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1 INTRODUCTION

Aging and death thrilled humans ever since. Questions of how and why humans age
have great intellectual appeal and major societal implications. To investigate and, thus,
understand the aging process is of great importance. Researchers are drawing the
intention not only to humans but also to other living beings, such as plants, in order to
obtain insights in aging processes of other living systems. Senescence, the process of
aging, defines biological changes related to age. Examination of senescence and its
molecular background is fundamental in order to understand more about life as such.

1.1 Senescence

Senescence is an important phase within plant development leading to death of single
cells, tissues, organs and in the end the whole organism. The process can be de-
scribed as transdifferentiation rather than deterioration (Thomas et al., 2003). Due to
the high complexity and tight regulation, senescence is distinct from programmed cell
death although finally leading to death (Gan and Amasino, 1997; van Doorn and
Woltering, 2004; Zimmermann and Zentgraf, 2005; Lim et al., 2007). Programmed cell
death describes rather fast cell death (e.g. hyper-sensitive response) that is limited to
single cells or certain cell types (e.g. tracheary elements), whereas senescence occurs
at an organ-wide level with much lower speed (Lim et al., 2007). Several forms of sen-
escence exist: monocarpic senescence (senescence followed after completion of the
reproductive phase of a monocarpic plant), fruit ripening, and senescence of cotyle-
dons, flower organs and specialized tissues. Leaf senescence represents the best-
studied and most obvious form and is described as follows.

1.2 Leaf senescence

The last phase of leaf development constitutes leaf senescence, which has evolved as
a process to salvage nutrients from older leaves and thus increasing plant fithess
(Leopold, 1961; Bleecker, 1998). It is a genetically regulated developmental program
involving sequential events at the molecular, physiological and morphological level
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(Figure 1). The result of this recycling process is the coordinated degradation of macro-
molecules and the subsequent mobilization of nutrients like nitrogen, phosphorus,
sulfur and minerals from senescing tissues into other developing parts of the plant
(Noodén, 1988; Buchanan-Wollaston and Ainsworth, 1997; Himelblau and Amasino,
2001).

Natural senescence is endogenously controlled by the developmental status, plant
age, phytohormones, the sugar status and some yet unknown factors (Hensel et al.,
1993; Dai et al., 1999; Quirino et al., 2000; Noodén and Penney, 2001; Guo and Gan,
2005; Jing et al., 2005). Among phytohormones ethylene, brassinosteroids, jasmonic
acid, salicylic acid and abscisic acid have inducing effects on senescence, whereas
cytokinin has an inhibitory effect (Gan, 2003). Additionally, environmental factors in-
cluding temperature, nutrient and water supply, light availability, wounding, ozone and
pathogens can induce senescence (Thomas and Stoddart, 1980; Noodén, 1988; Gan
and Amasino, 1997). The initiation and progression of leaf senescence is a flexible pro-
cess (Thomas and Donnison, 2000) and the conversion of chloroplasts during senes-
cence is reversible in leaves of many, perhaps all, species until a certain threshold and
time point (point of no return) is exceeded (Zavaleta-Mancera et al., 1999a; Zavaleta-
Mancera et al., 1999b).

Initiation Progression Termination
early late
glevetlopmental status Degradation of chlorophyll General protein degradation \é:cuolatr_ colla;;sa ti
P:n :ge Drop of photosynthetic activity RNA degradation Di 'fo';"a lnﬁoon fe nearon
ytohormones Protein degradation Conversion of peroxisomes 'S_'" etgrah ondq
: *CAB into glyoxisomes sHIRGoncng
Environmental factors * Rubisco Inicrease of membrane nucleus

DNA laddering
Plasmamembrane disin-
tegration

leakiness

Chloroplast dismantling
Disintegration of other cellu-
lar organelles

Changes in gene expression Reguadeian ol pke

* TF (WRKY) Detoxification

* SAG12 Mobilization of macromolecules
*RBCS Irreversible loss of
Accumulation of anthocyanins cell integrity

Point of no return

Leaf development

Figure 1: Phases of leaf senescence and their characteristic features (modified after Zimmermann
and Zentgraf, 2005).

Natural leaf senescence occurs in a coordinated manner, usually starting from the tips
or the margins of a leaf toward the base (Lim et al., 2007). During senescence cells are
submitted to biochemical and physiological changes: Photosynthetic activity and chlo-
rophyll content drop, chloroplasts are dismantled and chlorophyll, proteins and RNA
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are degraded (Gepstein, 2004). Later in the senescence process peroxisomes are con-
verted into glyoxisomes, other cellular organelles are disintegrated and lipids are de-
graded (Zimmermann and Zentgraf, 2005). Mitochondria and nuclei are maintained
intact until very late in senescence assuring sufficient energy supply and effective gene
expression and thus orderly control of the senescence process (Thomas and Stoddart,
1980; Quirino et al., 2000; Lee and Chen, 2002). Vacuolar collapse, chromatin conden-
sation, DNA laddering and disintegration of the plasma membrane characterize the
final stage of senescence (Cao et al., 2003).

1.21 Chlorophyll breakdown

Chloroplasts contain 75-80% of the total leaf nitrogen mainly as proteins (Makino et al.,
1991) representing the major source of nitrogen for new growth (Friedrich and Huff-
acker, 1980). One main feature and visible symptom of senescence is leaf yellowing
caused by the degradation of chlorophyll and other complex proteins such as light-
harvesting molecules, chlorophyll binding proteins and Rubisco (Thomas and Stoddart,
1980; Smart, 1994; Gan and Amasino, 1997). Additionally, anthocyanins accumulate
during senescence within chloroplasts (Diaz et al., 2005). Free chlorophyll, which is
toxic to cells, is released during the degradation of chlorophyll binding proteins (CAB).
As a detoxification program chlorophyll is metabolized over chlorophyllide, pheophor-
bide, red-fluorescent chlorophyll catabolites, fluorescent chlorophyll catabolite to the
nontoxic and nonfluorescent chlorophyll catabolite (Hortensteiner, 2006). A part of
these reactions occur in the senescing chloroplast, whereas the final reactions occur in
the central vacuole (Hoértensteiner, 2006). However, when leaf yellowing becomes ob-
vious, total leaf chlorophyll content has already declined to 50% (Hanfrey et al., 1996).

1.2.2 Plastid conversion

Chloroplasts are the first cellular organelles affected by catabolic processes during
senescence (Quirino et al., 2000). They gradually shrink and are transformed into ger-
ontoplasts displaying reduced disintegrated thylakoid membranes and accumulated
plastoglobuli (globular structures of lipids within the stroma of plastids; Sitte, 1977;
Thomas et al., 2003). This conversion is often reversible in leaves of many, perhaps
all, species (Zavaleta-Mancera et al., 1999b; Zavaleta-Mancera et al., 1999a). Plastids
of senescent leaf tissue are characterized by grana unstacking, swelling of intrathyla-
koid space and loss of photochemical reactions, whereby the outer plastidial mem-
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brane remains intact until late within the senescence process (Grover, 1993; Biswal et
al., 2003). Due to the decrease in chlorophyll content, the breakdown of Rubisco and
the disintegration of membranes, photosynthetic activity drops and membrane ion leak-
age rises (Fan et al., 1997; Oh et al., 1997).

1.2.3 Protein degradation

Protein degradation is one of the most prominent features of leaf senescence and ac-
companied by an increase in the quantity of amino acids (Quirino et al., 2000). Ammo-
nia is released by the deamination of amino acids and to a smaller extent by the cata-
bolism of nucleic acids and converted to glutamine representing the major phloem
transport form of nitrogen (Pourtau et al., 2006). Sugars are formed from degenerated
macromolecules via TCA-cycle and gluconeogenesis and long-distance transported via
the phloem (Hinderhofer and Zentgraf, 2001; Lim et al., 2007). In order to achieve the
massive protein breakdown during senescence ubiquitin-mediated protein degradation
is assisted by the de novo synthesis of proteolytic enzymes (Woo et al., 2001; Yoshida,
2003). On the other side, general protein synthesis is decreasing (Woolhouse, 1984).
Genes representing proteases and protein kinases are upregulated during senescence
indicating that these proteins play an important role within this process, although their
function is in many cases unknown (Buchanan-Wollaston et al., 2003). One prominent
example is the senescence-associated gene SAG72, which encodes a cysteine pro-
tease. The expression occurs not only in leaves but also in other aging tissues, like
stems and flower organs (Grbic, 2003). However, sag72 mutants do not display any
noticeable phenotypic differences, including the progression of senescence (Otegui et
al., 2005) and the exact function of the protein remains to be determined. Since SAG12
is expressed exclusively during senescence, it is used as a molecular marker (Weaver
et al., 1998). Rubisco, the predominant protein of chloroplasts (representing approxi-
mately 50% of the soluble total protein content) is rapidly degraded during senescence
serving as the main source of nitrogen (Makino et al., 1991). At the same time, the
number of chloroplasts remains constant (Wada et al., 2009). Mechanisms of intra-
chloroplastic Rubisco degradation are still unknown, however, chloroplast proteases
that might degrade intra-chloroplastic proteins have been identified (Nair and Ramas-
wamy, 2004; Feller et al., 2008).

The central vacuole is vital for the recycling and degradation of cytosolic proteins (Canut
et al., 1985). Most proteins degraded during senescence come from chloroplasts and
catabolites released from the senescing chloroplast are further metabolized in the cen-
tral vacuole (Hoértensteiner and Feller, 2002). Nutrient recycling and removal of dam-
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aged or unnecessary organelles during senescence occurs mainly by autophagy
(Thompson and Vierstra, 2005; Bassham et al., 2006). Direct invagination of the tono-
plast into the central vacuole in senescing cells has been reported (Thompson et al.,
1997; Inada et al., 1998). However, the exact role of autophagy in the degradation of
chloroplast proteins is still unclear. It is now known that senescing plastid-containing
leaf cells show smaller senescence-associated vacuoles (SAV) specialized for the de-
gradation of plastidial proteins (Matile, 1997; Otegui et al., 2005). In contrast to the
central vacuole SAV are more acidic and possess an intense proteolytic activity. Fur-
thermore, cellular structures containing plastidial Rubisco were found in wheat (Triticum
aestivum), soybean (Glycine max) and Arabidopsis (Chiba et al., 2003; Otegui et al.,
2005). These Rubisco-containing bodies (RCB) seem to be released from the senes-
cing chloroplast. Similar structures, called Rubisco-vesicular bodies (RVB), were ob-
served in senescing tobacco leaves (Nicotiana tabacum; Prins et al., 2008). In contrast
to RCB, the structures possess double membranes and seem to be derived from the
chloroplast envelope.

1.2.4 Lipid degradation

Membranes represent the major source of lipids and their breakdown is another char-
acteristic feature of senescence (Thompson et al., 1998). Lipid-degrading enzymes hy-
drolyze and metabolize membrane lipids in senescing leaves and lead to an enrich-
ment of free fatty acids and sterols (Fan et al., 1997; Thompson et al., 1998; Thomp-
son et al., 2000). Subsequently, fatty acids are either metabolized to phloem-mobile
sugars or, as in Arabidopsis, oxidized to provide energy for the senescence process
due to the decline in photosynthesis causing sugar deficiency (Thompson et al., 1998;
Graham and Eastmond, 2002; Hoértensteiner and Feller, 2002). Increased membrane
permeability or ion leakage is a convenient physiological marker that accompanies se-
nescence (Woo et al., 2001). The catabolism of membranes during senescence leads
to a decreased function of key membrane proteins such as ion pumps (Thompson et
al., 1998).

1.2.5 Regulation

The initiation and progression of senescence is accompanied by changes in gene ex-
pression indicating that this process is highly regulated and genetically programmed
(Buchanan-Wollaston et al., 2003; Gan, 2003; Guiamét, 2004). The alteration in gene
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expression is subsequently leading to complex metabolic and finally morphological
changes (Thomas and Stoddart, 1980). Over 1900 of these so-called senescence-as-
sociated genes (SAG) were identified in Arabidopsis thaliana (He et al., 2001; Hinder-
hofer and Zentgraf, 2001; Buchanan-Wollaston et al., 2003; Guo et al., 2004; Lin and
Wu, 2004; Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006). Transcription
factors (TF) are responsible for genetic regulation and 185 TF genes with differential
expression were identified during leaf senescence of Arabidopsis thaliana (Balazadeh
et al., 2008) representing over 20 different TF families (Lim et al., 2007). The two
largest groups of senescence-associated TF are WRKY and NAC, which exist exclu-
sively in plants. The most prominent examples are NAC2 (alternatively named NAP),
NAC1 and WRKY53 that display increased transcript amounts during senescence
(Miao et al., 2004; Guo and Gan, 2006).

1.3 Biological membranes

Although knowledge related to leaf senescence has increased rapidly in the past, the
underlying biochemical properties and regulatory mechanisms are only rudimentarily
understood. The main purpose of senescence is nutrient recycling following degrada-
tion of macromolecules and their mobilization out of the senescing cell across mem-
branes (Hoértensteiner and Feller, 2002). Considering this, one can assume that specif-
ic transmembrane proteins or transporters are involved within this process. It is obvious
that biological membranes are indispensable for transmembrane proteins as they are a
part of their vital environment. Membranes comprise natural barriers of the cell and its
organelles and accomplish a variety of essential tasks. They are responsible for im-
and export of nutrients and metabolites but also for signaling between cells and their
environment as well as their intracellular compartments. Membrane lipid composition
affects not only its physical properties such as fluidity but also cellular processes such
as signaling, transport activity and vesiculation (Balasubramanian and Schroit, 2003).

Biological membranes consist of two leaflets that can differ in their lipid bilayer compo-
sition according to their subcellular localization and functional tasks (Bretscher, 1972).
Asymmetry of the plasma membrane is a characteristic feature of eukaryotic cells. The
plasma membrane external leaflet is enriched in choline-containing lipids such as
phosphatidylcholine (PC) and sphingomyelin (SM), whereas the luminal leaflet consists
of more amine-containing lipids like phosphatidylethanolamine (PE) and phosphatidyl-
serine (PS; Figure 2; Williamson and Schlegel, 1994; Daleke, 2003). The Golgi network
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represents another example of membranes with different lipid bilayer composition in
eukaryotic cells (Daleke, 2003; Pomorski et al., 2004).
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30 Figure 2: Membrane lipid asymmetry in
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1.3.1 Biosynthesis of fatty acids and lipids

Lipids consist of fatty acids (FA) of various lengths and saturation degrees fused to a
glycerol backbone carrying different head groups. FA biosynthesis in plants is primarily
conducted within plastids and to a smaller extent in the cytosol (Ohlrogge and Kuo,
1985). Therefore plants possess two biosynthetic pathways to generate lipids: A prokary-
otic pathway occurring in plastids and a eukaryotic pathway present in the cytoplasm.
In both pathways acetyl-CoA deriving from glycolysis and amino acid degradation is
converted to malonyl-CoA, which is then metabolized through a series of reduction and
dehydration to palmitic acid (16:0; Somerville et al., 2000). Most of the palmitic acid is
elongated to stearic acid (18:0) and then desaturated in the chloroplast stroma so that
16:0 and 18:1 (oleic acid) fatty acids are the primary product of the prokaryotic synthe-
sis pathway (McKeon and Stumpf, 1982; Shanklin and Somerville, 1991). Subsequen-
tly, these are either used for the synthesis of plastidial glycerolipids or released into the
cytoplasm for further modification, such as elongation, desaturation or incorporation
into glycero- or sphingolipids (Moore, 1982; Millar et al., 2000).

The lipid phosphatidic acid (PA) is synthesized via a multi-step reaction in which a-gly-
cerophosphate is sequentially acylated of position sn-1 and sn-2 with two acyl-CoA
derivatives of FA chains. The prokaryotic pathway localized at the inner envelope of
chloroplasts results in PA with 18:1 at the sn-1 position and 16:0 fatty acids at the sn-2
position (Roughan et al., 1980). In contrast PA formed by the eukaryotic pathway lo-
cated at the ER consists mainly of 16:0/18:1 and 18:1/18:1 fatty acids at the sn-1 and
sn-2 position (Frentzen, 1990).

In chloroplasts PA is used for the synthesis of phosphatidylglycerol (PG) and diacylgly-
cerol (DAG), which is the precursor for the synthesis of other major chloroplast lipids:
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The transfer of different head groups to DAG leads to the formation of glycolipids like
monogalactosyldiacylglycerol (MGD), digalactosyldiacylglycerol (DGD) and sulfoquino-
vosyldiacylglycerol (SQD; Browse and Somerville, 1991; Joyard et al., 1993). FA bound
to these glycolipids can further be modified by membrane bound desaturases (Heinz,
1993). The synthesis of glycolipids is exclusively exerted within the plastid envelope
but can include PA and DAG derived from the ER (Browse and Somerville, 1994).

On the other side, synthesized PA in the ER gives rise to phospholipids (PL) such as
PC, PE and phosphatidylinositol (Pl) resulting in PL rich membranes distinct to plas-
tidial membranes (Moore, 1982; Mudd and Datko, 1989). In addition PC is returned to
the chloroplast envelope where it contributes to the production of thylakoid lipids
(Roughan and Slack, 1982; Browse et al., 1986).

PS is synthesized in the ER by the exchange of serine with the headgroup of PC or PE
(Nishijima et al., 1986) and subsequently transported to mitochondria where PE is syn-
thesized (Vance and Shiao, 1996). Additionally, PE is synthesized in the Golgi network
(Voelker, 2000). Finally, lipid transport proteins in the cytoplasm, such as HDL (high-
density lipoprotein) and LDL (low-density lipoprotein), deliver fatty acids, cholesterol,
and PL to the plasma membrane and other cellular compartments (Balasubramanian
and Schroit, 2003).

1.3.2 Establishment of membrane asymmetry

Asymmetry of the plasma membrane must be established as the membrane flows from
the ER through the Golgi network to the plasma membrane, and/or by delivery of lipids
from intracellular sites of synthesis to the plasma membrane via vesicular transport
(reviewed in Graham, 2004; Liu et al., 2008). The major de novo synthesis of PL oc-
curs on the cytosolic side of the ER and this lipid class represents the major compo-
nent of cellular membranes (Bell et al., 1981). ER membranes possess specialized
proteins, so-called scramblases that are Ca**-dependent but energy-independent non-
specific lipid transporters which facilitate a rapid and bidirectional equilibration of PL
between both membrane leaflets (Bishop and Bell, 1985; Burton et al., 1996; Menon et
al., 2000; Nicolson and Mayinger, 2000).

Within the Golgi network sphingolipids are synthesized at the luminal side. The produc-
tion of sphingolipids may have an important role in the sorting of membrane proteins
and lipids between the ER and the plasma membrane (reviewed in van Meer et al.,
2008). At the same time lipid transporters (P4-type ATPases) shuffle PS and PE to the
cytoplasmatic leaflet, thus, generating membrane asymmetry in the late Golgi network.
Vesicles budding from the Golgi fuse with the plasma membrane and contribute to its
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specific lipid composition and bilayer asymmetry. The mechanism by which amino-
phospholipids (PL that contain an amine or an amino acid as head group) are trans-
ported from their sites of synthesis to the plasma membrane has not been completely
established but probably involves both vesicular and cytosolic protein-mediated trans-
fer mechanisms (Sprong et al., 2001). As PL diffusion across the bilayer occurs over
the course of several hours (Kornberg and McConnel, 1971), selective ATP-dependent
transporters must operate to maintain (and/or establish) the asymmetric distribution of
lipids within two membrane leaflets (Zachowski, 1993; Daleke, 2003; Pomorski et al.,
2004). Various types of these transporters must exist: ATPases of class 4 are sup-
posed to act as flippases transporting lipids from the outer to the inner membrane leaf-
let whereas some ABC-transporters represent floppases and transport lipids from the
inner to the outer membrane leaflet (Seigneuret and Devaux, 1984; Pomorski et al.,
2004; Daleke, 2007).

The inward movement of PL from the exoplasmatic leaflet to the cytoplasmic leaflet
was first described in human erythrocyte membranes (Seigneuret and Devaux, 1984).
The ATP-dependent translocation is specific for PS and induces substantial changes in
membrane structure (Daleke and Huestis, 1985). ATP-dependent PL translocation was
subsequently detected in a wide range of eukaryotic cell types such as yeast, bovine
chromaffin granules and human platelets (Seigneuret and Devaux, 1984; Sune et al.,
1987; Devaux, 1991; Kean et al., 1993; Zachowski, 1993; Bevers et al., 1999). Mem-
bers of the P,-type ATPase family are thought to be involved in the translocation pro-
cess (Daleke, 2003) and are therefore essential for any membrane where the mainte-
nance of a PL asymmetry between the two leaflets is required.

1.3.3 Membrane changes during senescence

PL are the major membrane lipids in young tissue. Advancing senescence is paralleled
by a decline in structural and functional integrity of cellular membranes as fatty acids
are oxidized to provide energy for the senescence process (Thomas and Stoddart,
1980; Thompson et al., 1998). A loss of PL has been demonstrated for senescing flow-
er petals, leaves, cotyledons and ripening fruits (Mckersie and Thompson, 1975; Boro-
chov et al., 1982; Thompson, 1988). Lipid metabolites accumulate between the two
membrane leaflets and cause lipid phase separations and packing imperfections
(Ddbereiner et al., 1993). Consequently, bilayer fluidity and conformation of membrane
proteins are negatively affected (Leigh, 1979; Barber and Thompson, 1980). Under
non-senescing conditions membrane lipid catabolites form domains that bud subse-
quently into the cytosol as lipid-protein particles (Yao et al., 1991a; Hudak et al., 1995).
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The formation of these particles (called blebbing) becomes impaired during advanced
senescence resulting in a loss of membrane function that is a characteristic feature of
aging (Barber and Thompson, 1980; Woodson and Handa, 1987; Starling et al., 1995).
Membrane blebs are derived from all cellular membranes, i.e. the plasma membrane,
the tonoplast, the ER and membranes of the Golgi network as well as plastidial and
mitochondrial membranes (Yao et al., 1991b; Yao et al., 1991a; Hudak et al., 1995). In
contrast to microvesiculation, membrane blebs are bilayered (Murphy, 1990; Huang,
1992; Murphy, 1993; Hudak and Thompson, 1996). Lipid translocators such as P4-type
ATPases might facilitate or contribute to the formation of these structures by accumu-
lating lipids in the cytosolic leaflet of the membrane.

Mathematical models show that the translocation of a few lipids from one monolayer to
the other in a lipid bilayer triggers membrane deformations, which resemble vesicle
budding (Devaux et al., 2008). This suggests that lipid translocators / P,-type ATPases
drive membrane bending towards the cytosol by expanding the cytoplasmatic leaflet of
the bilayer while reducing the PL number in the exoplasmatic or luminal leaflet. Subse-
quently, P,-type ATPases might contribute to vesicular trafficking by facilitating the ge-
neration of membrane curvature inherent in this process or establishing a membrane
environment permissive for vesicle budding (Devaux, 1991; Chen et al., 1999).

1.4 P4-type ATPases

ATPases represent the largest group of active transport systems within cells and can
be grouped into four distinct types, P-, F-, V-type ATPases and ABC transporter
(Pedersen and Carafoli, 1987; Pedersen, 2007). Their common feature is the hydro-
lysis of ATP driving the transport of a wide range of cations and molecules across
membranes against their electrochemical gradient. V-type ATPases transport protons
across the membrane and thus affect the pH in vesicles and vacuoles by establishing a
proton gradient. By contrast, F-type ATPases function in the opposite direction using a
proton gradient to synthesize ATP. ABC transporters move a diverse set of macromol-
ecules across biological membranes. P-type ATPases transport mainly ions and differ
fundamentally in structure and reaction mechanisms from the three other groups. They
share a DKTGTXX motif and are characterized by a phosphorylation step during their
reaction cycle where the y-phosphate group of ATP is reversibly transferred to an as-
partic acid residue (D) within the motif (Axelsen and Palmgren, 1998; Apell, 2004).

According to their substrate specificity and evolutionary similarity, P-type ATPases are
subgrouped into five subfamilies (P-type ATPase database; http://www.patbase.kvl.dk/;
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Axelsen and Palmgren, 1998): Type-l comprises heavy metal pumps (transported ions:
K*, Cu*, Ag*, Cu*, Cd**, Zn**, Pb* and Co?*), proteins of type Il are Ca®** pumps and
Na*/K"; H'/K" antiporters and type Il includes Mg®* and H" pumps. Type IV ATPases
exist ubiquitously in eukaryotes but only little information is available on the substrate
specificity and biochemical function of the proteins. It is assumed that P,-type ATPases
are involved in the transport of phospholipids while the substrate of type V ATPases re-
mains to be identified (reviewed in Poulsen et al., 2008a).

Characteristic features of P,-type ATPases are three conserved protein domains. The
first domain is associated with the ATP hydrolysis and substrate transport (actuator do-
main), the second domain contains the DKTGTXX maotif including the reversibly phos-
phorylated aspartic acid residue (phosphorylation domain) and the third domain is pro-
bably involved in ATP-binding (nucleotide-binding domain; Tang et al., 1996). Based
on analogy to the crystal structure of the sarco-/endoplasmatic reticulum localized Ca**
P-type ATPase SERCA1, the N-terminal tail and the loop between transmembrane
segments 2 and 3 might form the actuator domain, and the large cytoplasmatic loop
between membrane segments 4 and 5 might form the phosphorylation and nucleotide-
binding domains (Kuhlbrandt, 2004; Toyoshima and Mizutani, 2004). Based on hydro-
pathy plots ten transmembrane domains (TM) are predicted for P4,-type ATPases (Figure
3; Aramemnon database; http://aramemnon.botanik.uni-koeln.de; Schwacke et al.,
2003). N- and C-termini as well as a smaller and a larger loop (between the 2™ and 3™
and the 4™ and 5" transmembrane region, respectively) are cytoplasmatically located
(Tang et al., 1996; Daleke, 2003).

cytoplasm

Figure 3: Schematic Ps-type ATPase protein model. The proteins are membrane located and
predicted to possess ten transmembrane regions with N- and C-termini reaching into the cyto-
plasm. They display a small and a large cytoplasmatic loop containing the phosphorylation site (P)
at an aspartic acid residue.

1.41 P;-type ATPases in Saccharomyces cerevisiae

Most of the information on the identity of P,-type ATPases has been generated by re-
search in yeast and cells from a patient suffering from a congenital bleeding disorder

11
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termed Scott syndrome (Balasubramanian and Schroit, 2003). Five P4-type ATPases
were identified in the model organism Saccharomyces cerevisiae (Figure 4; Costanzo
et al.,, 2001). Dnf1p and Dnf2p are located at the plasma membrane (PM), Drs2p and
Dnf3p at membranes of the trans-Golgi network and Neo1p at endosomal membranes
as well as membranes of the trans-Golgi network (Chen et al., 1999; Gall et al., 2002;
Hua et al., 2002; Pomorski et al., 2003; Wicky et al., 2004).

v ©
DRS2 O NEO1

Figure 4: P4-type ATPases in Saccharomyces ce-
revisiae. Sketch of a yeast cell with its identified
Pstype ATPases. ER endoplasmatic reticulum,
DNF2 Golgi Golgi network, N nucleus, PM plasma mem-
brane, V vesicles/endosomes.

The yeast deletion mutant strain Adrs2 is sensitive to temperatures below 23 °C and
displays furthermore sensitivity to heavy metals that cannot be explained (Ripmaster et
al., 1993). Additionally, cells of the Adrs2 mutant strain have a defect in ribosomal as-
sembly of the 40S subunit (Ripmaster et al., 1993) and defects in polarized cell growth
at temperatures below 23 °C (Saito et al., 2004). In experiments with fluorescently la-
beled PL analogs, Adrs2 cells internalized exogenously applied PS and PE analogs
(Saito et al., 2004). A mutation of the catalytically important aspartic acid residue of
Drs2p perturbs the formation of clathrin-coated vesicles targeted to the plasma
membrane (Gall et al., 2002). Furthermore, there is evidence that Drs2p is directly in-
volved in the interaction with the components Arf1p (ADP-ribosylation-factor, a GTP-
binding protein) and Gea2p (guanidine exchange factor or ARF exchange factor) res-
ponsible for the formation of clathrin-coated vesicles (Chantalat et al., 2004; Pomorski
et al., 2004; Wicky et al., 2004).

Removal of the P4-type ATPases Dnf1p and Dnf2p abolishes inward translocation of
fluorescently labeled PS, PE and PC across the plasma membrane of the Adnf1Adnf2
strain and causes cell surface exposure of endogenous PE (Pomorski et al., 2003; Liu
et al., 2008). Similar to Adrs2 cells the Adnf1Adnf2 strain is sensitive to temperatures
below 23 °C and heavy metals and shows a cold-sensitive defect in the uptake of en-
docytosis markers (Pomorski et al., 2003). Phenotypes of the Adrs2 and the Adnf1-
Adnf2 mutant strains are intensified in the triple mutant Adrs2Adnf1Adnf2. The strain
displays exposition of endogenous PE at the extracellular leaflet of the plasma mem-
brane and endocytosis defects at temperatures greater than 23 °C (Pomorski et al.,
2003). These findings indicate that P,-type ATPase are involved in PL flipping from the
outer to the inner membrane leaflet and are required for the maintenance of a lipid
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asymmetry in membranes (Pomorski et al., 2003; Saito et al., 2004; Alder-Baerens et
al., 2006).

1.4.2 Interacting partners of P,-type ATPases

Proteins of the Cdc50 family were found to complex with P4-type ATPases in yeast:
Drs2p interacts with Cdc50p, Dnf1p and Dnf2p with Lem3p and Dnf3p with Crf1p (Saito
et al., 2004). No interaction partner was found for Neo1p. While the formation of these
complexes is required for the ATPase to exit from the endoplasmic reticulum, little is
known about the functional role of the Cdc50 subunits (Saito et al., 2004; Lenoir et al.,
2009). Interaction of P4-type ATPases with a B-subunit was also shown in other organ-
isms: LdRos3p the Lem3p homologue in the parasite Leishmania donovani is neces-
sary for the transport activity and additionally required for correct export from the ER to
the PM of the LAMTp P4-type ATPase (Pérez-Victoria et al., 2006). In humans the Py-
type ATPase Atp8b1 requires a Cdc50p homologue in order to leave the ER and reach
the PM (Paulusma et al., 2008).

In Arabidopsis five members of Cdc50-homologs that may represent p-subunits for the
Ps-type ATPases were reported and named ALIS 1 to 5 (ALA interacting subunit;
Poulsen et al., 2008b). ALIS proteins possess two transmembrane spans and a large
extracellular loop of approximately 75% of the protein (Poulsen et al., 2008b).

Most P-type ATPases in yeast are monomeric and only members of type Il pumps
(Na’/K*-ATPase and the closely related H'/K*-ATPase) are oligomeric requiring B-sub-
units that are similar to Cdc50 proteins (Geering, 2001). Besides assisting as a chaper-
one in the functional maturation of the catalytic a-subunit (P-type ATPase), the B-sub-
unit also contributes specifically to intrinsic transport properties of the Na*/K* pump.
However, Cdc50 subunits possess only one transmembrane region and are post-trans-
criptionally modified by glycosylation (Geering, 2001; Morth et al., 2007). Cdc50 pro-
teins in yeast and its homologues in humans and plants display conserved glycosyla-
tion sites within the extracellular loop predicted by bioinformatic tools. The glycosylation
is confirmed in vivo for the yeast protein Lem3p (Kato et al., 2002). Based on the simi-
larities between Py4-type and P,-type ATPase subunits one can assume similar function
of these proteins.

14.3 Reaction cycle

Ps-type ATPases are believed to act as a flippase, catalyzing the transport of PL from
the outer membrane bilayer leaflet to the inner (Devaux et al., 2006; Pérez-Victoria et
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al., 2006; Lenoir et al., 2007; Paulusma et al., 2008). In contrast to the PL transporting
Ps-type subgroup all other P-type ATPases pump much smaller substrates like cations
or metal ions. However, atomic structures revealed a conserved transport mechanism
throughout the entire P-family (Lenoir et al., 2009).

Interaction with a B-subunit might lead to the specific lipid transport, however the pri-
mary role of the additional polypeptide and the lipid transport mechanism itself are yet
unknown. Additionally, P4-type ATPases expose hydrophobic residues in the region
where cation transporters expose negatively charged residues supporting the hypothe-
sis that these proteins have an amphipathic substrate such as PL (Tang et al., 1996;
Chen et al., 1999).

ATP  ADP
L

o \-/‘ oL
—
I L Figure 5: Scheme of the reaction cycle of P;-
type ATPases displaying the dynamic inter-

action between the yeast Drs2p ATPase, its
Cdc50p subunit and lipid substrate. ATPase
in light grey, subunit in dark grey. OL outer
membrane leaflet, IL inner membrane leaflet

6 (adapted from Lenoir et al., 2009).

Based on interaction studies with the yeast P4-type ATPase Drs2p and its partner
Cdc50p, a reaction cycle scheme of Ps-type ATPases was suggested (Figure 5; Lenoir
et al., 2009). The affinity between P4-type ATPases and subunits is likely to be dynamic
during the transport reaction: Phosphorylation is the crucial step in a P4-type ATPase
reaction cycle, whereby the enzyme is subjected to a conformational change exposing
its ligand-binding pocket at the outer membrane leaflet allowing a substrate to enter the
enzyme. Subsequently, the binding affinity of the ATPase interacting subunit increases
reaching the highest point when the enzyme is associated with its substrate. Dephos-
phorylation leads again to a conformational change exposing the ligand-binding pocket
at the inner membrane leaflet, thus, releasing the substrate and decreasing the binding
affinity between ATPase and subunit. These findings suggest p-subunits as integral
components of the Ps,-type ATPase transport machinery and the acquisition of these
subunits may have been a crucial step in the evolution of lipid flippases from a family of
cation pumps (Lenoir et al., 2009).
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1.4.4 Ps;-type ATPases in Arabidopsis thaliana

Only a few members of the P4s-type ATPase family have been identified genetically in
other organisms apart from yeast: Examples are the bovine ATPase Il and the mam-
malian Atp8a1 that are both closely related to Drs2p and the rice blast fungus PDE1
that is most similar to Dnf3p (Ding et al., 2000; Balhadere and Talbot, 2001; Soupene
et al.,, 2008). Homologs of the yeast Drs2p ATPase and the bovine ATPase Il were
also found in plants. 12 P4-type ATPases were identified in A. thaliana (Gomes et al.,
2000). The ALA called proteins (aminophospholipid ATPase) can be divided into five
groups based on sequence alignments and intron positions (Figure 6; Baxter et al.,
2003). ALA1, 2 and 3 are separated from each other and the clusters consisting of
ALA4-6 and ALA 8-12.

ALA1
ALA2
ALA3 . . . . .
Figure 6: Phylogenetic tree of Arabidopsis thaliana
Ps-type ATPases. Depicted are all 12 ALA proteins
ALAS (aminophospholipid ATPase). Bootstrap values
ALA4 ALA8 are expressed in percentages. Colors indicate
ALA7 investigated ALA proteins within this work.
ALAG ‘
ALA12 ALAQ BLAN

Knowledge on Ps-type ATPases in Arabidopsis is limited and so far investigations
focused on ALAZ3, the closest homolog of the yeast protein DRS2p, and ALA1 (Gomés
et al., 2000; Poulsen et al., 2008b): Arabidopsis thaliana ALA1-antisense plants with
reduced ALAT1 transcripts are cold sensitive. When grown at 12 °C, the plants display
reduced growth resulting in smaller rosette leaves, shorter inflorescences with less sil-
iqgues compared to wild type (Gomeés et al., 2000). When expressed in the yeast Adrs2
mutant strain, ALA1 complements the cold sensitivity of the strain. Additionally, recon-
stituted membrane vesicles from Adrs2 cells expressing ALA1 show increased internal-
ization of PS and to a lesser extent of PE (Gomés et al., 2000).

These lines of evidence suggest that ALA1 is involved in the generation of membrane
lipid asymmetry and probably encodes an aminophospholipid translocase. Further-
more, the data suggest a link between regulation of transmembrane bilayer lipid asym-
metry and the adaptation of plants to cold.

Poulsen et al. (2008b) reported on ALA3 and localized the protein to the Golgi appara-
tus. The authors described T-DNA insertion lines displaying reduced growth of roots
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and shoots. The effect is probably caused by an impaired proliferation of slime vesicles
containing polysaccharides and enzymes for secretion in the root cap, which are es-
sential for an efficient root interaction with the environment. In fact, ala3 mutants show
few vesicles in root tip cells and possess large vacuole-like structures. Consequently,
due to the impaired secretion of slime vesicles columella cells in the root tip are not
degraded and stick to the root tip and inhibit proper growth. Furthermore, the authors
showed that ALA3 alone is not able to complement the cold-sensitivity of the Adrs2-
Adnf1Adnf2 yeast mutant strain, however when co-expressed with ALIS subunits 1, 3
or 5 the wild type phenotype is recovered. A co-expression of ALA3 and ALIS1 in yeast
Adrs2Adnf1Adnf2 cells leads to an inward transport of the fluorescent phosphati-
dylethanolamine and phosphatidylcholine analogs NDB-PE and PBD-PC. The inward
transport is not detected, when an ala3 mutant version is co-expressed with AL/S1T.
The authors confirmed an interaction of both proteins in vivo, and additionally showed
similar expression patterns for ALA3 and ALIS1.

These experiments indicate an important role for the P4-type ATPase ALAS3 in the for-
mation of vesicles within the Golgi network and underline the importance of its subunit
ALIS1 for proper performance of the lipid translocation process.

1.5 Expression of P,-type ATPases during leaf senescence
of Arabidopsis thaliana

Arabidopsis thaliana is often used as a model for the molecular genetic study of leaf
senescence due to the fact that extensive genomic resources are available for the
plant (Lim et al., 2007). The identification of genetic mutants that control leaf senes-
cence in A. thaliana opened up new possibilities for genetically analyzing leaf senes-
cence in a model system (Nam, 1997). Furthermore, Arabidopsis rosette leaves under-
go distinguishable developmental stages and show a well-defined and reproducible
senescence program facilitating the analysis of leaf senescence (Lim et al., 2003).
Senescence as a nutrient recycling program implies the involvement of senescence-
associated transporters (SATP) that export degraded macromolecules across biologi-
cal membranes. Thus, senescence-associated transporters are very important to un-
derstand the biochemical properties and regulatory mechanisms of this nutrient recy-
cling process. However, even with the advantage of genetic tools, only a few SATP
have been reported (Himelblau and Amasino, 2001; Quirino et al., 2001). Via genome-
wide expression profile analyses attempts were made to identify more SATP (Buchanan-
Wollaston et al., 2003; Guo et al., 2004; Lin and Wu, 2004; Buchanan-Wollaston et al.,
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2005; van der Graaff et al., 2006). These analyses indicate the involvement of many
previously uncharacterized transmembrane proteins within the senescence process.

Van der Graaff et al. (2006) distinguished in their analyses between naturally occurring
(developmental) senescence and artificially induced senescence and were able to
show overlapping but also unique sets of SATP for these types of senescence. Thus,
genes coding for SATP specific for developmental senescence were identified with an
accuracy that had not been possible before.

30000

S 25000 o= ALAT
@ —ALA2
¢ 20000 e
Qo o - ALA4
> T —aas
@ 15000 — ALAG
3 — ALA7
- ALA8

@ 10000 ~
2 o —ALA9
= // --ALA10
5000 o / ALATY
= e — ~ALA12

weeks % yellowing

Figure 7: Expression of ALA (aminophospholipid ATPase) genes during natural development in
leaves of Arabidopsis thaliana wild type Col-0. Depicted are absolute expression values obtained
from gene chip hybridization with pooled material from 5™ and 6™ rosette leaves at 4, 5 and 6
weeks and when displaying 25%, 50% and 75% yellowing of the leaf blade. (Data from van der
Graaff et al., 2006).

Strikingly, most of the genes coding for P4s-type ATPases (ALA in Arabidopsis thaliana)
were significantly affected suggesting an important role of these proteins within devel-
opmental senescence. Nine of twelve ALA genes displayed at least a 2-fold increase in
transcript amount in leaves during natural aging-induced senescence of Arabidopsis
thaliana (ALA1, ALA2, ALA3, ALA4, ALAS5, ALA7, ALA9, ALA10 and ALA11). Among
these, three ALA genes displayed a transcript level induction of 4.5 or greater (Figure
7; ALA11: 9.7-fold, ALA10: 5.3-fold and ALA1: 4.7-fold). The association of P4-type
ATPases to the senescence program might indicate their role in the maintenance of
membrane asymmetry, membrane reorganization or lipid bilayer modification during
this developmental process.
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1.6 Aim of the project

Manipulation of leaf senescence can potentially greatly improve crop yield. Considering
the potential future food shortage and the use of plants as a source of energy this area
of research is getting more and more important. However, key issues of plant senes-
cence still need to be elucidated.

Goal of this investigation is to contribute to a better understanding of plant senescence,
especially the knowledge on Ps-type ATPases (ALA, aminophospholipid ATPase). Yet
existing expression analyses indicate that ALA proteins are putatively involved in the
senescence program of Arabidopsis thaliana. Within the ALA gene family the majority
of its members shows increased transcript levels during natural occurring senescence
pointing out their importance during this developmental process. ALA1, ALA10 and ALA11
display the strongest induction in senescence-associated gene expression and were
investigated in this work.

Information on P,-type ATPases in plants is still rudimentary. Tissue-specific expres-
sion is partly known for ALA1. ALA3 represents the only P,-ATPase with an identified tis-
sue-specific expression as well as a subcellular localization of the protein. To gain know-
ledge of more plant P4-type ATPases in these aspects, the tissue-specific expression of
the three senescence-associated ALA genes (7, 70 and 17) as well as the subcellular
localization of the proteins are aimed.

The relation and contribution of P4s-type ATPases to plant senescence is not under-
stood at present. The role of ALA1, ALA10 and ALA11 within the senescence program
of Arabidopsis thaliana should be pointed out for the first time with the help of T-DNA
insertion lines. The focus is on the physiological and morphological description of these
insertion lines with a special emphasis on the senescence process.

Ps-type type ATPases are thought to alter the characteristics of biological membranes
via lipid flipping. Only the cellular ultrastructure of ala3 mutants is available to date. To
gain additional insights into the specific function of other P,-type ATPases and their rel-
evance for biological membranes, cellular ultrastructure of the identified and generated
ala mutant lines is targeted. In order to reveal effects on the lipid composition, caused
by the proteins, the investigation of cellular membranes of ala plant mutants is aimed
because the exact lipid composition of any plant or yeast P,~ATPase mutant is still un-
determined.

It is known that ALIS proteins (ALA interacting subunit) interact with ALA3. For that
reason, the subunit specifications of ALA1, ALA10 and ALA11 are aimed. Furthermore,
the evidence of phospholipid translocating activity and substrate preferences for ALA1,
10 and 11 are aimed completing the yet existing knowledge on Ps-type ATPases.
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2 MATERIAL AND METHODS

21 Chemicals

Chemicals were purchased from Bio-Rad (Munich, Germany), Biozym (Oldendorf, Ger-
many), Carl-Roth (Karlsruhe, Germany), Difco Laboratories (Detroit, MI, USA), Duchefa
(Haarlem, The Netherlands), Fluka (Buchs, Switzerland), GE Healthcare Europe (Mu-
nich, Germany), Merck (Darmstadt, Germany), Peglab (Erlangen, Germany), Qiagen
(Hildesheim, Germany), Roche Applied Science (Mannheim, Germany), Serva (Heidel-
berg, Germany), Sigma-Aldrich (Taufkirchen, Germany), Thermo Fisher Scientific (Bonn,
Germany), if not mentioned otherwise. All media for yeast handling were ordered from
ForMedium (Hunstanton, England).

If not mentioned otherwise water indicated as ddH,O refers to twice-purified water via
reverse osmosis (Milli-Q Water System, Millipore, Schwalbach, Germany). Buffers and
solutions used in this work were either autoclaved for 15 min at 120 °C (Fedegari Auto-
clave, Tecnomara, Fernwald-Steinbach, Germany) or sterile filtered using a pore dia-
meter of 0.2 ym (Schleicher & Schuell, Dassel, Germany).

Commonly used buffers and solutions for molecular biology were prepared according
to Sambrook et al. (1989).

2.2 Oligonucleotides and plasmids

Oligonucleotides used in this work were purchased from Invitrogen (Karlsruhe, Ger-
many). To provide a better summary, primers are listed in this section (Table 1 — 9) if
not mentioned otherwise.

Plasmids utilized in this work are listed in Table 10 and Table 11.

Table 1 (continued on next page): Gene and T-DNA specific primer pairs for T-DNA identification.
LP left primer, RB right primer, LB left border primer.

Line name Primer Nucleotide sequence Amplicon size [bp]
ala1-1 LP 5-TCTGCGATACTCTGCTGCCG-3’
RP 5-CAGGTTCATTTCAACTCCCACG-3’ 1016
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Line name Primer Nucleotide sequence Amplicon size [bp]
ala10-1 LP 5-CCAATGGCTGCAATATACCAC-%

RP 5-AACTCGCTTACTTATCAGCTCCC-% 873
ala10-2 LP 5-TCTGTTTTGTTCTGTTCTCACTCTG-3’

RP 5-AGAGATCCCATTTTGTGTCCG-3’ 904
ala11-1 LP 5-ATGCGCAGGTTTATCATTCTC-3’

RP 5-TACCTCTCACCTTCGTCATCG-3’ 1070
ala11-2 LP 5-GAGTGAAGCGAACCCTTTTTG-3

RP 5-CGTTTTCTTCTCTTCGCTTCC-3’ 954

GABI LB 5-CCATTTGGACGTGAATGTAGACAC-3’
SALK LB 5-TGGTTCACGTAGTGGGCCATCG-3’

Table 2 (continued on next page): Primer pairs for RTPCR of ala mutant lines. LP left primer, RB

right primer.
Line name Gene Primer Nucleotide sequence Amplicon size [bp]
alat-1 ALA1 5’ of T-DNA insertion
LP 5-TCACTGGCAGCTTGCAATAC-3’
RP 5-TTGTCACCAGTCAAGACCCA-3’ 638
ALA1 spanning T-DNA insertion
LP 5-TGCAGGGATAAAAGTCTGGG-¥
RP 5-TGTCAATTGTACTGCCCCAA-3’ 878
ALA1 3’ of T-DNA insertion
LP 5-CAACTGCCATCACAGAATGG-3’
RP 5-GTTCATTTCAACTCCCACGG-3’ 623
ala1-10 ALA10 5’ of T-DNA insertion
LP 5-TATTCCGGCAAGAAGAATGG-3’
RP 5-GCGAAATCGGGATGAAGTAA-3’ 690
ALA10 spanning T-DNA insertion
LP 5-TCATCCCGATTTCGCTTTAC-3’
RP 5-GACAACAGCAAGAGCTTCCC-3’ 662
ALA10 3’ of T-DNA insertion
LP 5-CAATGAAGCTAAGGCTTCCG-3’
RP 5-CTGCTTGCATTCCTTCAACA-3’ 718
alat1-1 ALA11 5’ of T-DNA insertion
LP 5-GAGGACCTGGTTTCTCACGA-3
RP 5-TTCGTTTCTCCGTCGAGATT-3’ 502
ALA11 spanning T-DNA insertion
LP 5-GAGGACCTGGTTTCTCACGA-3
RP 5-CCAGTGAAGACAACAACTCCA-3’ 736
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Line name Gene Primer Nucleotide sequence

Amplicon size [bp]

alat1-1 ALA11 3’ of T-DNA insertion
LP 5-ACAAAAGGCATTGGTTACGC-%
RP 5-CAAAGCGAAGAACATCACGA-¥
ACT2 (At3g18780)
LP 5-AACTCTCCCGCTATGTATGTCGC-3’
PR 5-TTCCATCTCCTGCTCGTAGTCAAC-3’

Table 3: Primer pairs for QRTPCR. LP left primer, RB right primer.

850

303/
(382 including intron)

Gene Primer Nucleotide sequence Amplicon size [bp]
ALA1 LP 5-CAAGACATGGATGTTCTGGTTC-3

RP 5-AAACTTGATGGCGAATCTAGGA-3’ 76
ALA10 LP 5-GCTCACGACTCTCTTTGTGATG-3’

RP 5-TAGGGAAAAACCTCATTTGCAC-3’ 80
ALA11 LP 5-TGAAGCTAAGAACTCGGTGACA-3’

RP 5-TCAAATCACGTTCCATCTGTTC-3’ 77
SAG12 LP 5-TCTGGTGTGTTCACTGGAGAGT-3

RP 5-ATCCGTTAGTAGATTCGCCGTA-3’ 82
RBCS1a LP 5-GACCAAAGCACTAGACCAAACC-¥

RP 5-CCATAGTAGCGGAAGAGAGCAT-3’ 84
WRKY53 LP 5-CAAGACACCAGAGTCAAACCAG-3’

RP 5-TTCGAACGGTTAAGTTGGATTT-3’ 82
UBQ10 (At4g05320)

LP 5-GCAGTTCTGCGAAACTTGTAAA-3’
RP  5-AGAACCCAACAGCTCAACACTT-3’
CTRL (At5g65080)
LP 5-TTTTTTGCCCCCTTCGAATC-3'
RP  5-ATCTTCCGCCACCACATTGTAC-3'

81

68 (only on genomic DNA)

Table 4: Primer pairs for generation of DIG-labeled probes (for GABI and SALK generated T-DNA

insertion lines). LP left primer, RB right primer.

vector Primer Nucleotide sequence

Amplicon size [bp]

pAC161 (GABI) 09525 LP 5-CCACACGTGGATCGATCCGTCG-3’
010706 RP 5-GAACCCTAATTCCCTTATCTGGG-3
pROK2 (SALK) nptllf LP 5-GAAGAACTCGTCAAGAAGG-3
nptllr ~ RP 5-ATGATTGAACAAGATGGATTGCAC-3’

1181

791

21



Material and Methods

Table 5: Primer pairs for amplification of upstream regions of ALA1, ALA10 and ALA11. Major
cases represent priming sequences, minor cases represent non-priming sequences/added over-
hangs, underlined nucleotides represent Smal endonuclease restriction sites.

Region Primer Nucleotide sequence Amplicon size [bp]

ALA1  forward 5’-cccccgggAATATTAAAACCAATACTCGATCGATAATG-3
reverse 5’-cccccgggT TCCCGGGTCCAGGAATTG-3 1997

ALA10 forward 5-cccccGGGTTAGTGAAATTTTCATTATCCAAG-3’
reverse 5-cccccqggAGCTTTTTTAGTTTAGTTCTTTGTCTGAAA-3’ 2004

ALA11 forward 5-cccccggGCCTTTCCTTTTCTATCAGCGT-3’
reverse 5-cccccgggTGTTTGTCTGAAAATCCTCTGTAAAGTT-3 1998

Table 6: Primer pairs for amplification N-terminal regions of ALA1, ALA10 and ALA11 (ALAru1.4-frag-
ments). Major cases represent priming sequences, minor cases represent non-priming sequences/
added overhangs, underlined nucleotides represent endonuclease restriction sites.

Region Primer Nucleotide sequence Restriction site  Amplicon size [bp]
ALA1  forward 5’-gctctagaATGGATCCCAGGAAATCAATTG-3’ Xbal

reverse 5-aactgcagcAGGGACACCACGCTGCAAT-3’ Pstl 2182
ALA10 forward 5’-gctctagaATGGCTGGTCCAAGTCGGA-3 Xbal

reverse 5-aactgcagaCATTCTCTTCCTAGTGCTATTGAATTCA-3  Pstl 1797
ALA11 forward 5’-gctctagaATGACAAAGTGTCGGAGAAGAA-3 Xbal

reverse 5-aactgcagtCTCCCGTTTTTGGCTAGTCTTTC-3’ Pstl 2050

Table 7: Primer pairs for amplification of ALA1, ALA10 and ALA11 open reading frames. Major cases
represent priming sequences, minor cases represent non-priming sequences/added overhangs,
underlined nucleotides represent endonuclease restriction sites or start/stop codons.

Region Primer Nucleotide sequence Restriction site  Amplicon size [bp]
ALA1  forward 5’-gctctagaAAATGGATCCCAGGAAATCAATT-3’ Xbal
reverse 5’-cgacctcqagTATCATCTCCGTGGAGGATCCT-3’ Xhol 4064

ALA10 forward 5’-tccccqeggetagcGCTATGGCTGGTCCAAGTCG-3'  Sacll, Nhel

reverse 5-cgggatcCTTTAGACACCGACAAGATCCTTATAG-3  BamHl| 4417
ALA1  forward 5’-gctctagaCAATGACAAAGTGTCGGAGAAG-3’ Xbal
reverse 5-cgggatcCTTCAGAAAGCAATGAAATTCTTG-3’ BamHI| 4527
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Table 8: Primer pairs for amplification of ALA7, ALA10 and ALA11 open reading frames in two halves.
Major cases represent priming sequences, minor cases represent non-priming sequences/added
overhangs, underlined nucleotides represent endonuclease restriction sites or start/stop codons.

Region Primer Nucleotide sequence Restriction site  Amplicon size [bp]
ALA1
1) forward 5’-gctctagaAAATGGATCCCAGGAAATCAATT-3’ Xbal
reverse 5-ggacGAGCTCCATCGATATGTAG-3 Sacl 1245
2) forward 5’-gatgGAGCTCGTCCGTATTGG-3’ Sacl
reverse 5’-cgacctcqagTATCATCTCCGTGGAGGATCCT-3’ Xhol 2833
ALA10
1) forward 5’-tccccgeggetagcGCTATGGCTGGTCCAAGTCG-3'  Sacll, Nhel
reverse 5-aaaAGTACTAGAGTCCTTAGACCTGCATCTG-3’ Scal 2340
2) forward 5-aaaAGTACTTGCATACCGTGAGGTTG-3 Scal
reverse 5-cgggatcCTTTAGACACCGACAAGATCCTTATAG-3 BamHi 2883
ALA11
1) forward 5’-gctctagaCAATGACAAAGTGTCGGAGAAG-3’ Xbal
reverse 5-ttgaGCTAGCTTGTCGATACAATC-3’ Nhel 2592
2) forward 5-acaaGCTAGCTCAAGCAGGG-3 Nhel
reverse 5-cgggatcCTTCAGAAAGCAATGAAATTCTTG-3’ BamHI| 1949

Table 9: Primer pairs for the conversion of ALA1, ALA10 and ALA11 clones to the GATEWAY cloning
system. Major cases represent priming sequences, minor cases represent non-priming
sequences/added overhangs, underlined nucleotides represent start codons, bold letters represent
(parts of) the attB1 and attB2 GATEWAY specific cloning sites.

Clone Primer Nucleotide sequence

First reaction
ALA1  attB1-forward1 5’-aaaaagcaggcticATGGATCCCAGGAAATCAATTG-3’
attB2-reverse1 5’-agaaagctgggtcTCTCCGTGGAGGATCCTTCAT-3

ALA10 attB1-forward10 5’-aaaaagcaggcticATGGCTGGTCCAAGTCGGA-3’
attB2-reverse10 5’-agaaagctgggtcGACACCGACAAGATCCTTATAGATC-3’

ALA11 attB1-forward11 5’-aaaaagcaggcticATGACAAAGTGTCGGAGAAGAAGAT-3’
attB2-reverse11 5’-agaaagctgggtcGAAAGCAATGAAATTCTTGTTGAG-3’

Second reaction

attB1 F 5’-gtttgtacaAAAAAGCAGGCT-3’
attB2 R 5’-ctttgtacaAGAAAGCTGGGT-3’
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Table 10: Plasmids used in this work.

Plasmid

Function/Description

Resistance (b: bacteria, p: plants)

pAC161

pB7WGF2

pBIN20

pBlueScript Il KS+

pDONR221

pGTkan3

pSTBlue-1

pUTkan

pUC18

pROK2

binary T-DNA vector for generation of
T-DNA mutagenized plants

Rosso et al. (2003)

GATEWAY binary T-DNA vector for
expression of eGFP fusion constructs
under control of 35S promoter

Karimi et al. (2002)

binary T-DNA vector for expression of
mCherry-organelle marker fusions
Hennegan and Danna (1998)

cloning and sequencing vector

MBI Fermentas (St. Leon-Rot, Germany)
cloning and sequencing vector
Invitrogen (Karlsruhe, Germany)

binary T-DNA vector for expression of
eGFP fusion constructs

Hajdukiewicz et al. (1994)

cloning and sequencing vector

MBI Fermentas (St. Leon-Rot, Germany)
binary T-DNA vector for GUS expression
under control of promoter of choice

Yoo et al. (2005)

expression vector

MBI Fermentas (St. Leon-Rot, Germany)
binary T-DNA vector for generation of
T-DNA mutagenized plants

Baulcombe et al. (1986)

ampicillin (b), sulfadiazine (p)

spectinomycin (b), phosphinotricin (p)

spectinomycin (b), kanamycin (p)

ampicillin (b)

kanamycin (b)

spectinomycin (b), kanamycin (p)

ampicillin or kanamycin (b)

spectinomycin (b), kanamycin (p)

ampicillin (b)

ampicillin (b), kanamycin (p)

Table 11 (continued on next page): Used plasmids obtained from the Palmgren laboratory (Univer-

sity of Copenhagen, Denmark).

Plasmid Function/Description Resistance/Auxotrophy
pMP1872 yeast expression vector

pRS423-GAL1-10(-His)

Poulsen et al. (2008b) ampicillin/histidine
pMP2127 pMP1872 containing ALIS1-RGSHe ampicillin/histidine
pMP2129 pMP1872 containing ALIS3-RGSHe ampicillin/histidine
pMP2130 pMP1872 containing ALIS5-RGSHe ampicillin/histidine
pMP2432 pMP1872 containing ALA1-HA ampicillin/histidine
pMP2435 pMP1872 containing ALA1-HA & ALIS1-RGSHs ampicillin/histidine
pMP2436 pMP1872 containing ALA1-HA & ALIS3-RGSHs ampicillin/histidine
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Plasmid Function/Description Resistance/Auxotrophy
pMP2437 pMP1872 containing ALA1-HA & ALIS5-RGSHs ampicillin/histidine
pMP3229 pMP187 containing ALA10 (untagged) ampicillin/histidine
pMP3230 pMP187 containing ALA10 & ALIS1-RGSHs ampicillin/histidine
pMP3231 pMP187 containing ALA10 & ALIS3-RGSHs ampicillin/histidine
pMP3232 pMP187 containing ALA10 & ALIS5-RGSHs ampicillin/histidine
pMP1869 yeast expression vector

pRS423-GAL1-10(-Leu) ampicillin/leucine
pMP2284 pMP1869 containing ALIS1-RGSHe ampicillin/leucine
pMP2285 pMP1869 containing ALIS3-RGSHe ampicillin/leucine
pMP2286 pMP1869 containing ALIS5-RGSHe ampicillin/leucine
pMP3210 pMP1869 containing ALA11 (untagged) ampicillin/leucine
pDRS2 pMP1872 containing yeast DRS2 ampicillin/histidine
pMP2061 cloning vector

pBlueScript SK- containing ALA11 (incl. stop codon)

MBI Fermentas (St. Leon-Rot, Germany) ampicillin
pMP3228 cloning vector

pENTR/D-TOPO containing ALA10 (incl. stop codon)

Invitrogen (Karlsruhe, Germany) kanamycin

2.3 Enzymes and Kits

All restriction enzymes were purchased from MBI Fermentas (St. Leon-Rot, Germany)
and New England Biolabs (Frankfurt, Germany).

If not indicated self-made Tag DNA polymerase (2.7.8.1) was used for all regular PCR.
In case of unclear results commercially available Taq DNA polymerase (MBI Fer-
mentas, St. Leon-Rot, Germany) was used for PCR. For generation of accurate DNA
copies prior to cloning, proof-reading polymerases were used in PCR (KOD [Novagen,
Gibbstown, NJ, USA] or Pfu [MBI Fermentas, St. Leon-Rot, Germany], TripleMaster
[Eppendorf, Hamburg, Germany]).

Furthermore, calf intestine alkaline phosphatase, DNase |, RNase A, T4-DNA ligase,
Lambda DNA and the Maxima SYBR Green qPCR Mastermix were purchased from
MBI Fermentas (St. Leon-Rot, Germany). RevertAid H Minus M-MuLV Reverse Trans-
criptase and RNA inhibitor were purchased from New England Biolabs (Frankfurt, Ger-
many). SuperScript Il reverse transcriptase as well as the BP and LR Clonase Il En-
zyme Mixes were ordered from Invitrogen (Karlsruhe, Germany). DIG-11-dUTP (alkali-
labile) and CSPD were acquired from Roche Applied Science (Mannheim, Germany).
The Perfectly Blunt Cloning Kit was purchased from Novagen (Gibbstown, NJ, USA)
and the Low Viscosity Spurr Kit from Ted Pella (Redding, CA, USA).

25



Material and Methods

24 Computer software

All sequence information was obtained from The Arabidopsis Information Resource
(TAIR; http://www.arabidopsis.org; Huala et al., 2001) and further analyzed using Mac-
Vector 10.0 for annotations, map generation and alignments. Restriction analyses were
performed with EnzymeX 3. Sequencing data was analyzed using the 4Peaks 1.7.2
and MacVector 10.0 software. MacVector and Paup 4b10 and were used for phyloge-
netic analysis and tree generation. Oligonucleotides were designed using MacVector
(general primer and sequencing primer) and the web-based version of Primer3 0.4.0
(http://frodo.wi.mit.edu/primer3/input.htm; Rozen and Skaletsky, 2000). Required primer
for genotyping of T-DNA insertion mutants were designed using the iSect tool on the
Salk Institute Genomic Analysis Laboratory web page (SIGnAL; http://signal.salk.edu/
tdnaprimers.2.html). In order to predict subcellular localization and domains of proteins
the collection of analysis and prediction tools from the Plant Membrane Protein Database
(ARAMEMNON; http://aramemnon.botanik.uni-koeln.de) was used (Schwacke et al.,
2003). Imaged 1.40g was used on pictures for area determination and object counting.

2.5 Biological material

2.51 Bacteria strains

Escherichia coli as well as Agrobacterium tumefaciens strains used in this work and
listed in Table 12.

Table 12 (continued on next page): List of bacterial strains.

Escherichia coli
* XL1-Blue Stratagene (La Jolla, CA, USA)
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1
lac [F’ proAB lacl'ZAM15::Tn10 (Tet")]
* DH5a Hanahan (1983)
recA1 endA1 A-gyrA96 (Nal,) thi-1 hsdR17 (r«’ mk’) supE44 relA1 D(lacZYA-argF) U169
F-$80d lacZAM15
* NovaBlue K-12 Novagen (Nottingham, UK)
recA1 endA1 gyrA96 thi-1 hsdR17 (k12" Mki12') SUPE44 relA1
lac [F' proA'B" lacl®ZAM15::Tn10 (Tet")]
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Agrobacterium tumefaciens

*GV3101:pMP90 Koncz and Schell (1986)
Rif", Gent'
2.5.2 Yeast Strains

Saccharomyces cerevisiae wild type strain was obtained from the Saccharomyces
Cerevisiae Archive for Functional Analysis (EUROSCAREF; http://web.uni-frankfurt.de/
fb15/mikro/euroscarf/index.html, Frankfurt, Germany). The dnf1Adnf2Adrs2 triple mu-
tant strain was previously described (Hua et al., 2002) and was obtained from Thomas
Pomorski’s laboratory (Berlin, Germany). Yeast strains are listed in Table 13.

Table 13: List of used yeast strains.

wild type: BY4741 (MATa his3 leu2 ura3 met15)
EUROSCARF

triple mutant (Adrs2Adnf1Adnf2):  ZHY709 (MATa his3 leu2 ura3 met15 dnf1A dnf2A drs2::LEU2)
Hua et al. (2002)

2.5.3 Plants

All Arabidopsis thaliana single mutant lines as well as wild type (ecotype Columbia,
Col-0) were either obtained from the Salk Institute Genomic Analysis Laboratory
(SIGnAL; http://signal.salk.edu/; La Jolla, CA, USA) or the GABI-Kat project (Genom-
analyse im biologischen System Pflanze; http://www.gabi-kat.de/; Cologne, Germany)
via ordering at the Arabidopsis Biological Resource Center (ABRC, http://www.biosci.ohio-
state.edu/~plantbio/Facilities/abrc/abrchome.htm, Columbus, OH, USA) and the Not-
tingham Arabidopsis Stock Centre (NASC; http://arabidopsis.org.uk/; Loughborough,
UK; Scholl et al., 2000; Alonso et al., 2003; Rosso et al., 2003). Used and generated
mutant lines and their origins are listed in Table 14.

Table 14 (continued on next page): List of Arabidopsis thaliana T-DNA insertion lines.

Name Origin

ala1-1 SALK_056947
ala10-1 GABI_785G10
ala10-2 SALK_024877
ala11-1 GABI_529G04
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Name Origin

ala11-2 SALK_107029

ala10/11 crossing of GABI_785G10 with GABI_529G04

ala1/10/11 crossing of GABI_785G10/GABI_529G04 with SALK_056947

The ala10/11 double mutant was generated by crossing mutant lines ala10-1 with
ala11-1, allowing the F1 plant to self fertilize, and isolating mutant plants from an F2
population (chapter 2.6.6). The ala1/10/11 triple mutant was generated in similar fash-
ion by crossing ala10/11 double mutant line with ala7-1.

Other transgenic plants generated by plant transformation (chapter 2.6.7) are listed in
Table 15.

Tobacco plants (Nicotiana benthamiana) were used for transient expression of fusion
proteins in epidermal leaves (chapter 2.11.1).

Table 15: List of generated Arabidopsis thaliana transgenic lines.

Description Name

promoter-GUS reporter lines pALA1::GUS
pALA10:GUS
pALA11::GUS

GFP reporter lines (truncated) 35S::eGFP-ALA1(TM1-4)

35S::eGFP-ALA10(TM1-4)
35S::eGFP-ALA11(TM1-4)

(full length) 35S::eGFP-ALA1
35S::eGFP-ALA10

2.6 Handling bacteria, yeast and plants

2.6.1 Cultivation of bacteria

Bacteria were normally grown on standard LB (Bertani, 1951) if not mentioned other-
wise. The media was spiked with one or more required antibiotics depending on the
bacterial stain transformed plasmid (Table 16). The media (1% tryptone, 0.5% yeast-
extract, 0.5% sodium chloride [w/v]; pH 7.5 with NaOH) was either used for liquid
cultures or solidified with 1.5% agar (w/v) for plate cultures. Plate cultures of E. coli
were grown over night (at least 8 h) at 37 °C, whereas cultures of A. tumefaciens were
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grown for 2 d (at least 12 h) at 28 °C. Liquid cultures were grown under the same
conditions in an incubator with constant shaking of 220 rpm.

Table 16: Antibiotics used for cultivation of bacteria.

Antibiotic Concentration [mg/1]
kanamycin 50

rifampicin 50

gentamycin 25

ampicillin 100

spectinomycin 25

2.6.2 Transformation of bacterial cells

Heat-shock transformation
Competent E. coli cells (chapter 2.6.2.1) were heat-shock transformed. 1 pl plasmid

preparation (chapter 2.7.1) was added to on ice thawed cells. After an incubation for
30 min on ice, the cells were incubated at 42 °C for 45 sec and immediately chilled on
ice for 2 min. 500 pl 37 °C warm SOC media (2% tryptone, 0.5% yeast-extract [w/v],
10 mM NacCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSQ4, 20 mM glucose; pH 7.5 with
NaOH) was added to the cells, followed by an incubation for 50 min at 37 °C under
shaking. Depending on the plasmid size 100-900 pl of the cells solution was plated on
LB plates supplemented with the required antibiotic and incubated at 37 °C.

Electroporation
A. tumefaciens cells were transformed via electroporation based on Dower et al. (1988).

Competent cells (chapter 2.6.2.1) were thawed on ice and 1 pl plasmid preparation
(chapter 2.7.1) was added. Cells were incubated for 10 min on ice, transferred to an
ice-cold electroporation cuvette (1 mm width) and shocked with 2.2 kV for 5 ms. Imme-
diately, 1.9 ml hand-warm SOC media was added to the cells. The solution was trans-
ferred to a new reaction tube and incubated under shaking for 2 h at 28 °C. 50-100 ul
were plated on a LB plate supplemented with the required antibiotics and incubated at
28 °C for 2 d.

2.6.2.1 Generation of competent cells

Escherichia coli
Chemical competent E. coli cells were generated using a variant of the calcium chlo-

ride method (Ausubel et al., 1989) where calcium chloride was replaced by rubidium
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chloride. Cells were grown in 200 ml Psi broth (2% tryptone, 0.5% yeast-extract, 0.5%
magnesium sulfate [w/v]; pH 7.6 with KOH) until an ODgy of 0.5 was reached. Cells
were incubated for 15 min on ice and pelleted by centrifugation for 10 min at 3000 g
and 4 °C. The pellet was resuspended in 40 ml ice-cold transformation buffer | (100 mM
RuCl, 50 mM MnCl, 30 mM CH3;COOK, 10 mM CaCl, in 15% glycerol [v/v]; pH 5.8 with
acetic acid) and incubated for 15 min on ice. The cells were pelleted again, resuspend-
ed in 4 ml ice-cold transformation buffer Il (75 mM CaCl,, 10 mM RuCl, 10 mM MOPS
in 15% glycerol [v/v]; pH 6.5 with NaOH), incubated for 10 min on ice and frozen in lig-
uid nitrogen in 50 pl aliquots. The cells were stored at -80 °C.

Agrobacterium tumefaciens
Electrocompetent A. tumefaciens cells were generated based on Sambrook et al. (1989).

Cells where grown in 500 ml SOB media (2% tryptone, 0.5% yeast-extract, 0.05%
sodium chloride [w/v], 25 mM KCI, 20 mM glucose, 10 mM MgCl,; pH 7.0 with NaOH)
until an ODggg of 0.7 was reached. Cells were incubated for 15 min on ice and pelleted
by centrifugation for 10 min at 3000 g and 4 °C. The pellet was resuspended in 500 ml
ice-cold ddH,0O and pelleted again. Cells were then resuspended in 250 ml ice-cold wa-
ter/glycerol (ddH,0O, 10% glycerol [v/v]), pelleted, resuspended in 10 ml ice-cold water/
glycerol, pelleted and finally resuspended in 2 ml ice-cold water/glycerol. The cell solu-
tion was divided into 50 pl aliquots, frozen in liquid nitrogen and stored at -80 °C.

2.6.3 Cultivation of yeast

Yeast wild-type cells were grown on standard YPD media (1% yeast-extract, 2% pep-
tone, 2% glucose [w/v]; pH 6.2 with NaOH; Sambrook et al., 1989). All other yeast strains
and transformed yeast was grown on SD minimal media (0.17% yeast nitrogen base,
0.5% ammonium sulfate, amino acids, 2% glucose [w/v]; pH 6.2 with NaOH; Rose and
Broach, 1990). For auxotrophy selection the composition of amino acids (Table 17)
within the SD media was adjusted depending on the plasmid and yeast strain. Amino
acid solutions were sterile filtered and added to the sterilized SD media. Both YPD and
SD were either used for liquid cultures or solidified with 2% agar (w/v) for plate cul-
tures. Liquid yeast cell culture was maintained under constant shaking of 220 rpm at
35 °C for 1-3 d, whereas yeast cells on plates were incubated at 30 °C (if not men-
tioned otherwise) for 2-7 d, depending on the strain and media. Due to the cold-sensiti-
vity of the used mutant stain all cells were maintained on plates at 35 °C.
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Table 17: Amino acids used for auxotrophy selection in SD media.

Amino acid Final concentration (w/v)
adenine sulfate 0.02%

uracil 0.02%
L-tryptophan 0.02%

L-leucine 0.1%
L-histidine HCI 0.02%
L-methionine 0.02%

2.6.4 Transformation of yeast cells

Yeast cells were transformed using lithium acetate based on Gietz and Woods (2002).
10 ml liquid culture was grown to an ODggo of 0.8. 2 ml cell suspension was transferred
into a new reaction tube and centrifuged for 4 min at 800 g and RT. Supernatant was
discarded and the cells carefully mixed with 5 pl (10 mg/ml) denatured salmon sperm
DNA (Sigma-Aldrich, Taufkirchen, Germany; incubated for 5 min at 95 °C, immediately
chilled on ice for 5 min) and 0.5-2 pg plasmid. The cells were then resuspended in 500 pl
transformation buffer (100 mM lithium acetate, 1 mM EDTA, 36% PEG 3350 [w/v] in
10 mM Tris; pH 7.5) and 20 pl freshly prepared 1 M DTT was added. After an incuba-
tion over night at RT, cells were pelleted, resuspended in 100 pl selective SD media,
plated on selective SD plates and incubated at 30 °C.

2.6.5 Cultivation of plants

2.6.5.1 Soil

A mix of P- and T-soil and sand (2:2:1 [v/v]; pH 5.5-6.0, Einheitserde, Balster Einheits-
erdewerk, Frondenberg, Germany) served as soil after sterilization and drying.

Arabidopsis thaliana
Seeds were sown in pots (12 cm @) and allowed to stratify at 6 °C for 48 h. Pots were

either transferred to the greenhouse (16 h light/d, 250-300 pmol*m?*sec™ photosyn-
thetically active radiation, 70% relative humidity, 21-24 °C) for seed production or to a
climate chamber with strictly controlled conditions (16 h light/d, 120 umol*m?*sec™” pho-
tosynthetically active radiation, 70% relative humidity, 21 °C [if not mentioned other-
wise]) for phenotypical analysis. For plant analysis under short day conditions, plants
were cultivated under the same conditions but light period was reduced to 8 h/d. Plants
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were watered every day. 10 days after germination seedlings were transferred to single
pots (6 cm @) with fresh soil and further cultivated until first siliques ripened. If seeds
were needed the entire inflorescence was put the into a paper bag at that stadium and
plants were allowed to grow for 2 more weeks. Then the plants were dried for 2 weeks,
the bag with the inflorescence removed and seeds harvested by separating them dried
parts of the plant using a sieve. Seeds were stored at 6 °C.

Nicotiana benthamiana
Plants of tobacco were grown in pots (9 x 9 cm, a single seed/pot) in the greenhouse at

24 °C (14 h light/d, 300-350 ymol*m?*sec™, 70% relative humidity).

2652 Seed sterilization

Seeds of Arabidopsis thaliana were surface sterilized when grown on plates (chapter
2.6.5.3). Approximately 500 seeds were filled in a reaction vial and incubated in 1 ml
70% ethanol for 2 min. The ethanol was removed and 1 ml 1% sodium hypochlorite so-
lution was added. After an incubation of 5 min the seeds were washed 3 times with ster-
ile ddH,0, dried on sterilized filter paper and stored at 4 °C. All steps occurred under
sterile conditions.

2653 Sterile culture

Arabidopsis plants were cultivated under sterile conditions on half strength MS medium
(Murashige and Skoog, 1962) supplemented with 2% sucrose (w/v), buffered with 20 mM
MES; pH 5.8 and solidified with 1% agar (w/v). After sterilization the media was cooled
down to app. 50 °C, sterile filtered MS-vitamins and required antibiotics were added
and the media was poured into Petri dishes.

Plates
Surface sterilized seeds (chapter 2.6.5.2) were put on plates (8 cm @) and lids were

closed with tape ensuring respiration (Leucopore, Duchefa, Haarlem, The Nether-
lands). Plates were stratified for 2 d at 6 °C in the dark and then incubated in a growth
chamber (16 h light/d, 120 pmol*m™?*sec™ photosynthetically active radiation, 70% rela-
tive humidity, 21 °C).

Vertical plates
In order to observe root growth, plants were grown vertically under sterile conditions in

a growth chamber (16 h light/d, 70% relative humidity, 21 °C) with lateral illumination
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(120 pmol*m'z*sec'1). Sterilized seeds were put in a row in the upper third of the plates
(12 x 12 cm) using a toothpick. After 10 and 20 d root length was measured.

26.54 Hydroponic culture

In order to observe the influence of phosphorus deprivation on plant development a hy-
droponic growth system was chosen. Pots (10 x 10 cm) were filled with acid washed
sand (incubated in 10% hydrochloric acid over night, rinsed with ddH,0O, dried at 50 °C)
and were watered with Hoagland based media (Arnon and Hoagland, 1940) supple-
mented with MS vitamins. Standard media contained 0.5 mM phosphorus in contrast to
low phosphorus media with 10 uM phosphate where potassium phosphate was reduced
and the missing potassium added in form of potassium chloride. Arabidopsis was grown
for 10 d under sterile conditions (chapter 2.6.5.3) and then transferred to the pots (5
plants per pot). The plants were then cultivated in a climate chamber (16 h light/d,
120 umol*m?*sec’ photosynthetically active radiation, 70% relative humidity, 21 °C) and
the development observed compared to plants grown on standard Hoagland based media.

2.6.6 Crossing of Arabidopsis thaliana

The female partner was emasculated before the flower had opened and anthers were
immature. The pistil was pollinated with mature stamen from the male crossing partner.
A macroscope was used and assured that mature pollen was on the surface of the style.

2.6.7 Transformation of Arabidopsis thaliana

Stable transformation of Arabidopsis wild-type plants (ecotype Col-0) was achieved by
floral dipping (Clough and Bent, 1998). 200 ml culture of A. tumefaciens transformed
with the required binary vector was grown over night. The cells were pelleted for 20 min
at RT and 3000 g and resuspended in an equal volume of dipping media (half strength
MS supplemented with 5% sucrose [w/v], 44 nM BAP and 0.005% Silwet L-77 [v/v]
[Lehle Seeds, Round Rock, TX, USA]). For each transformation the inflorescences of
five singe Arabidopsis plants were dipped into the bacteria containing solution for app.
30 sec. The inflorescences were app. 10 cm high and first developed siliques were re-
moved prior to dipping. In order to select antibiotic resistant transformants, the devel-
oped seeds were grown under sterile conditions on MS plates for two weeks. Develop-
ed green plants were carefully picked from the plate and put into single pots for further
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cultivation in the greenhouse or a climate chamber. For the selection of phosphinotricin
resistant transformants (De Block et al., 1987) seeds were sown in boxes (15 x 30 cm),
transferred to the greenhouse and sprayed with a 0.1% phosphinotricin solution (Basta,
Agrevo, Berlin, Germany) after the first true leaves had developed (app. 1 week). The
treatment was repeated after 2 and 5 d. Resistant, still green plants were picked after
one week of the last treatment and planted into single pots. Independent transformants
were allowed to self-pollinate for two generations. The third generation was screened for
segregation events to identify homozygous transformants within the second generation.

2.6.8 Identification of T-DNA insertion mutants

A PCR-based method (description of PCR in chapter 2.7.8) was used to identify and
verify homozygous mutant plants. Genomic DNA was prepared as described in chapter
2.7.1. Two PCR reactions per T-DNA insertion were performed; the first reaction gave
rise on an intact gene, the second reaction detected integrated T-DNA. For these pur-
poses two gene specific primers, homologous to the gene sequence up- and down-
stream of the insertion locus of the T-DNA (LP — left primer, RP — right primer) and a
T-DNA specific primer, homologous to the left border sequence (LB), were generated
(chapter 2.4) and are listed in Table 1. For the first reaction both gene specific primers
(LP and RP) were used, for the second reaction a gene specific primer and the T-DNA
specific primer (RP and LB) were combined. A touch-down PCR with a modified program
(given in Table 18) was chosen to achieve better amplification results (Don et al., 1991).

Table 18: PCR program for identification of T-DNA insertion lines.

2min 94 °C

[30 sec 94 °C — 25 sec 60 °C -1 min 72 °C] x 9 - 0.5 °C/cycle
[30 sec 94 °C — 25 sec 55 °C — 1 min 72 °C] x 21

5min72°C

LP and RP were designed to give a product of app. 1000 bp. In the case a T-DNA is
integrated into a gene, the amplification product is too large (app. 4-5 kb) to be ampli-
fied with the used Taq-DNA-polymerase and elongation time of one minute. RP and LB
should give an amplification product between 600 and 1000 bp under those circum-
stances, depending on the position of the T-DNA. Considering the fact that Arabidopsis
thaliana is a diploid species, only evaluation of both PCR reactions can clearly identify
the insertion status of the T-DNA. As the first detection reaction should result negative
for insertions in both alleles, control reactions using wild type DNA were required. Once
homozygous identified mutant plants were twice backcrossed (chapter 2.6.6) with wild
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type to clear the genome from eventually additional T-DNA insertions. F2 generation
plants were checked again via PCR for homozygous T-DNA insertions in the corres-
ponding genes and the T-DNA insertion number was controlled via southern hybridiza-
tion (chapter 2.7.5).

The exact T-DNA integration position was confirmed by sequencing. Therefore the T-DNA
specific PCR (using RP and LB primers) was performed with a proofreading DNA-
polymerase (KOD, Novagen, Gibbstown, NJ, USA). The product was blunt-cloned
(chapter 2.7.4) into the EcoRYV digested (chapter 2.7.2) and dephosphorylated (chapter
2.7.3) vector pBlueScript Il KS+. The generated plasmid was transformed into E. coli
cells for amplification (chapter 2.6.2), extracted from the cells (chapter 2.7.1) and sent
together with primers T3 5-GCGAAATTAACCCTCACTAAAG-3 and T7 5-GTAATAC
GACTCACTATAGGGC-3 for sequencing.

2.7 Molecular biological methods

Standard protocols for molecular methods were used (Sambrook et al., 1989) if not
mentioned otherwise.

DNA for sequencing analysis was sent to Macrogen (Seoul, South Korea) or GATC
Biotech (Konstanz, Germany) and results were downloaded from the companies’
homepages.

2.71 DNA extraction

Genomic DNA
Genomic DNA from Arabidopsis leaves was isolated from either frozen or fresh materi-

al a modified CTAB method (Murray and Thompson, 1980). 50-100 pyg were homoge-
nized using either a mini-pestle or a grinding mill (addition of 0.5 mm ¢ steel ball) for
1.5 min at 30 Hz directly in 1.5 ml tubes with 0.2 ml extraction buffer (2% CTAB, 1%
PVP MW 10.000 [w/v], 1.4 M NaCl, 20 mM EDTA, 100 mM Tris; pH 8.0). Samples
were incubated at 95 °C for 1 h and 200 pl phenol/chloroform/isoamyl alcohol (25:24:1
v/v) was added and mixed, followed by centrifugation for 10 min at 13000 g. The aque-
ous phase was transferred to a new tube, mixed with chloroform/isoamyl alcohol (24:1
v/v) and centrifuged for 10 min at 13000 g. Again, the aqueous phase was transferred
to a new tube but supplemented with 0.7 vol isopropanol to precipitate genomic DNA
for 10 min at RT. After centrifugation for 10 min at 13000 g the DNA pellet was washed
with 70% ethanol, air-dried and dissolved in 50 uyl ddH.O.
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Plasmid DNA
The isolation of plasmid DNA from E. coli was performed with liquid cultures based on

alkaline lysis (Birnboim and Doly, 1979; Ish-Horowicz and Burke, 1981). Cells of 2 ml
liquid culture were spun down at 3000 g for 10 min and resuspended in 100 pl ice-cold
buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris; pH 8.0). After incubation for 2 min
on ice, 200 pl lysis buffer was added (0.2 N NaOH, 1% SDS [w/v]) and the samples
softly inverted and incubated for 5 min on ice. 200 pl neutralization buffer (5 M potassi-
um acetate, 11.5% acetic acid [v/v]) was added and the samples centrifuged for 5 min
at 13000 g and 4 °C. 400 pl supernatant was transferred into a new reaction tube and
an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1 v/v) was added. After
mixing and centrifugation for 10 min at 13000 g and 4 °C, the aqueous phase was trans-
ferred to a new tube and supplemented with an equal volume of 96% ethanol to preci-
pitate plasmid DNA for 10 min on ice. After centrifugation for 10 min at 13000 g and 4 °C
the DNA pellet was washed with 70% ethanol, air-dried and dissolved in 50 ul ddH,0O.

2.7.2 Restriction digest and analysis

Restriction endonucleases were used to digest DNA according to the manufacturers’
instructions (MBI Fermentas, St. Leon-Rot and New England Biolabs, Frankfurt, Ger-
many). A standard digest was performed in a 20 pl volume (Table 19) for 1 h at the
temperature optimum of the used enzyme. In the case two endonucleases were used
at the same time a buffer in which both enzymes showed =80% performance was
chosen. If no suitable buffer existed or enzymes with different temperature optima were
used, restriction analyses were performed successively, whereas buffer and enzyme of
the first digest were removed via DNA extraction and precipitation (chapter 2.7.7.3).

Table 19: Composition of a standard DNA digest.

Reagent Quantity/Concentration

DNA 10 ng - 1ug

enzyme 3-5 u (each)

BSA 0-0.1 mg/ml, depending on the used enzyme
in buffer depending on the used enzyme

2.7.3 Dephosphorylation

Phosphates at the 5-termini of DNA strands were removed in order to prevent self-
ligation in a ligation reaction (2.7.4). Calf intestine alkaline phosphatase (CIAP, MBI
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Fermentas, St. Leon-Rot, Germany) was used according to the manufacturer’s instruc-
tions. A standard dephosphorylation was performed in 40 pl using 1 pug vector DNA. Af-
ter incubation for 15 min at 37 °C and heat-inactivation at 65 °C for 10 min, dephos-
phorylated DNA was extracted, precipitated (chapter 2.7.7.3) and dissolved in 10 pl
ddH,0.

2.7.4 Ligation

Ligation of DNA fragments with compatible ends (sticky ends) was carried out using
T4-DNA ligase (MBI Fermentas, St. Leon-Rot, Germany) according to the manufac-
turer’'s instructions. A standard ligation was performed in a 20 pl volume for 2-4 h at RT
using <100 ng DNA. In the case DNA fragments with blunt ends were ligated 5% PEG
4000 [w/v] was added to the reaction (Zimmerman and Pheiffer, 1983). Ligation was
stopped and ligase inactivated by incubation at 65 °C for 20 min.

2.7.5 Southern hybridization

2.7.51 Preparation of genomic DNA

Genomic DNA was isolated based on a modified method by Dellaporta et al. (1983).
Leaf tissue of soil grown 30 d old plants was frozen in liquid nitrogen and incubated
with 5 ml 65 °C warm extraction buffer (0.5 M NaCl, 50 mM EDTA, 10 mM B-mercapto
ethanol, 1% SDS [w/v], 100 mM Tris; pH 7.5) for 10 min at 65 °C under shaking. Each
probe was supplemented with 1.67 ml 5 M potassium acetate, carefully inverted, incu-
bated for 20 min on ice and centrifuged for 30 min at 3300 g. The supernatant was
transferred to a new reaction tube, supplemented with 3.33 ml isopropanol and nucleic
acids precipitated for 10 min on ice. Nucleic acids were pelleted via centrifugation for
30 min at 3300 g and 4 °C, air-dried, dissolved in 500 yl TE (1 mM EDTA, 10 mM Tris;
pH 8.0) and transferred to a new reaction tube. RNA was digested via addition of 20 pl
RNase A (10 mg/ml) and incubation for 30 min at 37 °C. An equal volume of phe-
nol/chloroform/isoamyl alcohol (25:24:1 v/v) was added, mixed and centrifuged for 10 min
at 13000 g and 4 °C. The aqueous phase was transferred to a new tube, supplemented
with an equal volume of chloroform/isoamyl alcohol (24:1 v/v), mixed and centrifuged
for 10 min at 13000 g and 4 °C. The aqueous phase was again transferred to a new
reaction tube and nucleic acids were precipitated with sodium acetate and isopropanol
(chapter 2.7.7.3). Extracted genomic DNA was checked for integrity on an agarose gel
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(chapter 2.7.7.1). 5 pg of intact genomic DNA were used for digestion with endonucle-
ases in a total volume of 50 pyl (chapter 2.7.2) using 50 u of each enzyme (Table 20)
and an incubation time of app. 6 h: First, 30 u of each enzyme were added to the
probes and incubated for 2 h, then the remaining 20 u were added.

Table 20: List of used restriction enzymes for digestion of genomic DNA from ala mutant lines for
southern hybridization.

Line Restriction enzyme
ala1-1 Kpnl

ala10-1 Sacl

ala11-1 Hindlll

2.75.2 Southern transfer

Digested genomic DNA was electrophoretically separated on a 0.8% agarose gel at
3.5 V/cm for 6 h (chapter 2.7.7.1). Subsequently the gel was incubated in 0.2 N hydro-
chloric acid for 10 min, in denaturing buffer (1.5 M HCI, 0.5 N NaOH) for 30 min and
twice in neutralizing buffer (1.5 M NaCl, 1 M Tris; pH 7.4 with HCI) for 20 min. The DNA
was transferred to a nylon membrane (Hybond NX, Amersham Pharmacia Biotech,
Freiburg, Germany) via wet capillary transfer (Southern, 1975) with 20x SSC (3 M NaCl,
0.3 M sodium citrate) over night. After transfer the membrane was washed with 2x SSC
(0.3 M NaCl, 30 mM sodium citrate) and dried on blotting paper (3MM, Whatman,
Maidstone, UK). DNA was cross-linked to the membrane with UV-light (1200 x100 pJ).

2.7.5.3 DIG-labeling of DNA

Probes for hybridization were generated via PCR and simultaneously DIG-labeled
using Taq polymerase (MBI Fermentas, St. Leon-Rot, Germany). PCR for DIG-labeled
probe generation (composition given in Table 21) was performed in 100 yl reaction
volume (divided into 4 fractions) with DIG-dUTP (Roche Applied Science, Mannheim,
Germany) using a slightly modified standard program (Table 23) with 30 cycles and
57 °C annealing temperature. Vector DNA pROK2 and pAC161 served as a template
for the labeling reaction, thus, generating probes for SALK and GABI-Kat T-DNA inser-
tion lines, respectively. The resistance gene within the T-DNA region was amplified
using the primer combinations given in Table 4. PCRs were loaded onto a 1% agarose
gel for quantification and purification (chapter 2.7.7.1).
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Table 21: Composition of DIG-labeling PCR.

Reagent Quantity/Concentration

DNA template 1 ng plasmid DNA

nucleotides 0.2 mM dATP, dGTP, dCTP (each)
0.13 mMdTTP
3.5 mM DIG-dUTP

MgClz 25 mM

primer 1 0.2 uM

primer 2 0.2 uM

polymerase 5u

in buffer with (NH4)2SO4

2754 Hybridization

Hybridization of DIG-labeled probes to membrane bound DNA was performed in hybri-
dization tubes under rotation at 42 °C in a hybridization oven. Prior the membrane was
wet with 2x SSC and incubated for 2 h at 42 °C with 10 ml 65 °C heated hybridizing
buffer (Table 22). 250 ng DIG-labeled probe was added to 10 ml hybridization buffer
(Table 22) and the membrane incubated with the solution at 42 °C for app. 12 h.

Table 22: Hybridization buffer.

Reagent Quantity/Concentration

blocking reagent 3% (w/v) (Roche Applied Science, Mannheim, Germany)

sodium lauroyl-sarcosine 0.1% (v/v)

SDS 0.2% (w/v)

salmon sperm DNA 50 pg/ml (w/v), heated for 10 min at 95 °C, immediately chilled on ice
formamide 50% (v/v)

in 5x SSC 750 mM NacCl, 75 mM sodium citrate

for hybridization:

DIG-labeled probe 25 ng/ml, heated for 10 min at 95 °C, immediately chilled on ice

2755 Immunodetection

Prior to immunodetection the membrane was washed in a series of buffers as follows:
wash buffer | (2x SSC, 0.1% SDS [w/v]) for 10 min at RT, wash buffer Il (0.5x SSC,
0.1% SDS [w/v]) for 20 min at 65 °C, wash buffer Il (0.1x SSC, 0.1% SDS [w/v]) for
20 min at 65 °C and wash buffer IV (100 mM maleic acid, 150 mM NacCl, 0.3% Tween
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20; pH 7.5 with NaOH) for 5 min at RT. Blocking of the membrane was performed for
30 min at RT using blocking buffer (100 mM maleic acid, 150 mM NaCl, 1.5% blocking
reagent ([w/v], Roche Applied Science, Mannheim, Germany); pH 7.5 with NaOH).
Immunological detection of DIG-labeled DNA was performed as follows: Incubation of
the membrane with anti-DIG antibody (Roche Applied Science, Mannheim, Germany)
diluted 1:3800 in blocking buffer for 30 min at RT. Washing of the membrane three
times with wash buffer IV for 15 min at RT followed by incubation for 5 min at RT in
detection buffer (50 mM MgCl,, 100 mM NaCl, 100 mM Tris; pH 9.5). Visualization of
detected DNA was performed via chemiluminescence using CSPD. 1 ml CSPD solu-
tion (0.1% CSPD [v/v] in detection buffer) was dropped onto the membrane and incu-
bated for 5 min at RT. The membrane was wrapped in foil, excessive CSPD solution
removed, incubated for 10 min at 37 °C and exposed to a film (XOD Retina, Fotoche-
mische Werke, Berlin, Germany) for 3 h at RT which was subsequently developed.

2.7.6 RNA extraction

For extraction of total RNA from Arabidopsis the Trizol method was applied
(Chomczynski and Sacchi, 1987; Weigel and Glazebrook, 2002). Per 100 mg of frozen
ground plant material 0.75 ml Trizol reagent was added (Invitrogen, Karlsruhe, Germa-
ny). The samples were shaken for 30 sec until the material was melted and incubated
for 15 min at RT. Cell compounds were removed through centrifugation for 10 min at
4 °C and 14000 g. The supernatant was divided and allotted into two new reaction
tubes. 0.2 ml of chloroform/isoamyl alcohol (24:1 v/v) were added to each tube and
softly mixed for 30 sec to separate RNA in the aqueous phase. After incubating for
5 min at RT, tubes were spun at 4 °C and 14000 g for 15 min for phase separation.
RNA was precipitated through addition of 0.6 vol isopropyl alcohol and 0.1 vol 3 M so-
dium acetate to the upper phase in a new reaction tube. Samples were incubated for
30 min at 4 °C and then centrifuged for 10 min at 14000 g and 4 °C. The supernatant
was discarded and pelleted RNA washed twice with 1 ml 70% ethanol, air-dried for
10 min at RT and content of both reaction tubes dissolved and combined in 50 pl
DEPC-treated water (0.1 ml DEPC to 100 ml ddH,O stirring over night, twice auto-
claved). RNA quantity was determined photometrically (chapter 2.7.7.4) and quality
controlled on integrity via gel electrophoresis (chapter 2.7.9).
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2.7.7 Analysis, quantification and purification of nucleic acids

2.7.71 Gel electrophoresis

In order to separate nucleic acids regarding their size horizontal electrophoresis was
performed using agarose gels. The method is used for analysis of PCRs and enzy-
matic digests of DNA as well as for concentration estimation (using a defined amount
of size marker), integrity control and purification of DNA from other nucleic acids and
buffers.

DNA
The gel usually consisted of 1% agarose, which was dissolved in TAE buffer (40 mM

Tris, 1 mM EDTA, pH 8.0) by boiling the solution in a microwave oven. After cooling
down to app. 50 °C ethidium bromide was added to a final concentration of 5*10°%
(v/v) and the gel was poured into a gel chamber of varying size applying combs with a
different quantity and slot height, depending on the number and quantity of probes. The
gel was transferred to an electrophoresis chamber filled with TAE buffer, nucleic acid
containing probes were mixed 1:6 with loading dye (15% ficoll [v/v], 0.2% bromo-phe-
nol blue [w/v] in water) and applied to the gel. Pstl digested A-phage DNA (MBI Fer-
mentas, St. Leon-Rot, Germany; denatured at 65 °C for 5 min after digestion, cooled
on ice for 3 min and dissolved in loading dye) was used as a size marker. Typically,
electrophoresis was carried out with 8 V/cm gel for 1h, depending on the gel size.
Ethidium bromide intercalated in nucleic acids emits light at 556 nm when excited by
UV light. For visualization of nucleic acids, the gel was laid on a transilluminator using
light of 254 nm and photographed (DeVision DBox, Decon, Hohengandern, Germany).

RNA
To keep RNA denatured, formaldehyde and formamide were used. The gel consisted

of 1.25% agarose in MEN buffer (20 mM MOPS, 1mM EDTA, 5mM sodium acetate;
pH 7.0) supplemented with 5.5% formaldehyde (v/v). Concentration of RNA samples
was determined (chapter 2.7.7.4) and 5 yg RNA adjusted to 8 ul using DEPC-treated
water. The probes were treated with 12 yl RNA-loading dye (37% formamide, 5.5%
formaldehyde, 6% ficoll, 1% ethidium bromide [v/v], 0.06% bromo-phenol blue [w/v] in
MEN buffer), incubated for 15 min at 65 °C and immediately chilled on ice. The gel was
fitted into the gel chamber and RNA probes were applied, whereas unused slots were
filled up with RNA-loading dye to achieve a clean and equal separation. Then the gel
chamber was filled with MEN buffer until the gel was slightly covered with buffer solu-
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tion. A voltage of 4 V/cm was applied for 15 min. After migration of the RNA samples
into the matrix additional MEN buffer was poured into the chamber. Electrophoresis
was carried out with 8 V/cm gel for 3-6 h, depending on the gel size. For documen-
tation the gel was laid on a transilluminator in the same way as for DNA gels.

2.7.7.2 Gel extraction

Nucleic acids (PCR products or fragments of restriction digests) were extracted from
agarose gels using a simple self-made device: A hole was made in the tip of a 0.5 ml
plastic reaction tube using a syringe. The tube was stuffed with a small amount of plas-
tic fiber (Filterwolle, Amtra, Rodgau, Germany) and inserted in a 1.5 ml plastic reaction
tube. DNA band was cut out of the agarose gel with a scalpel on a transilluminator, the
gel piece inserted in the extraction device and centrifuged for 10 min at 13000 g. The
smaller reaction tube with the gel debris was removed and nucleic acids in the resulting
solution were precipitated, washed and redissolved in 10 yl ddH,O (chapter 2.7.7.3).

2.7.7.3 Purification and precipitation of nucleic acids

Phenol-chloroform extraction
Nucleic acids were extracted from solutions by addition of an equal volume of phenol/

chloroform/isoamy! alcohol (25:24:1 v/v). The solution was mixed and centrifuged for
10 min at 13000 g and 4 °C. The upper phase was supplemented with an equal volume
of 96% ethanol and centrifuged for 10 min at 13000 g and 4 °C. The resulting nucleic
acid pellet was washed with 70% ethanol, air-dried and dissolved in a suitable amount
of ddH,O.

Precipitation
Nucleic acids were precipitated with 0.1 vol 3 M sodium acetate (pH 5.2) and 1 vol iso-

propanol. After a 10 min incubation on ice, nucleic acids were pelleted by centrifugation
for 10 min at 13000 g and 4 °C, washed twice with 70% ethanol, air-dried and dissolved
in 10-50 pl sterile ddH,0.

2.7.74 Concentration determination of nucleic acids

DNA or RNA concentrations were determined photometrically (Sambrook et al., 1989).
Samples were diluted in water (1:50-1:200), filled in a cuvette and measured at 260,
280 and 320 nm against a blank probe. The value at 260 nm multiplied by a correction
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factor of 50 and the dilution factor yields the content of double-stranded DNA in pg/ml.
In case of RNA the correction factor is 40. The absorption quotient at 260 and 280 nm
indicates the purity of nucleic acids. Samples with values equal or greater than 1.8 are
considered non-protein contaminated. The value at 320 nm indicates carbohydrate
contamination and should not exceed 0.01.

2.7.8 PCR

The PCR method, established by Mullis et al. (1986), was used to amplify DNA-frag-
ments. The reaction requires two oligonucleotide sequences (primers) complementary
to the target region, dNTPs, a DNA template (vector, genomic DNA, cDNA or bacterial
cells [colony PCR]), DNA-dependent polymerase and a suitable buffer. Under a cycling
temperature program (Table 23), DNA strands of template and primers are physically
separated (denaturing), primers are allowed to hybridize to the template (annealing)
and the region in between the primers is synthesized by the polymerase (elongation).
Repeating these steps the DNA target is exponentially amplified.

Table 23: Standard PCR program.

Step Time  Temperature Remark

1 Initial denaturing 2min 94 °C

2 Denaturing 45sec 94 °C

3 Annealing 30sec 55°C

4 Elongation 1min 72°C back to step 2, 32 cycles
5 Final synthesis 5min 72°C

Table 24: Standard PCR composition.

Reagent Quantity/Concentration
DNA template genomic DNA:  100-500 ng or
plasmid DNA: 50 pg—1ng
nucleotides 0.2 mM of each dNTP
primer 1 1 uM
primer 2 1 uM
polymerase 1u
in Tag-buffer 20 mM (NH4)2S04, 2 mM MgClz, 0.01% Tween 20 (v/v), 75 mM Tris; pH 8.8
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The PCR program was varied in annealing temperature (depending on the primer pair
combination), elongation time (depending and the product length and polymerase pro-
cessing capacity) and cycle number (depending on the template concentration and am-
plification rate) for each purpose individually.

Standard PCR reactions were performed in 25 pl volume using Tag-polymerase (chap-
ter 2.7.8.1) and sterilized working materials. The standard reaction composition is giv-
en in Table 24. When amplifying DNA fragments prior to cloning, commercially avail-
able proofreading polymerase with 3’-5’ exonuclease activity (KOD, [Novagen, Gibbs-
town, NJ, USA] or TripleMaster [Eppendorf, Hamburg, Germany]) was used according
to the manufacturer’s instructions.

2.7.8.1 Preparation of Tag-polymerase

DNA-polymerase from Thermophilus aquaticus was prepared using a method based
on Desai and Pfaffle (1995). The open reading frame of the enzyme was encoded on
plasmid pUC18 (MBI Fermentas, St. Leon-Rot, Germany).

Transformed E. coli cells were grown in 50 ml TB media (1.2% tryptone, 2.4% yeast-
extract [w/v], 0.4% glycerol [v/v], 72 mM K;HPO,4, 17 mM KH,PO,4) until an ODgg of 0.6.
Cell culture was IPTG induced (0.4 mM final concentration) and incubated for 3 h to al-
low expression of the Taq polymerase. Cells were then pelleted for 10 min at 4000 g
and resuspended in 1 ml lysis buffer (50 mM glucose, 1 mM EDTA, 0.4% lysozyme [w/v]
50 mM Tris; pH 7.9). After incubation for 15 min at RT 1 ml extraction buffer (50 mM KCI,
1 mM EDTA, 0.5% Tween 20, 0.5% Nonidet P40 [v/v], 10 mM Tris; pH 7.9) was added
to the cells followed by an60 min incubation at 75 °C under shaking. The solution was
centrifuged for 15 min at 12000 g and 4 °C and the supernatant diluted drop wise with
1 vol ice-cold buffer C (100 mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, 1% Triton X-100,
50% glycerol [v/v], 50 mM Tris; pH 7.9) followed by drop wise dilution with 2 vol ice-
cold buffer D (100 mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, 1% Triton X-100, 75% gly-
cerol [v/v], 50 mM Tris; pH 7.9). Prepared Tag-polymerase (app. 5 u/ul) was aliquoted
and used in standard PCR with Tag-buffer (20 mM [NH4];SO4, 2 mM MgCl,, 0.01%
Tween 20 [v/v], 75 mM Tris; pH 8.8).

2.7.9 RTPCR

In order to observe gene expression in Arabidopsis tissues RTPCR was performed.
The method has a high sensitivity and is suitable for the detection of low expressed
genes. mRNA transcripts are converted into cDNA and are then detected via PCR with
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suitable primers. Three steps are necessary: preparation of DNA-free RNA, reverse
transcription (RT) and PCR on the generated cDNA.

Preparation of DNA-free RNA
DNA-free RNA was obtained by DNase | treatment. To 1 ug of total RNA (chapter 2.7.6)

0.25 pl RNase inhibitor (10 u) and 1 pl reaction buffer containing MgCl, were added.
The volume of the samples was adjusted with DEPC-treated water to 9 ul. 1 yl DNase |
(1 u) was added and incubated for 30 min at 37 °C. The reaction was stopped by addi-
tion of 1 yl 25 mM EDTA and incubation for 10 min at 65 °C.

Reverse transcription
RNA was reverse transcribed into cDNA using RevertAid transcriptase, a RNA-depend-

ent DNA-polymerase. 1 ug DNA-free total RNA (in 11 pl) was incubated with 1 pl oligo-
(dT)4s primer (0.5 pg/pl) for 5 min at 70 °C and immediately chilled on ice. A mix con-
taining of 4 pl reaction buffer, 2 yl dNTPs (10 mM total), 0.25 yl RNase inhibitor (10 u)
and 0.75 ul DEPC-treated water was added and the RNA incubated for 5 min at 37 °C.
1 ul reverse transcriptase (200 u) was added and first strand cDNA synthesis was per-
formed at 42 °C for 1 h. The reaction was stopped by incubation for 10 min at 70 °C.

PCR
1 pl of the generated cDNA was used in a PCR (chapter 2.7.8) but with commercially

available Tag-polymerase (MBI Fermentas, St. Leon-Rot, Germany). The program was
slightly modified: 2 min 94 °C, [35 sec 94 °C, 25 sec 55 °C, 1 min 72 °C] x 30, 5 min 72 °C.
Primers for RTPCR are listed in Table 2 and were designed at the 5 and 3’ region at
the T-DNA insertion site of the mutants as well as spanning the T-DNA insertion site.
To proof that the same amounts of RNA were used in all probes (assuming that the
performance of reverse transcription was equal in all probes) an additional PCR with
primers for the non-regulated housekeeping gene ACT2 was performed on all gener-
ated cDNAs (An et al., 1996).

2.7.10 QRTPCR

In order to quantitatively determine gene expression levels in Arabidopsis tissues
QRTPCR was conducted. The PCR based method uses fluorescence dyes to quantify
the generated DNA amount after each PCR cycle. Relative transcript ratios between
different samples can be determined after normalization to an internal reference.

As for an RTPCR (chapter 2.7.9) three steps are necessary: preparation of DNA-free
RNA, reverse transcription (RT) and quantitative PCR on the generated cDNA.
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RNA extraction and DNase | treatment were exactly carried out as for an RTPCR.
cDNA was generated with Superscript lll reverse transcriptase (Invitrogen, Karlsruhe,
Germany) according to the manufacturer’s instruction using 1 ug DNA-free RNA, 1 pl
oligo-(dT)qs primer (0.5 pg/pl), 0.25 yl RNase inhibitor (10 u) and 200 u of Super-
script lll.

Quantitative PCR
The QRTPCR program (Table 25) varied in several steps from a standard PCR: dena-

turing time was reduced, primer annealing and elongation were combined in one step
and cycle number was increased. An inactivation and prolonged initial denaturing step
were required by the used antibody-coupled polymerase. Adjacent to the PCR the
melting temperature of the amplified product was determined.

Table 25: QRTPCR program.

Step Time  Temperature Annotation
1 Initiation 2min  50°C
2 Inactivation, Denaturing 10 min 95°C
3 Denaturing 15sec 95°C
4 Annealing and elongation 1min 60°C back to step 3, 40 cycles
5 Final synthesis 5min 72°C
6 melt curve determination 10 min 95°C
1min  60°C
15sec 60°C increasing 1 °C/15 sec until 95 °C

PCR reactions were performed in 10 pl volume using 5 yl SYBR-Green master mix (in-
cluding dNTPs, SYBR-green, ROX as internal background fluorescence dye and DNA-
dependent polymerase in buffer), 2 x 1 ul primer 1 and 2 (0.5 yM final concentration,
each) and 1 pl cDNA (app. 1 ng).

Generated cDNA was tested via QRTPCR for complete DNA absence of genomic ori-
gin with intron primers (CTRL). Additionally, a positive control with 1 yl genomic DNA
was carried out. The cDNA was then diluted 1:10 and proofed for the same amounts of
used RNA via QRTPCR with primers for the non-regulated housekeeping gene UBQ10.
All cDNA was diluted in a manner to give a CT value (cycle number when reaching the
threshold) of 20 for UBQ10 transcripts. CT values for genes using specific primer pairs
(Table 3) were recorded after reaching a certain threshold (= 0.1). In case the melting
temperature of the product peaked at various temperatures, the result was omitted and
the reaction repeated. Relative transcript rate quantification was obtained using the CT
method (Guiulietti et al., 2001). The difference in CT value (ACT) of each target gene
to the reference gene (UBQ10) was determined. To compare probes against each oth-
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er, corresponding ACT values were subtracted and yielded in AACT. Transcription
rates in x-fold difference (diff) were calculated according to the formula: diff = 244°T,

Triplicate values were determined and averaged.

2.8 Cloning strategies

2.81 ALA promoter-GUS-fusions

DNA fragments containing 1981, 1998 and 1983 bp upstream of the open reading
frame of ALA1, ALA10 and ALA11, respectively, were amplified (chapter 2.7.8) from
Arabidopsis thaliana wild type genomic DNA (chapter 2.7.1) using TripleMaster proof-
reading polymerase (Eppendorf, Hamburg, Germany) and primer pairs given in Table
5. The fragments were gel purified (chapter 2.7.7) and cloned (chapter 2.7.4) into
pSTBlue-1 blunt vector (Novagen, Gibbstown, NJ, USA) using the Perfectly Blunt Clo-
ning Kit (Novagen, Gibbstown, NJ, USA) according to the manufacturer’s instruction.
The generated plasmids (pSTB1-1, pSTB1-10 and pSTB1-11) were transformed into E.
coli cells for amplification (chapter 2.6.2), extracted from the cells (chapter 2.7.1) and
sent together with primers T7 5-GTAATACGACTCACTATAGGGC-3" and SP6 5'-ATT
TAGGTGACACTATAG-3' for sequencing. Correctly copied upstream sequences were
then subcloned (chapter 2.7.4) into the plant binary vector pUTkan (Yoo et al., 2005; di-
gested with A] Kpnl/Xhol or B] Xbal/Pstl, gel purified and dephosphorylated) via Kpnl/
Xhol (upstream region of ALA10) or Xbal/Pstl (upstream regions of ALA71 and ALA117)
restriction sites (chapter 2.7.2) resulting in transcriptional fusions of the ALA1, ALA10
and ALA11 promoter with the p-glucuronidase (GUS) coding region. Constructed plas-
mids (pUTkan-P1, pUTkan-P10 and pUTkan-P11) were first transformed into E. coli
(chapter 2.6.2), positive transformants selected on spectinomycin-containing LB medium
and tested via colony PCR (chapter 2.7.8) using primers forwardMCS 5-GTTGTGTGG
AATTGTGAGCGG-3' and GUS2 5-GAATGCCCACAGGCCGTCGAG-3'. If the cells
harbored the vector with the correctly oriented ALA promoter region, the plasmid was
extracted (chapter 2.7.1) and used for GUS-assay (chapter 2.12).

2.8.2 ALA genes

Attempts were made to amplify (chapter 2.7.8) the open reading frames of ALA1, 10
and 7171 from A. thaliana Col-0 genomic DNA (chapter 2.7.1) using three different proof-
reading polymerases (KOD, Novagen, Gibbstown, NJ, USA; Pfu DNA Polymerase,
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MBI Fermentas, St. Leon-Rot, Germany; TripleMaster, Eppendorf, Hamburg, Germa-
ny) with primer pairs given in Table 7. However, PCR were negative or resulted in un-
specific amplification. In contrast, PCR performed with Tag polymerase (chapter 2.7.8)
led to amplification products of the expected sizes (Table 7).

In order to reduce the size of the amplicons and, thus, obtain positive amplification re-
sults, PCR were performed (chapter 2.7.8) using cDNA from A. thaliana Col-0 (chapter
2.7.9) and TripleMaster polymerase (Eppendorf, Hamburg, Germany). After a success-
ful PCR, the fragments were gel purified (chapter 2.7.7) and blunt cloned into the
pSTBlue-1 vector (Novagen, Gibbstown, NJ, USA) using the Perfectly Blunt Cloning Kit
(Novagen, Gibbstown, NJ, USA) according to the manufacturer’s instruction. After trans-
formation in E. coli (chapter 2.6.2) positive transformants were selected on ampicillin
containing LB medium, the plasmid extracted (chapter 2.7.1) and sent with T7 and SP6
primers for sequencing. However, sequencing of the generated plasmids revealed in
every case base exchanges within the amplified regions caused by nucleotide substitu-
tions during the PCR.

Due to the size of ALA genes and inspired by Ding et al. (2000), two pairs of primers
were designed (Table 8) to independently clone the 5'- and 3'-halves of the open reading
frames of ALA1, 10 and 11. A natural occurring endonuclease restriction site was cho-
sen (ALA1T: Sacl, ALA10: Scal and ALA11: Nhel) to divide the ALA cDNA. Restriction
sites were introduced via the used primer A) in the first half (5’) in front of the start
codon (ALAT: Xbal, ALA10: Sacll/Nhel and ALA11: Xbal) and B) in the second half (3’)
behind the stop codon for further cloning purposes (ALA7: Xhol, ALA10 and ALA11:
BamH|; Table 8). Halves of ALA1, 10 and 11 were amplified (chapter 2.7.8) using A.
thaliana cDNA (chapter 2.7.9) and KOD proofreading polymerase (Novagen, Gibbs-
town, NJ, USA). The fragments were gel purified (chapter 2.7.7) and blunt cloned into
pSTBIlue-1 resulting in vectors pSTB1.1, pSTB1.2, pSTB10.1, pSTB10.2, pSTB11.1
and pSTB11.2. Successfully cloned regions were confirmed by sequencing (with T7/
SP6 primers) ensuring no nucleotide substitutions had occurred during PCR.

To generate full-length clones, amplified pSTBlue-1 vectors containing the 5’- and 3’-
halves of ALA1, 10 and 11 were cleaved with restriction endonucleases: Xbal/Sacl for
the 5’-half of ALA1, Sacll/Scal for the 5’-half of ALA10 and Xbal/Nhel for the 5’-half of
ALA11 as well as Sacl/Xhol for the 3-half of ALA1, Scal/BamHI for the 3’-half of
ALA10 and Nhel/BamH| for the 3’-half of ALA11. The fragments were gel-purified
(chapter 2.7.7) and ligated via a three-way ligation (chapter 2.7.4) into pBlueScript I| KS+
(MBI Fermentas, St. Leon-Rot, Germany) that was digested with Xbal/Xhol, Sacll/BamH|
and with Xbal/BamH| for ALA1, 10 and 11 fragments, respectively, gel purified (chapter
2.7.7) and dephosphorylated (chapter 2.7.3). The generated constructs (pSTB*1,
pSTB*10 and pSTB*11) were transformed into E. coli (chapter 2.6.2) and positive trans-
formants were selected on ampicillin containing LB medium. Several attempts of
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ligation and transformation resulted always in no bacterial colonies for ALA70 and 11.
However, cloning of ALA7 was successful.

In order to make ALA clones compatible for the GATEWAY cloning system (Invitrogen,
Karlsruhe, Germany) a two-step PCR (adaptor PCR) was performed similar to the in-
structions by Invitrogen: The first reaction with specific primer pairs for ALA1, ALA10
and ALA11 (Table 9) added A) two nucleotides at the 5’-end immediately in front of the
ATG start codon and 12 nucleotides of the GATEWAY cloning specific attB1 site and
B) removed the stop codon and, in return, added 1 nucleotide at the 3’-end and 12 nuc-
leotides of the GATEWAY cloning specific attB2 site. The second reaction was per-
formed with primers (attB1 F and attB2 R, Table 9) and added the missing 9 nucleo-
tides of the specific cloning sites attB1 (5’) and attB2 (3’) to the ends of the ALA coding
regions. The PCR were performed with KOD proofreading polymerase. The previously
generated pSTB*1 served as a template for ALA 7qengt- Due to the cloning difficulties
of ALA10 and ALA11, generated vectors received from the Palmgren group (University
of Copenhagen, Denmark) were used for further cloning. Vector pMP2061 (ALA71 in
pBlueScript SK- between EcoRV and Sall restriction sites) served as a template for
ALAT Txuiength- ALATOriengn Was already cloned in the GATEWAY entry vector (pENTR/
D-TOPO; Invitrogen, Karlsruhe, Germany) constituting vector pMP3228 and the two
PCR adding attB sites to ALA710 were not performed. The generated attB PCR pro-
ducts of ALATsiengh and ALA11mengn Were gel purified and cloned into pDONR221
(Invitrogen, Karlsruhe, Germany) using the BP Clonase Il Enzyme Mix (Invitrogen,
Karlsruhe, Germany) according to the manufacturer’s instruction converting the vector
into pPENTR221-ALA1 and pENTR221-ALA11.

The vectors (pENTR221-ALA1, pMP3228 and pENTR221-ALA11) were transformed
into E. coli and positive transformants selected on kanamycin containing LB medium.
The plasmids were extracted from the cells (chapter 2.7.1) and used for further
subcloning of the ALA regions via the LR Clonase Il Enzyme Mix (Invitrogen, Karls-
ruhe, Germany) according to the manufacturer’s instruction. The plasmids pB7WGF2-
ALA1 and pB7WGF2-ALA10 were generated via subcloning of the ALA regions into the
plant binary vector pPB7WGF2 (Karimi et al., 2002) resulting in fusions of the eGFP-
coding region to the N-termini of the ALAsengtn regions. The generated vectors were
transformed into E. coli, the cells selected on spectinomycin containing LB medium,
vectors extracted from the cells and transformed into A. tumefaciens, which were then
used for plant transformation (chapter 2.6.7) and GFP studies (chapter 2.11). Transfor-
mation of the subcloned, gateway-compatible ALA771 in the plant binary vector
pB7WGF2 (pB7WGF2-ALA11) into E. coli cells failed and resulted always in no colo-
nies on spectinomycin containing LB medium.

49



Material and Methods

2.8.3 ALA-GFP-fusions

ALATm1.4-EGFP fusions
Due to the cloning difficulties of full-length ALA genes, transcriptional fusions of the first

four transmembrane spanning regions of ALA7, 10 and 11 with eGFP were generated:
ALArus.4-fragments were amplified (chapter 2.7.8) from A. thaliana wild-type cDNA
(chapter 2.7.9) using KOD proofreading polymerase (Novagen, Gibbstown, NJ, USA)
and primer pairs given in Table 6. The N-terminal fragments covered a region begin-
ning at the ATG start codon and reaching in the large loop between TM domain 4 and
5 resulting in a length of 2173, 1788 and 2041 bp for ALA1, 10 and 11 fragments, res-
pectively. Xbal and Pstl restriction sites were introduced via PCR at the 5’ and 3’ end
of the fragments, respectively. The generated fragments were blunt cloned into the
pSTBIlue-1 vector (Novagen, Gibbstown, NJ, USA) according to the manufacturers’ in-
struction and the resulting plasmids were transformed into E. coli cells for amplification
(chapter 2.6.2), extracted from the cells (chapter 2.7.1) and sent together with T7 and
SP6 primers for sequencing. Sequence-proofed fragments were subcloned via Xbal/
Pstl restriction sites in the plant binary vector pGTkan3-35S resulting in ALA fragments
fused to the N-terminus of eGFP. pGTkan3-35S represents a modified version of pGTkan3
(Hajdukiewicz et al., 1994), where the 35S promoter (853 bp; Odell et al., 1988) from
cauliflower mosaic virus (CaMV35S-promoter) was introduced over Kpnl/Xbal restric-
tion sites in order to drive expression of the eGFP-fusion proteins. Constructed plas-
mids were first transformed into E. coli (chapter 2.6.2), positive transformants selected
on spectinomycin-containing LB medium and tested via restriction analysis (chapter
2.7.2). If the cells harbored the correct vector, the plasmid was extracted and used for
GFP studies (chapter 2.7.1 and 2.11, respectively).

29 Lipid analysis

In order to avoid auto oxidation of lipids, samples were always overlaid with argon gas.
All preparatory steps occurred in glass tubes or vials and pipetting was done using
glass pipettes to prevent samples from lipid and fatty acids deriving from plastic ware.

291 Extraction of lipids

Total lipids were extracted from leaves of Arabidopsis using MTBE according to
Matyash et al. (2008). 100 mg ground frozen leaf material (6th leaf) was dissolved to-
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gether with an internal standard in 1.5 ml methanol in a sealable 10 ml glass tube. As
internal standard heptadecanoic fatty acids (17:0) were used (1 mg/ml in chloroform),
depending on the measurement, i.e. for total FA: 100 pl di-17:0-PC, for total PL and
GL: 30 pl di-17:0-PC and 70 pl di-17:0-MGD together and for single PL species: 15 pl
di-17:0-PC, 15 pl di-17:0-PE, 1 pl di-17:0-PS, 15 pl di-17:0-PG and 1 pl di-17:0-PA to-
gether (Sigma-Aldrich, St. Louis, MO, USA). Samples were thoroughly mixed and after
addition of 5 ml MTBE incubated at RT in the dark under agitation of 200 rpm for 1 h.
After the incubation 1.25 ml ddH,0O was added, 10 min incubated at RT and centrifuged
for 15 min at RT and 800 g. The supernatant was collected into a new glass tube,
whereas the pellet was reextracted with 1.42 ml methanol/water (3:2.5 v/v) and 2.58 ml
MTBE for 10 min at RT. The resulting lipid extracts were combined and dried under
streaming nitrogen. They were then A) converted into FAMEs and measured via GC-
FID for total FA-analysis (chapter 2.9.4 and 2.9.5) or B) solid phase separated into PL
and GL (chapter 2.9.2), converted into FAMEs and measured for analysis of PL- and
GL-specific FAs or C) solid phase separated into PL and GL, separated into single lipid
species via TLC (chapter 2.9.3), scraped from the plate, converted into FAMEs and
measured for FA composition in single PL- and GL-species.

29.2 Separation of lipid classes

Phospholipids and glycolipids were separated via solid phase extraction on a silica
(500 mg/6 ml) column (SI-1 Silica Phenomenex, Strata, Aschaffenburg, Germany). The
column was equilibrated with 1 ml chloroform; total lipid extracts were dissolved in 1 ml
chloroform and loaded on the column. Neutral lipids were eluted with 14 ml chloroform,
glycolipids with 15 ml acetone/isopropanol (9:1 v/v) and finally phospholipids with 15 ml
methanol/acetic acid (9:1 v/v). GL- and PL-fractions were evaporated under streaming
nitrogen.

2.9.3 TLC

PL and GL were separated into their single classes by TLC on silica plates. Extracted
PL or GL were dissolved in 100 pl chloroform and transferred to TLC-vials. 20 pl were
loaded via a robot (TLC Sampler 4, Camag, Berlin, Germany) to ammonium sulfate-
impregnated silica gel plates (Si250, J. T. Baker, San Francisco, CA, USA).

GL classes were developed with app. 100 ml chloroform/methanol (85:15 v/v) on
vertical incubation chambers into SQD, DGD, CER, SG, MGD and ASG (from bottom
to top). The same method was applied for PL class separation. The solvent system
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chloroform/methanol/acetic acid (65:25:8 v/v) was used to separate PC, PI, PE, PG
and PA (from bottom to top). After incubation TLC plates were air-dried and incubated
a second time. Individual lipid classes were identified according to co-migration with
standard lipids on the same plate. The plates were split in half and the side with sepa-
rated standard lipids was incubated in a copper sulfate solution (10 g CuSO4 x 5 H,0,
92 ml H,O, 8 ml H3PO,). Heating at 180 °C for 10 min stained lipids (Dormann et al.,
1995b; Dormann et al., 1995a). Individual PL and GL were isolated from the plate,
transmethylated (chapter 2.9.4) and quantified by GC (chapter 2.9.5).

294 Acidic hydrolysis of lipids, FA methylation and FAME extraction

Transesterification (methyl ester) of lipid bound FAs to their corresponding FAMEs was
accomplished in one step according to Miquel and Browse, (1992). 1 ml of a methano-
lic solution containing 2.75% sulfuric acid and 2% dimethoxypropan (v/v) was added to
the samples already containing an internal standard in 10 ml glass tubes (either total
lipid extracts dried under nitrogen or scraped silica powder from TLC). The samples
were incubated for 1 h at 80 °C and cooled down. After addition of 200 pl 5 M sodium
chloride FAMEs were extracted two times with 2 ml hexane. Samples were incubated
for 10 min at RT and phases separated by centrifugation for 10 min at RT and 800 g.
The hexane phase of both extractions was pooled dried under streaming nitrogen and
redissolved in 2 ml hexane and 2 ml ddH,O. Samples were mixed and phase sepa-
rated by centrifugation. The hexane phase was filtered through a glass pipette filled
with sodium sulfate soaked cotton wool to remove moisture. The sample was collected
in a reaction vial, dried under nitrogen and redissolved in 10 pl acetonitrile and ana-
lyzed via GC (chapter 2.9.5) similar to Browse et al. (1986).

295 Identification of FAMEs by GC-FID

The analysis of FAMEs was performed with an Agilent 6890 gas chromatograph (Wald-
bronn, Germany) fitted with a capillary DB-23 column (15 m x 0.18 mm; 0.2 ym coating
thickness; J&W Scientific, Agilent, Waldbronn, Germany) and coupled to a flame ioni-
zation detector according to Hornung et al. (2002). Probes were dissolved in 10 pl ace-
tonitrile and transferred to GC-vials. Helium was used as carrier gas at a flow rate of
0.8 ml/min. The temperature gradient was 180 °C for 1 min, 180-200 °C at 20 K/min,
200-250 °C at 25 K/min and 250 °C for 2.5 min. A FAME mixture (F.A.M.E. Mix, C4-
C24”, Sigma, Munich, Germany) was used as retention time standard and was injected
before and after every series of measurements. The injection volumes depending on
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the concentration of FAMEs within in the sample and the used split-ratio on the GC
machine but varied between 0.2 and 1 pl with a split-ratio of 1/15 and 1/60. FID-signals
were recorded, peak areas integrated and FA-species identified via retention time of
the used standard mix. Internal heptadecanoic fatty acid standards with defined con-
centrations added to the probes before the extraction process were used to calculate
the absolute FA contents of the leaf samples via the peak area.

210 Physiological parameter

2101 Chlorophyll fluorescence analysis

A pulse-modulated imaging fluorometer (FluorCam 800MF, Photon Systems Instru-
ments, Brno, Czech Republic) was used for determination of minimum (F,) and maxi-
mum fluorescence (Fnax) of chlorophyll a according to Wingler et al. (2004) and
Pourtau et al. (2006). Rosettes or single leaves were illuminated with actinic light of
150 pmol*m™?*sec™ and the dark-adaptation period was reduced to 15 min. Light pulses
for measurement of F,, were set to 800 ms. QY was calculated using following equa-
tion: QYmax = Fu/Fmax = (Fmax - Fo) / Fm.

2.10.2 Protein measurements

Protein content of plants was measured using Bradford reagent (Bradford, 1976). Fresh
plant material was weighted and homogenized in 1 ml chilled buffer (100 mM Tris, pH 7.5,
50 mM NaCl, 1 mM EDTA, 1% w/v PVP) using a grinding mill and 0.5 mm g steel balls
for 1.5 min at 30 Hz. The samples were spun down, 10 ul of 1:20 diluted supernatant
was mixed with 990 ul Bradford reagent (Roti-Quant, Carl-Roth, Karlsruhe, Germany),
incubated for 20 min at RT and measured photometrically at 595 nm. For exact protein
concentration determination a diluted BSA series (1.5-0.1 mg/ml) was measured at the
same time and a calibration line was generated. Absorption values were calculated
against the calibration line and absolute protein levels per fresh weight determined.

2.10.3 Membrane ion leakage

Membrane ion leakage was performed on pooled 6" rosette leaf samples according to
Woo et al. (2001) and repeated 5 times. Leaf samples were immersed in 10 ml ddH,O
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and incubated at RT for 1 h. 100 ul were removed, diluted with 10 ml ddH,O and the
conductivity (o1) determined (HI8633 conductivimeter, Hanna Instruments, Kehl, Ger-
many). Samples were then boiled for 10 min, cooled down to RT and conductivity (05)
of a 100 pl probe diluted with 10 ml ddH,O was measured. lon leakage was calculated
and expressed in percentage through the equation: lon leakage = (o4 / 02) * 100.

2104 Determination of chlorophyll content

Absolute chlorophyll content in Arabidopsis leaves was measured according to
Lichtenthaler (1987). Chlorophyll of 5-50 mg ground leaf material (whole rosette or 6"
leaf) was extracted with 1 ml 96% ethanol. The samples were mixed and incubated for
30 min at RT in the dark, cell debris was shortly spun down and the supernatant stored
in a new reaction tube. The probes were extracted again with 1 ml 96% ethanol, incu-
bated for 10 min at RT in the dark and pelleted. Both supernatants were pooled and
measured photometrically at 649 and 664 nm. Chlorophyll a and b content was calcu-
lated using following formula (Porra et al., 1989) and related to FW: Chlorophyll a+b
content = (22.24 * Egs9 + 5.24 * Esssa) * 2. Every measurement was repeated five times
and the results averaged.

2.10.5 Determination of anthocyanin content

Anthocyanin content in Arabidopsis leaf material was performed following Neff and
Chory (1998). Per 40 mg ground and frozen leaf material (whole rosette or 6™ leaf) 1 ml
methanol spiked with 1% hydrochloric acid was used to extract anthocyanins. The
extraction was performed in the dark and under agitation of 800 rpm at RT over night.
The next day 0.4 vol ddH,O and 1 vol chloroform were added to the extractions and
thoroughly mixed. Cell debris was spun down and phase separation achieved by
centrifugation for 10 min at 4000 g. The upper phase was collected and measured
photometrically at 530 and 657 nm. Relative anthocyanin levels were calculated using the
following formula and related to FW: Anthocyanin content = Essg - Ees7. Every measurement
was repeated five times and the results averaged.

2.10.6 Determination of leaf and cell size

Prior to size determination of epidermal cells, Arabidopsis 6" rosette leaves were
destained via chloral hydrate based on Yadegari et al. (1994). Entire leaf samples were
fixated in glass vials over night at RT using ethanol/acetic acid (6:1 v/v), followed by
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three wash steps of 70% ethanol. The samples were cleared over night at 4 °C using
15 M chloral hydrate in 40% glycerin. Leaf samples were directly used for light micros-
copy (Berleth and Jurgens, 1993). Images from entire leaves were taken with a mac-
roscope (SZX12, Olympus, Tokyo, Japan) equipped with a camera (C-4040ZO0OM,
Olympus, Tokyo, Japan). Cell area (size), number and stomatal index of the abaxial
leaf epidermis were determined as described by De Veylder et al. (2001) using a mi-
croscope (Axioskop 2plus, Zeiss, Jena, Germany). Images were acquired with an Axio-
Cam ICc3 camera (Zeiss, Jena, Germany). Considered were regions of the leaf blade
located at 25, 50 and 75% from the distance between the tip and the base halfway
between midrib and leaf margin. All obtained images were analyzed using the ImageJ
software.

211 GFP studies

Transgenic plants expressing a fusion protein consisting of the protein of interest fused
to the green fluorescent protein (GFP; Chalfie et al., 1994; Baulcombe et al., 1995) can
help to identify the subcellular localization of the corresponding protein in vivo. If GFP
is excited by light it emits fluorescent light and thus can be observed in tissues via
confocal laser scanning microscopy (chapter 2.11.2).

GFP studies were carried out with leaf probes of Arabidopsis thaliana and Nicotiana
benthamiana. eGFP with enhanced fluorescence properties and mCherry were used
as fluorescent reporter proteins (Shaner et al., 2004). Protein fusion constructs (chap-
ter 2.8.2 and 2.8.3) and/or marker constructs (Nelson et al., 2007) were introduced into
A. tumefaciens strain GV3101 (chapter 2.6.2) and used for either stable transformation
of Arabidopsis plants (chapter 2.6.7) or for transient expression in tobacco epidermal
cells (chapter 2.11.1).

2111 Transient expression in tobacco

Transient expression of GFP fusion proteins in Nicotiana benthamiana epidermal cells
was performed following Sparkes et al. (2006). A. tumefaciens transformed with the
required binary vector were grown in 2 ml liquid culture was grown over night and cells
were pelleted by centrifugation. Supernatant was removed and cells were resuspended
in infiltration media (200 uM acetosyringone [3',5'-dimethoxy-4'-hydroxy acetophenone
in DMSO], 10 mM MES; pH 5.6, 2% sucrose [w/v] in ¥ strength MS). The cells were
spun down for 10 min at 3000 g and RT and dissolved again in infiltration media. The
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cell suspension culture was diluted in a way with infiltration media to obtain an ODggg of
0.1. Leaves of 5-week-old tobacco plants were punctured with a needle on the under-
side and 1-2 ml bacteria containing infiltration media was injected with a syringe in the
mesophyllic air space. The infiltrated area was marked and plants were grown for 2-4 d
under normal growth conditions. Small leaf samples were cut out of the infiltrated areas
and observed with a confocal laser scanning microscope. For tobacco plasmolysis
infiltrated 3-day-old leaf discs were incubated in 0.7 M D-sorbitol for 30 min prior to
confocal microscopy.

2.11.2 Confocal microscopy

To detect expression of fluorescent proteins in biological probes a confocal laser-scan-
ning microscope (TCS SP5, Leica Microsystems, Wetzlar, Germany) with a water-im-
mersion objective was used. eGFP was excited by monochromatic laser light at 488 nm
and its fluorescence recorded in the range of 505-525 nm. At the same time chlorophyll
was excited with 561 nm and its autofluorescence detected in the interval of 670-700 nm.
mCherry was excited at 561 nm, and fluorescent emissions were measured at 585-
610 nm. Probes expressing eGFP and mCherry at the same time were sequential line
scanned in order to record emissions of both fluorescent proteins without mutual inter-
ference. Autofluorescence of chlorophyll and cellular structures within both recording
ranges (505-525 nm, 585-610 nm) was proved negligible using wild type probes and pho-
tomultiplier settings were adjusted to wild-type levels in order to exclude amplification
of background signals. Image recording was performed with line and frame average of
four. Z-stacks were of appoximately 10 um thickness and consisted of ten images.

212 GUS assay

Transgenic plants expressing the B-glucuronidase (GUS) gene (uidA; Jefferson et al.,
1987) under transcriptional control of a promoter of interest can help to localize the
expression domains of the corresponding gene. B-glucuronidase splits X-Gluc resulting
in a blue colored product indication the tissue-specific expression of the used promoter.
Promoter-GUS fusion constructs (chapter 2.8.1) were introduced into A. tumefaciens
strain GV3101 (chapter 2.6.2) and stable Arabidopsis transformants generated (chap-
ter 2.6.7). Between ten and twenty independent T2 transgenic lines were subjected to
GUS assays. GUS-staining was carried out similar to Haritatos et al. (2000) and Weigel
and Glazebrook (2002) but with minor variations: Tissue of Arabidopsis to be examined
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was incubated in 90% acetone at -18 °C for 1 h before staining. No glutaraldehyde was
used. After the initial step, samples were washed twice in 50 mM sodium phosphate
buffer, pH 7.2 and incubated in staining solution (50 mM sodium phosphate buffer, pH
7.2, 10 mM potassium ferrocyanide, 10 mM potassium ferricyanide, 0.2% triton X-100,
0.5 mg/ml X-GlucA) at 37 °C over night. Subsequently staining the samples were washed
with sodium phosphate buffer, dehydrated in a graded ethanol series (50%, 70%, 85%,
96%) and stored in 70% ethanol until observation. Images of X-Gluc-stained tissues
were taken with a macroscope (Wild M3K", Leica, Wetzlar, Germany) equipped with a
camera (DFC420C, Leica, Wetzlar, Germany).

213 Experiments with yeast

2131 Complementation (drop test)

For complementation analysis transformed yeast cells were grown in 10 ml selective
SD media (with glucose) until an ODggo of 0.5. The cultures were split into two aliquots
and pelleted via centrifugation for 10 min at 800 g. The first pellet was diluted in selec-
tive SD media (with glucose) in a way to obtain 0.5 ODgq after 12 h of incubation. The
second pellet was diluted in the same manner using selective inductive media (without
glucose, supplemented with 1% galactose and 1% fructose [w/v]). After incubation five
successive 1:5 dilutions starting with an ODgoo of 0.3 were set up for each culture.
Drops of 3 pl were spotted on a set of plates (selective SD plates [with glucose],
selective inductive SD plates [without glucose, supplemented with 1% galactose and
1% fructose (w/v)], normal and inductive YPD plates [glucose or galactose/ fructose] as
control). One set of plates was incubated at 30 °C for 2-3 days, to check for comple-
mentation of cold-sensitive phenotypes an additional plate set was incubated at 20 °C
for 5-7 d.

2.13.2 Lipid uptake assey

100 ml yeast cell culture within the exponential phase (ODggo 0.3-0.7) grown on selec-
tive SD media (with glucose) was pelleted via centrifugation for 10 min at 800 g and
dissolved in the same amount selective inductive SD media (without glucose, supple-
mented with 2% galactose [w/v]). Cells were incubated for 12 h under gene expression
inducing conditions driven by the GAL1-10-promoter on the transformed plasmid (Johnston
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and Davis, 1984). Cells transformed with an empty vector were treated the same way
and used as a negative control. ODgyy was determined and the culture split in two
aliquots. Probes of the first aliquot were diluted in a way to achieve the same OD. 40 ml
were pelleted and used for protein analysis (chapter 2.13.3). Probes of the second ali-
quot were pelleted and diluted with selective SD media (without glucose, supplemented
with 4% galactose [w/v]) in a way to achieve an ODgg, of 10.

2.13.2.1  Lipid labeling of cells

Uptake experiments with fluorescently labeled PL were performed as described by
Pomorski et al. (2003) with the optimizations from Poulsen et al. (2008b). Cells were
incubated 5 min at 30 °C prior to labeling. 1.5 pl 10 mM NBD-labeled phospholipids (my-
ristoyl-{NBD-hexanoyl]-PC, -PE and -PS were tested, Avanti Polar Lipids, Alabaster,
AL, USA) dissolved in DMSO were added and incubated for 30 min at 30 °C. A negative
control was prepared in the same way with DMSO only. Cells were thoroughly mixed
every 5 min. The reaction was stopped by addition of 1 ml ice-cold SSA/BSA (2mM NaNg3,
2% sorbitol, 3% BSA [w/v] in selective SD media) and cells were immediately chilled on
ice. Cells were pelleted (5 min at 700 g and 4 °C), redissolved in 1 ml SSA/ BSA und
transferred into new glass tubes. In order to remove non-internalized PL, cells were
washed two times with SSA/BSA and the pellet finally dissolved in 250 yl PBS (compo-
sition given in Table 26) and kept on ice until flow cytometry measurement.

2.13.2.2 Measurement by flow cytometry

Flow cytometry was used to evaluate internalization of NBD-labeled PL of yeast cells.
50 pl cell suspension was mixed with 1 ml PBS in FACS vials. Immediately before meas-
urement 1 pl propidium iodide (5 mg/ml [w/v]) was added under mixing to the cells.
Flow cytometry was performed on a Becton Dickinson flow cytometer (San Jose, CA,
USA) equipped with a 488 nm argon laser. Detection of propidium iodide (PI) stained
cells was recorded at 570 nm, NBD fluorescence at 545 nm. Forward scatter indicated
cell size, sideward scatters the fluorescence intensity of Pl and NBD. 20000 cells, ga-
ting Pl stained dead cells, were counted and the accumulation of NBD-labeled lipids
was calculated as percentage compared to a negative control (cells transformed with
an empty plasmid).
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2.13.3 Protein analysis

2.13.3.1  Preparation of total cell lysate and membrane concentration

Cellular membranes were prepared similar to the method from Villalba et al. (1992).
Pelleted yeast cells were resuspended in 250 pul ice-cold lysis buffer (composition given
in Table 26) and transferred to a new 10 ml glass tube. 0.5 g glass beads (600 ym @)
were added to the cell suspension and cells disrupted by vigorously mixing for 5 min.

Table 26: Lysis buffer for yeast cells.

PBS containing 1% PMFS-stock and 0.1% protease inhibitor mix [v/v]

Name Concentration ~ Substance
PBS 136.89 mM NaCl
2.68 mM KCI
10.14 mM Na;HPO4
1.67 mM KH2PO4; pH 7.4
PMFS-stock 100 mM PMSF in isopropanol
protease inhibitor mix 1 mg/ml apoprotein
1 mg/ml leupeptin
1 mg/ml pepstatin
5 mg/ml antipain
157 mg/ml banzamidine in DMSO

During cell disruption, probes were shortly chilled on ice app. every 30 sec. After cell
disruption the supernatant was transferred to a new reaction vial, the glass beads were
washed with 250 pl ice-cold lysis buffer and the buffer combined with the previous su-
pernatant. Cell debris and intact cells were separated via centrifugation for 5 min at
500 g and 4 °C and total cell lysate stored at -20 °C.

Membranes were concentrated from total cell lysate via ultra-centrifugation for 1 h at
100000 g and 4 °C. 25 pl of the supernatant (total lysate) was kept as a control and the
membrane pellet was resuspended in 25 pl ice-cold lysis buffer.

2.13.3.2 SDS-PAGE

Electrophoretically separation of proteins was performed after Laemmli (1970) via
discontinuous SDS-PAGE. Polyacrylamide gels of 0.75 mm thickness consisting of a
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10% resolving gel (375 mM Tris-HCI; pH 8.8) combined with a 4.5% stacking gel
(125 mM Tris-HCI; pH 6.8) were generated and run using the Mini-PROTEAN 3 cell
system (BioRad, Munich, Germany) according to the manufacturer’s instructions with a
running buffer consisting of 25 mM Tris, 192 mM glycine and 0.1% SDS (w/v). Prior to
electrophoresis 25 ul sample buffer (10% SDS, 0.0025% bromo-phenol blue [w/v], 12.5%
glycerol [v/v], 100 mM DTT in 100 mM Tris; pH 6.8) was added to each probe (25 pl),
followed by incubation for 15 min at 37 °C and centrifugation for 10 min at 5000 g. 15 pl
of the supernatant was loaded together with 8 ul of a size marker (Prestained SDS-
PAGE standard, BioRad, Munich, Germany) on an PA gel. Electrophoretical separation
was performed at 180 V for 50 min.

2.13.3.3  Protein transfer

Prior to their detection proteins were transferred from the PA matrix to a membrane
based on Towbin et al. (1979). Protein transfer occurred in a wet blot chamber (Trans
Blot Cell, BioRad, Munich, Germany) onto a PVDF membrane (Hybond-P, Amersham
Pharmacia Biotech, Freiburg, Germany) according to the manufacturer’s instructions
using 4 °C chilled transfer buffer (20% methanol [v/v], 10 mM Tris, 77 mM glycine,
0.1% SDS [w/v]) and applying an amperage of 3.5 mA/cm? membrane for 50 min.

2.13.3.4 Immunological protein detection

After protein transfer the membrane was incubated in TBS (150 mM NaCl, 10 mM Tris;
pH 8.0) for 10 min followed by a 1% blocking solution (Western Blocking Reagent, Roche
Applied Science, Mannheim, Germany) for 1 h at RT. The immunological detection of
tagged proteins was performed as follows: First, the membrane was incubated with pri-
mary antibody (monoclonal mouse anti-HA 1:1000 and monoclonal mouse anti-RGSHg
1:5000 [Santa Cruz Biotechnology, Santa Cruz, CA, USA]) in 0.5% blocking solution
([v/v] in TBS) over night at 4 °C. Next, the membrane was washed twice with TBST
(TBS supplemented with 0.1% Tween 20 [v/v]) for 10 min, followed by two wash steps
with 0.5% blocking solution for 10 min. Then the membrane was incubated with secon-
dary antibody (peroxidase-linked goat anti-mouse 1:5000 [Santa Cruz Biotechnology,
Santa Cruz, CA, USA]) in 0.5% blocking solution for 1 h at RT. Subsequently, the
membrane was washed four times 15 min with TBST. All washing and incubation steps
occurred under shaking.

Visualization of detected proteins was done via chemiluminescence with ECL Plus
Reagenz (Amersham Pharmacia Biotech, Freiburg, Germany) according to the manu-

60



Material and Methods

facturer’s instructions. Prepared reagent was carefully dropped on the wet membrane
and incubated for 5 min at RT. Depending on the signal strength the membrane was
exposed to a film (X-OMAT AR, Kodak, Stuttgart, Germany) for 10 sec - 5 min and sub-
sequently developed.

214 Transmission electron microscopy

Plants for electron microscopy were grown on soil for 28 d. Small samples (2 x 4 mm,
parallel to the midrib; in between midrib and leaf edge) were taken from 6" rosette
leaves 4 h after the start of the light period and immediately immersed in a formalde-
hyde-glutaraldehyde mixture (Karnovsky, 1965). Samples were fixed with 2% paraform-
aldehyde/glutaraldehyde in 50 mM sodium cacodylate buffer (pH 7.4) for 3 d at 4 °C
based on the methods by Kuroiwa et al. (2002) and Schulz et al. (1998). Specimens
were washed five times for 15 min in 50 mM sodium cacodylate buffer (pH 7.4) and
post-fixed first for 3 h in 50 mM sodium cacodylate buffer (pH 7.4) supplemented with
1% osmium tetroxide at RT. Specimens were washed again four times for 20 min with
ddH,O and incubated for 1 h at RT in 100 mM HEPES buffered 0.1% tannic acid
(pH 7.4). Again specimens were washed three times for 10 min with ddH,O and then
contrasted with 2% uranyl acetate in 100 mM HEPES (pH 7.4) for 1.5 h at RT. After a
short washing step with ddH,O the samples were dehydrated in a graded series of
ethanol (70%, 80%, 90% 2x 96%, each step for 30 min). Samples were embedded in
Spurr’s resin (Spurr, 1969). Therefore, samples were prepared with a mixture of propyl-
ene oxide/ethanol (1:1 v/v) for 5 min, two incubation steps with pure propylene oxide
for 10 min, propylene oxide/ Spurr resin (1:1 [v/v]) for 30 min and pure Spurr resin for
2 h (Low Viscosity Spurr Kit, Ted Pella, Redding, CA, USA). The resin was changed
and samples incubated again for 2 h at RT and the resin was polymerized at 60°C for
2 d. 70 nm ultra-thin section were cut with an ultramicrotome (Reichert Ultracut E, Leica,
Wetzlar, Germany) and mounted on pioloform-coated electron microscopy copper grids
with 200 meshes. Prior to transmission electron microscopy sections were counter-
stained with 2% uranyl acetate in 70% methanol for 20 sec, washed four times with,
followed by lead citrate (2.6% lead nitrate and 3.5% sodium citrate; pH 12) for 20 sec
and again four washing steps with ddH,O (Reynolds, 1963). Sections were then exam-
ined on a transmission electron microscope (Tecnai Spirit, FEI, Eindhoven, The Ne-
therlands) at 120 kV.
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215 Hardware / Equipment

If not mentioned otherwise equipment, hardware and devices used in this work are

listed in Table 27.

Table 27: Used technical equipment.

Device Name/Type, Manufacturer
Camera PowerShot S2 IS, Canon, Krefeld, Germany
Centrifuge Biofuge Fresco, Heraeus Instruments, Bad Grund, Germany

Climate chamber
Crosslinker

Drying oven
Electrophoresis
Electroporator

Gel documentation
Grinding mill
Hybridization oven
Incubator
Lyophylizator
Probe mixer
Quantum meter
Real-time cycler
Spectrophotometer
Thermocycler
TLC-dipper
TLC-heater

Tube incubator
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5810 R, Eppendorf, Hamburg, Germany

Beckman Coulter, Krefeld, Germany

Rumed, Rubarth Apparate, Laatzen, Germany
Stratalinker 1800, Stratagene, Heidelberg, Germany
Heraeus Instruments, Bad Grund, Germany
ElectroPhoresis Power Supply, Biozym, Hess. Oldendorf, Germany
MicroPulser, BioRad, Munich, Germany

DeVision DBox, Decon, Hohengandern, Germany

Mixer Mill 400, Retsch, Haan, Germany

Saur, Reutlingen, Germany

HT Minitron GFL 3032, Infors, Bottmingen, Switzerland
Leybold-Heraeus, Cologne, Germany

Vortex Genie2, Scientific Industries, Bohemia, NY, USA
QMSW-SS, Apogee instruments, Roseville, CA, USA
AB-7500 fast, Applied Biosystems, Foster City, CA, USA
Genesys10UV, VWR, Darmstadt, Germany

T-Gradient, Biometra, Goéttingen, Germany

Immersion Device, Camag, Berlin, Germany

Plate Heater, Camag, Berlin, Germany

Thermomixer 5436, Eppendorf, Hamburg, Germany



3 RESULTS

3.1 Senescence-associated expression of ALA1, ALA10
and ALA11

This thesis is based on the observations by van der Graaff et al. (2006) that reported a
senescence-associated expression of genes of the ALA family (Figure 7). Expression
data obtained via oligonucleotide chip hybridization technique often has low sensitivity
and a narrow dynamic range. In order to validate the expression data of ALA genes,
quantitative real-time PCR (QRTPCR) as another method for gene expression analysis
was performed on Arabidopsis thaliana wild type leaf material (chapter 2.7.10).

The studies by van der Graaff et al. (2006) were performed with pooled 5™ and 6"
rosette leaves. Rosette leaves of Arabidopsis grow in a temporal succession and thus,
each leaf has a specific age and progression of senescence regarding its position com-
pared to the other rosette leaves (Zentgraf et al., 2004). To obtain a very precise age-
dependent status of Arabidopsis thaliana leaf tissue the focus in this work was set on
the 6" rosette leaf (Figure 8). Leaf six has a number of advantages compared to other
rosette leaves: A) It is easily identifiable due to its position in an angle of approximately
5° from leaf number one. B) It is the first rosette leaf with an elongated longish leaf
shape typical for Arabidopsis thaliana Col-0 rosette leaves and therefore larger in size
and yielding more material for experiments than leaf number 1-5. C) It emerges early
within the development of the plant and D) its senescence process is completed before
the entire plant life span is finalized assuring a leaf senescence unhindered by the
death of the whole organism.

Figure 8: Rosette of Arabidopsis thaliana wild type
Col-0 at 30 DAG (days after germination). Numbers
indicate leaves with respect to their emergence and
age. Leaf number 6, taken for many analyses, is
marked in red. Scale bar: 1 cm.

Expression of genes ALA7, 10 and 71 was analyzed in 6" rosette leaves during a 25 d
time course beginning with 25-day-old plants in order to completely cover the time
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span of natural occurring leaf senescence (Figure 9). Later during development gene
expression was analyzed in green (45 days after germination [DAG]) and senescing
(60 DAG) cauline leaves as well as in flowers (50-60 DAG) and roots (45 DAG). Total
RNA was extracted from the plant material and reverse transcribed into cDNA, which
was used for subsequent QRTPCR runs. Additionally to ALA gene expression, expres-
sion of the senescence associated gene SAG12, the WRKY transcription factor gene
WRKY53 and the Rubisco small subunit gene (RBCS17a), important for proper photo-
synthesis, was analyzed as these genes represent positive and negative senescence
marker genes, respectively (Weaver et al., 1998; Hinderhofer and Zentgraf, 2001; Pourtau
et al., 2006). During the time course ALA1 expression was found to be approximately
20-fold up-regulated in rosette leaf number 6. Expression of ALA710 and 11 increased
6- and 225-fold during this time span, respectively. The tendency in expression increase
of ALA1, 10 and 11 during senescence described by van der Graaff et al. (2006) was
validated. In fact, an even higher gene expression during leaf senescence was observed
for ALA1 and especially for ALA11 compared to the array data (ALA1: 4.7-fold, ALA10:
5.3-fold and ALA11: 9.7-fold increase in transcript amounts, respectively). Furthermore,
the QRTPCR experiments revealed an increase in ALA gene expression to a smaller
extent in senescing cauline leaves (ALA7 — 6-fold, ALA710 — 3.7-fold and ALA11 — 32-
fold) indicating a putative role for ALA proteins in the senescence process of these
leaves. A lower expression increase of ALA1, 10 and 7171 was detected in flowers. The
expression increase in roots was negligible. These results indicate that leaves in gener-
al might be the main site of action of ALA1, 10 and 117.

Expression of SAG12 was detected in rosette leaves from 40 DAG on and increased
18000-fold until 50 DAG. Detectable SAG12 expression identified the starting point (40
DAG) of senescence in wild type rosette leaves, as the gene is highly specific to sen-
escence (Weaver et al., 1998; Grbic, 2003). SAG12 expression increased by 50,000
and 19,000 times in senescing cauline leaves and flowers, respectively. WRKY53
expression increased during leaf development 15-fold until 40 DAG. As soon as
SAG12 transcript begun to increase, WRKY53 transcript amounts decreased until a 2-
fold increase was reached at 50 DAG. Its expression was likewise 2-fold increased in
senescent cauline leaves and flower buds. In roots the expression was 4-fold de-
creased. The senescence-associated expression of WRKY53 was found exactly as
stated by Hinderhofer and Zentgraf (2001) especially in the onset of leaf senescence
(around 40 DAG). It seems furthermore that WRKY53 plays a role in the upper part of
the plant, mainly in rosette leaves, and only to a minor part in roots. In contrast to
SAG12 and WRKY53, RBCS1a expression was maintained at a high level in young
non-senescent leaf tissue and decreased steadily during rosette leaf development after
40 DAG until an 800-fold reduction at 50 DAG was reached. Similarly, its expression
was 400-fold reduced in senescing cauline leaves. These results are also in concor-
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Figure 9: Expression analysis of ALA and marker genes via QRTPCR. Diagrams show changes in

relative transcript amounts of the 6" rosette leaf during natural development as well as green and

senescent (sen) cauline leaves, flowers and roots of Arabidopsis thaliana wild type (Col-0) com-

pared to the 6" rosette leaf at 25 DAG. Data are means of three technical replicates * S.D.
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dance with previously described observations by Pourtau et al. (2006) and indicate the
onset of leaf senescence as well as its ongoing progression by a steady reduction in
transcript amounts.

3.2 ALA1, ALA10 and ALA11 are expressed in senescing
leaves and in young seedlings

To investigate the tissue and developmental specificity of the ALA promoters, GUS
staining was performed (chapter 2.12). Therefore, transcriptional fusions of the p-glu-
curonidase (GUS) gene and the ALA1, ALA10 and ALA11 promoter regions (2 kb re-
gion in front of the transcription start codon) were generated (chapter 2.8.1) and trans-
formed into Arabidopsis thaliana, resulting in Proma a::GUS, Promaia10::GUS and
Promya11::GUS transgenic plant lines. Plants from different developmental stages were
analyzed for GUS activity (Figure 10). Young seedlings (10 DAG) displayed an intense
GUS staining especially in cotyledons as well as roots (Figure 10 A-C and G-l), where-
by the leaf vasculature was more pronounced indicating highly active ALA1, 10 and 11
promoters in these tissues at that developmental stage. Staining in roots diminished with
age and was found until 25 DAG (Figure 10 D-F). No GUS staining was detected in
adult roots (data not shown). GUS staining in rosette leaves diminished as well with
age. In mature plants leaf expression domains of the ALA71, 10 and 711 promoters was
very similar. Proma a1::GUS plants displayed the strongest GUS staining intensity and
Promaa10::GUS plants the weakest (Figure 10 D-F and O-Q). The GUS signal appeared
in a pattern all over the leaf but was always stronger at the leaf margins (Figure 10 O-Q).
Leaf GUS staining decreased with age and was observed in regions with beginning
senescence. GUS staining was not detectable in regions with more advanced senes-
cence and in fully senescent (yellow) leaves (data not shown). Cauline leaves and ro-
sette leaves displayed the same staining patterns (data not shown). Apart from leaves,
GUS staining in Prom::GUS plants varied only slightly: staining in the abscission zone
of siliques was visible in Promaa10::GUS and Proma,a11::GUS plants (Figure 10 K and
L-M). Additionally, Proma,a10::GUS plants showed uniquely GUS staining in a region of
approximately 4 cm in the upper part of the inflorescence below the first developed
flowers (Figure 10 J and K). All tested Prom::GUS plants displayed similar promoter
activity in flowers: GUS staining was observed before pollination only in the stigma
(Figure 10 J as an example for Proma a10::GUS). No GUS staining was observed after
leaf wounding (after 1 h and 3 h) using 45-day-old transgenic plants (Figure 10 R-T),
which excludes an involvement of the proteins in wounding-related processes.
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Figure 10: Analysis of ALA promoter activity using Proma,a1::GUS, Promaa10::GUS and Promaia11::GUS
transgenic plants. Depicted are GUS staining from A-C) seedlings at 10 DAG, D-F) seedlings at 25 DAG,

G-l) root tips at 10 DAG, J-L) flowers and inflorescences at 40 DAG, L-M) siliques, O-T) 6™ rosette

leaves at 35 DAG (0-Q) and 3 h after wounding by forceps at 45 DAG (R-T). Scale bars: A-C, J, L-N) 1 mm,
D-F, K, O-T) 5 mm, G-l) 100 um.
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3.3 Subcellular localization of ALA1, ALA10 and ALA11

3.31 Prediction via bioinformatic tools

Information on the subcellular localization of P,-type ATPases in planta is still very lim-
ited. Nevertheless, to elucidate the function of a protein its localization is indispensable.
Various bioinformatic tools are available for assigning proteins computationally to their
subcellular localization. Eleven selected individual programs summarized at the Ara-
memnon database (Schwacke et al., 2003) were applied to calculate the subcellular
location of ALA1, 10 and 11 proteins (Figure 11). Some of the programs are only
capable of predicting the localization probability for a certain cellular compartment, e.g.
ChloroP for plastids and Mitopred for mitochondria.

ALA1 ALA10 ALA11

ChloroP
iPSort
Mitopred
MitoProt
PCLR
PProwler

ON@)
ON@)
ON@)

Predotar
PredSL
SLP-Local
TargetP
WoLF-PSort

O00O0O00OO0
O0OO0OO0OO0OO 000
ONOCNONONONONG)
O00000O0 000
O0O0O0OO00O0
O00000O0 000

Figure 11: Prediction of the subcellular localization of ALA proteins. Depicted are calculated proba-
bilities for ALA1, 10 and 11 by various localization prediction tools. Plastidial localization is dis-
played in green (left row) and mitochondrial localization in blue (right row). Higher probability is
indicated by color intensity. Data from the Aramemnon database (Schwacke et al., 2003).

No obvious tendency for a specific cellular compartment for ALA1 was found. However,
four tools (SLP-Local, TargetP, ChloroP and PCLR) predicted a very weak probability
of a plastidial localization for the protein (absolute value 0.9; values below 10 indicate
only weak localization probabilities). ALA10 and ALA11 were recognized as mitochon-
drial localized proteins by 8 and 7 prediction tools (iPSort [only ALA10], Mitopred, Mito-
prot, PProwler, PredSL, SLP-Local, TargetP and WolLF-PSort), respectively (absolute
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values 13.1 and 12.4). Additionally, three programs (PCLR, ChloroP and SLP-Local)
calculated a weak plastidial localization for ALA10 (absolute value 1.0). Two programs
(ChloroP and PCLR) predicted a very unprobable plastidial localization for ALA11 (ab-
solute value below 0.1). None of the tested ALA proteins were predicted by the used
set of tools to the secretory pathway, including endoplasmatic reticulum (ER), Golgi ap-
paratus, vesicles and the vacuole.

In order to confirm the calculated predictions empirically and, thus, assuring the intra-
cellular localization of ALA proteins in planta, confocal microscopy was applied using
ALA-GFP fusion proteins expressed in tobacco and Arabidopsis (chapter 2.11).

3.3.2 Localization of ALAtw1.4-eGFP fusion proteins

C-terminal fusions of eGFP behind the first four transmembrane spanning regions of
ALA1, 10 and 11 under transcriptional control of the CaMV35S (35S) promoter were
generated (chapter 2.8.3). The constructs were introduced in tobacco leaves leading to
transient expression and transformed into Arabidopsis resulting in 35S::ALA111.4+-€GFP,
35S::ALA107m1.4-€GFP and 35S::ALA11mu1.4-€GFP transgenic plant lines with constitu-
tive expression. Fluorescence signals emitted by the fusion proteins expressed in Nico-
tiana and Arabidopsis tissues were observed via confocal microscopy through specific
stimulation with monochromatic laser light. Additionally, protein markers specific for
plasma membrane, tonoplast, ER, mitochondria, peroxisomes and Golgi vesicles fused
to the fluorescent protein mCherry (Nelson et al., 2007) were co-expressed with the
ALAm1-4-€GFP proteins to confirm the subcellular localization by overlapping fluores-
cence signals. Although the 35S-promoter was used to drive expression, stable trans-
genic Arabidopsis plants (35S::ALAu1.4-€GFP) showed weak fluorescence signals (data
not shown). Stronger fluorescence signals were obtained using tobacco epidermal cells
expressing 35S::ALAmu1-4+-eGFP constructs and are described as follows: GFP fluores-
cence signals of all tested fusion proteins were excluded from the nucleus. Fluorescence
signals emitted by ALA11y14-€eGFP fusion proteins were observed in chloroplasts. The
obtained signals matched with the chloroplast autofluorescence resulting in a colocali-
zation of both signals (Figure 12 A). These findings emphasize a plastidial localization
of ALA1, for which only a low probability of plastidial localization was predicted by bio-
informatic tools (chapter 3.3.1).

Cells expressing ALA10mu1-4-eGFP fusion proteins displayed fluorescence signals in
the cell wall proximity. In order to specifically assign the signal to a subcellular com-
partment, co-localization experiments with co-expressed fluorescently labeled marker
proteins were carried out. Fluorescence signals obtained by plasma membrane and
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tonoplast marker proteins resulted both in overlapping signals with ALA10my4-€eGFP
(Figure 12 B). Several repetitions of the colocalization experiments resulted always in a
localization of ALA10tu:4-€eGFP to both the plasma membrane and the tonoplast. It
was not possible to localize the fusion proteins specifically to one of the membranes.
However, fluorescence signals emitted by ER and mitochondria marker proteins did not
match with the ALA10my14-€GFP fluorescence (data not shown) and a localization of
ALA10 to the ER can be excluded. As a conclusion, the predicted mitochondrial or
plastidial localization of ALA10 by bioinformatic tools (chapter 3.3.1) has to be rejected.
Fluorescence signals of ALA111y1.4-eGFP fusion proteins were unevenly distributed with-
in the cytoplasm of the cells and formed particle-like structures (Figure 12 C). The size
of the structures varied in a range between mitochondrial and peroxisomal sizes. None
of the tested fluorescently labeled marker proteins (ER, mitochondria, peroxisomes and
Golgi vesicles) was able to match the fluorescence signals of ALA11y14-eGFP (data
not shown). The localization of ALA11 within the cell remains elusive due to the aggre-
gation of the ALA111y14-€GFP fusion proteins.

C)
. -
AF/
mCherry
P AF
Merged

ALA1 ALA10 ALA11

Figure 12: Fluorescence of ALAtn14-eGFP fusion proteins transiently expressed in Nicotiana ben-
thamiana. Depicted are images of adaxial epidermal cells obtained via confocal laser scanning mi-
croscopy. ALAtm14-€GFP fusion proteins of A) ALA1, B) ALA10 and C) ALA11 are either expressed
alone or in combination with marker proteins fused to mCherry: PM plasma membrane represented
by PIP2A, TM tonoplast represented by yTIP, AF chlorophyll autofluorescence. Scale bar: A) 20 um,
B) 50 ym (left), 70 pm (right) and C) 10 ym.
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3.3.3 Localization of e GFP-ALAgyiength fusion proteins

In order to confirm the localization of ALA1 and ALA10 by an additional experiment,
confocal microscopy was carried out using the full-length ALA coding regions fused to
eGFP. Therefore, eGFP was fused N-terminally in front of ALA1 and 10 full-length
cDNA. Constructs under transcriptional control of the 35S-promoter were generated
(chapter 2.8.3) and used for transient expression in tobacco leaves and stable
transformation of Arabidopsis resulting in 35S::eGFP-ALA1wiengn @and 35S::eGFP-
ALA10Osengtn transgenic plants. eGFP-ALA1 and eGFP-ALA10 full-length fusion pro-
teins resulted in identical fluorescence signals as ALA1mw4-eGFP and ALA107wi4-
eGFP, respectively, when expressed in tobacco epidermal cells (Figure 13 A). In case
of eGFP-ALATwengn the fluorescence signals fitted to the chloroplast autofluores-
cence, while in case of eGFP-ALA10xuength the fluorescence was similar to the patterns
of tonoplast and plasma membrane markers. Stably transformed Arabidopsis plants
showed weaker but identical fluorescence signals for eGFP-ALA1pengn and eGFP-

A) B)

eGFP

AF

Merged

ALA1 ALA10 ALA1 ALA10

Figure 13: Fluorescence of eGFP-ALAsuiiengtn fusion proteins in Nicotiana benthamiana and
Arabidopsis thaliana. Depicted are images of A) tobacco and B) Arabidopsis adaxial epidermal
cells expressing eGFP proteins fused with ALA1 and 10 (full-length) obtained via confocal laser
scanning microscopy. AF chlorophyll autofluorescence. Scale bar: 50 pm.
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ALA1Orrength fusion proteins (Figure 13 B). These experiments confirm the plastidial loca-
lization of ALA1 and point out a localization of ALA10 in both the plasma membrane and
the tonoplast. Potentially ALA10 circulates between the two membrane systems. Fur-
thermore, it can be assumed that the fused eGFP tag has no influence on the localiza-
tion of the proteins, as C- and N-terminal fusions of eGFP to the ATPase proteins pro-
duced identical fluorescence signals.

34 T-DNA insertion lines for ALA genes

ala1-1 SALK_056947

LB
6361 nt X7 -
5 3
ALA1 - AT5G04930 LP RP
ala10-2 SALK_024877 ala10-1 GABI_785G10
LB LB
6721 nt o N o S 7 s
5 3
ALA10 - AT3G27870 LP LP RP RP
ala11-1 GABI_529G04 ala11-2 SALK_107029
LB LB
= .
6781 nt T v f - \\//
5 - 3
ALA11 - AT1G13210 RP LP

Figure 14: Organization of ALA1, 10 and 11 genes with T-DNA insertion sites and orientation and
primer positions. Exons are represented by black boxes and UTR in grey. T-DNA insertion sites are
indicated with triangles. LB left border of T-DNA (left border primer), LP left primer, RP right
primer. Grey triangles indicate second, alternative T-DNA insertion lines.

T-DNA insertions have become a common tool in plant mutant analysis and are ex-
tremely useful to unravel gene functions (Bouche and Bouchez, 2001). In order to exam-
ine the role of the senescence-associated genes ALA7, ALA10 and ALA11 within the
plant, a reverse genetics approach was applied and T-DNA insertion lines in the cor-
responding ALA genes in the background of ecotype Columbia (Col-0) selected (Figure
14). The corresponding ALA genes were interrupted by the insertion of a T-DNA (chap-
ter 3.4.3) and should therefore result in the generation of knockout mutants (Bouche
and Bouchez, 2001). The T-DNA lines were ordered from the Salk Institute Genomic
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Analysis Laboratory (SIGnAL; http://signal.salk.edu/; La Jolla, CA, USA) and the GABI-
Kat project (Genomanalyse im biologischen System Pflanze, http://www.gabi-kat.de/,
Cologne, Germany) mutant collections (Alonso et al., 2003; Rosso et al., 2003). T-DNA
insertion lines with an exon located T-DNA were favored and when possible a second,
independent insertion line was ordered (ALA70 and ALA11). Positions of the T-DNA
insertions and the ALA gene structures are shown in Figure 14.

3.41 Isolation of T-DNA insertion lines in ALA genes

In order to test the ordered mutant plants on their T-DNA insertion, genomic DNA was
extracted from leaf samples and used for PCR analyses (chapter 2.6.8). Homozygous

A) HOM HOM HOM HOM HET WT WT Line
- - W% W ala1-1
B) HOM HOM HET HOM HET WT WT
= e e ala10-1
C) HOM HOM HOM HOM HET WT WT
. - ala11-1

D) HOM HET WT
10 1 10 1 10 1
- - ala10/11
-
e, -—
E) HOM HET WT

10 11 1 0 1 1 10 11 1

- v - ala1/10/11

Figure 15: PCR analysis of ala mutant lines. Images of electrophoretically separated PCR products
in an ethidium bromide stained 1% agarose gel. A)-C) Analysis of mutant line ala7-1, ala10-1 and
ala11-1. Depicted are two lanes per tested mutant plant. First lane: Intact genomic DNA sequence
was detected with a gene specific primer pair (LP and RP). Second lane: Inserted T-DNA was de-
tected with a left border specific primer (LB) combined with an ALA specific primer (RP). D) Anal-
ysis of generated double mutant line ala10/11. Depicted are two lanes for both genes (ALA70 and
ALA11) per plant line in the same way as for A-C). E) Analysis of generated triple mutant line
ala1/10/11. Depicted are two lanes for the three ALA genes (70, 11 and 1) similarly to D). HOM ho-
mozygous, HET heterozygous insertion line, WT wild type control.
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insertion lines ala1-1, ala10-1, ala10-2, ala11-1, ala11-2 were identified that way (Figure
15 A-C, data for ala710-2 and ala171-2 not shown). Two PCR reactions per T-DNA inser-
tion and plant were performed. The first reaction tested for an intact gene and was per-
formed with two gene specific primers, located up- and down-stream of the T-DNA in-
sertion site (LP and RP; primers positions are indicated in Figure 14). The second re-
action detected integrated T-DNA using one gene specific primer (RP) and a T-DNA
specific primer (LB). No gene specific PCR products could be generated with an elon-
gation step of 1 min in homozygous T-DNA insertion lines due to the large amplification
product of approximately 4-5 kb. PCR on wild type material served as a control.

Two independent T-DNA insertion lines for ALA10 and ALA11 genes were isolated
(ala10-1, ala10-2 and ala11-1, ala11-2) representing two different mutant alleles for
these genes. Both mutant lines displayed identical phenotypes for each gene, respec-
tively (data not shown). Thus, it can be assumed that the observed phenotype of ala10
and ala11 lines was caused by a mutation of the ALA10 and ALA11 gene, respectively.
All following experiments and analyses were therefore carried out only with mutant line
ala10-1 and ala11-1.

3.4.2 Isolation of double and triple T-DNA insertion lines

It is a known fact that many single knockout plants of large gene families often display
no obvious phenotype (Bouche and Bouchez, 2001). In order to recognize effects of
possible functional redundancy among ALA family members in planta, double and triple
mutant lines ala10/11 and ala1/10/11 were generated. This was achieved by crossing
ala10-1 with ala11-1 resulting in the ala10/11 double mutant line. Homozygous plant
lines were isolated via PCR analysis from an F2 population in the same way as for the
single mutant lines ala1-1, 10-1 and 11-1 (Figure 15 D). The ala1/10/11 triple mutant was
generated in similar fashion by crossing ala10/11 with ala1-1 and homozygous plants
were identified via PCR (Figure 15 E).

343 Genotyping of T-DNA insertion sites

The exact T-DNA integration position of ala?-1, ala10-1 and ala11-1 mutants was veri-
fied by sequencing from the left T-DNA border reaching into the genomic neighborhood
of the ala mutant lines. Therefore, a PCR on extracted genomic DNA of the ala mutant
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lines was applied using the T-DNA specific LB primer in combination with the corres-
ponding ALA gene right primer (RP). The products were blunt-cloned into EcoRV di-
gested pBlueScript Il KS+ and sequenced. T-DNA insertion sites in ALA10 and ALA11
(ala10-1 and ala11-1) were confirmed as stated by SIGnAL (http://signal.salk.edu/; La
Jolla, CA, USA) in the 3™ and 2™ exon at position 1884 and 698, respectively (Figure
16; position given in nucleotides from the A of the ATG start-codon on genomic DNA).
The T-DNA integrated in ALAT (ala1-1) was detected in the 5™ exon at position 5001
and not within the 6™ exon as indicated by SIGnAL. The other end (right border) of the
T-DNA insertion in ala1-1, ala10-1 and ala11-1 was not determined via sequencing.

Line T-DNA insertion site

5th exon
LB

la1-1 ttgtctg/ CATGATACTA
Figure 16: Position of T-DNA insertions of &R 8agigicig’s

5001 nt
ala1-1, ala10-1 and ala11-1. Depicted are the
orientation and exact position within the cor-

3 exon
responding ALA gene indicated by an under- LB
lined letter [nt from ATG start-codon]. LB left ala10-1  ttattgcggt/AGAGTTCGGG
border sequence of T-DNA, lowercase: T-DNA 1884 nt
sequence, uppercase: genomic sequence,
underlined: integration position. 2 exon

LB
ala11-1  GTGAAACAAG/cactatcagg
698 nt

344 ala mutants possess a single T-DNA insertion

Approximately 50% of the T-DNA insertion lines obtained from the SIGnAL or GABI-
Kat project (http://signal.salk.edu/ or http://www.gabi-kat.de/) contain more than one
T-DNA insert (Alonso et al., 2003; Rosso et al., 2003). If further gene products than the
desired one are affected by T-DNA insertions, unspecific pleiotropic effects might be
provoked affecting the phenotype of the plants. In order to overcome the problem of
multiple T-DNA insertions, ala single mutants (ala1-1, ala10-1 and ala11-1) had been
twice backcrossed with wild type. Homozygous identified ala mutant plants were then
screened for the number of T-DNA insertion within their genome via Southern hybridi-
zation (chapter 2.7.5). Therefore, genomic DNA of leaf material of single homozygous
mutant plants was extracted, digested with restriction endonucleases (ala1-1: Kpnl,
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ala10-1: Sacl, ala11-1: Hindlll), electrophoretically separated in a gel, blotted onto a
membrane and finally probed with DIG-labeled sequences homologous to a region
within the T-DNA (Figure 17). The hybridization pattern revealed one band in the ex-
pected size for each single ala mutant: ala7-1: 4002 bp, ala10-1: 3559 bp and ala11-1:
7228 bp indicating only one T-DNA insertion within the genome in the corresponding

1 2 Size [bp]
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RB v LB
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Figure 17: Quantitative analysis of T-DNA insertions in ala mutant lines. Ethidium bromide stained
gel (lane 1) of digested genomic DNA of ala mutant lines and corresponding Southern blot (lane 2).
A) ala1-1 digested with Kpnl, C) ala10-1 digested with Sacl and E) ala11-1 digested with Hindlll.
Numbers to the right indicate expected fragment sizes. Sketch of T-DNA integration within
B) ALA1, D) ALA10 and F) ALA11. Hybridization site of the used probe located on the T-DNA
indicated in grey, arrows indicate restriction sites by endonucleases and fragment lengths, LB left
border, RB right border of T-DNA.
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ALA gene of each tested single ala mutant. Repeated or rearranged integrated T-DNA
as often observed in T-DNA mutagenized populations (Feldmann et al., 1989; Herman
and Marks, 1989) could be excluded in the tested plants. It can be assumed that the
observed phenotype of ala mutant plants (chapter 3.5) is caused by the T-DNA integra-
tion within the corresponding ALA genes.

Due to the absence of additional T-DNA insertions in the tested ala7-1, ala10-1 and
ala11-1 mutants, all further experiments were performed with seeds originating from
these plants.

3.4.5 Altered ALA expression in ala1-1, ala10-1 and ala11-1

The insertion of T-DNA into a gene leads to a mutation (Feldmann, 1991), which might
result in the disruption of the corresponding gene. QRTPCR was applied in order to
test whether the T-DNA insertion in ala1-1, ala10-1 and ala11-1 affects ALA gene ex-
pression (chapter 2.7.10). Expression of the senescence marker gene SAG12 (Weaver
et al., 1998) was additionally analyzed to determine the effect of the T-DNA insertion
on the senescence process within the mutant lines. Total RNA of 30-day-old 6™ rosette
leaves of ala1-1, ala10-1 and ala11-1 as well as wild type plants was extracted and
converted to cDNA that was subsequently analyzed regarding transcript amounts. Pri-
mer pairs for the amplification were designed to hybridize within the last (at the 3’ end)
exon of the analyzed transcripts. The relative transcription rate of ALA1, 10, 11 and
SAG12 of ala1-1, ala10-1 and ala11-1 mutants was calculated, compared to wild type
and visualized as expression change (Figure 18).

Expression of ALA1, ALA10 and ALA11 was reduced to very low, barely detectable
levels in mutant line ala71-1, ala10-1 and ala11-1, respectively: ALA1 expression was
22-fold lower in the ala7-1 mutant line compared to wild type levels. Reduction of
ALA10 expression was 14-fold in mutant line ala10-1 and the expression of ALA11 was
46-fold reduced in ala11-1. These results clearly indicate a negative effect on ALA
gene expression by the T-DNA insertion of the ala mutant lines.

Besides an influence on the gene, where the T-DNA was integrated no additional ef-
fects on ALA gene expression were observed in the tested ala mutant lines (Figure 18):
The expression of ALA10 and ALA11 was comparable to wild type in ala7-1 mutants.
Likewise, the expression of ALA1 and ALA11 was not altered in ala10-1 and no effect
on the expression of ALA1 and ALA10 was observed in ala11-1 mutants. These meas-
urements point out that the negative effect on gene expression of the T-DNA was
specific to the gene where it was integrated.
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At the same time, compared to wild type the expression of the senescence marker
SAG12 was 34-, 10-, and 82-fold induced in ala1-1, ala10-1 and ala11-1, respectively,
indicating an advanced senescence status of the mutant lines as leaf senescence is
generally accompanied by an expression increase of the senescence-associated gene
SAG12 (Weaver et al., 1998; Grbic, 2003). Phenotypical observation of ala mutants
revealed premature senescence (chapter 3.5).
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Figure 18: Expression analysis of T-DNA insertion lines ala71-1, ala10-1 and ala11-1 conducted with
QRTPCR. Depicted are changes in relative transcript amounts of ALA1, 10 and 11 genes and
SAG12 at 30 DAG in the 6™ rosette leaf compared to wild type. Data are means of five technical

replicates * S.D.

3.4.6 T-DNA integration causes different expression levels 5’ and 3’ to the
integration site in ala1-1, ala10-1 and ala171-1

Regarding the nomenclature from Krysan et al. (1999) the ala1-1, ala10-1 and ala11-1
plants could be described best as knock-about mutants. Transcript amounts of ALAT,
10 and 171 within ala1-1, ala10-1 and ala11-1, respectively, were strongly reduced in
comparison to wild type but still detectable by QRTPCR (Figure 18) so that the
question of their nature arose. The T-DNA containing vectors pROK2 and pAC161 that
were used to generate the mutant populations by the Salk Institute Genomic Analysis
Laboratory and the GABI-Kat project, respectively, carry a full-lenght CaMV35S-pro-
moter in proximity to the T-DNA border (Alonso et al., 2003; Rosso et al., 2003). The
initial intention of this was to design an activation-tagging element that could be used
after successful T-DNA integration into the plant genome (Alonso et al., 2003; Rosso et
al., 2003). The CaMV35S-promoters, located inside the T-DNA region, can cause an
expression extending into the genomic neighborhood of the integration site. In case of
interference of integrated T-DNA with natural occurring expression of the affected gene
its transcript amounts should vary 5 and 3’ to the T-DNA insertion site. In order to
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prove that detected ALA expression in ala mutant lines was due to an interference
caused by the T-DNA insertion, a reverse transcription PCR (RTPCR) analysis was set
up (chapter 2.7.9). Total RNA was extracted from 30-day-old plants and reverse
transcribed into cDNA that was analyzed. Detection of ALA transcripts was investi-
gated upstream (in the & region), downstream (in the 3’ region) and spanning the
T-DNA integration site (O; Figure 19). Band intensity of PCR products 5" and 3’ to the
integration site varied in mutant line ala?-1, ala10-1 and ala11-1, thus, indicating semi-
quantitatively different amounts of ALA transcripts 5 and 3’ to the T-DNA integration.
Additionally, the band intensities differed from those of wild type, which indicates an im-
pact of the integrated T-DNA on the gene expression. Primer pairs for transcript detec-
tion 5 and 3’ to the T-DNA insertion in ALA10 and 5 in ALA11 resulted in double
bands due to an unknown but reproducible effect. These primers were designed to am-
plify a 690, 718 and 502 bp region, respectively, represented by the smaller band.
ACT2 expression served as an internal control for same cDNA amounts and resulted in
comparable band intensities for the tested mutant lines as well as for wild type. Band
sizes of 303 bp for ACT2 indicated an absence of genomic DNA and, thus, ideal con-
ditions for the RTPCR. ACT2 primers were designed spanning an intron and would

Size [bp] wild type
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B) -
805 — =
339 — - =

5 03A503A503A
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Figure 19: Effect of T-DNA integration on ALA transcripts in ala mutant lines analyzed with RT-
PCR. RNA was extracted from 6™ rosette leaves at 30 DAG and reverse transcribed into cDNA for
PCR analysis. Depicted are images of electrophoretically separated PCR products in an ethidium
bromide stained 1% agarose gel using A) wild type B) mutant lines ala7-1, ala10-1 and ala11-1. De-
tection of transcript amounts was performed for ALA1, ALA10 and ALA11 genes upstream (5’) and
downstream (3’) of the T-DNA integration site as well as spanning the T-DNA integration site (O).
Transcript amounts of ACT2 (A) served as control for equal amount of mRNA. Size marker: Pstl
digested A-phage DNA.
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result in a larger amplification product (382 bp) in case of genomic DNA contamination.
No amplification product was detectable using cDNA from ala7-1, ala10-1 and ala11-1
plants with primers spanning the T-DNA integration sites. These results demonstrate
that the T-DNA is successfully transcribed and present in ala1, ala10 and ala11 trans-
cripts. In order to test whether the detected ALA7, 10 and 171 transcripts in ala1-1,
ala10-1 and ala11-1 plants, respectively, might result from a transcription initiation 3’ to
the T-DNA insertion, Northern hybridization was performed. Shortened ala transcripts
representing truncated mRNA versions would verify this hypothesis. However, it was
not possible to detect ALA1, 10 and 117 transcripts in ala1-1, ala10-1 and ala11-1 plants,
respectively, with the Northern hybridization technique (data not shown), which indicates
very low transcript amounts in the mutant plants. An additional RTPCR experiment with
primers homologous to the T-DNA and the 3’ flanking genomic region would answer
the hypothesis.

3.5 Phenotype of ala mutant lines

All following experiments and analyses were carried out only with mutant line ala70-1
and ala11-1 and subsequently these lines are called ala70 and ala11. Mutant line
ala1-1is referred to as mutant line ala? from now on.

3.5.1 ala mutant lines exhibit reduced rosette growth and premature senes-

cence symptoms

Expression of ALA1, 10 and 171 was induced during leaf senescence of Arabidopsis
thaliana (chapter 3.1). Mutants of these genes should therefore display an altered sen-
escence progression. In order to confirm this hypothesis, rosettes of soil-grown ala
mutant lines and wild type plants (16 h light of 120 pmol*m™?*sec™ per day at 21° C)
were observed during natural development (Figure 20 A). Leaf yellowing is a conven-
ient visible indicator of leaf senescence (Lim et al., 2007) and was first observed in wild
type rosette leaves around 40 DAG. Rosette leaves of ala mutant lines exhibited earlier
yellowing at 35 DAG (ala7), 38 DAG (ala10), 39 DAG (ala11) and 30 DAG (ala10/11
and ala1/10/11). Cotyledons of the investigated ala mutants aged more rapidly. By 25
DAG cotyledons were completely yellow, whereas wild type cotyledons became yellow
around 30 DAG. It has to be mentioned that no visible leaf yellowing was observed
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Figure 20: Phenotype of ala mutant lines. A) Images of whole rosettes during development of wild
type and ala mutant lines, respectively. Depicted are representative examples grown under 16 h
light/d, 120 |1mol*m'2*sec'1 photosynthetically active radiation, 21 °C and 70% humidity. Scale bar:
5 cm. B) Diagram of rosette diameter (mean values * S.D., n=106) of wild type and ala mutant lines
at 30 DAG. Significant differences to wild type are marked with asterisks (**), P < 0.01.
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before 20 DAG in the investigated ala mutants and wild type plants. After this time point
senescent cotyledons of ala mutant lines became visible, especially in the triple and
double mutant line ala1/10/11 and ala10/11. It seemed furthermore, that all investigated
ala lines did not accumulate anthocyanins to the same extent as wild type by the end of
their developmental phase. These observations clearly point out a positive effect on the
progression of senescence caused by mutations in ALA genes. The described effect
seems to be additive because ala double and triple mutants displayed more severe
premature senescence than ala single mutants. As a conclusion, ALA genes are nec-
essary for a controlled progression of leaf senescence.

Additionally, to premature senescence, mutant lines alat, ala11, ala10/11 and ala1/10/11
showed a reduction in rosette size (Figure 20 B) to 78%, 80%, 68% and 28% of wild
type level, respectively. Mutant line ala10 showed no reduction in rosette size compared
to wild type. The effect correlates with the severity of the premature senescence phe-
notype of the mutants. Again, it is an additive effect as the reduction in rosette size was
more prominent in the double and triple mutant line. It seems that leaf senescence and
growth are interconnected and that ALA genes (1, 70 and 717) influence these processes.
The average rosette leaf number at bolting was 16 for ala mutant lines as well as wild
type. However, bolting time of ala mutant lines varied in comparison to wild type: 50%
of the observed wild type plants bolted after 23.6 DAG. Mutant line ala10 and the dou-
ble mutant line ala70/11 displayed slightly delayed bolting around 24 DAG. The single
mutant line ala11 and the triple mutant line ala7/10/11 were more delayed in bolting
and displayed bolting at 26 and 28 DAG, respectively. In contrast, ala? plants bolted
earlier than wild type after 20.8 DAG (Appendix, Figure 42). Regarding these data it
can be assumed that ALA1 negatively influences bolting time whereas ALA11 acceler-
ates the process. ALA10 seems to have no effect on plant bolting. The effect of ALA
genes on plant bolting seems to be dependent on the plant size (except ALAT) and not
on the senescence status so that it is more likely that bolting is controlled by other
factors than ALA genes.

Each Arabidopsis leaf starts to senesce at a different time point depending on its emer-
gence (leaf age) and the developmental phase of the plant (plant age; Zentgraf et al.,
2004). In order to observe the premature senescence phenotype of ala mutant lines
more precisely a focus was set on the 6" rosette leaf (Figure 21 A). Additionally, by the
observation of single rosette leaves faint distinctive phenotypes become more obvious
as covering by other leaves of the rosette is eliminated (Zentgraf, 2006; personal com-
munications). No visible senescence symptoms were observed in 6" rosette leaves
until 30 DAG during natural development of wild type and ala mutant lines. Past that
time point leaf yellowing was observed first in the triple mutant line (31 DAG) followed
by ala10/11 (33 DAG), ala1 (35 DAG), ala11 (38 DAG), and ala70 (42 DAG). Wild type
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leaves started to show visible senescence symptoms around 44 DAG. Furthermore,
leaf sizes of ala1, ala11, ala10/11 and ala1/10/11 were reduced to 58%, 59%, 33% and
17% of wild type level, respectively (Figure 21 A and Figure 22 B). Mutant line ala710
displayed no significantly altered leaf size compared to wild type. Accompanied by the
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Figure 21: A) Accelerated leaf senescence of ala mutant lines visible by leaf yellowing. Depicted
are two representative examples of the 6™ rosette leaf during development of wild type and ala
mutant lines, respectively. Scale bar: 1 cm. B) Leaf evaluation of ala mutant lines. Diagrams show
average leaf weight £ S.D. (n=120) of 6" rosette leaves. Significant differences between wild type
and mutant lines are marked with asterisks: ** P < 0.01.
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in leaf size, weight of the 6" rosette leaf was decreased in ala?, ala11, ala10/11 and
ala1/10/11 by 51%, 24%, 38% and 84%, respectively (Figure 21 B). The protein con-
tent of the investigated ala mutant lines was not significantly altered and resulted in a
protein content of approximately 9 mg/g FW. The observation of single leaves show
more strikingly a correlation between the senescence-inducing and growth-inhibiting
effect of mutations in ALA genes and Arabidopsis 6" rosette leaves were therefore an-
alyzed in more detail in the following chapters.

3.5.2 Reduction in cell size and cell number in ala mutant lines

To determine the basis of the reduced size of ala mutants, the adaxial epidermis of ro-
sette leaf number six from 30-day-old plants was microscopically examined (chapter
2.10.6) and compared with wild type (Figure 22 A and C). Smaller epidermal cell sizes
were observed in the single mutant line ala? (reduction 17%) and ala71 (reduction by
30%). Epidermal cells of mutant line ala10 displayed no alteration in size and were
indistinguishable from wild type. The ala10/11 double and ala1/10/11 triple mutant line
displayed an even greater reduction in cell size (by 53% and 69%, respectively). The
reduction in cell size correlated with the reduction in leaf growth of the mutant lines
(Figure 22 B and C). Compared with wild type, no alteration in the stomata index was
found for any of the tested mutant lines (data not shown). By combining leaf and cell
sizes, the total epidermal cell number per adaxial leaf side was estimated (Figure 22
D). Mutant lines ala1, ala11, ala10/11 and ala1/10/11 resulted in a lower cell number
per leaf than wild type plants (reduced by 30%, 18%, 29% and 34%, respectively).
Thus, leaves of ala mutant lines were not only smaller and possessed smaller cells;
their cell number was also decreased. The obtained results clearly indicate a negative
effect of the mutated ALA genes (except ala10) on leaf development inhibiting proper
leaf and cell growth. It seems that ALA gene products are necessary for a proper leaf de-
velopment and especially for a proper progression of leaf senescence.

3.5.3 Seed biomass production and quality of ala mutant lines

Mutant line ala1, ala11 as well as the ala10/11 double and ala1/10/11 triple mutant line
showed reduced rosette sizes under standard growth conditions (21 °C, long day of
120 pmol*m™?*sec™, chapter 3.5.1). The reduction in rosette size might have influences
on the seed biomass production of the plants. In order to prove this hypothesis, the
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total seed biomass of ala mutant lines was observed (Figure 23). The single mutant
lines ala1, ala10 and ala11 produced seed amounts comparable to wild type. Solely
the double and triple mutant lines ala70/11 and ala1/10/11 produced less seeds. Their
seed biomass production was reduced by 58% and 78%, respectively. As the seed bio-
mass of single ala mutant lines is not altered, the effect in the double and triple mutant
lines might be indirectly caused by the reduced plant size and premature senescence.

A) B)
& 250 |
';' 200 L % ek
g 150‘ e
% 100 | *k
e 1 )RS
o I BN 1] mm
N o N N N
ala1 $ P o\°\ RS
° &
>
C)
ala10
3
= sk
©
® *k
: ' Iil -
alat11 N o ~ ~ “
¥ o & & &
> 2 o\'b 9\\
>
D)
ala10/11 'g
= 160 -
o 140 -
_é 120
: 100
= 80
8 60
g 4w
5 20
ala1/10/11 g %
o
w S o A N N
‘& o\‘b 'b\o\ o\b\ \Q\\ \\Q\\

Figure 22: Microscopic analysis of 6™ rosette leaves of wild type and ala mutant lines. A) Overview
of destained adaxial epidermal cells. Depicted are representative examples at 30 DAG. Scale bar:
50 um. B) Diagrams of leaf area (means * S.D., n=10), C) area of epidermal cells (means * S.D.,
n=800) and D) number of epidermal cells per adaxial leaf side for wild type and ala mutant lines,
respectively. Significant differences to wild type control are denoted with asterisks (** P < 0.01).
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Noticeable, the seed size of the ala mutant lines was indistinguishable from that of wild
type. The observation was confirmed by macroscopic analysis of approximately 1000
seeds per plant line (data not shown), which indicates an undisturbed seed develop-
ment of ala mutant lines.

In order to reveal any additional effects on the seed quality of ala mutant lines, the ger-
mination rate of the seeds was tested on soil as well as MS-medium containing agar
plates and compared with the germination rate of wild type seeds. No difference in the
germination rate of any of the mutants was observed (data not shown). Considering
these data, an undisturbed embryogenesis has to be assumed and a regulatory system
must exist ensuring proper and complete seed formation. Once the system is initiated it
guarantees reproductive success of the plant avoiding incomplete, not fully developed
and, thus, non-viable seeds.
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3.54 Reduction in root growth

Due to the phenotypic alterations of ala mutants in the aerial, above ground and visible
parts, it was interesting to know whether the underground parts of the plants were also
affected. Therefore, ala mutant seeds were stratified and grown on vertically arranged
half-strength MS-medium containing agar plates for 20 days under standard conditions
(21 °C, long day of 120 pmol*m?®sec™). Root length of ala mutants and wild type
plants was measured at two different times points (10 and 20 DAG, Figure 24). Roots
of the investigated ala mutants were indistinguishable from wild type in terms of length
and branching until 7 DAG. After that time point ala? plants displayed shorter roots
(approximately 80% of wild type length at 10 and 20 DAG). Contrary to the reduction in
rosette size, root length was not affected in any other investigated ala mutant line at 10
DAG. Later during development (20 DAG), root length was decreased to a minor extent
in ala10 as well as the double and triple mutant line (approximately 80-90% of wild type
length). Regarding these data, ALA1 might have a positive regulatory effect on root
growth, whereas ALA10 and 11 rather have no effect on the regulation of root length
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and the minor reduction in root length in the corresponding mutant lines might be due
to secondary effects.
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3.6 Physiological parameters

Typical senescence-associated physiological markers are chlorophyll content, photo-
chemical efficiency of photosystem Il (F./Fmax), and membrane ion leakage (Lohman et
al., 1994; Fan et al., 1997; Oh et al., 1997; Weaver et al., 1998; Woo et al., 2001). Meas-
uring these parameters the premature senescence phenotype of ala mutant lines was
physiologically assessed. Therefore, the following analyses were performed with
pooled 6™ rosette leaves of ala mutant lines as well as wild type grown in soil under
standard conditions (16 h light of 120 umol*m?*sec™ per day at 21° C).

3.6.1 Chlorophyll and anthocyanin content in ala mutant lines

3.6.1.1 Chlorophyll content

To follow the ana- and catabolism of chlorophyll during development of ala mutant
lines, 6™ rosette leaves were subjected to chlorophyll measurements (chapter 2.10.4)
during a time course of 25 d (Figure 25 A). Single ala mutant lines displayed nearly the
same chlorophyll amount as wild type (1.1 mg/g FW chlorophyll a+b) at the beginning
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of the observation period. 9% and 23% higher chlorophyll levels were recorded for the
double and triple mutant line, respectively. After 25 DAG all ala mutant lines revealed a
continuous decrease in chlorophyll content during development, whereas wild type chlo-
rophyll levels increased in the following five days until 30 DAG and declined thereafter.
Past 30 DAG chlorophyll levels of all tested ala mutant lines were below wild type level.
At the end of the observation period (50 DAG) ala1/10/11 had the lowest (0.01 mg/g FW)
chlorophyll amount, followed by ala10/71 (0.06 mg/g FW), ala11 (0.1 mg/g FW), ala1
(0.11 mg/g FW) and ala710 (0.14 mg/g FW). Wild type leaves possessed the highest
chlorophyll amount at 50 DAG with 0.17 mg/g FW. Lower chlorophyll content is an indi-
cator for beginning senescence (Lohman et al., 1994; Oh et al., 1997) and confirms on
a physiological level the described premature senescence phenotype of the ala
mutants (chapter 3.5.1). The higher chlorophyll content of the ala10/171 double and
ala1/10/11 triple mutant lines at 25 DAG might suggest a larger number of chloroplasts
per cell in these lines.
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3.6.1.2 Anthocyanin content

Leaves of ala mutant lines senesced earlier than wild type (chapter 3.5.1) and did not
show the typical accumulation of anthocyanins by end of the vegetative stage. There-
fore, a focus was set on these pigments and changes in anthocyanin levels within the
6" rosette leaf of ala mutant lines and wild type were recorded (chapter 2.10.5) during
development (25-50 DAG, Figure 25 B). Anthocyanin amounts increased in all tested
plant lines during development but the accumulation occurred in ala mutant lines to a
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lesser extent. By end of the time-course experiment wild type leaves had 1.73 mg/g
anthocyanins per g FW. In contrast, ala7 and ala70 single mutant lines possessed 70%
of the wild type anthocyanin amounts at that time point. More strikingly, anthocyanin
amounts were reduced to 45% of wild type level in ala11 and the double and ftriple
mutant lines accumulated scarcely anthocyanins (14% and 6% of wild type level at 45
DAG, respectively). The low anthocyanin content in ala mutants during development
points out that ALA genes are necessary for a proper and regulated progression of leaf
senescence and that effects caused by mutated ala genes (71, 70 and 17) accumulate
in an additive manner.

3.6.2 Photochemical efficiency of photosystem Il

The reduced chlorophyll content of ala mutant lines (chapter 3.6.1.1) might indicate an
earlier decline of photosynthetic efficiency. To quantify the PSII efficiency, ala mutant
lines were subjected to fluorescence measurements (chapter 2.10.1). F,/Fnax values re-
flecting photosynthetic efficiency of ala mutant lines were recorded over a time course
of 25 days within the 6™ rosette leaf (Figure 26). The measurements began after the
emergence of the 6" rosette leaf at 25 DAG. The F./Fma ratio of all tested mutant lines
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Figure 26: Photochemical efficiency of ala mutant lines and wild type. A) False color images of
maximum quantum efficiency of photosystem Il photochemistry (F./Fmax) obtained via PAM fluoro-
metry. Depicted are two representative 6" leaves at 45 DAG per plant line. B) Diagram of averaged
FvIFmax per 6" rosette leaf during development (DAG 25-50). Data are means * S.D. (n=8).
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were indistinguishable from wild type until 35 DAG. Past this time point the photoche-
mical efficiency dropped first in the triple and double mutant line, followed by the single
mutant lines past 40 DAG (first ala11, followed by ala10 and alaf). In contrast to the
premature reduction in photochemical efficiency of photosystem Il of ala mutant lines,
the wild type F,/Fnax ratio was maintained at a value of 0.79 since the beginning of the
time course experiment and decreased not before 45 DAG. The F,/F.x ratio is often
used as a physiological senescence marker (Wingler et al., 2004) and the early de-
crease in photochemical quantum efficiency of photosystem Il in ala mutant lines, es-
pecially in the ala10/11 double and ala1/10/11 triple mutants, underline the premature
senescence phenotype of these plants. However, the F,/F.. ratio is maintained until
late during development although chlorophyll content of the plants started to decrease
(chapter 3.6.1.1) and senescence symptoms became visible (chapter 3.5.1). This find-
ing suggests that the efficiency of photosystem Il and, thus, the electron transport rates
are important for the fitness of ala mutant lines.

3.6.3 lon leakage

Senescence is accompanied by structural changes within cells including sequential
disintegration of organelles and cellular membranes (Thomas and Stoddart, 1980;
Thompson et al.,, 1998). To observe the senescence status and plasma membrane
integrity of ala mutants, membrane ion leakage was monitored (chapter 2.10.3). Com-
pared to wild type, the membrane ion leakage of the 6™ rosette leaves of all investi-
gated ala mutants was not altered at 25 DAG and 28 DAG (data not shown). However,
at 30 DAG, membrane ion leakage was approximately 43% higher in the tested ala
mutant lines compared to wild type level (Figure 27), although visible senescence
symptoms were not observed at this developmental stage (chapter 3.5.1). The higher
membrane ion leakage in ala mutant leaves suggests an advanced deterioration of
cellular membranes within these plants even at a time point when no senescence

symptoms are visible.
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3.7 Morphological parameter of ala mutant lines

In order to further characterize ala mutants and to gain information about subcellular
processes within the plants, transmission electron microscopy was carried out (chapter
2.14) using soil-grown plants (16 h light of 120 umol*m™?*sec™ per day at 21° C), 4 h
after the begin of the photosynthetic period. To ensure that senescence did not affect
leaf architecture of the plants, 6™ rosette leaves from 28-day-old ala mutants were com-
pared with wild type as no visible senescence symptoms (chapter 3.5.1) or altered
membrane ion leakage (chapter 3.6.3) were detected at this developmental stage in
these leaves. The ultrastructure of mesophyll cells situated in the middle of the leaf
blade in between midrib and leaf edge was microscopically analyzed (Figure 28).

3.71 ala1 has an altered plastid morphology

Transmission electron microscopy revealed a dramatically altered plastid morphology
for ala1 mutants: Whereas wild type chloroplasts possessed large starch grains (1-9,
@ 6 per plastid), normal large grana stacks and rarely plastoglobuli (Figure 28 A-C) 4 h
after the photosynthetic period, plastids of ala’ mutants contained only rarely starch
grains (approximately 1 per plastid, Figure 28 D-F). This observation may point out a
lowered photosynthetic capacity of the mutant plants. Another striking abnormality of
ala1 plastids was the lack of grana stacks and an increased number of plastoglobuli.
The majority (approximately 65%) of the observed plastids displayed a diffuse, electron
dense structure similar to thylakoid lamellae lacking the typical grana stacks (Figure 28
D and F). Electron microscopy of chloroplasts from senescing leaves revealed structur-
al changes within these organelles such as an increase in the number and size of plas-
toglobuli, a disorientation of grana stacks and a swelling of thylakoid membranes
(Smart, 1994). It is assumed that the formation of plastoglobuli is associated with the
degradation of thylakoid membranes (del Rio et al., 1998), which is in concordance
with the ultrastructure found in ala? plastids. In addition to that, plastid-like structures
were found in approximately 15% of alal mesophyll cells. These structures were
similar to wild type plastids but they did not possess the outer membrane envelope as
a characteristic feature (Figure 28 E). It seems that the structures are formed due to an
instant plastid breakdown, as the inner structure was still intact. Moreover, the struc-
tures contained a high number of enlarged plastoglobuli. The remaining 20% of the
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observed plastids had wild type appearance and displayed grana stacks, starch grains
and only few plastoglobuli. Apart from ala1, plastid-like structures were only found in
the triple mutant ala1/10/11 but to a lesser extent (in approximately 5% of the cells,
Figure 28 Q). The altered plastidial morphology of ala1 mutants is in line with the plas-
tidial localization of ALA1 (chapter 3.3) and points out that the protein is probably re-
quired for proper plastid development.

Another peculiarity of ala’ mesophyll cells was a displacement of plasma membrane
from the cell wall, which was observed in approximately 60% of the cells. The pheno-
mena occurred only to a small extent (less than 5%) in cells of the other tested ala
mutants and never in wild type cells. These cellular changes may indicate a beginning
senescence progress within cells of ala mutants even before senescence symptoms
were detected (chapter 3.7.1). It is known that the plasma membrane undergoes struc-
tural changes during senescence and becomes more permeable (Thomas and Stoddart,
1980; Thompson et al., 1998; Woo et al., 2001), which affects tissue specific properties
leading to preparational artifacts of senescent tissue prior to electron microscopy. This
assumption is strengthened by the fact that membranes of wild type cells of the same
age were never displaced from the cell wall.

3.7.2 ala10 and ala11 accumulate abnormal membrane structures

The single mutant lines ala70 and ala11 shared a striking ultrastructural feature: Both
plant lines accumulated abnormal membrane structures within mesophyll cells (Figure
28 G-I and Figure 28 J-L, respectively). The abnormalities had a vesicle-like structure,
varied in size between 100 and 500 nm and were either cytoplasmatically located or
partly fused with the tonoplast of the central vacuole. Similar membrane abnormalities
were observed in mesophyll cells of the ala10/11 double (Figure 28 M-O) and ala1/10/11
triple mutants (Figure 28 P-R), where the vesicle-like structures were often additionally
intensely interspersed with smaller membrane abnormalities (Figure 28 M and Q). In
contrast, wild type and ala7 mutants did not accumulate abnormal membrane struc-
tures and cellular membranes were similar in appearance to wild type (Figure 28 A-C
and D-F, respectively). The localization of ALA10 and ALA11 to the plasmamembrane
or the tonoplast (chapter 3.3) and the occurrence of misshaped membranes either ori-
ginating from the plasma membrane or the tonoplast in ala10 and ala71 mutant lines
suggests an important role of these proteins in establishing and maintaining membrane
asymmetry or curvature as it has been discussed for other Ps-type ATPases (Zachowski,
1993; Daleke, 2003; Pomorski et al., 2004).
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Figure 28 (continued on next page): Subcellular morphology of ala mutant lines and wild type.
Depicted are transmission electron microscopic images of mesophyll cells from 6™ rosette leaves
at 28 DAG: A-C) wild type, D-F) ala1, G-H) ala10, J-L) ala11, M-O) ala10/11 and P-Q) ala1/10/11. CV
central vacuole, CW cell wall, M mitochondrion, P plastid, PLS plastid-like structure, V vesicle-like
structure (not fully fused to membrane), gs grana stacks, pg plastoglobule, sg starch grain, tm thylakoid
membranes. Scale bars: 1 ym.
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Figure 28 (continued from previous page): Subcellular morphology of ala mutant lines and wild
type. Depicted are transmission electron microscopic images of mesophyll cells from 6™ rosette
leaves at 28 DAG: A-C) wild type, D-F) ala1, G-H) ala10, J-L) ala11, M-O) ala10/11 and P-Q) ala1/10/11.
CV central vacuole, CW cell wall, M mitochondrion, P plastid, PLS plastid-like structure, V vesicle-like
structure (not fully fused to membrane), gs grana stacks, pg plastoglobule, sg starch grain, tm thylakoid
membranes. Scale bars: 1 ym.

It has to be mentioned that plastids with a diffuse structure similar to those of ala? mu-
tants (Figure 28 D-F) were only occasionally found in leaf cells of ala710 (less than 3%
of the cells, Figure 28 H) and might resemble artifacts. A reduction in the averaged plas-
tidial starch grain number from 6 (wild type) to 2-3 was found for plastids of ala70
(Figure 28 G-l), ala11 (Figure 28 J-L), as well as ala10/11 (Figure 28 M-O] and ala1/10/11
(Figure 28 P-R) but not to the same extend as for ala7 (chapter 3.7.1). A lower photo-
synthetic capacity of the mutant plants might be the reason for the reduction in plas-
tidial starch grains.
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3.7.3 Plastid sizes of ala mutant lines

Aside from membrane abnormalities, and alteration in plastid morphology, plastids of
ala mutants varied in size. Wild type mesophyll cells displayed an average plastid
length (measured following the thylakoid lamellar structure) of approximately 6610 nm
(Figure 29). Mutant lines ala1 and ala10 possessed approximately 15% larger plastids
(7560 and 7650 nm, respectively). Plastid sizes of the single mutant line ala71, the
ala10/11 double and ala1/10/11 triple mutant lines and were smaller (8% [6060 nm],
16% [5550 nm] and 18% [5440 nm], respectively). These results make it likely that mu-
tations in ALA genes affect plastid development. However, the altered plastid sizes in
ala mutant lines could be indirectly caused by other cellular deregulations (e.g. prema-
ture senescence, reduced cell size and lower chlorophyll content).
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3.8 Induction of senescence in ala mutant lines

Senescence can be induced by various factors, such as light, nutrient and water
availability and temperature (Gan and Amasino, 1997). So far, ala mutant lines and
wild type were investigated during natural development. The following experiments
were performed to study how ala mutants responded to different treatments regarding
their senescence process.

3.81 Senescence induction via glucose addition combined with nitrogen limitation

Leaf senescence of Arabidopsis thaliana is induced by plant cultivation in medium
containing high sugar concentration (2% glucose) combined with nitrogen limitation
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(s4.7 mM nitrogen, compared to full nourishing medium with 30 mM nitrogen; Wingler
et al., 2004). In order to test whether senescence can be artificially induced in ala mu-
tant lines by nitrogen limiting conditions, the plants were grown in sterile culture on agar
plates with senescence-inducing medium (half-strength MS [chapter 2.6.5.3] with 4.7 mM
nitrogen and 2% glucose) under standard conditions (16 h light of 120 ymol*m?*sec™
per day at 21° C). Senescence was equally accelerated in the tested ala mutants and
wild type plants (data not shown) and all tested ala mutant lines displayed the de-
scribed premature senescence phenotype of soil-grown plants (chapter 3.5.1). How-
ever, all plants (including wild type) had a smaller appearance, which was due to the
cultivation conditions. As a conclusion, the senescence inducing effect of low nitrogen
in combination with glucose addition is not dependent on ALA genes. ALA proteins are
of great importance during the senescence process, but it is likely that they are not
responsible for its induction.

3.8.2 Influence of phosphorus limitation on ala mutant lines

Phosphorus is an important macronutrient to the plant. Furthermore, the element is an
essential component of phospholipids (PL). Limitation in phosphorus to the plant causes
a shift from PL to non-phosphorus lipids like glycolipids to support membrane function-
ality and allowing photosynthesis (Yu et al., 2002; Andersson et al., 2003). Plants of ala
mutant lines and wild type were hydroponically grown (16 h light of 120 umol*m%*sec’
per day at 21° C, chapter 2.6.5.4) in full nourishing medium (500 yM phosphorus) and
phosphorus limiting medium (10 uM phosphorus) to investigate a possible influence of
limiting phosphorus on the plant phenotype and the senescence pattern. When grown
under phosphorus limiting conditions rosette size of all tested ala mutant lines including
wild type was reduced by approximately 60% compared to non-limiting conditions.
Apart from the finding that all tested plant lines including wild type started to senesce
approximately 5 days earlier under phosphorus limiting conditions compared to non-
limiting conditions, a variation of the found premature senescence pattern (chapter
3.5.1) amongst ala mutant lines was not observed (Appendix, Figure 43). Thus, it has
to be assumed that effects caused by low phosphorus in plants are not dependent on
ALA genes.

3.8.3 ala mutant plants are unable to recover after darkening

In contrast to individually darkened leaves, darkening of whole plants does not induce
senescence in rosette leaves (Weaver and Amasino, 2001). However, darkening of
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whole plants induces chlorophyll and protein loss in rosette leaves (Blank and McKeon,
1991a, b; Oh et al., 1996; Weaver et al., 1998), which is reversible (regreening effect)
by returning the plants to light within several days of the dark treatment (Blank and
McKeon, 1991a, b). To investigate the effect of darkness on the regreening ability of
ala mutant lines darkening for five days was applied: Wild type and ala mutant lines
were grown under standard conditions (16 h light of 120 pmol*m?®*sec™ per day at
21° C) for 25 days, before the onset of visible senescence symptoms in rosette leaves
occurs. Plants were then subjected to complete darkness. After 5 days the chlorophyll
loss was visually observed (Figure 30). All plants displayed a 45° angle leaf position
typical for dark-treated plants, which disappeared within the next two days when plants
were grown again under light. Thus far, all tested ala mutant lines displayed enhanced
leaf paleness and chlorophyll loss, whereas wild type leaves stayed green and showed
no obvious loss of chlorophyll. When plants were again grown under standard condi-
tions following the dark-treatment, ala mutants were unable to recover pale leaves. In-
stead, these leaves wilted completely during the next 5 days (Figure 30 B). The effect
had the same intensity in single mutants (ala1, ala10 and ala11) and was more promi-
nent in the double and triple mutant line (ala70/11 and ala1/10/11, respectively). When
the same treatment was conducted with plants in a later stage of development (starting
point of dark-treatment: 30 DAG) paleness and yellowing of rosette leaves was even
more pronounced. However, wild type responded with leaf yellowing to the treatment;
yet not to the same extent than the tested ala mutant lines (data not shown). Further-
more, wild type plants were still able to fully recover pale leaves after the darkness
treatment. These experiments point out that ALA proteins might be required for a
proper execution of the darkness recovering program.

WT alat ala10 ala11 ala10/11 ala1/10/11

A) 30dlight

) 25 d light
+ 5 d dark

Figure 30: Induction of leaf paleness via dark treatment. Depicted are representative plants of ala
mutant lines and wild type at 30 DAG A) grown without treatment and B) grown for 25 d followed by
complete darkness for five days. Scale bar: 5 cm.
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3.84 Short day conditions intensify premature senescence of ala mutant lines

Plant development is controlled by the availability of light. Short-day photoperiods de-
celerate plant development. Therefore, minor changes in premature senescence be-
tween different plant lines (e.g. ala10 and wild type, chapter 3.5.1) should be easier de-
tectable. In order to test this hypothesis ala mutant lines were soil-grown under short-day
(8 h light) photoperiodic length (120 pmol*m™?*sec™) at 21° C. The plants showed an
approximately 3-times greater life span compared to plants grown under long-day condi-
tions (16 h light). Additionally, the leaf biomass (larger leaf blades and higher leaf num-
ber) of all plants was increased (Figure 31 A and B). The average leaf number at bol-
ting was 45 for all tested plant lines. Under short day conditions ala mutant lines exhi-
bited earlier yellowing of rosette leaves compared to wild type. Premature senescence
symptoms, i.e. yellowing of rosette leaves and cotyledons, found under long-day condi-
tions (chapter 3.5.1) were enhanced under short-day conditions. First yellow rosette
leaves appeared on wild type plants around 60 DAG. In contrast, ala mutant lines exhi-
bited first yellow rosette leaves 14 d (ala70), 15d (ala11), 19d (alat), 24 d (ala10/11)
and 30 d (ala1/10/11) earlier than wild type. The observations point out that ALA genes
are necessary for a controlled progression of leaf senescence and plant growth.

3.8.5 Temperature positively influences growth of ala mutant lines

Ambient temperature influences vegetative growth. Gomés et al. (2000) reported re-
duced growth for Arabidopsis thaliana ala1 antisense plants when grown at 12 °C. To
investigate the impact of temperature on plant growth and senescence patterns of ala
mutant lines, the plants were grown under low (16 °C) and elevated (24 °C) tempera-
ture conditions and compared to wild type.

3.8.5.1 Low temperature intensifies premature senescence symptoms of ala mutants

WT and ala mutants grown under low temperature (16 °C, 16 h light per day) showed a
prolonged life span (Figure 31 C) that was approximately 2.5-times longer compared to
plants grown under standard conditions (21 °C, 16 h light per day; Figure 31 A). The
leaf number of all plant lines was increased to approximately 49 at bolting compared to
16 at bolting under standard conditions (chapter 3.5.1). At the same time, senescence
symptoms of all plants cultivated under low temperature appeared earlier during devel-
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opment compared with plants grown under standard conditions: Wild type plants dis-
played first yellow rosette leaves around 35 DAG. In contrast, leaf yellowing of alaf
started at 30 DAG. Leaf yellowing in ala10 occurred at 33 DAG, in ala11 at 31 DAG, in
ala10/11 at 28 DAG and in ala1/10/11 at 25 DAG. Similar results (prolonged life span
and premature senescence symptoms) were recorded when ala mutants were grown at
12 °C (data not shown). Additionally, ala mutants displayed a reduction in rosette growth
of approximately 25 % compared to plants grown under standard conditions. However,
the life span of the mutant plants was longer than 140 days and for that reason not
suitable for further experiments. Thus, it can be concluded that low temperature in-
duces senescence in ala mutant lines, which might be due to an alteration in membrane
characteristics as the proteins are supposed to flip lipids in biological membranes (Tang
et al., 1996; Ding et al, 2000; Gomeés et al., 2000; Poulsen et al., 2008b; Puts and
Holthuis, 2009). These observations are consistent with the notion that ALA proteins
are responsible for plant cold stress adaptation as suggested by Gomeés et al. (2000).

WT alat ala10 alat11 ala10/11 ala1/10/11
A)  long day
B) 2?11;5(: day
C)  long day
D) iong cay

Figure 31: Phenotypes of ala mutant lines and wild type under different growing conditions. Depic-
ted are rosettes of representative examples at 50 DAG grown under A) long day (standard condi-
tions), B) short day, C) low temperature (16 °C). Scale bar: 5cm. D) Plants at 25 and 50 DAG of
representative examples under elevated temperature (24 °C). Scale bar: 5cm. Long day = 16 h light
per day, Short day = 8 h light per day (120 pmol*m'z*sec'1).
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3.8.5.2 ala mutants display a transient phenotype occurring below 24 °C

When low temperature positively influenced the progression of senescence in ala mu-
tant lines it was interesting to know if elevated temperature had the opposite effect on
the plants. For that reason ala mutants and wild type were grown in soil at 24 °C (16 h
light per day). The described premature senescence symptoms as well as the reduc-
tion in rosette size of ala mutant lines (chapter 3.5.1) diminished largely (Figure 31 D).
At 25 DAG all investigated mutant plants were indistinguishable from wild type. Later
during development (50 DAG) ala1 plants displayed a reduction in rosette size by 20%
compared to wild type. Differences in the onset and progression of leaf senescence
were not found for any ala mutant line in comparison with wild type. When the experi-
ment was repeated with an ambient temperature of 28 °C, ala mutants as well as wild
type displayed obvious stress symptoms and thinner elongated leaf blades (data not
shown). However, all ala mutant plants were indistinguishable from wild type. The ex-
periments clearly point out that ala mutants display a phenotype only occurring at tem-
peratures below 24 °C. Lower temperatures influence the senescence process and plant
growth of ala mutant plants suggesting a role of ALA proteins in the adaptation to cold.

3.9 Lipid measurements of ala mutant lines

Ps-type ATPases are supposed to act as flippases that shuffle phospholipids (PL)
between the two leaflets of biological membranes (Devaux et al., 2006; Pérez-Victoria
et al., 2006; Lenoir et al., 2007; Paulusma et al., 2008). To gather more information on
effects on membranes caused by ALA proteins in planta lipid analyses were conducted
using soil-grown ala mutant lines and wild type (16 h light per day, 120 ymol*m®sec™,
21° C). In order to avoid senescence dependent changes in membrane lipid composi-
tion of the plants and thus assuring comparability, the experiments focused on the 6"
rosette leaf of soil-grown 30-day-old plants (16 h light per day of 120 pmol*m®*sec™,
21° C) when no visible senescence symptoms were detectable.

3.91 Total fatty acid analysis

Fatty acids (FA) are essential components of PL and lipids in general. As FA are only
indirectly measurable via gas chromatography (GC) by their corresponding fatty acid
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methyl esters (FAME; chapter 2.9.5), FA were first extracted from pooled 6™ rosette
leaves (chapter 2.9.1) and then converted to FAME (chapter 2.9.4). Measurements of
corresponding FAME from total FA (i.e. the sum of 16:0, 16:1, 16:2, 16:3, 18:0, 18:1,
18:2, 18:3, 20:0, 20:1, 22:0 and 22:1 FA) deriving from total lipid extracts resulted in
6.528 pmol/g FW in wild type. Slightly higher FA levels were detected in single ala mu-
tant lines (alat1: 3%, ala10: 4%, ala11: 18% more FA compared to wild type) and nota-
bly higher FA levels in the double and triple mutant line (ala10/11: 28%, ala1/10/11: 58%;
Figure 32 A). The higher total FA content of the single mutant ala771 and especially the
ala10/11 double and ala1/10/11 triple mutant correlated negatively with the reduction in
cell size of the mutants (chapter 3.5.2) and underlines the finding of smaller cells within
these mutant lines. Smaller cells exhibit a higher membrane/cell lumen ratio and con-
sequently more membranes and, thus, more total FA per gram fresh weight are meas-
ured. Eliminating the water, which accounts for the majority of cell weight, all ala mu-
tants have an equal FA amount per gram material. The analysis of total FA via FAME
measurement performed on dry, lyophilized material revealed no statistically significant
alterations in total FA levels between ala mutants and wild type. Absolute FA amounts
of approximately 100 pmol/g dry weight were detected (Figure 32 B).
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Figure 32: Total FA content in 6™ rosette leaves at 30 DAG from ala mutant lines and wild type.
Diagrams depict absolute amounts of FA (mean * S.D., n=3) from A) fresh material (fresh weight)
and B) lyophilized material (dry weight). Amounts were calculated as pmol FAME per g material.
Statistically significant differences compared to wild type are indicated with asterisks (** P < 0.01).

Ps-type ATPases are supposed in lipid flipping (Devaux et al., 2006; Lenoir et al., 2007,
Paulusma et al., 2008), however, to date it is not known whether the proteins show
specificity for lipids with a certain FA composition. Mutants with a disruption in ALA
genes should display a deregulated FA composition in case such specificity exists. To
test this hypothesis, FA profiles from total lipids of ala mutants were analyzed for their
FA composition and compared with wild type. Analyzing the FAME profiles, and thus,
the FA profiles, no differences between ala mutant lines and wild type were found
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(Figure 33). The main FA was 18:3 (linolenic acid) representing approximately 50% of
total FA in the plants. 16:0 (palmitic acid), 18:2 (linoleic acid) and 16:3 (hexadecatri-
enoic acid) FA were less prominent, constituting approximately 18%, 15% and 12% of
the totality of FA, respectively. It seems that the investigated ALA proteins do not prefer
lipids with certain acyl chains as substrates.
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Figure 33: Total FAME profiles of ala mutant lines and wild type. Diagram shows FAME profiles
(mean values % S.D., n=3) derived from a total lipid extraction of 6" rosette leaves at 30 DAG given
in relative percentage of total FAME. Portions below 1% are not shown. 16:0 palmitic acid, 16:1
palmitoleic acid, 16:3 hexadecatrienoic acid, 18:0 stearic acid, 18:1 oleic acid, 18:2 linoleic acid,
18:3 linolenic acid, 20:1 eicosenoic acid.

3.9.2 Lipid class profiles

Ps-type ATPases are supposed to flip PL (Devaux et al., 2006; Pérez-Victoria et al.,
2006; Lenoir et al., 2007; Paulusma et al., 2008) and analyzing the total FA composi-
tion might be an improper way to unravel a deregulated lipid composition in P4-type
ATPase mutant plants as PL count only for a minor part of plant lipids. In general, neu-
tral lipids and glycolipids (GL) represent the major fractions of lipids in green plant tis-
sues. In order to gain deeper insights in the FA composition of different lipid groups,
especially PL, total lipids of ala mutant and wild type plants were extracted (chapter
2.9.1) and fractionated via solid-phase extraction into neutral lipids, GL and PL (chap-
ter 2.9.2). Subsequently, FAME profiles deriving from FA of PL and GL were deter-
mined (chapter 2.9.4 and chapter 2.9.5). The comparison of FAME profiles deriving
from PL (Figure 34 A) revealed linolenic acid with approximately 37% as the main PL-
bound FA. Palmitic acid, linoleic acid and 18:0 (stearic acid) represented approximately
26%, 18% and 8%, respectively. Among the FA deriving from GL, linolenic acid and
20:1 (eicosenoic acid) occupied each approximately one third of the FA within this lipid
class (Figure 34 B). Hexadecatrienoic acid, palmitic and stearic acid represented ap-
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proximately 15%, 8% and 8%, respectively. Comparing FAME profiles of ala mutant
lines revealed no statistically significant alterations among the mutant lines, regardless
whether FAME derived from PL or GL. The FAME profiles of total PL and GL were
identical to wild type profiles and no net change occurred. Thus, it has to be assumed,
that there is no substrate specificity of ALA proteins for certain FA acyl chains in PL.
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Figure 34: FAME profiles of ala mutant lines in comparison to wild type. Depicted are averaged
FAME profiles * S.D. of A) phospholipids and B) glycolipids of pooled 6" rosette leaves at 30 DAG.
The amount of FAME is given in relative percentage of total PL/GL FAME. Portions of FAME below
3% are not depicted (n=3). 16:0 palmitic acid, 16:3 hexadecatrienoic acid, 18:0 stearic acid, 18:1 oleic
acid, 18:2 linoleic acid, 18:3 linolenic acid, 20:1 eicosenoic acid.

3.9.3 Analysis of phospholipids

As PL are the supposed substrates for P4,-type ATPases (Tang et al., 1996; Pomorski
et al., 2003; Poulsen et al., 2008a) this lipid class was analyzed in more detail in P4-
type ATPase mutants. In order to reveal the single lipid species composition of PL in
ala mutants and wild type plants, total lipids were extracted (chapter 2.9.1), PL fraction-
ated via solid-phase extraction (chapter 2.9.2) and separated on silica plates via thin
layer chromatography (TLC; chapter 2.9.3) into single PL species. PL standards were
used to locate single lipid species on the chromatography plates, which were subse-
quently scraped off, converted into FAME (chapter 2.9.4) and analyzed (chapter 2.9.5).
It has to be mentioned, that Pl and PS have similar running characteristics and the two
lipids were therefore analyzed together. Phosphatidylethanolamine (PE) was the most
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prominent lipid species among PL with approximately 35% in wild type 6" rosette
leaves. Phosphatidylcholine (PC), phosphatidylglycerol (PG) and phosphatidic acid (PA)
reached 28%, 25.5% and 9%, respectively. Phosphatidylinositol (PI) together with phos-
phatidylserine (PS) represented the smallest fraction with 3.5% within the PL classes.
As for the analysis of total PL, no significant changes between ala mutant lines and
wild type were found when comparing amounts of single PL classes (Table 28). Statis-
tics could not be applied to the obtained results as the measurements were carried out
only once, however, a tendency among the ala mutant lines in comparison to wild type
was noticeable. It seemed that the relative amount of PC was reduced in all tested ala
mutant lines (Table 28). Additionally, mutant lines ala70, ala11 and the double mutant
line ala10/11 seemed to display reduced relative amounts in Pl + PS and in return in-
creased relative amounts of PA (ala10 and ala10/11) or PG (ala11). Apart from a re-
duction in the relative PC amount in ala7, the mutant line displayed reduced relative
amounts of PE and PA. Relative amounts of PG were increased in return and no
changes were observed in the amount of PA. The triple mutant line ala1/10/11 displayed
reduced relative amounts in PE aside from PC. In return relative amounts of Pl + PS,
PA and PG were increased. As a conclusion from these measurements, it seems that
ALA proteins prefer to flip certain PL across biological membranes due to a deregula-
tion of PL species in the corresponding ala mutants. However, this result requires
reconfirmation by biological replicates.

Table 28: PL species in wild type and ala mutant lines. Table lists relative proportions of six identi-
fied PL species (PC, PE, PI [+ PS], PA and PG) within 6" rosette leaves at 30 DAG. Values are given
in percentages and represent the proportions of a specific lipid species per total identified PL.
PA phosphatidic acid, PC phosphatidylcholine, PE phosphatidylethanolamine, PG phosphatidyl-
glycerol, Pl phosphatidylinositol, PS phosphatidylserine. Data were obtained from one experiment.

Phospholipid species

Line PC PE Pl+PS PA PG

WT 2965 34.93 3.43 8.71 23.38
alat 27.36  30.09 3.65 6.69 32.12
ala10 28.28 34.35 201 1158 23.68
ala11 2549 3421 2.85 8.10 28.34
ala10/11 2574 38.19 291 1117 21.99
ala1/10/11 28.19 30.87 7.70 941 23.83

Furthermore, the individual PL species in 6" rosette leaves of ala mutants and wild
type at 30 DAG were analyzed regarding their FA composition. Comparing FAME pro-
files derived from different PL species, variations within the FA composition were de-
tectable (wild type data, Table 29). However, no alterations in FAME profiles of any
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tested PL species (PC, PE, PI + PS, PA and PG) were found between ala mutant lines
and wild type (data not shown). The main FA in PC was palmitic acid (44% of total FA,
approximately) followed by stearic acid, linolenic and linoleic acid (approximately 16%,
14% and 14% of total FA, respectively). FA bound to PE were mainly linolenic acid (ap-
proximately 54% of total FA), palmitic acid (approximately 26% of total FA) and linoleic
acid (approximately 11% of total FA). PI- and PS-bound FA were palmitic acid (approx-
imately 35% of total FA), linolenic and linoleic acid (approximately 27% and 24% of total
FA, respectively.) The main FA in PA were palmitic acid (approximately 42%), linoleic
acid (approximately 19%), linolenic acid (approximately 17%) and stearic acid (approxi-
mately 15% of total FA). FA deriving from PG were mainly palmitic acid (approximately
32% of total FA), linolenic acid (approximately 26% of total FA) and palmitoleic acid (19%
of total FA, approximately). The measurements point out once more that the FA com-
position of lipids seems to be of no importance to P,-type ATPases.

Table 29: FAME profiles of single PL species in wild type 6™ rosette leaves at 30 DAG. Relative
amounts of FAME are given in percentages of total FAME within the same lipid species. 16:0 palmi-
tic acid, 16:1 palmitoleic acid, 18:0 stearic acid, 18:1 oleic acid, 18:2 linoleic acid, 18:3 linolenic
acid, 20:2 eicosadienoic acid. Data were obtained from one measurement.

Fatty acid methyl esters
Lipid species 16:0 16:1 18:0 18:1 18:2 18:3 20:2

(92) (9/112) (92,12Z) (92,122,15Z) (11Z,142)
PC 4359 137 1595 845 1358 13.80 2.65
PE 26.08 169 449 164 1143 5375 <1
Pl +PS 3452 <1 6.78 470 24.00 2712  1.33
PA 4156 261 1502 283 1919 1652  1.91
PG 3175 1882 806 532 9.18 26.11 <1
3.94 ala mutants show a retarded desaturation of PL during cold adaptation

Plants respond to cold stress with an increase in unsaturated FA bound to PL and thus
maintain membrane fluidity at lower temperature (Hugly and Somerville, 1992; Nishida
and Murata, 1996). The level of unsaturation of membrane FA in Arabidopsis thaliana
correlates inversely with the growth temperature (Falcone et al., 2004). Furthermore, it
has been suggested that P4-type ATPases are involved in plant cold stress adaptation
(chapter 3.8.5; Gomeés et al., 2000). To determine, whether cold stress had an influ-
ence on the saturation degree of PL-bound FA, ala mutants and wild type plants (soil-
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grown, 16 h light of 120 pmol*m?*sec™ per day at 21° C) were subjected to a cold-treat-
ment of 12 °C for 4 and 8 h at 30 DAG of their development. Pooled 6™ rosette leaf ma-
terial was sampled before (0 h) and after the cold-treatment (4 and 8 h). Total lipids
were extracted (chapter 2.9.1), PL fractionated (chapter 2.9.2) and profiles of total PL-
derived FA determined (chapter 2.9.4 and chapter 2.9.5). No statistically significant dif-
ferences between FA profiles of total PL in wild type and ala mutant lines were
observed before subjection of the plants to 12 °C (Figure 35 A, comparable to previous
measurements in chapter 3.9.2): Among the FA derived from PL of wild type plants
approximately 48% were saturated while 52% were unsaturated. After 4 h of cold
adaptation, no differences in PL derived FA profiles of wild type and ala mutant plants
were observed and ala plants were indistinguishable from each other and wild type
(data not shown). After the 8 h cold-treatment differences in FA composition among PL
between ala mutants and wild type plants were detectable (Figure 35 B): Wild type
plants displayed a reduction in saturated FA (palmitic and stearic acid) and in return an
increase in poly-unsaturated FA (linoleic and linolenic acid) resulting in approximately
38% saturated and 62% unsaturated FA. In contrast, ala mutant plants did not display
that tendency; the degree of unsaturated PL-derived FA was maintained over the
duration of the experiment and resulted in similar relative amounts before and after the
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Figure 35: FAME profiles derived from PL of ala mutant lines and wild type during cold adaptation.
Depicted are mean FAME profiles * S.D. of pooled rosette leaf 6. Plants were grown until 30 DAG at
21 °C and analyzed A) before (0 h) and B) after subjection to 12 °C for 8 h. Data represent two
measurements with averaged values * S.D., statistically significant differences to wild type are
marked with an asterisk (* P < 0.05). Arrows indicate changes, i.e. increase or decrease (P < 0.1) in
the relative amount of FAME before and after the plants were subjected to cold. 16:0 palmitic acid,
18:0 stearic acid, 18:1 oleic acid, 18:2 linoleic acid, 18:3 linolenic acid.
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application of cold to the plants. In order to test if the FA composition of wild type and
ala mutants differs under prolonged exposure to cold, an additional adaptation ex-
periment with 25-day-old plants (soil-grown at 21 °C) was performed. Wild type and ala
mutant plants were subjected to 12 °C for 10 days and FA of total PL extracts were
analyzed from pooled 6" rosette leaves. However, no differences between FA profiles
of total PL were observed in wild type and ala mutant lines (data not shown). A temper-
ature shift to lower temperatures clearly induces unsaturation in FA of PL in wild type
plants as described by Falcone et al. (2004). However, ala mutants present a delayed
response to cold treatment by a retarded unsaturation of FA. Thus, it seems that ALA
proteins are necessary for a quick response to cold treatment via the reallocation of PL
with newly desaturated FA. The delay in membrane lipid reallocation might be respon-
sible for the cold-sensitive phenotype of ala mutants (chapter 3.8.5).

3.10 Characterization of ALA1, ALA10 and ALA11

A direct biochemical characterization of plant membrane proteins within the plant might
be difficult to realize when dealing with protein families as in the case of Ps-type ATP-
ases (chapter 3.9). The Saccharomyces cerevisiae triple mutant strain ZHY709 (Adrs2-
Adnf1Adnf2) represents a suitable tool for the functional characterization of ALA pro-
teins as it lacks three endogenous P4-type ATPases (Dnf1p, Dnf2p and Drf2p) causing
sensitivity to temperatures below 23 °C (Hua et al., 2002) and deficiencies in the up-
take of fluorescently labeled PL (Poulsen et al., 2008b). A successful suppression of
the cold-sensitive Adrs2Adnf1Adnf2 phenotype by inducible heterologous expression of
Arabidopsis ALA1, ALA10 and ALA11 proteins in the mutant cells would suggest these
Ps-type ATPases as functional lipid flipping enzymes.

3.101 ALA expression in Adrs2Adnf1Adnf2 yeast cells

Recently, Poulsen et al. (2008b) identified ALIS subunits that interact with ALA3.
ALIS1, 3 or 5 expressed in combination with ALA3 are necessary to complement the
cold-sensitive phenotype of Adrs2Adnf1Adnf2 cells. In order to analyze the capability of
ALA1, ALA10 and ALA11 alone or in combination with ALIS1, 3 or 5 to complement the
cold-sensitive phenotype of Adrs2Adnf1Adnf2, the proteins need to be heterologously
expressed in these cells. Equally strong expression of both ALA and ALIS proteins in
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yeast was aimed using the expression plasmid pRS423-GAL1-10 containing a bidirec-
tional galactose-inducible promoter (GAL1-10; Johnston and Davis, 1984; Poulsen et al.,
2008b). The laboratory of Dr. M. G. Palmgren, University of Copenhagen, Denmark,
kindly provided the plasmids used in this section (Table 11). cDNA of Arabidopsis tha-
liana ALA1, ALA10 and ALA11 (without stop codon) were cloned to the 5 end of the
GAL1-10 promoter to express single ALA proteins. In case of ALA1 an HA-tag was in-
troduced 3’ to the cDNA. In addition, plasmids were generated carrying ALA1, ALA10
or ALA11 at the 5 end of the GAL1-10 promoter and A. thaliana ALIS1, ALIS3 or
ALIS5 cDNA (without stop codon) at the 3’ end of the GAL1-10 promoter in order to ex-
press ALA and ALIS proteins together at the same time. An RGSH;-tag was added to
the 3’ end of the ALIS cDNA. The plasmids were transformed into Adrs2Adnf1Adnf2
mutant cells (chapter 2.6.4) and positive transformants were selected on selective SD
media plates. Cells were then grown in selective media under non-inducing conditions.
The media was replaced with protein-inducing media while the cells were within the ex-
ponential phase (chapter 2.13.2) and cells were then incubated for 12 h. Total cell ly-
sates and total membranes of Adrs2Adnf1Adnf2 cells were examined for expressed pro-
tein traces via immunodetection (chapter 2.13.3). No signal was obtained for ALA1 in
total membrane extracts or total cell lysate (Figure 36 A). Nevertheless, expression of

Adrs2Adnf1Adnf2
Detected protein empty ALA1 ALA1/ ALA1/ ALA1/ ALA3/ Size
ALIS1 ALIS3 ALIS5 ALIS1
<— 140 kDa
A) ALA-HA a——
<— 100 kDa

<— 40kDa
<-— 30kDa

empty ALA10 ALA10/ ALA10/ ALA10/ ALA3/
ALIS1T ALIS3 ALIS5 ALIS1

Fr .

B) ALIS-RGSH,

| <—— 30kDa

empty ALA11 ALA11/ ALA11/ ALA11/ ALA3/
ALIS1T ALIS3 ALIS5 ALIS1

ALIS-RGSH - 0kda
c) T - e

Figure 36: Inmunodetection of ALA and ALIS proteins in yeast. Total membrane extraction from
Adrs2Adnf1Adnf2 cells expressing A) ALA1, B) ALA10 and C) ALA11 alone and in combination with
ALIS proteins 1, 3 or 5. Detection was carried out with monoclonal mouse anti-HA AB (for HA-
tagged ALA proteins, dilution 1:1000), monoclonal mouse anti-RGSHe-AB (for RGSHe¢-tagged ALIS
proteins, dilution 1:5000) and peroxidase-linked goat anti-mouse AB (secondary AB, dilution 1:5000).
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ALIS proteins resulted in strong positive signals within the expected range of approxi-
mately 39 kDa. A fragmentation of ALIS bands was observed in the western blot argu-
ing for posttranslational modifications of the proteins that might be carried out by glyco-
sylation. Weaker detection signals were observed when the immunodetection was
conducted on total cell lysate (data not shown). Adrs2Adnf1Adnf2 cells co-expressing
ALA3 and ALIS1 served as a positive control and resulted in detectable signals for ALA3
(approximately 130 kDa) and ALIS1 proteins, again fragmentation of ALIS1 signals was
observed. Expression plasmids carrying tagged versions of ALA10 and ALA11 were not
available and an immunodetection of these proteins was therefore not practicable. How-
ever, ALIS1, 3 or 5 proteins were detected successfully in total membrane extracts from
cells transformed with an expression plasmid containing either ALA10 or ALA11 in
combination with ALIS7, 3 or 5 under protein inducing conditions (Figure 36 B and C).
The results show that at least ALA1 is not properly expressed or rapidly degraded after
its translation in yeast cells.

3.10.2 Complementation of Adrs2Adnf1Adnf2 cells by ALA expression

It is known that the Arabidopsis Ps-type ATPase ALA1 complements the cold-sensitive
phenotype of yeast mutant strain Adrs2, which is deficient in the Golgi-localized P4-type
ATPase Drs2p (Gomés et al., 2000). Additionally, ALA3 in combination with ALIS pro-
teins (ALIS1, 3 or 5) as an interacting subunit complements the cold-sensitive pheno-
type of the Adrs2Adnf1Adnf2 mutant strain (Poulsen et al., 2008b), which is deficient in
the two plasma membrane localized P,-ATPases Dnf1p and Dnf2p and in the Golgi-lo-
calized Drs2p (Hua et al,, 2002). In order to test whether ALA1, ALA10 and ALA11
alone or in combination with ALIS1, 3 or 5 have the ability to complement the cold-sen-
sitive phenotype of the triple mutant strain Adrs2Adnf1Adnf2, drop-tests under standard
conditions (30 °C) and low temperature (20 °C) were conducted (chapter 2.13.1). pRS423-
GAL1-10 expresssion vectors carrying ALA1, ALA10 and ALA11 alone or in combina-
tion with ALIS1, 3 or 5 (chapter 3.10.1; Table 11) were transformed into Adrs2Adnf1-
Adnf2 cells. Positive transformants were selected, grown and spotted in a dilution series
onto agar plates with or without inductive media. Yeast wild type cells transformed with
an empty pRS423-GAL1-10 vector served as negative control and Adrs2Adnf1Adnf2
cells transformed with the pRS423-GAL1-10 vector carrying Drs2 from S. cerevisiae as
positive control. One set of plates was incubated at 30 °C for 2-3 days serving as a
control under standard conditions (Appendix, Figure 44 A), the other set was incubated
at 20 °C for 5-7 d in order to see effects of the expressed proteins on the cold-sensitive
Adrs2Adnf1Adnf2 phenotype under low temperature (Appendix, Figure 44 B). Cells of
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the Adrs2Adnf1Adnf2 mutant strain displayed nearly wild type growth under standard
conditions. When harboring an expression plasmid with ALA7 alone and in combination
with ALIS1, 3 or 5 subunits, the cells displayed a minor reduction in growth. The same
growth rates were observed for normal (GLU) and protein expression inducing (GAL)
conditions (Appendix, Figure 44 A). Yeast wild type cells displayed a 2-3-fold reduction
in doubling time when grown at low temperature compared to standard conditions. In
contrast, growth of the Adrs2Adnf1Adnf2 mutant strain was reduced 10-15-fold. The
Adrs2Adnf1Adnf2 cells were barely able to grow when harboring an expression plasmid
with ALA1 alone and in combination with ALIS7, 3 or 5 subunits indicating an altered
metabolism and a possible malfunction at the translational level. The same growth be-
havior was observed under protein expression inducing conditions (Appendix, Figure
44 B). Adrs2Adnf1Adnf2 control cells expressing yeast Drs2p were able to grow under
protein expression inducing conditions at low temperature to the same extent as wild
type cells indicating a successful complementation of the cold-sensitive phenotype of
Adrs2Adnf1Adnf2 cells by Drs2p. These results were confirmed by threefold repetition
of the drop-test using freshly transformed yeast cells each time. Drop-tests conducted
with cells harboring expression plasmids carrying ALA10 or ALA11 either alone or in com-
bination with ALIS subunits displayed similar results (data not shown). Excluding tech-
nical difficulties, it must be assumed that the complementation of the cold-sensitive phe-
notype of Adrs2Adnf1Adnf2 cannot be achieved either by single ALA proteins (ALA1,
ALA10 or ALA11) or by the combination of ALA proteins with their ALIS subunits 1, 3 or
5. Using the Adrs2Adnf1Adnf2 system, no background from endogenous P4-ATPase
activity is expected at the plasma membrane level (Poulsen et al., 2008b) and, thus,
even trace amounts of functional ALA/ALIS protein complexes reaching the plasma
membrane should eventually result in a detectable internalization of fluorescently la-
beled PL analogs. The obtained results underline the previoulsly found expression diffi-
culties of ALA1, ALA10 and ALA11 proteins in Adrs2Adnf1Adnf2 cells (chapter 3.10.1)
and the ability of ALA1, ALA10 and ALA11 to complement the cold-sensitive phenotype
of Adrs2Adnf1Adnf2 cells remains elusive.

3.10.3 Inward lipid translocase activity test of ALA1

Several reports suggest a lipid inward transport activity for P,-type ATPases from the
outer to the inner membrane leaflet (Zachowski et al., 1989; Tang et al., 1996; Pomorski
et al., 2003; Alder-Baerens et al., 2006; Natarajan and Graham, 2006). An internalization
of PS using reconstituted yeast microsomes was shown for ALA1 (Gomes et al., 2000).
Studies with ALA3 demonstrated an internalization of PE in yeast cells when expressed
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in combination with the interacting subunit ALIS1 (Poulsen et al., 2008b). To test whether
ALA1 alone or in combination with its supposed interacting subunit is capable of inter-
nalizing PL in yeast cells, the same set of expression plasmids as for the complemen-
tation analysis (3.10.2) was used to transform the Adrs2Adnf1Adnf2 mutant strain. The
lipid internalization assay from Poulsen et al. (2008b) was adapted and internalization
of fluorescently labeled PE, PS and PC of the cells was observed via fluorescence-as-
sisted cell sorting (FACS; chapter 2.13.2). Yeast wild type and the triple mutant strain
Adrs2Adnf1Adnf2 served as positive and negative control (respectively, both transformed
with the empty expression vector pRS423-GAL1-10). Fluorescence histograms of wild
type cells revealed a significant increase in fluorescence signals when incubated with
NBD-PE, -PS or -PC (Appendix, Figure 45). In contrast, Adrs2Adnf1Adnf2 cells showed
no increase in fluorescence independently from incubation with NBD-labeled lipids.
Comparable results were obtained for Adrs2Adnf1Adnf2 cells harboring an expression
plasmid either with ALA71 alone or in combination with AL/S1, 3 or 5 indicating no sig-
nificant internalization of exogenously applied NBD-labeled PE, PS and PC (Appendix,
Figure 45). The result was validated by two independent repetitions of the experiment.
Due to the described expression difficulties of ALA1 (chapter 3.10.1) no conclusions
can be drawn from the performed experiments regarding the PL internalization capabil-
ity of ALA1 in Adrs2Adnf1Adnf2 cells. However, it can be concluded, that ALIS1 and
ALIS3 have an impact on the cells as small populations of Adrs2Adnf1Adnf2 cells dis-
played an increase in fluorescence signal intensity when harboring an pRS423-GAL1-
10 expression plasmid containing ALA7 in combination with ALIS7 or ALIS3 (Appendix,
Figure 45). This observation suggests an altered growth rate for Adrs2Adnf1Adnf2 cells
when expressing ALIS1 and ALIS3.
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4 DISCUSSION

4.1 Relation of ALA proteins to senescence

The main purpose of leaf senescence is nutrient recycling. Sugars, amino acids and
anions derived from protein degradation are the major targets of nutrient remobilization
during senescence supporting the growth of young tissues (Diaz et al., 2005; Wingler
et al., 2005; Diaz et al., 2006; Masclaux-Daubresse et al., 2008). Long-distance trans-
port of these nutrients is thought to take place via the phloem (Hill, 1980). However, the
substances have to leave their sites of origin reaching the sites where long-distance
transport originates. In order to overcome cellular membrane barriers, membrane local-
ized transport proteins are thought to be necessary. Little is known of the genes whose
products facilitate nutrient remobilization from senescing tissue and only a few senes-
cence-associated transport proteins have been reported so far (Himelblau and Amasino,
2001). Quirino et al. (2001) related SFP1, a monosaccharide transporter, to the senes-
cence process and found increased SFP1 transcript amounts during Arabidopsis leaf
senescence. More recently, Fan et al. (2009) identified NRT1.7 as an inorganic nitrate
transporter with a special role in the remobilization of nitrate from older, senescing
leaves into nitrogen-demanding tissues like younger leaves and developing seeds.

With the help of expression profiling studies it was possible to identify more senescence-
associated transport proteins (Buchanan-Wollaston et al., 2003; Buchanan-Wollaston
et al., 2005). Van der Graaff et al. (2006) found increased expression levels for 153
genes coding for transmembrane proteins with more than three transmembrane spans
during natural leaf senescence pointing out that transmembrane proteins play a vital
role within this process. The number of up-regulated transport proteins during senes-
cence was approximately 2.5 times higher than that of down-regulated transport pro-
teins indicating an increased demand for transport processes across membranes within
this process. Not surprisingly, the number of amino acid and oligopeptide transporter
correlated with protein degradation taking place during senescence and the resulting
need for an export of the degradation products (Hortensteiner and Feller, 2002; van der
Graaff et al., 2006). For example PTR3, a peptide transporter, so far known to be salt-
and wounding-inducible (Karim et al., 2007), displayed increased transcripts in leaves
during aging (van der Graaff et al., 2006). Similarly, ECA3 transcript amounts were
induced during senescence. ECA3 is known as a Ca®*/Mn* transporter and belongs to
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the P,A-type ATPases. Li et al. (2008) localized the protein to the endoplasmatic reticu-
lum (ER) and described for three independent eca3 T-DNA insertion mutants a severe
reduction in root growth and altered secretory processes in root cells. However, the
senescence-associated role of these proteins has yet to be proven experimentally. The
same is true for RAN1, a P,B-type ATPase involved in the the import of copper ions in
the post-Golgi compartment (Hirayama et al., 1999; Woeste and Kieber, 2000), which
showed increased transcript amounts during senescence (van der Graaff ef al., 2006).

Based on the expression data from van der Graaff et al. (2006) three members of the
ALA gene family displayed a more than 4.5-fold higher transcript amounts during
natural occurring leaf senescence of Arabidopsis thaliana (ALA1: 4.7-fold [absolute val-
ues: 4034 — 18828], ALA10: 5.3-fold [absolute values: 1750 — 9222] and ALA11: 9.7-
fold [absolute values: 2491 — 24283]). These data were verified in this work and partly
resulted in even higher changes in transcript levels of these Ps,-type ATPase genes
(chapter 3.1; ALA1: 20-fold, ALA10: 6-fold and ALA11: 225-fold) suggesting a vital role
for ALA1, ALA10 and ALA11 within the leaf senescence program. Publicly available
expression data from independent experiments performed on specific tissues and
organs at the Arabidopsis Membrane Protein Library (AMPL; http://wardlab.cbs.umn.edu/
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Figure 37: Microarray expression data of ALA1, 10 and 11 from the Arabidopsis Membrane Protein
Library during development of Arabidopsis ecotype Col-0. Y-axis of the bar graphs represents the
absolute signal strength. The data follow a developmental series from left to right with samples
from seedling on the left through developing seeds on the right and are presented as means of
three hybridizations. cot cotyledons, hyp hypocotyl, rts roots, sapx shoot apex, If leaves, sdgr
green seedling, pet petiole, Ifbs proximal leaf half, Iftp distal leaf part, Isen senescing leaves, caul
cauline leaves, stin/stnd stem (1°'/2"" internode).
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arabidopsis/) also link ALA1, 10 and 11 to senescence (Ward, 2001; Figure 37).
Comparable expression results are obtained using the Electronic Fluorescent Picto-
graph (eFP; http://bar.utoronto.ca/efp/ cgi-bin/efpWeb.cgi; Winter et al., 2007; Appen-
dix, Figure 46)

It has been shown that WRKY transcription factors play a key role in the regulation of
senescence (Robatzek and Somssich, 2001; Miao et al., 2004; Eulgem and Somssich,
2007). WRKY transcription factors recognize W-boxes (TTGAC) and such cis-elements
were found in the promoters of many senescence-associated genes (Miao et al.,
2004). Although a single W-box within a promoter might be sufficient for a WRKY-medi-
ated gene expression, a clustering of W-boxes is often observed (Eulgem et al., 2000)
and can be applied to the 2 kb promoter regions of ALA7, 10 and 11, where 4, 3 and 7
W-boxes, respectively, are located. The fact that three quarter of the ALA gene family
show at least a two-fold expression increase during the senescence program (Figure 7;
van der Graaff et al., 2006) suggests an important role of the ALA family during this de-
velopmental process.

Poulsen et al. (2008b) identified interacting partners for ALA proteins and named them
ALIS (ALA interacting subunit). The proteins might serve as chaperones for newly syn-
thesized ALA proteins due to their homology with the yeast Cdc50p protein family,
which is a prerequisite for proper trafficking of yeast Ps,-type ATPases to their mem-
brane destination (Saito et al., 2004; Pérez-Victoria et al., 2006). Future experiments will
identify preferences of different ALA proteins for their subunits (ALIS1-ALIS5). How-
ever, one member, ALIS1, presents increased transcript levels during senescence of
Arabidopsis thaliana (Figure 38) indicating a possible preferred interaction of ALA pro-
teins with ALIS1 during the senescence program.
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Figure 38: Expression of ALA (aminophospholipid ATPase) and ALIS (ALA interacting subunit)
genes during natural development in leaves of Arabidopsis thaliana ecotype Col-0. Depicted are
absolute expression values obtained from gene chip hybridization with pooled material from 5
and 6" rosette leaves at 4, 5 and 6 weeks and when displaying 25%, 50% and 75% yellowing of the
leaf blade. (Data from van der Graaff et al., 2006).
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4.2 ALA genes are required for an orderly progression of
the senescence program

Often knock out mutants of a single gene in a gene family produce no detectable phe-
notype (Bouche and Bouchez, 2001) due to a redundant function by other family mem-
bers. This observation does not apply to mutants of the ALA gene family. alat anti-
sense plants and ala3 T-DNA insertion mutants showed reduced growth and morpho-
logical alterations (Gomés et al., 2000; Poulsen et al., 2008b). The single T-DNA inser-
tion lines alat, ala10 and ala11 identified in this work, also display these symptoms
and exhibit additionally premature senescence symptoms (chapter 3.5). The premature
senescence phenotype was further strengthened genetically by increased transcript
amounts of SAG12 (chapter 3.4.5), which is exclusively expressed during age-depend-
ent senescence (Gan and Amasino, 1997). In addition, the F,/F. ratio, dropped earlier
at the end of leaf development (chapter 3.6.2) reflecting an earlier lowered photochemi-
cal quantum efficiency of photosystem Il that is typical for senescence. Another inter-
esting feature of ala mutants was a significantly higher membrane ion leakage (chapter
3.6.3) indicating an advanced deterioration of cellular membranes. Surprisingly, plas-
tids of the investigated ala mutants displayed a lower number of starch grains even at a
time point before visible senescence symptoms were detectable (chapter 3.7.1 and
3.7.2) underlining the premature senescence phenotype of the mutants by a reduced
capability to synthesize assimilatory starch. These findings together underline the im-
portant role of ALA genes for a controlled progression of leaf senescence.

Furthermore, it seems that the senescence process in ala mutants was not carried out
properly and appeared to be accelerated. Especially after a darkness period the mu-
tants were unable to recover pale leaves (chapter 3.8.3). By end of a natural occurring
senescence ala mutants displayed drastically reduced amounts of anthocyanins (chapter
3.6.1) Anthocyanins are accumulated in leaves in order to protect them from light and
reactive oxygen during a natural, undisturbed senescence ensuring the finalization of
this developmental phase (Lee et al., 1987; Noodén et al., 1996; Diaz et al., 2006). Con-
sidering the low anthocyanin levels in the mutants it is likely that ALA proteins are ne-
cessary for a regulated, undisturbed senescence program. Strengthening this assump-
tion, the amount of chlorophyll in ala mutants did not reach wild type maximum level
and started to decrease earlier (chapter 3.6.1).

Senescence in Arabidopsis thaliana is induced under low nitrogen concentrations in
combination with glucose supply (Wingler et al., 2004). However, the investigated mu-
tants in ALA genes did not show an alteration in the senescence pattern when grown
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under low nitrogen plus glucose (chapter 3.8.1). In conclusion, ALA proteins are not
primarily involved in the induction or regulation of the senescence program rather the
proteins are required for a proper execution of the senescence program.

4.3 ALA proteins are viable for proper plant growth

It appears that ALA expression is triggered by cellular mechanisms even before the
senescence process starts. These proteins must therefore play a role not only during
senescence but also earlier during plant development. Corroborating this assumption,
the expression of ALA1, 10 and 11 was detectable in cotyledons, young leaves and roots
(Figure 37) and Prom::GUS plants displayed an intense staining in young seedlings
and young developing tissues, which weakened later in development but intensified
again during senescence (chapter 3.2). The only reported P4s-type ATPase mutants in
plants are the Arabidopsis ala3-1 and ala3-4 T-DNA insertion lines (Poulsen et al.,
2008b). Expression data from van der Graaff et al. (2006) revealed a 3.7-fold increase
in transcript amounts of ALA3 during natural occurring leaf senescence (absolute val-
ues: 1451 — 5376). However, a senescence phenotpye is not known for both mutants.
The authors rather reported reduced growth and shortened primary roots for ala3 plants.
A reduction in root growth was also found for ala? (chapter 3.5.4) indicating overlap-
ping functions for ALA1 and ALA3. General growth reduction was also observed for the
single mutants ala1, ala10 and ala11 and especially in the ala10/11 and ala1/10/11
mutants (chapter 3.5). The reduced growth of these ala mutant lines gives rise to spec-
ulations of its nature. The mutants possessed not only smaller leaves and a reduced
leaf number, in addition they exhibited a reduction in epidermal cell size (chapter 3.5.2).
Thus, it seems that ALA proteins are necessary for plant vitality and proper growth.
There is evidence that the P4,-type ATPase function is evolutionary conserved as yeast
Ps-type ATPase mutants also display reduced growth rates (Ripmaster et al., 1993; Chen
et al., 1999; Hua et al., 2002; Pomorski et al., 2003). Chen et al. (1999) explained the
reduction in growth for Adrs2 cells by an altered vesiculation resulting in impaired pro-
tein transport. Likewise, the growth defect in ala mutant lines might be based on an im-
paired vesiculation leading to a dysfunction in cellular protein transport.

P,-type ATPases are supposed to translocate phospholipids (PL) between the two leaf-
lets of biological membranes and help to maintain their asymmetry (Tang et al., 1996;
Pomorski et al., 2003; Poulsen et al., 2008a). Membrane asymmetry is critical to normal
cell function assuring among other features proper functioning of membrane-associated
proteins (Quinn, 2002; Balasubramanian and Schroit, 2003). The need for P,-type ATP-
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ases in young, developing tissues can be explained by the necessary establishment of
an asymmetric PL distribution of membranes within these cells. Once the membrane
asymmetry is established, it has to be maintained during development. Asymmetric
membranes are thought to be a vital prerequisite for membrane proteins modulating
their activity (Devaux, 1991; Falcone et al., 2004). Consequently, it can be assumed
that asymmetric membranes are of special importance during senescence when many
transport processes take place and the need of operating and active transmembrane
proteins is high. ALA1, 10 and 11 may contribute to the maintenance of an asymmetric
PL distribution in cellular membranes and, thus, maintain the viability of senescent cells
until the mobilization of nutrients is fully completed.

4.4 Involvement of ALA proteins in cold-tolerance

The expression of many genes with changed transcript levels during senescence is fur-
ther affected by environmental stresses (Hensel et al., 1993; Smart, 1994; Noodén and
Penney, 2001). Expression data from the AMPL support these findings by displaying
affected transcript levels for ALA1, ALA10 and ALA11 besides senescence under cold
and salt stress though mainly in roots (Ward, 2001; Figure 39). Nonetheless, these al-
tered transcript amounts suggest that the proteins also play a prominent role in cold
and salt adaptation. Confirming these assumptions, Gomés et al. (2000) linked Arabi-
dopsis ALA1 to cold stress adaptation and described reduced growth for ala? anti-
sense plants when grown at 12 °C. Similarly, ala1, ala10 and ala11 mutants showed a
stronger growth reduction than wild type plants when cultivated at 12 and 16 °C (chap-
ter 3.8.5). The effect was more pronounced in the double and triple mutant lines ala70/11
and ala1/10/11, respectively.

Masclaux-Daubresse et al. (2007) described a possible relation between senescence
and cold due to altered metabolites of cold-adapted plants that subsequently induce
senescence. Similarly, the senescence program might be induced in ala mutants due
to an altered membrane lipid composition as discussed above. In fact, the investigated
mutants displayed a lower desaturation degree in fatty acids (FA) originating from PL
during cold adaptation (chapter 3.9.4; Figure 35). As a conclusion, missing P4-type
ATPase function in the mutants results in reduced shuffling of lipids comprising of ei-
ther saturated or unsaturated FA between membrane leaflets especially during cold ad-
aptation. Reports on poikilothermal organisms support the importance of an asymmet-
ric PL distribution especially during cold adaptation (Hazel, 1995; Miranda and Hazel,
1996). In plants, an asymmetric PL distribution has also been demonstrated for differ-
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ent cellular membranes, however the role of the lipid asymmetry is yet not understood
(Cheesebrough and Moore, 1980; Rawyler and Siegenthaler, 1981; Dorne et al., 1985;
Tavernier and Pugin, 1995). Alternatively, the asymmetric distribution of PL might indi-
rectly influence the plant membrane fluidity over signal transduction pathways. Phos-
phatidylserine (PS) has been suggested to interfere with elements of signal transduction
pathways involved in cold adaptation (Gomes et al., 2000). Indeed, it has been shown
that PS is able to activate kinase C, a signal transduction protein in animals (Nishizuka,
1992) and a calcium-dependent protein kinase in plants (Szczegielniak et al., 2000).
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Roots Shoots Roots Shoots
300 300
0 0
0 051 3 6 12 24 0 051 3 6 12 24 0051 3 6 12 24 0 051 3 6 12 24
400 800
ALA10 I I
0L I R— R— T 0  ——
0 051 3 6 12 24 0 051 3 6 12 24 0051 3 6 12 24 0 051 3 6 12 24
300 400
ALA11
L 0
0051 3 61224 0051 3 6 12 24 0051 3 61224 0051 3 6 12 24

Figure 39: Expression data of ALA1, ALA10 and ALA11 in roots and shoots of Arabidopsis thaliana
(Col-0) upon cold and salt stress. Data from the Arabidopsis Membrane Protein Library, y-axis of
the graphs represents the absolute signal strength. The data follow a time-course series from left
to right with samples 0 hours on the left through 24 h on the right and are presented as means of
three replicates.

It is known that membranes with unsaturated acyl chains in PL remain fluid at lower
temperatures turning out the degree of unsaturated membrane lipids in cellular mem-
branes into a major factor determining membrane fluidity and, thus, a key determinant
for cold tolerance (Kates et al., 1984; Cevc, 1991; Cossins, 1994). Consequently, ALA
proteins that modify the membrane structure via PL flipping should be important for a
successful cold adaptation of plants. Altered membrane fluidity due to a missing distri-
bution of PL with unsaturated acyl chains affects the activity of important membrane-
associated proteins as it is the case for proteins of the photosynthetic apparatus
(Falcone et al., 2004). Thus, the altered distribution of PL within ala mutants might re-
duce the cold adaptation capability of the plants and lead furthermore to an induction of
the senescence program.

The reduction in rosette sizes of cold-grown ala mutants compared to wild type disap-
peared to great extent when cultivated at elevated temperatures. Especially the ala10/11
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double and ala1/10/11 triple mutant line resembled wild type appearance at 24 °C
(chapter 3.8.5). It seems, that asymmetric membranes and, thus, P,-type ATPase acti-
vity are less important at elevated temperatures. Additionally, biological membranes
are more fluid at higher temperatures supporting proper enzymatic activity or higher
stability of membrane-associated proteins leading to positive effects on the whole plant
growth (Falcone et al., 2004).

4.5 Substrates of P,-type ATPases

So far no lipid measurements in planta on Ps,-type ATPase mutants have been per-
formed. Surprisingly, all investigated ala mutants in this work displayed no alteration in
their FA composition (deriving from total lipids, phospho- or glycolipids; chapter 3.9.1
and 3.9.2) indicating no changes in the FA biosynthesis in favor of the prokaryotic or
eukaryotic pathway (Ohlrogge and Kuo, 1985). As mentioned above, ALA proteins are
believed to translocate PL via PL shuffling between the two leaflets of a membrane
(Tang et al., 1996; Pomorski et al., 2003; Poulsen et al., 2008a) and are therefore
responsible for the establishment and maintenance of membrane asymmetry (Figure
40 A). Mutants in ALA genes should consequently display deregulations within the PL
class. Nevertheless, ala mutants revealed only minor alterations within their PL compo-
sition (chapter 3.9.3). The enrichment of PL in one membrane leaflet, which is not as-
sessable by the analysis of whole membranes (both leaflets), might be one possible
explanation for this finding. The net amount of PL within whole membranes (both leaf-

A) :( )\ %&X)/.) B) .\/K}i\? 'Q.
1”5‘}’”"><W e /\v,w

active flippase inactive/missing flippase

natural lipid bilayer asymmetry concentration of PL in
outer membrane leaflet
(no net change in PL concentration)

functioning of membrane proteins malfunction of membrane proteins
induction of senescence

Figure 40: Schematic model of membrane lipid asymmetry established by Ps-type ATPases.
Membrane with A) functional and B) nonfunctional ATPase. PL substrates for P4-type ATPases are
indicated in red. Upper membrane part illustrates exoplasmatic (outer) leaflet, lower membrane
part cytoplasmatic (inner) leaflet.
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lets) would appear to be not affected (Figure 40 B). Furthermore, it seems that there is
no feedback regulation from ALA proteins to the origins of FA synthesis.

Based on the slightly deregulated PL composition in ala mutant lines one might specu-
late that ALA proteins have different PL substrates. The relative amount of phosphati-
dylethanolamine (PE) and phosphatidylcholine (PC) were mainly reduced in ala? plants
indicating a specificity of ALA1 for PE and PC. Likewise, relative PS and PC amounts
were reduced in ala10 and ala71 mutants suggesting both lipids as possible substrates
for ALA10 and ALA11. Nonetheless, these conclusions must be taken with caution and
verified by additional plant lipid analyses and lipid internalization studies as performed
by Gomes et al. (2000), Pomorski et al. (2003), Saito et al. (2004), Poulsen et al. (2008b)
and Stevens et al. (2008). However, studies with heterologously expressed ALA pro-
teins identified PS and PE as substrates for ALA1 (Gomeés et al., 2000) and PE and PC
for ALA3 (Poulsen et al., 2008b) supporting at least partly the conclusions on ALA sub-
strate specificity and, thus, pointing out PL flipping as a common feature of P4-type
ATPases.

Possibly the plastidial localization of ALA1 (chapter 3.3) might be the reason for the fail-
ure expression within the Adrs2Adnf1Adnf2 cells (chapter 3.10.1). Yeast, which does not
possess plastids or similar organelles, might consequently be incapable of synthesizing
the plant protein ALA1 properly resulting in unstable RNA, arrested protein synthesis or
digestion via proteases. Other factors that might lead to failures when dealing with het-
erologously expressed membrane proteins are unknown structural features involved in
protein targeting and special lipid composition requirements that are necessary for prop-
er protein folding and functioning (reviewed in Opekarova and Tanner, 2003). There-
fore, Adrs2Adnf1Adnf2 cells lacking three of five P4-type ATPases might not be suitable
for the investigation of some P4-type ATPase because of the high probability of an al-
tered membrane lipid composition of the cells evoked by the missing ATPases that ne-
gatively affects heterologously expressed membrane proteins. Gomés et al. (2000),
aiming the functional characterization of ALA1, heterologously expressed the protein in
yeast Adrs2 cells. These cells might display only minor changes in their natural mem-
brane lipid asymmetry allowing therefore proper expression, folding and function of
ALA1. In fact, Adrs2 cells expressing ALA1 were phenotypically restored to wild type
level and did not display their cold-sensitive phenotype any longer. Furthermore, the
authors revealed an internalization of fluorescently labeled PS and PE analogs, yet the
experiments were performed using reconstituted yeast microsomes originating from
ALA1 expressing Adrs2 cells. An activity of the remaining four Ps-type ATPases Dnf1p,
Dnf2p, Neo1p and Dnf3p could not be excluded.
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4.6 ALA proteins and their site of action

To date the ultrastructure of only one P4-type ATPase mutant in plants has been ana-
lyzed. The ala3 mutant displays very few slime vesicles and large vacuole-like struc-
tures in root tip cells compared to wild type (Poulsen et al., 2008b). The authors argue
that vesiculation in root tip cells is vital for proper root and plant development and that
the disturbed formation of vesicles in ala3 mutants is responsible for the reduction in
root growth and presumable in rosette size of these plants. Observation of the ultra-
structure of additional ala mutants (ala, ala10, ala11, ala10/11 and ala1/10/11) in this
work allows deeper insights into physiological processes where P4-type ATPases might
be involved.

4.6.1 ALA1

Keeping in mind the plastidial localization of ALA1 (chapter 3.3; Figure 41), this orga-
nelle is in focus for the following discussion. The most striking morphological feature of
ala1 mutant plants was degenerated plastids with diffuse inner structure lacking the
typical grana stacks of wild type plastids (chapter 3.7.1). It has to be assumed that the
reduction in grana stacks might be caused by a disturbance in their formation caused
by the mutation in ALA1. Thylakoids are formed during chloroplast development by the
invagination of the inner chloroplast membrane (Brown and Weier, 1968). Alternatively
or additionally, thylakoids are formed by fusion of vesicles produced in the inside of pro-
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plastids (Tripodi and Gargiulo, 1984). In both cases the inner plastidial membrane must
bend in order to form thylakoids or bud thylakoid-forming vesicles. Transbilayer move-
ment of lipids has been discussed to induce the bending of membranes in order to fa-
cilitate vesicle budding (Devaux, 1991). A possible function of the plastid localized P,-
type ATPase ALA1 might be the initiation of the curvature of the inner plastid mem-
brane in order to facilitate thylakoid formation by translocation of lipids during plastid
maturation. It is furthermore conceivable that ALA1 is specifically involved in the recy-
cling of degradation products within the senescing plastid and might play a role in ex-
porting thylakoid membrane degradation products. This process also requires the
formation of vesicles that subsequently bud from the membrane. ALA1 might therefore
represent a necessary factor for vesiculatory processes in this cellular compartment.
Another peculiarity of alat plants was the enrichment of phosphatidylglycerol (PG;
chapter 3.9.3). Thylakoid membranes of chloroplasts differ in their lipid composition
from other cellular membranes and contain largely glycolipids such as monogalactosyl-
diacylglycerol (MGD), digalactosyldiacylglycerol (DGD), sulfoquinovosyldiacylglycerol
(SQD; Sato and Tsuzuki, 2004). However, missing asymmetry of the less occurring PL
due to a disturbed lipid translocation in the ala? mutant might induce structural conse-
quences for these membranes and affect proper functioning of other membrane-local-
ized proteins such as the light-harvesting complexes, the electron transport chain from
photosystem | and I, the cytochrome b/f complex and the ATP-synthase. Asymmetric
distribution of PL across the outer envelope membrane of spinach chloroplasts has
been shown (Cline et al., 1981; Block et al., 1983). The absence of a proper thylakoid
membrane system and the low content of assimilatory starch in plastids from ala? plants
evidence this hypothesis. Furthermore, Masclaux-Daubresse et al. (2007) suggest the
existence of complex interactions between chloroplasts and cold acclimation. Function-
al chloroplasts are required for cold acclimation and the regulation of the majority of
cold-responsive genes, which might depend on photosystem Il excitation pressure
(Ensminger et al., 2006). Disturbed thylakoid membranes lead to malfunctioning or re-
duced functioning of photosystem II, which might cause the cold-sensitive phenotype of
ala1 plants. Supporting this argumentation, the alat phenotype is not fully recovered to
wild type under elevated temperature as shown for the other ala lines (chapter 3.8.5).
Finally, one possible explanation for the higher PG content in ala? plants might be an
incorporation of PG, which is synthesized within plastids (Rawyler and Siegenthaler,
1981; Unitt and Harwood, 1982), into plastidial membranes due to a disturbed PL trans-
location in this cellular compartment.

PL asymmetry is vital for eukaryotic cells and a loss in plasma membrane lipid asym-
metry marks the cell apoptotic resulting in its clearance (Williamson and Schlegel, 1994;
Balasubramanian and Schroit, 2003). Transferred to cellular organelles the same princi-
ple might apply and plastids with a disturbed outer membrane asymmetry might be
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marked for degradation explaining the existence of plastid-like structures within meso-
phyll cells of ala7. An alternative explanation for the existence of such structures might
be a repulsion of the outer membrane due to a disturbed membrane lipid asymmetry
followed by a degradation of thylakoids and the formation of plastoglobuli. However, the
appearance of plastid-like structures can be related to a mutation in ALA1 as the ftriple
mutant line ala1/10/11 likewise displayed this peculiarity (chapter 3.7.1). As a conclu-
sion from this, the plastid-localized ALA1 represents an essential component for the
establishment or maintenance of proper plastid morphology. The protein might be lo-
calized in the outer as well as the inner chloroplast membrane regulating the lipid com-
position and, thus, being responsible for membrane bending and vesiculation in both
membrane systems.

4.6.2 ALA10 and ALA11

The single P4-type ATPase mutants ala10 and ala11 exhibited a massive accumulation
of abnormal membrane structures within leaf mesophyll cells (chapter 3.7.2). The mem-
brane structures were similar to vesicles but larger in size (100-500 nm; whereas the nor-
mal vesicle size is 50-250 nm; Winkler et al., 2005). The structures were either fully sur-
rounded by cytoplasm or partly fused with the tonoplast of the central vacuole. Involve-
ment of P4,-type ATPases in vesicle budding has been discussed intensely (Devaux,
1991; Chen et al., 1999; Chantalat et al., 2004; Pomorski et al., 2004; Wicky et al., 2004)
and one might speculate that ALA10 and ALA11 are also involved in vesicle budding
and/or in vesicle fusion with other cellular membranes. The discovery of abnormal mem-
brane structures in ala10 and ala71 plants is in agreement with abnormal membrane-
bound structures in the yeast P4s-type ATPase mutant Adrs2 (Chen et al., 1999). How-
ever, the structures in Adrs2 cells represent double membrane rings with an average
diameter of 240 nm and contain Golgi enzymes. Their morphology is comparable to
Berkeley bodies that only occur in yeast due to a mutation in the secretory genes sec7
and sec14 (Novick et al., 1980). Drs2p was localized to the late Golgi network affecting
Golgi and endosome function (Chen et al., 1999). Arabidopsis thaliana ALA3 is the
closest Drs2p homolog (BLASTP at TAIR; http://www.arabidopsis.org; Altschul et al., 1990)
and was localized to the late Golgi network (Poulsen et al., 2008b; Figure 41).
Correspondingly, a mutant of this P,-type ATPase displayed altered vesicle formation
at the trans side of the Golgi apparatus. Furthermore, yeast mutants of the endosomal
localized Ps-type ATPase Neo1p accumulated extremely aberrantly shaped membrane
structures, such as multi-vesicular and ring-like tubular structures pointing out an
important role of Neo1p in membrane trafficking (Wicky et al., 2004). The yeast double

124



Discussion

mutant Adrs2Adnf1, where a late Golgi and a plasma membrane located P4-type ATP-
ase are affected revealed an even pronounced accumulation of membrane-bound struc-
tures compared to Adrs2 cells (Hua et al., 2002). The closest Arabidopsis homologs to
the plasma membrane localized Dnf2p protein are ALA8, ALA12 and ALA10 (BLASTP).
ALA10 and ALA11 are very similar and cluster phylogenetically with ALA8, ALA12 and
ALA9 in one subgroup (Baxter et al., 2003). Transferring these observations to Ps-type
ATPases in plants that are putatively localized to the plasma membrane, the prominent
alterations in membrane-bound structures in cells of ala710 and ala11 mutants seem
plausible and indicate an important role of these proteins in membrane trafficking. Yet
the process leading to the formation of the abnormal membrane structures is not un-
derstood. The double mutant ala70/11 as well as the triple mutant ala1/10/11 displayed
even more unusual and bizarre membrane structures that were often similar to multi-vesic-
ular structures extending into the lumen of the vacuole. It seemed that these vesicle-like
structures were ingested into the vacuole by a process similar to protrusion autophagy
(Bassham et al., 2006) involving multiple membrane fusion events that lead to the found
intensely membrane interspersed structures. Alternatively, ALA10 and ALA11 might
circulate between the plasma membrane and the tonoplast (Figure 41). Circulation of
Ps-type ATPases between different membranes was shown for yeast Drs2p, which os-
cillates between the trans Golgi, endosomes and the plasma membrane (Saito et al.,
2004). Additionally, there is evidence that the closely related Dnf1p might oscillate bet-
ween the plasma membrane and endosomal membranes.

One may furthermore speculate about the origin of the vesicle-like structures. Very like-
ly cellular membranes are delivered via vesicles from the ER, where lipids are synthe-
sized, through the Golgi network to their final destination, i.e. to a great extent the plas-
ma membrane but also the tonoplast (reviewed in van Meer, 2000; Quinn, 2002). Addi-
tionally, the plasma membrane invaginates forming endosomes, which are transported
to the central vacuole. Moreover, the central vacuole is the destination of final products
of chlorophyll catabolism during senescence (Matile et al., 1999; Thomas et al., 2001) via
endosomal structures named Rubisco-containing or Rubisco-vesicular bodies (Chiba et
al., 2003; Otegui et al., 2005; Prins et al., 2008). Currently, it is impossible to rule out
which of these vesicular processes is deregulated in ala70 and ala11 mutants. Yeast
Adrs2 cells display an endocytic defect attributable to a deregulation in the endosome-
to-vacuole pathway rather than the clathrin-dependent endocytosis from the plasma
membrane (Chen et al., 1999). Although further details on vesicular alterations in ala10
and ala11 mutants are missing, it can be assumed that ALA10 and ALA11 are contrib-
ute to the maintenance of normal membrane structure and function.

As discussed above, ala710 and ala11 plants show premature senescence. Interesting-
ly, mutants in autophagy genes (ATG) also display these symptoms (Doelling et al.,
2002; Hanaoka et al., 2002; Yoshimoto et al., 2004; Thompson and Vierstra, 2005;
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Xiong et al., 2005). The premature senescence phenotype of atg mutants is still unex-
plainable and has been interpreted as a mechanism to compensate for the failure to
remobilize cytosolic nitrogen under stress conditions, indicating that autophagy is not
essential for the senescence program but plays an important role in nutrient remobiliza-
tion. Similarly, it can be argued that ALA10 and ALA11 proteins are not essential for
the senescence program but are crucial for remobilization processes that take place dur-
ing senescence involving massive vesiculation. In concordance with atg mutants exhib-
iting increased chlorosis and enhanced dark-induced senescence (Doelling et al., 2002;
Hanaoka et al.,, 2002; Xiong et al, 2005), ala mutants failed to regreen senescent
leaves after dark treatment (chapter 3.8.3). Cell activities such as endocytosis and au-
tophagy involve multiple membrane fusion events and are likely to induce transient lipid
intermixing between membrane leaflets (Balasubramanian and Schroit, 2003). In order to
correct these potential imbalances, lipid translocating P4-type ATPases such as ALA10
and ALA11 might be one mechanism to restore and maintain an appropriate asymmet-
ric aminophospholipid distribution of cellular membranes.

4.6.3 Other ALA members

Cellular organelles are relatively early affected during senescence and become de-
graded. Mitochondria, however, remain intact until late during the process in order to
fulfill the energy requirements of the senescence program (Thomson and Platt-Aloia,
1987; Noodén, 1988). Daum and Vance (1997) and Shiao et al. (1998) propose a mito-
chondrial membrane protein that is required for the translocation of PS and PE from
mitochondria-associated ER membranes to the organelles that is stimulated by magne-
sium. Furthermore, Quinn (2002) stated that this PL translocating enzyme belongs to
the group of P-type ATPases. ALA2 might be designated to this function (Figure 41)
due to its isolated position in the phylogenetic tree (Figure 6). Furthermore, expression
data revealed a 6-fold increase in transcript amounts during senescence (van der
Graaff et al., 2006).

Lipid asymmetry has been furthermore reported for the outer membrane leaflet of other
cellular organelles, e.g. peroxisomes (Cheesebrough and Moore, 1980; Dorne et al.,
1985) suggesting the existence of PL translocating enzymes in these organelles as
well. To date, no P,-ATPase has been identified in the ER and the characterization of
Ps-type ATPases, which is the largest subfamily of P-type ATPases in eukaryotes, re-
mains the least characterized group of these pumps in all systems.
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4.7 Conclusion

The results presented in this thesis indicate that three aminophospholipid translocases,
ALA1, ALA10 and ALA11, play a role within the senescence process of Arabidopsis
thaliana. The genes display an up-regulation during the senescence process in rosette
leaves but are also expressed in young seedlings. Mutants of the genes present pleio-
tropic phenotypical alterations but most strikingly premature senescence. The symp-
toms are confirmed at a genetical, physiological and molecular level. The enzymes may
be responsible for the establishment of proper asymmetric membranes in young cells
and, more importantly, the maintenance of cellular membrane asymmetry during the
senescence process. It is assumed that the pleiotropic phenotypes of ala mutants are
caused by a deregulated membrane asymmetry.

Mutants of ala? display an altered plastid morphology matching the plastidial localiza-
tion of ALA1 and, thus, rendering the protein as an essential component for the mainte-
nance of proper plastid development. It is conceivable that ALA1 is specifically involved
in the maintenance of asymmetric plastidial membranes and the recycling of degrada-
tion products within senescing plastids via vesiculation. In deviation to that, ala70 and
ala11 mutants display abnormal membrane structures within mesophyll cells demon-
strating an important role of these P4-type ATPases in the establishment and mainte-
nance of cellular membrane asymmetry. Localization experiments indicate that the pro-
teins may localize to the plasma membrane or the tonoplast. The proteins may possibly
oscillate between the two membrane systems. ALA10 and ALA11 are thought to be res-
ponsible for the restoration and maintenance of an appropriate asymmetric aminophos-
pholipid distribution especially during vesiculatory processes. However, their exact role
remains unclear. The obtained results indicate furthermore that there is a causative re-
lation between cultivation temperature and ala mutant phenotype most likely via an al-
tered membrane asymmetry, which influences in return plant growth and senescence.
The investigations revealed that the three ALA proteins play a role in cold tolerance and
plant growth via the distribution of phospholipids (PL) with unsaturated fatty acids (FA).
Additionally, the results evidence that ALA proteins do not display any substrate
specificity for lipids with certain acyl chains.

Concluding it can be said that ALA proteins integrate several factors affecting plant fit-
ness, thus, rendering the proteins as a necessary component for proper cell growth, ad-
aptation to various stresses and an unimpaired progression of the senescence program.
The proteins participate in these highly complex processes most probably via regula-
tion of the cellular membrane lipid asymmetry and, thus, influencing vesiculation.
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5 SUMMARY

Foliar senescence is an essential aspect within the development of plant leaves. Dur-
ing the past years, scientific research has been focusing on the understanding of the
molecular mechanisms underlying senescence. Membrane localized transporters are
thought to be necessary items during this highly regulated developmental program. Ex-
pression profiling of genes coding for membrane proteins revealed increased transcript
amounts of three ALA genes (ALA1, ALA10 and ALA11) during leaf senescence of
Arabidopsis thaliana. The genes represent P4-type ATPases that are supposed to trans-
locate aminophospholipids between the two leaflets of biological membranes and, thus,
generating asymmetric membranes and inducing vesiculation.

In order to characterize ALA1, ALA10 and ALA11, a reverse genetic approach was ap-
plied using T-DNA insertional mutants. In this work, the corresponding insertion lines
were isolated and identified (ala?, ala10 and ala11) and, to recognize functional redun-
dancy among the ALA members, multiple mutant lines were generated (ala70/11 and
ala1/10/11). The mutant lines were phenotypically analyzed regarding their develop-
ment with a special focus on the nature and progression of senescence.

Surprisingly, all investigated mutants displayed premature senescence symptoms at a
genetical, physiological and molecular level revealing an important role of the three ALA
members for a controlled and unimpaired progression of the senescence process. The
premature senescence was accompanied by reduced growth at the plant and cellular
level most probably due to deregulated membrane asymmetry.

ALA1 localized to plastids and confirming this finding, ala? displayed an altered plastid
morphology lacking grana stacks. It is assumed that the protein is an essential compo-
nent for proper plastid development. Mutants of ala710 and ala11 displayed abnormal
membrane structures within mesophyll cells hinting for an important role of these Ps-
type ATPases in the maintenance of proper membrane function. Experiments indicated
that the proteins might localize to the plasma mebrane or the tonoplast, possibly oscil-
lating between the two membrane systems.

Lipid analysis indicated that ALA proteins have no specificity for lipids with certain acyl
chains. Moreover, the investigations revealed that the proteins play a role in cold toler-
ance and plant growth via the distribution of lipid-bound fatty acids within cellular mem-
branes.

In summary, the investigation of ALA1, ALA10 and ALA11 gave new indications for
processes in which P4-type ATPases are involved most probably via regulations of the
membrane lipid asymmetry and, thus, contribute to the actual limited knowledge of this
protein family in plants.
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6 ZUSAMMENFASSUNG

Die Seneszenz stellt eine wesentliche Entwicklungsphase von pflanzlichen Blattern dar. In den
vergangenen Jahren begann sich die wissenschaftliche Forschung auf das Verstédndnis der
molekularen Mechanismen zu konzentrieren, die diesem hoch regulierten Prozess zugrunde
liegen. Hierbei wird membranassoziierten Transportern eine besondere Rolle zugeschrieben.
Durch die Untersuchung von Genen, die fir Transmembranproteine kodieren, stellte sich her-
aus, dass drei Gene der ALA Familie (ALA1, ALA10 und ALA11) wahrend der Blattseneszenz
von Arabidopsis thaliana besonders erhéhte Transkriptmengen aufweisen. Die Gene stellen Py4-
Typ ATPasen dar, welche vermutlich fir die Translokation von Aminophospholipiden innerhalb
der beiden Halften von biologischen Membranen verantwortlich sind und somit asymmetrische
Membranen generieren und vesikulare Prozesse induzieren.

Um ALA1, 10 und 11 naher zu charakterisieren, wurde ein revers-genetischer Ansatz basierend
auf T-DNA Insertionsmutanten gewahilt. In dieser Arbeit wurden die entsprechenden Insertions-
linien isoliert, identifiziert (ala1, 10 und 17) und, um funktionelle Redundanzen unter den ALA
Mitgliedern aufzuzeigen, Mehrfachmutanten (ala70/71 und ala1/10/11) erzeugt. Die Mutanten
wurden beziglich ihres Phanotyps untersucht, wobei ein besonderes Augenmerk auf die Art
und Weise sowie den Verlauf der Seneszenz gelegt wurde.

Uberraschenderweise zeigten die untersuchten Mutanten eine verfriiht einsetzende Seneszenz,
welche auf genetischer, molekularer und physiologischer Ebene nachgewiesen werden konnte.
Dies lasst auf eine wichtige Rolle der drei ALA Mitglieder fur einen kontrollierten und ungestor-
ten Ablauf der Seneszenz schlieRen. Die verfriihte Seneszenz der Mutanten wurde von einer
Wachstumsreduktion begleitet, welche auch auf zelluldrer Ebene zu verzeichnen war und ver-
mutlich durch deregulierte Membranasymmetrie hervorgerufen wird.

ALA1 konnte plastidar lokalisiert werden und es liegt nahe, dass das Protein eine essentielle
Komponente firr eine ungestorte Plastidentwicklung darstellt. Fehlende Granastapel in Plastiden
von ala1l Mutanten sowie weitere Stérungen in der Plastidmorphologie stlitzen diesen Befund.
ala10 und ala11 Mutanten wiesen abnormale Membranstrukturen in Mesophyllzellen auf, was
auf eine wichtige Rolle von P4,-Typ ATPasen in der Aufrechterhaltung der normalen Membran-
funktion schlieflen lasst. Die Untersuchungen deuten darauf hin, dass die Proteine in der Plas-
mamembran oder im Tonoplasten lokalisieren und mdglicherweise zwischen beiden Membran-
systemen oszillieren.

Lipidanalysen ergaben, dass ALA Proteine keine Spezifitat fir Lipide mit bestimmten Acylketten
aufweisen. Weiterhin konnte gezeigt werden, dass die Proteine in Kaltetoleranz und Pflanzen-
wachstum involviert sind, indem sie die Verteilung von lipidgebundenen Fettsduren in zellularen
Membranen steuern.

Zusammenfassend ergaben die Untersuchungen an ALA1, 10 und 11 neue Einsichten in Pro-
zesse, an welchen P4-Typ ATPasen beteiligt sind, was mit groRer Wahrscheinlichkeit Gber die
Regulation der Membranlipidasymmetrie erfolgt, wodurch das aktuell verfligbare Wissen uber
diese Proteinfamilie erweitert werden konnte.
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Figure 42: Bolting of ala mutant and wild type plants. Diagram depicts percentage of bolted plants
(5.10 stadium according to Boyes et al., 2001) during development (n=108).
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Figure 43: Phenotypes of ala mutant lines compared to wild type under A) full nutrition (0.5 mM P;)
and B) phosphorus limitation (10 uM P;). Depicted are representative examples at 30 DAG (five
plants per pot). Scale bar: 10 cm.
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Figure 44: Drop-test with ALA1. Depicted are 1:5 dilution series (left to right) of yeast strains BY4741
(WT) and ZHY709 (Adrs2Adnf1Adnf2) transformed with vectors containing ALA1 either alone or in
combination with ALIS1, 3 or 5 under the control of a bidirectional galactose-inducible promoter.
EV empty vector control. 3 pl drops of cells grown on SD media supplemented with 2% glucose
(GLU; non-inducing condition) or 1% galactose and 1% fructose (GAL; inducing condition) for A)
2 days at 30 °C, B) 5 days at 20 °C.
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Figure 45: FACS analysis of yeast cells incubated with NBD-labeled PL. Depicted are
representative histograms (cell number over fluorescence intensity) of 20000 cells (gating of PI
stained dead cells) each for WT and Adrs2Adnf1Adnf2 cells harboring either the empty expression
plasmid (EV) or expression plasmid with ALA1, ALA1/ALIS1, ALA1/ALIS3 and ALA1/ALIS5. Red
dotted lines indicate background fluorescence (of unlabeled cells [data not shown]), red arrows
indicate cell populations with increased fluorescence.
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Figure 46: Visualized microarray expression data of ALA1, 10 and 117 in leaves of Arabidopsis
thaliana. Depicted are different developmental leaf statuses (1-12, caul cauline leaf, senescence
senescent leaf). Colors indicate expression intensity (yellow: low, red: high). Data taken from the
Electronic Fluorescent Pictrograph (Winter et al., 2007).
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