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SUMMARY
In eukaryotic cells, GTPase-Activating Proteins (GAPs) are a family of proteins,
which acts on small GTP-binding proteins of the Ras superfamily. GAP proteins
have a conserved structure and use similar mechanisms, promoting hydrolysis of
GTP to GDP. GAPs include several groups based on their substrate proteins,
such as ARF (ADP Ribosylation Factor) GAPs, RAB (RAS-like protein in Brain)
GAPs, and RHO (RAS Homologue) GAPs.
ARFGAPs act specifically inducing hydrolysis of GTP on ARFs. In Arabidopsis
thaliana genome, there are 15 proteins with ARFGAP domains (named AGD115) which are classified as ARFGAP Domain (AGD) proteins. These proteins
have been highly conserved during the evolution of eukaryotes.
In this thesis, the cellular role of an ARFGAP (AGD5) has been investigated. This
group of proteins includes five ARFGAP members (AGD5-AGD10) which contain
only the AGD domain at the amino terminus. These proteins are structurally
related to the yeast ARFGAPs (Age2p, Gcs1p and Glo3p) which perform their
function at the TGN (Trans-Golgi Network). Mutagenesis experiments in yeast
cells that have a suppressed GAP activity for Glo3p and Gsc1p showed an
impaired retrograde protein transport from ER to Golgi apparatus.
In animal cells, overexpression of ARF1GAP determines re-absorbance of Golgi
membrane proteins into the ER disrupting retrograde trafficking, as shown using
brefeldin-A (BFA), which is a protein trafficking inhibitor.
This suggests that ARF1GAP play a regulator role towards ARF during Golgi
apparatus to ER transport.
ARFGAPs are generally considered a group of proteins, which stimulate the
intrinsic GTPase activity of ARF proteins. However, an additional role has been
suggested in the regulation of membrane traffic.
Thus, GAP proteins may play a crucial role in regulating the disassembly and
dissociation of vesicle coats. In plant cells, as in animal and yeast cells, ARFs
may also have different effectors and regulator proteins that can control the
trafficking pathway. Analysis of the Arabidopsis thaliana genome has highlighted
the conservation of numerous proteins including the GAP proteins. Among all
these proteins, only a few have been characterized in detail. Recent studies
have shown that three ARFGAPs, called VAN3, OsAGAP, SCARFACE, may play
an important role in vesicle transport from the plasma membrane to the
endosomes, and vice versa, having a role also in auxin signalling. In plant cells,
the precise function of ARFGAPs at the TGN and its regulators are unknown.
In this thesis, the biological function of an ARFGAP, classified as AGD5, from A.
thaliana has been investigated by using confocal microscopy techniques, sitedirected mutagenesis and biochemical experiments. Using these methodologies,
the sub-cellular localization and biological role of AGD5 in protein trafficking in
plant cells were investigated.
YFP-AGD5 localizes to TGN
To determine the subcellular localization of AGD5, a protein fusion construct with
YFP (yellow fluorescent protein) was produced, YFP-AGD5, and expressed in
tobacco leaf epidermal cells. Laser confocal microscopy analyses indicated that
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YFP-AGD5 labelled mobile punctate structures that were motile in the cell. To
identify the nature of the structures, Nicotiana tabacum leaf epidermal cells were
cotransformed with YFP-AGD5 fusion and various Golgi apparatus, TGN and
endosome markers. It was found that the distribution of YFP-AGD5 was different
compared to ERD2, which is a Golgi apparatus marker. Instead it was partly
similar to that of ARF1, which mainly localize to the Golgi apparatus but also to
additional non-Golgi structures. This shows that YFP-AGD5 and ARF1 colocalize to extra Golgi structures. Furthermore, YFP-AGD5 was coexpressed with
various endocytic and TGN markers and it was found that AGD5 labels
compartments stained with SYP61, which is also a TGN marker.
YFP- AGD5[R59Q] localize to TGN, and functions on ARF1 in vivo
It has been shown that YFP-AGD5 colocalizes with ARF1 on the TGN. Judging
from its subcellular localization, AGD5 probably acts as an ARFGAP on ARF1. It
was examined whether AGD5 acts on ARF1 in vivo by coexpressing tobacco
cells with YFP tagged AGD5[R59Q] a GAP-negative mutant.
The cells expressing ARF1 alone showed a punctate subcellular distribution,
which represents Golgi apparatus and non-Golgi structures.
In contrast, in cells coexpressing ARF1 and AGD5[R59Q], ARF1 was distributed
at punctate structures and in the cytosol. This suggests that ARF1 in such cells
may remain as a GTP-bound form on membranes where AGD5 is normally the
primary ARFGAP. In any case, the above observations indicate that AGD5 is
likely to function in an ARF1 dependent process.
AGD5 interacts with ARF1 in vivo and in vitro
The results of the previous section indirectly suggest that AGD5 is involved in the
activation of ARF1 on the TGN in plants.
To confirm the role of AGD5 in the activation of ARF1 to the TGN, and to obtain
direct evidence that AGD5 would alter ARF1 distribution a glutathione agarose
affinity assay based on the interaction of a recombinant GST-AGD5 with mutant
GTP bound form ARF1-YFP protein expressed in tobacco leaves was developed.
Results indicate that there is an interaction between AGD5 and ARF1GTP.
However, the data do not allow us to establish whether the binding of ARF1 to
AGD5 is direct. Therefore, to determine if the interaction between ARF1 and
AGD5 required the presence of other cytosolic or TGN associated proteins,
ARF1 and AGD5 were produced in E. coli and tested for the interaction with
ARF1 and purified AGD5 in vitro. This experiment demonstrates that the
interaction of ARF1 with AGD5 is not dependent on other cytosolic proteins and it
could be due to a direct association of the two molecules.
Overexpression of YFP-AGD5 in Arabidopsis stable plants
To determine the cellular expression pattern of AGD5 in plants, the P35S:-YFPAGD5 construct was introduced into A. thaliana via Agrobacterium-mediated
transformation. Confocal microscopy on transgenic lines showed that the
fluorescence is mainly distributed in the root. The subcellular distribution of YFPAGD5 was detected as punctate structures along the root but mainly in the apical
part.
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Analysis of root hairs in transgenic lines overexpressing AGD5 displays the
bulged root hair phenotype. Furthermore, the overexpression causes defects in
root tip growth.
Additionally, AGD5 in pollen of transgenic Arabidopsis plants was found to cause
various pollen tube phenotypes, including expanded tubes with swollen tips,
twisted tubes, and bifurcate tips.
AGD5 affects protein secretion in N. tabacum transformed protoplasts
To demonstrate further that AGD5[R59Q] (GAP-negative mutant) has a negative
effect compared to AGD5 wild type form on protein export from the TGN, tobacco
leaf protoplasts were cotransfected with the secretory marker SecRGUS. AGD5
did not affect SecRGUS secretion, but the AGD5[R59Q] mutant exhibited a
negative effect on the secretion of SecRGUS. These data mirror our confocal
microscopy results showing that AGD5 affected the distribution of ARF1 at the
TGN, suggesting that the mutant form may block anterograde (from ER to Golgi
apparatus) export.
This work established that AGD5 localizes to the TGN. Furthermore, this study
has highlighted a new interactor, an ARFGAP, for the small GTPase ARF1
protein at the TGN organelle suggesting an additional role in vesicle transport
along the endocytic pathway. Therefore, this work represents a starting point to
analyze the AGD5 influence on ARF1 functionality during auxin receptor
recycling.
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1. INTRODUCTION
1.1 Vesicular traffic in the secretory and endocytic pathways
Eukaryotic cells have a complex internal membrane system, which allows them
to release macromolecules through the secretory pathway or to take up nutrients
and signal molecules by a process called endocytosis.
The secretory pathway is a highly conserved complex of endomembranes: the
endoplasmic reticulum (ER), the Golgi apparatus, Trans-Golgi Network (TGN),
the vacuole, plasma membrane and vesicles in which there are cargo molecules
transported between all these compartments (Figure 1.1). The endocytic
pathway involves vesicles, which bud from the plasma membrane taking up
membrane and soluble extracellular molecules moving via the endosome.
Besides, recent results indicate that TGN can be considered as an integral part
of the endocytic pathway.
Endocytosis and exocytosis are two essential processes governing cell growth,
cell fate, development, as well as cell-cell interactions and cell interactions with
the external milieu. In addition, viruses, toxins and symbiotic microorganisms
utilize the endocytic pathways to get inside the cell.
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Figure 1.1: Secretory and endocytic pathways.

1.2 Secretory pathway
1.2.1 Endoplasmic reticulum
The ER of plant cells is closely associated with the nucleus, which is enclosed, in
a double membrane called nuclear envelope. In eukaryotic cells, the ER is an
irregular network of highly dynamic interconnected tubules: this adaptable
organelle can re-organize, enlarge and contract its membrane system spatially
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and temporally (Staehelin, 1997; Boevink et al., 1998; Boevink et al., 1999).
Electron microscopy analyses have revealed the general organization of the ER
that is characterized by different regions and sub-regions morphologically distinct
with specific functions. This network of membrane systems is physically linked
(Staehelin, 1997; Koizumi et al., 2001). Additionally it has been shown, that a
rearrangement of the ER membrane system occurs during mitosis (Staehelin,
1997; Hepler, 1982) and during cell differentiation (Harris and Chrispeels, 1980).
Confocal microscopy has highlighted new morphological insights into the reoorganization of the ER under stress effects and external stimuli (Cole and
Lippincott-Schwartz, 1995; Staehelin, 1997).
The ER membrane network has been found to be involved in the biosynthesis,
processing and export of proteins, glycoproteins and lipids (Vitale and Denecke,
1999; Vitale and Galili, 2001). Before reaching their final destination, proteins
destined to be secreted or proteins resident in specific organelles are first
translocated into ER. The translocation and release of newly synthesized
proteins into the ER lumen involves ribosomes docked onto a protein pore, for
which the major component of translocation apparatus is Sec61 protein, highly
conserved in prokaryotes and eukaryotes (Zhou and Schekman, 1999). Once
into the ER, the joint action of resident enzymes and molecular chaperones
processes the nascent polypeptides, which undergo a series of post-translational
modifications like folding, assembly and oligomerization (Hammond and
Helenius, 1995; Bonifacino and Weissman, 1998). Proteins properly modified can
run off the ER and be transported to the Golgi apparatus by vesicles. Abnormal
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proteins are retained in the ER, accumulated in the dilated region or degraded
(Bonifacino and Weissman, 1998). In general, physiological quality control
mechanisms represent an important step to avoid the export of malformed ER
proteins that can interfere with normal cellular functions (Bonifacino and
Weissman, 1998).

1.2.2 Golgi apparatus
Golgi apparatus of eukaryotic cells represents the central station along the
secretory pathway, which has an important role in protein glycosylation and
sorting processes. In animal cells, many Golgi apparatus resident proteins are
involved in forming a proteinaceous skeleton responsible to preserve the
structure of this organelle (Franke et al., 1972; Cluett and Brown, 1992). In plant
cells, it is unknown how the Golgi apparatus maintains its structure. In a recent
study, Renna et al., (2005) have identified an integral membrane Golgi matrix
protein in tobacco plant cells, which could be important for the maintenance of
the Golgi apparatus architecture.
In mammalian cells, the single Golgi complex is localized to the center of the
cell in the perinuclear region around the centrosome, anchored by a microtubuledependent mechanism (Polishchuk and Mironov, 2004). By contrast, in plant
cells, the Golgi apparatus is organized as numerous individual stacks of
cisternae that are dispersed through the cell in the cytoplasm, and closely
associated to the cortical ER network in leaf cells (Boevink et al., 1998; Brandizzi
et al., 2002b; Saint-Jore et al., 2002). The number of stacks and their distribution
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within the plant cell has been shown to be cell type-dependent. Generally, plant
cells have an average of several hundreds of Golgi stacks (Mollenhauer and
Morré, 1994; Staehelin and Moore, 1995; Dupree and Sherrier, 1998). Each
Golgi stack is functionally and structurally a polarized structure that includes a
series of flattened cisternae, morphologically distinct in cis-, medial- and transcompartments followed by the TGN (Staehelin and Moore, 1995; Dupree and
Sherrier, 1998). In mammalian cells, ER intimately associated with ciscompartment continuously exchanges cargo molecules with this cisterna,
receiving proteins and lipids. The traffic between the ER and the Golgi apparatus
is regulated through COPII vesicles involved in the anterograde cargo transport,
and COPI vesicles implicated in anterograde and retrograde transport (Jackson
et al., 1993; Pepperkok et al., 1993). Several lines of evidence support the idea
that protein export from the ER takes place in specialized regions of the ER,
defined as ER export sites (ERES) (Aridor and Balch, 1999; Hammond and
Glick, 2000; Aridor et al., 2001). In plant cells, three models that describe ER-toGolgi protein export have been proposed (Figure 1.2). The first model, called
‘vacuum cleaner model’ suggests that Golgi stacks move along the ER surface
sweeping up export vesicles that bud from the ER continuously (Boevink et al.,
1998). To now, no experimental data have been produced to support this model.
The second model is known as ‘stop and go’ or ‘kiss and go’ (Nebenfür et al.,
1999). This model suggests that spatially-fixed ERES are present on the ER
surface, the Golgi stops on ERES and collects cargo.
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The third model was established on the analysis of the dynamics of a fluorescent
fusion of SAR1, the GTPase that initiates COPII assembly at ERES (daSilva et
al., 2004). In fact, it has been shown in N. tabacum leaf epidermal cells that
ERES and Golgi complex form secretory units that move together (daSilva et al.,
2004). The ERES-Golgi apparatus movement does not influence the ER-to-Golgi
transport of cargo molecules (Brandizzi et al., 2002a). Subsequently,
glycosyltransferase localized to cis, medial and trans compartments transfers
monosaccharides to the nascent polypeptide chains (Polishchuk and Mironov,
2004). Once the modified polypeptide molecules reach the trans-compartment
they are packaged into shuttle vesicles and they are distributed to various
destinations within and out the cell. The plant Golgi apparatus has also an
important role in the biosynthesis of cell wall polysaccharides that are transported
by vesicles out of the plasma membrane (Staehelin, 1997; Dupree and Sherrier,
1998).
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Figure 1.2: Schematic representation of the three models for proteins transfer from the ER
to the Golgi apparatus. A) The vacuum cleaner model. B) The stop-and-go model. C) The
mobile ERES model. (Hanton et al., 2005).

1.2.3 Trans-Golgi Network
In yeast and mammalian cells, TGN has a central role in the secretory and
endocytic pathways. Once in the TGN, newly synthesized proteins, as well as
lipids, reach their final cellular destination.
In yeast cells, four different trafficking ways, can occur from the TGN: the first
route considered the constitutive or default pathway could deliver cargo
molecules to the plasma membrane, the second pathway transport molecules to
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the endosomal membrane system, the third pathway has as final destination the
vacuole. Additionally recent evidences have suggested a fourth pathway, which
delivers cargo to the EE (Early Endosome) from the TGN.
Cargo transport at the TGN occurs in vesicles which are different from the COPI
vesicles involved in intra-Golgi transport. It has been demonstrated that transport
from TGN to endosomal/vacuolar system takes place by a mechanism of clathrin
coated vesicles (Ladinsky et al., 1999).
The adaptor complex AP-3 mediates the transport from the TGN to the vacuole.
This route has been discovered following the alkaline phosphatase (ALP)
pathway, in fact in absence of one of the subunits of the adaptor complex AP-3,
ALP is not addressed to the vacuole (Cowles et al., 1997). On the other side
proteins using alternative pathways to reach the vacuole, are not influenced by
AP-3 mutants (Stepp et al., 1997).
An alternative route that allows transit from the TGN to the PVC (prevacuolar
compartment) is the carboxypeptidase Y (CPY) pathway (Rothman and Stevens,
1986). Recent studies have identified the adaptor proteins involved in this
trafficking (Mullins and Bonifacino, 2001).
In mammalian cells, at the TGN two separate routes occur, one to the sorting
endosome /early endosome and MVB (multivesicular body)/late endosome.
In mammalian cells, the TGN represents the exit compartment within the
secretory pathway involved in the sorting of cargo molecules (Teuchert et al.,
1999).

INTRODUCTION
Proteins destined for regulated secretion are packaged into vesicles that await a
signal to discharge their contents. TGN is also a site for sorting proteins to the
appropriate plasma membrane domain in polarized cells. Clathrin/AP-1 vesicles
have been implicated in mediating anterograde trafficking to the EE and
retrograde trafficking from the EE to the TGN (Meyer et al., 2000; Waguri et al.,
2003; Murphy et al., 2005).
In plant cells, retrograde trafficking is only hypothesized and anterograde
trafficking from the TGN to the partially coated reticulum (PCR) or MVB has not
yet been demonstrated.
Since its discovery, TGN has been considered to be the last station of the Golgi
apparatus. However, several lines of evidence indicate that the TGN should be
considered as an independent organelle in plant cells (Saint-Jore-Dupas et al.,
2004; Uemura et al., 2004).
The SNAREs SYP41/SYP61 are the first identified proteins labelling a
compartment defined as TGN. These can often be seen by confocal microscopy
to be physically separated from the Golgi apparatus (Uemura et al., 2004). This
result suggests that the TGN can be considered as an independent organelle
separated from the Golgi bodies. Several other marker proteins localizing at the
TGN are now available, but they have undefined roles in the secretory or
endocytic pathway. Among these a vacuolar H (+)-ATPase (V-ATPase) is
specifically localized to the TGN and styryl dye FM4-64 coexpression allows to
determine the speed with which cargo molecules reaches the TGN (Dettmer et
al., 2006). Support to the idea that the TGN has a specific function in secretory
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pathways, cames from analysis of the secretory carrier membrane protein1
(SCAMP1), which also marks the TGN (Lam et al., 2007).

1.2.4 Vacuole
In animal cells, lysosomal enzymes destined to late endosome (lysosome) leave
the TGN through clathrin-coated vesicles (Kornfeld, 1990). In plants, cargo
transport from the TGN within the cell appears to proceed by three different
pathways. There are two secretory routes described that proceed from the TGN
to the two kinds of vacuoles in the cell: a storage vacuole (SV) and a lytic
vacuole (LV). Soluble proteins leave the TGN through a third pathway that reach
directly the plasma membrane (Paris et al., 1996). The proteins can leave the
TGN to reach the storage vacuole through dense vesicles. In some conditions, it
is possible to see dense vesicles starting in the cis-Golgi area, and this means
that the storage pathway may bypass the TGN (Hinz et al., 1999; Hillmer et al.,
2001; Saint-Jore-Dupas et al., 2004). On the other side clathrin-coated vesicles
shuttle cargo molecules to the lytic vacuole (Saint-Jore-Dupas et al., 2004). A
family of vacuolar sorting receptors (VSR), which are resident in the TGN, is
responsible for the proteins transport to the lytic vacuole through clathrin-coated
vesicles (Kirsch et al., 1994; Paris and Neuhaus, 2002). Studies in A. thaliana
identified a dynamin-like 6 protein (ADL6) which appears to be responsible for
the scission of the clathrin-coated vesicles from the trans-Golgi apparatus. In
fact, in a dominant negative mutant (ADL6[K51E]) for this protein the transport
between the trans-Golgi and lytic vacuole is blocked, while the transport to the
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plasma membrane is still active (Jin et al., 2001). In conclusion, the transport of
cargo molecules to the storage and lytic vacuoles or plasma membrane takes
place on the basis of the budding of different vesicles from trans-Golgi or TGN
working as a sorting compartment.

1.2.5 Plasma membrane
In plant cells, the transport carriers mediating delivery of polysaccharides and
secretory proteins, between trans-Golgi or TGN and plasma membrane still
needs a detailed analysis. In tobacco cells, the transport of polysaccharides to
the plasma membrane has been shown by the use of specific cytochemical
staining or by immunolocalization and appears to occur by uncoated secretory
vesicles of different sizes (Staehelin, 1991). Recently, in tobacco protoplasts, it
has been demonstrated that cell wall polysaccharides and secretory proteins
reach the plasma membrane by different secretory pathways (Leucci et al.,
2007). A first report indicate that the transport of soluble cargo from trans-Golgi
to plasma membrane also occurs, as seen for secGFP, a secreted form of GFP
(Boevink et al., 1999; Batoko et al., 2000). However, owing to the lack of
ultrastructural data on transport vesicles and membrane carriers it is unknown
how proteins can reach the plasma membrane; indeed, the targeting signals
important for transport vesicles destined to the plasma membrane are unknown
(Hadlington and Denecke, 2000). Studies, in tobacco cells, on single-span
proteins have shown that the length of the transmembrane domain for type I
proteins play a role in defining the final localization (Brandizzi et al., 2002b). In
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the most recent experimental evidence, it appears that deletion of a large loop in
the cytosolic domain of a multitransmembrane-spanning protein, a plasma
membrane H+-ATPase from Nicotiana plumbaginifolia hampers the plasma
membrane targeting. These findings suggest that one or more signals may be
necessary for the correct targeting to the plasma membrane of multispanning
proteins (Lefebvre et al., 2004). In eukaryotic cells, SNARE proteins (soluble Nethyl-maleimide sensitive factor attachment protein receptors) associated with a
membrane are responsible in regulating the vesicles fusion specificity during the
trafficking of proteins from one compartment to another (Uemura et al., 2004). In
A. thaliana genome seventeen SNAREs localized on the plasma membrane have
been identified, and this may confer some level of specificity for vesicle fusion
(Uemura et al., 2004); indeed, recent studies have been suggested a role for
SYP121 and SYP122 in driving independent secretory events (Rehman et al.,
2008). The traffic to the plasma membrane appears also to be regulated by the
interaction between the cytoskeleton and the vesicles (Picton and Steer, 1983;
Hawes and Satiat-Jeunemaitre, 2005). However, very little it is known about
mechanisms of cargo transport to the plasma membrane.

1.3 Endocytic pathway
In Eukaryotic cells, the endocytic pathway comprises a certain number of
intracellular organelles, which can be considered as compartments functionally
and physically distinct connected with each other by vesicular traffic.
The organelles involved in this pathway are called endosomes (Figure 1.3).
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In mammalian cells, endosomes are distinguished into four subgroups: early
endosomes, late endosomes, recycling endosomes, and lysosomes (Mellman,
1996).
In mammals, the first step in the endocytic pathway is the formation of vesicles
from the plasma membrane (Brandhorst and Jahn, 2006).
The vesicles deliver internalized molecules to early or sorting endosomes, which
when acidified by ATP-dependent proton pumps, promote ligand-receptor
dissociation. Consequently the receptor should be recycled back to the cell
surface to start another round of delivery (Mukherjee et al., 1997).
Early endosome can be considered as the central station involved in the
continuous generation of vesicles with different destinations.
A first step is the receptors recycling back to the plasma membrane.
A second pathway involves the formation of a compartment which is called
recycling endosome. Proteins leave this compartment to recycle back to plasma
membrane or to reach the TGN.
Trans Golgi network can receive vesicles from early endosome and consequently
ship TGN-derived vesicles back to early compartment (Itin et al., 1997).
Finally, early endosome should gradually mature by reciprocal fusion events to
develop into late endosomes/lysosomes (Steinman et al., 1983; Mellman, 1996;
Brandhorst and Jahn, 2006). This model is called maturation model and is
supported by time lapse video microscopy (Gruenberg et al., 1989; Dunn and
Maxfield, 1992; Aniento et al., 1993; Maxfield and McGraw, 2004).
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On the other side this scientific evidence does not assist the shuttle model which
considers the endosome as stable organelles whose contents can be transported
between them by vesicles (Damke et al., 1994; Mellman, 1996).
In yeast cells, the endocytic pathway comprises endocytic vesicles, early
endosome, late endosome called prevacuolar compartment, and the vacuole
which is considered equivalent to mammalian lysosome (Mellman, 1996; Munn,
2000). In general, trafficking routes are similar to that of mammalian cells.
In plant cells, several proteins involved in endocytic machinery are well
conserved compared to yeast and mammalian cells (Jurgens and Geldner,
2002). The proteins identified can operate in different types of endocytic
processes: clathrin independent which should include phagocytotic, fluid-phase
and lipid raft-mediated endocytosis, and on the other hand a clathrin dependent
pathway (Murphy et al., 2005). Direct experimental evidence of a clathrinindependent process come from root cells which internalize Rhizobia by a
phagocytotic process which involves a small GTPase of the Rab family (Son et
al., 2003). Fluid-phase endocytosis, a clathrin-independent process, has been
demonstrated in recent times in plant cells using a membrane-impermeable
fluorescent dye, Lucifer Yellow (LY) (Baluska et al., 2004). A recent discovery
had found that plant cells can take up sucrose using fluid-phase endocytosis and
at the same time sucrose is a signal for the activation of the endocytic pathway
(Etxeberria et al., 2005). In N. tabacum cells, the occurrence of lipid raftmediated endocytosis was recently demonstrated (Mongrand et al., 2004). In
support of these findings, there are new studies that have identified lipid rafts
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associated with GPI-anchored proteins (Borner et al., 2003; Lalanne et al., 2004).
These proteins have found to be associated with PINFORMED (PIN) auxin efflux
proteins; this suggest a role for lipid raft and GPI-anchored proteins in protein
recycling (Grebe et al., 2003; Willemsen et al., 2003).

Figure 1.3: Endocytotic pathways in animals and plants. (A) In animals, clathrin-coated and
receptor-mediated endocytosis from the plasma membrane (PM) is directed to the sorting
endosome/early endosome [Rab4, LDL-receptor (LDL-R) and transferrin receptor (TfR) markers].
From there, cargo is transported to the PM, endosomal recycling compartment [Rab4, Rab11,
LDL-R, transferrin bound to transferrin receptor (Tf-TfR)], or multivesicular body (MVB)/late
endosome [Rab7, M6PR, lysobisphosphatidic acid (LPBA). From the endosomal recycling
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compartment, cargo can go back to the PM or the Trans-Golgi Network (TGN) (Rab11). From the
MVB/late endosome, cargo can move to the TGN [cationic-independent
mannose-6-phosphate receptor (CI-M6PR)] or the lysosome [fluid-phase endocytosed HRP
(FPE-HRP),lysosome-associated membrane protein (LAMP). Cargo can also travel from the TGN
to the sorting endosome/early endosome and MVB/late endosome. (B) In plants, cargo and PM
proteins/markers move into the partially coated reticulum (PCR) [catonized ferritin (CF), GNOM,
Ara6, FM4-64,RabF2a]. From there, cargo traffic to MVBs [CF, FM4-64, Ara7, AtSyp21, VSR
proteins] through vesicle maturation with overlapping compartment markers [Ara6 and Ara7] or
the TGN [CF, FM4-64, SYP-42, Ara4]. From the MVB/late endosome/prevacuolar compartment
(PVC), cargo is trafficked to the vacuole [CF, FM4-64, pyrophosphatase]; trafficking to the TGN is
hypothesized. Trafficking from the TGN to the PCR or MVB has not been demonstrated (Picture
taken from Murphy et al., 2005).

1.4 Small GTPase Superfamily of A. thaliana
In eukaryotic cells, the TGN could be considered a major station that directs
newly synthesized cargo to different subcellular destinations and receives
extracellular and recycled molecules from endocytic compartment. In this way, it
represents the heart of the secretory and endocytic membrane trafficking
pathways. These two different pathways are under the control of several
members of the small GTPase superfamily (Schwaninger et al., 1992; Carter et
al., 1993; Wu et al., 2004). In eukaryotic cells, signal transduction, cytoskeleton
organization, cell cycle control and membrane traffic are some of the cellular
processes in which these small GTPase proteins participate, as key regulators of
vesicle biogenesis in intracellular traffic (Zerial and McBride, 2001; Memon,
2004). The small GTPase gene superfamily of Arabidopsis includes ARF (ADP
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ribosylation factors), Rab (Ras-like proteins in brain), Rop (Rho (Ras homologue)
of plants), RAN (Ras-like nuclear) (Vernoud et al., 2003; Memon, 2004). They
work as a molecular switch by cycling between the active GTP-bound and
inactive GDP-bound forms (Figure 1.4). The exchange of GDP with GTP on
these GTPases occurs through a guanine nucleotide exchange factors (GEF); on
the other hand, the GTPase-activating proteins (GAPs) accelerate GTP
hydrolysis then the GTPase switches in the inactive form, predominantly
cytosolic (Vernoud et al., 2003).

Figure 1.4: small GTPase cycle
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1.4.1 ARF family
The A. thaliana genome encodes 21 putative ARF GTPases, which share many
important regions with other mammalian and yeast ARFs (Gebbie et al., 2005).
ARF GTPases are highly conserved and ubiquitously expressed proteins,
involved in the secretory and endocytic pathways (Burd et al., 2004; Memon,
2004). They can act recruiting cytosolic coat proteins (COP-I, COP-II, and
clathrin coats) to sites of vesicle budding (Kirchhausen, 2000). This family can be
divided into three groups: ARF, SAR and ARL proteins (Vernoud et al., 2003).

1.4.1.1 ARFs (ADP Ribosylation Factors)
In Arabidopsis, twelve ARF isoforms were identified (Vernoud et al., 2003;
Memon, 2004). They share amino acid sequences, protein size, and gene
structure with mammalian and yeast ARFs (Gebbie et al., 2005). In mammalian
and yeast cells, Class-I ARFs are the best characterized. ARF1 has been shown
to act at multiple steps in contrast to RAB GTPases which works at single steps
in membrane trafficking. Indeed, ARF1 plays a pivotal role in regulating the
assembly of different vesicle coat complexes. In the retrograde traffic between
the Golgi apparatus and ER, ARF1 is responsible for correct formation of COPIcoated vesicles on Golgi complex. Additionally, ARF1 regulates the budding
vesicle at the TGN and endosome surface interacting with the clathrin-AP1,
clathrin-AP3 and AP-4 machinery (Roth, 1999; Jackson and Casanova, 2000;
Boehm et al., 2001; Memon, 2004). Besides, ARF1 has been implicated in the
binding of GGAs (Golgi associated, γ-adaptin homologous, ARF-interacting
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proteins) to TGN regulating membrane traffic (Boman et al., 2000; Boman, 2001).
The orchestration of mitotic Golgi apparatus breakdown, chromosome
segregation, and cytokinesis appears to be regulated by ARF1 (Altan-Bonnet et
al., 2003).
In plants, ARF1 is specifically investigated for its role in the assembly of COPIcoated vesicles (Pimpl et al., 2000) and in maintaining the integrity of Golgi
apparatus (Ritzenthaler et al., 2002; Stefano et al., 2006). Recently, it has
ascribed a new role to ARF1 in membrane trafficking. Indeed, ARF1 has been
established to recruit the plant golgin protein, GDAP1(GRIP-related ARF-binding
domain-containing Arabidopsis protein 1) (Matheson et al., 2007).
In plant cells, despite these scientific advances the role of ARF1 still is to be
analyzed in detail.

1.5 ARFGAP proteins
Studies, in eukaryotic cells, have shown that many intracellular vesicle transport
pathways are under the influence of small GTPase proteins which requires GTP
hydrolysis through the action of ARFGAP proteins. In this way GAPs can
regulate the ARF activity in the cell.
In mammalian and yeast cells, ARFGAPs are divided in two types: small BFA
sensitive and large GAPs (Cukierman et al., 1995; Poon et al., 1996; Brown et
al., 1998; Premont et al., 1998; Randazzo and Hirsch, 2004). All members share
a small catalytic zinc finger domain which promotes the GTP hydrolysis on ARF
proteins.
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The zinc finger motif, responsible for a correct GTP hydrolysis activity, is
composed of about 80 amino acids with a conserved sequence including four
cysteines necessary for zinc coordination (NX2CX2CX4PXWX5GX3CX2CXHR
where X indicate a non conserved amino acid)(Cukierman et al., 1995; Memon,
2004). Another important feature of GAP proteins is a conserved arginine residue
within the ARFGAP catalytic domain (Cukierman et al., 1995; Randazzo et al.,
2000; Memon, 2004).
This conserved amino acid appears to promote the catalytic activity allowing the
ARF proteins transition from GTP to GDP form. Mutagenesis experiment for
ASAP1, an GAP protein, have shown that alteration of this aminoacidic residues
reduce the ARFGAP activity to 0.001% of the wild-type value (Randazzo et al.,
2000).
In plant cells, the cellular role of ARFGAP proteins needs to be investigate in
detail.
Recently, in plant systems, several ARFGAP proteins for ARFs have been
identified and they all show a characteristic zinc finger domain (Bischoff et al.,
1999; Donaldson and Jackson, 2000; Vernoud et al., 2003).
In A. thaliana genome there are 15 proteins with ARFGAP domains, which are
classified as ARFGAP Domain (AGD) proteins (Vernoud et al., 2003) . These
proteins have been highly conserved during evolutionary process of eukaryotes.
AGD proteins were identified with BLASTP using as template the AGD of
ASAP1(Vernoud et al., 2003). A classification based on phylogenetic analysis
and domain organization groups AGD proteins into four distinct classes.
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The AGD1-AGD4 represents the first of these groups which contains in addition
to the AGD domain two or three ankyrin repeat domains, and a pleckstrin
homology (PH) domain involved in phospholipid signalling events (Vernoud et al.,
2003). Besides these domains, AGD1, AGD2, and AGD3 possess an extra
amino-terminal domain called BAR (Bin1-amphiphysin-Rvs167p/Rvs161p). This
specific domain appears to be present only in the plant ARFGAP proteins. In
mammalian cells, studies on adaptor proteins with BAR domain have established
a role for these molecules into actin regulation and synaptic vesicle endocytosis
(Wigge and McMahon, 1998; Balguerie et al., 1999; Vernoud et al., 2003).
In class 2 are grouped five ARFGAP members (AGD5-AGD10) which contain
only the AGD domain at the amino terminus. These proteins are structurally
related to the yeast ARFGAPs (Age2p, Gcs1p and Glo3p) which perform their
functions at the TGN (Cukierman et al., 1995; Jurgens and Geldner, 2002).
Class 3 is represented by AGD11, AGD12, and AGD13. All the members of this
group contains, immediately after the N-terminal GAP domain, a Ca2+ -binding
C2 domain which is involved in the binding of different ligands like phospholipid,
inositol polyphosphate, or other proteins (Shao et al., 1997; Jensen et al., 2000;
Vernoud et al., 2003).
Additionally there are two more AGD proteins (AGD14-AGD15), grouped in the
class 4. One of them, AGD14 shows a single transmembrane domain which is a
unique feature of this ARFGAP member.
Some of the AGD proteins described above contain additional domains, which
should regulate temporally and spatially the ARFGAP activity within the cell or
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can act as negative regulators of ARF proteins. In fact, recently studies have
shown that ARFs are involved in the regulation of membrane trafficking and coat
protein complexes machineries recruitment (Jensen et al., 2000; Stefano et al.,
2006).
Understanding the mechanisms by which ARFGAPs are regulated will determine
the role of this class in regulating and sorting of cargo proteins and recruitment of
vesicle coat proteins.

1.6 Effectors of ARFGAP proteins
In plants, the cellular role of ARFGAP proteins is not very well understood.
ARFGAPs may interact with different proteins regulating membrane traffic and
actin cytoskeleton. In mammalian cells, ARFGAP1 had been shown to bind to
ERD2 that is a receptor for proteins with ER retention sequence KDEL involved
in retrograde transport from the Golgi apparatus to the ER (Aoe et al., 1997;
Inoue and Randazzo, 2007). Besides, ARFGAP1 interacts with p24 cargo
proteins.
Transferrin receptor (TfR), cellubrevin and integrin β1 has been demonstrated to
interact with ACAP1, which could function as binding cargo to carry it into vesicle
trafficking (Yang et al., 2002). AGAP1, AGAP2, SMAP2 has been reported to be
associated with clathrin adaptor proteins, like AP-3, AP-1 and CALM (Inoue and
Randazzo, 2007). Some ARFGAPs had been shown to regulate enzymes
involved in controlling lipids signalling. As well as ARF, also other small GTPase
proteins act with ARFGAPs in regulating the structure of actin cytoskeleton.
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Structural studies aimed at clarifying the functional relationships between
domains within single ARFGAPs will be necesary for understanding the
molecular features on which the distinct activities associate with specific
ARFGAPs, are based and integrated.

1.7 Objectives
This thesis is focused on the subcellular localization of ARFGAP (AGD5) and on
the interaction between the ARFGAP (AGD5) and the small GTPase, ARF1.
The aims of this thesis are:
1. To examine the localization of AGD5 in plant cells, N. tabacum. and A.
thaliana,
2. To understand the cellular role of this ARFGAP and its molecular partner
in plant cells,
3. To test the interaction between AGD5 and ARF1,
4. To identify specific sequence regions, important for the interaction
between AGD5 and ARF1.
The molecular characterization of the AGD5 will contribute to the understanding
of mechanisms underlying the cycling of coat protein in the Trans-Golgi Network.
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2. MATERIALS AND METHODS
2.1 Materials
2.1.1 Biological materials
Four week old greenhouse plants of N. tabacum (cv Petit Havana) were grown in
a greenhouse using commercial peat moss-based mix soil, with 16 hours in the
light at 27 ºC and 8 hours in the dark at 24 ºC, at a light irradiance of 200 µE.m2

.sec-1. A. thaliana plants were cultivated in a growth chamber using a mix of soil

that have substantial peat moss with inert media watered with nutrient solutions,
with 16 hours in the light at 23 ºC and 8 hours in the dark at 21 ºC, at a light
irradiance of 150 µE m-2 sec-1. The plasmids, and bacteria (A. tumefaciens and
E. coli strains) used in this work, are listed in Table A1. The multiple cloning sites
of different plasmids are shown in Figure A1-4. The cDNA for AGD5 (At5g54310)
and ARF1 (At2g47170) were purchased from RIKEN bioresource center
(http://www.brc.riken.jp/lab/epd/Eng/).

2.1.2 Solutions, enzymes and primers
All the solutions used in this work are listed in Table A2.
The different enzymes used: Pfu DNA Polymerase, Ribonuclease A (RNase A),
and restriction endonucleases were purchased from Fermentas Life Sciences
(www.fermentas.com). T4 DNA ligase was purchased from Invitrogen
(www.invitrogen.com).
The primers used for PCR reactions were purchased from Invitrogen and they
are listed in Table A3.
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2.1.3 Chemicals
The GFX PCR DNA and gel band purification kit, used for DNA purification, was
purchased from Amersham Biosciences (www6.amershambiosciences.com).
Glutathione S-Transferase (GST) purification kit for protein purification was
purchased from BD biosciences (www.bdbiosciences.com). All other chemical
reagents were purchased from VWR (www.vwr.com) and Sigma (www.sigmaaldrich.com).

2.1.4 Media
All the media used in this work are listed in Table A4. LB (Luria Bertani) medium
was used to grow E. coli and A. tumefaciens by adding the appropriate antibiotic
to select resistance. YT (Yeast extract Tryptone) medium was used to prepare
chemically competent E. coli MC1061.

2.1.5 Antibodies
The anti-GFP and anti-GST were purchased from Abcam (www.abcam.com).
The anti-His6 and the secondary antibody (goat anti-rabbit linked to horseradish
peroxidase) were purchased from Santa Cruz biotechnology (www.scbt.com).
The antibodies were used at suitable dilution as specified by the supplier: antiGFP at 1:2000; anti-GST at 1:1000; anti-His6 at 1:500 and secondary antibody at
1:5000.

MATERIALS AND METHODS

26

2.2 Methods
2.2.1 PCR (Polymerase Chain Reaction)
The PCR reaction mixtures were performed as listed in Table A5. All the PCRs
are carried out in a MyCycler thermal cycler (www.biorad.com). The amplification
parameters used in this thesis are generalized as follows:
The first step allows an initial DNA template denaturation: the reaction was
incubated at 94 ºC for 4 min; the next step was carried out for 20 cycles consists
of 3 stages: the first stage is a denaturation stage carried at 94 ºC for 30
seconds. The following stage, which is dependent on the primer sequences, is
the annealing phase usually between 48-55 ºC for 30-45 seconds. Finally the last
stage of the second step is the elongation phase generally at 72 ºC for 1 minute
for the synthesis of PCR fragments of 500 bp using Pfu Polymerase or 1000 bp
using Taq Polymerase. Then, the extending phase represents the last step
performed at 72 ºC for 5 min, to fill-in the protruding ends of newly synthesized
PCR products. The reactions were hold at 4 ºC until analyzed by gel
electrophoresis (refer to section 2.2.4).

2.2.2 Overlapping PCR
Site-directed mutagenesis were generated by a method of overlapping PCR
which creates amino acid substitutions by combining two DNA fragments,
produced in separate PCR reactions (Higuchi et al., 1988; Ho et al., 1989). The
two fragments were amplified by using one non-mutagenic in 5’ or 3’ and one
mutagenic primer. Then the fragments were purified by DNA extraction from

MATERIALS AND METHODS

27

agarose gel, as described in section 2.2.5. The two products having a
complementary region were used as new DNA template and overlapped in a
second PCR reaction mixture, by using the two non-mutagenic primers for 5’ and
3’ end.
2.2.3 Mutations created in AGD5 and ARF1 proteins
Overlapping PCR was used to create point mutations as described in Table A6.
The insertion of the mutations was confirmed by analysis with an automated DNA
sequencer and the data were processed by using Chromas lite software.

2.2.4 DNA gel agarose
Agarose gel electrophoresis was used to separate and analyze DNA. It is
possible to look at the DNA, to quantify it or to isolate a particular band of
interest. Gels were stained with addition of ethidium bromide (final concentration
0.5 µg/ml) which allows to visualize it by UV light. To prepare samples for
electrophoresis, 1/10 of 5 x loading buffer was added. Electrophoresis was run at
100 V, for about 30 min until the bromophenol blue dye moved 80% of the gel
length.

2.2.5 DNA extraction from agarose gel
The gel after the electrophoresis was placed on a transilluminator, and then the
DNA bands were visualized by UV light (302 nm). The band of interest was cut
out using a scalpel blade; next gel slice containing the band was carefully
removed from the gel and placed on a 1.5 ml eppendorf tube. The DNA
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fragments were extracted from agarose gels using a GFX PCR DNA and gel
band purification kit from Amersham Biosciences. The protocol was provided by
the kit.

2.2.6 Vector preparation
The vector PVKH18EN6, containing a coding region for a fluorescent protein at
the beginning of the polylinker, or at the end of polylinker, pET28b and pGEX4T1-GS were cut with restriction endonucleases, respectively BamHI-SacI, XbaISalI, NcoI-SalI, BamHI-SacI.
The vectors were prepared by using restriction enzymes from Fermentas.
Digestion reactions were performed at 37 ºC for 1.5 hours. After that, the DNA
was purified by using GFX PCR DNA and gel band purification kit. Then the
vectors were loaded on agarose gel and purified like in section 2.2.5.

2.2.7 Ligation reaction
Vector and DNA insert were quantified on agarose gels using GeneRuler 1 kb
DNA Ladder as a reference. The ligation was prepared in 20 μl total volume
reaction containing ligation buffer 1x purchased from Invitrogen
(www.invitrogen.com), 1μl of clean open vector (10 ng), 1 unit of T4 DNA ligase
and ligated with a five fold molar excess of insert. The mixture was incubated at
16 °C overnight.
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2.2.8 Preparation of competent E. coli MC1061
E. coli MC1061 cells were streaked on LB plates with antibiotic (streptomycin 50
μg/ml) than incubated overnight at 37 °C. A single colony was inoculated in 3 ml
YT medium and incubated at 37 °C with shaking at 200 rpm until the O.D.550 was
0.300. The culture was then poured into 200 ml of pre-warmed (37 °C) YT
medium and incubated at 37 °C with shaking at 200 rpm. When the O.D.550 was
0.480 the culture was transferred into four sterile 50 ml Falcon tubes (BD Falcon)
and left on ice for 5 min. The cells were then centrifuged at 5,000 rpm in a
Beckman's table top centrifuge, equipped with JA 30.10 rotor at 4 °C for 20 min.
At the end of the centrifugation the supernatant was eliminated. While cells were
resuspended in a total of 80 ml of ice-cold TFB I buffer and placed on ice for 5
min. The suspension was centrifuged as before and the pellet was resuspended
in 8 ml of TFB II buffer and left on ice for 15 min. Aliquots of 100 μl were pipetted
into pre-chilled Eppendorf tubes and frozen in liquid N2. These aliquots were
stored at -80 °C.

2.2.9 Preparation of competent E. coli BL21 and E. coli BL21 (DE3)
A single colony of BL21 E. coli cells was inoculated into 5 ml of LB medium and
grown overnight with 200 rpm shaking at 37 °C. The culture (3 ml) was poured
into a 250 ml flask, grown at 37 °C, shaken at 200 rpm, until O.D.590 was 0.5.
The bacterial cells were transferred into 50 ml Falcon tubes and chilled on ice for
15 min. The cells were then centrifuged for 20 min at 5,000 rpm, 4°C. The
supernatant was removed and the pellet resuspended in 50 ml of a CaCl2
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solution (20 mM) and centrifuged for 10 min at 5,000 rpm. After removing the
supernatant, the pellet was resuspended in 20 ml CaCl2 solution 20 mM and was
left on ice for 30 min. Subsequently, cells were centrifuged for 10 min at 5000
rpm, the supernatant was removed and the pellet was resuspended in 1 ml of
CaCl2 solution. Cells were aliquoted into prechilled, sterile 1.5 ml tubes (100 μl
aliquots) and stored at -80 °C.

2.2.10 Competent E. coli transformation
The frozen competent cells (E. coli MC1061, E. coli BL21 or BL21 (DE3)) were
kept from -80 °C and thawed on ice. The plasmid solution (3 μl) or a ligation
mixture (7 μl) was added to the competent cells, mixed, and incubated on ice for
20 min. The cell suspension was then heat-shocked at 42 °C for 30 seconds and
rapidly transferred to ice for 5 min. LB medium (800 μl) was added to each tube
and incubated at 37 °C for 1 hour with shaking at 170 rpm. Subsequently, cells
were transferred onto an LB plate with the appropriate antibiotic selection and
grown overnight at 37 °C.

2.2.11 Preparation of competent A. tumefaciens
A single colony of A. tumefaciens (GV3101) was inoculated in 5 ml of LB medium
supplemented with antibiotic (gentamycin 15 µg/ml) and incubated overnight with
shaking at 250 rpm. Two ml of culture were inoculated into 50 ml of LB in a
sterile 250 ml flask and grown at 28 °C until the O.D.600 reached approximately
0.5-1.0, then transferred in ice for 10 min. Cells were collected by centrifugation
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for 10 min at 5,000 rpm at 4 °C. The supernatant was removed and gently
resuspended in 1 ml of sterile cold 20 mM CaCl2. Aliquots (40 μl) of the cell
suspension were frozen in liquid nitrogen for further storage at –80 °C.

2.2.12 Plasmid DNA extraction (Minipreps)
A single colony was inoculated into 3 ml of liquid LB supplemented with the
specific antibiotic for plasmid selection and grown overnight at 37 °C with shaking
at 180 rpm. Successively, the cell suspensions were transferred into eppendorf
tubes and centrifuged at 14,000 rpm. The supernatant was removed and the
pellet resuspended in 250 μl of P1 solution supplemented with 0.25 μl of RNase
A (Fermentas) (stock: 10 mg/ml in ddH2O), and incubated at room temperature
for 15 min. P2 (250 μl) solution was added and the mixture was incubated at
room temperature for 10 min. Then 350 μl of P3 solution was added and
incubated at 4 °C for 10 min, followed by centrifugation at 14,000 rpm for 10 min.
The supernatant (750 μl) was transferred into an eppendorf tube with 750 μl of
isopropanol followed by centrifugation at 14,000 rpm for 30 min. The pellet was
left to dry at 37 °C for 10 min. Then the pellet was resuspended in 50 μl of
distilled water and stored at - 20 °C.

2.2.13 Maxiprep for preparation of high quality DNA
A pre-culture was grown from a single colony in 3 ml of LB medium (plus
appropriate antibiotic for selection) for 8 hours at 37°C, shaking at 300 rpm. The
preculture was then used to inoculate 100 ml of LB at 37 °C and incubated for 16
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hours at 37 °C with shaking. After incubation the culture was centrifuged at
5,000 rpm for 10 min. The supernatant was removed and the pellet harvested
with QIAGEN plasmid maxi kit (http://www1.qiagen.com).

2.2.14 Competent A. tumefaciens transformation
Plasmid DNA (7 μl) was mixed with an aliquot of competent A. tumefaciens cells
GV3101 and left on ice for 5 min, followed by snap freezing in liquid nitrogen for
5 min. Then cells were transferred to the 37 °C water bath and incubated for 5
min. LB medium (800 μl) was added to the cells. Cells were incubated for 4 hours
at 28 °C with shaking at 120-130 rpm. Then the cell suspension was spread onto
selective LB plate and incubated at 28 °C for two days to obtain visible colonies.

2.2.15 Transient N. tabacum plants transformation
Four weeks old N. tabacum plants were used for A. tumefaciens (strain GV3101)
mediated transient expression as described previously (Batoko et al., 2000). For
the agro-infiltration procedure, cultures of A. tumefaciens were grown at 28ºC in
LB supplemented with kanamycin (100 μg/ml) and gentamycin (25 μg/ml) with
shaking at 200 rpm for about 20 hours. Bacterial cells were collected by
centrifugation at 8,000 g for 5 min at room temperature and resuspended in IF
(infiltration) buffer. The bacterial optical density (O.D.600) used for plant
transformation was 0.1 for AGD5, AGD5-R59 and SYP61, 0.05 for ARF1 and its
mutants, and 0.2 for ERD2 constructs. The suspensions of transformed
Agrobacterium cells were injected through the entire leaf into the abaxial air
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spaces of tobacco leaves by using a sterile 1ml hypodermic syringe (Kapila et al.,
1997).

2.2.16 Stable A. thaliana plants transformation
A. thaliana plants were grown in pots with the soil covered with window screen.
After one month, the first bolts were clipped to promote proliferation of many
secondary bolts. Optimal plants ready for Agrobacterium transformation need to
have many immature flower clusters and not fertilized siliques. A large liquid
culture of A. tumefaciens carrying gene of interest on a binary vector were grown
at 28 ºC in LB supplemented with kanamycin (100 μg/ml) and gentamycin (25
μg/ml) with shaking at 200 rpm for to O.D.600 = 0.8. Bacterial cells were collected
by centrifugation at 8,000 g for 5 min at room temperature. The pelletted cells
were resuspended in dipping buffer. For each two or three small pots to be
dipped is necessary 200-500 ml. Before dipping, tween-20 was added to a
concentration of 0.05 % and mixed well. Above-ground parts of the plant were
dipped in Agrobacterium solution for 30 seconds, with gentle agitation.
Finally, the plants were laid on their side in a plastic bag for 16 to 24 hours to
maintain high humidity. When the seeds become mature they were harvested.
Transformants were selected on agar plates using hygromycin (25 μg/ml).

2.2.17 A. thaliana pollen germination
Flowers collected from A. thaliana plants were used for the examination of pollen
tube phenotypes. Pollen was germinated on an agar medium containing 16.6 %
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sucrose, 3.65 % sorbitol, 0.01 % boric acid, 1 mM MgSO4, 10 mM CaCl2, 1 mM
KCl, 5mM MES, and 1 % agar, pH 5.8. Pollen grains from transgenic and
Columbia wild-type plants were transferred to agar medium by dipping the
flowers on agar. Pollen was germinated at room temperature for 5 hours, and
examined using a confocal microscope.

2.2.18 Proteins interaction using heterologous E.coli cells extract
(heterologous E.coli cells system)
The coding region for ARF1 and its mutant forms were subcloned into the
expression vector pET-28b (+) which, at the end of the polylinker, contains a
coding region for 6 histidines; therefore these 6 histidines will be added to the Cterminal of the coding region for the protein inserted in the vector. On the other
hand, the coding region for the AGD5 was subcloned into the expression vector
pGEX-4T1-GS which, at beginning of the polylinker, containing a coding region
for Glutathione S-Transferase (GST). The expression vector so prepared were
used to transform E. coli strain BL21 and BL21 (DE3), respectively. A single
colony was initially inoculated into 5 ml of LB, containing kanamycin (100 μg/ml)
for pET-28b (+) or ampicillin (100 μg/ml) for pGEX-4T1-GS, and then incubated
for 15 hours at 37 ºC with shaking at 200 rpm. Successively, 3 ml of overnight
culture was transfered into a 100 ml LB medium with antibiotic by using a 250 ml
flask to obtain a bigger culture. Bacteria were grown with shaking at 230 rpm at
30 ºC until O.D.600 reached approximately 1.0. At this point, the expression of
recombinant protein was induced by 1mM IPTG (isopropyl-beta-D-
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thiogalactopyranoside) for 5 hours at 30 ºC with shaking at 230 rpm. Bacterial
cells were then pelleted at 5,000 rpm for 10 min at 4 ºC. Cells were stored at -20
ºC until resuspension in GST-extraction buffer (1 ml/10 ml E. coli culture). The
cell suspension was subjected to sonication at 15 watt for 10 seconds for 3 times
and centrifuged at 12,000 g for 30 min. E. coli extracts were prepared under
native conditions in order to discharge insoluble proteins in the pellet and they
were cleared of inclusion bodies by centrifugation (12,000 g x 30 min). The pellet
was then eliminated and the soluble supernatants were used for protein
quantification by using a Coomassie (Bradford) protein assay kit based on the
Bradford dye-binding procedure (Bradford, 1976). For protein-protein interaction
assays, GST-tagged proteins extracts from E. coli were loaded onto glutathione
resin columns (2ml) (BD Biosciences) for binding of GST-tagged proteins. After
three steps of washing to remove the aspecific bound proteins, the columns were
loaded with His-tagged protein extracts from E. coli and incubated 1 hour on ice
without disturbing the resin. Subsequently, the unbound protein was removed by
washing, and elution of tagged proteins was performed by adding three 1ml
aliquots of elution buffer to the column. The eluate was collected in 1ml fractions
(according to the BDbiosciences instructions).

2.2.19 Coomassie (Bradford) protein assay
The Coomassie (Bradford) protein assay kit was purchased from Pierce
(www.piercenet.com). It is a rapid and ready-to-use modification of the wellknown Bradford method for total protein quantification.
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The Bradford assay is used for determining protein concentrations and is based
on the fact that the maximum absorbance for an acidic solution of Coomassie
brilliant blue G-250 shifts from 465 nm to 595 nm when binding to protein occurs,
with a concomitant colour change from brown to blue. A small amount of protein
sample (5 μl) was mixed with 1,5 ml assay reagent, incubated for 10 min at room
temperature and the absorbance was measured at 595 nm. Protein
concentrations were estimated accordingly to the absorbance obtained for a
series of standard albumin protein dilutions.

2.2.20 Leaf protein extraction
N. tabacum plant leaves were inoculated with A. tumefaciens by carrying the
expression vector pVKH18EN6 that contained a coding region for ARF1-YFP.
Leaves were harvested from plants after 48 hours. One gram of leaves was snap
frozen in liquid nitrogen, ground to a fine powder with a mortar and pestle; the
powder was then transferred to a 15 ml falcon tube containing NE buffer (2,5
ml/g of leaves), with protease inhibitor cocktail (33 μl/g of leaves) (Sigma P9599).
The extract was centrifuged at 5,000 g for 10 min, the supernatant filtered
through a membrane Nitex filters 160 µm mesh and the pellet was discarded.
Successively the filtered material was centrifuged at 14,000 g for 15 min at 4 ºC
and the supernatant pooled to ensure a homogenous mixture. This protein
extract was then used for protein interactions as described in 2.2.18.
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2.2.21 Proteins interaction using plant and E.coli cells extract
(planta-E. coli system)
E. coli BL21 (400 ml) culture expressing GST-AGD5 were extracted with 15 ml of
GST extraction buffer, then centrifuged at 12,000 g for 30 min at 4 ºC.
Subsequently, the supernatant was loaded onto columns containing 1 ml of
glutathione-agarose beads suspension (www.bdbiosciences.com) (72 % in NS
buffer). After several washes to remove unbound proteins, 150 μl of bead slurry
was transferred into eppendorf tube (150 μl for each interaction). Then incubated
with 1 ml of the supernatant, which was obtained from leaf extract expressing
ARF1wt-YFP or its mutant forms. The mix was kept at 4 °C for 3 hours with
gentle rotation. The beads were centrifuged at 4 °C, 500 g for 1 min and then
washed five times with NS buffer. Bound proteins were eluted from the beads
with an appropriate volume of 5 x SDS-PAGE sample buffer (in a proportion
sample: buffer = 1:0.4, respectively) and run on a 10 % SDS-PAGE gel (refer to
section 2.2.22).

2.2.22 SDS-PAGE
Proteins were separated by SDS-gel electrophoresis as described by Laemmli
(Laemmli, 1970). SDS gels were prepared as described in Table A7. The SDSPAGE gel unit, Mini-PROTEAN 3 electrophoresis cell (Biorad, www.biorad.com),
was assembled accordingly to the manufacturer’s instructions. Protein samples
were prepared to be loaded on gel for electrophoresis by the addition of 5 x
sample buffer, followed by heating at 95 °C for 5 min to denature completely the
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protein. Samples were slowly loaded onto the gel by using a Hamilton syringe.
The prestained protein molecular weight standard was purchased from
Fermentas (#SM0441) (www.fermentas.com). Samples were run at 100 V, for 12 hours.

2.2.23 Western blotting
Proteins separated by SDS gel-electrophoresis were transferred to a
nitrocellulose membrane (lifesciences BIOTRACE NT 3M) (www.vwr.com) by
using a Bio-Rad mini protean3 trans blot module in 1x blotting buffer; samples
were transferred at 100 V for 60 min. Successively, the membrane was washed
with distilled water and incubated for 30 seconds with Ponceau S to visualize the
transferred proteins. After destaining in PBS-Tween 0.1 % for 15 min, the
membrane was washed again using PBS for 5 min and then incubated with
blocking solution for 4 hours or overnight. After this incubation, the filter was
washed twice for 5 min with PBS. Then an appropriate primary antibody from
rabbit was added at a suitable dilution (1:2000 for anti-GFP; 1:200 for anti-His6;
1:500 for anti-GST) in working solution and incubated for a minimum of 4 hours.
The primary antibodies used in this work were anti-GFP (Abcam,
www.abcam.com); anti-His6 (Santa Cruz Biotechnology, www.scbt.com); antiGST (Abcam).
The working solution was then discarded and the filter was washed 3 times for 10
min with PBS-Tween. After washing, the secondary antibody (goat anti-rabbit
IgG linked to horseradish peroxidase) (Santa Cruz Biotechnology,
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www.scbt.com) was added at a dilution of 1:5000 in working solution and
incubated for at least 2 hours. The filter was washed 3 times for 10 min with
PBS-Tween and then other two times with PBS for 5 min. Then the filter was
immerged in ECL solutions and the luminescent signals were detect by GelDoc It
system (www.uvp.com). The ECL solutions were prepared as described in Table
A2.

2.2.24 N. tabacum protoplasts preparation
The abaxial surface of a N. tabacum leaf was punched using a device consisting
of 30 stainless steel needles set into a circular block. The midrib was removed
and the two halves of the leaf were placed with the abaxial side into a Petri dish
containing 7 ml of leaf digestion mix and incubated in the dark overnight. After
the overnight incubation the plates were gently shaken to allow protoplasts
release from the cuticle. The resulting heterogeneous mixture was then filtered
through a 100 µm nylon mesh filter and washed with washing buffer. The
protoplast solution obtained was centrifuged in 50 ml falcon tubes in a swing-out
rotor (Beckman Allegra centrifuge) at 100 g for 15 minutes. Pasteur pipette
connected to a peristaltic pump was used to remove the underlying medium and
the pellet of dead cells which were present under the floating band of living
protoplasts. The living protoplasts were resuspended in 25 ml of protoplasts
washing buffer and centrifuged at 100 g for 10 minutes. The dead cells and
underlying medium were removed as before and the entire procedure was
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repeated twice more. Finally, the protoplasts were resuspended in an appropriate
final volume with MMM solution.

2.2.25 N. tabacum protoplasts transient transformation
Protoplasts suspension (300 μl) was gently pipetted into a 15 ml falcon tube
using a P-1000 tip with the cut end. A 30 µg aliquot of plasmid DNA was used
for the protoplasts transformation. Polyethylene glycol (PEG, Fluka) method was
used for direct gene transfer (Di Sansebastiano et al., 1998). Once the addition
of 300 μl of PEG, protoplasts were resuspended in 2 ml of TEX buffer. After 2
hours from the addition of the PEG, the protoplasts were rinsed to remove the
PEG. Then protoplasts were resuspended in 2 ml of TEX buffer and incubated at
26 °C in the dark, for 24 hours.

2.2.26 Harvesting of protoplasts and culture medium
After PEG transformation, the protoplast suspension inside the 15 ml falcon tube
was centrifuged in a swing-out rotor at 100 g for 5 minutes. The floating cell
layer was crossed using a refined Pasteur pipette to keep a sample of the culture
medium that was then collected into an Eppendorf tube on ice. The remaining
cell suspension was diluted 10-fold with 250 mM NaCl, and centrifuged as
before. The supernatant was removed with a Pasteur pipette connected to a
peristaltic pump and the resulting pellet was placed on ice. The proteins from the
cellular fraction were extracted by resuspending the pellet in 500 μl of 0.1 M Naacetate pH 5, followed by sonication for 5 seconds and centrifugation at 14,000
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rpm for 10 min. at 4°C. The culture medium was centrifuged at 14,000 rpm for 5
min. at 4 °C, after the aliquots were taken for enzyme assay.

2.2.27 SecRGUS (Secreted Rat β-glucuronidase) assay
The extract and the medium saved after harvesting the cells were both directly
used to measure secRGUS (Leucci et al., 2007) and α-mannosidase (the
constitutive enzyme used as internal control) enzymatic activity. The reaction
substrates were 4-methyl-umbelliferyl-β-D-glucuronide (Sigma) and 4-methylumbelliferyl-D-mannoside (Sigma) to measure secRGUS and α-mannosidase
activity, respectively. The samples were excited at 370 nm and the fluorescence
emitted measured at 480 nm using a multi-well microplate reader (TECAN Infinite
200) (http://www.tecan.com).
The criteria for evaluating the efficiency of secretion is provided by the ratio
between extra- and intracellular enzymatic activity this parameter represents the
“secretion index” (SI) (Denecke et al., 1990). Alpha-mannosidase, which is an
intracellular enzyme has been used as marker for contamination, caused by cell
breakage.

2.2.28 Alpha-amylase assay
The cells were resuspended in α-amylase extraction buffer (Crofts et al., 1999)
via sonication for 5 seconds. The extracts were centrifuged and the clean soluble
supernatant was recovered. The culture medium was also spun to remove
residual cell debris. The α-amylase assays and calculation of the secretion index
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were performed as previously described (Crofts et al., 1999; Phillipson et al.,
2001). The secretion index represents the ratio between the extracellular and
intracellular activity (Crofts et al., 1999).

2.2.29 Confocal microscopy
Fluorescent proteins are able to absorb light at specific wavelengths and to emit
light at longer wavelength. For example, the green fluorescent protein adsorbs
light blue and emits green fluorescence (Morise et al., 1974). In figure 2.1 are
represented the main components of Leica SP5 confocal microscope. In contrast
to the confocal microscopes proposed by other manufactures (Zeiss, Olympus,
Nikon), the microscope SP5 Leica is deprived of dichroic filters. The excitation
light emitted from the laser, passes through a crystal called acousto optical beam
splitter (AOBS). The reflected light is focused on the sample by the objective
lens. The light emitted from the sample is collected from the objective and it is
directed in focus on the pinhole. This means that the focal plane on the sample
and the pinhole are confocal, i.e. they are situated on conjugated planes. So the
only light that can cross the pinhole and be collected from photomultiplier comes
from the confocal plane.
Confocal imaging was performed by using an upright Leica SP5, and a 63 x oil
immersion objective or 20 x dry objective. For imaging expression of GFP
constructs, YFP constructs or both were used imaging settings as described:
excitation lines of an argon ion laser of 458 nm for GFP and 514 nm for YFP
were used alternately with line switching on the sequential scan facility of the
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microscope. GFP fluorescence was detected by using an AOBS with 500- to
520-nm spectral range, and YFP fluorescence was detected with a 560- to 600nm spectral range. In this manner, it was possible to avoid every kind of
communication and bleeding of fluorescence (Hutter, 2004). The cyan
fluorescent protein was excited by using a 405 nm violet diode laser and
detected by using a 460-530 nm spectral range. In all the figures, image
acquisition was carried out with same imaging settings of the microscope (laser
intensity, pinhole aperture, detector gains, zoom and line averaging). Cells’
images with similar levels of saturation of the imaging pixels, as determined by
the palette function of the microscope software, were acquired. This method
allows us to compare the fluorescent proteins expression levels among cells
(daSilva et al., 2004). Adobe photoshop imaging suite was used for further image
handling.
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From Leica (www.Leica.com)

Figure 2.1: Schematic representation of a confocal microscope.
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3. RESULTS
3.1 AGD5 Localizes at the Trans-Golgi Network
3.1.1 Bioinformatic analysis of AGD proteins
The A. thaliana genome encodes for 15 proteins of the ARFGAP family and,
among them, three groups are relatively similar to the yeast ARFGAPs acting at
the TGN, Age2p, Gcs1p and Glo3p (Donaldson, 2000; Jensen et al., 2000;
Jurgens and Geldner, 2002).
A bioinformatics search of A. thaliana genomic database (http://mips.gsf.de) was
performed by using the yeast Age2p (accession number P40529) as a query
sequence. In particular, At5g54310 is judged to be the plant homologue of yeast
Age2p (Jurgens and Geldner, 2002), and human SMAP2 (stromal membraneassociated protein 2), which is a GAP for ARF6. Using this data, a phylogenetic
tree was constructed (Figure 3.1). AGD5 was also used as subject on the
Eukaryotic Linear Motif (ELM) (http://elm.eu.org/) resource for predicting
functional sites in protein sequences. This analysis revealed that at the amino
acid level in the position 293-297 emerges a FxDxF motif which in animal cells is
responsible for the binding of accessory endocytic proteins to the appendage of
the alpha-subunit of adaptor protein complex AP-2 (Figure 3.2). These data
support the idea that AGD5 may be involved in the post-Golgi trafficking.
In non-plant systems, the mechanism by which GAP proteins stimulate GTP
hydrolysis on GTPases was demonstrated to involve an arginine residue that is
located inside the GAP domain. Therefore, multiple sequence alignment by
ClustalW (http://www.ebi.ac.uk/clustalw/) of the ARFGAP proteins from human,
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yeast and Arabidopsis revealed that the arginine residue in the ARFGAP domain
of AGD5 is conserved (Figure 3.3).

Figure 3.1: Phylogenetic tree of AGD1-AGD15 from Arabidopsis and Age2p from yeast.
Loci numbers of AtAGD1 to AtAGD15 are as follows: At5g61980 (AtAGD1), At1g60680
(AtAGD2), At4g13300 (AtAGD3), At1g10870 (AtAGD4), At5g54310 (AtAGD5), At3g53710
(AtAGD6), At2g37550 (AtAGD7), At4g17890 (AtAGD8), At5g46750 (AtAGD9), At2g35210
(AtAGD10), At3g07490 (AtAGD11), At4g21160 (AtAGD12), At4g05330 (AtAGD13), At1g08680
(AtAGD14), and At3g17660 (AtAGD15).
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Figure 3.2: Functional domain and motif of the AGD5 protein. These regions include a GAP
activity domain (aa1-160), a FxDxF motif important for the binding of accessory endocytic
proteins to the alpha-subunit of adaptor protein complex AP-2 (aa293-297).

Figure 3.3: Multiple sequence alignment by ClustalW of ARFGAPs. A. thaliana AGD5
(At5g54310), S. cerevisiae Age2p (YIL044C) and human SMAP2 (Q8WU79). The conserved
arginine amino acid is highlighted by a black rectangle.
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3.1.2 Subcellular distribution of AGD5 in N. tabacum plant cells
One of the aims of this study is to define the cellular role of AGD5 and its
localization in plant cells. To determine the subcellular localization of AGD5, the
DNA was amplified, then cloned into a binary vector pVKH18EN6 to create a
fusion between the 3’ end of the DNA sequence coding for YFP (yellow
fluorescent protein) and. The plasmid was then used to transform A.
tumefaciens. Then, N. tabacum leaves were infiltrated with A. tumefaciens strain,
and examined 48 or 72 hours later by confocal microscopy. The protein
expression at low levels obtained using a low concentration (O.D.600 = 0.05) of A.
tumefaciens, shown by fluorescence in the cell, was localized at punctate
structures (Figure 3.4, arrowhead) and in the cytosol (Figure 3.4, arrow). The
punctate structure looks like that of plant Golgi complex. To investigate if the
dots belonged to the Golgi apparatus, co-transformation experiments were
performed by using ERD2-CFP, a Golgi apparatus marker (Boevink et al., 1998).
Laser scanning confocal microscopy revealed that YFP- AGD5 does not colocalize with ERD2-CFP, but labels punctate structures that were not labelled by
the Golgi apparatus marker. Furthermore, the structures were often close to the
Golgi apparatus and sporadically moved jointly inside the cytoplasm, but their
closeness was only temporary (Figure 3.4).
To determine the identity of these non-Golgi structures, YFP-AGD5 was
coexpressed with plant post-Golgi markers. One of the post-Golgi markers used
for co-expression experiments was the TGN marker, SYP61. A colocalization of
AGD5 and SYP61 was found (Figure 3.5). Therefore, it is possible to deduce that
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the punctate structures highlighted from AGD5 are TGN. Furthermore, since
YFP-AGD5 strictly localize at the TGN, it can be considered as a new TGN
marker.

Figure 3.4: Subcellular distribution of AGD5 in N. tabacum plant cells A-D. Confocal images
of tobacco leaf epidermal cell 2 days after A.tumefaciens infiltration. YFP-AGD5 either alone (A)
or with a Golgi marker, ERD2-CFP (B-D) shows that the fluorescence was distributed as punctate
structures (arrow) and in the cytosol (arrowhead). C. ERD2-CFP D. Merged image of B and C.
Scale bars = 5 μm.
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Figure 3.5: Subcellular distribution of AGD5 and with SYP61 in N. tabacum plant cells. A-C.
Confocal images of tobacco leaf epidermal cell 2 days after A.tumefaciens infiltration.YFP-AGD5
with a TGN marker, GFP-SYP61 (A-C) shows that the fluorescence was distributed as punctate
structures, which colocalize with the TGN, but it possible to observe additional SYP61 dots
(arrow).B. GFP-SYP61D. Merged image of A and B. Scale bars = 5 μm.
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3.2 AGD5 localizes with the ARF1 on the Trans-Golgi Network
3.2.1 AGD5 is distributed in the same cellular compartments as
ARF1GTPase
In yeast cells, the potential involvement of ARF1 in the post-Golgi transport, AP-1
and AP-3 pathways has been showed (Cowles et al., 1997; Stepp et al., 1997;
Yahara et al., 2001).
Studies on plant cells, have shown that ARF1 localizes to the Golgi complex and
also resides to organelles not labelled by the Golgi apparatus markers, but
stained using the endocytic marker FM4-64 (Bolte et al., 2004; Xu and Scheres,
2005; Stefano et al., 2006).
Since the subcellular distribution of AGD5 looks like ARF1 non-Golgi structures,
tobacco leaf epidermal cells were co-transformed with the YFP-AGD5 and ARF1GFP fusion, then observed by confocal microscopy 48 hours after A. tumefaciens
infiltration. Colocalization studies showed that ARF1-GFP partially overlaps with
YFP-AGD5, which was previously found on the TGN (Figure 3.6).
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Figure 3.6: Subcellular distribution of AGD5 and ARF1 in N. tabacum plant cells. A-C.
Confocal images of tobacco leaf epidermal cell 2 days after A.tumefaciens infiltration. YFP-AGD5
fluorescence (A) partially overlaps with ARF1-GFP (B) C. Merged image of A and B. Scale bars
= 5 μm.
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3.2.2 Interaction between ARF1 protein produced in planta and AGD5
obtained from E. coli cells (planta-E. coli system)
The partial fluorescence overlap for AGD5 and ARF1 led me to question whether
AGD5 could bind ARF1GTP bound form, considering that GAP proteins assist
GTPase molecules in stimulating GTP hydrolysis. To investigate the interaction
between AGD5 and ARF1GTP, the DNA AGD5 sequence was amplified and
sub-cloned into pGEX-4T1-GS vector downstream of the Glutathione STransferase (GST) coding sequence (GST- AGD5). The interaction of a
recombinant GST- AGD5 with protein extract from tobacco leaves, expressing
ARF1-YFP protein, was performed by glutathione-agarose resin. Then GSTAGD5 protein was conjugated with glutathione-agarose beads and tested to
determine if AGD5 would bind a mutant form of ARF1 (ARF1GTP-YFP) a protein
expressed in tobacco leaves (Figure 3.7). The interaction between these proteins
was analyzed by western blot probed with an anti-GFP antibody. The western
blot showed that ARF1GTP-YFP fusion proteins, from leaf extracts can interact
with recombinant GST-AGD5 (Figure 3.7, lanes 4).
These data suggest that AGD5 is involved in the GTP hydrolysis of plant ARF1 to
the TGN compartment. However, this experiment did not reveal if the interaction
of ARF1 with AGD5 is direct or mediated by other proteins.
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Figure 3.7: Interaction between GST-AGD5 and ARF1GTP protein produced in N. tabacum
plant. A. Western blot probed with an anti-GFP antibody. ARF1GTP-YFP (lane 4) was retained
by GST-AGD5. Negative controls: extracts of pGEX and pGEX loaded with cytosolic YFP to test
the specificity of the resin (lane 1-2); Negative controls: GST-AGD5 did not retain cytosolic YFP
(lane 3). B. Western blot analysis with anti-GFP antibody of the extracts of leaves expressing the
YFP fusions of cYFP (lane 1) and ARF1GTP-YFP (lane 2).
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3.2.3 Interaction between AGD5 and ARF1 proteins produced in
heterologous E.coli cells
The data obtained with the planta-E. coli system (described in Section 3.7)
showed that the small GTPase ARF1 from leaf extracts was able to bind the
AGD5 protein; however these results do not discriminate between a direct or
indirect binding of the GTP hydrolysis activity. In fact, AGD5 should necessitate a
cofactor or adaptor protein to bind the GTPase ARF1. It not excluded that an
intermediary protein functions like an activator between the GTPase and AGD5
protein. Therefore, to determine if the interaction between ARF1 and AGD5
required the presence of adaptors, either cytosolic or TGN associated proteins,
the interaction between ARF1 and AGD5 was tested in an acellular system. In
addition, an heterologous E.coli cell system interaction was used to measure the
specificity of the interaction between ARF1 proteins and AGD5. An equal amount
of purified ARF1 protein and its mutants was used for the binding assay. In each
glutathione column an equal amount of bacterial lysate of E. coli expressing
GST-AGD5 was loaded; this method allowed to observe a possible difference in
the interaction between GDP or GTP bound form of ARF1 and the AGD5.
Subsequently, the unbound proteins were removed from the glutathione columns
with different steps of washing. Then, bacterial lysates of strains expressing
ARF1wt-His6, ARF1GDP-His6 or ARF1GTP-His6 were applied onto the columns
containing the GST-AGD5 linked to the resin. The bound proteins were eluted
and loaded on an SDS-gel, and transferred to nitrocellulose membranes. The
western blot was analyzed with anti-His6 antibody (Figure 3.8, lanes 1-4). To
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show that GST-AGD5 was equally loaded on each column, a western blot was
performed and analyzed with anti-GST antibody (Figure 3.8, lanes 5-8). Finally,
to prove that similar quantities of ARF1wt-His6, ARF1GDP-His6 and ARF1GTPHis6 were loaded on the GST-AGD5 columns, a western blot on a fraction of the
total protein extracts from E. coli, expressing the His6-tagged ARF1 proteins,
was performed. After detection with anti-His6 antibody, it was possible to see
comparable amounts of the ARF1 proteins from E. coli extracts (Figure 3.8). This
control was necessary to be sure that the same amount of protein was loaded,
excluding the possibility that the result could be due to a different quantity of
proteins applied to the columns. Taken together, these data have been the first to
show that the association of ARF1 with AGD5 occurs with all the three ARF1
forms. This suggests that the interaction of AGD5 happens in a way that is
independent of the ARF1 active or inactive form (Figure 3.8). Moreover, this
experiment confirmed the results from the interaction between ARF1 and AGD5
obtained with glutathione-agarose beads, by using N.tabacum leaf cells extracts,
suggesting that the interaction between active ARF1 and AGD5 does not require
other adaptor proteins but is direct.
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Figure 3.8: Interaction between AGD5 and ARF1 proteins produced in heterologous E.coli
cells. A. Lanes 1-4: Western blot probed with anti-His6 antibody. Extracts of E. coli at identical
total protein concentration, expressing His6-tagged ARF1GDP (lane 2) and ARF1GTP mutants
(lane 3), were loaded onto GST-AGD5 beads. Eluates of these columns were subject to
immunoblot analysis. Negative control: extracts from E. coli expressing His6-tag alone (lane 1).
B. Lanes 5-8: Western blot probed with anti-GST antibody showing that the amount of GSTAGD5 bound to agarose beads was similar for all samples. C. Lanes 9-12: western blot with a
His6-antibody on a fraction of E. coli extracts loaded onto the GST columns showing that
comparable amounts of ARF1wt (lane 10), ARF1GDP (lane11) and ARF1GTP (lane 12) mutants
were used for the experiment. Negative control: extracts from E. coli expressing His6-tag alone
(lane 9).
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3.3 Catalytic activity of AGD5 towards ARF1
3.3.1 Site-directed mutagenesis of the AGD5
To study in detail the catalytic activity of AGD5 towards ARF1, the amino acid
residue of the AGD5 involved in the GTP hydrolysis of the small GTPase ARF1,
which is a conserved residue and mediate this process in yeast and in
mammalian cells , was mutated (Szafer et al., 2000). The mutant of the AGD5
was obtained by substituting the highly conserved arginine at position 59 with
glutamine (AGD5[R59Q]) (Figure 3.3). Overlapping PCR as described in section
2.2.2 produced the mutant (AGD5[R59Q]). Then, AGD5[R59Q] was subcloned in
the pVKH18EN6 vector downstream the YFP coding sequence (YFPAGD5[R59Q]).

3.3.2 Subcellular distribution of AGD5 mutant
To examine the subcellular distribution of AGD5 mutant in vivo, i.e. in tobacco
leaf epidermal cells, the sequences of AGD5 mutant with a fluorescent protein
fused at the N-terminus was used for confocal microscopy analysis. Then YFPAGD5[R59Q] expressed in tobacco leaves by using Agro-infiltration (Figure 3.9).
Laser scanning confocal microscopy revealed that this mutant was still capable
to bind to the TGN apparatus, labelled with SYP61. This result shows that
arginine in position 59 does not abolish the protein’s TGN association. This also
suggests, that this amino acid was not directly involved in the binding to the TGN
compartment (Figure 3.9). The subcellular localization in tobacco cells, combined
with the heterologous E.coli cells system results of AGD5 with ARF1wt, GDP and
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GTP supports the idea that AGD5 directly binds ARF1 for recruitment to the
TGN, independently from the arginine 59.

Figure 3.9: Subcellular distribution of AGD5 mutant. Confocal images of tobacco leaf
epidermal cells 2 days after A.tumefaciens infiltration. YFP-AGD5 either alone (A) or with a TGN
marker, (GFP-SYP61) (D) shows that the fluorescence was distributed as punctate structures and
in the cytosol. C. GFP-SYP61 D. Merged image of B and C. Scale bars = 5 μm.
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3.3.3 Subcellular distribution ARF1 and AGD5 mutant proteins in N.
tabacum plant cells
To investigate whether the highly conserved residue in position 59 of AGD5,
could have a reduced activity for the GTP hydrolysis of ARF1 onto the TGN
membrane, a coexpression experiment was performed. ARF1wt-GFP was
coexpressed with YFP-AGD5[R59Q] in tobacco leaf epidermal cells for confocal
microscopy investigation. The effect of this mutant form on the subcellular
localization of ARF1wt-GFP was examined (Figure 3.10). Laser scanning
confocal microscopy revealed that the fluorescence relative to the protein
ARF1wt was mainly localized in the cytosol. Whereas, ARF1wt was mostly
associated with the Golgi apparatus and non-Golgi structures when coexpressed
with AGD5 wild type form, which has not mutated arginine residue (Figure 3.10).
All these results confirm the predicted structural data that arginine 59 is involved
in the catalytic activity responsible for switching ARF1 to the GDP bound form.
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Figure 3.10: Subcellular distribution of ARF1 in presence of AGD5 and its mutant. Confocal
images of tobacco leaf epidermal cells 2 days after A.tumefaciens infiltration. Wild-type AGD5
(B), overlap to TGN bodies jointly with ARF1-GFP (A). AGD5[R59Q] (E) redistributes ARF1 in the
cytosol (D). Note that the mutation at position 59 nearly abolished the protein’s Golgi association.
C, F are merged images respectively of A and B, D and E. Scale bars = 5 μm.

3.4 YFP-AGD5, in transgenic A. thaliana plants
3.4.1 YFP-AGD5 is specifically localized to root cells
In plant cells, relatively little is known about the establishment of polarity and its
effect on morphogenesis. Post-Golgi network and endocytic cycling of plasma
membrane proteins were considered for its potential role in cell polarity and
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development (Geldner et al., 2003; Meckel et al., 2004, 2005; Xu and Scheres,
2005).
To determine the cellular expression pattern of AGD5 in plants, the P35S: YFPAGD5 construct was introduced into A. thaliana via Agrobacterium-mediated
transformation. After antibiotic selection, the overexpression line was subject to
RNA extraction. The mRNA level of AGD5 overexpression differs significantly
compared to the wild type (Figure 3.11). Confocal microscopy on transgenic lines
showed that the fluorescence is mainly distributed along the root. The subcellular
distribution of YFP-AGD5 was detected as punctate structures along the root but
mainly in the apical part (Figure 3.12). Furthermore, analysis of root hair in
transgenic lines overexpressing AGD5 displays the bulged root hair phenotype.
Additionally, in the apical part when AGD5 is highly overexpressed root tip
showed an abnormal phenotype (Figure 3.13).
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Figure 3.11: RT-PCR analysis of agd5 gene. Two week-old plants PCR products were
visualized by staining with ethidium bromide after electrophoresis.
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Figure 3.12: Subcellular distribution of AGD5 in A. thaliana root cells A-I. Confocal images
of stable Arabidopsis root cells. YFP-AGD5 was distributed in the root apex. Scale bars = 50 μm.
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Figure 3.13: Subcellular distribution of AGD5 in Arabidopsis root cells. D-N. Arabidopsis
wild type A-C. Confocal images of stable Arabidopsis root cells. YFP-AGD5 was distributed in
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the root apex and hair root show various phenotypes compared to the wild type. Scale bars = 50
μm

3.4.2 Overexpression YFP-AGD5 in A. thaliana pollen
To examine the viability of pollen grains in the AGD5 overexpressed lines; pollen
grains were collected from transgenic plants and observed after 5 hours of
germination in a growth medium. Laser confocal microscopy revealed that the
pollen viability of transgenic plants was high compared to the wild type plants. In
addition, the germinated pollens displayed different phenotypes.
Most of the pollen grains of transgenic plants showed expanded tubes with
swollen tips, twisted tubes, and bifurcate tips (Figure 3.14).
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Figure 3.14: A. thaliana pollen development A-F images of Arabidopsis pollen after 5 hours of
germination. Wild type (A) and transgenic line overexpressing YFP-AGD5 (B-F) shows various
phenotypes. Scale bars = 5 μm.

3.5 ARF1 and AGD5 affects protein secretion in N. tabacum transformed
protoplasts
3.5.1 ARF1 mutants affect protein secretion in N. tabacum
protoplasts
To test the effects on the secretory pathway exercised by ARF1-GFP in
comparison to the untagged counterpart, it was determined whether this fusion
protein, and its GDP- and GTP-restricted mutants exhibited similar effects on
protein secretion as the equivalent untagged ARF1 wild-type and its mutant
forms (Phillipson et al., 2001). To test the effect of the GFP-protein fusions on
secretion, N. tabacum leaf protoplasts were cotransfected with the secretory
marker α-amylase (Phillipson et al., 2001) and a dilution series of ARF1-GFP,
ARF1GDP-GFP, and ARF1GTP-GFP. It was expected that ARF1 dosage alone
should not affect secretion; in contrast, the two mutant proteins (GDP and GTP
bound forms) should have a negative effect on the α-amylase secretion
(Phillipson et al., 2001; Takeuchi et al., 2002; Pimpl et al., 2003). Accordingly,
ARF1-GFP does not affect α-amylase secretion form (Figures 3.15). These data
indicate that ARF1 dosage alone does not affect the secretory pathway, as
reported in previous studies, and that ARF1-GFP has the same effect as the
untagged counterpart. In contrast, the tagged ARF1GDP and ARF1GTP proteins
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have a negative effect on the α-amylase secretion, which is stronger using the
GDP blocked (Figures 3.15).

Figure 3.15: Secretion α-amylase assay using N. tabacum leaf protoplasts. The graph
shows the secretion index of α-amylase [ratio of extracellular and intracellular activities which is
expressed in arbitrary units, Phillipson et al. (2001)] in protoplasts expressing untagged ARF1,
ARF1GDP, and ARF1GTP. Concentrations of DNA for each sample are indicated along the xaxis. Error bars = standard error of the mean for three independent repetitions. (Figure from
(Stefano et al., 2006).
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3.5.2 AGD5 mutant affects protein secretion in N. tabacum
protoplasts
The data from confocal microscopy and biochemical experiments presented
before indicate that AGD5 is involved in the binding and GTP hydrolysis of ARF1
onto TGN. To further demonstrate that AGD5[R59Q] (a GAP negative mutant)
has a negative effect compared to AGD5 wild type form, on protein export from
the TGN, tobacco leaf protoplasts was cotransfected with the secretory marker
SecRGUS, which is a modified variant of rat preputial β-glucuronidase well
secreted (Denecke et al., 1990; Leucci et al., 2007).
Tobacco protoplasts were transiently transformed with the following plasmids:
SecRGUS alone (used as control), SecRGUS and YFP-AGD5[R59Q], SecRGUS
and YFP-AGD5, SecRGUS and ARF1GDPGFP (used as control). The
SecRGUS secretion index was evaluated 24 hours after transient transformation.
The secretion index (ratio of extracellular and intracellular activities) in
protoplasts expressing SecRGUS alone or in combination with ARF1GDP-YFP,
YFP-AGD5[R59Q], YFP-AGD5 was compared. Enzymatic activity in the medium
as well as in the intracellular extracts was measured using as substrate the 4methylumbelliferyl β-D-glucuronide. Furthermore, the extracellular fraction was
evaluated for intracellular enzymes contamination and was estimated measuring
α-mannosidase activity by using 4-methylumbelliferyl α-D-mannopyranoside as
substrate.
In protoplasts, coexpressing YFP-AGD5 and SecRGUS the presence of the GAP
protein does not affects the percentage of secretion. When tobacco cells are
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coexpressed with ARF1GDP, as already showed with α-amylase test, the
percentage of secretion is reduced. On protoplasts, transiently coexpressing
SecRGUS and YFP-AGD5[R59Q], it was observed a negative effect on the
secretion of SecRGUS, which can be considered lower compared to ARF1GDP
(Figure 3.16). These data resemble to the effect obtained using ARF1GTP on αamylase test (see Figure 3.15 above). These data mirror confocal microscopy
results showing that AGD5 affected the distribution and functioning of ARF1 at
the TGN, perhaps blocking the protein in the GTP bound form.

Figure 3.16: Secretion assay using N. tabacum leaf protoplasts. The graph shows the
secretion index of SecRGUS [ratio of extracellular and intracellular activities which is expressed
in arbitrary units] in protoplasts expressing SecRGUS alone or in combination with ARF1GDPYFP, YFP-AGD5[R59Q] and YFP-AGD5. Error bars = standard error of the mean for three
independent repetitions.
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4.0 DISCUSSION
The function of some members of the GTPase activating proteins like ARFGAPs,
which are involved in membrane trafficking, have been well studied in
mammalian and yeast cells (Goldberg, 1999; Yanagisawa et al., 2002; Bigay et
al., 2003; Liu et al., 2005; Natsume et al., 2006). Nevertheless, the role of the
ARFGAP proteins is less understood in plant cells. Recently, the members of this
family have been classified and grouped into four distinct classes based on
phylogenetic analyses (Vernoud et al., 2003). In this work, the subcellular
localization and a biological role of AGD5 have been described; Bioinformatics
analysis showed that this protein is the plant homologue of yeast Age2p (Jurgens
and Geldner, 2002), and human SMAP2 (stromal membrane-associated protein
2), which work on post-Golgi trafficking. Detailed analysis of AGD5 at the amino
acid level has also revealed an FxDxF motif which in animal cells is in charge for
the binding of accessory endocytic proteins to the appendage of the alphasubunit of adaptor protein complex AP-2. These support the idea that AGD5 may
be involved in the post-Golgi trafficking.
Furthermore, in this study, a plant ARF1GTPase, which mainly localizes in Golgi
apparatus and non-Golgi structures was investigated as possible effector of
AGD5. In this thesis, a live cell-imaging approach, together with biochemical
assays, were used to analyze the cellular functions and molecular mechanism of
action of AGD5, and its effector ARF1, highlighting the highly conserved residues
involved in the GTP hydrolysis of ARF1 at the TGN membrane. The data
provided by this work showed that AGD5 and the GTPase ARF1, interacts at the
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TGN and the AGD5 appeared to have a role in the cycle of activation-inactivation
of the plant ARF1 to the TGN membrane. An amino acid residue that is present
in the GAP region confers the catalysis activity of AGD5 for the ARF1. These
data suggested that proteins and mechanisms regulating the vesicular trafficking
pathway appear to be conserved across the eukaryotes.

4.1 Intracellular localization of AGD5
In this work, localization analysis shows that AGD5 is distributed to punctate
structures. The nature of the YFP-AGD5 labelled structures was evinced by
analogy with the known distribution of TGN markers, SYP61 (Uemura et al.,
2004). Furthermore, in this study was used a small GTPase ARF1, which is
known to localize to the Golgi apparatus but also to non-Golgi structures (Xu and
Scheres, 2005; Stefano et al., 2006). ARF1 binds the Golgi membrane in the
active form (GTP locked) and it is released from the Golgi apparatus in the
inactive form (GDP locked) (Vasudevan et al., 1998; Presley et al., 2002). ARF
activity in the cell is regulated by a GEF that is sufficient to catalyze the
exchange of GDP to GTP on Golgi apparatus membrane. The ARF activity is
also regulated by a GAP (GTPase Activating Protein) that stimulates the
hydrolysis of bound GTP releasing ARF1 to the cytosol (Teal et al., 1994;
Vasudevan et al., 1998). As shown in colocalization experiments, only part of the
ARF1-GFP punctate structures localizes at the TGN, overlapping with the GAP,
AGD5. This distribution is not surprising since ARF1 may execute multiple
functions besides retrograde Golgi/ER protein transport, including roles in post-
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Golgi traffic and endocytic pathway (Aniento et al., 1996; Gu et al., 1997; Yahara
et al., 2001; Pimpl et al., 2003). These findings support the hypothesis that AGD5
play a pivotal role as GAP protein for ARF1 at the Trans-Golgi Network.

4.2 AGD5 is involved in the GTP hydrolysis of the ARF1 at the TGN
The data here presented, obtained with heterologous E.coli cells system and
planta-E.coli cells system experiments, suggest that AGD5 represents a specific
GAP protein for ARF1 on TGN compartment. In fact, planta-E.coli cells system
studies, using protein extracts from leaves overexpressing ARF1, have shown
that this GTPase is able to bind the GST-AGD5 immobilized onto glutathione
beads. Subsequently, experiments using heterologous E.coli cells system have
demonstrated that the interaction between AGD5 and ARF1 is direct. These two
proteins were also investigated in detail to find the residue involved in the GTP
hydrolysis activity executed by AGD5 on ARF1. In mammalian cells, the
mechanism by which GAP proteins stimulate GTP hydrolysis on GTPases was
demonstrated to involve an arginine residue that is located inside the GAP
domain. Experimental evidence in non-plant systems has shown that in GAP1,
SMAP1 and SMAP2 the arginine residue in position 50th, 61th, 56th, respectively,
is involved in the functionality of the GAP activity. This amino acid appears to fit
into the GTP-binding pocket of the GTPase catalyzing the GTP hydrolysis
(Szafer et al., 2000). In fact, studies using GAP1 have revealed that replacing
Arg-50 with alanine, lysine or glutamine, completely abolished GAP activity on
GTPase ARF1 (Szafer et al., 2000).
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The specificity of catalysis was investigated by using point mutation in a specific
conserved residue that, with ClustalW alignment, appears to be conserved from
mammalian and yeast homologues. When this mutant tagged with YFP (YFPAGD5[R59Q]) was coexpressed in the presence of ARF1-GFP, it determines a
redistribution of most of ARF1-GFP into the cytosol, suggesting that AGD5
mutant may compete for the GTP hydrolysis activity of ARF1 at the TGN with the
endogenous GAP protein. These results indicate the existence of a correlation
between the interaction AGD5/ARF1GTP and its TGN targeting.
These data do not exclude that other small GTPase proteins, beside ARF1, may
be regulated at the TGN by the action of AGD5. In the A. thaliana genome, 15
proteins of the ARFGAP family have been identified (Vernoud et al., 2003),
unfortunately knowledge about their cellular roles remains completely vague.
Therefore, this study represents a starting point to elucidate ARFGAP functions
and mechanisms in plant cells.

4.3 The effect of AGD5 overexpression on root and pollen development
As depicted recently, ARF machinery serves as system for polar auxin transport
in planta (Geldner et al., 2003). Cell polarity process is known to be affected by
auxin, but not all the molecular mechanisms involved in the control of polarity and
morphogenesis have been determined in detail. Recently, post-Golgi network
and endocytic cycling of plasma membrane proteins were considered for its
potential role in cell polarity and development (Geldner et al., 2003; Meckel et al.,
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2004, 2005; Xu and Scheres, 2005). The use of the Arabidopsis root has become
a popular material to dissect different features of cell polarity.
Processes like root-hair initiation and tip growth is thought to involve the
coordinated and highly regulated trafficking of Golgi vesicles containing hydrolytic
enzymes and cell wall components (Schiefelbein et al., 1993; Masucci and
Schiefelbein, 1994; Schiefelbein et al., 1997; Ovecka et al., 2005).
In this study, AGD5, an ARFGAP, was used to dissect its roles in Arabidopsis.
Here, it has been shown that manipulation of Arabidopsis AGD5 function
influences processes such as tip and hair root growth as well as pollen
development. Previous results on ARF1 have been shown to localize to Golgi
apparatus and endocytic organelles in mammalian and plant cells (Vasudevan et
al., 1998; Xu and Scheres, 2005). ARF dependent vesicle trafficking has been
demonstrated to play an important role in cell polarity and in root hair tip growth
(Grebe et al., 2002). In this work, ARF1 was detected on TGN suggesting that it
plays a pivotal role together with AGD5 in the Trans-Golgi Network.
Here, transgenic lines that overexpress AGD5 appear to interfere with cell
polarity and development. The establishment of apical-basal trichoblast polarity
appears to be influenced by auxin transport machinery and actin cytoskeleton
(Masucci and Schiefelbein, 1994; Xu and Scheres, 2005). It has been shown that
ARF1 manipulation can affect apical-basal polarity and interferes with PIN2EGFP recycling, indicating that auxin influx and efflux carriers as well as an intact
actin-mediated vesicle trafficking require a well functional ARF1 machinery
(Geldner et al., 2003; Grebe et al., 2003; Geldner et al., 2004). This suggests
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that AGD5 influencing ARF1 also influences vesicular cycling of auxin efflux
carriers in an indirect way. Further dissection of specific ARF1-interacting
proteins, such as ARFGEFs and ARFGAPs, can provide specificity to ARF1
action to understand in a better way its role in multiple distinct polarization
events. Therefore, this work represents a starting point to analyze the ARFGAP
influence on ARF1 functionality during auxin receptors recycling.

4.4 AGD5 and ARF1 mutants influences reporter protein secretion
To study the mechanism by which ARF1, under the involvement of AGD5
controls exit of reporter proteins from the secretory pathway, two secretory
proteins, α-amylase and SecRGUS were used. The α-amylase is a naturally
secreted protein that follows the anterograde pathway, the COPII route
(Phillipson et al., 2001). Secretion of α-amylase is inhibited by the GTP-locked
mutant ARF1, which specifically inhibit COPI transport (Pimpl et al., 2003;
Stefano et al., 2006). Like α-amylase, SecRGUS is a protein efficiently secreted
that represent a new secretory reporter protein (Leucci et al., 2007). The results
in this work show that AGD5 wild type form as well as ARF1 wild type did not
affect α-amylase or SecRGUS secretion. On the contrary, ARF1GDP locked form
ARF1GTP locked form and the AGD5[R59Q] mutant exhibited a negative effect
on the secretion of α-amylase or SecRGUS. In addition, it is evident that
AGD5[R59Q] has similar effects to ARF1GTP on the secretion index, this
suggests that AGD5 mutant bind ARF1 and block the protein in the GTP bound
form, because AGD5[R59Q] is unable to catalyze the GTP hydrolysis.
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In addition to transport steps of the default secretory pathway to the cell surface
has been suggested that ARF1 controls the transport route to the vacuole that is
mediated by BP80 (Binding Protein of 80 Kda). In fact, the GTP-locked mutant of
ARF1 has shown to influence the route between the TGN and the vacuole more
than COPI or COPII pathways (Pimpl et al., 2003). Based on Pimpl et al. (2003)
data and these findings, it is tempting to speculate that ARF1 may influence the
secretory route at the level of the TGN and later. ARF1 should play a role in the
formation of clathrin-coated vesicles via the recruitment of the adaptor complex
(AP-1) to the trans-Golgi (Robinson and Kreis, 1992; Stamnes and Rothman,
1993) or independently from AP-1 via the GGA protein family (Golgi-associated,
gamma-adaptin homologous, ARF1p interacting proteins) (Puertollano et al.,
2001).
These data mirror the confocal microscopy results showing that AGD5 affects the
distribution of ARF1 at the TGN, suggesting that the mutant form may block
protein export.

4.4 Concluding remarks
In plant cells, AGD5 represents the first member of ARFGAP family with an
established subcellular localization on the TGN and a potential role in the GTP
hydrolysis of ARF1GTPase. Results in this study represent a starting point for
future research about ARFGAP family and its role in protein transport along the
plant endocytic pathway. In eukaryotic cells, the entire specific cellular function of
ARFGAPs and their interacting molecule ARFs, is still not completely
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understood. In mammalian cells, recent evidence shows that ARFGAP may also
be a component of a vesicle coat complex that promotes cargo sorting and
selection. In addition, it can drive vesicle formation (Inoue and Randazzo, 2007).
Therefore, the identification and functions of possible homologue interacting
proteins of ARFGAPs in plants could elucidate its detailed role in the secretory
and endocytic pathway.
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5. APPENDIX
BamHI
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Figure A1. Schematic structure of pGEX-4T1-GS (derivative from pGEX-4T1)
which carries the Glutathione S-Transferase gene (GST), the Ampicillin
resistance (Ampr), lacI gene encoding the lac repressor, the multiple cloning site
(MCS), pBR322 origin for low copy replication and maintenance of the plasmid in
E. coli, the tac promoter/operator (Ptac), which is IPTG inducible.
SalI

6His MCS

NcoI

T7-lacO
f1 origin
Kanr

pET-28b
5.3kb

lacIq

pBR322
ori

Figure A2. Schematic structure of pET-28b which carries an Histidine tag
sequence (6His), the kanamycin resistance (Kanr), lacI gene encoding the lac
repressor, the multiple cloning site (MCS), the T7-lacO promoter, pBR322 origin
for low copy replication and maintenance of the plasmid in E. coli, the f1 origin of
replication for the production of single stranded plasmid DNA
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Figure A3. Schematic structure of pVKH18En6a which carries the kanamycin
resistance (Kanr in bacteria), hygromycin resistance (Hygr in plants), the multiple
cloning site (MCS), gene encoding for fluorescent protein (XFP) (X = green, cyan
or yellow) at the N-terminal of MCS, the 35S promoter, the left border (LB) and
right border (RB) flanking the T-DNA.
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Figure A4. Schematic structure of pVKH18En6b which carries the kanamycin
resistance (Kanr in bacteria), hygromycin resistance (Hygr in plants), the multiple
cloning site (MCS), gene encoding for green fluorescent protein (XFP) (X =
green, cyan or yellow) at the C-terminal of MCS, the 35S promoter, the left
border (LB) and right border (RB) flanking the T-DNA.
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Table A1. Plasmids, Agrobacterium tumefaciens and E. coli strains used in this
work.

Plasmids

resistance

pET 28ba

Kanamycin

pGEXb-4T1-GS

Ampicillin

pVKH18EN6ac

Kanamycin, Hygromycin

pVKH18EN6bc

Kanamycin , Hygromycin

Agrobacterium tumefaciens strain
GV3101d

Gentamycin

Escherichia coli strains
MC1061e

Streptomycin

BL21f

E. coli B F– dcm ompT hsdS(rB– mB–)
gal

(a) Novagen (www.novagen.com), (b) (Kaelin et al., 1992), (c) (Batoko et al.,
2000), (d) Brandizzi lab’s stock, (e) Invitrogen (www.invitrogen.com), (f)
Stratagene (www.stratagene.com).
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Table A2. Solutions. All the solutions were prepared as in (a) QIAGENQIAexpressionist; (b) Sambrook et al., 1989; (c) Thorpe and Kricka, 1986; (d) BD
biosciences, glutathione resins user manual; (e) Lu and Hong, 2003.
Solutions

Fomulations

Sample buffer 5X a

0.225 M Tris-HCl, pH 6.8; 50 % glycerol;
5 % SDS; 0.05 % bromophenol blue;
0.25 M DTT.

TFBI b

30 mM KC2H3O2, 100 mM RbCl, 10 mM
CaCl2-2H2O, 50 mM MnCl2-4H2O, 15 %
glycerol, pH 5.8 with 0.2 M CH3COOH.

TFBII b

10 mM MOPS, 10 mM RbCl, 75 mM
CaCl2-2H2O, 15 % glycerol, pH 6.6 with
1M KOH.

50X TAE b

242 g/l Tris base, 57.1ml/L glacial acetic
acid, 37.2 Na2EDTA2H2O.

Loading buffer 10X b

35 % glycerol, 2.5 g/l Bromophenol blue
in 10 X TAE.

P1 a

1 mM EDTA, 50 mM TRIS, pH 8.0.

P2 a

0.2 N NaOH, 1 % SDS.
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Solutions

Fomulations

P3 a

11.5 % acetic acid, 3 M potassium
acetate, pH 5.5.

10X SDS-PAGE running buffer b

30 g/l Tris base, 144 g/l glycine, 10 g/l
SDS.

Blotting buffer b

3.03 g/l Tris base, 144 g/l glycine, 20 %
v/v methanol.

Ponceau S solution b

0.1 % w/v Ponceau S, 5 % v/v acetic
acid.

Blocking solution b

5 % (w/v) nonfat dry milk, 0.05 % tween
20, 0.02 % sodium azide in PBS.

Working solution b

1 % (w/v) nonfat dry milk, 0.05 % tween
20, 0.02 % sodium azide in PBS.

10X PBS b

87 g/l NaCl, 22.5 g/l Na2HPO4-2H2O, 2
g/l KH2PO4, pH 7.4.

ECL1c

1 M Tris-HCl pH 8.5, 90 mM p-coumaric
acid, 250 mM Luminol.

ECL2c

1 M Tris-HCl pH 8.5, 3 % H2O2.

GST Extraction/lysis buffer (loading)d

140 mM NaCl; 10 mM Na2HPO4; 1.8 mM
KH2PO4 (pH 7.5).

APPENDIX

84

Solutions

Fomulations

Elution bufferd

20 mM Glutathione in 50 mM Tris-HCl
(pH 8.0).

NE buffere

20 mM HEPES, pH 7.5, 100 mM NaCl,
10 mM EDTA, 5 mM MgCl2.

NS buffere

20 mM HEPES, pH 7.5, 100 mM NaCl, 5
mM MgCl2.

α-amylase extraction buffer

50 mM malic acid, 50 mM NaCl, 2 µM
CaCl2, 0.02% w/v sodium azide, 0.02%
w/v BSA pH 6.8

Washing solution b

136.9 g/l sucrose (0.4M), 2.4 g/l Hepes,
6 g/l KCl, 600 mg/l CaCl2×2H2O, pH7.2
(with KOH)

TEX Buffer

3.1 g/l Gamborg`s B5 Salts (Sigma), 500
mg/l MES, 750 mg/l CaCl2×2H2O, 250
mg/l NH4NO3, 136.9 g/l sucrose (0.4M),
pH5.7 (with 1M KOH)

10X leaf digestion mix

2% w/v macerozyme R-10, 4%w/v
cellulase R-10 in TEX buffer

PEG solution

40% PEG4000, 0.4M mannitol, 0.1M
Ca(NO3)2×4H2O, pH8 with 0.5M KOH
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Solutions

Fomulations

MMM solution

0.5M Mannitol, 15mM MgCl2, 0.1% MES

IPTG

Stock solution in water 1 M, kept at 20ºC.

IF

20 mM Na3(PO4), 500 mM MES, 200 mM
acetosyringone, 5 mg/ml glucose.
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Table A3. Primers used in PCR reactions. All the primers were purchased from
Invitrogen, desalted and with a scale of 50 nanomoles.
Primer

Sequence

Restriction

Protein

site

generated

GS23F

GGATCCGGTGCCATGAACGAGAAAGCCAACGTCTCT

BamHI

AGD5

GS24F

GAGCTCTCAATGTTTTGTGAACATTCCATCCATC

SacI

AGD5

GS83F

TGTTCTGGGATTCACCAGAGTCTCGGGGTACAC

n.a.

AGD5[R59Q]

GS84F

GTGTACCCCGAGACTCTGGTGAATCCCAGAACA

n.a.

AGD5[R59Q]

GS95F

CAGGACGTCTAGATGGGGTTGTCATTCGGAAAGTTGTTCAGC

xbaI

ARF1

GS96F

CATGACCGTCGACTTTGCCTTGCTTGCGATGTTGTTGGAG

SalI

ARF1

GS97F

GCTGCTGGTAAGAACACTATCCTCTAC

n.a.

ARF1GDP

GS98F

GTAGAGGATAGTGTTCTTACCAGCAGC

n.a.

ARF1GDP

GS99F

GATGTTGGGGGTCTAGACAAGATCCGT

n.a.

ARF1GTP

GS100F

ACGGATCTTGTCTAGACCCCC AACATC

n.a.

ARF1GTP

GS167F

GGTGCTACCATGGGGTTGTCATTCGGAAAGTT GTTC

NcoI

ARF1

GS116F

AGCTCCGTCGACTGCCTTGCTTGCGATGTTGTTGGAG

SalI

ARF1

(n.a.= non applicable because these are internal primers used for overlapping
PCRs).
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Table A4. Media. All the media described were prepared as in Sambrook et al.
(1989).
Medium

Formulation

LB liquid

10 g/l bacto peptone-tryptone, 5 g/l
yeast extract, 10 g/l NaCl.

LB solid

10 g/l bacto peptone-tryptone, 5 g/l
yeast extract, 10 g/l NaCl, 10 g/l agar.

YT

16 g/l bacto-tryptone, 10 g/l yeast
extract, 5 g/l NaCl, pH 7.0.
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Table A5. Composition of PCR reactions
Reagent

Quantity, for 200μl of reaction
mixture

Template DNA

1 μl

Pfu buffer (10x)+ MgSO4(25 mM)

20 μl

Pfu DNA Polimerase (Fermentas)

1 μl

Sense primer (50 pmol/ μl)

0.6 μl

Antisense primer (50 pmol/ μl)

0.6 μl

dNTP (100 mM)

4 μl

Sterile distilled H2O

172. 8 μl

(Aliquoted in two tubes and overlaid with mineral oil).

Table A6. Mutations produced using the overlapping PCR.
Mutations Primers used

cDNA used

Protein generated

Vector used

R59Q

AGD5

AGD5[R59Q]

PVKH18En6

GS83F
GS84F

pGEX-4T1
T31N

GS97F
GS98F

ARF1

ARF1GDP

PVKH18En6
pET28b

Q71L

GS99F
GS100F

ARF1

ARF1GTP

PVKH18En6
pET28b
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Table A7. Solutions for preparing separating and stacking gels.
Separating gel 10%

Final volume 10ml

dH2O

4.0ml

30% acrylamide/bisacrylamide mix

3.3ml

1.5M Tris (pH 8.8)

2.5ml

10% SDS

0.1ml

10% ammonium persulfate

0.1ml

TEMED

0.004ml

Stacking gel 5%

Final volume 4ml

dH2O

2.7ml

30% acrylamide/bisacrylamide mix

0.67ml

1.5M Tris (pH 6.8)

0.5ml

10% SDS

0.04ml

10% ammonium persulfate

0.04ml

TEMED

0.004ml
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