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ABSTRACT

Cytidinediphosphate diacylglycerol synthase (CD&plyzes the transfer of a cytidylyl group
from CTP to phosphatidic acid so that CDP-diacyglpl, an important intermediate in
glycerolipid biosynthesis of prokaryotic and eula@ry organisms, is formed. It serves as
precursor of anionic phosphoglycerolipids such hesphatidylinositol, phosphatidylglycerol
and cardiolipin. In plant cells CDS isozymes areated in the envelope membranes of plastids,
in the inner mitochondrial membranes and microsoreggecially the ER. These CDS isozymes
are encoded by a small gene family that comprisesmiembers irArabidopsis thaliana, two of
which have previously been shown to code for tlestadial isoforms and be essential for the

biosynthesis of plastidial phosphatidylglycerol.

In this work the focus have been on the extraladtCDS, encoded bgDS1, CDS2 andCDS3.
These enzymes were demonstrated to be the integmralbrane proteins of the ER and possess
similar enzymatic properties. Unlike theDS3 gene, the expression of which was only
detectable during the generative growth phasBSl and CDX2 genes are constitutively
expressed. Single Arabidopsis mutants lacking eiPieSl or CDS2 showed a wild type
phenotype whereadisruption of both genes led to a seedling lethenotype, which can be
complemented by functional expression of eitB&S1 or CDS2 cDNA in the mutants. Hence
these genes have redundant but indispensible funsctiAnalyses otdslcds?2 showed that the
cell division and expansion were arrested in theamu Based on data from phospholipid
labeling and steady state lipid composition, thenthtic accumulation of phosphatidic acid and
the decrease of phosphatidylinositol are probabgy reasons for the severe consequence of

Arabidopsis losing the microsomal CDS functions.



1 INTRODUCTION

1.1 Structure and distribution of membrane phosphapids in plant cells

Biological membranes form hydrophobic barriers aegarate the cell and its compartments
from the environment, providing a crucial spacelii@ (Somervilleet al., 2000). As the major
structure components of biological membranes, sipitlude a wide variety of compositions, of
which the glycerolipids serve as the dominatingt.p&tructurally, glycerolipids consist of a
central glycerol molecule, to which fatty acids eeted at snl and sn2 position, and a
hydrophilic group (head) attached $n3 position directly (e.g. glyceroglycolipids) or via
phosphate (e.g. phospholipids, Fig. 1.1).

In biological membranes, the fatty acid chainsragesl in two layers, serve as a hydrophobic
core, keeping the membranes impermeable for patéecules. The fatty acids vary in the length
of carbon chain and the number and position of obbnds. These variations of fatty acids can
influence the properties of biological membraner Esample, double mutants ¢&d2fad6
lacking polyunsaturated fatty acids in membrangl$pwere not capable of autotrophic growth
and produced extremely chlorotic cotyledons andrdsa(McConn and Browse, 1998). In
addition, certain fatty acids show a positionalcspedistribution at the glycerol backbone, such
as a 3-trans-hexadecenoate, which exist specyfiadlhe sn-2 glycerol carbon of PG (Brovese
al., 1985; Gacet al., 2009). The variations of fatty acids can alsduieice the interaction of
lipids and the embedded proteins, hence the bicdb@inctions of membranes. A severe disease,
the Barth syndrome, is caused by mutations oftédfi@zzin gene, which is involved in the
remodeling of the newly synthesized mitochondriatdmlipin in skeletal muscle and heart:
replacing the fatty acids to exclusive linoleicdscforming (18:2)-CL (Valianpouret al., 2002).
Based on analysis of CL species from various onggsjeSchlameet al. (2005) provided
evidence that restriction of the number of fattidaspecies rather than the selection of a certain
fatty acid (e.g. 18:2), is typical of eukaryoticrdmlipins. In that way, the number diversity of
CL species is limited and CL species with symmdiity acid distributions are preferentially

created.
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Figure 1.1 Structure of major phospholipid clas3d® general structure of a phospholipid is shot
the top. The glycerol backbone is esterified witttyf acids asnl andsn2 position and is attached wigh
polar head group &3 position. The structure of the head grougath phospholipid class is given
cardiolipin (CL), two phosphatidate moieties wettaehed to a glycerol moiety sl andsn3 position.

In contrast to the fatty acid chains, the hydrdphijroups which define the classes of
glycerolipids, contact with the aqueous outer esvinent and inner matrix. The classes and
structures of phosphoglycerolipids and the corredpwg alcohols are shown in Fig. 1.1. They
include the residues of choline in PC, ethanolammePE, serine in PS, glycerol in PG,

myo-inositol in Pl and phosphatidylglycerol in CL. Thead group is critical for the properties
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of glycerolipids: on the one hand, it determines tharge of the membrane lipids, such as PC
and PE are zwitterionic lipids, while PG, Pl and&8§ anionic lipids; on the other hand, the size
of head group determines overall shape of the maneblipids, the protein interaction at the
water-lipid interface, and plays an important rimiéhe formation of contact site in comparison

to glyceroglycolipids.

The variation of head group and fatty acids prozid@merous options of combination, and
actually hundreds of lipids are found from variobmlogical membranes with different

abundance. Table 1.1 demonstrates the distribubbmeembrane glycerolipids in plant cells.
Extraplastidial membranes contain high amount ofaR@ PE, especially the latter is excluded
from plastids. PG, an anionic lipid, shows a widage of distribution, with a higher portion in

chloroplast membranes. Similar to PG, PI also ithstes in all membranes, but with lower
abundance in chloroplast membranes. PS and PAiace phospholipids which are restricted in
endomembranes in plant cells. Significant differeam other lipids, CL is exclusively present
in inner membrane in mitochondria. The glycolipidGDG, DGDG and SQDG) are only

present in chloroplast membranes.

Table 1.1 Membrane glycerolipid distributions iraqi cell§, adapted from Moreasat al. (1998) and
Jouhetet al. (2007). Full names of glycerolipids are givenhae tist of abbreviation.

Membrane PC PE PG PI PS PA CL MGDG DGDG SQDG
= ER + Golgi 43-48 | 23-26 6 6 3 1°
IS
GEJ Topoplast 15-28 15-28 2 5-9 2 2
3 ¢
& &S| Plasma membrane 8-36 9-32 1-5 1-6 1-10 | 5-20
%) Outer membrane 32 10 5 17 30 6
(%)
®©
§' Inner membrane 9 1 55 30 5
o
S Thylakoids 7 1 58 27 7
£ | Outer membrane 52 22 3 10
S 5
S 5| Inner membrane 37 33 2 4 11

4mol% of total)

PER

The combination of diverse lipids gives an optireavironment for membrane proteins and
membrane functions. Therefore, it is critical feaining the cellular activities and processes to

understand the properties, biosynthesis and regunlaf membrane lipids. In this research, we
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have focus on biosynthesis and functions of exastflial cytidinediphosphate diacylglycerol,

an important intermediate for the biosynthesishaigpholipids.

1.2 De novo biosynthesis pathway of membrane glycerolipids iplants

The enzymes and genes for the phospholipid biosgiglpathway have been studied extensively
in prokaryotes and eukaryotes. According to theassh scope, we will focus on the results in
plants. Fig. 1.2A shows a simplified scheme of tfe novo biosynthesis of membrane

glycerolipids in plants.

The first step of glycerolipid biosynthesis is #éngylation of glycerol-3-phosphate (G-3-P) at the
snl position catalyzed by glycerol-3-phosphate acgkfarase (GPAT) using acyl-ACP (acyl
carrier protein) or acyl-CoA (Coenzyme A) to forgsbphosphatidic acid (Fig. 1.2 A). Plant
cells contain three types of GPATSs, which are ledan the chloroplasts, mitochondrial and
cytoplasm, respectively (Murata and Tasaka, 19Bi78. plastidial isoform, also named as ATS1,
is a soluble stroma enzyme and prefer to utiliad-A€P as acyl donor (Frentzesh al., 1983;
Joyard and Douce, 1977; Ishizadti al., 1988; Nishidaet al., 1993). ATS1 is involved in
prokaryotic pathway of phospholipid biosynthesmnitcibuting to the plastidial PG biosynthesis
in all plants (Xuet al., 2006). Theatsl (early termedactl) mutant defective in plastidial GPAT
showed an alternation of the fatty acid compositbrthe leaf membrane lipids, increasing the
synthesis of lipids by the cytoplasmic pathway (Kwuand Somerville, 1988). A more severe
growth phenotype - small green plants and redueed set was observed when the RNA level
of ATSL in T-DNA insertion mutants oditsl was reduced by RNAI, but the content of PG was
not altered, pointing to the compensation from aplastidial GPAT (Xuet al., 2006). Unlike
plastidial GPAT, the mitochondrial and cytoplasnsiaforms are membrane-associated enzymes
and use acyl-CoA as the acyl donor (Frenitead., 1990; Murata and Tasaka, 1997). There is a
gene family encoding the extraplastidial GPAT iraBidopsis, and several members involved in
multiple functions are identified. For instance GRAT1 and AtGPAT6 have been shown to be
essential for tapetum differentiation and maleilfgrtin Arabidopsis (Zhenget al., 2003; Liet

al., 2012).
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Figure 1.2 A simplified scheme for phospholipiddynthesis in plants.

A. Scheme focusing on the CDP-DAG dependent phdgpthdiosynthesis pathway. These enzymes
are involved: GPAT, glycerol-3-phosphate acyltrensée; LPAAT, lysophosphatidic acid

acyltransferase; PAP, phosphatidic acid phosphaitgsie; CDS, cytidinediphosphate diacylglycerol
synthase; PIS, phosphatidylinositol synthase; PS$)osphatidylserine synthase; PGP,
phosphatidylglycerol phosphate synthase; PGS, F@Bphatase; CLS, cardiolipin synthase; TAZ,
tafazzin.

B. Highlight on CDS catalyzing the formation of CIDFAG from PA and CTP.
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In the second step, a lysophosphatidic acid aadtemase (LPAAT) catalyzes the acylation
reaction at the sn2 position of LPA to form PA, @hiis a central intermediate in the
glycerolipid biosynthesis. Similar to GPAT enzympkants possess a single plastidial isoform
and multiple extraplastidial isoforms of LPAAT emags. The plastidial LPAAT, known as
ATS2, localized in the envelope of chloroplastef@med utilizing acyl-ACP as substrate and
showed a high specificity for palmitoyl group (Joyand Douce, 1977; Frentzenal., 1983;
Andrews and Mudd, 1985; Bourges al., 1999). Thein vitro assay showed that the plastidial
isoform heterologously expressed in bacterium hgotederence for 16:0-CoA compared to
18:0-CoA (Kim and Huang, 2004). In Arabidopsis, fiastidial isoform ATS2 is essential for
the embryo development. Loss functionAGi2 led to an embryo lethality and mutant embryos
were arrested at the globular stage (Kim and Hu20@4; Yuet al., 2004). Unlike the plastidial
isoform, the endoplasmic reticulum-associated 1IS0fd.PAAT2 of Arabidopsis had higher
activity with 18:1-CoA than 16:0-CoA (Kinet al., 2005). Except for LPAAT2, Arabidopsis
possesses further extraplastidial LPAAT, such a8A3 to 5 (Kim et al., 2005). In addition,
Ghoshet al. (2009) revealed a soluble LPAAT encoded by At4@&®4vhich may play a role in

PA biosynthesis.

PA is a crucial phospholipid in all eukaryotes,atwed in membrane glycerolipid biosynthesis
and signal transduction (Fig. 1.3), for the lattBA acts as a second messenger, rapidly
responding for various biotic and abiotic stresgesa messenger, it is not formed by de novo
glycerolipid biosynthesis but from phospholipids pitospholipase C or D, the former in
combination with diacylglycerol kinase (Munnik, 200Qin and Wang, 2002; Nakamusiaal .,
2005; Testerink and Munnik, 2005, 2011). Exceptdieanneling into DAG and CDP-DAG for
biosynthesis of membrane lipids, PA can also besphorylated by PA kinase (PAK) to form
diacylglycerol pyrophosphate (DGPP) (van Schoaterl., 2006), or deacylated to lyso-PA
(LPA) through PLA activity (Meijeret al., 2001).

15



PE PC

@l

iy PI-PLC)
LPA =—5 PA T DAG «— PIP
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M“ @
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Figure 1.3 Pathway of PA formation and degradation in glaimcluding both glycerolipid metabolis
and signaling pathway, adapted from Testerink anehiik, 2011. PLA, phospholipase A PLD,
phospholipase D; NPC, non-specific phospholipase RGPLC, PIR phaspholipase C; PAF
phosphatidic acid kinase; DGK, diacylglycerol kieasPP, lipid phosphate phosphatase; DGPP,
pyrophosphate.

Here, we will focus on the role of PA in the glyokpid biosynthesis. On one hand, PA is
dephosphorylated by phosphatidic acid phosphaBR&E)(to produce diacylglycerol (DAG, Fig.
1.2 A). The chloroplast PAP activity was locatedtbe inner envelope membrane (Joyard and
Douce, 1977; Bloclet al., 1983), and its activity was inhibited when thenmbeane was enriched
in DAG (Malherbeet al., 1992). Three plastidic PAPs in Arabidopsis wetentified and
characterized to belong to a distinct lipid phosphahosphatase subfamily with prokaryotic
origin (Nakamuraet al., 2007). In ER two Mg-dependent PAP, named phosphatidic acid
phosphohydrolase 1 and 2 (PAH1 and PAH2) act reahihd to repress phospholipid
biosynthesis at endoplasmic reticulum (ER). Thebt®unutantpahlpah2 contains a higher
level of phospholipids and exhibits gross change&R morphology and massive membrane
overexpansion (Eastmomtial., 2010). The formed DAG serves as a precursorhrsiynthesis

of galactolipids in the plastids including monogatsyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG), and a sulfolipisulfoquinovosyl diacylglycerol (SQDG),
and the main eukaryotic phospholipids PC and PtenER (Fig. 1.2 A). The galactolipids are
the most common nonphosphorous lipids and accamn8® % of membrane lipids in green

plant tissues (Hartek al., 2000). In Arabidopsis, there are two types of M&Bynthases based
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on the N-terminal portion, located in chloroplagigoe A (MGD1) and type B (MGD2 and
MGD3). MGDL1 is abundantly expressed in green tissues, alarg pdevelopment and essential
for photosynthesis and photoprotection in Arabid®psaves (Jarvist al., 2000; Awaiet al.,
2001; Kobayashet al., 2004; Aronssomt al., 2008), while the expression levelsMGD2 and
MGD3 were higher in nongreen tissues (Avetial., 2001; Kobayashét al., 2004). Utilizing
MGDG and UDP-galactose, DGD1 and DGD2 catalyzepttoeluction of DGDG at the outer
envelope membrane of chloroplasts and play a rolbe proper assembly and maintenance of
the photosynthetic apparatus (Hareéelal., 1997; Froehlichet al., 2001; Guoet al., 2005).
Disruption of DGD1 in the dgdl mutant resulted in a 90 % reduction of the DGD@tent,
which can be alleviated HyGD2 under phosphate deprivation (Hamehl., 1997, 2000). These
data revealed thaDGD1 is responsible for the synthesis of the bulk of @& found in
chloroplasts, which can be transported from thetjla to other subcellular compartment, while
DGD2 apparently is involved in the synthesis of DGDt&ler phosphate starvation (Ke#yal.,
2002). SQDG is exclusively located in the plastidiembranes and plays an important role in
enabling photosynthesis under phosphate-limitingiddmns (Frentzen, 2004). The main
eukaryotic phospholipids, PC and PE desnovo synthesized via the Kennedy pathway, from
DAG with CDP-choline and CDP-ethanolamine, respetyi (Gibellini and Smith, 2010). In
addition, PC and PE are involved in PS biosynthesimlyzed by base-exchange-type PS
synthase PSS1, which is required for microsporesldgwment in Arabidopsis (Yamaolehal.,
2011). Moreover, PS decarboxylases convert PS RE In plants, however, these

decarboxylases contribute to a minor part of PElpecton only (Nerlichet al., 2007).

On the other hand, PA is channeled into CDP-DA®&lgaed by CDS (Fig. 1.2 A). CDP-DAG,
the topic of this thesis, is an important internagelifor the biosynthesis of PS, Pl and PGP. PS is
a relatively minor phospholipid in Arabidopsis, aonting for less than 2 % of total
phospholipids (Devaiakt al., 2006). Different from the PSS1 of Arabidopsis if¥eokaet al.,
2011), there are experimental evidences for CDP-Di&@endent PS synthesis activity in plants.
A wheat cDNATaPSSL encodes a phosphatidylserine synthase, which shomslogy to PSS
from both bacteria and yeast, but differs from lblase-exchange type PSS in animals (Delhaize
et al., 1999). The biosynthesis of phosphatidylinosit®ll)(and its polyphosphorylated

derivatives, however, depends on microsomal CDP-O§y¢kidis and Jackowski, 2000; Lofke
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et al., 2008; Gillaspy, 2011). In Arabidopsis, Pl is pmodd by two microsomal enzymes PIS1
and PIS2 encoded by two genes (Codliral., 1999; Xueet al., 2000; Lofkeet al., 2008). Pl is
an important component of biomembranes, contrilgutiore than 20 % of the phospholipids in
nonphotosynthetic plant membranes (Devadahl., 2006), but very low levels in chloroplasts
(Roughan and Slack, 1982; Devaktlal., 2006). Furthermore, the phosphorylated derivates
Pl play an important role in signal transductionrbgdiating temporal and spatial information to

downstream effectors (Gillaspy, 2011).

Differing from PS and PI, PG is mainly distributed photosynthetic tissues (Devaiahal.,
2006). As depicted in Fig 1.2, PG is synthesizesmftCDP-DAG and G-3-P forming PGP,
which is subsequently dephosphorylated by a phasiyhglycerolphosphate phosphatase (PGS)
so that PG is formed. Arabidopsis possesses two S@athase gene$GP1 and 2), which
encode enzymes closely related to the bacterial B@Rhases, but unrelated to the
mitochondrial enzymes of yeast and mammals (Miretr Frentzen, 2001). PGP2 represents the
microsomal isoform whereas PGP1 is a preproteinishargeted not only to plastids but also to
mitochondria (Babiychukt al., 2003). Plastidial PG has been shown to be indsgdde for the
development and function of thylakoid membraneaufi€et al., 2000; Satat al., 2000). This
was reflected in the phenotypemgpl mutant of Arabidopsis lacking plastidial PG. Thatamt
developed pale yellow leaves and required sucrasgrowth (Hagioet al., 2002; Babiychulet

al., 2003). These and further mutants defective irstglal membrane lipid biosynthesis
revealed that thylakoid membranes require a defieeel of anionic membrane lipids PG and
SQDG for proper function (Xet al., 2002; Yu and Benning 2003; Babiychekal., 2003). In
this regard SQDG can partially substitute for PG, @ defined level of PG is indispensable for

photoautotrophic growth.

In eukaryotes, PG and CDP-DAG at the inner mitodniah membrane are involved in the
formation of the mitochondrial marker lipid CL (Same and Greenberg, 1997; Schlame and
Hostetler, 1997). Interestingly, mutants with aracdtivated PGP1 provided evidence that
mitochondria can compensate for their defect inbdRisynthesis for CL biosynthesis, likely by
importing microsomal PG formed by the activity of5P2 (Babiychuket al., 2003). In
Arabidopsis, a mitochondrial CL synthase was idextiand characterized (Katayarsgal.,

2004; Nowickiet al., 2005). Its amino acid sequence resembles thosaabérial and plant PGP
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synthases. Furthermore, based on the resultdéhabvo synthesized CL in yeast and human
requires a remodeling of its fatty acid compositbaalyzed by tafazzin (TAZ, Vaa al., 2003,

Houtkooperet al., 2009), a remodeling pathway for CL may existlanps as well.

1.3 Biosynthesis of CDP-DAG in prokaryotes and eukgotes

As shown in Fig. 1.2, cytidinediphosphate diacytgisol (CDP-DAG) is an important branch
point intermediate in the glycerolipid biosynthesis activity was originally discovered in
microsomal preparations from pig liver (Carter &ehnedy, 1966), but it is now known to be
ubiquitous in prokaryotic and eukaryotic organis@sucturally, CDP-DAG is a liponucleotide,
consists of cytosine 5’-diphosphate attached tayitgycerol via a phosphodiester bond (Fig.
1.2 B), which provides the chemical energy in dgptwate for the downstream biosynthesis
reaction of PG, PS, Pl and CL. In that way, itifsedent from the biosynthesis reactions of PC,
PE, MGDG, DGDG and SQDG, in which the head groups bo diacylglycerol are

phosphorylated, and provide energy for the reastion

CDS of bacteria is associated with the cytoplasmé&nbrane (Belkt al., 1971; Whiteet al.,
1971, Ichoet al., 1985; Sparrow and Raetz, 1985). The cytoplasmaittibn showed the highest
specific activity of CDS, while the specific actiin the outer membrane fraction was very low
(Bell et al., 1971). MoreoverCDS of E. coli was cloned, and the respective protein was pdrifie
and characterized, showing a high substrate spigifutilize only CTP and PA with long chain

fatty acids(Ilchaet al., 1985; Sparrow and Raetz, 1985).

In yeast, purification and characterization of CibSitro showed that CDS required Kigand

Triton X-100 for activity, and had a pH optimum &6 (Kelley and Carman, 1987). CDS in
yeast is encoded by only one gene, the disruptiowhich will lead to incapability of spore
germination and vegetative growth of cells (Skeeral., 1996). CDS activity involves in the

regulation of the biosynthesis of PS and PI (Smeh@owhan, 1997).

Drosophila possesses o8BS gene like yeast, but forms two CDS isoforms bgralhtive RNA
splicing namely the constitutively isoform and tpleotoreceptor specific isoform. The latter
serves as key regulator of phototransduction.dtiwity is required for the regeneration of RIP
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thus regulate Pl-mediated signaling cascade indptuta. It was demonstrated thals mutants
cannot sustain a light-activated current as a resudepletion of PIR, while overexpression of
CDS in photoreceptor cells increased the amplitudeligtit response (Wuet al., 1995).
Vertebrates including human possess @S genes, the amino acid sequence of which shows
high similarity to Drosophila eye CDS (Lykides al., 1997; Halfordet al., 1998; Heacockt al.,
2002). Expression of the human cDNA in a rol$l mutant yeast strain complements its growth
defect and shows CDS activity. Transfection of til8NA of CDSL into mammalian cells leads
to increased CDS activity in the membrane fractioh€DS transfectants (Weeleat al., 1997;
Heacocket al., 2002). Northern blot showea@DS was expressed at distinctly different levels in
various human tissues (Lykidet al., 1997).CDSL shows a high level of expression in the
photoreceptor layer of adult retina, whi@DS2 is highly expressed in the differentiating
neuroblasts of the neural retina and in the cengalous system during embryonic development
(Volta et al., 1999). In addition, Past al. (2012) showed that zebrafish CDS2 activity was
involve in regulation of vascular endothelial grawactor A (VEGFA) signaling and vascular

morphogenesis, via regulation of R H¥ailability.

Different from animals, plants possess multiplarferof CDS. Enzymatic assays using different
plant materials have shown multiple localizatioh€®S in plants, including ER, mitochondria,
chloroplasts and plasma membrane (Andrew and Mi8i85; Kleppinger-Sparace and Moore,
1985; Hanenbergt al., 1993). In the inner envelope membrane of pearaplasts, the synthesis
of CDP-DAG using PA and CTP, followed by PG usinDFEDAG and G-3-P was proved by
Andrew and Mudd (1985). In the assay using subleglfuactions from castor bean endosperm,
CDS activity was detected in ER and mitochondri@nmbranes. CDS in the ER had a pH
optimum of 6.5 and preferred Mhfor activity, which was inhibited by Triton X-10@hile the
mitochondrial CDS had a pH optimum of 6.0 and prefé similar divalent cations as the ER
isoform for activity, which were stimulated by Tt X-100 (Kleppinger-Sparace and Moore,
1985). Also, the genes &CDSL in potato and\tCDSL in Arabidopsis were cloned and showed
high similarity. Both proteins belong to the eulatiy CDS proteins and contain eight predicted
TMD. In vitro assay ofSCDSL expressed ifk. coli resulted in a CDS activity (Kopket al.,
1997). In Arabidopsis thaliana, CDS isoforms are encoded by a small gene fantibt t

comprises five members (Beisseh al., 2003). These genes term@DS1 to CDS5 were
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functionally expressed in yeast cells and rescuned I¢thal phenotype of the mutant strain
carrying a disrupte€DSL gene. CDS1, CDS2 and CDS3 protein sequences eyesiveilar to
each other and each protein possesses the sareenpaittpredicted transmembrane domains
(Haselieret al., 2010). They resemble CDS proteins of vertebr@aset al., 1995; Voltaet al .,
1999; Paret al., 2012) but differ in sequence and structure from ¢losely related CDS4 and
CDS5 proteins, which show highest sequence sinyiléi cyanobacterial proteins (Sagbal.,
2000). CDS4 and CDS5 have been shown to reprekenplastidial isoforms located in the
envelope membranes of plastids (Froehkthal., 2003; Haselieet al., 2010). Analysis of
Arabidopsiscds4cdss mutants provided clear evidence for the importasicplastidial PG for
photoautotrophic growth (Haselietral., 2010), in line with results obtained with an Aiddpsis
mutant deficient or defective in the plastidial ppbatidylglycerolphosphate synthase gene

(Hagioet al., 2002; Xuet al., 2002, 2006; Babiychuét al., 2003).

1.4 Goal of the research

The research described in this thesis focused otramastidial cytidinediphosphate
diacylglycerol synthases @éfrabidopsis thaliana, termed CDS1, CDS2 and CDS3. Firstly, these
CDS enzymes should be studied using membranesast yells expressing one of tk®DS
genes as enzyme source and PA as well as radibadabeled CTP as substrates. After
optimizing the assay conditions, the enzymatic prips of the three CDS proteins should be

determined and compared with the plastidial isob(@DS4 and CDS5).

Secondly, it was planned to investigate the sublegllocalization of the CDS proteins by fusing
a full or partial CDS sequence with a fluorescepiadeins and expressing the fusion constructs

in plant cells.

To learn the biological functions of individual exlastidial CDS gene, different T-DNA
insertion lines should be identified and analyzed tbe transcription and product level.
Phenotype ofCDS knock out mutants will show whether for instarf€@®SlL and CDS2 have
redundant functions, like the plastidial isoforr@®34 andCDSb. To create double mutants by

crossing experiments with single mutants are pldniSbsequently, the mutants should be
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investigated by multiple approaches, such as caomgaation assay, microscopic analysrs,

vivo phospholipid labeling, and lipid composition arsgy

In summary, it is planned to get an overall viewesfraplastidial CDSs of Arabidopsis helping
us to understand the biosynthesis and functionSP-DAG and its importance in regulation

the metabolism of glycerolipids in plants.
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2 MATERIALS AND METHODS

2.1 Instruments

Table 2.1 Instruments used in this work

Name Producer

Centrifuge 5417 C Eppendorf
Centrifuge 5417 R Eppendorf
Centrifuge 5810 R Eppendorf

Centrifuge Sorvall RC-5B

Thermo Scientific

Ultracentrifuge Optima L60 Beckman
Thermocycler Mastercycler Gradient Eppendorf
Thermocycler Primus 96 MWG
Plant clean bench Cleaner
Bacterial clean bench Gelaire
Thermomixer Eppendorf
Dounce Homogenisator B.Braun
Radioactive contaminate monitor FHT 111M ESM
Spectrophotometer SmartSpec 3000 Bio-Rad

Spectrophotometer NanoDrop 2000c

Thermo Scientific

pH-Meter HI9321 Hanna inst.
Fluorescence Microscope BZ-9000 Keyence
Fluorescence Microscope DMR Leica
Confocal laser scanning microscope Leica
Electron microscope EM10 Zeiss
Bioimager FLA-3000 Fujifilm
GelDoc XR+ imaging system Bio-Rad
MicroPulser electoporator Bio-Rad
HPLC-Chip/MS system 1200 series Agilent

LS6500 Multi-Purpose Scintillation Counter

Beckman Coulter

2.2 Chemicals, consumables and kits

Chemicals and kits

Table 2.2 reagents and kits used in this work

Catalogue Name Manufacturer

Antibiotics Carbenicilin disodium Duchefa
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Cefotaxim sodium
G418 disulfate
Gentamycin
Glufosinate Ammonium
Hygromycin

Kanamycin monosulfate
Rifampicin
Spectinomycin
Streptomycin sulfate

Tetracycline

Duchefa

Probes

Mito Tracker Red
Mito Tracker Green

ER Tracker Green

Invitrogen

DNA markers

GeneRuler™ 1k DNA ladder
GeneRuler™ 100 bp Plus

Fermentas

Phospholipid

standards

Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidic acid
Phosphatidylglycerol
Phosphatidylinositol
Phosphatidylserine
Cardiolipin

Sigma

Medium

MS medium B5 vitamin
Gamborg B5 medium

MS basal salt mixture

Duchefa

Kits

innuPREP DOUBLEpure Kit
innuPREP plasmid Mini Kit

Analytik Jena

Enzymes

Zymolyase 20T

DNA restriction enzymes

Phusion DNA polymerase
SupraThermo Taq DNA polymerase
M-MLV Reverse transcriptase
DNase |

RNase

MP Biomedicals
Fermentas

New England Biolabs
Genecraft

Promega

Fermentas

Fermentas

[33P] phosphoric acid

Hartmann analytic

Radioactive materials [3H] CTP Perkin Elmer
[14C] G-3-P Perkin Elmer
B-estradiol Sigma

TLC plates SIL G25

Macherey & Nagel
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Oligonucleotides

Oligonucleotides used for amplification and sequemavere synthesized by Eurofins MWG

Operon, and the sequences were shown in AppendiXNg¢TAL).

Plasmids

Table 2.3 Plasmids used in this work

Name Source or reference
pAgrikola* Agrikola Consortium
pPENTR/SD/D-TOPO Invitrogen
pH7WG2.0 Karimi et al., 2002
pH7FWG2.0 Karimi et al., 2002
pK7RWG2.0 R. Tsien
pMDC7 Zuo et al., 2000
Curtis and Grossniklaus, 2003
pSOUP** Hellens et al., 2000
pTRAkc-rbcs1-cTP Maclean et al., 2007
pTRAkc-ERH Maclean et al., 2007
pWatergate CSIRO plant industry
pYES-DEST52 Invitrogen

The structures of plasmids are shown in Appendix (Fig. A1 — A7).

*pAgrikola was constructed by cloning the Notl fragment from Hellsgate 12 containing the 35S promoter

and twin Gateway'" cassettes into pGreen 0229.

** The original helper plasmid for pGreen, which will not replicate in Agrobacterium if pSOUP is not

present.

2.3 Organisms and their cultivation

Table 2.4 Organisms used in this work

Species Strain Source or reference
DH5a Bethesda Research Laboratories
Topl0 Invitrogen
Escherichia coli
BL21Al Invitrogen
DB3.1 Invitrogen

GV3101::pMP90ORK

Agrobacterium tumefaciens
GV3101::pMP90

Koncz and Schell (1986)
Koncz and Schell (1986)

Saccharomyces cerevisiae BY4743 YBR0O29c::KanMX (cds1)

Euroscarf
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BY2 Nagata et al. (1992)
SR1 Maliga et al. (1973)

Nicotiana tabacum

Arabidopsis thaliana Col-0 -

2.3.1Escherichia coli

The cultivation ofEscherichia coli was carried out at 37 °C in LB medium or on LB Agkates
(Roth, Table 2.5) in thermal constant room. The iomadwas autoclaved for 15 min, and after
cooling down, antibiotics were added for selectioneeded. For mini-preparatiok, coli was
cultivated in 5 ml test tubes and rotated on iredirplate at 60 rpm, and for large preparation,
culture was shaken horizontally at 140 rgEncoli strains with/without a plasmid were stored in

40 % glycerol at -80 °C.

Table 2.5 LB medium and LB-agar fir coli and agrobacteria

Components Concentration
Tryptone 10 g/l

Yeast extract 5g/l

NaCl 10 g/l

pH 7.0

Agar (for plates) 15 g/l

ddH,0 to 1 liter

Autoclave at 121 °C for 15 min

2.3.2Agrobacterium tumefaciens

A. tumefaciens strain GV3101 containing pMP90RK (GV3101::pMP90Rigs three resistance
genes: rifampicin on genomic DNA, gentamycin andngwmycin on the Ti-plasmid.

GV3101::pMP90RK was used almost in all of the tfarmeations of plants in this work, except
transformation of pAgrikola, which harbors a kanamyresistant gene. GV3101::pMP90 was
used for pAgrikola, because pMP90 has gentamydistant gene only. Before transformation
of pAgrikola, GV3101::pMP90 was first transformedtiwa helper vector pSOUP containing a
tetracycline resistance gene, giving rise to GV3JMP90::pSOUP. Both strains were

cultivated in LB medium or LB-Agar plates at 28 iCa thermal constant room with suitable
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antibiotics: rifampicin, 20 mg/l; gentamycin, 50 faganamycin, 50 mg/l; spectinomycin, 100
mg/l; streptomycin, 300 mg/l; carbenicilin, 50 mg#étracycline, 10 mg/l. The verified strains

with/without a destination vector were stored in%4@lycerol at -80 °C.

2.3.3Saccharomyces cerevisiae

Yeast was incubated in YPD (Table 2.6) or minima&dmm SC-U (Table 2.7), shaken at 100
rpm at 28 °C in a thermal constant room. Antibi@i¢18-containing and uracil-lacking medium
was used for selection of genomic and plasmid mmarkespectively. The verified strains

with/without a destination vector were stored in%4@lycerol at -80 °C.

Table 2.6 YPD medium for yeast

Components Concentration
Yeast extract (Duchefa) 10 g/l
Peptone (Duchefa) 20 g/
D-glucose (Roth) 20 g/l

Autoclave at 121°C for 15 min

Table 2.7 Minimal medium (SC-U) for yeast

Components Concentration
YNB without ammonium sulfate (MP Biomedicals) 1.7 g/
CMS-Leu-Ura (MP Biomedicals) 0.68 g/l
Ammonium sulfate (Merck) 5g/l

Glucose (without induction) 20 g/l
Galactose (induction) 20 g/l

Agar (for solidified plates) 10 g/

ddH,0 to 1 liter

Autoclave at 121 °C for 15 min

2.3.4Arabidopsisthaliana

The T-DNA insertion mutants @fisl andcds2 (SALK_088268 and SALK_011704, Alonscet
al., 2003) were obtained from the European Arabidof@&sck Centre (The University of
Nottingham, UK). Seeds were surface sterilized aodin on 0.8 % agar-solidified MSG

medium (MS medium including Gamborg B5 vitamins;cbBefa) containing 2 % sucrose. After
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stratification in the dark at 4 °C for 2 days, se&kre germinated by incubation in short day
conditions (8-h-light/16-h-dark, 22 °C). Two-weekiseedlings were transferred to potting soil.
To induce flowering, plants were cultivated undesnd day conditions (16-h-light,

23 °C/8-h-dark, 21 °C).

For inducing callus from seedlings of Arabidops$ie cotyledons, hypocotyls and radicles from
5-day-old seedlings were harvested and transfeoredllus inducing medium (CIM, Table 2.8).
For inducing expression &&DS in pMDCY7 in Arabidopsis, 10 puN-estradiol was applied to
callus inducing medium. After incubation at 26 Cthe dark for 3 weeks, the emerged calluses
were further cultivated on callus inducing mediunder the same conditions, and transferred to

fresh medium each week.

Table 2.8 Callus inducing medium for Arabidopsis

Components Concentration
Gamborg B5 medium (Duchefa) 3.16 g/I
Sucrose (Roth) 30 g/l

Plant agar (Duchefa, for plates) 8 g/l

Kinetin (Duchefa) 0.05 mg/I

2, 4- Dichlorophenoxyacetic acid (Duchefa) 0.5 ml/I

pH to 5.7 by KOH, autoclave at 121 °C for 15 min

B-estradiol (for inducing CDS expression) 10 uM

2.3.5Nicotiana tabacum

Tobacco BY-2 cells (Nagatat al., 1992) were cultivated on MSBY plates at 26 °C and
transferred to fresh plates every two weeks, di8BY medium (see recipe below), shaken at

140 rpm at 26 °C, and transferred to fresh mediaah eveek.

Table 2.9 MSBY medium for BY-2 cells

Components Concentration
MS basic salts (Duchefa) 4.3 g/l
Sucrose (Roth) 30 g/l

2, 4-Dichlorophenoxyacetic acid (Duchefa) 0.2 mg/|
Thiamine (Sigma) 1.0 mg/I
myo-Inositol (Duchefa) 100 mg/|
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Plant agar (Duchefa, for plates) 8 g/l
pH to 5.7 by KOH, autoclave at 121 for 15 min

2.4 Transformation
2.4.1Escherichia coli

Preparation of electrocompetent cells oE. coli Transformation oE. coli was performed by
electroporation, an efficient transforming methodluiding preparation of electrocompetent cells
and electroporation. To prepare competent celistiyiE. coli was cultivated overnight in LB
medium and subsequently inoculated 500 ml LB medwith antibiotics if needed. The cells
were grown at 37 °C at 140 rpm to an OD600 of fid{log phase). The culture were chilled on
ice for 20 min. The culture, containers and sohgiwere kept as close to 0 °C as possible in the
subsequent steps. The cells were harvested byisgidown at 4000 x g for 15 min at 4 °C,
resuspended in 500 ml of ice-cold 10 % glyceranteentrifuged again at 4000 x g for 15 min
at 4 °C. Repeat the washing step with 250 ml thiemRice-cold 10 % glycerol. The cell pellet
was finally resuspended in 2 ml of ice-cold 10 %cglol. The cell suspension were separated

into aliquots (40 pl per aliquot), frozen in liquatrogen, and stored at -80 °C.

Transformation of E. coli For electroporation, th&. coli aliquot was thawed on ice and
mixed with 100 to 200 ng of DNA (1 — 2 ul) whichoshd be in distilled water or low salt
solution like TE buffer. After 1 min incubation ate, the mixture was transferred into a 0.2 cm
pre-cooled cuvette (note: dry the surface) andielporated once by MicroPulser (Bio-Rad, Ec2
program, 2.5 kV, 5 msec). The suspension in thettewas immediately mixed with 1 ml of
LB medium without antibiotic, transferred into & Inl tube and shaken at 1000 rpm at 37 °C
for 1 hour. Different volumes of suspension wereead on LB plates with suitable antibiotics.
After overnight incubation, positive colonies would appeared and were analyzed by colony

PCR, followed by plasmid isolation and restricteomalysis.

2.4.2Agrobacterium tumefaciens

Transformation ofA. tumefaciens was similar to that oE. coli, except some modifications in

cultivation and electroporation: For competent gqakparation, the agrobacterial cells were
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cultivated at 28 °C and grow slower th&ncoli. Overnight incubation for large culture was
needed to reach mid-log phase. For transformatir,” program (2.2 kV, 5 msec) was used to
electroporate cells. Before the suspension wasdpra selection plates, it should be incubated
in LB medium at 28 °C for 3 hours. After cells wesgread on selection plates, it took 36 to 48
hours to obtain the positive colonies. The putapleesmid in agrobacterium was isolated and
retransformed intcE. coli for verification by restriction analysis, becauskthe low copy

number in agrobacterium.

2.4.3Saccharomyces cerevisiae

Preparation of competentS. cerevisiae cells 20 ml of YPD medium was inoculated with one
yeast colony, and incubated at 28 °C for 24 ha208. ml of YPD medium was inoculated with
100 pl 24 h preculture and incubated overnight&fQ@. On the coming morning, the culture
was chilled on ice for 20 min, divided into 4 of B0 falcon tubes. The cells were harvested by
centrifugation at 2000 x g for 15 min at 4 °C. EgsHlet was resuspended in 50 ml ice-cold
sterile distilled water and centrifugation was mafrout again at 2000 x g for 15 min at 4 °C.
The washing step was repeated with 50 ml ice-ctddles distilled water and then with 10 ml
ice-cold sterile 1 M sorbitol. All of the suspenssowere combined and centrifugated. The cell
pellet was finally resuspended in 200 pl of 1 M-ecdd sorbitol solution. The competent cells

were ready for transformation and could not bedrofor long time storage.

Electroporation of S. cerevisiae cells2 pl plasmid DNA (up to 120 pg) was transferretd 40

ul competent cells and incubated on ice for 5 ritme mixture was transferred into a 0.2 cm
cuvette. The electroporation was carried out bytdporator (Bio-Rad) with program Sc2 (1.5
kV, 5 msec). 1 ml of 1 M ice-cold sorbitol solutisras added, mixed, and transferred to a 1.5 ml
tube. The cells were spun down by centrifugatioh26t00 rpm for 1 min. After pouring out the
supernatant, the cells were resuspended in thesoagion and spread on a selective minimal
medium plate (SC-U). The plates were incubated 8&at°@ for 2-3 days to obtain positive
colonies which would be confirmed by PCR. The pugattransformed plasmid would be

isolated and retransformed into E. coli for resimit analysis.
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2.4.4Arabidopsisthaliana

Arabidopsis was transformed with destination vextaia the floral dip method (Clough and
Bent, 1998). In brief, agrobacterium containingtohedion vector was cultivated in 500 ml LB
medium with suitable antibiotics at 28 °C. UntiDgyo reached 1, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 4 °C, wesghonce with ddkD, subsequently
resuspended in 500 ml 5 % sucrose solution coni@if®.04 % Silwet L-77. Arabidopsis
inflorescences were inverted dipped into agrobactesuspension for 3 min, 3 times. After the
infiltration, Arabidopsis plants in a covered can& were incubated at about 12 °C for 24 hours
and transferred to a long day room (16 hour ligBt’C / 8 hour dark, 21 °C). Seeds with some

transformants were harvested and selected.

2.4 .5Nicotiana tabacum

Transformation of tobacco BY2 cellsThe transient transformation of BY2 cells was parfed
according to Sackt al. (2007). Firstly, recombinant Agrobacterium GV31pMP90RK cells
containing GFP or RFP construct were harvestedhahsnce with sterile ddi@ and MSBY
medium, consecutively. After measurement ofggdDa suitable volume of Agrobacterium was
added to 3 ml of 4-day-old BY2 suspension cultara petri dish to a final Qdgy of 0.05. To get
higher transformation efficiency, acetosyringones\vadded to a final concentration of 200 puM.
After 2 - 3 days of incubation at 26 °C, transiganhsformed cells were searched and observed

by fluorescence microscopy.

For stable transformation, the 3-day-old co-cultofdBY2 and Agrobacterium was transferred
onto solidified MSBY medium supplemented with 50/hkgnamycin (select BY2 transformants)
and 200 mg/l cefotaxime (kill remained agrobactajiuAfter drying of liquid medium, the
plates were sealed with parafilm and incubatedbaC2Kanamycin-resistant BY2 calluses after
4 weeks incubation were genotyped by PCR, subséguenltivated in suspension. The
suspension culture was transferred to fresh medtaah week and observed by fluorescence

microscopy at 3 — 5 days after transferring.

Transient expression in tobacco leaf epidermal callTobacco SR1 (Maligat al. , 1973)

plants were grown at 16-h-light, 23 °C/8-h-dark, Z¢ and used for studying subcellular
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localization of fusion proteins using a rapid tiens expression method according to Spastes
al. (2006). Agrobacterium tumefaciens GV3101::pMP90&itaining GFP or RFP constructs
of interest were grown in LB medium with appropgiantibiotics overnight, at 28 °C, 140 rpm.
The ODG600 of culture was measured and the cells Warvested and washed once with water to
remove salts and antibiotics. After resuspendingnfiftration medium (Table 2.10), medium
with agrobacteria was infiltrated into tobacco lesvThe 1-3 apical leaves and the leaves close
to root should not be selected, because apicat¢eare hard to be infiltrated and leaves close to
root show a low transformation rate. To infiltrate epidermal cells, a syringe with suspension
and without needle was gently rubbed on the abaidd of leaves and the suspension was
injected into the mesophylar air spaces of thescélfter injection, the infiltrated area was
marked, and tobacco plants were incubated in thk deernight and grown at 16-h-light,
23 °C/8-h-dark, 21 °C for 48 hours. For fluorese@entcroscopy, the infiltrated areas of leaves

were cut out and observed using a confocal laserostope (Leica).

Table 2.10 Infiltration medium

Components Concentration
D-glucose (Roth) 5g/l

MES (Roth) 50 mM
NasPO,*12H,0 (Roth) 2mM
Acetosyringone (Sigma-Aldrich) 200 uM

Prepare freshly before use, and not need to be autoclaved

2.5 Isolation of DNA from plant materials

Arabidopsis leaves (5 — 10 mg) were harvested ml 2ppendorf centrifuge tubes containing
about 20 ceramic beads, and quick frozen in liguiicbogen. The tubes were quickly transferred
to a box and thoroughly shaken to pulverize thedea500 pul of extraction buffer (Table 2.11)
was added and mixed by vortexing. 100ul of chlonmfavas added and vortexed again. The
mixture was shaken in an Eppendorf thermomixe2&0lrpm at 25 °C for 10 min, subsequently
centrifuged by an Eppendorf table centrifuge adQ@ rpm at room temperature for 10 min. 250
pl of the clear upper phase was transferred teshfi..5 ml tube. The DNA was precipitated by

adding 1 volume of isopropanol and mixing by inwegtthe tube. For better precipitation,
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mixture was incubated at — 20 °C for 15 min. A déingation at 14 000 rpm at 4 °C for 10 min
was performed to spin down the DNA. After removithg supernatant, the DNA pellet was
washed with 500 pl of 70 % ethanol. Another ceagidtion at 14 000 rpm at 4 °C for 5 min was
carried out to collect the DNA. After completelymeving the ethanol solution, the DNA pellet
was air dried at room temperature for 5 min. DNAevdissolved by addition of 50 pl degbl.

After incubation at 37 °C for 5 min and mixing bgrtexing, the DNA solution was ready for

genotyping and stored at — 20 °C.

Because the growth of double mutadslcds2 are arrested (Fig. 3.14), the individual plants is
not sufficient to isolate DNA as described uppee Mged two ways to solve this problem. First,
a mini preparation modified from upper protocol wased for onecdslcds? seedling. The
volume of reagents and solutions in mini prepamat@s 1/5 of that in the upper protocol and
finally DNA was eluted in 8 pul dd¥©. The DNA extraction should be competent for nogiti
PCR. Second, a rapid protocol for DNA extractiorswaed according to Kasajirgial. (2004).

A seedling of cdslcds2 was harvested in a 1.5 ml centrifuge tube comginil0 ul
10-time-diluted TE buffer (TE buffer: 10 mM Tris-HHIQoH8) and 1 mM EDTA), and crushed
by a yellow pipette tip against the tube wall utiié solution become slight green. The DNA
dissolved in buffer is suitable for PCR analysisvoTnotices for this protocol: first, excess
crushing must be avoided, because it would inhigtfollowing PCR amplification; second, the

DNA solution should be chilled on ice, used freslalyd cannot be stored for next usage.

The procedure of DNA isolation from Arabidopsislgasés or tobacco BY2 cells was similar to
that from Arabidopsis leaves, except some modiboatsuch as more initial plant material was
used, 20 — 30 mg. After quick frozen by liquid agen, the calluses were crushed by mortar and

pestle, and transferred to 2 ml tube. After thatiiolation steps were started.

Table 2.11 DNA extraction buffer

Components Concentration
Tris-HCI, pH8.0 (Roth) 200 mM

NaCl (Roth) 240 mM
EDTA, pH 8.0 (Duchefa) 25 mM

SDS (Roth) 1%
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2.6 Polymerase chain reaction

The polymerase chain reaction (PCR) is a methaahplify a specific DNA fragment from a
few copies to millions copies by multiple repeatiofydenaturation, annealing and extension
(Mullis et al., 1986). For a specific target sequence and a appuarpose, optimal reaction
conditions had to be set up, considering polymergseners, template, reaction buffer,

annealing temperature, extension duration, and eumicycles.
2.6.1 Routine PCR

Routine PCR was used for determining the genotygdamt materials of which the DNA was
extracted in advance. Since the DNA extracted pydranethod is low abundance and usually
contaminated with proteins, salts, and even soimanet residual, the polymerase used must be
able to tolerate these disadvantage. SupraTtefiraq DNA polymerase (Genecraft) we used is
competent for this work. Mg is required for the polymerase and supplementettiénbuffer.
The Oligonucleotides were designed in a melting peerature range of 52 — 60 °C. The
annealing temperature in the PCR thermal cyclesssetas (F,— 3) °C, but in the range of 52 —
60 °C. The following reaction mixture (Table 2.12)d thermal cycling conditions (Table 2.13)
for routine PCR was used in this work. The amifien products were separated and visualized

by agarose gel electrophoresis described belowdtian 2.8.

Table 2.12 Routine PCR mixture setup

Component Volume (pl) Final concentration
H,0 7.2

10X PCR buffer (Genecraft) 1 1X, 1.5 mM Mg**

10 mM dNTP (Fermentas) 0.2 0.2 mM for each dNTP
Primer forward (Eurofins) 0.2 0.2 uM

Primer reverse (Eurofins) 0.2 0.2 uM

Taq DNA polymerase (Genecraft) 0.2 0.1 U/ul

DNA template 1

Total volume 10

Table 2.13 Routine PCR thermal cycles

Step Temperature (°C) Time Number of cycles

Initial denaturation 95 3 min 1
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Denaturation 95 30 sec

Primer annealing Tm-3,52-60 30 sec 35
Extension 72 1 min/1 kb*

Final extension 72 5 min 1
Keep 8 oo 1

*The time for extension depends on the length of target sequence.

2.6.2 Colony PCR

Colony PCR was used for amplifying sequences obgen DNA or plasmid DNA in bacteria
and yeast. It is an ease and rapid method thasdhetDNA isolation steps. The DNA template
in cells is released at the initial denaturatiogpstBecause there are a lot of components in
bacterial and yeast cells which could inhibit pograse reaction, it is important that only a small
amount of cells are added in the reaction. To tid @ yellow tip attached to a pipette was
applied to touch the colony once and pipette updaveh to mix in PCR mixture. Except that the
DNA template volume in routine PCR is treated @@ substituent with water, the mixture and
thermal program of colony PCR is similar to routiR€R. The amplification products were

separated and visualized by agarose gel electrepisaiescribed below in section 2.8.
2.6.3 High fidelity PCR

To amplifying sequence for cloning and sequendmg fidelity PCR was used to avoid errors
of base pair. PhusioM high fidelity DNA polymerase (New England Biola¢EB) possesses 5’
— 3’ DNA polymerase activity and 3> 5’ exonuclease activity, and generates long tetepla
with a high speed and low error rate which is appnately 50-fold lower than that of Tag DNA
polymerase and 6-fold lower than that of Pfu DNAypterase (Frey and Suppmann, 1995).
Phusiot™ high fidelity DNA polymerase generates blunt eadsplification products, which is
suitable for GATEWAY™" direct entry cloning. The following reaction mixéu(Table 2.14) and
thermal cycling conditions (Table 2.15) for highlelity PCR were used in this work. The
amplification products were separated and visudlizg agarose gel electrophoresis described
below in section 2.8. For restriction analysis,nohy or sequencing, the products were purified

according to section 2.9.
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Table 2.14 High fidelity PCR mixture

Component Volume (pl) Final concentration
H,0 to 50

5X PCR buffer (NEB) 10 1X

10 mM dNTP (Fermentas) 1 0.2 mM for each dNTP
Primer forward (Eurofins) 2.5 0.5 uM

Primer reverse (Eurofins) 2.5 0.5 uM

Phusion™ DNA polymerase (NEB) 0.25 0.01 U/pl

DNA template 3 -5*

Total volume 50

*DNA extracted by mini preparation or DNA synthesized by RT-PCR was used as a template, the

volume added depended on the concentration.

Table 2.15 High fidelity PCR thermal cycling corolits

Step Temperature (°C) Time Number of cycles
Initial denaturation 98 30 sec 1
Denaturation 98 10 sec

Primer annealing 60 15 sec 35
Extension 72 15-30 s/1 kb*

Final extension 72 5 min 1

Keep 8 oo 1

*The time for extension depends on the length of target sequence and is calculated with

amplification speed.

2.7 Isolation of RNA and RT-PCR

2.7.1 Purification of total RNA

All solutions and tubes used should be RNase Abeut 100 mg of Arabidopsis rosette leaves

were quickly frozen by liquid nitrogen in 2 ml Epumorf tube containing 20 — 30 ceramic

beads. The leaves were pulverized by shaking tubasbox. After adding 1.0 ml Trizol, the

tube was vortexed briefly and incubated at RT fonif. Centrifugation was performed at 14

000, 4 °C for 10 min, to sediment the leaf debFise supernatant was transferred to a fresh 2

ml tube, added with 100 ul bromchloropropane, shakgorously, and incubated at RT for 5
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min. To separate phases, centrifugation was caoueét 14 000 rpm, 4 °C for 10 min. 200 pl
of the upper phase containing RNA was transfemesm new 1.5 ml tube without disturbing the
semi-solid inter-phase containing DNA. 1 volumeisdfpropanol was added, vortexed briefly
and incubated at RT for 10 min. The RNA was spunrdby centrifugation at 14 000, 4 °C for
10 min and washed once with 75 % ethanol. The RNMBepwas air dried for 5 min, and
dissolved in 150 pl dd¥D. The concentration and the quality of RNA werdeded by
agarose gel electrophoresis and Nanodrop 2000CRN#e was stored at - 80 °C, or directly

used for cDNA synthesis and RT-PCR.
2.7.2 RT-PCR for transcript level

First strand cDNA was synthesized by M-MLV Reversanscriptase (Promega). To remove
residual DNA, 1 ug of total RNA was mixed with réan buffer and DNase |, and incubated
at 37 °C for 30 min. The DNase was inactivated bgirg 1 pl of 25 mM EDTA and
incubating at 65 °C for 10 min. For RT-PCR, 0.5RIMA was mixed with 2 pl of 10 uM gene
specific primer or oligo(dk} and filled up with HO to 13 ul. The mixture was incubated at
70 °C for 5 min. After that, the mixture was quickoled down on ice. The following
components were added to the primer/template naxduptl of 5X M-MLV buffer, 2 pul dNTP,

1 pl of 200 units/ul M-MLV RT, and finally RNasesfe HO to 20 ul. The reaction was carried
out at 42 °C for 60 min and stopped by incubating®°C for 15 min. The first strand cDNA

was further used as template for end-point PCR.

For semi-quantitative PCR, each primer pair spahsagt one intron. 1 pl of first strand cDNA
reaction was used for subsequent PCR using roBi@ig protocol by amplifying 25, 30 cycles.
PCR products were separated on 1 % agarose geledstavith ethidium bromide and
visualized by UV. Quantification of the signals weeried out by Bio-rad software (Image

Lab).

2.8 Agarose gel electrophoresis

Agarose gel electrophoresis was used to deternieesize and amount of DNA for PCR

products, purified fragments, restriction analygigsmid isolation, and RNA extraction. The
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migration of nucleic acid during electrophoresisrédated to voltage, the concentration of
agarose, the fragment size which is indicated bynggration of DNA or RNA markers of
known fragment sizes. For preparing agarose ge, -12 % agarose (Roth) was melted in 1 x
TAE buffer (Table 2.16) using a microwave oven. i@ithm bromide was added to a final
concentration of 0.3 pg/ml. After cooling down @ 8C, the gel was poured into a gel chamber
with comb. After gel solidification, the comb wasmoved and the gel was placed in a horizontal
electrophoresis tank containing 1 x TAE buffer. DA RNA with added tracking dyes was
loaded into the wells and separated by applyingekactric field. After electrophoresis is
complete, nucleic acids were visualized and andly®efluorescence of ethidium bromide under

UV light in the GelDoc system (Bio-Rad).

Table 2.16 TAE buffer (1x)

Component Concentration
Tris-acetate, pH 7.5 (Roth) 40 mM
Sodium acetate (Roth) 20 mM

EDTA (Duchefa) 1 mM

2.9 Purification of DNA fragments

Target DNA fragments from PCR amplification or region digest, were purified by innuPREP
DOUBLEpure Kit (Analytic Jena). There were two casEirst, there was only a single DNA
fragment (e.g. PCR amplification), so only the PRQRfer was to exchange against the elution
buffer; second, there were more than one DNA fragsmand only one of them was the desired,

and a separation by agarose gel electrophoresise@ssary.

For purification of a PCR product with only one sifie fragment, 45 pl of PCR product was
mixed with 500 pl Binding buffer and transferredhte spin filter. After centrifugation at 10 000
x g for 2 min, the spin filter with DNA was plac@uto an elution tube, and added with 20 — 50
pl elution buffer. After incubation for 1 min, tiRCR product was recovered by centrifugation at

6 000 x g for 1 min.

For purification of restriction digest productsPCR products with more than one fragment, the

products were firstly separated by agarose geltrelgworesis, and the desired DNA band
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visualized by UV was cut and transferred to 2 ntletuThe agarose gel slice with DNA was
lysed by adding 650 ul of gel solubilizer and inatibn at 50 °C for 10 min. After adding of 50
pl binding optimizer, the DNA solution was transéat to a spin filter and centrifuged at 10 000
x g for 1 min. The DNA in spin filter was washedide with washing solution, subsequently
centrifugated to remove residual ethanol. Findllg DNA was eluted in 20 — 50 pl of elution

buffer.

2.10 Construction of vectors

The Gateway® Technology is a universal cloning meéthhat provides a rapid and highly
efficient way to transfer gene of interest into tipé vector systems. Two simple steps to
generate expression vectors: first, construct ary etone by moving blunt-end PCR fragment
into a pENTR vector; second, LR recombination rieachetween an entry clone and destination

vector to generate an expression construct.
2.10.1 Entry vectors

The blunt-end fragments were produced by high it @CR using Phusion DNA polymerase
(New England Biolabs), gene specific primers andbidopsis genomic DNA and cDNA clone.
The cDNA clones ofCDSL (BX813816),CDS2 (pda06248), andCDS3 (BX826782) were
obtained from the RIKEN BioResource Center (Szlal., 2002, 2003; Sakurat al., 2005) and
Genoscope / Life Technologies (INRA, The Frenchidiatl Resources Center for Plant
Genomics, Castellet al., 2004). The qualified PCR products were cloned ipENTR
/ISD/D-TOPO vector (Invitrogen) to generate entrgtees pENTRCDS. The TOPO cloning

reaction mixture was set up in order (Table 2.17).

Table 2.17 Set up TOPO cloning reaction mixture

Component Volume

PCR product* 0.5to 2 pl
Dilute Salt solution** (1:4) 0.5 ul

Sterile water Add to 2.5 ul
pPENTR /SD/D-TOPO vector 0.5 ul

Total 3ul

*0.5:1 to 2:1 molar rate of product:TOPO vector
**Salt solution: 1.2 M NaCl, 0.06 M MgCl,.
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After gently mixing, the reaction mixture was inatied at 23 °C for 5 min and subsequently
transformed into electrocompeteht coli cells (see section 2.5.1). The kanamycin resistant
colonies were checked by colony PCR to ensurethieaigene of interest was cloned into the
vector, and avoid false positive colonies whichtaored empty vectors. After purification from

a 5 ml pre-culture, the putative vectors were degedy suitable restriction endonucleases which
cut both the gene of interest and the vector sempudhthe restriction analysis showed a correct
size and direction of insertion, sequencing wasopered using primer M13F and M13R. When
the inserted sequence was proved, the entry vewsts ready for performing the LR

recombination reaction.
2.10.2 Expression vectors

The Gateway® LR recombination reaction (Invitrogevgs carried out for moving gene of
interest into destination vectors. The LR (attL R reaction is catalyzed by Gateway LR
Clonasé" Il enzyme mix, as shown in Fig. 2.1. The recomtimabetween the entry clone
PENTR_CDS containing attL flankedCDS gene and the destination vector generates the
expression clone pDESTDS containing theCDS gene flanked by attB sequences, and a
by-product pDONR. As demonstrated in Fig. 2.1, gi2gEST CDS contains an antibiotic
resistance gene (e.g. AmpR) which is different friemmamycin resistance gene (KanR) in the
entry clone, allowing a selection for transformatiafter LR reaction. In contrast, both of the
destination vector (pDEST vector) and the by-proghi2ONR have a F plasmid-encoded gene
ccdB that inhibits the growth dE. coli (Bernard and Countuier, 1992), and kills the tfamsed

E. coli. Except antibiotic resistance gene for bacteha, destination vector may also contain
other selection markers which will function in tlransformed organisms, such as yeast and

plants.

The LR reaction was done by following proceduresstFthe reaction mixture was set up as

below. The molar rate of entry clone:destinatiotovés as close to 1:1 as possible.

Component Volume
Entry clone pENTR_CDS 1-3.5ul
Destination vector pDEST 0.5 ul
TE buffer, pH 8.0 to4 ul
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attL1

attR2

PENTR_CDS pDEST_vector

KanR

ccdB

CDS

attl2 CmR

LR clonase

CDS
AmpR
ccdB

B1
21 DEST CDS

CmR

Figure 2.1 LR attL x attR reaction mediated by @ate LR clonase Il enzyme mix. pENTR_CDS, the entgtor
that contains gene of interest to be moved; pDE8Gtov, the destination vector to receive the genimterest;
pDEST_CDS, the expression clone that contains gérieterest; pDONR, the by-product of LR reacti@ttL,

attR, attB, and attP, bacteriophagelerived DNA recombinant sequence that allow redoatibnal cloning of
gene of interest by Gateway clonase. KanR, kananmgsistance gene; AmpR, ampicillin resistance g&meR,

chloramphenicol resistance gene; ccdB, F plasmidd@ed gene that inhibites growth Bf coli. The size of
features is propositional to the vector they locate

The LR Clonase Il enzyme mix was added and thetiogawas carried out at 25 °C for 1 hour.
To terminate the reaction, 1 pl of Proteinase Kutmh was added and the mixture was
incubated at 37 °C for 10 min. Electocompetentd. DH5a cells were transformed with LR
reaction products by adding 1 ul of mixture to 40apd following the electrotransformation

protocol described in section 2.5. Transformantsewselected on LB plates with suitable
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antibiotics. The plasmids of expression clones wardfied and restriction analyzed before

transforming into destination organisms.

With Gateway technology, expression constructs vgeneerated. For subcellular localization,
cDNAs were transferred into destination vector pWiE2.0 (Karimiet al., 2002, 2007), in
which the whole cDNAs without stop code or N-tamali part of cDNAs were fused to
N-terminal of eGFP gene. For heterozygous functishalies in yeast, cDNAs were transferred
into galactose-inducible vector pYES-DEST52 (Imwifen). For complementation assays in
Arabidopsis, cDNAs were transferred into pMDC7 aqutdl/WG2, in the former expression of
gene was highly induced bf-estradiol (Zuoet al., 2000; Curtiset al., 2003). For RNA
interference, the gene-specific sequence tag ofyZ4340 and the whole cDNA sequence

without stop codon oD was transferred into the pWatergate vector.

2.11 Plasmid isolation

The plasmids were prepared frof coli, A. tumefaciens, and S. cerevisiae using different

strategies based on the copy number and the deanstusage.

Because of the high copy number, plasmids fEorroli like DH50 are usually purified and used
for the following cloning purposes. Lots of commalits have been developed and satisfy this
requirement. The innuPREP Plasmid Mini Kit was usetthis work and briefly described below.
Before the isolation, E. coli cells with desirechghids were cultivated in a small volume
(usually 5 ml) of LB medium overnight. The cells r@eharvested by centrifugation at 12 000
rom for 1 min. After removing the supernatant, bael cells were resuspended in 250 pl
resuspension buffer, and lysed by adding 250 ullysis buffer containing NaOH and SDS,
inverting the tube 5 times, and incubating no ntben 5 min. The mixture was neutralized by
adding 350 ul of neutralization buffer and thoroygthaking. The cellular debris, chromosomal
DNA and proteins were spun down at 12 000 rpm fomiin. The plasmid in the supernatant
was transferred to a spin filter that was placéd @receiver tube, and centrifuged at 12 000 rpm
for 1 min. After discarding the filtrate, the plashwas washed with 500 pl washing solution and

subsequently washed with 700 pl of washing soluBorThe residual ethanol from washing
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solution B was completely removed by another ckigation. The plasmids were recovered by
adding 50 pl of elution buffer. 5 ml of overnightliwre yielded more than 5 pg of plasmid DNA,

which should be sufficient for downstream cloning.

Plasmids transformed into agrobacteria should loéatsd and verified before starting the
transformation of plants. Plasmids in agrobactes&ls were prepared with a protocol that is
similar to that of E. coli. But because of the loapy of plasmids in agrobacteria, the purified
plasmids from small volume culture were not enofaghverification, such as restriction analysis,
sequencing. To this end, the plasmids were retvam&fd and propagated kh coli, like DH5a,
ToplO.

The plasmid isolation from yeast cells was perfatnuging a colony plasmid rescue method
which was modified from method of Hoffman and Warst(1987). Half of a colony of yeast
(about 2 mm in diameter) was picked up and resugEkin 20 ul of plasmid rescue buffer
(Table 2.18) in a 2 ml tube. A small volume of gl&agads (0.5 mm diameter, Roth) and 20 pl of
Phenol:Chloroform:lsoamylalcohol (PCI, 25:24:1, Rotwere added. The cells were
homogenized by vortexing for 5 min. The phases weparated by centrifugation at 14 000 rpm
for 5 min, and the upper phase contained the DXAluding plasmid DNA. The upper phase
(not more than 10 ul) was transferred to a new,tabd avoided transferring the lower phase. 1
to 4 pl of the upper phase was used for transfayrelactrocompetent E. coli and verifying the

plasmid.

Table 2.18 Plasmid rescue buffer

Component Concentration
Triton X-100 (Merck) 2%

SDS (Duchefa) 1%

NaCl (Roth) 100 mM
Tris-HCI, pH8.0 (Roth) 10 mM

EDTA, pH 8.0 (Duchefa) 1 mM

2.12 DNA sequence analysis

A restriction enzyme (or restriction endonucleasepgnizes and cuts within or near a specific

nucleotide sequence (Roberts and Murray, 1976)ngixise to specific end and size of DNA
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fragments and being a useful tool for cloning. DM&gments or plasmids were cut by a single
enzyme or two enzymes (double digest, Thermo Sti®ninto more than two specific

fragments, giving the information of the size anderrtion direction of gene of interest. For
digestion of a purified PCR product or a plasmi following mixture (Table 2.19) was added

and incubated at 37 °C for 1 hour.

Table 2.19 Restriction digestion mixture

Component Volume
ddH,0 16 ul
10X buffer 2 ul
DNA fragment or plasmid 1ul
Restriction enzyme* 1ul
Total 20 ul

*For double digestion, 1 ul of each enzyme was added, and recommended buffer was added.

Fragment or plasmid samples mixed with correspanginmer, were determined on an ABI
PRISM® 3730 genetic analyzer in Fraunhofer IME. Base-paiors were avoided by comparing
sequencing results with the sequences in TAIR (vasabidopsis.org). The insertion sites of
T-DNA insertion, the DNA fragments were amplifieg bigh fidelity PCR, using gene-specific
primer LP/RP and T-DNA left border primer LBbl.3afifle Al). After purification, the
fragments were sequenced. The cDNA in pENTR ertwecwere sequenced using M13F and

M13R before moving into destination vectors by ltierecombination reaction.

2.13 Preparation of yeast mitochondrial membranes

The yeast YBR029ac(Is1) cells containing pYES-DEST5ZDSs were obtained from Haselier
et al. (2010). The yeast cells were cultivated and mibochial fractions were isolated from the
cultures according to Zinser and Daum (1995) asrtesd before (Haseliext al., 2010). Before
the day of purification, 2 flasks of 200 ml mininrakedium (SC-U) were inoculated with yeast
pre-culture to a initial OR¢0.02 and shaken at 140 rpm at 28 °C, overnight. ddils were
harvested in falcon tubes by centrifugation at 2481 x 20 °C x 4 min (also for the following
centrifugation steps without mention). Each peleas resuspended in 20 ml of ice-cold d@H

and centrifuged again. After removing the supemtatie cell wet weight was determined and
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the pellets were washed once with 20 ml Buffer A€ 2.20). The washed cell pellets were
resuspended in a certain volume of Buffer A (1 rat g cell wet weight), and added with
dithiothreitol (DTT, Roth) to a final concentratiafi 10 mM. The cells were shaken at 30 °C for
10 min and centrifuged. After removing the supengtthe pellets were washed with 20 ml of
Buffer B (Table 2.20) once, and resuspended inr@icevolume of Buffer B (5.7 ml per g cell
wet weight). At this point, a control of Zymolyadeestion was prepared by diluting 10 ul of
suspension in 1 ml dd®@ and stored on ice. For digestion of yeast cellswa certain volume

of Zymolyase 20T (MP biomedicals) stock solutionsvealded (2 mg Zymolyase per cell wet
weight) and the suspension was gently shaken &€30r 45 min. For checking the Zymolyase
digestion, 5 pl of suspension was diluted in 5 digD, mixed by vortexing, and compared with
the control: the digested sample should be cledkauthe milky control, because without cell
wall the cells were destroyed osmotically. Aftee ttest, the spheroplasts were harvested by
centrifugation at 2400 rpm x 4 °C x 4 min (also tbe following centrifuge unless mention).
The following steps should be done at 4 °C or iolet@s possible. The pellets were washed once
with 20 ml ice-cold Buffer B, and subsequently wit@ ml of ice-cold Buffer C (Table 2.20).
After discarding the supernatant, the followingt8ps 3 times were repeated: the pellet was
resuspended in Buffer C (2 ml per g cell wet weligthte spheroplasts were broken with Dounce
homogenizer, 20 relapse; after centrifugation, shpernatant was collected in a fresh Falcon
tube on ice. The collected supernatant was cegé&tfuat 10000 xg x 4 °C x 30 min. For
preparing the mitochondrial fraction, the pelleer@resuspended in Buffer C and centrifuged at
4000 rpm x 4 °C x 10 min to remove the spherophapurities. The supernatant was transferred
to a new centrifuge tube and centrifuged at 10G9& # °C x 10 min. After washing with 20 ml
ice-cold Buffer C again, the pellet should be aderumitochondrial fraction which was
resuspended in an appropriate volume of 10 mM His80, buffer (pH 7.4). The suspension

was divided into aliquots, quick frozen in liquidrogen and stored at — 80 °C.

Table 2.20 Buffers and solution for mitochondrradtion preparation

Buffer or Solution Component Concentration
Buffer A Tris-HCI, pH 9.4 100 mM
Sorbitol (Roth) 1.2 M
Buffer B
Kalium phosphate, pH 7.4 20 mM
Buffer C Mannitol (Roth) 0.6 M
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Tris-H,SO,4, pH 7.4 10 mM
Sorbitol (Roth) 1.2 M

Zymolyase stock solution
Zymolyase 20T (MP biomedicals) 10 mg/ml

2.14 Enzymatic assay

Before the assay, the protein concentration oftye@®chondrial membranes was measured by
the Bradford method (Bradford, 1976) using boviregusn albumin (Roth) as calibration
standards. The quantified total protein concemmatwas used for the following activity
calculation. CDS activity in mitochondrial membranas determined in 50 pl reaction mixture
containing 5 pg proteins according to Andre e{2000, Table 2.21). The reaction was started
by adding CTP, incubated at 30 °C for 20 min, dmel ¢atalysis was stopped and lipids were
extracted by adding 500 pl methanol:chloroform (¥/%) and centrifugation at 1000 rpm for 3
min. The amount of reaction products was quantifiwd scintillation counting (LS 6500,

Beckman).

Table 2.21 Enzymatic assay mixture

Component Concentration
Bis-Tri-Propane-HCI, pH 8.0 (BTP, Roth) 50 mM

MgCl, (Merck) 5mM

Triton X-100 (Merck) 0.5%

PA (18:1/18:1) (Sigma) 0.2 mM

CTP (Sigma) with [5-*H]CTP (Perkin-Elmer) 1.2 mM, 3x10° dpm
Proteins 5ug

H20 to 50 ul

2.15 Microscopic analysis

For studying subcellular localization of fusion f@as, a rapid transient expression method was
used according to Sparketsal. (2006), described above in the section of toba@sformation.
For the colocalization, agrobacteria GV3101::pMPRORontaining the construct of
pTRAKc-rbcs1-cTP or pTRAkc-ERH (Macleahal., 2007), which show the chloroplast and ER

localization, respectively, were introduced intoafleepidermal cells together with
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GV3101::pMP90RK containingDS constructs. For visualization of mitochondrialfiltrated
areas of leaves were cut out after 48 hours incuband incubated in 500 nM Mito Tracker
Red (Invitrogen) solution with 0.04 % silwet L-7Vhe infiltrated areas of leaves were cut out

and observed using a confocal laser microscopedl.ei

To determine the starch in seedlings, Arabidopgsevwgerminated and grown on MSG plates,
and harvested at day 3, 4, 5 and 7. Seedlings amested at hour 4 in 8-hour photoperiod,
decolorized in 80 % (v/v) ethanol at 80 °C for Shistained with Lugol solution (Sigma) for 2

min, and briefly destained with distilled water ¢&i The transmission images of starch-stained
seedlings were taken with a Keyence microscopearniayze the cells of cotyledons and roots,
the slides were prepared by A. Weth as describéatdéHaselier at al., 2010), and observed

with a Keyence microscope.

To analyze the red fluorescence of chlorophyll,yleatons from 5-day-old seedlings were
harvested at hour 4 in 8-hour photoperiod and oesewith a Leica fluorescence microscope.

The fluorescence was excited at 450 - 490 nm atetwel at 515 nm.

The ultrastructure of cotyledons and roots from WA cdslcds2 seedlings were analyzed by
transmission electron microscopy using a Zeiss EMIgrtron microscope. The EM slide
preparation and microscopy were performed in cadper with Agnes Weth and Professor

Werner Baumgartner in Biology Il, RWTH, as descdlbefore (Haselier at al., 2010).

2.16 Phospholipid analysis

In vivo phospholipid labeling of seedlings and lipid extretion About 40 mg 5-day-old
seedlings of WTH 80 plants) and@dslcds2 (= 200 plants) were harvested from MSG plates and
incubated in 2 ml 1/2 MSG medium (Table 2.22) cmitg 2 pl f°P] phosphoric
acid(Hartmann-Analytic, FF-1, 370MBq (10mCi)/ml),nder light overnight (18 hours).
Phospholipids were extracted according to Babiyckulal. (2003). The supernatant was
carefully removed, and the seedlings were washadéds with 1 ml NaCI/EDTA solution. After
washing, 2 ml NaCI/EDTA solution was added andgbedlings were boiled in a water bath for

10 min to inactivate lipases (under a hood, andhdigs of tubes). After cooling and brief spin,
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the solution was removed and the lipids were eteéthby adding 3 ml chloroform/methanol (1:2,
v/v), and incubating for 15 min at RT (gently shakseveral times during incubation). 3 ml
chloroform was added (chloroform:methanol = 2:1y) vdnd extraction was incubated for
another 15 min. After mixing with 1.5 ml 1X saltlgtion (Table 2.22), the organic phase was
separated from aqueous phase by centrifugatio@@ fpm at RT for 3 min. The lower phase
(organic phase) was transferred and filtrated gietss wool, and harvested in a new falcon tube.
The solvent was evaporated by nitrogen stream uhéeinood and the residue was dissolved in

500 pl chloroform.

Separation of phospholipids by thin layer chromatogaphy Before the separation, the
radioactivity of phospholipids was measured: 5 fuligid extraction were mixed with 5 ml
scintillation cocktail (Optiphase Hisafe 2, Perliimer) and measured in a scintillation counter
(LS 6500, Beckman). Lipid extraction with 10000 dpedioactivity was evaporated and
dissolved in 40 ul chloroform and applied to thaydr chromatography on a silica gel 60 plate
(0.25 mm layer thickness, Merck). The plate wasqdavertically in a glass tank containing 100
ml of chloroform/methanol/glacial acetic acid (65:2, v/v) and incubated for 1 hour and 15 min
to separate phospholipids. For separating phospisgrine (PS) and phosphatidylinositol (P1),
phospholipids were applied on 1.8 % boric acid tega TLC plates with
chloroform/triethylamine/ethanol/water (30:35:35v/;).

Table 2.22 Medium and solution for phospholipiddiithy and extraction

Medium or solution = Component Concentration
MSG (Duchefa) 2.2 g/l
1/2 MSG medium Sucrose 10 g/l
pH with KOH to 5.8
NaCl (Roth) 0.45%
NaCl/EDTA solution
EDTA (Duchefa) 20 mM
KCl 1M
1X salt solution
HsPO, 0.2 M

Visualization and analysis of phospholipid labeling After drying under the hood, the plate
with separated lipids was placed in an image ctssmtd covered with a imaging plate

(BSA-MS 2025, Fuji Photo Film) overnight. The mitioaas of phospholipids were visualized in
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a bioimage (FLA3000, FujiFilm). To quantify eachagspholipid, the bands of lipids were
scraped from the TLC plate, mixed in 5 ml scintiba cocktail and applied to scintillation

counting.

Phospholipid analysis of calluses was performedlainto that of seedlings, except several
extraction steps. Calluses were grown on agariielidcallus inducing medium (CIM) as
described above. Fdn vivo labeling, about 200 mg of Arabidopsis callusesewveut and
separated into two portions, one was grown on Clith w0 pM B-estradiol and the other on
CIM without 10 pMp-estradiol, and incubated for one week. Calluse® wansferred to falcon
tubes and incubated in 1 ml CIM with or without M B-estradiol, containing 2 pl ofP]
phosphoric acid, at room temperature without ligihernight. After removing the medium, the
callus was washed 5 times with 1 ml NaCI/EDTA solut 3 ml of NaCI/EDTA was added and
the callus was boiled in a water bath for 10 mihe Tipids were extracted by adding 3 ml of
chloroform/methanol (1:2, v/v) and vortexed for M. 3 ml of chloroform was added and the
tubes were vortexed for another 30 min. The foltaysteps for extraction and analysis were

similar to that of seedling described above.

2.17 Lipid profiling

Lipid extraction from the following materials wasrded out according to Roughae al.

(1978).

About 50 mg seedlings were harvested in glass twigsscrew caps and weighted. 3 ml of
boiling water was added into glass tubes and inedbax 100 °C water bath for 10 min to
destroy all lipase activity. After water was remdwmmpletely, lipids were extracted firstly with
3 ml chloroform/methanol (1:2, v/v) for 5 min, wigently shake. The organic lipid extract was
transferred to a new glass tube, the leaves weraated with 3 ml of chloroform/methanol (2:1,
v/v). On this point, the leaves should be pale &hiDrganic extracts were collected and
combined and 3 ml of chloroform and 2.25 ml of 36M NH4OAc solution were added and

mixed by vortexing. Phase separation was done hiriftege, and the lower phase containing
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lipids was collected, avoiding taking the aqueolsse. The solvent of lipid extract was

evaporated by nitrogen stream. Lipid residue wasaived in Q-TOF solvent for LC/MS.

Calluses of Arabidopsis were cut and separated twip portions and incubated on callus
inducing medium with or without 10 uM @kestradiol. About 100 mg of callus was harvested
for extraction of lipids. The protocol used was igimto seedlings, except the two steps for
extraction: for callus, after adding 3 ml of chlfmen/methanol (1:2 or 2:1, v/v), lipid extraction

was carried out by vortexing for 30 min.

Leaves were harvested from 1-month-old Arabidop&sts grown in potting soil for 1 month,
and used for extraction of lipids for LC/MS. Sinnilarotocol as to seedlings was employed (see

above).

Steady state membrane lipid composition of Arabsi®peaves, seedlings and callused were
analyzed by nanospray ionization tandem mass speetry (nanospray-MS/MS) in cooperation
with Helga Peisker and Professor Peter Doermartheainstitute of Molecular Physiology and
Biotechnology of Plants, University of Bonn. Folegrolipid quantification, an aliquot of the
lipid sample was diluted in methanol:chloroform:3®M ammonium acetate (665:300:35, vl/v,
Welti et al. , 2002). Two internal phospholipid standards eaehe added for PC, PE, PG, PA
and PS (Avanti Polar Lipids) to the samples acewydo Weltiet al. (2002). The lipid standards
MGDG, DGDG, SQDG and PI (Larodan) were hydrogengiedr to addition to the sample
according to Busemast al. (2006). The samples were supplied to a Q-TOF (quoede
time-of-flight) mass spectrometer (Q-TOF 6530; Agt) in chloroform/methanol/ 300 mM
ammonium acetate (300:665:35, v/v) at a flow r4t6.6 pl min® with a nanospray ion source
(HPLC Chip/MS 1200 with infusion chip; Agilent). #f ionization in the positive mode with a
fragmentor voltage of 270 V, ammonium or protonwds were selected in the quadrupole and
fragmented in the collision cell (Weld al., 2002). After correction of isotopic overlap, tipi

molecular species were quantified according to xdwe al. (2006).
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2.18 Positional analysis of glycerolipids

The glycerolipids isolated from Arabidopsis seeghiinvere dissolved in chloroform and purified
using silica columns (Strata 100 mg Silica colunfilsenomenex). After washing the columns
with chloroform, the galactolipids were eluted withcetone/isopropanol (1:1) and the
phospholipids with methanol. The glycerolipids wdreed and dissolved in ethanol. An aliquot
of the glycerolipid fractions was mixed with digest buffer (40 mM Tris-HCI, 50 mM
Na-borate, pH 7.2) and Rhizopus arrhizus lipase iandbated for 1 h at room temperature
(Fischeret al., 1973; Williamset al., 1995). After extraction with chloroform/methar{@t1) the
lyso-glycerolipids (lyso-MGDG, lyso-DGDG, lyso-P{yso-PE and lyso-PG) were measured by
Q-TOF mass spectrometry (see above). The amountlysotglycerolipids were obtained
following electronic neutral loss or precursor szanning of the MS/MS experiments according
to Devaiahet al. (2006) except for lyso-MGDG, lyso-DGDG and lyso-R@ich were measured
as ammonium adducts in the positive mode. Data wenected for isotopic overlap, and after
background subtraction, the percentages of the qulale species within each lyso-glycerolipid

class were calculated.

51



3 RESULTS AND DISCUSSION

3.1 Bioinformation analysis of plant cytidinediphophate diacylglycerol synthases

(CDS) sequences
3.1.1 Conserved domains of cytidinediphosphate digiglycerol synthases

Cytidinediphosphate diacylglycerol synthase (CDS3Jso known as phosphatidate
cytidylyltransferase, transfers a cytidyl group oftidine triphosphate to phosphatidic acid,
generating cytidinediphosphate diacylglycerol (CDRG), an important intermediate in
glycerolipids biosynthesis. It is known that CDSaisuniversal enzyme that is found in both
prokaryotes (Ichet al., 1985; Martinet al., 2000; Satcet al., 2000) and eukaryotes (Wt al.,
1995; Shenet al., 1996; Kopkaet al., 1997; Weekset al., 1997; Voltaet al., 1999;
Inglis-Broadgateet al., 2005). In Arabidopsis, there is a snfadS family consisting of 5 genes,
namedCDSL to CDS5, of whichCD$4 andCDS5 were shown to encode the plastidial isoforms
catalyzing formation of CDP-DAG essential for projatic PG biosynthesis in plastids
(Haserlieret al., 2010).CDSL to CDS3 of Arabidopsis were heterologously expressed mste
cdsl null mutant and functionally rescued the nonvigtienotype of the haploid mutant strain
(Haselieret al., 2010). In addition, based on sequence simild@iBS1 of Arabidopsis was

claimed to be a eukaryotic enzyme (Kogkal., 1997).

A BLAST search (NCBI/BLAST/blastp) was carried auging AtCDS1 amino acid sequence as
query sequence. CDS amino acid sequences fromatyprganisms, includinge. coli, S
cerevisiae, A. thaliana, D. melanogaster, and H. sapiens, were selected and applied to the
multiple sequence alignment with Clustal X2 (Larkiral., 2007). The alignment was shaded by
Genedoc (Nicholas et al., 1997), and shown in Bid. Firstly, a conserved domain of
phosphatidate cytidylyltransferase (PLN02594, ultkxl sequences) was found in all CDSs
from both prokaryotes and eukaryotes. Secondly,GB& sequences were separated into two
classes based on similarity: CDS1, CDS2 and CD8® fArabidopsis were similar to those
from eukaryotes, such &cerevisiae, D. melanogaster andH. sapiens; in contrast, AtCDS4 and

AtCDS5 were closely related to the prokaryotic asof like E. coli.
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Figure 3.1 Multiple sequence alignment of cytidipddsphate diacylglycerol synthase (CDS) proteirtse
amino acid sequences of CDS Amabidopsis thaliana (AtCDS1, NP_176433.2; AtCDS2.1, NP_193965.1;
AtCDS3, NP_194407.5; AtCDS4.1, NP_566035.2; AtCDISB, 191621.1) were compared with CDSotoli
(EcCDS1, YP_006137261.1)S cerevisae (ScCDS1, NP_009585.1)D. melanogaster (DmCDS1,
NP_524661.1)H. sapiens (HsCDS1, NP_001254.2; HsCDS2, NP_003809.1). Aligninwas performed with
Clustal X2 using a multiple alignment model. Thegmanent results were shaded by Genedoc using a
conservation model. Dashes represent gaps to nmisimilarity of sequences. The conserved amind aci
residues in all sequences are shaded in black emg gnd indicated by letters below the alignmérite
different shading levels represent distinct of ssme conservation. The conserved domain of phosiatat
cytidylyltransferase (PLN02594) is underlined. Reéde transmembrane domains were shown as boxes.
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Except EcCDS1 which is a membrane-associated enzlindée other CDS enzymes shown in
the alignment are integral membrane proteins. Euntbre, the number and pattern of
transmembrane domains differ between prokaryotid enkaryotic proteins. Moreover, two
highly conserved regions were found in all enzymigmned: one is between box V and VI, the
other between VII and VIII. These domains werededd to be the catalytic regions (Fig. 3.1).

ZmCDS2 CsCDS1
ReCDS1| g OSCDS2

0sCDS2 GmCDS1
AtCDS1
A 2 e AICDS2.1
OsCDS1 RcCDS2
OsCDS3  ZmCDS3
GmMCDS5
GmCDS4 AICDS3

GmCDS2
GmCDS3
AtCDS5

SmCDS1
AtCDS4.1

RcCDS3

CsCDS3
CrCD81

SmCDS2
0.1 CrCDS2

Figure 3.2 Phylogenetic tree of putative cytidipdisphate diacylglycerol synthases from eukaryotic
photosynthetic active organisms. Parts of the neatgroteins from a BLAST search in plants using[82 as
quary sequence are shown in this figure, includi@DS1 (Accession humber NP_176433.2), AtCDS2.1
(NP_193965.1), AtCDS3 (NP_194407.5), AtCDS4.1 (N66(B5.2) and AtCDS5 (NP_191621.1) from
Arabidopsis thaliana, CrCDS1 (XP_001691838.1) and CrCDS2 (XP_00169mM0#om Chlamydomonas
reinhardtii, CsCDS1 (XP_004134792.1), CsCDS2 (XR1®7J856.1) and CsCDS3 (XP_004140488.1) from
Cucumis sativus, GmCDS1 (XP_003556374.1), GmCDS2 (XP_00351853%mCDS3 (XP_003545113.1),
GmCDS4 (XP_003538330.1) and GmCDS5 (XP_003551170ftgm Glycine max, OsCDS1
(NP_001044302.1), OsCDS2 (NP_001064355.1) and O8QNB8_001045756.2) frorryza sativa Japonica
Group, RcCDS1 (XP_002518397.1), RcCDS2 (XP_00253120@uid RcCDS3 (XP_002511659.1) from
Ricinus communis, SmCDS1 (XP_002980195.1) and SmCDS2 (XP_00297417%om Selaginella
moellendorffii, ZmCDS1 (NP_001132909.1), ZmCDS2 (NP_001151268r) ZmCDS3 (NP_001150623.1)
from Zea mays. The phylogenetic tree was constructed by thehteigjoining method with Clustal X2 program
and viewed by treeview program. The scale indicataach lengths.
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3.1.2 Two types of CDS appear to exist in plants

To gain an evolutionary view of CDS in plants, atpm BLAST using AtCDS1 as a query
sequence was performed. Besili@bidopsis thaliana, amino acid sequence from three dicot
species Cucumis sativus, Glycine max and Ricinus communis), two monocot plantsCryza
sativa Japonica Group and Zea mays), a lycophyte $elaginella moellendorffii), and an algae
(Chlamydomonas reinhardtii) were selected for comparison. These eukaryotmqgsynthetic
active organisms were found to possess at leastaid® candidate sequences. However, no
similar CDS sequence was found in gymnosperm,jlikecause candidate proteins haven’t been

analyzed so far.

An unrooted phylogenetic tree of proteins from skgd plants was constructed using the NJ
(Neighbor-joining) method proposed by Saitou and [®87). As shown in Fig. 3.2, the
phylogenetic analysis clearly demonstrated a distidlassification of these amino acid
sequences into two groups. The plastidial isofoom&tCDS4 and AtCDS5 belong to group A,
while the putative extraplastidial isoforms AtCDSALCDS2 and AtCDS3 is classified into
group B. Furthermore, subgroups of dicot and moh@ecoteins were easily distinguished in
both group A and group B. In addition, AtCDS3 tdget with GmCDS2, GmCDS3 and
RcCDS2 is separated from the dicot protein growtuaing AtCDS1 and AtCDS2. Based on
these analyses, CDS are ubiquitous proteins intl&horeover, the division of CDS proteins
into plastidial and extraplastidial isoforms isigad in plants. The study of CDS in Arabidopsis

will help us to understand CDS roles and functionglants.

3.1.3 Expression level of putative extraplastidiaCDSs in Arabidopsis

The expression pattern of extraplastidiziDSs in Arabidopsis were analyzed, using the data
from Arabidopsis eFP Browser-BAR (website: bar.ato.ca, Winteget al., 2007). As shown in
Fig. 3.3, CDSL and CDS2 are constitutively expressed in all of the givassues and
developmental stages of Arabidops3DS1 has the highest expression level in almost all
samples, indicating that it should be the main bution of the extraplastidial CDS activities.
CDSX2 has lower transcription level th&@DS1. Unlike CDSL andCDS2, CDS3 is specifically
expressed in stamens at flower stage 12 and mpuliens.CDS3 is also expressed in seeds

from embryogenesis to germination in relatively l@wvels, and becomes very hardly detectable
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when the vegetative stage starts. These data tediteat CDS1 and CDS2 should have
indispensible role in Arabidopsis growth and depetent, andCDS3 may act as complementary

activity in specific organs, like mature pollengiatamens.
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Figure 3.3 Expression levels @DS1 (black), CDS2 (white) and CDS3 (gray) in the given structures in
Arabidopsis. Data are from Arabidopsis eFP Brov&&R (bar.utoronto.ca, Winter et a2007), in which data a
normalized by the GCOS (Gene Chip Operating So#ijvanethod , and a target signal (TGT) = 100 and
background value (Bkg) = 20 for array scanning wesed. The average valuaad standard deviations wt
given.

3.2 Enzymatic properties of CDS1, CDS2 and CDS3

To determine the enzymatic properties of extrajledtisoforms CDS1, CDS2 and CDS3, ihe
vitro enzyme assays were performed using mitochondriaemimnanes from yeast cells
heterologously expressigDS1, CDS2 or CDS3. Since CDS catalyzes the reaction of PA and
CTP, and produces CDP-DAG and pyrophosphate, wel useéioactively **C labeled
phosphatidic acid (PA) otH labeled CTP as substrate to measure the enzymeticrmance.
As shown in Fig. 3.4, CDP-DAG was only formed i goresent of CDS enzyme (CDS3 in this
assay). When the CDS3 concentration in the readtioreased, the content of labeled PA
decreased accompanied by an increasing concenti@tibe product CDP-DAG (Fig. 3.4A). In
other assay with unlabeled PA artd labeled CTP, a good linear relationship betwe&8C
content and reaction rate was shown in the rangaub$trate and protein content tested (Fig.

3.4B). The data demonstrated that the conversimm #?A to CDP-DAG in the reaction is the
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result of CDS catalysis and, in the given rangsuldstrate and enzyme concentration, is linear

with the activity of CDS, which could be influencéy pH, metal ions, detergents and PA

species.
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Figure 3.4 Relationship between protein conceminadind CDS activity demonstrated by a CDS3 fraction

A. Image of TLC-separated PA and CDP-DAG, afteubating the reaction mixture containifit labeled PA
and unlabeled CTP as substrate and mitochondriaibrane from yeastdsl null mutant expressing AtCDS3 as
enzyme source. PA, phosphatidic acid; CDP-DAG,doyéidiphosphate diacylglycerol; O, migration origihe
numbers under the origin represent the proteinectr{f1g) in reaction mixture.

B. CDS3 activity as a function of the protein canttin the assay gave a linear graph of proteinti@acate.

The extraplastidial CDS isoforms CDS1, CDS2 and 8b&erologously expressedddsl null
mutant yeast mitochondrial membrane showed broaditfarent optimum pH (Fig. 3.5): CDS1
and CDS2 were most active at pH 8 while CDS3 ha#i aptimum at about 7.5 similar to the
plastidial CDS enzymes. CDS isoforms of Arabidopsise found to require Mg for activity.
The extraplastidial enzymes reached highest agtaiit2 to 5 mM M{§', unlike the plastidial
enzymes, which were most active with 20 mMZ{gAndrews and Mudd, 1985; Haseliral.,
2010). Different from CDS of pedisum sativum) chloroplast envelopes, which were almost
completely inhibited by Triton X-100 (Kleppinger-&@ace and Moore, 1985), the activity of
CDS enzymes from Arabidopsis expressed in yeasthreem was 4 to 12 fold stimulated by
Triton X-100 at 0.6 %. In addition, activities dfet extraplastidial isoforms as a function of the
substrate concentrations reached the highest taesivat 2 mM CTP which is more than ten-fold

lower concentration than that of CDS4 and CDS5r(8@ CTP; Haselieet al., 2010). Except
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the absolute value of activities, all three extaaptlial proteins functionally expressed in yeast

mitochondrial membranes displayed enzymatic praggeviery similar to each other.
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Figure 3.5 CDS1, CDS2 and CDS3 activity as a famctif (A) pH value of the reaction mixture, (B) tbm X-100
concentration, (C) Mg concentration and (D) CTP concentration. CDSImdiads; CDS2, squares; CDS3,

triangles.

The preference for PA species of the extraplastigrateins was studied using dioleoyl,

dipalmitoyl and 1-palmitoyl-2-oleoyl species. Sianilto CDS4 and CDS5, the extraplastidial

isoforms were most active with the 18:1/18:1 speoiePA and their activities decreased in the

order of 16:0/18:1 PA to 16:0/16:0 PA (Fig. 3.6n e other hand, the extraplastidial isoforms

had lower K, for PA, and reached the reaction saturation at@24 mM which is much lower

than that of plastidial isoforms (2 mM for CDS4 a@iDS5; Haselieret al., 2010). The

preference of unsaturated PA species reflects @wireagent of CDS enzymes from Arabidopsis

for a fluid physical state under the vitro assay conditions. In summary, the various isoforms

encoded by the five Arabidopsis genes have sinpitaperties except that the extraplastidial

enzymes reached substrate saturation at consige@bér concentrations than the plastidial

isoforms.
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23 CDS1

Figure 3.6 Activity of CDS1, CDS2 and
CDS3 enzymes as a function of the PA
species: 18:1/18:1, crosses; 16:0/18:1, bars;
. — 16:0/16:0, circles.

007 PA, phosphatidic acid.
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3.3 Subcellular localization of CDS from Arabidopss

To gain insight into the subcellular localizatio the extraplastidial CDS proteins from
Arabidopsis, firstly, predictions performed by selepredictor programs were collected and
compared to get some hints for our experimentsefisrted before, CDS1, CDS2 and CDS3 of
Arabidopsis lack typical N-terminal targeting seqoes so that different prediction programs for
subcellular localization give inconsistent resultanging from plasma membrane to most
organelles (Heazlewoost al., 2005, 2007; Haselieat al., 2010). In contrast, CDS4 and CDS5
are predicted to be the plastidial isoforms by nmsgrams, in accordance with experimental
results in tobacco BY2 cells (Haselgral., 2010). So it is necessary to launch experiments f
the subcellular localization of the extraplastid@DS isoforms. This test was achieved by
transient expression of GFP fusion proteins in tptails in this work. Firstly, parts or whole
sequence of the open reading frames ofabB& genes were cloned (Fig. 3.7) and fused to the 5’
end of enhanced green fluorescent protein (eGHR)esee and transiently expressed under the

control of cauliflower mosaic virus 35S promoterBN?2 cells and tobacco leaf epidermal cells,

59



respectively. The tobacco leaf epidermal cells weusnd to be better suited for the expression
of CDS fusion proteins than the previously used Bdls (Haselieret al., 2010), as leaf
epidermal cells showed higher transformation rstinger GFP signals, were easier to handle,

and less time consuming.

CDS1_100aa ~——mmm—

CDS1_174aa
CDS1_woS

CDS2.1_174aa

CDS2.1_woS

CDS3_100aa

CDS3_150aa

CDS3_248aa

CDS3_woS

Figure 3.7 Schematic diagram of full-length andextinal regions of extraplastidial CDS amino a@dusences
for the development of fusion proteins. Black boxesl lines represent transmembrane domains (TM@) an
non-TMD, respectively. CDS1_woS, CDS2_woS and CR&S are full-length sequences (woS, without stop
codon), and the other are deletion constructs amged by the length of sequences (aa, amino acid).

For colocalization experiments in tobacco leaf epital cells, agrobacteria containing certain
GFP and RFP constructs were mixed and infiltratéol mesophylar air space of tobacco leaves.
As demonstrated in Fig. 3.8 A and B, both CDS1-@Rr& CDS2.1-GFP exhibited colocalization
with SEKDEL-RFP, an ER marker in tobacco leaves dieanet al., 2007). The N-terminal
peptide fusions CDS1 174-GFP and CDS2.1 174-GFP,which five of the eight
transmembrane domains were removed, showed caatiah with the ER marker as well (Fig.
3.8 E and F). On the other hand, none of the GBERIiuproteins gave signal pattern typical of
chloroplast or mitochondria (Fig. 3.8 C and D). Eaver, CDS3 had results similar to CDS1
and CDS2 but weaker fluorescent signals (Fig. 3ah& H). This also holds true with regard to
the other fusion proteins containing different Kateal region, however, of which the GFP

signals were very weak.
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RFP/Tracker

Figure 3.8 Subcellular localization of AtCDS1, AtSP and AtCDS3 transiently expressed as GFP fusion
proteins in tobacco leaf epidermal cells. Firsucoh, GFP signal; second column, RFP and mito tresigmal,
respectively; third column, merge of first and setcolumn.

(A) expression of CDS1_GFP and the ER marker SEKDFHP; (B) CDS2_GFP and EKDEL_RFP;

(C) CDS1_GFP and chloroplast marker cTP_RFP; (D$Z GFP counter stained with Mito Tracker Red.;

(E) the N’ region (residues 1-174) of CDS1 fuse&tP and ER marker SEKDEL_RFP;

(F) the N’ region (residues 1_174) of CDS2_GFP 8BKDEL_RFP;

(G) CDS3_GFP and SEKDEL_RFP; (H) the N’ regiorsiglaes 1-150) of CDS3_GFP and SEKDEL_RFP.
Bar for A, B, C, and E to H is equal to 50 um, ind10 um. (cTP, chloroplast-transit peptide seqaerf a
Rubisco small-subunit gene froBolanum tuberosum).

Based on these data, it is likely that the extstjleal CDS enzymes represent ER membrane
proteins and the N-terminal regions covering astléhe first transmembrane domains of the
proteins can serve as signal peptides which dig&x$1, CDS2.1 and CDS3 to ER membrane.
This is in line with the results obtained with CD&8nstructs: CDS3_100-GFP, without any
TMD (Fig. 3.7) showed a nucleic localization, whilee longer CDS3 fusion proteins were
localized in ER (Fig. 3.7 and 3.8). We, howevennm exclude the possibility that the proteins
are located not only in ER but also in mitochoridm&mbranes at least to a certain extent and
mitochondrial GFP signals escape detection beddeseare for instance rather week or located

next to ER structures. The different subcellularal@zation of CDS1, CDS2 and CDS3 on the
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one hand and CDS4 and CDS5 on the other handliizeinvith the division into two groups in
phylogenetic analysis (Fig. 3.1 and 3.2) and tkdédferent roles and functions in phospholipid

biosynthesis.

CDs1 cds? CcDSs2 cds2
LP_088268 + RP_088268 LBb1.3 + RP_088268 LP_011704 + RP_011704 LBb1.3 + RP_011704

Figure 3.9 Isolation of heterozygous and homozygmisd andcds2 mutants. With the combination of prirr
pairs, PCR was performed to check whether theN’ insertion existed in the gene of interest. TRER
products were loaded and separated on 1 &oag gel, stained by ethidium bromide and visadlizy UV. The
DNA markers (100 bp Plus, Fermentas) werarigrated to indicate the size of products. W repmes wild type
plants, and the numbers represent plants of intefgsPCR products obtainedoin the combination of tw
genomic specific primers LP_088268 and RP_088268P@R products from the combination of a genc
specific primer RP_088268 and aDNA specific primer LBb1.3; C, PCR product from tbembination of twc
genomic specific primer&P_011704 and RP_011704; D, PCR products from tmbmation of a genom
specific primer RP_011704 and a T-DNA specific irhBb1.3.

3.4 ldentification and characterization ofcdsl and cds2 single mutants

To study the biological function of genes, severals to create loss-of-function mutations have
been developed, and one powerful way is via T-DNgertional mutagenesis, which occurred
within particular genetic elements, including 5'da’ untranslated regions (UTRs), exons,
introns, and predicted promoter regions (Aloesal., 2003). Several T-DNA insertion mutants
obtained from the Nottingham Arabidopsis Stock @E{NASC) were analyzed in our study.
Homozygous mutant lines were identified by PCR gisiene-specific primers LP and RP, as
well as a T-DNA left border (LB) primer. As showm [Fig. 3.9, the combination of LP and RP
primers gave rise to PCR products in WT but nothe homozygous mutant, because the
elongation time is suitable for WT fragments (uguabout 1 kb), but is too short for fragments

containing a T-DNA insertion. In contrast, the pempair of LB and RP led to PCR products in
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the homozygous mutants but not in WT, as the LBiprisequence exists in the T-DNA mutant
only. The heterozygous mutant that contains a T-DhNAne of the alleles had PCR products

from both primer pairs.

The positions of the insertion sites were analyy@edequencing the PCR amplification products.
These studies showed that the T-DNAcdsl (SALK_088268) is situated in the 5" untranslated
region of At1g62430, 25 bp upstream of the stadoco Thecds2 mutant (SALK 011704)
contains a T-DNA in the intron of the 5’ untransiatregions at position minus 69. In addition, a
region of 40 bp before the insertion site is migsithecds3 mutant (SALK_002579), however,
harbors a T-DNA in the region of the probable prtenat position minus 539 bp, about 30 bp
upstream of 5’ untranslated region, and losses fedgpnent (Fig. 3.10).

SALK_088268

At1g62430 (CDS1)

TAG

SALK_011704

—_
<«
E]"E nTG At4g22340 (CDS2) TAG
-
cds2 [
(—

SALK_002579
—

(—
ATG At4g26770 (CDS3) TAA

cds3 =

0.5 kbp

Figure 3.10 Schematic diagram of T-DNA insertiomgHecdsl (SALK_088268),cds? (SALK_011704) anads3
(SALK_002579) lines. The alleles of At1g624300S1), At4g22340 CDS2) and At4g26770¢DS3) were showi
in exonintron structure. The black bars represent exdiaskdines represent introns and promoter regiod, gray
bars and arrows represent the 5" and 3’ untrartsledgions, respectively. Small arrows indicate pnebably

positions of primers for genotyping and sequendng the size does not fit to scale.

Based on the microarray data (Winter et at., 200051 andCDS2 are constitutively expressed

in Arabidopsis, while&CDS3 is only expressed in certain plant structures $iteenens and mature
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pollens (Fig. 3.3). To study the biological functsoof the extraplastidial CDS isoforms during
the vegetative growth phase of Arabidopsis, we hhaus focused o€DS1 andCDS2. Analysis

of RT-PCR products of WTgdsl (SALK 088268) andcds2 (SALK _011704) mutant leaves
showed thaCDS1 transcripts in thedsl mutant andCDS2 transcripts in theds2 mutant were
undetectable, while the expression levels of theAtCDSs were very similar to WTCDS
andCDSb was not altered by the know-out @DSL or CDS2, while CDS3 was undetectable in
neither WT nor single mutants. That is in line withicroarray dataCDS3 transcripts were
undetectable in leaf tissue (Fig. 3.11).

A B
WT  cds?  cds2 WT  cds? cds2 WT  cds? cds2

control

Figure 3.11 Total RNA isolation and RT-PCR analysi€bfS transcription in Arabidopsis WEdsl andcds2 rosette leave:
A, agarose gel electrophoresis of total RNA. TotalARWas purified from 6-weelold rosette leaves, quantified by
spectrophotometer (Nanodrop 2000c, Thermo Scientli.5 pug of total RNA were separated by 1 % ageget The bands «
28S, 18S and 5S rRNA were indicated. DNA ladder wserl to show the relative migration and amourRA. B, The tota
RNA was used to synthesize cDNA for transcript asialyTranscript levels of CDS1 to CDS5 in WeHs1 and cds2 were
determined by semi-quantitative FPICR. The PCR products synthesized from cDNA were bhadel separated on 1
agarose gel, stained by ethidium bromide and viserilby UV. Transcript level dadctin2 demonstrates the RNA concentral
and quality in the samples. FODS3, the pENTR_CDS3 plasmid was used as a control.

As depicted in Fig. 3.12, homozygous mutants ohhbmisl andcds2 showed no obvious
phenotype with regard to growth and developmengeyTere able to germinate on soil or MS
medium with or without sucrose and grow as rapidéy the wild type. Mutant plants also
developed flowers, siligues and seeds like the WTaddition, lipid analysis of rosette leaves
gave no indication that the lipid metabolism of sireglecds mutants was altered. Hence, single
mutations inCDS genes have no obvious effect on plant physiolsgggesting that a defect in
CDSL can largely be compensated BRS2 and vice versa, as has been reportedCid® and

CDSb (Haselieret al., 2010).



cds1 cds2

Figure 3.12 Phenotype ofisl andcds2 in comparison with WT. A, Plants of Wedsl andcds2 grown on MSC
plates for three weeks and transferred to soil &oother two weeks, under short day ditions
(8-h-light/16-h-dark, 22 °C). B, plants of Wadsl andcds2 with silique. C, siliques of WTgdsl andcds2. Bar is
2cminA,5cminB,and 1 cmin C.

mol % of total lipids

MGDG DGDG 5aDG PA PS Pl PG PE PC

Figure 3.13 Glycerolipid composition of Wa&gsl andcds? rosette leaves.

Lipids from WT (black bars)dsl (white bars) andds2 (diagonal bars) rosette leaves weréracted and analyze
Data were obtained from 4 biological replicates aiekn in average mole percentage and standardatitgvi
(monogalactosyldiacylglycerol (MGDG), digalactosgicylglycerol (DGDG), sulfoquinovosyldiacylglycert
(SQDG), phosphatidic acid (PA), phosphatidylchol{R€), phosphatidylethanolamine (RBhosphatidylglycer:
(PG), phosphatidylinositol (P1) and phosphatidyitse(PS)).
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3.5 ldentification and characterization of double nutant
3.5.1 Development of double mutants by crossing arRINA interfering constructs

To directly demonstrate th&DS1 and CDS2 have redundant functions, double mutants were
created by crossing homozygaegsl andcds2 mutant plants. The F1 progeny were genotyped
by PCR and mutant plants heterozygous for the @& geneswere self-pollinated. In the F2
progeny some seedlings developed distinctly slaham the others. To investigate whether these
tiny seedlings represent homozygous double mutanigant plants of the F2 generation, which
possessed one function@DS gene only, were identified and self-pollinated.nabmal tiny
seedlings were also discovered among the F3 progkloyeover, the statistical analysis
exhibited a segregation, the ratio of abnormal aathal seedlings is a good fit to the 1:3
(x°=0.644, P>0.05 (Table 3.1). Genotype analysis based®CR revealed that all of the
abnormal seedlings represented homozygmsdcds?2 double mutants and normal seedlings
were heterozygous double mutants (Fig. 3.14).

2_y (A-T|-05)"

Table 3.1 Segregation of phenotype from a hetermzyglouble mutarddsl+/-cds2-/-. *y, -

Phenotype Actual number (A Theoretical number (T) A-T x*
Normal 334 326.25 7.75 0.161
Abnormal 101 108.75 -7.75 0.483
Total 435 435 0 0.644

df=1, %0.05153.84

%*<x0.051y P>0.05

The cdslcds2 double mutants germinated on MSG plates with dhout sucrose, but grew
slowly, had green but smaller cotyledons, shortgyokotyls and radicles than WT seedlings
(Fig. 3.14 and 3.15). More criticallgdslcds?2 mutants failed to develop true leaves and died
about 3 weeks after germination, no matter whethey were fed with sucrose or not. The
different phenotype of the single and double mutanticates thalCDS1 and CDS2 have
redundant functions, similar to the plastidial @ofs, CDSA and CDS5. The phenotype of
cdslcds2 homozygous double mutants, however, is distirdgifferent from that otds4cdss: (1)

the size of seedlings afdslcds? is smaller tocds4cds5; (2) cdslcds2 has small but green
cotyledons, whilecds4cdss has normal size but yellowish cotyledons; ¢@831cds2 is seedling

66



lethal no matter whether they were fed with sucrrseot, whilecds4cds5 can finish the whole
life cycle when fed with sucrose. It is known tled$dcdss lacks the plastidial PG and shows a
phenotype similar to thpgpl mutants (Hagict al., 2002; Xuet al., 2002, 2006; Babiychu&t

al., 2003; Haselieret al., 2010). These data indicate that CDS1 and CDS2 hfferent
biological functions in lipid biosynthesis and plofsgy in Arabidopsis from that of CDS4 and
CDSS5, though all of them are involved in the bidbgsis of CDP-DAG.

The knock-out double mutatislcds? led to seedling lethal phenotype that preventethéu
studies on the biological role of CDS1 and CDSZAiabidopsis growth and development. We
also tried to construct RNAI lines usimglsl (SALK_088268) was used as parent plant, and
transformed with RNAI constructs @DSX2. The constructs including pAgrikola_4922340GST
(GST, gene-specific sequence tags; Hilsbrl., 2004; Appendix Fig. A2) and pWatergate
3'UTR4G22340 in which the 35S promoter of pHELLSGEATE replaced with the Arabidopsis
RbcS promoter (Weslegt al., 2001; Appendix Fig. A6) were transformed irddslcds2 via
floral dip method (Clough and Bent, 1998). Morentt&a000 seeds were sown on MSG plates,
but no abnormal seedlings could be selected alth@egeral seedlings showed reduGiis?

transcript level, perhaps much more seeds needrberged in further work.

3.5.2 Rescue double mutant bDS1 and CDS2

To confirm that growth defect and seedling lethhemotype ofcdslcds?2 double mutants is
result from losing both CDS1 and CDS2 functionsnptementation assays were carried out. To
this end, heterozygous double mutar@®$1+/-cds2), which were homozygous fads2 and
heterozygous forcdsl, were transformed wittCDS1 or CDS2 cDNA under the control of
XVE-Olex-46 promoter system, under which gene esgiom is strongly induced Ig¢estradiol.
Heterozygous double mutantS8DSI1+/-cds2 containing XVE::CDSL or XVE::CDS2 were
selected by antibiotics and genotyped from the fhgny, of which the seeds were harvested
and analyzed. As depicted in Fig. 3.15, homozygimugle mutants expressing a chiméz@SlL

or CDS2 gene developed and grew like WT plants while teedings ofcdslcds2 without
complementation construct stopped growing, becaelewish and died. Hence, the seedling

lethal phenotype otdslcds?2 double mutants was rescued by inducing the express a
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functional CDSL or CDS2 gene. These data demonstrate that the growth defdouble mutants

is caused by deficiency of both genes.

1 2 3 4 5 6 78 910112 1 2 3 4 5 6 7 8 9 10 11 12

CDS1 (LP_088268 + RP_088268) cds? (LBb1.3 + RP_088268)

1 2 3 4 56 7 8 9101112 1 2 3 4 5 6 7 8 910 11 12

CDS2 (LP_011704 + RP_011704) cds2 (LBb1.3 + RP_011704)

Figure 3.14 Phenotype and genotypedrlcds? double mutants. A. Seeds frdmterozygous double mutant t
contains one functional CDS1 were harvested anchsmwMSG plates. After 2 days stratification in terk a
4 °C, seeds were cultivated for 10 day under sthaytcondition (8 hour light / 16 hour dark, at 22.°Seeds o
plates were cultivated vertically to facilitate coanison of the length of hypocotyls and radicles.1B-dayeld
seedlings shown in A were used for DNA isolatiod &CR.The primer pairs are given under the electrophs
image. The double mutants were indicated in black.



Estradiol is sensitive to light and air in mediaerefore the inducing plants must be wet with
medium containing 10 pM estradiol every day to kempmal growth. This procedure,
however, is prone to infections, so that it wasdhar finish a whole plant life cycle. To
overcome this problemCDSL and CDS2 cDNA under the control of 35S promoter were
transformed into heterozygous double mutants tlesie momozygous fads2 and heterozygous
for cdsl. Double mutants containing a chime@®S1 or CDS2 gene grew normally on MSG
plates or in soil like WT, but failed to developrmal flowers and seeds. This may be because
expression level controlled by the 35S promotenoasatisfy the requirement of extraplastidial

CDS like the native promoter does.

al a2 b1 b2 ¢1 c2 d1 d2 al a2 b1 b2 c1 ¢2 d1 d2 al a2 b1 b2 c¢1 ¢c2 d1 d2

CDS1 (LP_088268 +RP 088268) cds1 (LBb1.3 + RP_088268) Olex_F1+M7_CDS1 or CDS2

Figure 3.15 Complementation assayddlcds? by CDSL or CDS2 cDNA.

A, seedlings were grown on MSG plates containifg 2ucrose and 10 pBtestradiol and wet by MSG containi
10 pM B-estradiol every day for 2 weeks; @&dslcds?2 containing an estradiol inducibl€DS2 gene
(cdslcds2+XVE::CDS2); b, WT; c,cdsleds? double mutant; dedslcds2+ XVE::CDSL. Bar = 5 mm.

B, genotyping of the seedlings shoimnA. Because double mutant were derived from leziggous containing or
functional CDS1, the genotyping for CDS2 was ordittdhe primer pairs for PCR were giveunder th
electrophoresis image. For checking the inducibteter and CDS1 and CDS2 cDNA, primers of Olexaht
M7_CDS1 were used for plant a, b and c, primei®lek_F1 and M7_CDS2 were used for plant d1 and d2.
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3.5.3 Characterization of thecdslcds? double mutants

Although cdslcds? double mutants showed growth deficiency, but dmyeh seeds and
embryos had no obviously difference in seed phegreobhetween homozygous and heterozygous
mutants. So we focused on seedling developmenrdtlygithe transcription of extraplastidial
CDS was analyzed. RT-PCR showed that botlCBfS1 andCDS2 were disrupted iredslcds2
seedlings, whileCDS3 was not upregulated, since non transcript wasctigteas in WT and

cds4cdsb.

Wl Al Bl W2 A2 B2 W3 A3 B3 W4 A4 B4

<«— 1000 bp
<— 500 bp

CDS3 CDS2 CDS1

ACT2

Figure 3.16 Transcription @DS1, CDS? andCDS3 in 5-day-old seedlings afislcds? was detected.

Transcript levels ofCDSL, CDS? and CDS3 in 5-day-old seedlings of WT (W1-W4ydslcds? (A1-A4) and
cdsdcdss (B1-B4) were determined by RFER. The PCR products synthesized from cDNA weesldd an
separated on 1 % agarose gel, stained by ethidiamibe and visualized by UV. Transcript level adtin2
demonstrates the RNA concentration and qualithénsamples. FAEZDS3, the pENTR_CDS3 plasmid was uset
a control.

The seeds of mutants and WT were sown on aganfsatidMSG medium, stratified in the dark
at 4 °C for 2 days, and cultivated in short daydibon (8-hour-light/16-hour-dark, 22 °C).
Seedlings of different cultivation time were hanees decolorized, and stained by Lugol
solution. As shown in Fig. 3.17, double mutants @mpared with WT from 3 days to 7 days,
because it is possible to distinguish the homozggimuble mutant seedlings from heterozygous
ones based on the size 3 days after the cotyledodsroot break the seed coat. Unlike WT

seedlings, which expanded cotyledons, elongateadotgls and radicles, the double mutant
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plants reached a small size and stopped growinge Materestingly, the content of starch
visualized by staining of Lugol solution was kepta high level in double mutants, while
dramatically decreased in WT. These data indicét@t double mutants can synthesize
carbohydrates but failed to utilize them for growtmlike thecds4cdss mutant deficient in

which the starch was effectively consumed.

=) 5,
"y

Figure 3.17 Starch staining of WT aadslcds2 with Lugol solution. A, B and C, WT; D, E and ¢gslcds2. A and
D, 3-day-old seedling; B and E, 5-day-old seedli@gand F, 7-day-old seedling. Bar for A and<Degual to 50
pm, and bar for B, C, E, and F is equal to 1000 pm.

A

To determine whether the growth defect of ¢glcds?2 double mutant is caused by dysfunction
in photosynthesis, the chlorophyll auto-fluoreseenaf cotyledons fromcdslcds2 double
mutants was studied by fluorescence microscopyshasvn in Fig 3.18¢dslcds2 double mutant
mesophyll cells emit signal as strong as WT. Int thay, thecdslcds2 mutant differs from the
thylakoid defective cds4cds5 mutant (Haselieret al., 2010), which had a rather weak
auto-fluorescence signal. In additimds4cdss needed externally added sucrose for growth while
cdslcds2 cannot be rescued by feeding with sucrose. Thateabmbined with the green color
of cotyledons indicated that the thylakoid membsaoicdslcds? double mutant may be intact.

As described below, this conclusion was supportedltoastructural analyses (Fig. 3.20).
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WT

Figure 3.18 Auto-fluorescence of cotyledons from \fist row), cdslcds? (second row) andds4cdss mutants
(third row).

Signals were obtained from cotyledons of 7-day-e&kdlings, grown on MSG medium under short day
conditions (8 h light/16 h dark) at 22 °C. Bar 050m.

cds1cds2

cds4cdsh

Another evidence for the growth defectodflcds?2 mutants was found when the leaf sections of
cdslcds2 were compared with that of WT ands4cdsb. Light microscopy showed thatislcds?

had smaller epidermal and mesophyll cells. Theagesradius of mesophyll cells adslcds2 is
about 2/3 of that of WT. In addition, it is easyse that the blade oflslcds2 was thinner than
that of WT anccds4cds5 (Fig. 3.19).

Ultrastructural comparison of mesophyll cells frootyledons, shown in Fig. 3.20, demonstrated
that mesophyll cells of the double mutant had allemeell size than that of WT, consisting with

light microscopy analysis (Fig. 3.19). In additiorgcuoles in the double mutant cells were
relatively small so that cytoplasm with organeliesk up more space of mutant cells than of WT
cells. This finding points to a defect in cell erpin of the double mutant resulting in strong

suppression of growth (Fig. 3.14 and 3.17).
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Radius (um)

Figure 3.19cdslcds? double mutants had smaller cells than WT eselicds5. Microscopic analysis of WT (A)
cdslcds? (B) andcdsdcdss (C) were performed with toluidine blue stained gbim sections (1pl) of cotyledons.
Bar for A, B and C is 50 um. D, comparison of ageraadius of mesophyll cells from WTdslcds?2 and
cdsAcdss. The radius was measured from more than 40 me#iopils, and he average radius and stanc

deviation were given.

The size of chloroplasts in the double mutant wiaghtty smaller than that of WT organelles.
Moreover, chloroplasts in double mutants accumdlatech more starch than WT chloroplasts.
This result was in accordance with the starch stgiexperiment in Fig. 3.17. Thalslcds2
double mutants appeared to have a typical thylaktidcture, but due to the starch grains
accumulating in the organelles, thylakoid membrawese compressed (Fig. 3.20C-F). With
regard to mitochondria and ER, we observed no alsvibfference in structure between double
mutant and WT (Fig. 3.20E-H). Microscopic analydemonstrated the disruption @DS1 and
CDS2 genes incdslcds?2 double mutants led to defect in cell expansionciwldould be one of
the reasons causing suppression of growth. Thefeutescence and accumulation of starch
indicates there is not defect in photosynthesistion which is damaged by disruption of the

plastidial isoforms CDS4 and CDS5.
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Figure 3.20 Ultrastructure of WT and
cdslcds?2 mutant cells of cotyledons and
radicles was analyzed by electron
microscope in Bio Il, RWTH, performed by
Agnes Weth and Prof. Dr. Werner
Baumgartner.

Transmission electron microscopy images
of mesophyll cells from cotyledons (A - F)
and cortex cells from radicles (G, H) from
WT (A, C, E and G) andcdslcds?
seedlings (B, D, F and H) grown on MSG
plates containing 2 % sucrose for 5 days.
(A and B) survey of mesophyll cells, (C and
D) typical structure of chloroplasts, (E and
F) mitochondria and part of chloroplasts, (G
and H) mitochondria and ER membranes,
Bar =5 pmin Aand B, Bar =1 pmin C
and D, Bar = 0.5 ymin D — H.

To study the viability of cells, calluses were iodd using different tissues as starting materials
(Fig. 3.21). In contrast to WT aradis4cds5 mutant tissues, which were easily induced to form
calluses, cdslcds?2 double mutant failed to develop callus regardlegsether cotyledons,
hypocotyls or radicles were transferred on calhggicing medium. Merelgdslcds2 containing

a functionalCDSL or CDS2 gene was able to form callus wh@DS gene expression was
induced by estradiol in the medium. If such a ealkas cut into two pieces and transferred to
callus inducing medium with or without estradidlpnly survived on media with estradiol while
in the absence of estradiol callus stopped groveind died unlike WT calluses (Fig. 3.22).
These data provide strong evidence that CDS1 orZCiDBctions are indispensible for callus

formation and growth.
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cdsicds? WT casdedsbS

Figure 3.21 Callus derived from
Arabidopsis seedlings.

Cotyledons (A), hypocotyls (B) and radic
(C) of b5-day-old cdslcds?2, WT anc
cdsdcdss seedlings were transferred o
callus inducing medium and incubated
days at 26 °C in the dark. Bar = 1 mm.

“igure 3.22 Callugdevelopment and grow
equire a functionaCDS1 or CDS2 gene.

\ and B: cotyledons of WT (agdslcds? (b),
:dslcds2+XVE::CDSL (c) anc
:dslcds2+XVE::CDS2 (d) were transferre
to callus inducing medium without (A) a
vith 10puM B-estradiol (B), respectively, al
ncubated at 26 °C in dark for 2 weeks. Bar
nm.

> and D: callus of WT (a),cdslcds2+
(VE::CDSl (c) andcdslcds2+XVE::CDS2 (d)
vere cut and transferred onto callus indu
nedium without (C) and with 10 pM
J-estradiol (D), respectively, and incubatet
26 °C in dark for 3 weeks. Bar = 2 mm.
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3.61n vivo phospholipid labeling experiments withcdslcds2 seedlings and calluses

The biosynthesis of phospholipids in Arabidopsisdtiags was studied usinign vivo [**P]
phosphoric acid labeling. As shown in Fig. 3.28stly and remarkably, the labeling of Pl and
PG, the products of CDS-catalyzed reactions, weaendtically decreased in double mutant
seedlings. Pl labeling iodslcds2 was about one third of that of wild type and PG \Wess than
50 % compared to WT seedlings. However, the labetihCL, the downstream biosynthesis

product of mitochondrial PG, was maintained at levels very similar to WT.

Labeling of PC, the major phospholipid of eukargot@as increased from 28 % in WT to 46 %
in double mutant tissue. On the other hand, thegmage of PE in double mutant seedlings was
almost equal to that in WT seedlings, although Atapsis predominantly produced PE by an

aminoalcohol phosphotransferase activity as weg. (8.23; Nerlichet al., 2007).

50 4

40 4

Percentage

20 4

10 4

PC Pl PE PG PA CL

Phospholipids

cds1/2

Figure 3.23 Phospholipid labeling patterrcdélcds? seedlings differs from that of WT seedlings.

(A) Lipids extracted fromP] phosphate-treated seedlings of WT addlcds2 were separated by thin lay
chromatography, labeled phospholipids were visadliby a Bioimager, identified by cochromatographiyh
authentic phospholipids and quantified by scirtitia counting (phodpatidic acid (PA), phosphatidylcholine (P
phosphatidylethanolamine (PE), phosphatidylglyce(BIG), phosphatidylinositol (Pl), cardiolipin (CL))*
Separation of Pl and phosphatidylserine (PS) inrofibrm/triethylamine/ethanol/water (30:35:30:7) b8 % boric
acid-treated TLC plates verified that labeled P$wat contaminated with labeled PS.

(B) Labeling of the given phospholipids from WT &bk bars) andcdslcds? seedlings (white barsjvere
scintillation counted and calculated in % of tdedleling. Data were calculated from five biological replicatenc
standard deviations are given.
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PA, the lipophilic substrate of the CDS reactiorguanulated in the double mutant while it was
hardly detectable in WT seedlings. These resuliscate that the PA pool in phospholipid
biosynthesis is regulated by extraplastidial CDIi& disruption of which will increase the
biosynthesis of PC and PE and decrease that ohdPP&. These results are in line with the
identification of CDS1 and CDS2 as integral membranzymes of the ER and underline the

importance of CDS activity for regulation of phosppid metabolism.
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Figure 3.24 Phospholipid labeling pattern of WT adsll.cds2+VXE::CDS1 mutant calluses.

A. Calluseswere cultivated on medium withou€DS1-) and with CDSI1+) p-estradiol. After {°P] phosphat
treatment for 18 hours, lipids were extracted ftbm callusesseparated by thin layer chromatography and lat
phospholipids were visualized by Bioimaging (phastic acid (PA), phosphatidylcholine (PC), phogjha-
ethanolamine (PE), phosphatidylglycerol (PG), phasgylinositol (PI), cardiolipin (CL)).

* Separation of Pl and phosphatidylserine (PS) orB ®6o boric acidreated TLC plates |
chloroform/triethylamine/ethanol/water (30:35:30v&rified that labeled Pl was not contaminated wdhelec
PS.

B. Labeling of the given phospholipids from WT (tHabars),cdslcds2+VXE::CDSL without inducing(white
bars) and with inducing (gray banrglere scintillation counted and calculated in % atht labeling. Data wel
calculated from four biological replicates and sli@ml deviations are given.

The phospholipid biosynthesis in callus was alsestigated. Becausalslcds2 cannot form
callus, we firstly induced and cultivated calluscd$lcds2+VXE::CDSL which were induced to
growth by estradiol (Fig. 3.22). The callus adslcds2+VXE::CDSL were transferred and
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incubated on callus inducing medium without esthdor one week and used as partly
disruption of extraplastidial CDS, following by kling experiments. The analysis O
labeling experiments of calluses revealed simitenges in phospholipid biosynthesis compared
with seedling experiment (Fig. 3.24). Without inddc expression ofCDSl, cdslcds2+
VXE::CDSI callus accumulated more PA which was hard to detediT, and produced less Pl
and PG. These alternations in phospholipid biosgithwere drawn back close to WT level by
the inducing expression @DSL. The differences in labeling patterns of WT andlidle mutant
calluses, however, were less pronounced than iivat louble mutant and WT seedlings, likely
because the calluses still maintained some exstgiial CDS activity induced from some

residual estradiol after transfer from estradioitaming to inductor free medium.

3.7 Steady state lipid compositions of double mutasmand WT
3.7.1 Lipid composition of leaves, seedlings andlesses of WT

The steady statmembrane lipid composition was determined by naraysmnization tandem
mass spectrometry (nanospray-MS/MS). Firstly, tla¢adfor rosette leaves, seedlings and
calluses of WT were analyzed to determine the man®lipid patterns of these WT structures.
As shown in Fig. 3.25, the typical thylakoid menmiealipids monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG) corisi$ of more than 60 % in membrane
lipids in leaves but less than 15 % in callusedin@ with calluses lacking thylakoid membranes.
In contrast to the galactolipids, the level of thajor eukaryotic lipids phosphatidylethanolamine
(PE), phosphatidylcholine (PC) and phosphatidyitebgPl) was highest in callus, lower in
seedlings and lowest in leaves. These data inditad the extraplastidial membranes
predominated in callus. Phosphatidylserine (P%) very low abundant anionic membrane lipid
(Fig. 3.25) that is formed by a base-exchange nmashmain Arabidopsis (Yamaoka al., 2011).

It comprised about 1% in leaves, but higher levalsnon-photosynthetic active tissues, as
reported before (Yamaola al., 2011). Like Pl and PS, phosphatidylglycerol (R®)ongs to
the group of anionic membrane lipids. In contrasPt and PS, the percentage of PG decreased

in order of leaves, seedlings and calluses asdhtent of thylakoid membranes did because PG
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is the only phospholipid in thylakoids and about8®f leaf PG is located in the inner

chloroplast membranes (Browsteal. 1986).
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Figure 3.25Glycerolipid composition and molecular species cosiion of WT rosette leaves, seedlings
calluses.

Lipids from rosette leaves of 6-week-old plantsall bars), 5-dagld seedlings (white bars) and calluses (|
bars) of WT were extracted and analyzBata are given in mole percentage and molecyleciss in total ac
carbons: total double bonds (monogalactosyldiaggkylol (MGDG), digalactosdiacylglycerol (DGDG)
sulfoquinovosyldiacylglycerol (SQDG), phosphatiditid (PA), phosphatidylserine (PS), phosphatid it (P1),
phosphatidylglycerol (PG), phosphatidylethanolam{i®E) and phosphatidylcholine (PC)). Mean valaesl
standard deviations of four independent analysesiepicted.
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Analysis of molecular species patterns of variolysegolipids gave further information about
the lipid structures and their subcellular origie main species of MGDG are the prokaryotic
34:6 (18:3/16:3) carrying a 18:3 acyl group atshd and a 16:3 acyl group at tee2 glycerol
position, and the eukaryotic 36:6 (18:3/18:3) speciBecause of the different fatty acid
specificities of thesn-2 acyltransferases catalyzing the second acylatiep in the course ale
novo glycerolipid biosynthesis in plastids and microsbmmembranes, prokaryotic lipid species
are formed in plastids while the biosynthesis dfagyotic species occurs at the ER. As given in
Fig. 3.25, the decrease in total MGDG content fteaves to calluses was caused by a marked
decrease in its prokaryotic species. Unlike leauas seedlings, calluses were found to contain
eukaryotic MGDG and DGDG 36:X species with lessntls& double bounds. This altered
pattern of eukaryotic galactolipid species indisatbat the desaturase activities of calluses,
especially the 18:2 desaturase activities, areedspd. Moreover, calluses failed to form the
typical plastidial 34:4 PG species (18:3/18" because the plastidial desaturase FAD4 that
converts the 16:0 acyl groups at 8me2 position of PG into the 16*1 acyl groups is expressed
in photosynthetic active tissue only (Brovesel. 1985; Gacet al., 2009).

3.7.2 Membrane lipid composition ofcds double mutants

To study the effect on membrane lipid compositibpglisruption ofCDSL andCDX2 genes of
Arabidopsis, lipids extracted fronedslcds?2 double mutant seedlings were analyzed in
comparison to WT and theels4cds5 double mutant. These data showed considerablereiites

in the patterns of lipid classes present in doutmetant and WT seedlings (Fig. 3.26).
Galactolipids amounted to 27 % MGDG and 15 % DGDGANT seedlings, but to distinctly
lower levels in the total glycerolipids of both rant seedlings whereas the level of the anionic
glycolipid sulfoquinovosyldiacylglycerol (SQDG) wasly slightly changed in the mutants. The
defect in thylakoid development of tledsdcdss mutant was reflected in a drastic reduction in
the levels of galactolipids, as reported beforesg@tiaret al., 2010). Seedlings of thegslcds2
mutant showed similar, though less pronounced teghg; in the amount of these plastidial
membrane lipids (Fig. 3.26). Ultrastructure anays thecdslcds?2 mutantseedlings, however,
provided no evidence for defects in thylakoid depehent. Therefore it is likely that overall
chloroplast physiology is affected aalslcds2. The numerous starch grains accumulating in the

double mutant seedlings support this assumptian &L7, Fig. 3.20).
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Figure 3.26 Glycerolipid composition and molecidpecies composition of WEgdslcds2 andcdsdcdss seedlings.
Lipid extracts of 5-day-old seedlings of WT (blalefirs), cdslcds? (white bars) anatdsdcdss (gray bars) wer
analyzed and data are given as mean values dsittiaee independent replicates andin mole percentagand
molecular species in total acyl carbons: total dedionds (monogalactosyldiacylglycerol (MGDG), dagdosyl-
diacylglycerol (DGDG), sulfoquinovosyldiacylglycér(S8QDG), phosphatidic acid (PAphosphatidylserine (P¢<
phosphatidylinositol (PI), phosphatidylglycerol (PGhosphatidylethanolamine (PE) and phosphathibline
(PC)).

Interestingly, the two different mutants had simikdterations in their galactolipid species
composition, namely an increased level of the pnaiec 34:6 (MGDG) and 34:3 (DGDG)
species formed in plastids and a decreased lewbleodukaryotic 36:6 species derived from the

ER (Fig. 3.26). In theds4cdss mutant this can be explained by redirecting prpsie PA from
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PG to galactolipids, especially to MGD. This waparted by positional analysis shown in Fig.
3.27. The level of & acyl groups at then-2 position of galactolipids increased and thaCgf
groups decreased aus4cds5 mutant so that the mutant possessed extremelypnagortions of

prokaryotic galactolipids (ca. 90% MGDG and ca. 8D&DG).

These altered species compositions were less pnopduin plastids of thedslcds2 mutant.
Their prokaryotic MGDG increased from the WT lewdl 44% to about 56% whereas their
proportion of prokaryotic DGDG was hardly affec{gdg. 3.26). Increased levels of prokaryotic
galactolipids in thecdslcds?2 mutants cannot be explained by redirecting praiayPA to
MGDG, but mechanisms different to those ads4cds5 plastids have to be considered, for
instance the postulated affected overall chlorapbdysiology of thecdslcds2 mutant causing

reduced lipid transport from the ER to plastids.

Unlike galactolipids, the levels of the sum of P@ &E of eukaryotic cells rose from 36 % in
WT to about 50 % in thedslcds2 andcds4cdss mutant. The molecular species composition of
PC and PE, but also the alterations in species ositign between WT and mutants were very
similar, namely a slight increase in 34:X and arelase in 36:X species. Because PC and PE are
largely synthesized at the ER, both 34:X and 361&usd be eukaryotic species lackings @cyl
groups at thesn-2 position. This was supported by positional as@dy in which then-2 fatty

acid mixture consisted of,;gacyl groups (98 %) in the WT as well as in tde double mutant

extracts (Fig. 3.27).

PA, the central intermediate of glycerolipid biogysis, amounted to less than 1 % of total
glycerolipids of WT andtds4cds5 mutant. This level was 8-fold higher in tbéslcds2 mutant
(Fig. 3.26), in accordance with the accumulatiofPéfin radioactive labeling experiments (Fig.
3.23). In addition, PA showed a lipid species cosipan very similar to those of PC and PE, in
particular with regard to the 34:X and 36:X spedies). 3.26). These data are consistent with
PA originating from the eukaryotic pathway at tHe, like PE and PC.

The anionic membrane lipid PS comprised about 1n%he total glycerolipids of WT and
mutant seedlings (Fig. 3.26) and was undetectabosphate labeling experiments (Fig. 3.23).
Unlike PS, the anionic phospholipids Pl and PG ayathesized in CDP-diacylglycerol
dependent reactions and both phospholipids showddced labeling patterns icdslcds2
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mutant seedlings (Fig. 3.23). The level of PI itat@lycerolipid extracts was clearly reduced in
cdslcds2 but increased irds4cdss seedlings while its molecular species compositibawed
slight alterations only. On the other hand, thedyestate PG level of thelslcds2 mutant was
hardly affected (Fig. 3.26) while phosphate lalgkxperiments revealed a defect in microsomal
PG synthesis (Fig. 3.23) These different resukkspsesumably due to the relative low levels of

extraplastidial PG (Browset al., 1986) and the different sensitivities of the Inoels utilized.

Surprisingly, both double mutants showed considgratiered PG species compositions. The
level of the typical plastidial 34:4 PG speciesrgiag the 16:1* at position 2 was strongly
reduced, while the level of 34:3 PG was increaseboth mutants. Iredslcds?2 seedlings 34:3
PG likely represents the prokaryotic 18:3/16:0 8:2116:1 species (Devaiaét al., 2006)
because the major proportion of leaf PG is locateglastids (Browseet al., 1986). In the
cdsAcds5 mutant, however, 34:3 PG should be of eukaryotl&:Q/18:3) origin like
34:2(16:0/18:2) the level of which markedly incregsn thecds4cdss mutant (Fig. 3.26).

90 1 Lyso-MGDG | Figure 3.27 Fatty acid composition at the 2sn-
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Analysis of thesn-2 fatty composition of PG revealed that tlis4cdss mutant in fact possesses
eukaryotic but no prokaryotic PG as expected frootamt lacking plastidial CDS activity. On
the other hand, thedslcds2 mutant contained prokaryotic PG species in levely similar to

WT level (WT 75%, mutant 83%), but the¢Jatty acid pattern at then-2 position varied
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considerably between WT aradislcds2 mutant. As shown in Fig 3.27, mutant PG contained
lower amounts of 16%" but substantial higher amounts of 16:0 than WT Pi@nce, the
alterations in PG species in tb@slcds?2 mutant can be explained by reduced desaturasetyctiv

encoded by thEAD4 gene that convert 18:X/16:0 PG into 18:X/18' PG (Gacet al. 2009).

Determination of membrane lipids from tba@slcds2+VXE::CDSL calluses grown without and
with estradiol in comparison to WT calluses gave tbsults summarized in Fig. 3.28. Mutant
calluses cultivated with inductor showed a glycgidl pattern typical of undifferentiated tissue,
like WT calluses, in which phospholipids predom@adn callus without estradiol, the levels of
the phospholipids PC, PE and PA were slightly iaseel whereas the level of Pl and PG were
decreased. Hencegslcds2+VXE::CDSL calluses gave results similar to those of phogpidbol
labeling experiment (Fig. 3.23) and to the steathtes phospholipid pattern ofdslcds2
seedlings (Fig.3.26).

As observed by the labeling experiments, changéseihipid composition were less pronounced
in calluses than in seedling. PI, unlike PG, islesigely synthesized at the ER (Lofleeal.,
2008). Both phosphate labeling experiments andegbjipid analysis of thedslcds2 seedlings
(Fig. 3.23 and 3.26) and calluses (Fig. 3.24 a2d@)3detected substantially reduced PI level. Pl
does not only serve as a membrane lipid but itsjphorylated derivates also play a pivotal role
in nearly all cellular processes by serving as aigg molecules which mediate temporal and
spatial information to downstream effectors (>&al., 2009; Graham and Burd, 2011; Gillaspy,
2011). Therefore it is like that the defect in Rddynthesis is decisive in causing the seedling
lethal phenotype of thedslcds2 mutant. In addition, the increase in PA might cdtte to the
observed phenotype of the mutant (Fig. 3.23 ané)3sihce it serves not only as a central
intermediate in glycerolipid biosynthesis but aB® second messenger in plants @uwal.,

2005).

According to our data, neither CDS1 nor CDS2 appe@ar provide mitochondria with
CDP-diacylglycerol for CL biosynthesis and, basedtlwe transcript pattern &DS3 given in
Fig. 3.3, this enzyme cannot play an role in CLsprdhesis among vegetative growth. Further

experiments are required to elucidate via whichlhmasm CL is formed.
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Figure 3.28 Glycerolipid composition and molecular species cosifion of
cdslcds2+VXE::CDS1 mutantcalluses.

Arabidopsis WT ar

Lipids extracts were analyzed from calluses of VBlagk bars) and ofdslcds2+VXE::CDSL mutant cultivate:
for one week in the absence (white bars) or tieeqarce of-estradiol (grey bars). Data are giveenmean value

of five independent replicates asdsin mole%and molecular species in total acyl
(Abbreviation see Fig. 3.26).
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3.8 Conclusion and outlook

In Arabidopsis, there is a small gene family enngdCDP-DAG synthases (CDS), termeDS1l

to CDS. Bioinformational analyses show that they can Iaddd into two groups, the
prokaryotic isoforms and the eukaryotic isofornts.cbnsistence with the division, CDS4 and
CDS5 have been demonstrated to be the plastidainegs in the former work, while CDS1,
CDS2 and CDS3 are shown to be extraplastidial OD&lized in the ER membrane in this
work. In addition, our data show that the N-terrhimxluding at least one transmembrane
domain of extraplastidial CDS is essential for fw®perly targeting of the enzymes. The
enzymatic properties of both plastidial and ex@aptlial enzymes, however, are very similar:
except that the extraplastidial isoforms reach wates saturation at considerably lower
concentration than the plastidial isoforms, alltteése enzymes have similar optimal pH, need

Mg?** for activity, and prefer PA species with dioleoy.

In order to learn the biological functions of gengsveral T-DNA insertion mutants have been
identified and analyzed. The transcription analgsearly shows thaCDS1 in cdsl mutant and
CDS2 in cds2 mutant are undetectable, while the expressioh@btherCDSs is similar to WT:
CDS3 is undetectableCD3 and CDS5 is not altered. Thedsl and cds2 single mutants,
however, show no obvious alteration in phenotypar, im lipid composition, suggesting a

redundant function d€DS1 andCDS2 in Arabidopsis.

Homozygous double mutaradslcds?2 has been created and show a remarkable phenotype
comparing with WT and heterozygous mutants. Thelcds2 mutants can germinate and
develop seedlings, but they have smaller cotyledshsrter hypocotyls and radicles. More
severely,cdslcds? are failed to develop true leaves and die aftee8ks no matter they are fed
with sucrose or not. In that wagdslcds? is different fromcdsdcds5, which are deficient in
autotrophic growth but can finish life cycle by dieg sucrose. The lethal phenotypecddlcds2

can be complemented by functional expression dfeei€DSL or CDS2 cDNA. These data
confirm thatCDS1 andCDS2 have redundant activity. Microscopic analyses shwaticdslcds2
accumulates substantial starch grains in chloreplasd has a defect in cell expansion.
Furthermore, the callus formation experiment dertratess the cell division otdslcds2 is

arrested.
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The in vivo phospholipid labeling shows the biosynthesis ol PG decreases @slcds2
comparing with WT. In contrastdslcds?2 accumulates more PC and remarkable PA. These
alternations of phospholipids are confirmed andifeta by steady state lipid composition
analysis. Disruption of extraplastidialDS leads to deficiency of Pl biosynthesis and
accumulation of the substrate, PA, which is chasthéd PE and PC biosynthesis. In addition,
the galactolipids (MGDG and DGDG) and the sulfdigsQDG) decrease irdslcds?2 mutant.
Unlike cds4cdsb which is deficiency in the plastidial PG biosyrdlseand lack prokaryotic PG,
cdslcds?2 shows only a slight decrease in PG content. Basethe altered glycerolipid
composition of the double mutant in comparison it wype seedlings, it is likely that the
drastic decrease in the level of Pl and the inereasPA cause defects in cell division and

expansion.

Considering the data in this work and former oagsrofile of biological functions dEDS genes

in Arabidopsis appears: CDS1 and CDS2 producingapbestidial CDP-DAG are involving in
the biosynthesis of PI, while CDS4 and CDS5 chaf#einto CDP-DAG for the plastidial PG
biosynthesis. But there are still many open quastiteed to be explored: For instance, what is
the biological function ofCDS3 which is specifically expressed in mature poll€@&use the
accumulation of PA or the decrease of Pl or bophdlialterations, what are the signal
transduction mechanisms involved? In which way ofitldria are provided with CDP-DAG
for the biosynthesis of CL in the inner mitochoa@iDo Arabidopsis possesses furtG&S
genes unrelated to known CDS sequences or lipiosfigca mechanisms from plastidials to

mitochondria to enable CL biosynthesis? Furthezassh may help us to answer these questions.
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APPENDIX

1. Primer list

Table Al List of primers used in this work with iodtions of sequence, length, melting temperatac a

purpose. GST, gene-specific sequence tags, arectliomo RNAI vector pAgrikola. F or R at the end of

primer indicates forward primer or reverse primeor cloning cDNA into entry vector pENTR, forward

primers are added with a “CACC” before the stadecdTG. Rwo is used for amplifying the whole cDNA

without stop code. Xaa indicates the number of anaicids amplified. Intron For and Rev are primens f

checking the inserted sequences in RNAI vector gvgate. LP and RP are the flanking sequence primers

for T-DNA insertion. LB and RB refer to the leftédnight border primers of T-DNA insertion. Primdcs

KanMX4 cassette and YBR029c¢ yeast mutant are usexdhdck the yeast genotype of WT amui$l null

mutant

Name Sequence 5% 3’ Length/bp | Tm/°C Target/purpose
Agri51 CAACCACGTCTTCAAAGCAA 20 55.3

Agri56 CTGGGGTACCGAATTCCTC 19 58.8 ) )
Agri64 CTTGCGCTGCAGTTATCATC 20 57.3 GSTin pAgrikola
Agri69 AGGCGTCTCGCATATCTCAT 20 57.3

4922340GST_F| TAATCACAAGCCTGACATTGG 21 55.9

4922340GST_R CATGTACCAGTACTATACAGAGGAA 25 59.7 CDS2GST
CDS1_F CACCATGGAGGAAGAGAATGTTACTAG 27 63.4

CDS1_R CTATGAGAGCTTGTCCTTCAGCATT 25 61.3

CDS1_Rwo TGAGAGCTTGTCCTTCAGCATTTGT 25 61.3 CDS1
CDS1_100aa TTTATCCTCAGGAGCTTTCCTCAGCAG 27 65.0

CDS1_174aa GTACATCTTCTTCTTTAATGTGAGAATGAAC 31 61.6

CDS2.1_F CACCATGCAGAAGGAAATTGCTGGTG 26 64.8

CDS2.1_R CTAAGATCCAATAACCTTTTCCTGCAACATTTGG 34 65.9

CDS2.1_Rwo AGATCCAATAACCTTTCCTGCAACATTTGG 30 64.0 CDS2
CDS2.1_174aa| GTACATCTTCTTTTTCAGCGTGAGAATAAAC 31 62.9

CDS2.3_F CACCATGCTAGATGTACTCAAGTTCAATTT 30 62.7

CDS3_F CACCATGGCAATGGAGAAAGATC 23 60.6

CDS3_R TTAAAACCTCCCTTGCAACTTATGTT 26 58.5

CDS3_Rwo AAACCTCCCTTGCAACTTATGTT 23 57.1

CDS3_100aa TGTCCTTATCCACATTGATCTGTACTTG 28 62.2 cbs3
CDS3_150aa GGGTAAGCGACGTTCTTCATGAG 23 62.4

CDS3_248aa ATTGGCGACGGTGAAAGAAGATTGAGTAA 29 63.9

CDS4_F CACCATGGCGACTTTTGCTGAACTTG 26 64.8

CDS4_R TCAAACTCCGTAAAGTTTTAGGG 23 57.1 CDS4
CDS4_Rwo AACTCCGTAAAGTTTTAGGGATG 23 57.1

CDS5_F CACCATGGCGCCTTTTGTTGAAGTC 25 64.6

CDS5_R TCAAACTCCATGAAGTCTTACGAACGAGTAG 31 65.5 CDS5
CDS5_Rwo AACTCCATGAAGTCTTACGAACGAGTAG 28 63.7
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Name Sequence 55 3’ Length/bp | Tm/°C Target/purpose
Intron For TGCGCTGCAGTTATCATCATCATCATAGACAC 32 66.9 )
Intron in pWatergate
Intron Rev TAATGCTAGTATATCATCTTACATGTTCGATC 32 61.8
LBb1.3 ATTTTGCCGATTTCGGAAC 19 52.4 T-DNA (SALK)
LB4 CGTGTGCCAGGTGCCCACGGAATAGT 26 70.9 T-DNA (FLAG)
RB4 TCACGGGTTGGGGTTTCTACAGGAC 25 67.9 T-DNA (FLAG)
088268_LP TGCTTGCTCTCTCTTCCAGAG 21 59.8
cdsl (Salk_088268)
088268_RP TGCAGAGGAAACCAAACAAAC 21 55.9
LP_011704 TTTTTGTTTGGGTTGCTCAAC 21 54
cds2 (Salk_011704)
RP_011704 CCATGTGGTATTTGATGAGGC 22 57.9
LP_002579 AGGTGCCACAAGTGATTTCAC 21 57.9
cds3 (Salk_002579)
RP_002579 GAGGAAATGAATTTGGGGTTG 21 55.9
LP_115705 TTCTCTTCTGCCTTATCGTCG 21 57.9
cds4 (Salk_115705)
RP_115705 AACCCATCCTCCAGCTAACAC 21 59.8
LP_568C12 GTGCTCAAAAGTTGCTTGTCC 21 57.9
cds5 (FLAG_568C12)
RP_568C12 CGAATCTTCTTCAACATTTTGC 22 54.7
H1F1_T35S TGCGGACTCTAGCATGG 17 55.2 35S promoter
H1R2_P35S CCACTGACGTAAGGGATGAC 20 59.4 35S terminator
Olex_F1 ATATACAGCAGTCGAGGTAAG 21 55.9 XVE promoter
T3A_R1 ACCGATGATACGGACGAAAG 20 57.3 XVE terminator
H1F2_CDS1 GGCTAACCGTTGACTAAGG 19 56.7
CDS1 cDNA
H1R1_CDS1 GGATTCATCGGAGCCTCTG 19 58.8
M7_CDS2_R1 | AGTGTTGACTAGCCGTTGAC 20 57.3
CDS2 cDNA
M7_CDS2_F1 ACATGGGAGGGTTTCATTGG 20 57.3
Oligo(dT),g TTTTTTTTTTTTTTITTTT 18 33.2 RT-PCR
At2gqPF GCTGCTCCTGCGCTTAACACT 21 61.8
gPCR CDS4
At2gqPR CTGTCGCAATTACACCGCTGAA 22 60.3
At3gqP_F TCGTTGTCCTGGCCTCAATC 20 59.4
gPCR CDS5
At3ggP_R TGAGTGAGCCGGAGTCTTTGA 21 59.8
Actin2_F1 CATGGTTGGGATGAACCAGAAG 22 60.3
gPCR actin
Actin2_R1 TGCTCATACGGTCAGCGATAC 21 59.8
M13F GTAAAACGACGGCCAGT 17 52.8 )
sequencing
M13R GGAAACAGCTATGACCATG 19 54.5
kanB CTGCAGCGAGGAGCCGTAAT 20 61.4
KanMX4-cassette
kanC TGATTTTGATGACGAGCGTAAT 22 54.7
029c_Aconf AAACGCCCATGTAAATAACTATCAA 25 56.4
029c_Bconf CCCTTTCTTAAACTACAAACGAACA 25 58.1 YBRO029c yeast
029c¢_Cconf CTTATACTTACTTGACGTGCCCTGT 25 61.3 mutant
029c_Dconf TGAGAAAATCATCCTAATTACTGCC 25 58.1
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2. Vectors used in this work

BspHI

pENTR_CDS

Hinell

Eael

Hincll

Hincll

Figure A1 Map of pENTRCDS construct. The enzyme sites of restriction analgses given outside tt
vector. The features of the construct are show@DS, cDNA of CDS from Arabidopsis; attL1/attL:
recombination sequences for recombinational clomihg gene of interest in the entry construct; kes,
kanamycin resistance gene; pUC ori, pUC origin eplication that allow higltopy replication an

maintenance ifk. coli.

RB
Alwad|

/—‘Lw BspHiI

Alw44|

Ecod7lll colEl BeoHl
Hindlll sp
BamHl ocs s
Hindll DS GST _Ecodli
Hindill_ £ TnlOR
. CATI

! .o« pAgrikola_CDS GST

u nptl
CDS GST

Hindlll
Eco47lll
BspHI

pSa

Tnos
Pnos bar

LB

BspHI

Figure A2 Map of pAgrikolaCDS construct. The enzyme sites of restriction analgs given outside tF
vector.CDS _GST, gene-specific sequence ta@cifS, PDK and CAT1, sequence facilitate the formatio
of hairpin structure; LB/RB, left/right border; mpkanamycin resistance gene; bar, herbicide biele
resistance gene; promoter p35S, pNOS and pSa amnsh green; terminator OCS, tNOS and Tn10R

shown in pink; colE1, the origin of replication.
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T35S
Hyg res

Figure A3 Map of pH7CDS construct. The enzyme sites of restrictionyaimlare given outside the vec
CDS, cDNA ofCDS from Arabidopsis; p35S, the CaMV 35S promoter; T3t& CaMV 35S terminatc
LB/RB, left/right border; Hyg res, hygromycin resistance geney/SPR, streptomycin/ spectinomy:
resistance gene.

Nhel Pstl

T358
Kan

LB

Sm/SpR

pK7F/R_CDS

4 Ndel

Ndel

Nhel

Ndel

Figure A4 Map of pK7F/RCDS construct. The enzyme sites of restriction analgsegiven outside th
vector. CDS, cDNA without stop codon &@DS from Arabidopsis; eGFP or RFP, enhanced g
fluorescence protein gene or red fluorescence iprgene; p35S, the CaMV 35S promoter; T35S, the €
35S terminator; LB/RB, left/right border; Ka kanamycin resistance gene; Sm/SpR, strepton
spectinomycin resistance gene.
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G10-90

pMDC7_CDS

HygR

Olex-46
Pstl

Ndel

Sm/SpR

T3A

LB

Figure A5 Map of pMDC7CDS construct. The enzyme sites of restriction analgses given outside tl
vector. CDS, cDNA ofcDS from Arabidopsis; G1®0, a synthetic promoter controlling XVE; XVE, DI
sequences encoding a chimeric transcription factortaining the DNA-binding domaiof LexA, the
transcription activation domain of VP16 and theutatpry region of the human estrogen receptor; H
hygromycin resistance gene; Olé&; eight copies of the LexA operator sequence;, T8Aninator; Sm/Spk
streptomycin/ spectinomycin resistance gene; LBAR®ight border.

EcoRV

HindIIl J—-\
EcoRV
- NOS
HindlII tocs P
Hindm\m NPT B
£NOS
EcoRV Intron

HindIII

s pWatergate_CDS

HindIII
PARbCS

Spec\Resistance

RB
EcoRV

Figure A6 Map of pWatergat€DS construct. The enzyme sites of restriction analgsésgiven outside tt
vector. CDS, the whole of part of cDNA &DS from Arabidopsis; Intron, sequence to facilitate
formation of hairpin structure; pARbcS, Arabidopsis RbcS poten tOCS, OCS terminator sequet
pNOS/tNOS, thenopaline synthase promoter/terminator sequence;lINR&namycin resistance gel
LB/RB, left/right border.
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f1 ori

GALI pro

2u ori

PYES-DEST52_CDS .,
cver

Pstl

Pstl

AfllI
AlwNI

Figure A7 Map of pYES-DEST5ZDS construct. The enzyme sites of restriction analgsésgiven outsic
the vector. CDS, cDNA oEDSfrom Arabidopsis; GAL1 pro, galactose inducing paovtar; CYCLT, CYC:
terminator sequence; URAS, wile synthase gene; AmpR, ampicillin resistanceegenigins of replicatio
f1 ori, 2u ori and pUC ori are shown in brown.
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