation of the two system appears now an interesting but 
unexpected task. 
The arabidopsis transgenic plants, because of their lower proteolytic 
activity, represent a very good material for further investigations. We 
produced these transgenic plants to obtain a model plant in which the 
tagging of genes involved in the correct sorting of soluble proteins to 
the vacuoles could be easily identified. With these plants in hands we 
are now evaluating the best strategies for the screening of mutants. 
Before using these plants to generate a mutant, collection, a large 
quantity of work remains to be done. We have to precisely characterise 
the fluorescence pattern of each transformant and evaluate the 
practical possibilities o( screening. Even il preliminary considerations 
suggest that the direct observation of mutants with a low 
magnification fluorescence microscope wilt allow us to recognise any 
alteration of GFP distribution, we have to consider the high investment 
(in time more than in money) of a mutagenesis and screening project. 
These plants, once precisely characterised, can also give precious 
information about the role of vacuoles in different tissues. The 
distribution of large and small vacuoles (acidic and lytic or neutral and 
storage vacuoles) in different tissues will be the subject of additional 
studies. 
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Experimental procedures 

Plani transformation 
N.tabacum cultivar SR1 plants were germinated and grown in sterile conditions for 4 - 6 
weeks on MS classic medium (Calbiochem) at 25°C under continuous light. 
Agrobaclehum tumefaciens (GV3101) was grown on solid LB containing 50mg/l Kanamycin 
for at least 2 days to select for the presence of the binary vector. 
Pieces from 4 tobacco leaves (3-6 cm) were incubated for 10 minutes in a 50 ml Falcon 
tube with 30 ml liquid MS medium in which ten inoculating loops of taken directly from the 
plate.. 
Excess Agrobacterium was blotted from the leaf pieces before placing them on MSS (MS, 3 % 
sucrose, lmg/1 6-BAP, pH 5.8) plates. After 2 days of incubation at 25°C in the dark, plates 
were transferred to the light for two more days. In the case of Agrobacterium overgrowth 
leaf pieces were transferred to new plates. 
After the 4 day cocultivation, leaf pieces were transferred on MSS containing the selective 
antibiotics {100 mg/1 kanamycin, 400 mg/l cefotaxime) and incubated at 25°C under 
continuous light condition. Leaf pieces were transferred to fresh MSS plates with selection 
antibiotics every week. When shoots appeared (after 4-6 weeks), the leaf pieces were 
transferred on MSS selective media in SIGMA boxes. 3 cm long shoots were transferred on 
MS media with 50mg/l kanamycin but without hormones; after substantial root growth, 
plants were transferred in soil (Fisher and Guiltinan, 1995). 
The protocol to obtain transgenic Arabidopsis thaliana plants by the in planta transformation 
method, was essentially the same as described by Bechtold and Bouchez (1993). 

- Nucleic acid extraction and, Northern frlPfl'ßfl 
Genomic DNA was isolated from tobacco and Arabidopsis by the CTAB extraction method 
modified accordint to Murray and Thompson (1980). Total RNA was isolated according to the 
instructions from LIFE-TECHNOLOGIES (GIBCO BRL) for TRIzol Reagent with few 
modifications that increased the purified material (see chapter 6). 
RNA samples were then transferred from the gel to a positively charged nylon membrane, by 
capillarity, essentially as described in Sambrook's manual (1989). Total RNA was 
hybridised either with a radioactive probe (Figure 2) or with a probe labelled by the DIG-
Chem-Link (Boehringer) (Figure 5). 

Protein extraction and Western blotting 
Plant tissue samples (<0.2 g) were reduced to powder in liquid nitrogen and incubated for 3 0 
min in the extraction buffer ( 1 % TBS and 2% SDS). Insoluble proteins were eliminated by 
centrifugation for 5 min at 14000 g. Soluble proteins were precipitate by 10% TCA and 
washed in acetone before electrophoresis and blotting following standard conditions 
(Laemmli, 1972). Protoplasts were harvested and resuspended in the extraction buffer (1 % 
TBS). To extract total intracellular soluble proteins, cells were lysed by 3 consecutive 
cycles of freezing and thawing. 

Confocal microscopy 
Transgenic arabidopsis and tobacco plants were grown in sterile agar culture for variable 
periods of time and then mounted for microscopy in water under glass coverslips. The 
specimens were examined using a confocal laser-microscope Leica DMR using the Leica TCS 
4D operating system. GFP was detected with the filter set for FITC while chlorophyl l 
epifluorescence and antibody immunofluorescence were detected with the filter set for TRITC. 
The stored digital images were pseudocofored as red or green images, using Photoshop 4.1 
(Adobe, Mountain View, CA) corresponding to the real red or green emission. 
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Chapter 6 

Materials and Methods 

The material used in this thesis is described in all necessary detail to 
allow confirmation of our data or continue the research. Protocols, 
when they introduce original solutions or represent important key 
factor of the research work, are reported as a step by step procedure, 
followed by composition of solutions. 

NUCLEIC ACIDS MANIPULATIONS 

STANDARD TECHNIQUES 

Standard techniques for DNA manipulation were used, as described in 
Sambrook's laboratory manual (1989). DNA modifying enzymes were 
used according to the manufacturer's instructions. PCR was performed 
in 20 pi volumes in a DNA thermal cycler PTC-100 (MJ Research Inc.} 
using Taq polymerase {Life technologies AG, Basel, CH). 50-150 ng 
template DNA was used in reactions containing the standard buffer 
suggested by Life technologies with 2.5 mM MgCI2, 1 uM of each primer 
and 0,5 units of Taq polymerase. After a template melting step (5 min 
at 94°C), amplification was performed in 30 cycles as fol lows: 
denaturation for 1 min at 94°C, annealing for 1 min at the primer's 
specific annealing temperature and extension for 1 min at 72°C. The 
PCR products were separated on a 1% preparative Agarose Gel and the 
expected bands were directly isolated from the gel by pumping out the 
TBE buffer contained in the gel with a 20 ul pipette. PCR products were 
cloned in an EcoRV digested, T-tailed pBluescript without additional 
purification steps. DNA inserts cut out of pBluescript were then 
combined in different vectors using standard digestion and l igation 
techniques. 

GFP CONSTRUCTS 

The plasmids pBIN-mGFP4 and pBIN-mGFP5-ER encoding a cytosolic and 
an ER-targeted GFP respectively, and adapted for expression in plants, 
were kindly given by D. Haseloff {Cambridge, UK) (Haseloff er ai., 1997). 
For C-terminal fusions and transient expression in protoplasts, the 
coding sequences were cloned into the plasmid pGY! (Neuhaus et al., 
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1991) between 35S promoter and termination sequences. The coding 
sequence from pBIN-mGFP4 was isolated as a BamHI-SacI fragment, 
blunt ended with Klenow polymerase, cloned into the Smal site of pGY1, 
producing plasmid pGFP4, which encodes a cytosolic GFP (E. Freydl, 
Zürich). The 3' BamHI site was destroyed by partial BamHI digestion, 
filling up with Klenow polymerase and religation. A Nhel site was 
introduced 5' of the start codon by PCR using the primer 1 {tctgc tagcg 
caatg agtaa aggag aagaa c; restriction site in bold.) and the 3' reverse 
vector primer 2 (tgtag agaga gactg gtgat ttc). An Nhel site was 
introduced in the same reading frame into the coding sequence of 
tobacco chitinase A, at the end of the sequence encoding the signal 
sequence, using the 5' forward vector primer 3 (tgacg cacaa tccca ctatc 
cttcg ca) and primer 4 (gttct gcgct agcag aaagc agtag g). This allowed 
to construct plasmid pSGFP4, encoding a GFP fused to the signal 
sequence of chitinase A. Furthermore a BgIII site was introduced at the 
end of the coding sequence of the GFP, using the 5' forward vector 
primer 3 and primer 5 (gtcga çtcta gagat ctttg tatag ttcat c). This 
replaced the stop codon by G!u and Ser codons. The BgIII site was used 
to add the sequence encoding the vacuolar targeting peptide from 
tobacco chitinase A from plasmid pSCM34 encoding the KD-7 mutant 
(which contains a BgIII site in the same reading frame, Neuhaus et al., 
1994) resulting in plasmid pSGFP4T. In another construction, a C-
terminal STKDEL sequencecontain an ER-retention signal was introduced 
by PCR using the forward primer 1 and primer 6 (cctgc agtca gagct 
cgtcc t tggt cgact tgtat agttc ate). This also introduced Sail and "Sac! 
sites within the coding sequence and a Pstl site alter the stop codon in 
the resulting plasmid pSGFP4K. 

Because of the problems of thermostability of GFP4 in the secretory 
pathway of plants, a new variant (GFP5), was produced and kindly given 
to us by J. Haseloff. The BamHI-Pvutl fragments from pSGFP4, pSGFP4T 
and pSGFP4K were therefore replaced by the corresponding fragment 
from pBIN-mGFP5-ER containing the sequence encoding the signal 
peptide of Arabidopsis chitinase and most of the thermostable GFP5. 
This produced the plasmids pSGFP5, pSGFP5T and pSGFP5K which were 
mostly used in this work (Figure 1). 
pAGFP5 plasmid was obtained by the substitution of the signal sequence 
of pSGFP5 with the first 431 bases (143 aa) of barley aleurain cDNA as 
a fragment BamHI/Nhel. We introduced a Nhel site at the beginning of 
the coding sequence for GFP5 or GFP6 with the primer NheGFP (tctgc 
tage gcaat gagta aagga gaagaac) and at the 3' end of the sequence 
coding for the aleurain N-terminal fragment by directed mutagenesis 
with the primer NTPP2 (ggcta gcggc ggcgt cccgc). 
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Mutations F64L/S65T were introduced in all constructs by directed 
mutagenesis with the primer gfpS65T (ccatg gccaa cactt gtcac tactc 
tcact). 
Plasmids were isolated by alkaline lysis in presence of SDS (Sambrook 
etat., 1989) and purified on an ethidium bròmide-CsCI density gradient. 
For stable plant transformation, a binary vector (maintainable in E. coli 
under kanamycin selection) was derived from pBIN-m-gfp5-ER (Haseloff 
et ai, 1997). All GFPs were cloned into pBIN as BamHI-SacI fragments 
including the GFP encoding sequence and the terminator, in replacement 
of the fragment encoding GFP5-ER in pBIN-mGFP5-ER. 

RAT ß-GLUCURONIDASE CONSTRUCTS 

Plasmids pGY1 containing the rat ß-glucuronidase forms described in 
the annexe to chapter 2 (pRGUS; pRGUSD15; pRGUSD15+T), were 
produced by M. Pietrzak and J-M. Neuhaus in Basel. 
Binary vectors pBIN-RGUSD15 and pBIN-RGUSD15+T were obtained by 
the substitution of the BamHl/SacI cassette of pBIN--mGFP5-ER 
containing the GFP coding sequence, with the coding sequence of the 
different forms of rat ß-glucuronidase. 
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FIGURE 1: Schematic representation ol all constructs. 
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Figure 2: Comparison between GFP4 (first row) and GFP5 (second row) 
sequences. The third row indicate mutations introduced in GFP5 to obtain 
GFP6 and glycosylated GFPs GL80, GL133 and GL172. 

74] G(KXJTCCLCCKXH-TtX-XXiAAC^GATACCTGTTCCAT(KiCCAAAACTT(JTC696 
JiIH) aaiiiamgcaciaciggaaaaiMacclgtlccaiggccuucucilgic H49 OKI'S 

695 ACTQTTTCTCCTAaHJTC TTCAATf XTTTTC A AC ATAQ ^ C A ( I G T C A T T T 65I 
85(I actuel ItclcuaiggtgticaaigctiHcaagaiuuctugalcaial K99 OKI'S 

uuictuauiL enhancing mutations (GFP6) 

65IKiAACiCtW It iACGACTLLTTLAAt JA(JCt JCCATGCLTTA(KXlATACt JTTCA(Xl 61)6 
9(H) guaGcggcaCg;iciiCuoaagagCgi-ca1gc-cTga(ï|!gAiaCgiGi:agg 949 GKPS 

gaagaaccacaccil . . . . gtycosylation. site GL80 

61)5 A(IA(K IALrATLTTLTTQiA(XiALXiAQJC H JAALTALAA( JAMCLT TTtH-Tt JAA 55K 
950 aGagGaeCuiCliCttcaaGgaCgaVgggaaciacaagucacgtgctgaa 999 CJH1S 

557 CJTCAA(TTTTTt J(HKKJAt IACACCCCCCiTCAAAtXKJATC(IA(X-TTA(KJCXiAA 5(W 
IIHHI glcuugHUgaCiggAgaCatvclCglCauCugdalcgagClTaadggAa III4X (JH1S 

S17 TCC JATTTCAC K TTAC KJACC K JAAACATCCTCt K K-'CACA A(TTTt JC !AATACAAC 45« 
1(149 iCguiltCuuOgaGgaCggaaairaiCtlCggCcacaaGilggauiacaac 1(198 (JFI1S 

ggagaacggaagcaic. glycosylated site GL133 

457TACAACTCCCACAAC(TTATACATCACG(JCAC.ACAAACAAA(iAAT(l(JAAT4()9 
1(199 laL'aacicCuacaaCgiaiatiaicaiggcagacaaauaaaagaalggaal II4X CiH'5 

4(K CAAA(iCTAACTTCAAAATTA(iACACAACATTt JAACiAT(HJAAt JC(TTTCAAC .159 
1149 iauagltaacllcaaaullagacucaucallgaagalggaagcglluaat: II9X CJKI'5 

ucuicgcaaaHigacagL'g glycosylation site GL172 
E172A/D173N/G174D/G17SS 

358TA(JCA(iACCATTATCAACAAAATACTCCAATT(i(X;(lAT(K"K:cCT(TTCCTT3ii9 (IHM 
1199 lagtagackraUatL-uacaaaaiaUccaatiggirgaiggccagtcLii 124X(JKI1S 

S(l8TTACrACJACAACCATTACCTCÎTt:CACACAATCT(iCCCTTTC(iAAA(ÎATCC259 CiKIM 
1249 iiaccajiaraaccaUttCCIgitcucucuûlLïecccliloguuugalcc I29X (JKI1S 

25XCAACXiAAAASA(JA(IACCACATrKITCCTTCTT(IA(TTTT(JTAACA(ICT(ICT(I^W CiKIM 
1299 caacgaaaagagaga^aualgglccucllgaglllglaacagclgcig I ?4B CiKPS 

2(SCXiATrACACATGGCATCiGATGAALTATACAAATAACCKKXlATCCTCTARA 159 GKIM 
1349 ggaitacacaiggeaiggaigaamtacaaaiaaGggggaicueiaga 139K (JKPS 

ISRGTC(IACLTtICA(J(^ATGCCCCXTtJAAATCACCA(ITCTCTCTCTACAATCA 1()9 GKP4 
1399 gtcgacCTGCAGGCATCkCCtiCTCÌAAATCACCA(lTCTCTLTLTACAA... 1443 (JKPS 
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Figure 3: Sequences of GFP fusion proteins from EcoRI to Hindlll in pGYI. 
Usefull restriction site are indicated by underlined DNA sequences; VSDs 
are indicated as underlined aminoacidic sequences. 

PSGFP5 
LcoRI Xhol 
GAAIKCCATGCaniAÛGCATGGAGTCAAAGATrCAAATAGAGCACCTAAC'AGAACTCG 

I 1 1 1 ( 4 h 60 
CCGTAAAGACTGGCGAACAGTTCATACAGAGTCTCTTACGACTCAATGACAAGAAGAAAA 

61 1 1 -t 1 1 1-120 
TCTTCGTCAACATGGTGGAGCACGACACGCTTGTCTACTCCAAAAATATCAAAGATACAG 

121 ( 1 •. ( 1 + 180 
TCTCAGAAGACCAAAGGGCAATTGAGACTTTTCAACAAAGGGTAATATCCGGAAACCTCC 

|g| , , 4 , , +240 
TCGGATTCCArrcCCCAGCTATCTGTCACnTATTGTGAAGATAGTCGAAAAGGAAGGTG 

241 H . -. i -t 1-300 
GCTCCTACAAATGCCATCATTGCGATAAAGGAAAGGCCATCGTTGAAGATGCCTCTGCCG 

101 1 1 1 1 1 K .160 
ACAGTGGTCCC A A AG ATGG ACCCCCACCCACG AGG AGC ATCGTGG A A A A ACA AGACGTTC 

701 1 1 1 1 i +420 

EcoRV 
CAACCACGTCTTCAAAGCAAGTGGATTGATGTÜAIAICTCCACTGACG'I AAGGGAlGACG 

421 i 1 H 1 •( +480 
CACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGrrCATTTCATTTGG 

4SI \ 1 ^ 1 H H 540 
Kpnl/Smal/BamHI 

AGAGGACAGGGTACCCGGGGATCCAAGGAGATATAACAATGAAGACTAATCnriTCTCT 

c M K T N L F L F -
EcoRl 

TTCTCATCTTTTCACTTCTCCTATCATTATCCTCGGCCGjiAIECagiaaaggagaagaac 
601 H ^ H 1 H 1-660 

c L I F S L L L S L S S A E F S K C E E L -

micaciggagiigtcecaauciigngaaitagatggigaigtiaatgggcacaaal 
661 -I 1 H 1 ^ +720 

c F T G V V P I L V E L D G D V N G H K F -

tttctgtcagtggagagggtgaagglgaigcaacaiacggaaaaatacccitaaattta 
72) 1 1 1 1 4 + 780 

c S V S G E G E G D A T Y G K L T L K F I -
Ncol 

iiigcactaciggaaaaciaccigliccaiatccaacacngTcaciacitiactiaig 
781 H H H 1 H t840 

c C T T G K L P V P W P T L V T T F S Y C -
Ndcl 

gigitcaatgcmtcaagalacccagatcaiaiiiaaGcggcaCgacuCtlcaagagCg 
841 -i 1 1 1 1 +900 

c V Q C F S R Y P D H M K R H D F F K S A -

ccaigccTgaGggAlaCgiGcaggaGagGacCaiGlCitcaaGgaCgacgggaactaca 
901 —1—-i 1 -i H •( +960 

c M P E G Y V Q E R T 1 F F K D D G N Y K -

agacacgigctgaagicaaguigaGggAgaCaccciCgtCaaCagGaicgagOTaaGg 
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961 , , 1 i 1 + 1020 
c T R A E V K F E G D T L V N R I E L K G -

CIaI 
g AaiCgatttCaaG ga GgaCgg aaacàtCctCgg CcacaaG tlggaatacaactaCaacl 

1021 1 H i 1 1 —+ 1080 
c I D F K E D G N I L G H K L E Y N Y N S -

AccI 
cCcacaaCgtatacaicaig gcCgacaaGcaaaagaaCggCatcaaagCCaacttcaaGA 

tOSl 1 1 1 + 1 1-1140 
c H N V Y I M A D K Q K N C I K A N F K T . 

Bell 
CCCgCc aca acatCgaa gaCggCG gcglGcaac ICg cTeaTcattatciacaaaatactc 

1141 H 1 1 ( H t- 1200 

c R H N I E D G G V Q L A D H Y Q Q N T P -
caattggcgaiggccctgiccmiaccagacaaccatiaccigiccacacaaicigccc 

1201 i 1 i 1 -» + 1260 
c I G D G P V L L P D N H Y L S T Q S A L -

Pvull 
iiicpaaagatcccaacpanaagagapaccacaiepicciictlgagtllpiaacaEctE 

1261 1 i 1 1 1 + 1320 
C S K D P N E K R D H M V L L E F V T A A -

Xbal Sali 
cigggattacacaiggcatggatgaactatacaaiaaGgggGATCgaicclctagagtcg 

1321 H -i 1 1 1 + 1380 
c G I T H G M D E L Y K * 

TTCATGATCTGTTTTGTTGTATTCCCTTGCAATGCAGGGCCTAGGGCTATGAAT AAAGTT 
1.181 H H i 1 H H 1440 

A ATGTGTG A ATGTG A ATCTGTGATTGTG ACCTG A AGGG ATCACG ACTATA ATCGTTT AT A 
1441 ^ -i 1 •* H -t 1500 

Pstl SphI 
ATAAACAAAOACTTTGTCCCAAAAACCCŒCCCCCCCTGCAGGCATnCCCGCTGAAATCA 

1501 -t 1 1 1 1 H 1560 
C C A n T Ç T C r r r r T A C A A A T C r A T C T C T C T C T A T A A T A A T G T G T G A G T A G T T C C C A G A T A A 

1561 -i 1 1 1 * -t 1620 
GC^AATTAC^GTrc rTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTA 

1621 -i 1 1 1 i H 1680 
TGTATTTGTATTTGTAAAATACrTCTATCA ATA A A ATTTCTA ATTCCTA AA ACCA A A ATC 

1681 H 1 1 4 •( H 1740 
Kpnl Sac! EcoRI HindIII 

C A G T G G i l L A i C G A G C T C Û A A I I C A A G C T T 
1741 H ( H 1768 
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PSGFP5T 
BgIlI 

ct|ggaiiacac3tggcaigga[gaactaiacaaAQAICXnTAGTCGAT ACTATGT AAT 
1321 -. 1 i ( ) ». 1380 

c G I T H G M D E L Y K D L L V D T M • 

TTCATGATCTGTTTTGTTGTATTCCCTTGCAATGCAGGGCCTAGGGCTATGAATAAAGTT 
1381 -t > 1 t -t 1 1440 

AATGTGTGAATGTGAATGTGTGATTGTGACCTGAAGGGATCACGACTATAATCGTTTATA 
1441 -t 1 1 1 H 1 1500 

Psil SpM 
ATAAACAAAGACTTTGTCCCAAAAACCCCCCCCCCCCTGCAGGCATGCCCGCTGAAATCA 

1501 + 1 1 ~-t- (J 1 1560 
CCAGTCTCTCTCTACAAATCTATCTCrCTCrATAATAATr r rGTnAnTAnTTCCCAnATAA 

[561 H i 1 + -t 1 1620 
GGGAATTAGGGTTCTTATAGGGTTTCGCTCATGTGTTGAGCATATAAGAAACCCTTAGTA 

1621 +- • ( 1 1 h - 1680 
TGTATTTGTATTTGTA A A ATACTTCT ATCAAT A A A ATTTCTA ATTCCTA A AACCA AAATC 

1681 •* 1 -i H H 1 1740 
Kpnl Sad EcoRl Hindl l l 

CAGTCCQIà£CGACCTCfiMn£AAGCrr 
1741 4 , ^ 1768 

PSGFP5K 
Sail Sacl Pstl 

c^pFaiiacnraigpcaigpnigaaciaiacaaGTCGACCAAGGACGAGCTCTGACTGC 
1321 H 1 1 1 1 1-1380 

c G 1 T H G M D E L Y K S T K D F l . * 
S phi 

AGGCATGCCCGCTGAAATCACCAGTCTCTTn-CTACAAATCTATCTCTCTCTATAATAATn 
1381 A 1 1 .+-_ 1 y I440 

TGTG ACTAGTTCCCAG ATA AGGGA ATTA GGGTTCTT AT AGGGTTTCGCTCATGTGTTG AG 
1441 1 1 1 1 1 h 1500 

CATATAAGAAACCCTTAGTATGTATTTGTATTTGTAAAATACTTCTATCAATAAAATTTC 
ISOI 1 1 - H 1 1 y 1560 

Kpnl Sacl EcoRI Hindl l l 
T A ATTCCTA A A ACCA A A ATCCAGTGGGT ACCG AGCTCG A ATTC A AGCTT 

1561 H 1 H * 1609 
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AGFP6 
Kpnl/Sall/BamHI 

AGAGGACAGGGTACCCGGGGATCCggcgaaacgaaarggoccacgcccgcgtcaccicc 
541 1 i 1 i 1 1-600 

c S i A H A R V L L L -

tggcgacgccgicaggaracggccgccgtcgccgKgcacctcctcctccttcgccg 
6Oi ,. . . . ., t +• - + — + 6 6 0 

c A L A V L A T A A V A V A ÇSSSFA D-
Xhol 

actccaacccgatccggcccgicaccgacc gcgccgcctcg acgctcgagiccgccgtcc 
661 ( H 1 +. H • 720 

•cggcgcgcicggccgcacccgceacgccctccgcttcgcgcgcucgccgicàggtacg 
721 i -« 1 1 1 (- 780 

C G A L G R T R H A L R F A R F A V R Y G -

gcaagagctacgagagcgcggcggaggtgcggaggcggttccggatcnctccgagagcc 
781 ( 1 1 ^ 1 1-840 

c K S Y E S A A E V R R R F R I F S E S L -

Xhol 
tcgaggaggtgcgcKxaccaaccggaagggccicccctaccgccicggcaicaaccgct 

841 , ^ , , 1 y 900 

c E E V R S T N R K G L P Y R L G I N R F -

tctcggacaigagctgggaggagttccaggcgacccgtctcggcgcggcgcagacctgct 
901 1 •( H i 1 K 960 

c S D M S W E E F O A T R I. G A A O T C S -
Nhel 

cggcgacgacgccggcnaccnecccaigcgggacgccgccgcT AGCGC Aatgagtaaag 
961 1 1 H 1 1 + 1020 

C A T L A G N H L M R D A A A S A M S K G -

gogaogao cHucaciggagttg tc ccaattctigttganttngatgg tgatgtiaatg 

c E E L F T G V V P I L V E L D G D V N G -
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DNA EXTRACTION 

Genomic DNA is isolated from tobacco and Arabidopsis by CTAB 
extraction modified after Murray and Thompson (Murray and Thompson, 
1980). 

STEP1: Take approximately 0.15 g of young tobacco or Arabidopsis 
leaves, shock-freeze samples in liquid nitrogen and homogenise in 
mortar; 

STEP2: add 2 ml Extraction buffer (Tris (HCl) 5OmM pH 8; NaCI 0.7M; 
EDTA 1OmM; CTAB (Cetyltriethylammoniumbromide) 1% (w/v)); 

STEP3: incubate at 600C for 20 min and let cool down to R.T.; 
STEP4: add 2 ml chloroform and mix well; 
STEP5: centrifuge 5 min 2000g at R.T.; 
STEP6: transfer aqueous phase (upper) to fresh tube, be careful not to 

disturb the interphase; 
STEP7: add 0,1 vol. CTAB stock (CTAB 10% (w/v); 0.7M NaCI), 

mix gently; 
STEP8: add 1 vol. chloroform and mix well; 
STEP9: centrifuge 5 min 2000g at R.T.; 
STEP10: transfer aqueous phase (upper) to fresh tube; 
STEP11: add 2 vol. 100% ethanol and incubate 1 h at -200C; 
STEP12: centrifuge 30 min 2000g at R.T.; 
STEP13: dissolve the pellet in 1 ml water or TE; 
STEP14: add 2ul RNAse (1mg/ml) and incubate 30 min at 37°C; 
STEP15: add 1 ml LiCI 5M and incubate 10 min at R.T.; 
STEP16: centrifuge 15 min 2000g at R.T.; 
STEP17: transfer liquid phase in a fresh tube and add 2 vol. 100% 

ethanol, incubate 1 h at -200C; 
STEP18: centrifuge 30 min 2000g at R.T.; 
STEP19: resuspend pellet in TE 

SOUTHERN BLOTTING 

Genomic DNA samples are digested O.N. by restriction enzymes and 
fragments are separated by electrophoresis on a 1% agarose gel w i th 
0.5X TBE as buffer. 
DNA samples are then transferred from the gel to a cel lulose-nitrate 
membrane (BA85; 0,45um; Schleicher&Schuell) by capi l lar i ty, 
essentially as described in Sambrook's manual (1989). 
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DNA samples are hybridised with a probe labelled by the DIG-Chem-Link 
(Boehringer); labelling of the probe is described in the fol lowing 
paragraphs. 

RNA EXTRACTION 

Total RNA is isolated in accordance to instructions trom LIFE -
TECHNOLOGIES(GIBCOBRL) for TRIzol Reagent with few modifications 
that increase the purified material. 

STEP1: Take approximately 0.15 g of young tobacco or Arabidopsis 
leaves, shock-freeze samples in liquid nitrogen and homogenise in 
mortar; 

STEP2: transfer to a 15ml tube and add 2 ml 2x CTAB (2% CTAB; 0.7M 
NaCI); 

STEP3: incubate tubes at 600C for 25 min (mix every 5 min); 
STEP4: cool down to RT. and recover the condensation water by a 
short centrifugation; 

STEP5: add 2ml CHCI3, mix; 
STEP6: centrifuge 10', at 200Og; 
STEP7: save upper phase in a new tube and add 2 volumes 100% EtOH; 
STEP8: centrifuge 10', at 200Og; 
STEP9: dry the pellet; resuspend in 20OpI H2O; 
STEP10: add 1.5 ml TRIZOL (GIBCO BRL); 
STEP11: incubate 5 min at R.T.; 
STEP12: add 30OuI CHCI3; vortex; 

STEP13: centrifuge for 15 min at 1200Og, at a temperature of 40C; 
STEP14: save upper phase in a new tube and add 1/2 vol. isopropanol; 

precipitate minimum 10 min at R.T.; 
STEP15: centrifuge 10 min at 1200Og (4°C); 
STEP16: wash the pellet in EtOH 75%; 
STEP17: resuspend in treated H2O RNAse free. 

NORTHERN BLOTTING 

RNA samples are mixed with two volumes of RNA sample buffer {10ml 
Formamide; 3.5ml Formaldehyde 37%, 2ml 5X MOPS) and incubated 5min 
at 65°C. 
5X MOPS stock solution can be stored many months at R.T.; 1 litre is 
prepared dissolving 3.28 g anhydrous sodium acetate and 20.6 g MOPS in 
water; the pH is adjusted to 7 with NaOH and EDTA is added to a f ina l 
concentration of 5mM. 
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RNA samples are separated by electrophoresis on a 1% agarose gel w i t h 
1X MOPS as buffer. 
RNA samples are then transferred from the gel to a positively charged 
nylon membrane (Boehringer), by capillarity, essentially as described in 
Sambrook's manual (1989). 

Total RNA is hybridised either with a radioactive probe or with a probe 
labelled by the DIG-Chem-Unk (Boehringer). 

HYBRIDIZATION WITH A RADIOACTIVE PROBE 

Wet membrane in 2X SSC 
Place the membrane in the tube with 10ml PREHYBRIDATION MIX: 

2OX SSC 
5OX Denhardt's 
10% SDS 
formamide 
Na2HPO4 pH6.5 
Na2HPO4 pH6.5 

Final 
5X 
8X 
0.1% 
50% 
5OmM 
5'mM 

for 20ml 
5 ml 
3.2 ml 
0.4ml 
20 ml 
1 ml 
1 ml 

Incubate 1 hour 42°C 

Denature the PROBE DNA FRAGMENT {100 ng in 12 pi) 5min at 95°C 
Add 4 pi 5X OLB primers mix (Boehringer) 

2 pi 1OX dNTPs mix 
1 pi 32P-dATP (400Ci/mmoles) 
1 pi Klenow (2LVpI) 

Incubate 1h 370C 
Add 80 pt STOP SOLUTION (Boehringer) 
Prepare a minicolumn with Bio-Gel P4 
Spin (Eppendorf pos.2) 1 min and eliminate liquid 
Wash with TE; Spin 
Charge with the probe and spin 1 min. 
Add filtered probe to PREHYBRIDIZATION MIX 
Incubate ON 420C 
Recover the probe and stock at -200C 
Wash filter twice with 50 ml 2x SSC; 0.1% SDS 20 min 42°C 
Wash in 0.2XSSC; 0.1%SDS 30' 42°C 
More washing can follow to reduce background. 
Expose radiography films to the filter in a sealed transparent bags. 
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HYBRIDIZATION WITH A Dig-Chem-Link PROBE 

Probe labelling by PCR (DIG Probe Synthesis KIT -BOEHRINGER M.}: 
In a mini-eppendorf on ice, prepare the following PCR mix: 

PCR 10X buffer 
PCR DIG-Mix 
Primer GFPY66H 
Primer GFPend 
Enzyme mix 
DNA psGFP6T 
H2O 

5 U 
5 u 
5 U 
5 u 
0.75 u 
0.5 |J 
28.75^ 

Program: 10(48°C)+30(54°C) 

Hybridisation (DIG Easy Hyb -Boehringer): 

STEP1: Put the filter on agitation (rotation) with "DIG E H" at 500C for 
pre-hybridisation (20ml). 

STEP2: Prewarm at 500C 10ml "DIG E H" (for each 100 cm2 of filter) 
STEP3: Denature PCR product (PCRp.) 10 min. 100°C 
STEP4: Put on ice 
STEP5: Add 2 pi PCRp. per ml to the prewarmed DIG E H solution 

STEP 6: Replace the pre-hyb. solution {on the filters) by the DIG E 
H + PCRp. 

STEP7: Incubate at 500C on agitation for 16h 
STEPS: Wash 5min in 2X SSC; 0,1% SDS at rt. 
STEP9: Repeat wash 
STEP10: Wash 15 min in 0.1X ; 0,1% SDS 
STEP11: Repeat wash 
STEP12: wash in Maleic buffer (0.1M Maleic acid, 0.15M NaCI) 
STEP13: Prepare 100 ml Blocking Solution (5%milk in Maleic buffer) 

wash the filters 30 min with 80 ml . 
STEP14: Dilute the remaining 20 ml with 80 ml Maleic Buffer {f inal 

1%milk) and add 2pl anti-digoxigenin-AP, incubate 30 min. 
STEP15: Wash rapidly in Maleic Buffer 
STEP16: wash twice in Maleic Buffer + 0.3% Tween20 
STEP17: Wash in Maleic Buffer 5 min. 
STEP18: Incubate 10 min in AP buffer (0.1M Tris-HCI pH9.5; 0.1M NaCI) 
STEP19: Put filters on a glass plate, add immune-star mix (2ml 

immune-star substrate +100 ul immune-star. 
STEP20: Drain the liquid and expose in sealed bags. 
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PLANT MATERIAL 

Leaf mesophyll protoplasts of Nicotiana tabacum cv. SRI are obtained 
from plants grown under sterile conditions to the age of about S-7 
weeks on MS (Duchefa medium including micro, macro elements and 
vitamins) agar medium (8% agar) supplemented with 15% saccharose, at 
23°C with 16 hours of daily light. The shoot cultures are transferred to 
fresh medium every 4-8 weeks. Transgenic Nicotiana tabacum plants 
are grown in a greenhouse at 22°C, 16 hours of daily light and 70% 
humidity. 

ISOLATION OF N. TABACUM PROTOPLASTS 

After their isolation, the protoplasts (pps) are healthy and useful for 
transformation, even after 18 hours at A0C. 

STEP1: Cut the fully expanded leaves of a shoot culture under ster i le 
conditions and transfer them to a 9 cm Petri dish. Two leaves per 
dish, 5 dishes. 

STEP2: Wet the leaves thoroughly with Enzyme Solution and remove the 
mid-ribs. 

STEP3: Cut leaves in 2 pieces and wound the upper epidermis. 
STEP4: Add enzyme solution to 10ml. 
STEP5: Seal with parafilm and incubate over night (14-1Sh) at 26°C in 

the dark without shaking. 
STEP6: Gently agitate the dishes for 30 min. 
STEP7: Take the pps suspension with a sterile pipette with cut-off t ip 

and pour through a 100pm stainless steel mesh sieve. "" 
STEP8: Divide into 6ml aliquots. Use K3 to adjust volume. 
STEP9: Carefully overlay the suspension with 1ml of W5 solution. Don't 

mix. 
STEP10: Spin for 10 min. at 8Og (570rpm). Good pps will float at the 

interphase. 
STEP11: Collect the pps with a sterile pipette with cut-off tip taking 

as little as possible of the lower phase. 
STEP12: Pool the pps in 4ml aliquots. 
STEP13: Gradually add 10ml W5, mix gently. 
STEP14: Pellet pps (80g 5min) 
STEP15: repeat STEP 13 & 14 
STEP16: Resuspend pps in a total volume of 11ml W5 and store at 40C in 

the dark for 2h. 
STEP17: Dilute 1ml in 9ml W5; count the pps in a 0.2ul 

hematocylometer. Obs. pps*500000= tot. pps 
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STEP18: Pellet pps as in STEPU 
STEP19: Resuspend pps in MMM at a concentration ot 2.5*106 pps/ml. 

PROTOPLAST TRANSFORMATION FOR TRANSIENT EXPRESSION 

STEP1: Prepare new tubes with 5 pi plasmid DNA (10mg) 
STEP2: Distribute 300ml of the pps suspension into the tubes. Use a 

clipped blue tip. Mix. 
STEP3: Add 300ml PEG solution (40% PEG4000; Mannitol 0.4M; Ca(N03}2 

0.1M pH 8); pipette slowly because of high viscosity. Shake 
gently. Incubate 5 min. 

NB: PEG is a tensioactive that helps the DNA to adhere to the plasma 
membrane. This adhesion and the permeabiltzation of the plasma 
membrane, with a contribution of Mg2+ions, makes the uptake of 
DNA by the cells easier. 

STEP4: Add 2 ml K3 + dichlorobenzonitrile 2 ug/ml (DCB is a cellulose 
synthesis inhibitor; the stock of 4mg/ml DMSO is stored at 4°C), 
incubate 2h at 26°C in the dark for the pps to recover. 

STEP5: Add 5 ml of W5 solution to wash away PEG. Pellet pps (7Og, 
5min). 

STEP6: Resuspend pps in 2ml K3 supplemented with DCB to inhibit the 
synthesis of a new cell wall. 

STEP7: Incubate over-night at 26°C in the dark. 
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SOLUTIONS FOR PROTOPLASTS PREPARATION AND TRANSFORMATION: 
Enzyme Solution 
In 100ml K3 solution dissolve: 
1.2 g Cellulase Onozuka R10 
0.4 g Macerozyme R1C 
0.3 g Sucrose 
Filter sterilisation. 

K3 Macro 1 I 
KNO3 

NH4NO3 

NaH2PO4-H2O 
CaCI2'2H20 
MgS04*7H20 . 
(NH4)2S04 

I 

25.3 g 
2.5 g 
1.5 g 
9 g 
2.5 g 
1.34 g 

PEG solution 
40% PEG4000 
0.4M Mannitol 
0.1MCa(NO3)2 

pH8 
autoclave. 

B5 Micro 100ml 
H3B03 
Kl 
MnSO4-H2O 
ZnSO4VH2O 
CuS04'5H2O 
Na2Mo04'2H20 
CoCI2-SH2O 

0.3 g 
0.075g 

19 
0.2g 
2.5mg 
25 mg 
2.5mg 

K3 100X-vit. 100Ml 
Inositol 1g 
Pyridoxine HCl 10mg 
Thiamine HCl 100mg 
Nicotinic acid 10mg 

Na2EDTA(200X): 4OmM 
14.92 g/l 

FeCI3'6H2O(200X): 2OmM 
5.4 g/l 

2,4-D: 20mg in 1ml EtOH abs. Complete to 100ml with H2O 
NAA: 20mg in 1ml EtOH abs. Complete to 100ml with H2O 
BAP: 20mg in 1ml KOH 1M. Complete to 100ml with H2O 
Filter Sterilisation 

K3 (0.3M Sucrose) 1 I 
K3-macro 100ml 

(200X)Na2EDTA 
(200X)FeCI3-6H2O 
B5>micro 
K3-vit. 
Sucrose 
Xylose 
pH 5.8 (KOH) 
— Autoclave 20'-

5 ml 
5 ml 
1ml 
10 ml 
102.7 g 
0.25 g 

120°C — 
2,4-D 0.5 ml 
NAA 5 
BAP 1 

ml 
ml 

W5 osmoticum 
NaCI 154 mM 
CaCI2125mM 
KCl 5 mM 
Glucose 5 mM 

MMM 100ml 

i 1 I 
9 g 
18.3g 
0.37 g 

19 ' 

Mannitol 0.5 mM 9.11g 
MgCI2 15 mM 
MES 0.1% 

o.3g 
0.1g 
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VACUOLEISOLATION . 

STEP1: Add 3m! W5 solution to the pps, mix gently and pellet the pps as 
in step 14 of pps preparation. 

STEP2: Resuspend the pellet in 2ml Lysis buffer (Mannitol 0.2M; Ficoll 
400 10%; EDTA 2OmM; DTT 2mM; HEPES 5mM pH8; BSA 150mg/ml) 
prewarmed at 42°C. Wait 2 min at 42°C. 

STEP3: The lysate is overlaid by 1ml of 5% Ficoll 400 (1 vol. lysis 
buffer + 1 vol. vacuole buffer) and then on top 0.5ml of Vacuole 
buffer (Mannitol 0.6M; HEPES 1OmM pH7.5; BSA 150mg/ml ) is 
added. 

STEP4: Centrifuge at 80g (570rpm) 10 min. The density gradient makes 
the vacuoles float at the upper interphase, between the vacuole 
buffer and 5% Ficoll. 

STEP5: Collect the vacuoles taking as little as possible of the lower 
phase. 

PROTOPLAST EVACUOLATION 

W. tabacum protoplasts are evacuolated 2 hours after transformation 
(STEP5 for pps transformation); after evacuolation they are named 
miniprotoplasts (MIPS). 

STEP1: Protoplasts are pelleted in the osmoticum (W5) and resuspended 
in 2 ml of E.SoM. 

STEP2: Overlay pps on 8 ml E.Sol.2 in a 10 ml ultracentrifuge tube; mix 
partially the two phases to create a gradient. 

STEPS: Centrifuge at 90'000 g at room temperature for 45 min. 
STEP4: Collect all green phases (Ultracentrifugation evacuolates the 

PPS but the gradient does not permit to separate them from, non-
evacuolated PPS and vacuoplasts). 

STEP5: Dilute the E.Sol.2 containing the MIPS, with 9 volumes E.Sol.1. 
STEP6: Sediment MIPS and PPS 5 min at 120 g. 
STEP7: Eliminate supernatant except the last 2 ml and resuspend the 

MIPS and PPS. 
STEP8: In a 12 ml Falcon tube prepare a Percoli gradient as follow: on 

top of 1,5 ml 60% Percoli solution lay on 5 ml 40% solution, then 
1,5 ml 20% solution, finally the 2ml of E.Sol.1 containing the 
MIPS and PPS mixture. 

STEP9: Centrifuge 10 min at 1000 g and at RT. 
STEP10: Collect MIPS contained in the green band between 60 and 40% 

Percoli solution and discard normal PPS in the upper band. 
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STEP11: Wash MIPS with 2 volumes of W5 osmoticum. 
STEP12: Resuspend MIPS in 2 ml K3 culture medium. 

SOLUTIONS FOR PROTOPLAST EVACUOLATION: 

Evacuotation Sol. 1 (E.SoM) Evacuolation Sol. 2 (E.Sol.2) 
Mannitol 0.5 M Mannitol 0.5 M 
CaCI2 1 mM CaCI2 50 mM 
MES 10 mM HEPES 20 mM 
in water (pH-7) in Percoli (pH~7) 

100% Percoli solution for 100 ml 
Mannitol 0,5 M 9,1 g 
MES 20 mM 0,1 g 
in Percoli (pH~6) 

Dilute with E.Sol.1 to obtain 60-20% Percoli solutions. 

TOBACCO TRANSFORMATION BY AGROINFECTION. 

To transform Nicotiana tabacum, sterile shoots are used. Agrobacterium 
tumefaciens strain GV3101 , transformed with our pBIN constructs 
(see later), is grown in liquid LB + 25 mg/l Gentamycin + 50 mg/l 
Kanamycin. The Agrobacterium culture is pelleted by centrifugation (10 
min at 1500 g) and the bacteria are resuspended in MS (Duchefa) 
containing 15% w/v sucrose. Leaves from different plants are cut and 
submerged into the Agrobacterium suspension. Plant pieces are left 1 5 
min in the bacterial suspension, then the excess of liquid is eliminated 
by blotting on sterile paper filters. Leaf pieces are plated on solid MSS 
(MS, 3% sucrose, 1mg/l 6-BAP, pH 5.8) and incubated 24h at 25°C in the 
dark for cocultivation. 
The plates then are moved to the light (25°C) and incubated 4 days. In 
case of bacterial overgrowth, leaf pieces have to be moved to fresh 
medium. 
Wash the leaves fragments in a solution of MS + 500mg Cefotaxime. 
Move the leaf pieces to MSSCK plates (MSS + 400mg Cefotaxime; 100 mg 
Kanamycin/litre). 
The fragments have to be transferred weekly on new MSSCK plates. 
After 5 weeks régénérants normally appear. 
Regenerating shoots are moved to MS + 50mg/l Kanamycin but without 
hormones for root formation. 
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Once plants have a strong root apparatus, they can be transferred to soi l 
for complete maturation. 

ARABIDOPSIS IN PLANTA INFILTRATION. 

The protocol for obtaining transgenic Arabidopsis thaliana plants by a 
so-called in planta transformation method, is essentially the same 
described by Bechtold and Bouchez (1993). 

PLANT MATERIAL 

Arabidopsis thaliana plants, cv. Wassilevskaja, are germinated after 2 
days vernalization, in small (3/5 cm x 3/5 cm) pots with sixteen-hour 
day photoperiod (artificial light ideally at l05pE/m2/s), 22°C 
temperature, 70% humidity and always wet sowing compost. Plants are 
watered by sub-irrigation with tap water. When the plant inflorescence 
is about 5 cm high, it is cut at the base. Within 3 weeks new 
inflorescences grow and plants are ready for infiltration. Flowers 
should not yet be at maturity. 

ÂGROBACTERIUM TUMEFACiENS 

We use the Agrobacterium tumefaciens strain GV3101, described to be 
the most efficient to infect A. thaliana cv. Wassilewskaja. This strain 
contains the binary vector pBIN described above (pBIN-SGFP5 /SGFP5K 
/AGFP6 /SGFP5T). The bacterium is transformed by triparental mating 
as described by Ditta er al. (1980) using E coli HB101 pRK2013 helper 
strain {Ditta era/., 1980; Spielman and Simpson, 1986). 
One litre LB containing appropriate antibiotics (50 mg/l Kanamycin; 25 
mg/l Gentamycin) is inoculated with 5 ml of an over-night culture of 
Agrobacterium {50 mg/l Rifampicin; 50mg/l Kanamycin; 25 mg/ l 
Gentamycin). Grown at 280C with a good aeration (rotary shaker, 200 
rpm) to an OD (600nm)=0.8 (24hs), the Agrobacterium culture is 
centrifuged 15 min. at 2500g and then gently resuspended in 300-400 
ml of infiltration medium (1/2MS + 0.15% TWEEN 80). 

INFILTRATION. 

Plants are left in the soil pots, only the aerial part is immersed in the 
infiltration solution. All material must be contained in a vacuum 
chamber. Vacuum is applied 10 minutes but it can take from 5 to 1 0 
minutes to be complete. It is applied 3 consecutive times. Excess l iquid 
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•s removed from the plants which are then incubated in conditions of 
high humidity, in order to allow the plants to recover. When all pre­
existing inflorescences arrive to maturity, the plants are left to dry 
progressively. Seeds are harvested in bulk from all infiltrated plants. 
Seeds are sterilised for 5 minutes in 1% sodium hypochlorite and 
washed in abundant sterile water. Dried or wet seeds can be plated for 
germination on solid selective medium (1/2MS + 50 mg/l Kanamycin + 
0.8% Agar). 
All observations and experiment are done on T1 (progeny of the primary 
transformant) or on T2 plants (progeny of T1). 

PROTEINS ACCUMULATION AND EXTRACTION. 

DRUGS SUBMINISTRATION TO PPS 

The following inhibitors are added to the culture medium used to 
resuspend the protoplasts after rinsing the PEG and are present for the 
entire incubation time. 
NH4CI {Merck, Darmstadt, Germany) is filter sterilised as a 1 M stock 
solution and added to the protoplast suspensions at concentrations of 5, 
10, 20 and 50 mM (Ehara et al., 1996). Monensin (Sigma, Buchs, 
Switzerland) is dissolved in ethanol and used at the f inal 
concentrations of 5 and 10 uM (Ehara er al., 1996). Bafilomycin A1 
(Calbiochem, Lucerne, Switzerland) is dissolved in DMSO and used at 
concentrations of 2.5, 5 and 10 uM (Matsuoka et al., 1997). Wortmannin 
(Sigma, Buchs, Switzerland) is dissolved in DMSO in a 1OmM stock 
solution. Final concentrations of 15, 25, 35 and 45 uM are used 
{Nakamura et al., 1993). 

PROTEIN EXTRACTION 

Plant tissue samples (<0.2 g} are reduced to powder in liquid nitrogen 
and incubated for 30 min in the extraction buffer (TBS 1% and SDS 2%). 
Insoluble proteins are eliminated by centrifugation 5 min at 14000 g. 
Soluble proteins precipitate in TCA 10% and are washed in acetone. 
Protoplasts are harvested and resuspended in the extraction buffer (TBS 
1%). Cells are lysed by 3 consecutive freezing-thawing cycles. To 
separate vacuolar content from most of microsome fraction, cells 
residues are separated from soluble fraction after a single cycle. 
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ENZYMATIC ACTIVITY OF RAT ß-GLUCURONIDASE AND MANNOSIDASE 

Protoplasts are harvested, resuspended in 0.1 M Na-acetate pH 5 and 
lysed by 3 cycles of freezing (in liquid nitrogen) and thawing. 
The soluble proteins are separated from insoluble residues by 
centrifugation. The same extraction buffer (0.1 M Na-acetate pH 5) is 
directly used to measure enzymatic activities of RGUS and 
a-mannosidase (the constitutive enzyme used as internal control). 
Measurements are done in a FL500 microplate fluorescence reader (Bio-
Tek Instruments). 
The reaction substrate is 4-Methyl-Umbelliferyl-ß-D-Glucuronide 
(BIOSYNTH, Staad, Switzerland) to test RGUS activity and 4-Methyl-
Umbelliferyl-a-D-Mannoside (SIGMA, Steinheim, Germany) to test 
mannosidase activity. Tests in normal condition were normalised by 
comparing RGUS activity to the internal control (a-mannosidase). 

WESTERN BLOT 
The proteins are separated in Polyacrylamide gels with SDS (15% 
separation gel; 4% stacking gel) using the protocol described by 
Laemmli et al. (1972). We use the minigel system "Mini-Protean Il Dual 
Slab Gel System" from Biorad. and we use an electrophoresis buffer 

• (25mM Tris; 192 mM Glycine; 0.1% SDS) at pH 8.3, 200 V are applied . 
The samples separated on SDS-gel are directly transferred on a n i t ro ­
cellulose membrane (BA83; 0.2Mm; Schleicher and Schuell), with a 
"semi-dry" Sartorius apparatus (Sartoblot II) 
Procedure: 
0 Put 3 "3M " paper pieces (of gel size), wet with TRANSFER-BUFF 
(48mM Tris; 25mM glycine; 1.3mM SDS; 20% MeOH= 2.9g Tris, 1.46 g 
Glycine, 0.187 g SDS 100ml MeOH in 0.5 I) on the cathode. 
° Put the gel on the paper (no bubbles!) 
° Wet nitro-cellulo$e in water and cover the filter (sign the upper-right 
corner). 
° Put 3 more layers of paper wetted in transfer buffer. 
° Apply 2mA/cm2 30 min. 

IMMUNOLABELING 

STEP1: The western blot is incubated in 100 ml milk-TBS 5% ( 20 mM 
Tris-CI pH7.5; 500 mM NaCI; 5% w/v milk powder ) to saturate 
the nitro-cellulose membrane with proteins for 45 min. 

STEP2: A membrane of 40 cm2 is then incubated in a plastic bag with 
10 ml milk-TBS 1% (TBS + 1% w/v milk) containing a 1/5000 
dilution of anti-GFP antibodies (Molecular Probes: A6455). 
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STEP3: Leave on agitation for 2 hours minimum or ON. 
STEP4: Wash the filter with H2O, 2x10 min with TTBS (250 ut TWEEN-

20 in 500ml TBS), wash finally with H2O. 
STEP5: Close the filter in a new plastic bag with 10ml milk-TBS 1% 

containing a dilution 1/30000 of anti-rabbit secondary antibody 
conjugated to alkaline phosphatase (SIGMA: A-3687) incubate for 
2 hours. 

STEP6: Wash the filter with H2O, 3x10 min with TTBS, wash f inal ly 
with H2O. 

STEP7: Put the filter in a new plastic bag, drain liquid excess but 
without letting the blot dry. Add Substrate solution (1ml 

substrate + 50 pi enhancer) IMMUN-STAR chemioluminescent 
protein detection system Biorad. 

STEP8: After 5 min incubation change plastic bag and expose (do not 
dry the filter!) 

PULSE-CHASE on GFP transient expression. 

I and Il DAY: 
To perform pulse-chase experiments, use a standard protoplast 
preparation (final concentration ~2-2.5*106/ml). 
The equivalent of two transformations per construct are needed. 

STEP1: The usual two hours after transformation, pool the two 
transformation (for each construct) in one tube add one 
volume W5 and pellet. 

STEP2: Resuspend transformed PPS in 0.5 ml K3. 

PULSE: 
STEP3: Add 3.5 pi PRO-MIX (70% L-[35s] methionine and 30% [^S] 

cysteine; Amersham, UK) cell labelling mix (3 Mbq/ ml) 
STEP4: Incubate 1 hour 28°C 

CHASE: 
STEP5: Add 0.5 ml K4 (or K3) + 25ul 10 mM cold methionine and 5mM 

cold cysteine. 
STEP6: At variuous times, transfer a 0.2 ml aliquot to a 2 ml tube, 

add 1ml W5, centrifuge shortly at 600 rpm and resuspend 
pellet in 5OuI extraction buffer (PBS1X; NP40 2.5%; SDS 1%) 
-Freeze 
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For time 0 take the aliquot immediately after addition ol the 
chase. 

IMMUNO-PRECIPITATION: 

III DAY: 
STEP7: Boil extracts 10' 
STEP8: Spin 3' 13000 g, save supernatant. 
STEP9: Add 130 ul H2O + 50 pi NP40 + 20 pi PBS 1OX 
STEP10: Add 1 pi anti-GFP antibodies 
STEP11: Incubate over night. 

IV DAY: 
STEP12: Spin 2' 13000 g, save supernatant 
STEP13: Add 250 pi of 1X PBS, 0.2% SDS, 2.5% NP40. 
STEP14: Add 20 pi Protein A Sepharose 
STEP15: Incubate 2 hours with agitation at R.T. 
STEP16: Pellet resin by spinning at 1500 rpm 
STEP17: Wash 4 times with 1ml wash buffer 

(PBS 1X+ NP40 1% + SDS 0.2%) 
STEP18: Add to resine 20 pi charge buffer + 2-mercaptoethanol; 

BoiHO' 
STEP19: Charge on Gel SDS-PAGE (see above). 
STEP20: Fix the gel in acetic acid 10% and isopropanol 25% -30' 
STEP21: Treat 30 min in Amplify solution from Amersham 
STEP22: Dry the gel on 3M paper 
STEP23: Expose 

ENDOGLYCOSIDASE H RESISTANCE 

Start from standard immuno-precipitation samples. 
Proteins adsorbed to Sepharose are eluted at 70 0C for 20 min in 100 
mM TrisHCt, pH7.8, with 0.5 % SDS and 1% 2-mercaptoethanol (2OpI), 
and then the beads are pelleted by centrifugation at 14000 g for 5 min. 

STEP1: 

STEP2: 

Dilute supernatant with nine volumes of 0.1 M sodium 
acetate, pH 5.6, supplemented with BSA (1mg/mt final cone. 
and proteinase inhibitors (lpg/ml leupeptin, pepstatin A). 
This mixture is divided in two aliquots, 
Add 5 mil endo H (diluted 1mU/pl) to one and 5pl H2O in the 
other; incubate 16 h. 
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STEP3: Precipite by TCA (10%) and wash in acetone before 
resuspending in Protein-sample-buffer. Separate by SDS-
page and reveal as for a pulse-chase experiment 

CELL TREATMENTS AND PREPARATION FOR MICROSCOPY 

NEUTRAL RED STAINING 

Neutral red (NR) (Fluka, Buchs, Switzerland) is dissolved directly in the 
culture medium at a concentration of 10 mg/ml. Final concentration for 
staining is 1 mg/ml. Cells are incubated with NR for 30 min. at room 
temperature. .One volume of osmolicum is added, cells are centrifuged 5 
min. at 8Og, resuspended in 1 volume of fresh culture medium and 
evaluated within 30 min. 

PROTOPLASTS FIXING 

Protoplasts can be fixed at any stage of expression. 
Cells are harvested in W5 solution by centriluging at 8Og, and 
resuspended gently in 1 ml FIXING SOLUTION. 

FIXING SOLUTION has to be prepared freshly: 
0.4 g of paraformaldehyde (FLUKA) are dissolved in 10 ml water in 
a boiling water bath; add to the obtained solution 2 drops of NaCH 
0.1 N to obtain a clear solution. Cool down the solution to RT. and 
add mannitol (0.91 g to a final concentration of 0.5 M) and Hepes 
(from a stock at pH 5.8 to a final concentration of 50 mM) . 

Cells are incubated at RT. 1 hour with periodic gentle mixing. They can 
now be labelled or stored at 4°C for a few days. 

PROTOPLASTS IMMUNOLABELUNG 
STEP1: Fixed cells are washed 3 times with one volume of BLOCKING 

BUFFER (1X PBS; 0.25% BSA; 0.25% Gelatine; 0.05% NP40; 0.02% 
azìde; 0.5M Mannitol) 

STEP2: Incubate cells in BLOCKING BUFFER containing 0.5% Triton X100 
freshly prepared, for 5 min. 

STEP3: Wash cells as in step 1. 
STEP4: Incubate cells in BLOCKING BUFFER containing 1% BSA for 20min, 

to saturate non-specific interactions. 
STEP5: Wash cells as in step 1. 
STEP6: Incubate cells in BLOCKING BUFFER containing 5 ng/ul primary 

antibody for 1 to 2 hours; JIM84 antibodies obtained from rat 
hybridomas, were a kind gift of Chris Hawes, {Satiat-Jeunemaitre 
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and Hawes, 1992); anti a-TIP antibodieswere a kind gift of John 
Rogers {Johnson et ai., 1989). 

STEP7: Wash cells as in step 1. 
STEP8: Incubate cells in BLOCKING BUFFER containing a dilution 

1/30000 of anti-rabbit secondary antibody conjugated to 
lissamine rhodamine (SIGMA: A-3687) incubate for 2 hours. 
STEP9: Transfer cells in a new tube and wash as in step 1. 
STEP10: Observe cells with the confocal microscope. 
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Chapter 7 

GENERAL DISCUSSION 

Once upon a time... 
When this thesis work was started in 1995 the plant vacuole was s t i l l 
considered by many plant physiologists as a unique compartment, the 
largest organelle of the plant cell with very diverse functions. Plant 
anatomists and microscopists knew cases of coexistence of two 
different vacuoles in cells of certain tissues, vacuoles differing by 
their contents {pigments, tannins, etc.) {Michel et al., 1992). The plant 
vacuole was known to be a lytic compartment, the equivalent of 
mammalian lysosomes, to be involved in the storage of organic and 
inorganic nutrients and metabolites, but also to be important for the 
generation of turgor and cell growth. Since a few years the study of 
different vacuolar proteins revealed that in plants the situation was 
more complex than in animals or yeast. The signal for sorting most 
soluble proteins to mammalian lysosomes is the phosphorylation of 
terminal mannose residues on N-linked glycans whereas proteins 
destined to the vacuole in yeast have an N-terminal peptidic targeting 
signal. In contrast, in plants, proteins sorted to the vacuole have one of 
at least three types of sorting signals: the C-terminal, signal-specific 
or physical-structure Vacuolar Sorting Determinants (ctVSD; ssVSD; 
psVSD; see general introduction). In 1995 the first evidence was 
published that at least two different mechanisms exist for the 
transport of soluble proteins with different VSDs to the vacuole in 
plants (Matsuoka et al., 1995). 

Accumulation of storage proteins in seeds is the most dramatic 
example of the necessity to sort proteins differently in different cel l 
types, but the operating hypothesis at that time was that protein 
storage vacuoles derived directly from the same vacuole that has acidic 
pH and hydrolytic functions. The evidence for the presence of two 
completely distinct vacuolar compartments, with different membrane 
composition and different functions, was presented in 1996 (Paris et 
al., 1996) but was limited to the undifferentiated cells of root t ips 
from germinating pea seedlings. In 1998 results described in this thesis 
{Chapter 2), were published as demonstration of the presence of two 
distinct vacuoles with different pH in tobacco mesophyll cells (Di 
Sansebasttano et a/., 1998). At the end of the same year a third vacuole 
was clearly identified (Jauh et al., 1998). It is easy to predict new 
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surprising developments of our comprehension of the plant secretory 
pathway. 

What could we do? 
To investigate the sorting ol proteins to the vacuole and the mystery of 
the multiple functions of this compartment, we developed reporters 
with characteristics similar to the soluble proteins characteristic of 
functionally different vacuoles. We started using a modified rat ß-
glucuronidase (RGUS) to which we fused a ctVSD (Annexe to chapter 2). 
RGUS was useful to check if the system we planned to use reflected the 
situation in vivo. We transiently transformed tobacco protoplasts w i th 
the reporter protein and concluded that this system allowed the 
measurement of vacuolar targeting efficiency. It was then possible to 
interfere with the sorting of the reporter protein by adding a number of 
chemical agents, deriving informations about the sorting mechanisms. 
Unfortunately RGUS did not give the possibility to discriminate between 
different kind of vacuoles. All vacuoles were isolated as a unique 
subcellular fraction with mixed characteristics, a technical limit found 
until now in ail investigations on the plant vacuoles, except i n 
microscopy. 
As emphasised by many authors, the green fluorescent protein (GFP) 
used for the first time in 1994 (Chalfie et ai., 1994) brought light to 
the labyrinth of membranes in the secretory pathway. As other research 
groups we used GFP as reporter to study the system of our interest. We 
produced GPP fusion proteins containing the vacuolar sorting 
determinants of different vacuolar proteins: a first vacuolar GFP was 
made with a ctVSD from the tobacco chitinase A (SGFP5T; chapter 2 and 
3) and a second vacuolar GFP with a ssVSD from barley aleura'in (AGFP6;' 
chapter 3). We obtained unexpected and important results. 

A small contribution to a complex investigation. 
The first vacuolar GFP we tested, SGFP5T, was targeted to vacuoles 
with a neutral pH. This lead us to the conclusion that the large central 
vacuole of tobacco protoplasts varies in term of acidity depending 
mainly on the cell type and that its pH is linked to its ability to 
accumulate GFP. The subpopulation of protoplasts where two vacuolar 
compartments coexist, one accumulating the GFP and the other 
accumulating neutral red (NR1 a dye that is trapped at low pH), may be 
similar to some barley root tip ceils that were found to accumulate 
barley lectin (a ctVSD-containing protein) in a functionally d ist inct 
compartment from aleurain, a ssVSD-containing protease. 
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We obtained a specific labelling of the storage compartment in l iv ing 
cells while the lytic compartment could be counter-stained by NR 
Whether these two distinct compartments coexist in all cell types 
isolated from tobacco leaves is difficult to say, but we showed that 
functionally distinct vacuoles can be present in a large variety of cel l 
types. The fact, that not all plant cells do contain two functionally 
distinct vacuoles explains why proteins targeted by two different VSD 
types were found to accumulate in the same vacuole in tobacco 
(Schroeder et al., 1993). 

Our results with SGFP5T strongly support the existence of two vacuolar 
compartments. These distinct vacuoles correspond to the destinations 
for two different VSD-mediated pathways, the ctVSD sending SGFP5T to 
a non-acidic storage vacuole in a wortmannin-sensitive way. 
To complete the study about the two sorting pathway, we compared the 
SGFP5T to AGFP6, obtained by the fusion of GFP with the ssVSD of 
aleurain. AGFP6 contains the mutation S65T to enhance i t s 
fluorescence. It is in fact targeted to the lytic vacuole as expected, but 
it does not accumulate in large quantities as SGFP5T but is rapidly 
degraded (see chapter 3). Confocal laser scanning microscopy was used 
to put on evidence the different steps of the sorting systems of the two 
GFPs. This revealed an interesting difference between the patterns of 
GFP accumulation for the two constructs. The pattern of SGFP5T 
accumulation led us to conclude that this GFP fusion protein transited 
through the ER and was accumulated either in small vacuoles or in the 
large central vacuole. In contrary AGFP6 spent such a short time in the 
ER that we only could see it when cells were incubated at low 
temperature. It transited through small compartments not described 
until now, which seem to be a sort of prevacuolar compartment. 
Sometime the AGFP6 then reached the large central vacuole but it did 
that in two protoplast subpopulations in proportions different f rom 
those observed with SGFP5T. If we consider only the more homogeneous 
subpopulation of chloroplast-rich protoplast, representing cells from 
the palisade mesophylt, we can see a clear correspondence in the 
percentage of cells in which AGFP6 occupied the large vacuole and cells 
in which SGFP5T was limited to small vacuoles and ER. 
The most important argument for a difference between AGFP6 and 
SGFP5T vacuoles was neutral red (NR) accumulation. Contrary to the 
situation observed for SGFP5T, colocalisation of AGFP6 and NR was 
found in the majority of cells with a fluorescent vacuole, indicating the 
accumulation of AGFP6 in an acidic vacuole. We assume that the AGFP6 
is targeted to the lytic vacuole because of three considerations: f i r s t 
the ssVSD derives from a protease targeted to the lytic vacuole, second 
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AGFP6 undergoes a rapid degradation, third low pH is generally 
associated to the lytic compartment. 
Having shown that SGFP5T and AGFP6 are transported through dif ferent 
pathways to different vacuoles, we had the tools to investigate in vivo 
the vacuole biogenesis. Working on protoplasts we laced a complex 
situation in which these dedifferentiating cells underwent a series of 
unclear modifications. The compartments labelled by GFPs are in part 
pre-existing, in part generated ex novo. Confident to have the 
possibility to clearly label different vacuoles, we looked for a system 
in which it was possible to investigate whether these separate 
vacuoles had a different genesis or derived from a common precursor. 
We turned our attention to the possibility of modifying the situation in 
the protoplasts we had used so.far. Following a suggestion from E 
Marttnoia we reset the secretory system by evacuolation of the 
protoplasts. 

We used the GFP reporters to monitor vacuole regeneration in 
evacuotated protoplasts. We observed that evacuolated protoplasts 
regenerate several small vacuolar compartments at the same t ime, 
some of which contained SGFP5T, while others contained AGFP6. One of 
the vacuoles became the most important vacuolar compartment of the 
cell after 36 hours. AGFP6 was accumulated in this main compartment 
with few exceptions and its fluorescence was very bright. SGFP5T 
remained limited to small vacuoles. While its quantity increased, 
SGFP5T was not observed in the newly formed large central vacuole 
earlier !nan 48 hours after evacuolation, when some large green 
vacuoles began to appear. It seems that the vacuole that re-established 
the normal cell volume, was generally the lytic vacuole which 
accumulated AGFP6 but we could not exclude that in some- cases the 
same kind of vacuole did not contain either AGFP6 or SGFP5T. Vacuoles 
containing SGFP5T are produced by the cell at the same time as the 
lytic vacuole but are limited in volume and do not seem able to 
participate in the control of the cell volume. 

Our considerations have been driven by the following observations: 
AGFP6 and SGFP5T are targeted to different vacuoles but they can be 
eventually found in some conditions in the same vacuole. This 
corresponds to the finding that barley lectin and sporamin were 
colocalised in the central vacuole of all tissues examined in transgenic 
tobacco {Schroeder et at., 1993). 
Our model is that cells can fuse their lytic and storage vacuole but th is 
doesn't happen automatically in all cell types. The moment, in which a 
cell fuses storage and lytic vacuoles to a single central vacuole, may 
depend on the cell type and its physiological state. In normal 
protoplasts, soon after their preparation, the majority of cells are 
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ready to promote the fusion of newly formed storage vacuoles to the 
pre-existing vacuole. In miniprotoplasts, where a pre-existing vacuole 
is missing, the main vacuolar compartment is regenerated we l l 
separated from the storage compartment. In few cases the new vacuole 
does not contain AGFP6 either and may represent a third class of 
vacuoles. 
We performed some preliminary experiments to investigate • the 
tonoplast constitution of the observed compartments using antibodies 
against TIPs. So far we confirmed that the regenerating vacuoles 
containing SGFP5T also contain a-TIP, while this epitope was (as 
expected) excluded from the tonoplast of regenerating vacuoles 
containing AGFP6. We believe that the SGFP5T vacuole is a storage 
vacuole (PSV), and the AGFP6 vacuole is a lytic vacuole (LV)1 but it i s 
not yet possible to exclude that in protoplasts from the leaf blade, 
these definitions do not correspond exactly to the functions of the two 
vacuoles. The PSV of these cells could share some functions with the LV 
while remaining distinct. 

An invitation to revise current beliefs. 
The result presented in this thesis showed a higher complexity of the 
vacuolar system than expected and contributed to the distinction of the 
two sorting machineries analysed. 
We discovered for example a differential effect of Brefeldin A on the 
two sorting machineries targeting SGFP5T and AGFP6 to the vacuoles. 
We found indications that suggest a revision of our understanding of 
Golgi function in sorting of vacuolar proteins . In presence of BFA doses 
proven to affect the Golgi structure, we observed no alterations in 
AGFP6 distribution, nor changes in its maturation. 
To explain this observation of normal patterns for AGFP6 even in BFA 
treated cells, we think that the vesicles are formed on the ER, where 
the Golgi is reabsorbed. In our reporter protein we don't observe 
alteration of the maturation process because there are no visible 
maturation steps occurring in the Golgi. A protein with sites for 
cleavage or glycosylation that could be modified, could show an 
alteration of these steps while still suffering no mistargeting, 
providing the molecular tool to answer the question whether or not th is 
protein transits through the Golgi. 

In the case of barley aleurain, it was shown that the proteolytic 
processing was inhibited by BFA in barley aleurone cells (Holwerda and 
Rogers, 1990) and in tobacco protoplasts (Holwerda ef a/., 1992). This 
processing step was supposed to happen in a post-Golgi location but no 
clear information indicate that this step is necessary for a correct 
targeting. The relations between Golgi structure and vesiculation 
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demand further investigation and our results are a starting point for 
further experiments in this direction. 

What's coming? 
Nevertheless the final aim of our work was the understanding of the 
vacuolar complex in "normal" plant cells. As protoplasts or other 
cultured cells do not represent the physiological situation of cells in 
differentiated tissues, it was necessary to continue this investigation 
on whole plant tissues. For this purpose we produced stably 
transformed plants both from tobacco and Arabidopsis. These two 
plants are considered as model plants and are used around the world to 
investigate the general physiology of plants. We discovered that these 
two plants have some surprising differences between their vacuolar 
systems. 

Plant tissues have-very different functions and it was not surprising 
that different cell types exhibit a different vacuolar pattern {see 
chapter 5). On the other hand it was surprising that in tobacco it was 
not possible to recognise the same vacuole distribution as in 
Arabidopsis. 
In Arabidopsis AGFP6 was accumulated in large vacuoles of the 
epidermis, lrichomes, root hairs and mesophyll cells. Young roots, 
meristems and the other tissues showed GFP, if at all, only in small 
vacuoles. On the other side SGFP5T was accumulated in large vacuoles 
in the guard cells, trichomes, mesophyll cells but not in the epidermis 
or in the root hair; SGFP5T was often visible in small compartments in 
the majority of tissues. Surprisingly in tobacco AGFP6 was not visible 
at all and SGFP5T was limited to small vacuoles in a few types of cel ls 
{see chapter 5). It is possible that in most cell types both GFPs end in a 
common central vacuole and that this vacuole has a ditterent ly t ic 
activity in the two plant species. I think that in tobacco there is such a 
strong proteolytic activity that we cannot observe any GFP 
accumulation in the lytic compartment. We can visualise GFP in tobacco 
only if it is accumulated in well separated storage compartments 
(SGFP5T). In Arabidopsis the common vacuole does not have such a 
dramatic degradative effect on GFPs. In Arabidopsis we find that AGFP6 
is matured at a site close to the maturation site of aleurain, while we 
never observed this maturation of AGFP6 in tobacco (chapter 5). This 
means that in Arabidopsis the GFP arrives in a protease-nontaining 

•compartment but is not degraded. It would be important to confirm that 
tobacco vacuoles are more degradative than Arabidopsis vacuoles. The 
production of transgenic plants offers the possibility to investigate the 
adaptations of the secretory systems to the cell function in a specific 
tissue or the evolutionary adaptation of different plants to their 
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environment. But to fully understand this complex machinery, it will be 
necessary to identify the proteins involved in these complex pathways. 
Because other molecular approaches have failed, transgenic plants again 
offer a new solution. By producing transgenic plants expressing very 
informative reporter proteins like GFP, we succeeded to obtain model 
plants in which mutagenesis and the search for mutants could help to 
clone genes involved in this pathway. The method is known as gene* 
tagging and has been only briefly described since it represents the 
natural future development of the present work. 

171 



References 

Allen, G J . and Senders, D. (1997). Vacuolar ion channels of higher plants. In The plant 
vacuole, 25 (R. A. Leigh and D. Sanders, eds.) San Diego London Boston New York Sydney Tokyo 
Toronto: Academic Press, pp. 218-247. 
Arcaro, A. and Wyman, M.P. (1993) Wortmannin is a potent phosphalidylinositol 3-
kinase inhibitor: the role of phosphalidylinositol 3,4,5-lriphosphate in neutrophil responses. 
Biochemical J. 296. 297-301. 
Aubert, S., Gout, E., Bllgny, R., Marty-Mazars, D., Barrieu, F., Alabouvette, 
J„ Marty, F. and Douce, R. (1996) Ultras!ructural and biochemical characterization of 
autophagy in higher plant cells subjected to carbon deprivation - control by the supply of 
mitochondria with respiratory substrates. J. Ceil 5/0/ .133, 1251-1263. 
Baba, M., Tekeshige, K., Baba, N. and Ohsumi, Y. (1994) Ultrastructural analysis of 
the autophagic process in yeast - detection of autophagosomes and their characterization. J. Cell 
Biol. 124 , 903-913. 
Balch, W.E., McCaflery, J.M., Plutner, H. and Farquhar, M.G. (1994) Vesicular 
stomatitis virus glycoprotein is sorted and concentrated during export from the endoplasmic 
reticulum. Cell 76, 841-852. 
Bar-Peled, M„ Conceicao, A.D., Frlgerlo, L. and Raikhel, N.V. (1995) Expression 
and regulation ol aERD2, a gene encoding the KDEL receptor homolog in plants, and other genes 
encoding proteins involved in ER-Golgi vesicular trafficking. Plant Cell?, 667-676. 
Barlowe, C , Orci, L., Yeung, T., Hosobuchl, M., Hamamolo, S., Salama, N., 
Rexach, M.F., Ravazzola, M., Amherdt, M. and Schekman, R. (1994) COPII: a 
membrane coat formed by sec proteins that drive vesicle budding from the endoplasmic 
reticulum. Celili, 895-907. 
Sechtold, N., Ellis, J. and Pelletier, G. (1993) In planta Agrobaclerium mediated gene 
transfer by infiltration of adult Arabidopsis thaliana plants. C. R. Acad. Sci. Paris, Life sciences 
3 1 6 , 1194-1199. 
Becker, B., Böllnger, B. and Melkontan, M. (1995) Anterograde transport of algal 
scales through the Golgi complex is not mediated by vesicles. Cell. Bio. 5, 305-306. 
Bednarek, S.Y. and Raikhel, N.V. (1992) Intracellular trafficking of secretory proteins. 
Plant MoI. Biol. 20, 133-150. 
Beevers, L. (1996) Clathrin-coated vesicles in plants. Int. Rev. Cytol. 167, 1-35. 
Blagoveshchenskaya, A.D., Norcott, J.P. and Cutler, D.F. (1999) Lysosomal 
targeting of P-selectin is mediated by a novel sequence within its cytoplasmic tail. J. Biol. Chem. 
2 7 3 . 2729-2737. 
Blumwald, E. and GeIIi, A. (1997). Secondary inorganic ion transport at the tonoplast, In 
The Plant Vacuole, 25 (R. A. Leigh and D. Sanders, eds.) San Diego London Boston New York 
Sydney Tokyo Toronto: Academic Press, pp. 401-413. 
Boevink, P., Santa Cruz, S., Hawes, C , Harris, N. and Oparka, K J . (1996) 
Virus-mediated delivery of the green fluorescent protein to the endoplasmic reticulum of plant 
cells. Plant J. 10, 935-941. 
Boll, W., Ohno, H., Zhou, S.Y., Rapoport, I., Cantley, L.C., Bonilacino, J.S. and 
Kirchhausen, T. (1996) Sequence requirements for the recognition of tyrosine-based 
endocytic signals by clathrin AP-2 complexes. EMBO J. 15, 5789-5795. 
Boiler, T. and Keride, H. (1979) Hydrolytic enzymes in the central vacuole of plant cells. 
Plant Physiol. 63, 1123-1132. 
Bonfanti, L., Mlronov, A.A., Martinez-Menarguez, J.A., Martella, 0 . , Fusella, 
A., Baldassarre, M., Buccione, R1, Geuze, H J . and Lu'rni, A. (1998) Procollagen 
traverses the Golgi stack without leaving the turnen of cisternae: Evidence for cisternal 
maturation. Cell 95. 993-1003. 

172 



Bowman, E.J., Siebers, A. and Altendorf, K. (1988) Bafilomycins: a class of inhibitors 
ol membrane ATPases from microorganisms, animal cells and plant cells. Proc. Natl. Acad. Sci. 
USA 85, 7972-7976. 
Brauer, 0. , Uknalls, J. , Triana, R., Shacharhill, Y. and Tu, S.I. (1997) Effects of 
bafilomycin A(1) and metabolic inhibitors on the maintenance of vacuolar acidity in maize root 
hair cells. Plant Physiol. 113, 809-816. 
Bryant, N.J. and Stevens, T.H. (1998) Vacuole biogenesis in Saccharomyces cerevisiae -
protein transport pathways to the yeast vacuole. Microbiol. MoI. Biol. Rev. 62, 230 ff. 
Burow, M.D., Chlan, CA. , Sen, P., Lisca, A. and Murai, N. (1990) High-frequency 
generation of transgenic tobacco plants after modified leaf disk cocultivation with Agmbacterium 
tumefaciens. Plant MoI. Biol. Rep. 8, 124-139. 
Buvat, R. (1982) Some aspects of the origin and evolution ol vacuoles-cytophysiological 
properties and related consequences. Bulletin de la Société Botaniques de France-Actualités 
Botaniques 129, 7-17. 
Castle, A., Huang, A. and Castle, J . (1997) Passive sorting in maturing granules of AtT-
20 cells: the entry and exit of salivary amylase and proline-rich protein. J. Cell Biol. 138, 
4 5 - 5 4 . 
Chalfie, M. (1995) Green fluorescent protein. Photochem. Photobiol.G2, 651-656. 
Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. and Prasher, D. (1994) Green 
fluorescent protein as a marker for gene expression. Science263, 802-805. 
Chardin, P. and McCormlck, F. (1999) Brefeldin A: the advantage of being uncompetitive. 
Cell 97, 153-155. 
Chen, R.-D., Yu, L-X., Greer, A.F., Chetiti, H. and Tabeizadeh, Z. (1994) 
Isolation of an osmotic stress- and abscisic acid-induced gene encoding an acidic endochitinase 
from lycopersicon chilense. MoI. Gen. Genet. 245, 195-202. 
Chrispeels, M.J. (1991) Sorting of proteins in the secretory system. Annu. Rev. Plant 
Physiol. Plant MoI. Biol. 42, 21-53. 
Chrispeels, M.J., Daniels, M J . and Weig, A. (1997). Aquaporins and water transport 
across the tonoplast. In The Plant Vacuole, 25 (R. A. Leigh and D. Sanders, eds.) San Diego London 
Boston New York Sydney Tokyo Toronto: Academic Press, pp. 419-441. 
Chrispeels, M.J. and Maurei, C. (1994) Aquaporins: the molecular basis of taciiitated 
water movement through living plant cells? Plant Physiol. 105, 9-13. 
Clarke, M.C., WeI, W. and Llndsey, K. (1992) High-frequency transformation of 
Arabidopsis thaliana by Agrobacterium tumefaciens. Plant. Cell. Physiol. 10(2), 178-189. 
Coleman, J.O.D., Blake-Kalff, M.M.A. and Emyr Davies, T.G. (1997) Detoxification 
of xenobiotics by plants: chemical modification and vacuolar compartmentation. Trends Plant 
Sci. 2, 144-151. 
Cooper, A.A. and Stevens, T.H. (1996) Vps10p cycles between the late-Golgi and 
prevacuolar compartments in its function as the sorting receptor for multiple yeast vacuolar 
hydrolases. J. Cell Biol. 133, 529-541. 
Cormack, B.P., Valdivia, Ft.H. and Falkow, S. (1996) FACS-optimized mutants of the 
green fluorescent protein (GFP). Gene 173, 33-38. 
Coulombe, R., Grochulsky, P., Stvaraman, J., Menard, R., Mort, J. and Cygler, 
M. (1996) Structure of human procathepsin L reveals the molecular basis of inhibition by the 
prosegment. EMBO J. 15, 5492-5503. 
Culianez-Macia, F.A. and Martin, C. (1993) DIP: a member of the MIP family of 
membrane proteins that is expressed in mature seeds and Dark-Grown seedlings of Antirrhinum 
majus. Plant J. A, 717-725. 
Davies, C. (1994) Cloning and characterization of a tomato GTPase-like gene related to yeast 
and Arabidopsis genes involved in vesicular transport. Plant MoI. Biol. 24, 525-531. 
Davis, S.J. and Vierstra, R.D. (199B) Soluble, highly fluorescent variants of green 
fluorescent protein (GFP) for use in higher plants. Plant Moi. Biol. 36, 521-528. 
Denecke, J . (1996) Soluble endoplasmic reticulum resident proteins and their function in 
protein synthesis and transport. Plant Physiol. Biochem. 34, 197-205. 

173 



Denecke, J., Botterman, J . and Deblaere, R. (1990) Protein secretion in plant cells 
can occur via a default pathway. Plant Cell2, 51-59. 
Di Sansebastiano, G.P., Paris, N., Marc-Martin, S. and Neuhaue, J.M. (1998) 
Specific accumulation of GFP in a non-acidic vacuolar compartment via a C-lerminal 
propeptide-mediated sorting pathway. Plant J. 15, 449-457. 
Ditta, G., Stanfield, S., Corblb, D. and Helsinki, D.R. (1960) Broad host range DNA 
cloning system (or gram-negative bacteria: construction of a gene bank of Rhizobium meliloti. 
Proc. Natl. Acad. Sci. USAIT, 7347-7351. 
Dombrovskì, J E . , Schroeder, M.R., Bednarek, S.Y. and Ralkhel, N.V. (1993) 
Determination ot the functional elements within the vacuolar targeting signal of barley lectin. 
Plant Cell 5, 587-596. 
Drawert, H. (196B). Vitalfârbung und vilalfluorochromierung pflanzlicher zellen und 
gewebe. In Protoplasmatologia, eds.) Wien: 2D3 Springer-Verlag, pp. 
Driouich, A., Zhang, G.P. and Staehelin, L.A. (1993) Effect of brefeldin-A on the 
structure of the Golgi apparatus and on the synthesis and secretion of proleins and 
polysaccharides in sycamore maple {Acer pseudoplatanus) suspension-cultured cells. Plant 
Physiol. 1 0 1 , 1363*1373. 
Ehara, M., Noguchl, T. and Ueda, K. (1996) Uptake of neutral red by the vacuoles of a 
green alga, Micrasterias pinnatifida. Plant. Cell. Physiol. 37, 734-741. 
Erdmann, H., Griesbach, R.J., Lawson, R.H. and Matto, A.K. (1989) 
Aminocyclopropane-1-carboxylic acid-dependent ethylene production during the reformation of 
vacuoles in evacuolated protoplasts of Petunia hybrida. Planta 179, 196-202. 
Fedorov, A.N. and Baldwin, T.O. (1997) Cotranslational protein folding. J. Biol. Chem. 
272 , 32715-32718. 
Feldmann, K.A. (1991) T-DNA insertion mutagenesis in Arabidopsis: mutational spectrum. 
Plant J. I 1 71-89. 
Feldmann, K.A. and Marks, M.D. (1987) /Igrobâcreriu/n-mediated transformation of 
germinating seeds of Arabidopsis thaliana: a nort-tissue culture approach. MoI. Gen. Genet. 208, 
1-9 . 
Ferro-Novick, S. and Jahn, R. (1994) Vesicle fusion from yeast to man. Nature 370, 
1 9 1 - 1 9 3 . 
Fisher, D.K. and Gulftinan, M.J. (1995) Rapid, efficient production of homozygous 
transgenic tobacco plants with Agrobacterium tumefaciens: a seed-to-seed protocol. Plant MoI. 
Biol. Rep. 13 , 278-289. 
Fowke, L.C., Tanchak, M.A. and Galway, M.E. (1991). Ultrastructural cytology of the •• 
endocytotic pathway in plants. In Endocytosis. exocytosis and vesicle traffic in plants, 45 (C. R. 
Hawes. J. Coleman and D. E. Evans, eds.) Society for experimental Biology, pp. 15-40. 
Fra, A.M., Fagioli, C , Finazzi, D., Sitia, R. and Alberini, C M . (1993) Quality 
control of ER synthesized proteins - an exposed thiol group as a 3-way switch mediating 
assembly, retention and degradation. EMBO J. 12, 4755-4761. 
Freydl, E., Meins, F.J., Boiler, T. and Neuhaus, J.-M. (1995) Kinetics of prolyl 
hydroxylation. intracellular transport and C-terminal processing of the tobacco vacuolar 
chitinase. Planta 147, 250-256. 
Frigerio, L., De Virgilio, M., Preda, A., Faoro, F. and Vitale, A. (1998) Sorting of 
phaseolin to the vacuole is saturable and requires a short C-terminal peptide. Plant Cell 10, 
1 0 3 1 - 1 0 4 2 . 
Gaudreault, P.-R. and Beevers, L. (1983) Glycoprotein nature of glycosydases from 
leaves of Pisum sativum L. J. Exp. Bot. 34, 1145*1154. 
Gaudreault, P.-R. and Beevers, L. (1984) Protein bodies and vacuoles as lysosomes. 
Investigation into the role of mannose 6-phosphate in the intracellular transport of 
glycosydases in pea cotyledons. Plant Physiol. 76, 228-232. 
GMck, B.S., Beasley, E.M. and Schatz, G. (1992) Protein sorting in mitochondria. 
Trends Biochem. Sci. 17, 453-459. 

174 



Gomez, L and Chrispeels, M.J. (1993) Tonoplast and soluble vacuolar proteins are 
targeted by different mechanisms. Plant CeIIS, 1113-1124. 
Gomord, V., Denmat, L.A., Fitchette-Laìné, A.C., Satiat-Jeunemaitre, 6., Hawes, 
C. and Faye, L (1997) The C-terminal HDEL sequence is sufficient for retention of 
secretory proteins in the endoplasmic reticulum (ER) out promotes vacuolar targeting ol 
proteins that escape the ER. Plant J. 1 1 , 313-325. 
Grabski, S., Feijter, A.W. and Schindler, M. (1993) Endoplasmic reticulum forms a 
dynamic continuum for lipid diffusion between contiguous soybean root celts. Plant CeIIS, 25-
38 . 
Grebenok, R.J., Pierson, E-, Lambert, G.M., Gong, F., Alonso, C L . , Haldeman-
Cahill, R., Carrlngton, J.C. and Galbraith, D.W. (1997) Green-fluorescent protein 
fusions lor efficient characterization of nuclear targeting. Plant J. 1 1 , 573-566. 
Grieco, F., Castellano, M.A., Dl Sansebastiano, G.P., Maggipinto, G., Neuhaus, 
J.-M. and Martelli, G. (1999) Subcellular localization and in vivo identification of the 
putative movement protein of olive latent virus 2. J. Gen. Virol.80, 1103-1109. 
Gulvarch, A., Caissard, J . C , Azmi, A., Elmayan, T., Chriqul, D. and Tepfer, M. 
(1996) In situ detection ot expression of the gus reporter gene transgenic plants - ten years of 
blue genes. Transgenic Res. 5, 281-2B8. 

Guruprasad, K., Tormakangas, K., Kervlnen, J. and Blundell, T.L. (1994) 
Comparative modelling of barley-grain aspartic proteinase: a structural rationale for observed 
hydrolytic specificity. FEBS Left. 352, 131-136. 
Harris, N. (1986) Organization of the endomembrane system. Ann Rev Plant Physiol 37, 
7 3 - 9 2 . 
Harter, C. and Wieland, F. (1996) The secretory pathway - mechanisms of protein sorting 
and transport. Biochim. Biophys. Aera 1286, 75-93. 
Haseloff, J . , Slemering, R.K., Prasher, D.C. and Hodge, S. (1997) Removal of a 
cryptic intron and subcellular localization of green fluorescent protein are required to mark 
transgenic Arabidopsis plants brightly. Proc. Natl. Acad. Sci. USAQA, 2122-21270. 
Hasenfratz, M.-P., Tsou, C-L . and Wilklns, T. (1995) Expression ol two related 
vacuolar H+-ATPase 16-kilodalton proteolipid genes is differentially regulated in a tissue-
specific manner. Plant Physiol. 108, 1395-1404. 
Hefm, R., Cubiti, A.B. and Tsien, R.Y. (1995) improved green fluorescence. Nature 
3 7 3 , 663-664, 
Helm, R., Prasher, D.C. and Tsien, R.Y. (1994) Wavelength mutations and 
postraslational auloxidation of green fluorescent protein. Proc. Natl. Acad. Sci. USA 9 1 , 12501-
12504 . 
Helm, R. and Tsien, R.Y. (1996) Engineering green fluorescent protein lor improved 
brightness, longer wavelengths and fluorescence resonance energy transfer. Curr. Biol. 6, 
1 7 8 - 1 8 2 . 
Helmer, G., Casadaban, M., Bevan, M., Kayes, L. and Chilton, M.-O. (1984) A new 
chimeric gene as a marker for plant transformation: the expression of Escherichia coli ^-
galactosidase in sunflower and tobacco cells. Bio/technology 520-527. 
Herman, G.A., Bonzelius, F., Cieutat, A.M. and Kelly, R.B. (1994) A distinct class of 
intracellular storage vesicles, identified by expression of the glucose transporter GLUT4. Proc. 
Natl. Acad. Sci. U S A S I . 12750-12754. 
Higgins, T.J.V., Chandler, P.M., Randall, P.J., Spencer, D., Beach, L.R., 
Blagrove, R.J., Kortt, A.A. and lnglis, A.S. (1986) Gene structure, protein structure, 
and regulation of the synthesis of a sulfur-rich protein in pea seeds. J. Biol. Chem. 261 , 
1 1 1 2 4 - 1 1 1 1 3 0 . 
Hilling, B. and Amelunxen, F. (1985) On the development of the vacuole. II. Further 
evidence for endoplasmic reticulum origin. Eur. J. Cell Biol. 38, 195-200. 
Hinz, G., Menze, A., Hohl, I. and Vaux, D. (1997) Isolation ol prolegumin from 
developing pea seeds - its binding to endomembranes and assembly into prolegumin hexamers in 
the protein storage vacuole. J. Exp. Bot. 48, 139-149. 

175 



Höfgen, B.a.w., L. (19B8) Storage of competerli cells lor Agrobacterium transformation. 
Nucleic Acids Res. 16, 9677. 
Holte, H. and Chrispeels, M J . (1992) Protein sorting to the vacuolar membrane. Plant 
CeIH, 995-1004. 
Holte, H., Faye, L., Dickinson, C., Herman, E.M. and Chrispeels, M.J. (1991) The 
protein-body proteins phytohemagglutinin and tonoplast intrinsic protein are targeted to 
vacuoles in leaves of transgenic tobacco. P/anfa 1B4, 431-437. 
Hon, B., Hinz, G., Jeong, B.K. and Robinson, D.G. (1995) Protein storage vacuoles 
torm de novo during pea cotyledon development. J. Cell Sci. 108, 299-310. 
Hohl, 1., Robinson, D.G., Chrispeels, M.J. and Hinz, G. (1996) Transport o1 storage 
proteins to the vacuole is mediated by vesicles without a clathrin coat. J. Cell Sci. 109, 2539-
2550 . 
Holwerda, B.C., Padgett, H.S. and Rogers, J.C. (1992) Proaleurain vacuolar targeting 
is mediated by short contiguous peptide interactions. Plant CeIIA, 307-318. 
Holwerda, B.C. and Rogers, J.C. (1990) In vitro processing of aleurain, a barley vacuolar 
thiol protease. Plant Celli, 1091-1106. 
Holwerda, B.C. and Rogers, J.C. (1993) Structure, functional properties and vacuolar 
targeting of the barley thiol protease, aleurain. J. Exp. Sor. 44, 321-329. 
Hong, W. and Tang, BX. (1993) Protein trafficking along the exocytic pathway. BioEss 15, 
2 3 1 - 2 3 7 . 
Hong, Z. and Verma, D.P.S. (1994) A phosphatidyl inositol 3-kinase is induced during 
soybean nodule organogenesis and is associated with membrane proliferation. Proc. Natl. Acad. 
Sci. USAS-\, 9617-9621. 
H orten Steiner, S., Marti noia, E. and Amrhein, N. (1992) Reappearance of hydrolytic 
activities and tonoplast proteins in the regenerated vacuole of evacuolated protoplasts. P/anfa 
1 8 7 , 113-121. 
Hörtenstetner, S., Martinola, E. and Amrhein, N. (1994) Factors affecting the re­
formation of vacuoles in evacuolated protoplasts and the expression of the two vacuolar proton 
pumps. Planta 192, 395-403. 
Hurley, D. and Taiz, L. (1969) Immunological localization of the vacuolar H-t-ATPase tn 
maize root tip. Plant Physiol. 89, 391-395. 
Jauh, G.-Y., Fischer, A.M., Grimes, H.D., Ryan, C.A.J, and and Rogers, J.C. 
(1998) Ô-Tonoplast intrinsic protein defines unique plant vacuole functions. Proc. Natl. Acad. 
Sci. USA 95, ,_. _ . 
Jefferson, R. {1987} Assaying chimeric genes in plants: the GUS gene fusion system. Plant 
MoI. Biol. Rep. 5, 387-405. 
Jiang, L.W. and Rogers, J.C. (1998) Integral membrane protein sorting to vacuoles in 
plani cells: evidence for two pathways. J. Cell Biol. 143, 1183-1199. 
Johnson, K.D., Herman, E.M. and Chrispeels, M.J. (1989) An abundant, highly 
conserved tonoplast protein in seeds. Plant Physiol. 9 1 , 1006-1013. 
Kaether, C.F.o.E.B.S. and Gerdes, H. (1995) Visualization of protein transport along the 
secretory pathway using green fluorescent protein. FEBS 369, 267-271. 
Kaletta, K., Kunze, I., Kunze, G. and Kock, M. (1998) The peptide hdef as a new 
retention signal is necessary and sufficient to direct proteins Io the endoplasmic reticulum. 
FESS Lett. 434, 377-381. 
Kirchner, G., Kinslow, C , J . , , Bloom, G., C 1 and Taylor, D., W. (1993) 
Nonlethal assay syslem of ß-glucuronidase activity in transgenic tobacco roots. Plant MoI. Biol. 
Rep. 1 1 . 320-325. 
Kirsch, T., Paris, N., Butler, J.M., Beevers, L. and Rogers, J.C. ( 1994 ) 
Purification and initial characterization of a potential plant vacuolar targeling receptor. Proc. 
Natl. Acad. Sci. USA 9 1 , 3403-3407. 
Kirsch, T., Saalbach, G., Raikhel, N.V. and Beevers, L. (1996) Interaction of a 
potential vacuolar targeting receptor with amino- and carboxyl-terminal targeting 
determinants. Plant Physiol. 111 , 469-474. 

176 



Klausner, R.D., Donaldson, J.G. and Upplncott-Schwartz, J . (1992) Brefeldin A: 
insights into the control ol membrane traffic and organelle structure. J. Cell Biol. 116, 1071-
1080. 
Koide, Y., Hirano, H., Matsuoka, K. and Nakamura, K. (1997) The N-terminal 
propeptide of the precursor to sporamion acts as a vacuole-targeting signal even at the C-
terminus of the mature part in tobacco cefls. Plant Physiol. 114, 863-870. 
Kornfeld, S. (1990) Lysosomal enzyme targeting. Biochem. Scty. Trans.AB, 367-374. 
Kornfeld, S. and Mellman, I. (1989) The biogenesis of lysosomes. Annu. Rev. Cell Biol. 5, 
4 8 3 - 5 2 5 . 
Kreuz, K., Tommasini, B. and Martinoia, E. (1996) Old enzymes lor a new job -
herbicide detoxification in plants. Plant Physiol. 111, 349-353. 
Laemmll, U.K. and Favre, M. (1972) Maturation of the head of bacteriophage T4. J. MoI. 
Biol. 8 0 , 575-599. 
Leborgrte, R. and Hoflack, B. (1997} Mannose 6-phosphate receptors regulate the 
formation of clathrin-coated vesicles in the TGN. J. Cell Biol. 137, 335-345. 
Lerouge, P., Cabanesmacheteau, M., Rayon, C , Fischettelalne, A.C., Gomord, V. 
and Faye, L. (1998) N-glycoprotein biosynthesis in plants - recent developments and future 
trends. Plant MoI. Biol. 38, 31-48. 
Letourneur, F., Gaynor, E.C., Hennecke, S., Demoliiere, C , Duden, R., Emr, 
S.D., Riezman, H. and Cosson, P. (1994) Coatomer is essential tor retrieval of dilysine-
tagged proteins to the endoplasmic reticulum. CeIITS. 1199-1207. 
Leutwller, L.S., Hough-Evans, R-B. and Meyerowltz, E.M. (1984) The DNA of 
Arabidopsis thaliana. MoI. Gen. Genet. 194, 15-23. 
Levanony, H., Rubin, R., Altschuler, Y. and GaIiIi, G. (1992) Evidence for a novel 
route of wheat storage proteins to vacuoles. J. Cell Biol. 119, 1117-1128. 
Lfn, H.-B., Harley, S.M., Butler, J.M. and Beevers, L. (1992) Multiplicity of 
clathrin light-chain-like polypeptides from developing pea (Pisum sativum L.) cotyledons. J. 
Cell Sci. 103. 1127-1137. 
Lippincott-Schwartz, J. , Yuan, L., Tipper, C , Amherdt, M., Orci, L. and 
Klausner, R.D. (1991) Brefeldin-A's effects on endosomes, lysosomes. and the TGN suggest a 
general mechanism for regulating organelle structure and membrane traffic. Cell 67, 601-
616. 
Lippincott-Schwartz, J . , Yuan, L.C., Bontfacino, J.S. and Klausner, R.D. (1989) 
Rapid redistribution of Golgi proteins into ER in cells treated with brefeldin A: evidence for 
membrane cycling from Golgi to ER. Cell 56. 801-813. 
Lörz, H., Harms, C T . and Potrykus, I. (1976) Isolation of 'vacuoplasts' from 
protoplasts of higher plants. Biochem. Physiol. Pflanzen 169, 617-620. 
Lörz, H., Paszkowaki, J . , Dierks-Ventling, D. and Potrykus, I. (1981) Isolation 
and characterization of cytoplasts and miniprotoplasts derived from protoplasts of cultured 
cells. Physiol. Plant. 53, 385-391. 
Low, P.S. and Chandra, S. (1994) Endocytosis in plants. Annu. Rev. Plant Physiol. Plant 
MoI. Biol. 45 , 
Low, P.S., Legendre, L., Heinstein, P.F. and Horn, M.A. (1993) Comparison of 
eticitor and vitamin receptor-mediated endocytosis in cultured soybean cells. J. Exp. Bot. 44, 
269-274. 
Maeshima, M. (1990) Development of vacuolar membranes during elongation of cells in 
mung bean hypocotyls. Plant. Cell. Physiol. 3 1 , 311-317. 
Maritila, S., Tenhola, T. and Mikkonen, A. (1996) A barley (Hordeum vulgare L.) LEA3 
protein, HVA1, is abundant in protein storage vacuoles. Planta 199. 602-611. 
Marty, F. (1997). The biogenesis of vacuoles: insights from microscopy, in The plant vacuole, 
25 (R. A. Leigh and D. Sanders, eds.) San Diego London Boston New York Sydney Tokyo Toronto: 
Academic Press, pp. 1-33. 
Marty, F., Branton, D. and Leigh, R., A. (1980). Plant vacuoles. In The biochemistry ol 
plants., 1 (T. NE, eds.) New York: Academic Press, pp. 625-658. 

1 7 7 



Marty-Mazar&, D., Clémencet, M. -C, Cozolme, P. and Marty, F. (1995) Antibodies 
to the tonoplasl from the storage parenchyma cells of beetroot recognize a major intrinsic 
protein related to TIPs. Eur. J. Cell Biol. 66, 106-118. 
Matile, P. (1975) Cell biology monographs. Wien: Springer-Verlag. 
Matile, P. (1997). The vacuole and cell senescence. In The plant vacuole, 25 (R. A. Leigh and 
D. Sanders, eds.) San Diego London Boston New York Sydney Tokyo Toronto: Academic Press, pp. 
8 7 - 1 0 7 . 
Matsuoka, K., Ba&sham. D.C., Ralkhel, N.V. and Nakamura, K. (1995) Different 
sensitivity to wort man nin of two vacuolar sorting signals indicates the presence of distinct 
sorting machineries in tobacco cells. J. Cell Biol. 130. 1307-1318. 
Matsuoka, K., Higuchi, T., Maeshima, M. and Nakamura, K. (1997) A vacuolar-type 
H+-ATPase in a nonvacuolar organelle is required for the sorting of soluble vacuolar protein 
precursors in tobacco cells. Plant Cell 9, 533-546. 
Matsuoka, K., Matsumoto, S., Hattori, T., Machlda, Y. and Nakamura, K. (1990) 
Vacuolar targeting and posttranslational processing of the precursor to the sweet potato tuberous 
root storage protein in heterologous plant cells. J. Biol. Chem. 265, 19750-19757. 
Matsuoka, K.- and Nakamura, K. (1991) Propeptide of a precursor to a plant vacuolar 
protein required for vacuolar targeting. Proc. Natl. Acad. Sci. USA 68, 834-838. 
Matsuoka, K. and Nakamura, K. (1992) Transport of a sweet potato storage protein, 
sporamin, to the vacuole in yeasl cells. Plant. Cell. Physiol. 33, 453-462. 
Matsuoka, K. and Neuhaus, J.-M. (1999) Cis-elements of protein transport to the plant 
vacuoles. J. Exp. Bot.5Q, 165-174. 
Matsuura-Endo, C , Maeshima, M. and Yoshida, S. (1992) Mechanisms of the decline 
in vacuolar H+-ATPase activity in mung bean hypocotyls during chilling. Plant Physiol. 100. 
7 1 8 - 7 2 2 . 
Maurel, C , Chrispeels, M., Lurln, C , Tacnet, F., Geelen, D., Rlpoche, P. and 
Guem, J. (1997) Function and regulation of seed aquaporins. J. Exp. Bot. 48, 421-430. 
Melchers, L.S., SeIa-Buurlage, M.B., Vloemans, S.A., Woloshuk, C.P., van 
Roekel, J.S.C., Pen, J. , van den Elzen, P.J.M. and Cornelissen, B.J.C. (1993) 
Extracellular targeting of the vacuolar tobacco proteins-AP24, chitinase and beta-1,3-
glucanase in transgenic plants. Plant MoI. Biol. 2 1 , 583-593. 
Mellman, I. and Simons, K. (1992) The Golgi complex - In vitro veritas? Cell 68 , 829-
840 . 
Meyerowltz, E.M. and Prultt, R.E. (1985) Arabidopsis thaliana and plant molecular 
genetics. Science 229, 1214-1218. 
Michel, M., GnSgI1 H. and Müller, M. (1992) Diamonds are a cryosectioner's best friend. 
J. Microscopy 166, 43-56. 
Millard, P.O., Roth, B.L., Truong Thi, H.-P., Yue, S.T. and Haugland, R.P. 
(1997) Development of the FUN-I family of fluorescent probes for vacuole labeling and 
viability testing of yeast. Appi. Env. Microbiol. 63, 2B97-2905. 
Mironov, A.A., Weidman, P. and LuInI, A. (1997) Variations on the intracellular 
transport theme - maturing ci stern ae and trafficking tubules. J. Cell 3/0/.138, 481-484. 
Morano, K.A. and Klionsky, D.J. (1994) Differential effects of compartment 
deacidification on the targeting of membrane and soluble proteins to the vacuoles in yeast. J. Cell 
Sci. 1 0 7 , 2813-2824. 
Moriyasu, Y. and Ohsumi, Y. (1996) Autophagy in tobacco suspension-cultured ceils in 
response to sucrose starvation. Plant Physiol. 111 , 1233-1241. 
Murray, H.G. and Thompson, W.F. (1980) Rapid isolation of high molecular weight plant 
DNA. Nucleic Acids Res. 8:, 4321-4325. 
Nagy, J.I. and Mafiga, P. (1976) Callus induction and plant regeneration from mesophyll 
protoplasts of Nicotiana sylvestris. Z. Pflanzenphysiol76, 453-455. 
Nakamura. K., Matsuoka, K., Mukumoto, F. and Watanabe, N. (1993) Processing and 
transport to the vacuole of a precursor to sweet potato sporamin in transformed tobacco ceil line 
BY-2. J. Exp. Bot. 44 , 331-338. 

1 7 8 



Negrutfu, 1., Shlllito, R.D., Potrykus, 1., Biasini, G. and Sala, F. (1967) Hybrid 
genes in the analysis of transformation conditions. I. Setting up a simple method for direct gene 
transfer in plant protoplasts. Plant MoI. Biol. B, 363-373. 
Neuhaus, J.-M. (1996) Protein targeting to the plant vacuole. Plant Physiol. Biochem.34, 
1 0 2 - 1 0 4 . 
Neuhaus, J.-M., Pietrzak, M. and Boiler, T. (1994) Mutation analysis of the C-
terminal vacuolar targeting peptide of tobacco chitinase: tow specificity of the sorting system. 
and gradual transition between intracellular retention and secretion into the extracellular 
space. Plant J. S, 45-54. 
Neuhaus, J.-M., Sticher, L , Mefns, F., Jr. and Boiler, T. (1991) A short C-
terminal sequence is necessary and sufficient for the targeting of chitinases to the plant vacuole. 
Proc. Natl. Acad. Sci. USABB, 10362-10366. 
Neuhaus, J.M. and Rogers, J.C. (1998) Sorting of proteins to vacuoles in plant cells. 
Plant MoI. Biol. 38, 127-144. 
Newell, J.M., Leigh, R.A. and Hall, J.L. (1998) Vacuole development in cultured 
evacuolated oat mesophyii protoplasts. J. Exp. Bot. 49, 817-827. 
Oberbeck, K., Drucker, M. and Robinson, D.G. (1994) V-type ATPase and 
pyrophosphatase in endomembranes of maize roots. J. Exp. Bot. 45, 235-244. 
Ohno, H., Stewart, J. , Fournier, M.C., Bosshart, H., Rhee, f., Mlyatake, S., 
Salto, T., Gallusser, A., Kirchhausen, T. and Bonifacino, J.S. (1995) Interaction of 
tyrosine-based sorting signals with clathrin* associated proteins. Science 269, 1872-1875. 
Oklta, T.W. and Rogers, J.C. (1996) Compartmentation of proteins in the endomembrane 
system of plant cells. Annu. Rev. Plant Physiol. Plant MoI. Biol. 47, 327-350. 
Ooi, C E . , Oellangelica, E.C. and Bonifacino, J.S. (1998) Adp-ribosylation factor 1 
(ar i l ) regulates recruitment of the ap-3 adaptor complex to membranes. J. Cell Biol. 142, 
3 9 1 - 4 0 2 . 
Orel, L., Stamnes, M., Ravazzola, M., Amherdt, M., Perrelet, A., Sollner, T.H. 
and Rothman, J.E. (1997) Bidirectional transport by distinct populations of copi-coated 
vesicles. Cell 90 , 335-349. 
Owen, T.P.J., Platt-Alola, K.A. and Thomson, W.W. (1991) Ultrastructural 
localization of lucifer yellow and endocytosis in plant cells. Protopl. 160, 115-120. 
Paris, N. and Rogers, J.C. (1996) The role of receptors in targeting soluble proteins from 
the secretory pathway to the vacuole. Plant Physiol. Biochem. 34, 223-227. 
Paris, N., Rogers, S.W., Jiang, L., Kirsch, T., Bee vers, L., Phillips, T.E. and 
Rogers, J.C. (1997) Molecular cloning and further characterization of a probable plant 
vacuolar sorting receptor. Plant Physiol. 115, 29-39. 
Paris, N., Stanley, C M . , Jones, R.L. and Rogers, J.C. (1996) Plant cells contain two 
functionally distinct vacuolar compartments. CeIIBS, 563-572. 
Pineiro, M., Diaz, 1., Rodriguezpalenzuela, P., Titarenko, E. and Garciaólmedo, 
F. (1995) Selective disulphide linkage of plant thionins with other proteins. FEBS Lett. 369, 
239-242. 
Pfper, R.C., Cooper, A.A., Yang, H. and Stevens, T.H. (1995) VPS27 controls 
vacuolar and endocytic traffic through a prevacuolar compartment in Saccharomyces cere visi ae. 
J. Cell BiOl. 1 3 1 , 603-617. 
Pollock, C J . and Kingston-Smith, A. (1997). The vacuole and carbohydrate metabolism. 
In 77ie plant vacuole, 25 (R. A. Leigh and D. Sanders, eds.) San Diego London Boston New York 
Sydney Tokyo Toronto: Academic Press, pp. 195-211. 
Powell, P.P., Kyle, J.W.. Miller, R.D., Pantano, J. , Grubb, J.H. and Sly, W.S. 
(1988) Rat liver beta-glucuronidase: cDNA cloning, sequence comparisons and expression of a 
chimeric protein in COS cells. Biochemical J. 250, 547-555. 
Rea, P.A., Britten, C.J., Jennings, I.R., Calvert, C M . , Skiera, L.A., Leigh, R.A. 
and Sanders, D. (1992) Regulation of vacuolar !-(+-pyrophosphatase by free calcium • A 
reaction kinetic analysis. Plant Physiol. 100, 1706-1715. 

1 7 9 



Rea, P.A., Ll, Z.S., Lu, Y.P., Drozdowlcz, Y.M. and Martlnola, E. (1998) From 
vacuolar GS-X pumps to multispecilic ABC transporters. Annu. Rev. Plant Physiol. Plant MoI. 
Biol. 4 9 , 727-760. 
Rea, P.A. and Poole, R J . (1993) Vacuolar !-!+-translocating pyrophosphatase. Annu. Rev. 
Plant Physiol. Plant MoI. Biol. 44, 157-180. 
Regad, F., Bardet, C , Tremousaygue, D., Moisan, A., Lescure, B. and Axelos, M. 
(1993) cDNA cloning and expression ot an Arabidopsis GTP-binding protein of the ARF family. 
FEBS Le«. 316, 133-136. 
Richardson, K., Fowler, S., Pullen, C , Skelton, C , Morris, B. and Putterlll, J . 
(1998) T-DNA tagging of a (lowering-time gene and improved gene transfer by in plants 
transformation of Arabidopsis. Aust. J. Plant Physiol. 25, 125-130. 
Rlzzuto, R., Brini, M., Giorgi, F.D., Rossi, R., Heim, R., Talen, R.Y. and Pozzan, 
T. (1996) Double labelling of subcellular structures with organelle-targeted GFP mutants in 
vivo. Cur/. Biol. 6, 183-188. 
Robey, R.B., Ruiz, 0 . , Santos, A.V.P., Ma, J.F., Kear, F., Wang, L.J., Li, C.J., 
Bernardo, A.A. and Arruda, J.A.L. (1998) Ph-dependent fluorescence of a heterologously 
expressed aequòrea green fluorescent protein mutant • in situ spectral characteristics and 
applicability to intracellular ph estimation. Biochem. 37, 9894-9901. 
Robinson, D.G., Baumer, M., Hinz, G. and Hohl, I. (1998a) Vesicle transfer of storage 
proteins to the vacuole - the role of the Golgi apparatus and multivesicular bodies. J. Plant 
Physiol. 152 . 659-667. 
Robinson, D.G. and Hinz, G. (1997) Vacuole biogenesis and protein transport to the plant 
vacuole: a comparison with the yeast vacuole and the mammalian lysosome. Protopl. 197, 1-25. 
Robinson, D.G., Hinz, G. end Holstein, S.E.H. (1998b) The molecular characterization 
of Iransport vesicles. Plant MoI, Biol. 38 , 49-76. 
Robinson, M.S., Watts, C. and Zerial, M. (1996) Membrane dynamics in endocytosrs. 
C e / / 8 4 , 13-21. 
Rogers, J.C., Dean, D. and Heck, G.R. (1965) Aleuratn: a barley thiol protease closely 
related to mammalian cathepsin H. Proc. Natl. Acad. Sci. USAB2, 6512-6516. 
Rohrer, J1, Schweizer, A., Russell, D. and Kornfeld, S. (1996) The targeting of 
lampi to lysosomes is dependent on the spacing of its cytoplasmic tail tyrosine sorting motif 
relative to the membrane. J. Cell Biol. 132, 565-576. 
Rossi, L., Escudero, J. and Tlnland, H.B. (1993) Efficient and sensitive assay for T-
DNA-Dependent transient gene expression. Plant MoI. Biol. Hep. 1 1 , 220-229. 
Rothman, J.E. (1994) Mechanism of intracellular protein transport. Nature 372. 55-63. 
Rothman, J.H., Yamashlro, C.T., Kane, P.M. and Stevens, T.H. (1989) Protein 
targeting to the yeast vacuole. Trends Biochem. Sci. 14, 347-350. 
Runeberg-Roos, P., TörmSkangas, K. and Ost man, A. (1991) Primary structure of a 
barley-grain aspartic proteinase. Eur. J. Biochem. 202, 1021-1027. 
Saalbach, G., Jung, R., Kunze, G., Saalbach, t., Adler, K. and Muntz, K. (1991) 
Different legumin protein domains act as vacuolar targeting signals. Plant Cell 3, 695-708. 
Sambrook, J-, Frltsch, E.F. and Manialis, T. (1989) Molecular cloning, a laboratory 
manual. Cold Spring Harbor Laboratory Press. 
Sanchez-Fernandez, R., Frlcker, M., Corben, L., B. , White, N., S. , Sheard, N., 
Leaver, C , J . , Van Montagu, M., Inzé, D. and May, M., J . (1997) Cell proliferation 
and hair tip growth in the Arabidopsis root are under mechanistically different forms of redox 
control. Proc. Natl. Acad. Sci. USA 94, 2745-2750. 
Santa Cruz, S., Chapman, S., Roberts, A.G., Roberts, I.M., Prior, D.A.M. and 
Oparka, K.J. (1996} Assembly and movement of a plant virus carrying a green fluorescent 
protein overcoat. Proceedings of the National Academy of Sciences of the USA 93. 6286-6290. 
Satiat-Jeunemaltre, B. and Hawes, C. (1992) Redistribution of a Golgi glycoprotein in 
plant cells trealed with brefeldin A. J. Cell Sci. 103, 1153-1166. 
Satiat-Jeunemaltre, B. and Hawes, C. (1993) Insights into the secretory pathway and 
vesicular transport in plant cells. Biol. Cell 79, 7-15. 

1 8 0 



Schekman, R. (1996) Polypeptide translocation - a pretty picture is worth a thousand 
words. Cell 67 , 593-595. 
Schekman, R. and Orci, L. (1996) Coat proteins and vesicle budding. Science 271 , 1526-
1533. 
Schnell, D.J., Kessler, F. and BIobel, G. (1994) Isolation of components of the 
chloroplast protein import machinery. Science 266, 1007-1012. 
Schroeder, M.R., Borkhsenious, O.N., Matsuoka, K., Nakamura, K. and Raikhel, 
N.V. (1993) Colocalization of barley lectin and sporamin in vacuoles of transgenic tobacco 
plants. Plant Physiol. 1 0 1 , 451-458. 
Schu, P.V., Takegawa, K., Fry, M.J., Stack, J.H., Waterfield, M.D. and Emr, S.D. 
(1993) Phosphatidylinositot 3-kinase encoded by yeast VPS34 gene essential for protein 
sorting. Sc/ 'ence260, 88-91. 
Seeger, M. end Payne, G.S. (1992) Selective and immediate effects of clathrin heavy chain 
mutations on Golgi membrane protein retention in Saccharomyces cerevisiae. J. Ceti Biol. 118. 
5 3 1 - 5 4 0 . 
Sheen, J . , Hwang, S.B., Nlwa, Y., Kobayashl, H. and Gelbraith, D.W. (1995) 
Green-fluorescent protein as a new vital marker in plant cells. Plant J. 8, 777-784. 
Shimada, T., Kuroyanagi, M., Nishimura, M. and Hara-Nishimura, I. (1997) A 
pumpkin 72-kDa membrane protein of precursor-accumulating vesicles has characteristics of 
a vacuolar sorting receptor. Plant. Cell. Physiol. ZB, 1414-1420. 
Siemerlng, K.R., Goblik, R., Pines, J. , Jackman, M. and Haseloff, J . (1996) 
Mutations that suppress the thermosensitivity of green fluorescent protein. Curr. Biol. 6, 
1 6 5 3 - 1 6 6 3 . 
Spanò, S., Silletta, M.G., Colanzi, A., Alberti, S., Fiucci, G., Valente, C , 
Fuselle, A., Salmona, M., Mlronov, A., LuInI, A. and Corda, D. (1999) Molecular 
cloning and functional characterization of breleldin A-ADP-hbosylated substrate. J. Biol. Chem. 
2 7 4 , 17705-17710. 
Spielman, A. and Simpson, R.B. (1986) T-DNA structure in transgenic tobacco plants 
with multiple indipendent integration sites. MoI. Gen. Genet. 205, 34-41. 
Stsab, J.F., Ginkel, D.L., Rosenberg, G.B. and Munford, R.S. (1994) A saponin-IJke 
domain influences the intracellular localization, stability, and catalytic activity of human 
acyloxyacyl hydrolase. J. Biol. Chem. 269, 23736-23742. 
Staehelln, L.A. and Driouich, A. (1997) Breteldin A effects in plants. Are different Golgi 
responses caused by different sites of action? Plant Physiol. 114, 401-403. 
Staehelln, L.A. and Moore, I. (1995) The plant Golgi apparatus: Structure, functional 
organization and trafficking mechanisms. Annu. Rev. Plant Physiol. Plant MoI. Biol. 46, 261-
2 6 8 . 
Sticher, L., Hinz, U., Meyer, A.D. and Melns, F. (1992) Intracellular transport and 
processing of a tobacco vacuolar 6-1,3-glucanase. Planta IBB, 559-565. 

Sze, H., Ward, J.M., Lai, S. and Perera, I. (1992) Vacuolar-type !-!+-translocating 
ATPases in plant endomembranes - subunit organization and multigene families. J. exp. Biol. 
1 7 2 , 123-135. 
Towbin, J. , Staehelin, T. and Gordon, J . (1979) Electrophoretic transfer of proteins 
from Polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc. Natl. 
Acad. Sci. USA7B, 4350-4354. 
Tranbarger, T.J., Franceschi, V.R., Hildebrand, D.F. and Grimes, H.D. (1991) The 
soybean 94-kilodalton vegetative storage protein is a lipoxygenase that is localized in 
paravenial mesophyll cell vacuoles. Plant CeIIZ, 973-987. 
Vitate, A., BIeIIi, A. and Ceriotti, A. (1995) The binding protein associates with 
monomeric phaseolin. Plant Physiol. 107, 1411-1418. 
Vitale, A. and Chrispeels, M.J. (1992) Sorting of Proteins to the Vacuoles of Plant Cells. 
BioEss 14. 151-160. 

181 



von Heijne, G. {1986} A new method for predicting signal sequence cleavage sites. Nucleic 
Acids Acs. 14, 4683-4690. 
Wandelt, C.I., Khan, M.R.J., Craig, S., Schroeder, H.E., Spencer, D. and Higgins, 
T.J.V. (1992) Vicilin with carboxy-terminal KDEL is retained in the endoplasmic reticulum 
and accumulates to high levels in the leaves of transgenic plants. Plant J. 2, 181-192. 
Weig, A., Des warte, C. and Ch rispeeis, M.J. (1997) The major intrinsic protein 
family of arabldopsis has 23 members that form three distinct groups with functional 
aquaporins in each group. Plant Physiol. 114, 1347-1357. 
Welters, P. (1996) Vacuolar targeting - proteins of the transport machinery. Plant 
Physiology & Biochemistry 34, 229-235. 
Wink, M. (1993) The plant vacuole - A multifunctional compartment. J. Exp. Bot. 44, 231-
246 . 
Wink, M. (1997). Compartmentation of secondary metabolites and xenobiotics in plant 
vacuoles. In The plant vacuole, 25 (R. A. Leigh and D. Sanders, eds.) San Diego London Boston 
New York Sydney Tokyo Toronto: Academic Press, pp. 141-160, 
Wu, F.S. and Tsai, Y.Z. (1992) Evacuolation and enucleation of mesophyll protoplasts in 
self-generating percoli gradients. Plant Cell Environ15, 685-692. 
Vano, H., Nakanishi, S., Kimura, K., Hanai, N., Saitoh, Y., Fukui, Y., Nomura, Y. 
and Matsuda, Y. (1993) Inhibition of histamine secretion by wortmannin through the 
blockade of phosphatidylinosito! 3-kinase in RBL-2H3 ceils. J. Biol. Chem. 268, 25846-
25656. 
Yaver, D.S., Nelson, H., Nelson, N. and Klionsky, D.J. (1993) Vacuolar ATPase 
mutants accumulate precursor proteins in a prevacuolar compartment. J. Biol. Chem. 268, 
1 0 5 6 4 - 1 0 5 7 2 . 
Zhou, M., Upson, R., H. , Diwu, Z. and Haugland, R., P. (1996) A fluorogenic 
substrate for ß-glucuronidase: Applications in fluorometric, Polyacrylamide gel and 
histochemical assays. J. Biochem. Biophys. Methods 33, 197-205. 

182 



Acknowledgement 

First I want to thank my parents, Enzo and Annarita, and my wife Angela 
for their continued support during my studies and expecially during my 
Ph.D.. 

I express my gratitude to Jean-Marc Neuhaus for supervising my RvD. 
thesis, to Nadine Paris for fruitful discussions and support, to Sophie 
Marc-Martin for contribution in so many experiments, to Ricardo 
Flückiger for the preparation of transgenic plants and to David Humair 
for help and friendship. 

I want to thank Enrico Martinoia and Fred Meins for suggestions, J im 
Haseloff and Chris Hawes for the material they kindly shared with me. 

Finally I want to thank all members of the Biochemistry department 
who helped me in many occasions and therefore contributed to my work. 

183 


